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Abstract: Perovskite solar cell has emerged as a promising candidate in flexible electronics due to its high mechanical flexibil-
ity, excellent optoelectronic properties, light weight and low cost. With the rapid development of the device structure and mater-
ials processing, the flexible perovskite solar cells (FPSCs) deliver 21.1% power conversion efficiency. This review introduces the
latest developments in the efficiency and stability of FPSCs, including flexible substrates, carrier transport layers, perovskite
films and electrodes. Some suggestions on how to further improve the efficiency, environmental and mechanical stability of
FPSCs are provided. Specifically, we considered that to elevate the performance of FPSCs, it is crucial to substantially improve
film quality of each functional layer, develop more boost encapsulation approach and explore flexible transparent electrodes
with high conductivity, transmittance, low cost and expandable processability.
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1. Introduction

The development of photovoltaics that convert sunlightin-
to electricity is a promising strategy to meet the rapidly grow-
ing energy needs. In the past few decades, silicon-based photo-
voltaic technology has made significant progress with re-
spect to the cost and efficiency, which promoted clean en-
ergy production. Along with the advance of silicon solar cells,
a variety of thin-film photovoltaics have been studied in or-
der to further meet the application requirements of light-
weight and low-cost. Especially in recent years, great interest
in flexible and wearable electronic products has led to grow-
ing research activities on flexible and stretchable thin-film
photovoltaic. Integrating these thin and soft solar collectors in-
to walls, windows and portable objects will change the cur-
rent way of energy production, reduce pollution, and greatly
expand the usage scenarios and ways of obtaining energy.

Recently, the organic-inorganic hybrid perovskites have
become the ideal candidate to develop flexible solar cells
due to their excellent optoelectronic properties. In particular,
due to its excellent light harvesting ability, only about 300
nm thick film is sufficient to absorb essentially all visible light
above its band gap. Thus, ultra-thin and ultra-light solar cells
can be prepared['-8l, The structure and physical properties of
organic-inorganic halide perovskites were first reported in
19780 191, They have a cubic structure with the general for-
mula of ABX; where A is typically CHs;NH;* (MA*) or
NH,CHNH,* (FA*), B is PbZ* or SnZ*, and X is halogen anion
(CI-, Br, or IN). By adjusting the composition of A, B and X in
the crystal, the bandgap of the metal halide perovskite can
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be continuously tuned in the range of 1.15 to 3.06 eV.
CH3NH;Pbl; and CH3NH;Pbl;_,Cl, are the most commonly stud-
ied absorbers in the early perovskite solar cells (PSCs) re-
search. Since the CH3;NH;Pbl; perovskite material was first
used as absorber in solar cells in 2009, the power conversion
efficiency (PCE) of PSCs has rapidly increased from 3.81% to a
certified 25.5% within ten years development(> 7.8 11161 Simil-
ar to rigid PSCs, flexible perovskite solar cells (FPSCs) have
also made great progress with respect to device efficiency. Re-
cently, the PCE of FPSCs has reached 21.1%!"7}, Fig. 1 shows
the PCE improvement of FPSCs from 2013 to 2021 under vari-
ous optimization approaches. However, their poor long-term
stability and relatively lower PCE compared with rigid coun-
terparts are the main challenges that limit its further commer-
cialization.

FPSCs are mainly composed of substrate (PEN, PET, etc.),
bottom electrode (FTO, ITO, etc.), electron transport layer
(ETL), perovskite active layer, hole transport layer (HTL), and
the counter electrode (Au, Ag, etc.). At present, the typical
FPSCs structure are sandwich structure, in which the per-
ovskite active layer is in the middle, with electron (or hole)
blocking layers and electrodes on both sides. When the per-
ovskite material is excited by light, it will produce photo-gener-
ated electron-hole pairs. Since the valence band maximum
(VBM) of ETL is much lower than the VBM of perovskite materi-
als, and their conduction band minimum (CBM) is at the
same position, ETL plays the role of blocking holes and trans-
porting electrons. The CBM of the HTL on the other side is
much higher than the CBM of the perovskite material, and
the positions of the VBM of them are the same, so the HTL
plays the role of blocking electrons and transporting holes.
The ETL and HTL are connected to the external circuit
through the electrodes on both sides, which can realize the dir-
ectional transfer of charges to form current.
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Fig. 1. (Color online) The PCE evolution of FPSCs from 2013 to 2021017-26],

Table 1. Performance parameters of polymer substratel28],

Substrate PEN PET PI PC

T4 (°0) 120-155 70-110 155-270 145

T °O) 269 115-258 250-452 115-160
Density (g/cm3) 1.36 1.39 1.35-1.43 1.20-1.22
Modulus (MPa) (0.1-0.5) x 103 (2-4.1) x 103 2.5%x 103 (2.0-2.6) x 103
Work temp (°C) - -50to 150 <400 -40to 130
CTE (ppm/°C) 20 15-33 8-20 75

Water absorption (%) 0.3-04 0.4-0.6 1.3-3.0 0.16-0.35
Solvent resistance Good Good Good Poor
Dimensional stability Good Good Fair Fair

Tg: glass transition temperature, Tr,: melting temperature, CET: coefficient of thermal expansion.

Here we analyze the factors that affect the performance
of FPSCs, mainly lies in 1) the roughness of the flexible sub-
strate affects the quality of the perovskite film, 2) the high res-
istance and low light transmission of the flexible substrate
lead to the low short-circuit current of the solar cell devices,
3) the permeability of the flexible substrate to water and oxy-
gen results in long-term instability, 4) the mechanical stress oc-
curred during the device fabrication brings into the fracture
of perovskite layers. Then we summarized the development
of flexible substrates, carrier transport layers, light absorp-
tion layers and electrodes to address the above concerns to im-
prove the performance of flexible perovskite solar cells. Fi-
nally, we discussed the packaging process of FPSCs to fur-
ther prolong the device's lifetime.

2. Performance improvement of flexible
substrates

The most obvious difference between the flexible sub-
strate and rigid substrate is whether the resulting devices can
be bent and stretched. Its bending performance is mainly de-
termined by the physical properties of the flexible substrate.
An excellent flexible substrate is a basis for building a high-per-
formance flexible perovskite solar cell. It should have the fol-
lowing characteristic. 1) Excellent mechanical properties, 2)
Good optical properties: A suitable substrate should be trans-
parent to the light absorption range of perovskite, particu-
larly in the visible light region. 3) Good chemical properties: Be-

cause a variety of chemical compounds are used in the prepar-
ation of FPSC, the substrate should have chemical stability. 4)
Blocking the permeation of oxygen and water: The per-
meation of oxygen and water is the main factor causing the
performance degradation of perovskite solar cells. At present,
the commonly used substrates for flexible perovskite solar
cells include polymer substrates, metal substrates, ultra-thin
flexible glass substrates and other special materials, etc.

2.1. Polymer substrates

Polymer substrates have been most widely used in FPSC
due to their advantages of high light transmittance, high fle-
xibility, low cost, and good chemical stabilityl I 23: 25 271, The
parameters of commonly used polymer substrates, such as
polyethylene terephthalate (PET), polyethylene naphthalate
(PEN), polyimide (Pl) and polydimethylsiloxane (PDMS), are
shown in Table 1128, Among them, PET and PEN are the most
commonly used flexible substrates, which are further coated
with transparent conductive indium tin oxide (ITO) to serve
as the electrode. So far, the efficiency of single-junction
FPSCs using PEN and PET substrates has reached 21.0%!"7 261,
Yang et al. prepared an FPSC with a PCE of 21.1% in 2020,
and the device structure is PEN/ITO/HfO,/SnO,/perovskite:
artemisinin/Spiro-OMeTAD/Au. The composition of the per-
ovskite absorber is RbgosCsqos5(FAGg3MAG17)0.0Pb(lg.05Bro0s)3
doping with artemisinin molecules. Artemisinin molecules
with carbonyl groups can easily interact with exposed sur-
face Pb2+ ions through the Lewis acid-base interaction, which
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Fig. 2. (Color online) High-efficiency FPSC based on PEN and PET substrates. (a) Schematic diagram of the FPSC structure based on a perovskite lay-
er doped with artemisinin. (b) J-V curves on rigid and flexible substrates with and without artemisinin doping!'7l. (c) Scanning electron micro-
scope characterization of thin film deposited on glass/fluorine-doped tin oxide (FTO) substratel26.. (d) The room temperature sheet resistance of
conductive PET/ITO, PEN/ITO, glass/ITO, and glass/FTO substrates after heat treatment at different temperatures for 30 min[29l.

effectively passivates grain boundaries and surfaces (as
shown in Figs. 2(a) and 2(b))'"7l. Shi et al. prepared FPSC
based on PET/ITO/SnO,/(CsPbls)g 04[(FAPbI3)o o(MAPbBr3)g 110,06/
low dimension perovskite/Spiro-OMeTAD/Au structure26l, In
this structure, the 2D perovskite is formed by in situ spin-coat-
ing 3-CBAI solution on the three-dimensional perovskite,
which can effectively "seal" surface defects as shown in
Fig. 2(c), obtain a PCE of 21.0%. However, there are some ur-
gent issues in polymer substrate that need to be solved, such
as its limited processing temperature tolerance, and the sub-
sequent processing should be performed at less than 150 °C.
When elevating the processing temperatures to 150 °C, the
sheet resistance of plastic substrate will increase accompany-
ing with substrate deformation, as shown in Fig. 2(d)?%!. Anoth-
er key challenge in plastic substrates is their poor isolation
from oxygen and moisture. This will further lead to severe
device degradation, since perovskite materials are unstable in
humid environments. Therefore, further packaging is re-
quired to improve the device stability.

2.2. Metal substrates

Compared with polymer substrates, metal foil has better
thermal stability, flexibility and conductivity, which makes
them promising flexible substrates for FPSCs. The metal foil is
generally used as both the substrate and the electrode, thus
simplifying the preparation process. Flexible perovskite solar
cells need to have light transmission on at least one side, but
the opacity of the metal foil requires the top electrode on the
other side to have light transmission.

Ti foils is the most commonly used metal foil substrate in
FPSCs due to the compatibility of Ti foils with the sub-
sequent growth of TiO, electron transport layer. In 2015, Lee
et al. used Ti foil as a flexible substrate and fabricated a flex-
ible perovskite solar cell device with a Ti/compact TiO,/meso-
porous TiO,/perovskite/Spiro-OMeTAD/Ag structure for the
first time, with an initial efficiency of 6.15%39, After that,
they further used Ag nanowire grids and Ag embedded indi-
um tin oxide as the top transparent electrode to increase the
PCE of the device to 7.45% and 11.01%08" 32, Watson et al. re-
ported that the Ti foil-based mesoporous FPSC using Al,O5
mesoporous film as the scaffold3], using ex-situ prepared
and laminated transparent electrodes, they obtained a PCE as
high as 10.3%. They also predicted the potential application
of "self-generating” TiO, through the thermally induced in
situ oxidation of titanium foil. Lee et al. proved this concept,
and they used thermal oxidation on titanium foil to obtain
TiO,, which become the electron transport layer of FPSCs34l,
By controlling the annealing temperature, the concentration
of oxygen vacancies in TiO, is modulated, which significantly
affected the electron collection efficiency of the device. The
TiO, obtained in the two-step annealing process of the Ti foil
at 400 °C enabled the device to deliver a PCE of 14.9%. Dur-
ing this period, the second annealing step in an O, atmo-
sphere is very important for removing oxygen vacancies
without dramatically increasing the thickness of TiO,. FPSC
based on Ti foil exhibits excellent flexibility. After 1000 cycles
under 15 and 4 mm bending conditions, the device main-
tains almost 100% of the initial PCE, and 77% of the initial

H Kong et al.: Progress in flexible perovskite solar cells with improved efficiency
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Fig. 3. (Color online) (a) Schematic diagram of FPSC structure based on Ti foil. (b) J-V curves of Au/Cu/HTM/CH3sNH;Pbls/TiO,/Ti cells under
100 mW/cm?2 AM 1.5G solar light with the same oxidized thickness of TiO, layer (~50 nm) based on the same ambience, air, with different anneal-
ing temperaturesB3l, (c) FPSC cross-section SEM based on ultra-thin Willow Glass substrate37), (d) Static contact angle of deionized water on
PDMS layers with different aspect ratios. (e) Photograph of a flexible perovskite module. (f) J-V curve of the champion flexible perovskite mod-

ules!38],

PCE is maintained even after 1000 cycles under 1 mm bend ra-
dius. They further found that the resistivity of the TiO, layer
on the Ti foil did not change under the conditions of R = 15
and 4 mm, but it decreased significantly under the condi-
tions of R = 1 mm. Cracks are proven to be generated in the
surface-oxidized Ti foil due to bending at a low radius, and
leakage current emerged on the inner surface of the cracks,
which leads to a deterioration of device performance. In addi-
tion, TiO, nanotubes and nanowire arrays grown on Ti foil
were used to fabricate FPSC, and 13.07% of PCE was ob-
tainedB35),

In addition to Ti foil, Cu foil is also used to prepare FPSCs.
Ahmadi et al. prepared cuprous iodide on the copper foil by
exposing the pre-cleaned Cu foil to iodine vapor, and then

used it as the hole transport layer of FPSC. Using zinc oxide
as the electron transport layer and sprayed silver nanowires
as the top electrode, the maximum PCE of the device is
12.80%!361,

2.3. Ultra-thin flexible glass substrate

Ultra-thin flexible glass substrates retain most of the ad-
vantages of rigid glass substrates, such as resisting high tem-
peratures, blocking moisture and oxygen, and high light trans-
mittance. Tavakoli et al. used 50 um thick willow glass as a flex-
ible substrate for the first time to prepare a flexible per-
ovskite solar cell with a PCE of 12.06%837. Adding a PDMS
anti-reflective nanostructure film on the front surface of the
device can further boost the efficiency to 13.14%. At the
same time, the prepared FPSC exhibits excellent stability be-

H Kong et al.: Progress in flexible perovskite solar cells with improved efficiency
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Fig. 4. (Color online) (a) Flexible perovskite device diagram('8l, (b) J-V curve of FPSC based on ZnO prepared at low temperature. (c) Light and
dark J-V curves of FPSC', (d) J-V curve under different ALD cycles. (e) Optimized FPSC structure and its J-V curve. (f) Variation of VOC, JSC, FF

and PCE with bending times42.,

cause of the poor permeability of the flexible glass to oxy-
gen and moisture, as shown in Fig. 3(d). Learned from this
strategy, Dou et al. produced an FPSC efficiency of 18.1% by
using MgF, as the anti-reflection layer and replacing ITO with
indium zinc oxide (IZO) on ultra-thin flexible glass39.,
Compared with widely used polymer substrates, the
more prominent advantage of ultra-thin flexible glass is its
smooth and non-deformable surface at high temperatures.
Based on this advantage, a large-area module (42.9 cm?) was
prepared with an efficiency of 15.86%038], facilitated by the
high-quality perovskite film obtained by doctor blade coat-
ing with an NH,Cl additive. The flexible perovskite module is
shown in Fig. 3(e). However, compared with other flexible sub-
strates, fragility, high weight and relatively high cost may be-
come the big concerns, which also limits its wide application.

3. Carrier transport layer

The carrier transport layer in the perovskite solar cell
plays an important role, which is responsible for extracting
electrons and holes from the interface and transporting them
to the corresponding electrodes!“?l, Therefore, the require-
ments for the carrier transport layer are band structure
matched with perovskite, high light transmittance and excel-
lent carrier mobility. For FPSCs, low-temperature processing re-
quirements are posed. Therefore, research on flexible per-
ovskite solar cells mainly focuses on low-temperature prepara-
tion of carrier transport layers.

3.1. Electron transport layer

The excellent electron transport layer (ETL) should have
high electron mobility and high light transmittance. At the
same time, the conduction band maximum of ETL is essen-
tial to match the energy level of the perovskite, which can ef-
fectively transport electrons and block holes.

Because of its high electron mobility and low-temperat-
ure processability, ZnO was first used as an electron trans-
port layer to prepare FPSCs['8l, But the PCE of this device is

only 2.62%, due to the low-temperature (<100 °C) processed
ZnO dense layer exhibits low mobility and high defect dens-
ity. Liu et al. improved the preparation method of ZnOM,
They spin-coated the mixed solution of butanol/chloroform
containing ZnO nanoparticle dispersion directly on ITO sub-
strate without calcination. The PCE of corresponding FPSC
was over 10% as shown in Fig. 4(b). Heo et al. increased the
heat treatment temperature of the electron transport layer to
150 °C, resulting in a more compact ZnO layer. Fig. 4(c)
shows that the PCE is increased to 15.6%.

Although the ZnO has excellent electronic properties,
there are hydroxyl or residual organic acetate ligands on its sur-
face, which leads to charge recombination at the interface
and poor quality of perovskite deposits. In addition, there is
proton transfer reaction between ZnO and perovskite, which
leads to decomposition reaction of interfacel*3-48], Therefore,
Jin et al. used low-temperature atomic layer deposition (ALD)
on the surface of ZnO to obtain TiO,. This ultra-thin TiO, pro-
tective layer can effectively passivate surface defects and pre-
vent decomposition reactions. Figs. 4(d)-4(f) show that as the
number of ALD cycles (x) increases, the thickness of the TiO,
layer increases, and the PCE based on a rigid substrate
reaches a maximum PCE of 18.26% at x = 60. The PCE of
FPSC based on this technology has increased to 17.11%2, In
addition to ZnO electron transport materials, researchers also
pay great attention to the development of low-temperature
treatment of TiO, electron transport layer for FPSC.

Compared with ZnO, TiO, has better environmental stabil-
ity and better perovskite compatibility. However, the most effi-
cient TiO, electron transport layer needs to be obtained
through an annealing process at 450 °C. In 2013, Doampo et
al. first tried to use TiO, for p-i-n structured FPSCH9. The
TiO, precursor solution is composed of titanium isopropox-
ide and isopropanol solution, and the TiO, flat film is an-
nealed at 130 °C. The corresponding PCE of FPSC is 6.4% (as
shown in Figs. 5(a) and 5(b)). So far, a variety of low-temperat-
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Fig. 5. (Color online) (a) The first FPSC based on the TiO, electron transport layer and (b) its J-V curve as the FPSCs performance of the electron
transport layerl, (c) Steady-state PL spectra of glass/perovskite, FTO/anatase-TiO,/perovskite and FTO/amorphous-TiO,/perovskite film59. (d)
FPSC cross-section scanning electron microscope with ALD deposited TiO, dense layer and UV-irradiated mesoporous TiO,5'1. (e) Impedance dia-

gram (Z'- Z)1571,

ure processing technologies for TiO, have been developed,
such as sputtering, atomic layer deposition (ALD), and vacu-
um evaporation deposition. Yang et al. sputtered an amorph-
ous TiO, film by DC magnetron at room temperature, and
this film has good solar spectral transmittance®%, The steady-
state photoluminescence (PL) shows that compared with the
anatase-TiO,/perovskite film, the PL intensity of the amorph-
ous-TiO,/perovskite film is weaker, indicating that the charge
transfer effectively occurs before the carrier recombination at
the interface. And amorphous-TiO, improves the extraction
of electrons from the absorption layer to the electron trans-
port layer (as shown in Fig. 5(c)). Giacomo et al. used plasma-
enhanced atomic layer deposition (PEALD) to deposit a dense
TiO, film on a flexible PET/ITO substrate at low temperature,
and then spin-coated or screen-printed to deposit mesopor-
ous TiO,B5Y, The cross-section of the obtained device is
shown in Fig. 5(d), and the PCE is 8.4%. The prepared photovol-
taic module with an area of 8 cm2 showed a PCE of 4.3%. In ad-
dition, deposition of TiO, colloidal particles and subsequent
low-temperature annealing or ultraviolet treatment are also
effective methods for forming the TiO, electron transport lay-
erl2. 53] Deep charge traps at the interface between TiO, and
perovskite will cause TiO,-based PSCs to exhibit severe hyster-
esis. In addition, due to the photocatalytic effect of TiO,,
deep traps will be introduced on the surface®4-59], the passiva-
tion interface layer is necessary. Kim et al. coated PC¢,BM on
PEALD-deposited TiO, to passivate traps and improve elec-
tron extraction, and finally achieved the highest efficiency of
17.70%, while significantly reducing the hysteresisi>’). The
FPSC was analyzed by electrochemical impedance spectro-
scopy (EIS) in Fig. 5(e), where the first semicircle in the high fre-
quency range (> 1 kHz) can interact with the dielectric re-
sponse of the perovskite layer (Cy/R,) is related, and the
second semicircle in the low frequency range (= 1 Hz) can be
due to the surface charge or ion charge accumulation at the
interface causing electrode polarization (C/R;)!%8. The capacit-

ance difference shown in the low frequency range can be
seen that TiO,/PCBM/Perovskite has a smaller capacitance.
Compared with TiO, SnO, has a deeper conduction
band and higher electron mobility. It is easy to process by solu-
tion method at low temperature, and it is more stable under il-
luminationl®. The investigations on SnO, as electron trans-
port layer are mainly focusing on how to improve the conduct-
ivity and mobility and modify the conduction band to en-
hance the electron extraction and transmission in FPSCs. Park
et al. used Li-doped SnO, as the electron transport layer, and
the prepared FPSCs had a high PCE of 14.78%. Li-doping
could reduce the conduction band and increase the conductiv-
ity of SnO, layers, which will facilitate electron extraction and
transport®, Wang et al. employed PEALD SnO, treated with
water vapor as electron transport layer to improve the photo-
voltaic performance of FPSC. It was found that the water va-
por treatment at 100 °C can improve the electrical conductiv-
ity and mobility of SnO,, because annealing with water va-
por can promote the complete reaction of organic materials
and the formation of pure SnO,. Based on that, PCE up to
18.36% was achieved in the devices®". Liu et al. reported a
similar strategy to improve the quality of SnO, by hydrotherm-
ally annealing the SnO, layers. Huang et al. precisely con-
trolled the deposition of SnO, layer by adjusting the solution
concentration to form a fully covered SnO, layer. The best
PCE of FPSCs based on SnO, was increased to 19.51%[24,
Zn,Sn0y, is a new type of ETL for high-efficiency FPSC ap-
plications. Shin has developed a new route to synthesize
highly dispersed Zn,Sn0O, by the introduction of a Zn-N-
H-OH complex derived from hydrazine via simple solution pro-
cess at low temperature (90 °C)20, The refractive index of
Zn,Sn0, is low (about 1.37), which shows a transmission in-
crease of about 20% in the entire visible light range, due to
the anti-reflection effect. The PCE of FPSC based on Zn,SnO,
with the employment of MAPbI; as the absorber layer is
15.3%. On this basis, they introduced Zn,SnO, quantum dots
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on top of the Zn,Sn0O, nanoparticles layer. Among them, the
relatively large-sized nanoparticles (>10 nm) have a higher
work function, which is beneficial to the electron transfer at
the interface between the electron transport layer and the
ITO. The Zn,Sn0O, quantum dots are favorable for generating
large built-in potential at the Zn,SnO, quantum dots/per-
ovskite interface, and the combination of the quantum dots
and nanoparticle reduces the energy barrier. Accordingly,
based on Zn,Sn0,, PCE of FPSC reached 16%!©2],

In addition to all these well-developed inorganic ETLs,
Yoo et al. also demonstrated a simple interfacial layer that re-
places TiO, with Cgy with the aid of polyethyleneimine eth-
oxylation (PEIE)B., In addition to serving as an electron collect-
ing interfacial layer, the PEIE layer also helps to C60 pro-
cessing and protect them from corrosion during the sub-
sequent solution spin coating process. Through this low-tem-
perature-treated double-layer ETL, FPSC with a PCE of 13.3%
was demonstrated. Interestingly, the solid ionic liquid 1-ben-
zyl-3-methyl-imidazolium chloride was also used as ETL and
processed at low temperature. The resulting device achieves
16.09% efficiency in FPSC with no hysteresis, and good repeat-
ability(21,

The various electron transport layers described above are
all prepared under low temperature processes. Among them,
the widely used inorganic electron transport layer materials
TiO,, SN0, and ZnO have been successfully developed with
low temperature preparation processes. ZnO, which is the
most readily developed FPSCs electron transport layer materi-
al, is limited for further application by the decomposition reac-
tion at the interface. To solve this problem, interface passiva-
tion, e.g. using PCBM or TiO,, become effective solution(#2 631,
TiO, is often limited by the relatively poor materials quality ob-
tained from the low-temperature preparation process, and
the efficiency of resulting device has only developed to
17.7%>71, At present, modification on low-temperature prepa-
ration methods, including electron beam evaporation, magnet-
ron sputtering, atomic layer deposition and liquid phase meth-
od, seems to be meaningful to improve the materials optoelec-
tronic properties. SnO,, which is easily obtained by solution
processing at low temperatures, stands out and develops rap-
idly with respect to the device efficiency, and is currently the
most widely used one.

3.2. Hole transport layer

The hole transport layer (HTL) in FPSC is essentially to
have hole extraction and hole transport capability, as well
as bending durability. In the n-i-p structure, the hole trans-
port layer does not need to be transported because that it
does not hinder the light absorption of the perovskite. Spiro-
OMeTAD, which is widely used in traditional n-i-p structu-
red PSCs, can provide excellent performancel’. 17, 23, 24, 64, 65],
For p-i-n-structured FPSCs, the hole transport layer requires
high optical transparency. The NiO, with superior hole trans-
port performance, high optical transparency, and low-temper-
ature manufacturing processes is currently the most prom-
ising materials. By introducing low-temperature processed
(130 °C) NiO, HTL, better energy alignment can be achieved,
and the device efficiency based on the PET/ITO substrate is
13.43%%31, Interestingly, as shown in Fig. 6(a), the deposited
NiO, nanoparticles (NPs) can also be processed at room tem-
perature without any other post treatment. By introducing a
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defect-free NiO, nanostructured films, the PCE of 14.53% can
be achieved with negligible hysteresislo®l. Generally, the origin-
al NiO, has low conductivity, and the thickness needs to be
carefully optimized during the device fabrication process. Li
and his colleagues developed Cu-doped NiO, NP as HTL to im-
prove its conductivity as shown in Fig. 6(b), thereby enhan-
cing the PCE of FPSC to 17.16%!67],

Docampo et al. used PET/ITO/poly(3,4-ethylenedioxy-
thiophene):polystyrene sulfonate (PEDOT:PSS)/MAPbI;_Cl,/
PCBM/TiO,/Al device structure to obtain the first FPSC9l. The
device based on this structure has a PCE of 6.4%. The com-
monly used PEDOT:PSS HTL show some disadvantages, such
as strong acidity and high water absorbability. In addition,
it cannot provide perfect hole extraction ability when con-
tact with perovskite (energy alignment of hole transfer: PE-
DOT:PSS: = 5.0 eV; MAPDbI;: = 5.4 eV), which will cause voltage
loss in the device. Besides, polymer hole transport materials
copolymerized by 1,4-bis(4-sulfobutoxy) benzene and
thiophene group (PhNa-1T) have been successfully de-
veloped to replace PEDOT: PSS as HTL. The structure of PhNa-
1T is shown in Fig. 6(c). Because PhNa-1T can effectively re-
duce the potential energy loss at the HTL/perovskite inter-
face and achieve better contact (as shown in Fig. 6(d)), it en-
hances the extraction of holes from the perovskite to the HTL
and inhibits interfacial recombination. The FPSC with PhNa-
1T HTL achieved a PCE of 14.7% with increased V68!,

Poly[bis(4-phenyl) (2,4,6-trimethylphenyl) amine] (PTAA)
is often used as HTM layer, since the film can be obtained by
low-temperature spin coating that is compatible with FPSC pre-
paration. Moreover, PTAA are of high conductivity and reli-
able durability. Unlike Spiro-OMeTAD, which requires doping
to improve performance, undoped PTAA still performs well in
high-efficiency PSC. For example, Qiu et al. prepared an FPSC
based on the PET/ITO/TiO,/MAPbI;_,Cl,/PTAA/Au structure in
2015 and achieved a PCE of 13.5%[%. In 2017, Huang et al.
used PTAA and double fullerene layers (phenyl-C61-butyric
acid methyl ester (PCBM) and C60) as hole transport layer
and ETL, respectively. In this architecture, the charge transfer
from the perovskite to the PTAA layer is fast, and the effi-
ciency of the prepared FPSC has reached 18.1%[79,

4. High-quality perovskite films

As the light absorption layer, the quality of the per-
ovskite film directly affects the performance of the flexible per-
ovskite solar cells. Compared with the perovskite film pre-
pared on the glass substrate, the quality of the perovskite
film on the flexible substrate is different, which is limited by
the high roughness and high thermal resistance of the flex-
ible substrate. Because the resistance of the most widely
used low-cost flexible polymer substrate will rise sharply
when the temperature is higher than 150 °C, the develop-
ment of flexible perovskite solar cells mainly focuses on the
preparation of perovskite thin films at low temperature.

4.1. Perovskite film preparation method

4.1.1. Spin-coating

The quality of the perovskite film on the flexible sub-
strate is generally not satisfactory because of the poor wettabil-
ity and high roughness of the surface of the flexible sub-
strate. Choosing an appropriate preparation process to con-
trol the nucleation and crystallization process of the film is

H Kong et al.: Progress in flexible perovskite solar cells with improved efficiency



8  Journal of Semiconductors doi: 10.1088/1674-4926/42/10/101605

® %

NiO, NCs
aqueous ink

(b)

(©) (d)

_/_/_0 "
NaO,S

PhNa-1T

Room temperature

Post-treatment free

Energy (eV)

Rough
upper layer

Pinhole-free
under layer

Surface-nanostructured
NiO, film

Effective Hele-Extraction

Ag

Perovakive .
' ITOFPET § Surface-Nanostructured NiQ),

39eV

4.3 eV

Perovskite

Fig. 6. (Color online) (a) Schematic diagram of the fabrication of nanostructured NiO, thin films[65l, (b) Cu-doped NiO, FPSC device structurel®7],
(c) PhNa-1T structure diagram (d) Energy band diagram using different hole transport layers(s,

the effective way to obtain a high-quality film. As a simple
and effective method, the spin coating process can be adop-
ted to the preparation of small-area devices and are able to ob-
tain perovskite films with a wide range of thickness. In gener-
al, there are one-step and two-step spin coating methods.

In the one-step deposition method, the mixed precursor
solution containing MA/FA halides and metal halides is dir-
ectly deposited onto the desired substrates through a one-
step spin-coating procedure. The sample is then annealed at
low temperature (100-150 °C) to produce a perovskite film.
The one-step spin coating process usually involves an anti-
solvent. Cheng et al. added chlorobenzene (CB) as an effect-
ive anti-solvent during the spin-coating of perovskite in N, N-
dimethylformamide (DMF) to prepare a highly uniform per-
ovskite layer7l. Seok's team used toluene (TB) as an anti-
solvent to prepare perovskite in a mixed solvent of dimethyl

sulfoxide (DMSO) and gamma-butyrolactone (GBL)72l. Consid-
ering the precise control of the step of adding anti-solvent,
this method is more challenging to produce large-area PSCs.
On the other hand, due to better morphology and interface
control, the two-step method is better than the one-step meth-
od. However, some problems in the two-step method, such
as the incomplete conversion of Pbl, to perovskite, severely
limit its large-scale application in high-efficiency PSCs with
good reproducibility. Although this method is an anti-
solvent-free process, there will be edge effects, and the lar-
ger the area, the more serious the impact.

4.1.2. Scalable deposition method

Spin coating can effectively be used to produce a uni-
form perovskite layer on a small area, but this method is diffi-
cult to obtain a large area of uniform perovskite. In order to
fabricate large-scale flexible perovskites, it is particularly im-
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portant to use scalable printing technology to deposit per-
ovskite absorbers. Among them, blade coating has become
one of the promising laboratory technologies due to its easy
handling and less waste of raw materials. In 2015, Jen et al.
used a blade coating method to sequentially deposit
poly(3,4-ethylenedioxy-thiophene):  poly(4-styrenesulfonate)
(PEDQT:PSS)/CH3NH;5PbIXCl5_,/[6,6]-phenyl-C4;-butyric  acid
methyl ester (PCq;,BM)/Bis-Cg, the Ag was used as the top elec-
trode in the device. The prepared FPSC exhibited a PCE of
7.14%(73], Huang et al. deposited the perovskite film by gas-as-
sisted blade coating in the ambient environment at room tem-
peraturel38l. As shown in Fig. 7(b), the air blade moving with
the blade blows N, gas on the coated wet film at the same
time to remove the solvent and induce crystallization. The
PCE results are shown in Figs. 7(c) and 7(d). They achieved
19.72% PCE on a small area, and at the same time obtained
15.86% PCE on a 42.9 cm? large area module. However, their
devices are made on corning willow ultrathin glass, which is
limited in flexibility and cost. Wang et al. deposited the per-
ovskite which is added with Lewis base thiourea (TU) on the
PEN/ITO polymer substrate by blade coating!’4. As shown in
Fig. 7(e), they have improved the interface design and adop-
ted a double hole transport layer (PEDOT:PSS and poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA)). On the one
hand, it achieves more effective carrier extraction (as shown
in Figs. 7(f) and 7(g)), on the other hand, it enhances the flexib-
ility of the ITO substrate. This interface optimization design in-
creases the device efficiency of FPSC to 19.41%.

Vacuum thermal evaporation is a relatively mature techno-
logy that can deposit large-area and uniform thin films, and
its relatively low temperature characteristics can also be com-
patible with the preparation process of FPSCsl”. 75-78], Wu et
al. developed a full-vacuum strategy, using a two-step flash
evaporation method to prepare perovskite films. First, Pbl,
film and MAI were vapor-deposited sequentiallyl. Mean-
while, the post-annealing process was added to realize the
"solid-solid" reaction of the film, and the PCE of 13.15% was
realized on the 16 cm? flexible perovskite solar module.
However, the current vacuum evaporation still has some is-
sues such as difficulty in detecting organic sources and high
vacuum requirements.

In perovskite roll-to-roll deposition compatible techno-
logy, gravure printing is continuous and stable. Seo et al. ob-
tained a FAPDI; film by gravure printing and soaked it in tert-
butanol (tBuOH) to obtain a more uniform and highly crystal-
line film. The FPSC prepared entirely using the roll-to-roll pro-
cess showed the best PCE of 13.8%(89),

The combination of slot-die coating and roll-to-roll pro-
cess exhibits advantages, including less material waste, good
film thickness control, one-dimensional patterning suitable
for tandem interconnected cells without the need for a large
number of patterning processes, and high manufacturing
speed(®!.82, Gao et al. used a blow-assisted drop-casting meth-
od compatible with roll-to-roll to prepare CH3;NH;Pbl; films.
The formulation was optimized and applied to the flexible sub-
strate, so that 11.16% of PCE was obtained through slot-die
coating(®3l,

4.2. Composition engineering

Composition engineering has been proven to be an effect-
ive strategy to improve the quality of perovskite films. In
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2017, Huang et al. proposed that the deposition conditions
of the perovskite on the rigid substrate need to be optim-
ized on the flexible substrate to improve the film morpho-
logy9. They proposed that the difference of the perovskite
film quality may be caused by the difference in the thickness,
surface roughness and thermal conductivity of the rigid
glass/ITO relative to the flexible PET/ITO substrate. They adop-
ted a method of regulating the ratio of precursors (Pbl, : FAI),
using a non-stoichiometric solution of 1 : 0.95. The reduced or-
ganic precursor content can form a uniform and pinhole-free
perovskite film on the PET/ITO/PTAA substrate, and has a
longer carrier lifetime, a smaller trap state density, and a re-
duced precursor residue. After improving the film morpho-
logy and optoelectronic properties of perovskites, the PCE on
the flexible ITO/PET substrate is 18.1%.

4.3. Additive engineering

The grain boundaries of perovskite, often as charge carri-
er recombination centers and ion migration channels, are cur-
rently an important factor affecting the efficiency and stabil-
ity of PSCs!84l, The additives can effectively improve the crystal-
line quality of the film. Feng et al. used dimethyl sulfide (DS)
as the additive to control the growth of perovskite films depos-
ited on flexible substrates!23l. Fourier transform infrared spec-
troscopy shows that the DS additive can react with Pb2* and
form an intermediate phase, which delayed the crystalliza-
tion process. The prepared perovskite films exhibit large
grains and low defect densities, and the PCE is improved to
18.4%. Wu et al. used NMP and MACI as synergistic additives
to optimize FAPbI; perovskites. The introduction of NMP can
form FAI-Pbl,-NMP intermediate, which delayed the crystalliza-
tion process. The employment of MACI can facilitate the
phase transition of perovskites at low temperature. Based on
the collaborative improvements, the FAPbl; based FPSCs
showed a PCE of 19.38%![64..

Meng et al. incorporated a self-healing polyurethane (s-
PU) with dynamic oxime-carbamate bonds in the grain bound-
aries of perovskite films. The s-PU could release the mechanic-
al strain and repair cracks at the grain boundaries, which signi-
ficantly improved the stretchability and deformability of per-
ovskite films. The prepared FPSCs could recover 88% of ini-
tial PCEs after 1000 cycles at 20% stretching. In addition, due
to the defect passivation of s-PU at the grain boundaries, the
stretchable FPSCs exhibited a best efficiency of 19.15%!85],

5. Electrode

In order to absorb sufficient incident light, one of the
two electrodes in the solar cell device should be transparent,
while the other is usually opaque. For opaque electrodes, the
metal foil conductive substrate has been introduced above.
In addition, the evaporated thick metal film and printed car-
bon layer have also been mature and widely used. They pos-
sess the characteristic including good electrical conductivity,
easy manufacturing, and appropriate energy levels that
aligned with other functional layers of the device. In the trans-
parent electrode, it is necessary to have the characteristics of
high transparency, high conductivity, mechanical flexibility
and chemical stability. ITO, which is widely used in glass sub-
strates, has also been used in FPSCs. Apart from this, some
new transparent electrodes, such as conductive polymers, ul-
tra-thin metal films, Ag nanowires based electrodes, carbon
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nanotubes and graphene, have also been explored.

5.1. Indium tin oxide (ITO)

In the transparent electrode, ITO is the most commonly
used material in FPSC, mainly because it is easy to obtain,
and has good transmittance and conductivity. However, the
high cost and high mechanical rigidity of ITO still plague the
development of FPSCs. According to the published work,
FPSCs based on ITO-PEN lose about 50% of the initial photo-
electric conversion efficiency after a bending radius of 4 mm
for 1000 cycles®9., In order to explore the origin of the degrad-
ation during the period, they compared the resistance of two
flexible devices (PEN/ITO/TiO,/perovskite/Spiro-OMeTAD and
PEN/TiO,/perovskite/Spiro-OMeTAD) after bending. As shown
in Fig. 8(a), on the PEN/ITO substrates, a sharp increase in res-
istance was observed at the beginning. This is because the
Young's modulus of the ITO and the substrate are different,
which causes the ITO layer coated on the flexible substrate to
form large crack lines perpendicular to the bending direction
(as shown in Figs. 8(b) and 8(c)), resulting in a sharp increase
in the resistance of the FPSC.

In order to overcome the poor mechanical strength of
ITO, some organic molecules or polymer scaffolds are used to
improve the interface contact. Inspired by the flexible struc-
ture of vertebrae, Meng et al. designed an adhesive polymer in-
terface layer (PEDOT:EVA, Poly(3,4-ethylenedioxythiophene):
poly(ethylene-co-vinyl acetate)) (As shown in Fig. 8(d))2l. The
brittle ITO and perovskite are tightly bonded together due to
the viscosity of EVA in the PEDOT:EVA film, so the flexibility
of the flexible substrate is improved. The PEDOT:EVA ink is syn-
thesized by miniemulsion method, which has good disper-
sion and stability. Finally, the FPSC prepared by meniscus-coat-
ing has a PCE of 19.87%. As shown in Figs. 8(e) and 8(f), when
the bending radius is 10, 5, or 3 mm, after 7000 cycles, it can
still maintain about 96%, 95%, and 85% of the initial PCE, re-
spectively.

5.2. Conductive polymer

PEDOT:PSS composed of conductive polymer PEDOT and
water-dispersible PSS:PSS is by far the most successful and
most widely used conductive polymer. PSS has the dual ef-
fects of doping charge and improving water solubility®7],
Therefore, the conductivity of PEDOT:PSS can be adjusted by
the ratio of PEDOT and PSS[88], PEDOT:PSS film has excellent
visible light transmittance and mechanical properties, mak-
ing it very suitable for transparent conductive electrodes of
flexible solar cells. For example, spin-coated PEDOT:PSS onto
a Noland Optical Adhesive 63 substrate or an ultra-thin PET
substrate as a transparent conductive electrode to obtain a
device with a PCE higher than 10%89. The prepared ultra-
thin and lightweight devices have excellent flexibility and
stretchability, and its power per unit weight is calculated as
high as 23 W/g.

5.3. Ag-nanowire-based composites

Ag nanowires and grids have attracted widespread atten-
tion as alternative materials to ITO. Ag nanowire networks
and Ag grids have good electrical conductivity, light transmit-
tance and mechanical flexibility, which are used as transpar-
ent conductive electrodes in many optoelectronic devices. In
FPSC, they are used solely or together with other materials as
top or bottom transparent conductive electrodes. For ex-
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ample, a bare Ag nanowire grid is used as the top transpar-
ent conductive electrode of FPSCBY. Since silver nanowires
are used as bottom electrodes, their rough surfaces usually
hinder the improvement of device performance, so some oth-
er transparent conductive components can be combined to
prepare a composite electrode with a smooth surface, such
as doped Fluorine-based zinc oxide®, graphene oxidel®],
and PEDOT®2., Among them, the silver grid/PEDOT:PSS com-
posite electrode can be simply fabricated in an embedded
Ag-meshing flexible PET substrate by spin coating[®3l. Accord-
ingly, the sheet resistance of this composite is as low as 1.2 Q
per square inch. The obtained FPSCs showed a relatively high
PCE, with almost no decrease even at 2 mm bending radius.
Based on the excellent flexibility of the device, even after
1500 bending cycles with a bending radius of 5 mm, PCE can
remain stable, maintaining 95.4% of its initial value after 5000
cycles. For comparison, PET/ITO-based devices showed a signi-
ficant performance degradation after 100 bending cycles. At
the same time, FPSC also shows relatively good storage stabil-
ity. After 500 h of storage in an inert atmosphere at room tem-
perature, PCE can maintain an initial value of 91.6%, which is
better than a rigid control device. However, Ma et al. also re-
ported conflicting result about stability in another report.
They found that the device based on the PH1000/Ag elec-
trode is unstable due to the rapid reaction between Ag and
the perovskite precursor solution caused by the redox reac-
tion between Ag and PH100004, While, the ammonia water
and PEI modified layer on PH1000 can inhibit this redox reac-
tion and effectively improve device performance.

5.4. Carbon nanomaterials

Carbon nanomaterials have been used in rigid PSCs in dif-
ferent forms (such as carbon black/graphite composites, car-
bon nanotubes (CNT) and graphene) as back electrodes,
partly because of their low cost and good electrical conductiv-
ity. Extensive research on carbon nanotubes and graphene
electrodes is mainly based on their excellent properties, includ-
ing good chemical stability, mechanical flexibility, high electric-
al conductivity and visible transparency. In 2014, the lamin-
ated CNTs network has been used as both the top electrode
and the hole transport material in rigid PSC%. For FPSCs,
Wong et al. transferred the CNT film grown by chemical va-
por deposition (CVD) to the top of the perovskite film as a
transparent conductive electrode and a hole collector, in
which a Ti foil substrate is used as bottom contact®. In fact,
CNT networks can also be directly transferred to transparent
plastic substrates, where they are used as bottom transpar-
ent conductive electrodes, similar to ITO and FTO. Matsuo et
al. reported that the primary PCE of the FPSC device was
5.38%, and this efficiency was further improved to 12.8% by
the same group in 2017, partly due to the optimization of the
device structure and the quality of the functional layer®’l. Com-
pared with ITO-PEN control sample, CNT-based FPSC also has
higher mechanical strength. Carbon nanotubes are also used
to fabricate top electrodes with ITO-PEN as the bottom sub-
strates, and their stability is much higher than that of control
devices based on silver electrodes®®. In addition, CNTs are
also used as transparent conductive electrodes in irregular
stretchable solar cells (such as fiber cells)l.

Graphene was first used as an interfacial layer in FPSC
with an ITO-PET substrate in 201501001, Later, Yan et al. used
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and bending 7000 cycles[?>.,

graphene as the transparent conductive electrode of FPSC, in
which they grow a single graphene on a copper substrate by
CVD and then transfer it to a PET substratel'9!, The PCE of
the resulting device is 11.5% with high flexural durability. Dop-
ing strategies are often used to improve the conductivity of
graphene. Choi evaporated 2 nm MoO; on graphene to in-
duce hole doping of graphene, and achieved 16.8% PCE in
the resulting FPSC device?Z, FPSCs based on all-carbon elec-
trodes were also realized by Guo et al. The graphene film

formed on the PET substrate is used as bottom transparent
conductive electrode, while the cross-laminated CNT film is
used as the top counter electrodel'%2, The all-carbon elec-
trode device has excellent flexibility. Even after bending with
a radius of curvature of 4 mm for 2000 times, the device re-
tains approximately 84% of its original PCE. After 200 bends
at a radius of curvature of 2.2 mm, it still remains 85% of the
initial PCE. As a comparison, a device with a PEN/ITO/TiO,/
PCBM/CH3NH;Pbls/Spiro-OMeTAD/gold structure loses 87%
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of its initial PCE with a radius of curvature of 4 mm, and is al-
most completely damaged when bent to 2.2 nm. The results
show that the performance degradation of the reference
device is mainly caused by the conductivity loss in the brittle
ITO layer. The slight degradation of the all-carbon electrode-
based device is most likely due to fractures in the crystalline
perovskite layer and delamination in the device during its de-
formation. In addition, the all-carbon electrode device exhib-
its excellent stability, and it retains about 90% of the original
efficiency after 1000 h light or 1570 h heat treatment in the
dark and air at 60 °C, respectively.

6. Encapsulation methods

While the PCE is a crucial criterion to evaluate the perform-
ance of a PSC, the lifetime is also important standard since per-
ovskite materials are very sensitive to many stressors, e.g. mois-
ture, oxygen, light, heat, etc.87. 1031, |n this context, device en-
capsulation is necessary. However, some well-established en-
capsulation techniques for rigid PSCs, e.g., attaching a glass
plate onto a device by thermosetting epoxy, cannot be read-
ily used in FPSCs. Therefore, new encapsulation materials and
methods are required to be developed.

As an efficient encapsulation material, various factors
need to be considered: light transmission, oxygen transmis-
sion rate (OTR), water vapor transmission rate (WVTR), resist-
ance to ultraviolet (UV), chemical inertness, mechanical flexibil-
ity, and strength, etc.

The combination of polyurethane resin encapsulation
and Cr,03-Cr interlayer proves that the air stability of ultra-
thin FPSC has been improved. In particular, it was found that
the use of a chromium oxide-chromium intermediate layer
can effectively protect the metal top contact from the per-
ovskite reaction, which is beneficial to prolong the long-term
stability104],

Nanocone PDMS has anti-reflection and waterproof func-
tions and is attached to the front of the flexible substrate.
These nanocone PDMS packaging materials help improve op-
tical transmittance and achieve waterproof effectsB7l, The
multi-layer encapsulation film composed of a superhydro-
phobic layer and a relatively hydrophilic layer significantly
enhances the stability of the PSC in a very humid environ-
ment(10% 110 The superhydrophobic film containing poly-
methylmethacrylate (PMMA), polyurethane (PU) and SiO nano-
particles is in contact with the environment, which can repel
water in a humid environment and prevent water from penet-
rating into the fragile perovskite layer. Among them, the mod-
erately hydrophilic PMMA layer acts as a desiccant, extract-
ing residual water from the perovskite layer itself during the
operation of the solar cell. When exposed to humidity exceed-
ing 95%, the dual function of the coating film helps the PSCs
to keep at 17.3% PCE for 180 minutes!19],

7. Conclusion and outlook

Organic-inorganic halide perovskite has become a prom-
ising candidate for flexible solar cells due to its excellent opto-
electronic performance, excellent mechanical tolerance and
low-temperature solution processability. Facilitated by the en-
deavor on exploration of flexible substrate, charge transport
layer, high-quality perovskite film and transparent top elec-
trode, the highest PCE of flexible PSCs reached 21.1%.
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For the flexible substrates, the polymer substrates based
FPSCs show the best PCE, but bring to poor environmental sta-
bility. Metal substrates, ultra-thin flexible glass substrates and
other special materials, etc. have been explored to improve
the device stability.

For the charge transport layer in FPSCs, the main focus is
developing low-temperature process approach. At present,
SnO, is the best choice for electron transport layer in n-i-p
structure due to its better stability and low-temperature pro-
cessability.

For perovskite films, efforts have been devoted to the pre-
paration of dense, uniformly covered, and high-quality films
on flexible substrates. In terms of thin film growth, the spin
coating is suitable for small-area device, but limited for large
scale production. Component and additive engineering are in-
dispensable in thin film fabrication, which can effectively pas-
sivate defects and improve crystal crystallization. Also, the
band structure and mechanical property of perovskite layers
can dramatically influence the photovoltaic performance of
the resultant PSCs under mechanical strain.

For transparent conductive electrodes, ITO is the most
common choice, but silver nanowires and carbon materials
also become promising alternatives. Benefiting from its bet-
ter mechanical flexibility, FPSCs based on silver nanowires
and carbon materials show better bending stability.

The further development of FPSCs is discussed in the fol-
lowing aspects. 1) Preparation of large area solar cell mod-
ules. So far, the reported FPSCs with excellent PCE are all pre-
pared by spin coating, and the effective area is small. With
the increase of device area, more stringent requirements are
posed on the quality of the perovskite film, and the density
and uniformity of other functional layers (carrier transport lay-
er and perovskite layer) are also crucial. While methods such
as doctor blade coating, thermal deposition, and gravure print-
ing can be selected for large-scale production, the roll-to-roll
manufacturing technology may be an effective way to devel-
op large-area FPSCs. 2) The environmental instability is also
the most challenging issue for the development of FPSCs. In
addition to the device degradation under heat, light, and elec-
tricity stressors, the polymer substrate of FPSCs accelerates
the permeation of water and oxygen, which further brings to
water and oxygen instability. It thus requires more robust en-
capsulation approach to fabricate FPSCs with improved long
term stability. 3) In addition to improve the PCE, it is also ne-
cessary to pay attention to mechanical stability of FPSCs, si-
nce the application scenarios of FPSCs include wearable de-
vices. Exploring flexible transparent electrodes with high
conductivity and transmittance, low cost, and scalable process-
ability is still an urgent need to meet the commercialization
goal.

References

[11 Graetzel M, Janssen R A J, Mitzi D B, et al. Materials interface en-
gineering for solution-processed photovoltaics. Nature, 2012,
488, 304

[21 Chen W, WuY, Yue Y, et al. Efficient and stable large-area per-
ovskite solar cells with inorganic charge extraction layers. Sci-
ence, 2015, 350, 944

[3] ChenH, YeF, Tang WT, et al. A solvent- and vacuum-free route
to large-area perovskite films for efficient solar modules. Nature,
2017, 550,92

H Kong et al.: Progress in flexible perovskite solar cells with improved efficiency


http://dx.doi.org/10.1038/nature11476
http://dx.doi.org/10.1038/nature11476
http://dx.doi.org/10.1126/science.aad1015
http://dx.doi.org/10.1126/science.aad1015
http://dx.doi.org/10.1038/nature23877
http://dx.doi.org/10.1038/nature23877
http://dx.doi.org/10.1038/nature11476
http://dx.doi.org/10.1038/nature11476
http://dx.doi.org/10.1126/science.aad1015
http://dx.doi.org/10.1126/science.aad1015
http://dx.doi.org/10.1038/nature23877
http://dx.doi.org/10.1038/nature23877

14 Journal of Semiconductors doi: 10.1088/1674-4926/42/10/101605

[4]

[5]

(6]

[7]

(8]

9l

(10l

(1]

2]

[13]

[14]

[15]

[16]

(7]

el

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Tan H, Jain A, Voznyy O, et al. Efficient and stable solution-pro-
cessed planar perovskite solar cells via contact passivation. Sci-
ence, 2017, 355,722

Kojima A, Teshima K, Shirai Y, et al. Organometal halide per-
ovskites as visible-light sensitizers for photovoltaic cells. J Am
Chem Soc, 2009, 131, 6050

Wang L G, Zhou H P, Hu J N, et al. A Eu3*-Eu2* ion redox shuttle
imparts operational durability to Pb-I perovskite solar cells. Sci-
ence, 2019, 363, 265

Jiang Q, Zhao Y, Zhang X W, et al. Surface passivation of per-
ovskite film for efficient solar cells. Nat Photonics, 2019, 13, 460
Jung EH, Jeon N J,Park EY, et al. Efficient, stable and scalable per-
ovskite solar cells using poly(3-hexylthiophene). Nature, 2019,
567,511

Weber D. CH3NH;3SnBr,l5_, (x = 0-3), a Sn(ll)-system with cubic
perovskite structure. Zeitschrift Fur Naturforschung B, 2014, 33,
862

DWeber.CH3;NH;PBX3,a Pb(ll)-system with cubic perovskite struc-
ture. Zeitschrift Fur Naturforschung B, 2014, 33, 1443

Kim M, Kim G H, Lee T K, et al. Methylammonium chloride in-
duces intermediate phase stabilization for efficient perovskite
solar cells. Joule, 2019, 3,2179

Burschka J, Pellet N, Moon S J, et al. Sequential deposition as a
route to high-performance perovskite-sensitized solar cells.
Nature, 2013, 499, 316

Zhou H, Chen Q, Li G, et al. Interface engineering of highly effi-
cient perovskite solar cells. Science, 2014, 345, 542

Yang W S, Park BW, Jung E H, et al. lodide management in form-
amidinium-lead-halide-based perovskite layers for efficient sol-
ar cells. Science, 2017, 356, 1376

Jeon N J, Noh JH, Yang W S, et al. Compositional engineering of
perovskite materials for high-performance solar cells. Nature,
2015,517,476

Yang W S, Noh J H, Jeon N J, et al. High-performance photovolta-
ic perovskite layers fabricated through intramolecular ex-
change. Science, 2015, 348, 1234

Yang L K, Xiong Q, Li Y B, et al. Artemisinin-passivated mixed-
cation perovskite films for durable flexible perovskite solar cells
with over 21% efficiency. J Mater Chem A, 2021, 9, 1574

Kumar M H, Yantara N, Dharani S, et al. Flexible, low-temperat-
ure, solution processed ZnO-based perovskite solid state solar
cells. Chem Commun (Camb), 2013, 49, 11089

Roldan-Carmona C, Malinkiewicz O, Soriano A, et al. Flexible
high efficiency perovskite solar cells. Energy Environ Sci, 2014, 7,
994

Shin SS, Yang W S, Noh J H, et al. High-performance flexible per-
ovskite solar cells exploiting Zn,SnO,4 prepared in solution be-
low 100 °C. Nat Commun, 2015, 6, 7410

Yang D, Yang R X, Ren X D, et al. Hysteresis-suppressed high-
efficiency flexible perovskite solar cells using solid-state ionic-
liquids for effective electron transport. Adv Mater, 2016, 28,
5206

Yoon J, Sung H, Lee G, et al. Superflexible, high-efficiency
perovskite solar cells utilizing graphene electrodes: Towards
future foldable power sources. Energy Environ Sci, 2017, 10, 337
Feng J S, Zhu X J, Yang Z, et al. Record efficiency stable flexible
perovskite solar cell using effective additive assistant strategy.
Adv Mater, 2018, 30, 1801418

Huang K Q, Peng Y Y, Gao Y X, et al. High-performance flexible
perovskite solar cells via precise control of electron transport lay-
er. Adv Energy Mater, 2019, 9, 1901419

Meng X C, Cai ZR, Zhang Y'Y, et al. Bio-inspired vertebral design
for scalable and flexible perovskite solar cells. Nat Commun,
2020, 11,3016

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Dong Q S, Chen M, Liu Y H, et al. Flexible perovskite solar cells
with simultaneously improved efficiency, operational stability,
and mechanical reliability. Joule, 2021, 5, 1587

Li M, Yang Y G, Wang Z K, et al. Perovskite grains embraced in a
soft fullerene network make highly efficient flexible solar cells
with superior mechanical stability. Adv Mater, 2019, 31,
1901519

Zardetto V, Brown T M, Reale A, et al. Substrates for flexible elec-
tronics: A practical investigation on the electrical, film flexibility,
optical, temperature, and solvent resistance properties. J Polym
Sci B, 2011, 49, 638

Lee M, Jo Y, Kim D S, et al. Flexible organo-metal halide per-
ovskite solar cells on a Ti metal substrate. J Mater Chem A, 2015,
3,4129

Lee M, Ko Y, Jun Y. Efficient fiber-shaped perovskite photovolta-
ics using silver nanowires as top electrode. J Mater Chem A,
2015, 3,19310

Lee M, Ko Y, Min BK, et al. Silver nanowire top electrodes in flex-
ible perovskite solar cells using titanium metal as substrate.
ChemSusChem, 2016, 9, 31

Troughton J, Bryant D, Wojciechowski K, et al. Highly efficient,
flexible,indium-free perovskite solar cellsemploying metallic sub-
strates. J Mater Chem A, 2015, 3, 9141

Han G S, Lee S, Duff M L, et al. Highly bendable flexible per-
ovskite solar cells on a nanoscale surface oxide layer of titanium
metal plates. ACS Appl Mater Interfaces, 2018, 10, 4697

Xiao Y M, Han G Y, Zhou H H, et al. An efficient titanium foil
based perovskite solar cell: Using a titanium dioxide nanowire ar-
ray anode and transparent poly(3, 4-ethylenedioxythiophene)
electrode. RSC Adv, 2016, 6, 2778

Abdollahi Nejand B, Nazari P, Gharibzadeh S, et al. All-inorganic
large-area low-cost and durable flexible perovskite solar cells us-
ing copper foil as a substrate. Chem Commun Camb Engl, 2017,
53,747

Tavakoli M M, Tsui KH, Zhang Q, et al. Highly efficient flexible per-
ovskite solar cells with antireflection and self-cleaning nanostruc-
tures. ACS Nano, 2015, 9, 10287

Dai X Z, Deng Y H, van Brackle C H, et al. Scalable fabrication of ef-
ficient perovskite solar modules on flexible glass substrates. Adv
Energy Mater, 2020, 10, 1903108

Dou B, Miller E M, Christians J A, et al. High-performance flex-
ible perovskite solar cells on ultrathin glass: Implications of the
TCO. J Phys Chem Lett, 2017, 8, 4960

Mahmood K, Sarwar S, Mehran M T. Current status of electron
transport layers in perovskite solar cells: Materials and proper-
ties. RSC Adv, 2017, 7, 17044

Liu DY, Kelly T L. Perovskite solar cells with a planar heterojunc-
tion structure prepared using room-temperature solution pro-
cessing techniques. Nat Photonics, 2014, 8, 133
JinTY,LiW,LiYQ, etal. High-performance flexible perovskite sol-
arcells enabled by low-temperature ALD-assisted surface passiva-
tion. Adv Opt Mater, 2018, 6, 1801153

Zuo L J,GuZ W, YeT, et al. Enhanced photovoltaic performance
of CH3NH;Pbl; perovskite solar cells through interfacial engineer-
ing using self-assembling monolayer. J Am Chem Soc, 2015,
137,2674

Azmi R, Lee CL, Jung | H, et al. Simultaneous improvement in effi-
ciency and stability of low-temperature-processed perovskite sol-
ar cells by interfacial control. Adv Energy Mater, 2018, 8,
1702934

Azmi R, Hadmojo W T, Sinaga S, et al. High-efficiency low-temper-
ature ZnO based perovskite solar cells based on highly polar, non-
wetting self-assembled molecular layers. Adv Energy Mater,
2018, 8,1701683

H Kong et al.: Progress in flexible perovskite solar cells with improved efficiency


http://dx.doi.org/10.1126/science.aai9081
http://dx.doi.org/10.1126/science.aai9081
http://dx.doi.org/10.1021/ja809598r
http://dx.doi.org/10.1021/ja809598r
http://dx.doi.org/10.1126/science.aau5701
http://dx.doi.org/10.1126/science.aau5701
http://dx.doi.org/10.1038/s41566-019-0398-2
http://dx.doi.org/10.1038/s41586-019-1036-3
http://dx.doi.org/10.1038/s41586-019-1036-3
http://dx.doi.org/10.1515/znb-1978-0809
http://dx.doi.org/10.1515/znb-1978-0809
http://dx.doi.org/10.1515/znb-1978-1214
http://dx.doi.org/10.1016/j.joule.2019.06.014
http://dx.doi.org/10.1038/nature12340
http://dx.doi.org/10.1126/science.1254050
http://dx.doi.org/10.1126/science.aan2301
http://dx.doi.org/10.1038/nature14133
http://dx.doi.org/10.1038/nature14133
http://dx.doi.org/10.1126/science.aaa9272
http://dx.doi.org/10.1039/D0TA10717D
http://dx.doi.org/10.1039/c3cc46534a
http://dx.doi.org/10.1039/c3ee43619e
http://dx.doi.org/10.1039/c3ee43619e
http://dx.doi.org/10.1038/ncomms8410
http://dx.doi.org/10.1002/adma.201600446
http://dx.doi.org/10.1002/adma.201600446
http://dx.doi.org/10.1039/C6EE02650H
http://dx.doi.org/10.1002/adma.201801418
http://dx.doi.org/10.1002/aenm.201901419
http://dx.doi.org/10.1038/s41467-020-16831-3
http://dx.doi.org/10.1038/s41467-020-16831-3
http://dx.doi.org/10.1016/j.joule.2021.04.014
http://dx.doi.org/10.1002/adma.201901519
http://dx.doi.org/10.1002/adma.201901519
http://dx.doi.org/10.1002/polb.22227
http://dx.doi.org/10.1002/polb.22227
http://dx.doi.org/10.1039/C4TA06011C
http://dx.doi.org/10.1039/C4TA06011C
http://dx.doi.org/10.1039/C5TA02779A
http://dx.doi.org/10.1039/C5TA02779A
http://dx.doi.org/10.1002/cssc.201501332
http://dx.doi.org/10.1039/C5TA01755F
http://dx.doi.org/10.1021/acsami.7b16499
http://dx.doi.org/10.1039/C5RA23430A
http://dx.doi.org/10.1039/C6CC07573H
http://dx.doi.org/10.1039/C6CC07573H
http://dx.doi.org/10.1021/acsnano.5b04284
http://dx.doi.org/10.1002/aenm.201903108
http://dx.doi.org/10.1002/aenm.201903108
http://dx.doi.org/10.1021/acs.jpclett.7b02128
http://dx.doi.org/10.1039/C7RA00002B
http://dx.doi.org/10.1038/nphoton.2013.342
http://dx.doi.org/10.1002/adom.201801153
http://dx.doi.org/10.1021/ja512518r
http://dx.doi.org/10.1021/ja512518r
http://dx.doi.org/10.1002/aenm.201702934
http://dx.doi.org/10.1002/aenm.201702934
http://dx.doi.org/10.1002/aenm.201701683
http://dx.doi.org/10.1002/aenm.201701683
http://dx.doi.org/10.1126/science.aai9081
http://dx.doi.org/10.1126/science.aai9081
http://dx.doi.org/10.1021/ja809598r
http://dx.doi.org/10.1021/ja809598r
http://dx.doi.org/10.1126/science.aau5701
http://dx.doi.org/10.1126/science.aau5701
http://dx.doi.org/10.1038/s41566-019-0398-2
http://dx.doi.org/10.1038/s41586-019-1036-3
http://dx.doi.org/10.1038/s41586-019-1036-3
http://dx.doi.org/10.1515/znb-1978-0809
http://dx.doi.org/10.1515/znb-1978-0809
http://dx.doi.org/10.1515/znb-1978-1214
http://dx.doi.org/10.1016/j.joule.2019.06.014
http://dx.doi.org/10.1038/nature12340
http://dx.doi.org/10.1126/science.1254050
http://dx.doi.org/10.1126/science.aan2301
http://dx.doi.org/10.1038/nature14133
http://dx.doi.org/10.1038/nature14133
http://dx.doi.org/10.1126/science.aaa9272
http://dx.doi.org/10.1039/D0TA10717D
http://dx.doi.org/10.1039/c3cc46534a
http://dx.doi.org/10.1039/c3ee43619e
http://dx.doi.org/10.1039/c3ee43619e
http://dx.doi.org/10.1038/ncomms8410
http://dx.doi.org/10.1002/adma.201600446
http://dx.doi.org/10.1002/adma.201600446
http://dx.doi.org/10.1039/C6EE02650H
http://dx.doi.org/10.1002/adma.201801418
http://dx.doi.org/10.1002/aenm.201901419
http://dx.doi.org/10.1038/s41467-020-16831-3
http://dx.doi.org/10.1038/s41467-020-16831-3
http://dx.doi.org/10.1016/j.joule.2021.04.014
http://dx.doi.org/10.1002/adma.201901519
http://dx.doi.org/10.1002/adma.201901519
http://dx.doi.org/10.1002/polb.22227
http://dx.doi.org/10.1002/polb.22227
http://dx.doi.org/10.1039/C4TA06011C
http://dx.doi.org/10.1039/C4TA06011C
http://dx.doi.org/10.1039/C5TA02779A
http://dx.doi.org/10.1039/C5TA02779A
http://dx.doi.org/10.1002/cssc.201501332
http://dx.doi.org/10.1039/C5TA01755F
http://dx.doi.org/10.1021/acsami.7b16499
http://dx.doi.org/10.1039/C5RA23430A
http://dx.doi.org/10.1039/C6CC07573H
http://dx.doi.org/10.1039/C6CC07573H
http://dx.doi.org/10.1021/acsnano.5b04284
http://dx.doi.org/10.1002/aenm.201903108
http://dx.doi.org/10.1002/aenm.201903108
http://dx.doi.org/10.1021/acs.jpclett.7b02128
http://dx.doi.org/10.1039/C7RA00002B
http://dx.doi.org/10.1038/nphoton.2013.342
http://dx.doi.org/10.1002/adom.201801153
http://dx.doi.org/10.1021/ja512518r
http://dx.doi.org/10.1021/ja512518r
http://dx.doi.org/10.1002/aenm.201702934
http://dx.doi.org/10.1002/aenm.201702934
http://dx.doi.org/10.1002/aenm.201701683
http://dx.doi.org/10.1002/aenm.201701683

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Song J X, Liu L J, Wang X F, et al. Highly efficient and stable low-
temperature processed ZnO solar cells with triple cation per-
ovskite absorber. J Mater Chem A, 2017, 5, 13439

Huang X K, Yang J, Mao S, et al. Controllable synthesis of hollow
Si anode for long-cycle-life lithium-ion batteries. Adv Mater,
2014, 26,4326

Yang J L, Siempelkamp B D, Mosconi E, et al. Origin of the
thermal instability in CH3NH;Pbls thin films deposited on ZnO.
Chem Mater, 2015, 27, 4229

Docampo P, Ball J M, Darwich M, et al. Efficient organometal tri-
halide perovskite planar-heterojunction solar cells on flexible
polymer substrates. Nat Commun, 2013, 4, 2761

Yang D, Yang R X, Zhang J, et al. High efficiency flexible per-
ovskite solar cells using superior low temperature TiO,. Energy En-
viron Sci, 2015, 8, 3208

Di Giacomo F, Zardetto V, D'Epifanio A, et al. Flexible perovskite
photovoltaic modules and solar cells based on atomic layer de-
posited compact layers and UV-irradiated TiO, scaffolds on
plastic substrates. Adv Energy Mater, 2015, 5, 1401808
Jeong|,Jung H, Park M, et al. A tailored TiO, electron selective lay-
erfor high-performance flexible perovskite solar cells via low tem-
perature UV process. Nano Energy, 2016, 28, 380

Dkhissi Y, Huang F Z, Rubanov S, et al. Low temperature pro-
cessing of flexible planar perovskite solar cells with efficiency
over 10%. J Power Sources, 2015, 278, 325

Ahn N, Kwak K, Jang M S, et al. Trapped charge-driven degrada-
tion of perovskite solar cells. Nat Commun, 2016, 7, 1

Qin P, Tanaka S, Ito S, et al. Inorganic hole conductor-based lead
halide perovskite solar cells with 12.4% conversion efficiency.
Nat Commun, 2014, 5, 3834

Wu B, Fu KW, Yantara N, et al. Charge accumulation and hyster-
esis in perovskite-based solar cells: An electro-optical analysis.
Adv Energy Mater, 2015, 5, 1500829

Kim B J, Kim M C, Lee D G, et al. Interface design of hybrid elec-
tron extraction layer for relieving hysteresis and retarding
charge recombination in perovskite solar cells. Adv Mater Inter-
faces, 2018, 5, 1800993

Wang CL, Zhao D W, Grice CR, et al. Low-temperature plasma-en-
hanced atomic layer deposition of tin oxide electron selective lay-
ers for highly efficient planar perovskite solar cells. J Mater
Chem A, 2016, 4, 12080

Jiang Q, Zhang L Q, Wang H L, et al. Enhanced electron extrac-
tion using SnO, for high-efficiency planar-structure
HC(NH,),Pbls-based perovskite solar cells. Nat Energy, 2017, 2,
16177

Park M, Kim J Y, Son H J, et al. Low-temperature solution-pro-
cessed Li-doped SnO, as an effective electron transporting lay-
er for high-performance flexible and wearable perovskite solar
cells. Nano Energy, 2016, 26, 208

Wang C L, Guan L, Zhao D W, et al. Water vapor treatment of
low-temperature deposited SnO, electron selective layers for effi-
cient flexible perovskite solar cells. ACS Energy Lett, 2017, 2,
2118

Shin S'S, Yang W S, Yeom E J, et al. Tailoring of electron-collect-
ing oxide nanoparticulate layer for flexible perovskite solar cells.
J Phys Chem Lett, 2016, 7, 1845

Ha J, Kim H, Lee H, et al. Device architecture for efficient, low-hys-
teresis flexible perovskite solar cells: Replacing TiO, with C60 as-
sisted by polyethylenimine ethoxylated interfacial layers. Sol En-
ergy Mater Sol Cells, 2017, 161, 338

Chung J, Shin S S, Hwang K, et al. Record-efficiency flexible per-
ovskite solar cell and module enabled by a porous-planar struc-
ture as an electron transport layer. Energy Environ Sci, 2020, 13,
4854

Journal of Semiconductors doi: 10.1088/1674-4926/42/10/101605 15

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[771

[78]

[79]

[80]

[81]

[82]

Yin X, Chen P, Que M, et al. Highly efficient flexible perovskite sol-
ar cells using solution-derived NiO, hole contacts. ACS Nano,
2016, 10, 3630

Zhang H, Cheng J Q, Lin F, et al. Pinhole-free and surface-
nanostructured NiO, film by room-temperature solution pro-
cess for high-performance flexible perovskite solar cells with
good stability and reproducibility. ACS Nano, 2016, 10, 1503
JoJW, Seo M 'S, Park M, et al. Improving performance and stabil-
ity of flexible planar-heterojunction perovskite solar cells using
polymeric hole-transport material. Adv Funct Mater, 2016, 26,
4464

Qiu W M, Paetzold U W, Gehlhaar R, et al. An electron beam evap-
orated TiO, layer for high efficiency planar perovskite solar cells
on flexible polyethylene terephthalate substrates. J Mater Chem
A, 2015, 3,22824

Bi C, Chen B, Wei H T, et al. Efficient flexible solar cell based on
composition-tailored hybrid perovskite. Adv Mater, 2017, 29,
1605900

Xiao M D, Huang F Z, Huang W C, et al. A fast deposition-crystalliz-
ation procedure for highly efficient lead iodide perovskite thin-
film solar cells. Angew Chem, 2014, 126, 10056

Jeon N J,NohJH,KimY C, etal. Solvent engineering for high-per-
formance inorganic-organic hybrid perovskite solar cells. Nat Ma-
ter, 2014, 13, 897

Yang Z B, Chueh C C, Zuo F, et al. High-performance fully
printable perovskite solar cells via blade-coating technique
under the ambient condition. Adv Energy Mater, 2015, 5,
1500328

Wang Z, Zeng L X, Zhang C L, et al. Rational interface design and
morphology control for blade-coating efficient flexible per-
ovskite solar cells with a record fill factor of 81%. Adv Funct Ma-
ter, 2020, 30, 2001240

Chen C, Wu C, Ding X D, et al. Constructing binary electron trans-
port layer with cascade energy level alignment for efficient
CsPbl,Br solar cells. Nano Energy, 2020, 71, 104604

Luo D, Yang W, Wang Z, et al. Enhanced photovoltage for inver-
ted planar heterojunction perovskite solar cells. Science, 2018,
360, 1442

Xi J, Xi K, Sadhanala A, et al. Chemical sintering reduced grain
boundary defects for stable planar perovskite solar cells. Nano En-
ergy, 2019, 56, 741

Liu M Z, Johnston M B, Snaith H J. Efficient planar heterojunc-
tion perovskite solar cells by vapour deposition. Nature, 2013,
501,395

Lei T, Li F H, Zhu X Y, et al. Flexible perovskite solar modules
with functional layers fully vacuum deposited. Sol RRL, 2020, 4,
2000292

Kim Y'Y, Yang T Y, Suhonen R, et al. Roll-to-roll gravure-printed
flexible perovskite solar cells using eco-friendly antisolvent
bathing with wide processing window. Nat Commun, 2020, 11,
5146

Yang Z C, Zhang W J, Wu S H, et al. Slot-die coating large-area
formamidinium-cesium perovskite film for efficient and stable
parallel solar module. Sci Adv, 2021, 7, eabg3749

Razza S, Castro-Hermosa S, Di Carlo A, et al. Research Update:
Large-area deposition, coating, printing, and processing tech-
niques for the upscaling of perovskite solar cell technology. APL
Mater, 2016, 4, 091508

Zuo C T, Vak D, Angmo D C, et al. One-step roll-to-roll air pro-
cessed high efficiency perovskite solar cells. Nano Energy, 2018,
46, 185

Tai Q D, Guo X Y, Tang G Q, et al. Antioxidant grain passivation
for air-stable tin-based perovskite solar cells. Angew Chem Int
Ed, 2019, 58, 806

H Kong et al.: Progress in flexible perovskite solar cells with improved efficiency


http://dx.doi.org/10.1039/C7TA03331A
http://dx.doi.org/10.1002/adma.201400578
http://dx.doi.org/10.1002/adma.201400578
http://dx.doi.org/10.1021/acs.chemmater.5b01598
http://dx.doi.org/10.1038/ncomms3761
http://dx.doi.org/10.1039/C5EE02155C
http://dx.doi.org/10.1039/C5EE02155C
http://dx.doi.org/10.1039/C5EE02155C
http://dx.doi.org/10.1002/aenm.201401808
http://dx.doi.org/10.1016/j.nanoen.2016.09.004
http://dx.doi.org/10.1016/j.jpowsour.2014.12.104
http://dx.doi.org/10.1038/ncomms13422
http://dx.doi.org/10.1038/ncomms4834
http://dx.doi.org/10.1002/aenm.201500829
http://dx.doi.org/10.1002/admi.201800993
http://dx.doi.org/10.1002/admi.201800993
http://dx.doi.org/10.1002/admi.201800993
http://dx.doi.org/10.1039/C6TA04503K
http://dx.doi.org/10.1039/C6TA04503K
http://dx.doi.org/10.1038/nenergy.2016.177
http://dx.doi.org/10.1038/nenergy.2016.177
http://dx.doi.org/10.1016/j.nanoen.2016.04.060
http://dx.doi.org/10.1021/acsenergylett.7b00644
http://dx.doi.org/10.1021/acsenergylett.7b00644
http://dx.doi.org/10.1021/acs.jpclett.6b00295
http://dx.doi.org/10.1016/j.solmat.2016.11.031
http://dx.doi.org/10.1016/j.solmat.2016.11.031
http://dx.doi.org/10.1016/j.solmat.2016.11.031
http://dx.doi.org/10.1039/D0EE02164D
http://dx.doi.org/10.1039/D0EE02164D
http://dx.doi.org/10.1021/acsnano.5b08135
http://dx.doi.org/10.1021/acsnano.5b08135
http://dx.doi.org/10.1021/acsnano.5b07043
http://dx.doi.org/10.1002/adfm.201600746
http://dx.doi.org/10.1002/adfm.201600746
http://dx.doi.org/10.1039/C5TA07515G
http://dx.doi.org/10.1039/C5TA07515G
http://dx.doi.org/10.1002/adma.201605900
http://dx.doi.org/10.1002/adma.201605900
http://dx.doi.org/10.1002/ange.201405334
http://dx.doi.org/10.1038/nmat4014
http://dx.doi.org/10.1038/nmat4014
http://dx.doi.org/10.1038/nmat4014
http://dx.doi.org/10.1002/aenm.201500328
http://dx.doi.org/10.1002/aenm.201500328
http://dx.doi.org/10.1002/adfm.202001240
http://dx.doi.org/10.1002/adfm.202001240
http://dx.doi.org/10.1002/adfm.202001240
http://dx.doi.org/10.1016/j.nanoen.2020.104604
http://dx.doi.org/10.1126/science.aap9282
http://dx.doi.org/10.1126/science.aap9282
http://dx.doi.org/10.1016/j.nanoen.2018.11.021
http://dx.doi.org/10.1016/j.nanoen.2018.11.021
http://dx.doi.org/10.1016/j.nanoen.2018.11.021
http://dx.doi.org/10.1038/nature12509
http://dx.doi.org/10.1038/nature12509
http://dx.doi.org/10.1002/solr.202000292
http://dx.doi.org/10.1002/solr.202000292
http://dx.doi.org/10.1038/s41467-020-18940-5
http://dx.doi.org/10.1038/s41467-020-18940-5
http://dx.doi.org/10.1126/sciadv.abg3749
http://dx.doi.org/10.1063/1.4962478
http://dx.doi.org/10.1063/1.4962478
http://dx.doi.org/10.1016/j.nanoen.2018.01.037
http://dx.doi.org/10.1016/j.nanoen.2018.01.037
http://dx.doi.org/10.1002/anie.201811539
http://dx.doi.org/10.1002/anie.201811539
http://dx.doi.org/10.1039/C7TA03331A
http://dx.doi.org/10.1002/adma.201400578
http://dx.doi.org/10.1002/adma.201400578
http://dx.doi.org/10.1021/acs.chemmater.5b01598
http://dx.doi.org/10.1038/ncomms3761
http://dx.doi.org/10.1039/C5EE02155C
http://dx.doi.org/10.1039/C5EE02155C
http://dx.doi.org/10.1039/C5EE02155C
http://dx.doi.org/10.1002/aenm.201401808
http://dx.doi.org/10.1016/j.nanoen.2016.09.004
http://dx.doi.org/10.1016/j.jpowsour.2014.12.104
http://dx.doi.org/10.1038/ncomms13422
http://dx.doi.org/10.1038/ncomms4834
http://dx.doi.org/10.1002/aenm.201500829
http://dx.doi.org/10.1002/admi.201800993
http://dx.doi.org/10.1002/admi.201800993
http://dx.doi.org/10.1002/admi.201800993
http://dx.doi.org/10.1039/C6TA04503K
http://dx.doi.org/10.1039/C6TA04503K
http://dx.doi.org/10.1038/nenergy.2016.177
http://dx.doi.org/10.1038/nenergy.2016.177
http://dx.doi.org/10.1016/j.nanoen.2016.04.060
http://dx.doi.org/10.1021/acsenergylett.7b00644
http://dx.doi.org/10.1021/acsenergylett.7b00644
http://dx.doi.org/10.1021/acs.jpclett.6b00295
http://dx.doi.org/10.1016/j.solmat.2016.11.031
http://dx.doi.org/10.1016/j.solmat.2016.11.031
http://dx.doi.org/10.1016/j.solmat.2016.11.031
http://dx.doi.org/10.1039/D0EE02164D
http://dx.doi.org/10.1039/D0EE02164D
http://dx.doi.org/10.1021/acsnano.5b08135
http://dx.doi.org/10.1021/acsnano.5b08135
http://dx.doi.org/10.1021/acsnano.5b07043
http://dx.doi.org/10.1002/adfm.201600746
http://dx.doi.org/10.1002/adfm.201600746
http://dx.doi.org/10.1039/C5TA07515G
http://dx.doi.org/10.1039/C5TA07515G
http://dx.doi.org/10.1002/adma.201605900
http://dx.doi.org/10.1002/adma.201605900
http://dx.doi.org/10.1002/ange.201405334
http://dx.doi.org/10.1038/nmat4014
http://dx.doi.org/10.1038/nmat4014
http://dx.doi.org/10.1038/nmat4014
http://dx.doi.org/10.1002/aenm.201500328
http://dx.doi.org/10.1002/aenm.201500328
http://dx.doi.org/10.1002/adfm.202001240
http://dx.doi.org/10.1002/adfm.202001240
http://dx.doi.org/10.1002/adfm.202001240
http://dx.doi.org/10.1016/j.nanoen.2020.104604
http://dx.doi.org/10.1126/science.aap9282
http://dx.doi.org/10.1126/science.aap9282
http://dx.doi.org/10.1016/j.nanoen.2018.11.021
http://dx.doi.org/10.1016/j.nanoen.2018.11.021
http://dx.doi.org/10.1016/j.nanoen.2018.11.021
http://dx.doi.org/10.1038/nature12509
http://dx.doi.org/10.1038/nature12509
http://dx.doi.org/10.1002/solr.202000292
http://dx.doi.org/10.1002/solr.202000292
http://dx.doi.org/10.1038/s41467-020-18940-5
http://dx.doi.org/10.1038/s41467-020-18940-5
http://dx.doi.org/10.1126/sciadv.abg3749
http://dx.doi.org/10.1063/1.4962478
http://dx.doi.org/10.1063/1.4962478
http://dx.doi.org/10.1016/j.nanoen.2018.01.037
http://dx.doi.org/10.1016/j.nanoen.2018.01.037
http://dx.doi.org/10.1002/anie.201811539
http://dx.doi.org/10.1002/anie.201811539

16 Journal of Semiconductors doi: 10.1088/1674-4926/42/10/101605

[83]

[84]

[85]

[86]

(87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

Meng X C, Xing Z, Hu X T, et al. Stretchable perovskite solar cells
with recoverable performance. Angew Chem Int Ed, 2020, 59,
16602

Kim B J,KimD H, Lee Y'Y, et al. Highly efficient and bending dur-
able perovskite solar cells: Toward a wearable power source. En-
ergy Environ Sci, 2015, 8,916

Louwet F, Groenendaal L, Dhaen J, et al. PEDOT/PSS: Synthesis,
characterization, properties and applications. Synth Met, 2003,
135/136, 115

Huang J, Miller P F, de Mello J C, et al. Influence of thermal treat-
ment on the conductivity and morphology of PEDOT/PSS films.
Synth Met, 2003, 139, 569

Kaltenbrunner M, Adam G, Glowacki E D, et al. Flexible high
power-per-weight perovskite solar cells with chromium
oxide -metal contacts for improved stability in air. Nat Mater,
2015, 14,1032

Han J, Yuan S, Liu L N, et al. Fully indium-free flexible Ag
nanowires/ZnO:F composite transparent conductive electrodes
with high haze. J Mater Chem A, 2015, 3, 5375

Lu H, Sun J, Zhang H, et al. Room-temperature solution-pro-
cessed and metal oxide-free nano-composite for the flexible
transparent bottom electrode of perovskite solar cells. Nano-
scale, 2016, 8, 5946

Sears K K, Fievez M, Gao M, et al. ITO-free flexible perovskite sol-
ar cells based on roll-to-roll, slot-Die coated silver nanowire elec-
trodes. Sol RRL, 2017, 1, 1700059

LiYW, MengL, YangY, etal. High-efficiency robust perovskite sol-
ar cells on ultrathin flexible substrates. Nat Commun, 2016, 7,
10214

Bian H, Bai D L, Jin ZW, et al. Graded bandgap CsPbl,,,Br;_, per-
ovskite solar cells with a stabilized efficiency of 14.4%. Joule,
2018, 2, 1500

Li Z, Kulkarni S A, Boix P P, et al. Laminated carbon nanotube net-
works for metal electrode-free efficient perovskite solar cells.
ACS Nano, 2014, 8, 6797

Wang X Y, Li Z, Xu W J, et al. TiO, nanotube arrays based flexible
perovskite solar cells with transparent carbon nanotube elec-
trode. Nano Energy, 2015, 11, 728

Jeon |, Chiba T, Delacou C, et al. Single-walled carbon nanotube
film as electrode in indium-free planar heterojunction per-
ovskite solar cells: Investigation of electron-blocking layers and
dopants. Nano Lett, 2015, 15, 6665

Luo Q, Ma H, Hao F, et al. Carbon nanotube based inverted flex-
ible perovskite solar cells with all-inorganic charge contacts.
Adv Funct Mater, 2017, 27, 1703068

Deng J, Qiu L B, Lu X, et al. Elastic perovskite solar cells. J Mater
Chem A, 2015, 3,21070

Ameen S, Akhtar M S, Seo H K, et al. An insight into atmospheric
plasma jet modified ZnO quantum dots thin film for flexible per-
ovskite solar cell: Optoelectronic transient and charge trapping
studies. J Phys Chem C, 2015, 119, 10379

Liu Z K, You P, Xie C, et al. Ultrathin and flexible perovskite solar

[100]

[101]

[102]

[103]

[104]

cells with graphene transparent electrodes. Nano Energy, 2016,
28,151

Luo Q, Ma H, Hou Q, et al. All-carbon-electrode-based endur-
able flexible perovskite solar cells. Adv Funct Mater, 2018, 28,
1706777

Fu Q X, Tang X L, Huang B, et al. Recent progress on the long-
term stability of perovskite solar cells. Adv Sci, 2018, 5, 1700387

Matteocci F, Cina L, Lamanna E, et al. Encapsulation for long-
term stability enhancement of perovskite solar cells. Nano En-
ergy, 2016, 30, 162

Han G S, Yoo J S, Yu F D, et al. Highly stable perovskite solar
cells in humid and hot environment. J Mater Chem A, 2017, 5,
14733

Yoo JS,Han G S, Lee S, et al. Dual function of a high-contrast hy-
drophobic-hydrophilic coating for enhanced stability of per-
ovskite solar cells in extremely humid environments. Nano Res,
2017,10, 3885

Hua Kong received her Bachelor Degree in
2017 from College of Electronic Science and En-
gineering, Jilin University. Now she is a PhD stu-
dent at Peking University. Her research in-
terests include the application of perovskite in
lithium-ion batteries and new flexible per-
ovskite solar cells.

Wentao Sun got her BS degree in 1999 from
Central South University and PhD degree in
2005 from Technical Institute of Physics and
Chemistry, Chinese Academy of Sciences.
Then she joined Lianmao Peng’s group at Pek-
ing University. In June 2008, she joined Pek-
ing University as an assistant Professor. Her re-
search interests include the nano-photoelec-
tric devices and functional nano-materials.

Huanping Zhou got her BS degree in 2005
from China University of Geosciences and PhD
degree in 2010 from College of Chemistry and
Molecular Engineering, Peking University.
Then she joined University of California, Los
Angeles as a Postdoctoral research. In June
2015, she joined Peking University as an assist-
ant Professor. Her research interests include
thedevelopmentoffunctional inorganic materi-
als and organic-inorganic hybrid materials,
and explore the application in energy, catalys-
isand so on.

H Kong et al.: Progress in flexible perovskite solar cells with improved efficiency


http://dx.doi.org/10.1002/anie.202003813
http://dx.doi.org/10.1002/anie.202003813
http://dx.doi.org/10.1039/C4EE02441A
http://dx.doi.org/10.1039/C4EE02441A
http://dx.doi.org/10.1016/S0379-6779(02)00518-0
http://dx.doi.org/10.1016/S0379-6779(02)00518-0
http://dx.doi.org/10.1016/S0379-6779(03)00280-7
http://dx.doi.org/10.1038/nmat4388
http://dx.doi.org/10.1038/nmat4388
http://dx.doi.org/10.1039/C4TA05728G
http://dx.doi.org/10.1039/C6NR00011H
http://dx.doi.org/10.1039/C6NR00011H
http://dx.doi.org/10.1002/solr.201700059
http://dx.doi.org/10.1038/ncomms10214
http://dx.doi.org/10.1038/ncomms10214
http://dx.doi.org/10.1016/j.joule.2018.04.012
http://dx.doi.org/10.1016/j.joule.2018.04.012
http://dx.doi.org/10.1021/nn501096h
http://dx.doi.org/10.1016/j.nanoen.2014.11.042
http://dx.doi.org/10.1021/acs.nanolett.5b02490
http://dx.doi.org/10.1002/adfm.201703068
http://dx.doi.org/10.1039/C5TA06156C
http://dx.doi.org/10.1039/C5TA06156C
http://dx.doi.org/10.1021/acs.jpcc.5b00933
http://dx.doi.org/10.1016/j.nanoen.2016.08.038
http://dx.doi.org/10.1016/j.nanoen.2016.08.038
http://dx.doi.org/10.1002/adfm.201706777
http://dx.doi.org/10.1002/adfm.201706777
http://dx.doi.org/10.1002/advs.201700387
http://dx.doi.org/10.1016/j.nanoen.2016.09.041
http://dx.doi.org/10.1016/j.nanoen.2016.09.041
http://dx.doi.org/10.1016/j.nanoen.2016.09.041
http://dx.doi.org/10.1039/C7TA03881J
http://dx.doi.org/10.1039/C7TA03881J
http://dx.doi.org/10.1007/s12274-017-1603-6
http://dx.doi.org/10.1007/s12274-017-1603-6
http://dx.doi.org/10.1002/anie.202003813
http://dx.doi.org/10.1002/anie.202003813
http://dx.doi.org/10.1039/C4EE02441A
http://dx.doi.org/10.1039/C4EE02441A
http://dx.doi.org/10.1016/S0379-6779(02)00518-0
http://dx.doi.org/10.1016/S0379-6779(02)00518-0
http://dx.doi.org/10.1016/S0379-6779(03)00280-7
http://dx.doi.org/10.1038/nmat4388
http://dx.doi.org/10.1038/nmat4388
http://dx.doi.org/10.1039/C4TA05728G
http://dx.doi.org/10.1039/C6NR00011H
http://dx.doi.org/10.1039/C6NR00011H
http://dx.doi.org/10.1002/solr.201700059
http://dx.doi.org/10.1038/ncomms10214
http://dx.doi.org/10.1038/ncomms10214
http://dx.doi.org/10.1016/j.joule.2018.04.012
http://dx.doi.org/10.1016/j.joule.2018.04.012
http://dx.doi.org/10.1021/nn501096h
http://dx.doi.org/10.1016/j.nanoen.2014.11.042
http://dx.doi.org/10.1021/acs.nanolett.5b02490
http://dx.doi.org/10.1002/adfm.201703068
http://dx.doi.org/10.1039/C5TA06156C
http://dx.doi.org/10.1039/C5TA06156C
http://dx.doi.org/10.1021/acs.jpcc.5b00933
http://dx.doi.org/10.1016/j.nanoen.2016.08.038
http://dx.doi.org/10.1016/j.nanoen.2016.08.038
http://dx.doi.org/10.1002/adfm.201706777
http://dx.doi.org/10.1002/adfm.201706777
http://dx.doi.org/10.1002/advs.201700387
http://dx.doi.org/10.1016/j.nanoen.2016.09.041
http://dx.doi.org/10.1016/j.nanoen.2016.09.041
http://dx.doi.org/10.1016/j.nanoen.2016.09.041
http://dx.doi.org/10.1039/C7TA03881J
http://dx.doi.org/10.1039/C7TA03881J
http://dx.doi.org/10.1007/s12274-017-1603-6
http://dx.doi.org/10.1007/s12274-017-1603-6

