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A B S T R A C T

Flexible perovskite solar cells (pero-SCs) possessing high efficiency and low fabrication cost have been
considered as the promising wearable energy supply devices in the near future. However, the intrinsic brittleness
of the commonly used transparent conducting oxide electrodes is one of the limitations for the mechanical
stability of flexible pero-SCs. Here we demonstrate the improved mechanical stability of flexible pero-SCs
consisting of ultrathin Au electrode and vapour-deposited perovskite film. The thermal annealing-free perovskite
film fabrication by vapour deposition is beneficial to the stability of the ultrathin Au electrode and contributes to
the improved mechanical stability of the flexible pero-SCs. The power conversion efficiency for flexible pero-SCs
maintains 74% of their initial efficiencies after 2000 bending cycles with a bending radius of 3.5 mm.

1. Introduction

Possessing the characteristics of both organic materials and inor-
ganic materials, perovskite have far exceeded traditional semiconductor
materials in many aspects, such as the relative smaller exciton binding
energies, high absorption coefficient, long carrier diffusion lengths and
ambipolar carrier transport [1]. The above mentioned characteristics
have raised the prospect of perovskite materials as next generation
photovoltaic materials and lots of studies for highly efficient perovskite
solar cells (pero-SCs) have erupted recently [2,3]. Especially, the KRICT
group has proposed the certified highest power conversion efficiency
(PCE) of 22%, which is nearly comparable to the industrialized silicon
solar cells [4]. Flexible pero-SCs have attracted considerable attention
due to their excellent characteristics such as light weight, foldable and
bendable, which contribute to their potential applications in wearable
electronic with the advantages of convenient integration and versatile
functionality [5,6]. However, the weak mechanical stability limits the
practical application of the flexible pero-SCs. Cracks would emerge
after bending due to the intrinsic brittleness of the commonly trans-
parent conducting oxide electrode (ITO or FTO), which cause the rapid
degradation and weak stability of the flexible pero-SCs [7]. Moreover,
transparent conducting oxide materials are not up to the desirable ones
for commercial flexible applications due to the high cost of indium and
incompatibility of the high temperature processing with the flexible

substrate [8,9].
Alternative conductive electrodes have been investigated in flexible

pero-SCs such as carbon nanotubes, polymer conductor, titanium foil,
silver nanowires and metallic films [10–13]. Among them, metallic
films are one of the promising candidates as the electrode materials in
flexible solar cells due to its excellent ductility and conductivity. The
conductivity is related to the continuity of the metallic film, especially
ultrathin film. The continuity of metallic film is governed by the
nucleation and the growth kinetics on the substrates, which can be
improved by seed layer and modification layer [14]. Ultrathin metallic
films with high conductivity and transmittance can be obtained, which
is desirable as transparent electrode for the optoelectronic devices.
However, the ultrathin metallic film can hardly tolerate prolonged
annealing treatment for the crystallization of perovskite film formed by
solution process, which hinders the application of the ultrathin metallic
film in the pero-SCs. Vapour deposition of the perovskite film is an ideal
preparation technology for the ultrathin metallic electrode-based
flexible pero-SCs by avoiding the annealing treatment. In this paper,
we have demonstrated flexible pero-SCs using ultrathin Au electrode
and vapour-deposited perovskite film. The flexible pero-SC by vapour
deposition shows 9.05% of PCE. Meanwhile, the pero-SCs exhibit
excellent flexibility and mechanical robustness. The efficiency of the
flexible devices maintains 74% of their initial efficiencies after 2000
bending cycles with a radius of 3.5 mm.
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2. Experimental details

2.1. Materials and chemicals

Patterned ITO substrates (10 Ω sq−1) were supplied by CSG Holding
Co., Ltd. PEDOT: PSS (Clevios P VP Al 4083) aqueous solutions and
(6,6)-Phenyl C61 butyric acid methyl ester (PCBM) were purchased
from Banhe Technology Co. Ltd. Methylammonium iodide (CH3NH3I,
power, ≥99.5% purity) and lead chloride (PbCl2, power,> 99.99%
purity) were obtained from Xi’an Polymer Light Technology Corp. All
the materials were used without further purification.

2.2. Fabrication of the ultrathin Au anode

Polished glass was cleaned sequentially in acetone, ethyl alcohol
and deionized water by sonication for 30 min. After hydrophobic
treating, the substrate was transferred into a glovebox filled with
highly pure N2. Then the photoresist (SU-8 2025, MicroChem Corp.)
layer was spin-coated onto the substrate for 20 s at 5000 rpm and the
thickness of SU-8 layer is about 150 nm. The substrate with the SU-8
layer was transferred into a thermal evaporation chamber. The MoO3

seed layer was subsequent deposited on the SU-8 layer, which formed a
composite layer. Finally, ultrathin Au film was deposited on the
composite layer. The thickness of films was monitored by a quartz
crystal oscillator and calibrated by Spectroscopic Ellipsometers (J. A.
Woollam Co., Inc., USA). The surface morphology of Au films was taken
on by atomic force microscope (AFM, Dimension Icon) and scanning
electron microscope (SEM, JEOL JSM-7500F). The transmittance
spectra of the samples were measured by a UV–vis spectrophotometer
(UV-2550, Shimadzu Co., Inc., Japan).

2.3. Fabrication of perovskite film

Perovskite films were deposited by a dual-source evaporation
system with quartz crucibles in the vacuum chamber. CH3NH3I and
PbCl2 were the organic and inorganic precursor salts, evaporated
simultaneously from separate sources at 10−5 mbar with an as-
deposited molar ratio of 4:1, based on the reading of the sensors above
the crucibles [15]. The actual thickness of perovskite films was
controlled by the third sensor beneath the substrates and calibrated
by AFM and SEM. The crystallization of perovskite films was analyzed
by X-ray diffraction, and the XRD patterns were collected on a Rigaku
X-ray powder diffractometer using CuK< alpha> radiation
(λ=1.54050 Å).

2.4. Fabrication of characterization of perovskite solar cells

Referential ITO substrates were treated with UV−ozone for 15 min
after cleaned. The ITO anode and ultrathin Au anode were then
transferred into a glovebox filled with highly pure N2. Hole transport
layer with a thickness of ∼60 nm was prepared by spin-coated PEDOT:
PSS (Clevios P VP Al 4083) onto the anodes at 3500 rpm for 1 min and
subsequently annealed at 95 ℃ for 30 min. Then the substrates with
PEDOT: PSS were transferred to the dual-source evaporation system.
After depositing perovskite layer (around 160 nm) in the vacuum
chamber, PCBM electron transport layer with a thickness of ~ 45 nm
was spin-coated a chlorobenzene solution of 20 mg ml−1 at 1000 rpm
for 30 s. The cathode layer included 3 nm of Ca and 100 nm of Ag was
thermally evaporated on the devices in a vacuum of 5×10−4. The area
of the devices was 4 mm2. All the pero-SCs were tested in N2 glovebox
without encapsulated. To protecting flexible pero-SCs withstand bend-
ing test, a shape recoverable polymer (NOA63, Norland) was utilized as
a supporting substrate [16]. The performance was measured using a
Keithley 2400 source measure unit under a 1 sun simulated AM 1.5 G
illumination. With an AAA class solar simulator (XES-70S1, san ei
electric co.), the light intensity with 100 mW cm−2 was calibrated by

standard Si photodiode detector equipped with a KG-5 filter. External
quantum efficiencies were measured by an Enli Technology (Taiwan)
EQE measurement system.

3. Results and discussion

The fabrication process of flexible pero-SCs with the ultrathin Au
electrode (7 nm) is shown in Fig. 1. Composite layer (SU-8 modified
layer and MoO3 seed layer) beneath ultrathin Au film are used to
suppress surface Au atoms diffuse and increase the electrical conduc-
tivity. The SU-8 layer would be peeled off from the hydrophobic glass
substrate and thus the flexible planar pero-SCs with ultrathin Au
electrode are obtained. The fabrication process of the vapour-deposited
perovskite film has ruled out thermal annealing. PEDOT: PSS as the
hole transport layer is prepared at 95 ℃ for 30 min for removing the
solvent, which is the only heating procedure during the whole fabrica-
tion process of the pero-SCs.

As the transparent electrode of the pero-SCs, the continuity,
conductivity and transmittance of metallic film are crucial factors for
their application. The continuity of metallic film is governed by the
nucleation and the growth kinetics on the substrates, which can be
reacted to the surface morphology [17]. The surface morphology of
7 nm ultrathin Au film on various substrates have been investigated by
scanning electron microscopy (SEM) and atomic force microscope
(AFM) and shown in Fig. 2 and Supporting information Fig. S1. Au
film deposited directly on the glass substrate shows large tortuous
cracks and high roughness of 1.94 nm. This phenomenon can be
explained by the Volmer-Weber growth mode of metallic film, higher
bonding energy between Au atoms than that of the Au atom and glass
substrate [18]. Unlike on the glass, Au film on SU-8 layer exhibits
smaller cracks and low roughness of 0.997 nm. The significant im-
provement of surface morphology is attributed to the strong chemical
covalent bonds between the SU-8 and Au atoms [19]. The MoO3 seed
layer could further improve nucleation sites and suppress surface
diffusion of metal atoms [20]. Thus an ultra-smooth and continuous
surface morphology is obtained by the SU-8/MoO3/Au film. Simulta-
neously, the roughness has reached the minimum of 0.575 nm. The
impact of the MoO3 thickness on the surface morphology of the SU-8/
MoO3/Au film has also been investigated as shown in Supporting
information Fig. S2.

Fig. 2d shows the resistance and transmittance of Au film with
various substrates. The square resistance of 7 nm Au film deposited on
glass, SU-8 layer and SU-8/MoO3 layer is 401 Ω/□, 91 Ω/□ and 19 Ω/
□, respectively. Ultrathin Au film deposited on SU-8/MoO3 layer has
the smallest resistance, which is attributed to the role of seed layer
(MoO3). Low resistance confirms the improvement of the continuity of
Au film. Meanwhile, obvious difference in the transmittance can be
observed from the photograph of the ultrathin Au films deposited on

Fig. 1. Fabrication scheme of flexible pero-SCs with ultrathin Au anode and vapour-
deposited perovskite film.
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various substrates (the inset of Fig. 2d). Significantly improved
transmittance is observed from the Au film deposited on SU-8/MoO3

layer from 500 nm to 900 nm, which would be beneficial to the high
efficiency of the solar cells. The SU-8 layer beneath Au film has a
positively effect on the transparency, which can be attributed to extinct
surface plasmon resonances [21,22] and refractive index-matching
affect [23]. With the increasing thickness of the MoO3 seed layer, the
weakened surface resonance absorption and good transmittance in-
dicates Au films becomes more smooth and continuous (see Supporting

information Fig. S3). However, when the thickness of MoO3 layer
increased to 5 nm, a lot of cracks appear after spin-coating PEDOT: PSS
solution onto the SU-8/MoO3/Au film (Fig. S3b). Thus 3 nm MoO3 was
employed as the seed layer for the follow preparation of the pero-SCs.

Compared to the surface morphology of the solution-processed
perovskite film from SEM and AFM images, the vapour-deposited
perovskite film without the thermal annealing has uniform, pinhole-
free and continuous surface as can be seen in Fig. 3. The crystal size of
the vapour-deposited film is relative smaller (60–70 nm in diameter)

Fig. 2. Surface morphology and transmittance of ultrathin Au deposited on various substrates. (a-c) SEM images of 7 nm ultrathin Au deposited on glass (Glass/Au), SU-8 layer (SU-8/Au)
and composite layer (SU-8/MoO3/Au). (d) Transmittance spectra of referential ITO film, SU-8 film and ultrathin Au on various substrates: Inset shows the square resistance and
photograph of Glass/Au, SU-8/Au and SU-8/MoO3/Au.

Fig. 3. SEM image (a) and AFM image (b) of vapour-deposited perovskite film. SEM image (c) and AFM image (d) of solution-processed perovskite film. The high magnification SEM
image of vapour-deposited perovskite film (inset).
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than that of the solution-processed film (200–400 nm in diameter), and
the pinhole is obviously fewer. Meanwhile, the roughness of the
vapour-deposited perovskite film is 2.55 nm, which is one order of
magnitude lower than that of the solution-processed film (18.2 nm).
The much decreased pinholes and surface roughness are important
factors for the high efficiency of the pero-SCs.

The crystal qualities of perovskite films fabricated by solution
process and vapour deposition are analyzed with XRD, steady and
transient absorption (TA) spectra (Fig. 4). As shown in Fig. 4a, vapour-
deposited perovskite film exhibits identical peak positions with that of
solution-processed film, assigned to the 110, 220 and 330 diffraction
peaks at 14.4°, 28.5°and 43.5°, respectively. The consistent peaks
indicate that both vapour-deposited and solution-processed films have
produced the same mixed-halide perovskite orthorhombic lattices [24].
Moreover, the steady absorption spectra of both perovskite films have
the same line-shape (Fig. 4b). The performance of the pero-SCs is
sensitive to the film morphology and deeper understanding comes from
the femtosecond transient dynamics measurements. The TA spectra of
both films given in Fig. 4c (pumped under 400 nm with intensity at
15.4 µJ cm−2) show two ground bleaching signals as well as the broad
excited-state absorption centered at 600 nm. The peak at 754 nm
(~1.644 eV) is approximately equal to the band gap energy and the
peak at 475 nm (2.611 eV) is previously considered as the transitions
from VB2 to CB1 in the dual valence band structure [25]. We mainly
focus on the characteristic of the 754 nm photoinduced bleach in order
to probe the band-edge charge carrier dynamics in film. These dynamics
all shows the recovery of the photoinduced bleaching as free charge

Fig. 4. Characteristics of perovskite film fabricated by vapour deposition and solution process. (a) XRD spectra. (b) UV–vis absorbance spectra. (c) Time-resolved pump-probe
measurement for vapour-deposited perovskite film at 754 nm. (d) The decay kinetics examine of the related band edge bleaching at the bandgap. The thickness of vapour-deposited and
solution-processed perovskite film is 160 nm and 300 nm, respectively.

Fig. 5. (a) J–V curves in reverse and forward scan for the pero-SCs based on both ITO and
ultrathin Au anode: Inset shows SEM cross-sectional image of the device based on
ultrathin Au anode. (b) EQE spectra of pero-SCs based on both ITO and ultrathin Au
anode.

Fig. 6. PCEs of flexible pero-SCs based on ultrathin Au anode as a function of bending
cycles at a radius of 3.5 mm: Inset shows photograph of corresponding flexible pero-SCs.
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carriers recombination, for the relaxation of the band-edge transition
could last for a timescale of nanoseconds. Fig. 4d displays the carrier
recombination dynamics of both perovskite films under the identical
pump intensity. The kinetic decay rates of band-edge at ~ 754 nm
become slower in the vapour-deposited perovskite films. Due to the
morphology of solution-processed films provided the better environ-
ment for defects [26,27], the decay dynamics of solution-processed
films shows faster recombination rate compared with that of vapour-
deposited film. The lifetime of the solution-processed perovskite film is
1005 ps, while it increases to 1256 ps for vapour-deposited film. The
increased lifetime for vapour-deposited film can be attributed to the
fewer defect and would much benefit to the performance of the pero-
SCs.

The current (J)−voltage (V) curves and external quantum efficiency
(EQE) curves of the vapour-deposited flexible pero-SCs with ultrathin
Au anode are summarized in Fig. 5. The vapour-deposited pero-SCs
with ultrathin Au anode on the rigid substrates are shown in Supporting
information Fig. S4. The pero-SCs with ITO anode are investigated for
comparison. The cross-sectional SEM image of the pero-SCs with Au
anode is shown in the inset of Fig. 5a. The flexible pero-SC fabricated on
Au anode shows the short-circuit current density (Jsc) of
13.17 mA cm−2, open-circuit voltage (Voc) of 0.93 V, fill factor (FF)
of 73.89%, and PCE of 9.05%. The photovoltaic performances are not as
high as that of the referential device, which has a Jsc of
18.28 mA cm−2, a Voc of 0.95 V, an FF of 70.18%, and a PCE of
12.13%. The Jsc of the pero-SCs with ultrathin Au anode being lower
than that of the pero-SC with ITO anode is mainly derived from the low
transmittance of ultrathin Au from 350 nm to 600 nm (Fig. 2d), which
is corresponding to EQE characteristics as shown in Fig. 5b. Notably,
high FF can be observed from the device with ultrathin Au anode that
owes to the ideal ohmic contact at the Au/PEDOT: PSS interface
(ITO~4.8 eV, Au~5.1 eV and PEDOT: PSS~5.2 eV). Moreover, va-
pour-deposited perovskite film has high hysteresis index due to the
small crystal size of perovskite film (60–70 nm in diameter) [28,29],
and the small J-V hysteresis behaviours of both devices are given in
Supporting information Table S1.

To investigate the mechanical stability, flexible pero-SCs with
ultrathin Au anode and vapour-deposited perovskite film were bent
over a roll with a curvature radius of 3.5 mm (Fig. 6). The performance
was evaluated up to 2000 bending cycles and the device maintained
74% of its initial photovoltaic performance after bending. The Jsc and
FF decrease from 13.17 mA cm−2, 73.89% to 10.62 mA cm−2, 61.85%,
respectively, which lead to a small decay in the PCE of 26%. The
detailed parameters of flexible cells under bending tests are completely
exhibited in Supporting information Fig. S5. The flexible pero-SCs by
vapour deposition using ultrathin Au as anode have been revealed to
possess excellent mechanical stability.

4. Conclusions

Flexible pero-SCs fabricated by vapour deposition have been
successfully constructed on ultrathin Au anode. Ultra-smooth surface
and excellent conductivity of ultrathin Au film has been realized by
integrating the SU-8 modified layer and MoO3 seed layer. Meanwhile,
vapour-deposited perovskite film is beneficial to the stability for
ultrathin Au anode based flexible pero-SCs. A PCE of 9.05% has been
realized by the flexible pero-SCs with ultrathin Au anode and vapour-
deposited perovskite film. The flexible pero-SCs could maintain 74% of
initial PCE after 2000 bending cycles with a radius of 3.5 mm. This
study promotes the development of flexible pero-SCs and be expected to
aid in realization of wearable energy power applications.
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