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Flexible perovskite solar cells (FPSCs) have attracted considerable attention due to their broad application

possibilities in next generation electronics. However, the commonly used transparent conductive electro-

des (TCEs), such as indium tin oxide (ITO), suffer from poor flexible performance, impeding the develop-

ment of FPSCs. Here, we propose a hybrid electrode (PUA/AgNWs/PH1000) comprising a thin percolation

network of silver nanowires (AgNWs) inlaid on the surface of a flexible substrate (PUA) modified with a

conductive layer (PH1000), which exhibits high optical transmittance and electrical conductivity, as well

as robust mechanical flexibility. By applying the proposed PUA/AgNWs/PH1000 hybrid electrode in

FPSCs, the resulting ITO-free devices exhibit the desired flexibility and mechanical stability; it can survive

repeated continuous bending cycles and retain 77.4% of its initial power conversion efficiency after

10 000 bending cycles with the bending radius of 5 mm.

1. Introduction

Over the past decade, organic–inorganic halide perovskite
solar cells have undergone rapid development, with an
increased power conversion efficiency (PCE) from the initial
3.8%1 to the currently certified 25.7%,54 which is comparable
to the level of commercial silicon-based solar cells.54 With the
requirement of cutting-edge electronic technologies, the tran-
sition of rigid devices to flexible devices is essential, for which
great efforts have been devoted to solar cells,2–5 light-emitting
diodes,6–9 sensors,10,11 and photo-detectors.12–15 Particularly,
flexible perovskite solar cells (FPSCs) have received consider-
able attention as powerful energy supply devices with broad
application possibilities. However, the efficiency of FPSCs still
lags behind that of rigid counterparts,16–18 which is attributed
to the varying morphology and limited electrical and optical
properties of the flexible substrates and electrodes.19,20

As the most fundamental component, flexible transparent
electrodes, with high optical transmittance and electrical con-

ductivity, a smooth and uniform surface morphology, an
appropriate work function, a simple preparation method, and
good mechanical stability, play an important part in the suc-
cessful development of flexible electronic devices. Transparent
conductive oxides (TCOs), such as indium-doped tin oxide
(ITO) and fluorine-doped tin oxide (FTO), are the most com-
monly used transparent electrodes, which suffer from several
disadvantages including the complicated deposition tech-
nique, high deposition temperatures, the scarcity of indium,
inflexibility, and high raw material costs.21–24 On the other
hand, the traditional flexible substrates such as poly(ethylene
terephthalate) (PET) or polyethylene naphthalate (PEN) cannot
withstand the high temperature for preparing TCOs, resulting
in inevitable performance decay.25,26 To this end, researchers
have proposed a variety of alternatives to replace TCOs, includ-
ing nanocarbons (carbon nanotubes,27,28 CVD graphene29,30

and reduced graphene oxide31), conductive polymers (coordi-
nation polymers,32 organic polymers,33 and (poly(3,4-ethylene-
dioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS)19), and
metallic nanostructures (metal grids,34,35 metal
nanowires,36–39 and metal nanorings40). Silver nanowires
(AgNWs) stand out among them due to their low temperature
preparation based on a solution method, good flexibility, high
transmittance, and plasmonic effects.26,41,42 In recent years,
the use of AgNWs as bottom and/or top transparent conductive
electrodes (TCEs) has been demonstrated in organic/perovskite
solar2,37,43 and organic/perovskite light-emitting diodes.44,45

However, their rough surface, poor adherence to substrates,
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insufficient connection between nanowires, and sensitivity to
water and oxygen erosion contribute to the difficulty in their
application in flexible optoelectronic devices.46,47 To solve the
aforementioned issues, several attempts have been
conducted.39,48,49 For example, Chueh et al. demonstrated
OLEDs by PMMA-mediated pressure welding; the AgNWs were
transferred to flexible PEN and polyimide (PI) substrates with
a significantly reduced surface roughness from 76.1 to
12.6 nm.39 Tang and co-workers reported FPSCs by modifying
AgNWs with a sol–gel-derived ZnO protective layer and an
atomic-layer-deposited TiO2 passivation layer, realizing a PCE
of 17.11%.50 Zou and co-workers transferred AgNWs from
glass to silk fibroin and obtained silk-derived electrodes; the
fabricated FPSCs showed excellent stretchability and deform-
ability, maintaining 92% of the initial efficiency after 1000
bends at a bending radius of 2.5 mm.37 However, most of the
current methods require complex preparation processes, and
how to prepare AgNW-based FPSCs with a simple process and
low energy consumption is still a challenge.

Here, we propose a highly flexible hybrid conductive film by
a simple and energy-saving method and apply the film as a
flexible transparent electrode in an FPSC for the first time.
Flexible poly(urethane acrylate) (PUA) is used as the flexible
substrate. The hybrid film consists of a conductive PH1000
layer and a thin percolation network of silver nanowires
(AgNWs), which are inlaid on the surface of PUA. The
embedded AgNWs on the surface of PUA exhibit an exception-
ally smooth morphology and overcome the challenge of poor
adhesion between AgNWs and traditional substrates; at the
same time, the PH1000 layer can prevent halogen ions in the
perovskite from migrating to AgNWs. The PUA/AgNWs/
PH1000 hybrid conductive film exhibits a high optical trans-
mittance of 74.0% at 550 nm and excellent electrical conduc-
tivity with a resistance of 8.2 Ω sq−1. The FPSCs, with the pro-
posed PUA/AgNWs/PH1000 as the flexible substrate and trans-
parent electrode, demonstrate comparable performances to
devices with traditional PEN/ITO flexible electrodes. Moreover,
FPSCs based on the PUA/AgNWs/PH1000 hybrid electrode
exhibit high mechanical robustness after over 10 000 bending
cycles.

2. Results and discussion

Fig. 1a–f show the schematic of the fabrication process of the
PUA/AgNWs/PH1000 hybrid conductive film. The suspension
solution of AgNWs was bar coated with a Mayer rod (No. 8)
onto the pre-treated glass substrates, and the coating process
was repeated to balance the optical transmittance and electri-
cal conductivity (Fig. 1a). Annealing process was applied to
improve the connection between nanowires and the sheet re-
sistance of the AgNW film was further reduced (Fig. 1b).
Scotch® Magic™ Tapes were used to selectively etch out the
desired electrode pattern (Fig. 1c and d). Subsequently, PUA
solution was spin-coated onto the substrate and cured under
UV light (Fig. 1e). PUA is a copolymer of dimethacrylate (EBA)

and a siliconized urethane acrylate (UA) oligomer with a
photoinitiator 2-hydroxy-2-methylpropiophenone. EBA pro-
vides strong binding ability with AgNWs due to its high
content of polar functional groups and UA guarantees the high
flexibility and stretchability.51 PUA was able to penetrate into
the grids of the AgNWs and fill them up. Due to the poor
adhesion between the AgNW film and glass substrate, PUA/
AgNWs could be easily peeled off from the glass substrate
(Fig. 1f). Considering the anti-corrosion requirement, a con-
ductive polymer PH1000 mixed with 5 wt% DMSO was further
spin-coated on PUA/AgNWs to obtain the PUA/AgNWs/
PH1000 hybrid conductive film.

The optical transmittance of the hybrid conductive film is
shown in Fig. 1g. It’s noteworthy that the PUA substrate exhi-
bits a high transmittance over the whole visible wavelength
range. At the same time, with the increase of the bar-coating
times of AgNWs, the transmittance of PUA/AgNWs decreases

Fig. 1 Fabrication and optoelectrical properties of PUA/AgNWs/
PH1000 hybrid conductive film. (a–f ) Schematic of the fabrication
process of PUA/AgNWs/PH1000 hybrid conductive film, (g) the optical
transmittance of PUA/AgNWs/PH1000 hybrid conductive film with
different bar-coating times, (h) the sheet resistance of PUA/AgNWs/
PH1000 hybrid conductive film and the average sheet resistance (RAVE)
of different samples are marked. 1 time-AgNWs, 2 times-AgNWs, and 3
times-AgNWs refer to the 1, 2, and 3 bar-coating times of AgNWs,
respectively.
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obviously, which is attributed to the increased density of
AgNWs. After spin-coating PH1000, the transmittance of PUA/
AgNWs/PH1000 at 550 nm is 81.4%, 74.0% and 62.4%,
respectively, with the bar-coating times extending from one to
three. The wave-like characteristics of the transmission spectra
are characteristic of the PUA polymer.52

The electrical conductivities of the proposed PUA/AgNWs/
PH1000 hybrid conductive film are also compared in Fig. 1h.
The resistance and its variation range of the 1 time-AgNW film
without PUA and PH1000 are quite large because of the
uneven distribution of nanowire conductive channels. When
the bar-coating times are increased, the resistance is signifi-
cantly lowered and the variation range is greatly decreased.
After spin-coating PH1000, the resistance variation is further
minimized, and the electrode’s conductivity exceeds that of
the commercial PEN/ITO electrode (13.7 Ω sq−1).

The Figure of Merit (FoM) is a critical parameter for deter-
mining the quality of the transparent conductive electrodes,
which is defined as the ratio of the electrode’s direct current
conductivity (σdc) to its optical conductivity (σop):

FOM ¼ σdc
σopðλÞ

¼ 188:5Ω

R�
sh

1ffiffiffiffiffiffiffi
TðλÞ

p
� �

� 1
� � ð1Þ

where Rsh refers to the sheet resistance and T is the optical
transmittance at a certain wavelength λ (550 nm).
Commercialization of the electrode is only possible if the FoM
surpasses 35.53 The FoM of the proposed PUA/AgNW hybrid
electrodes with varying bar-coating times is 184.79, 246.32 and
226.47, respectively, which is in line with commercial appli-
cation. After spin-coating PH1000, the FoM is still higher than
that of commercial PEN/ITO electrodes (FoMPEN/ITO = 92.37).
The FOM values of the mentioned various electrodes are listed
in Table S1 in the ESI.† We choose the hybrid conductive film
with bar-coating AgNWs twice in the following experiments, as
the film exhibits balanced electrical conductivity and optical
transmittance with the highest FoM.

As shown in Fig. 2a, the surface morphology of the PUA/
AgNWs/PH1000 hybrid conductive film was detected by atomic
force microscopy (AFM). The surface roughness of bare AgNWs
on the glass substrate is 24.4 nm, and the rough surface will
induce a large leakage current, resulting in a dramatically
reduced efficiency. After applying PUA to transfer the AgNWs
from the glass substrate, the AgNW networks are inlaid onto
the surface of PUA, and the morphology is obviously improved.
The roughness of PUA/AgNWs is only 1.72 nm (Fig. 2c). After
spin-coating PH1000, the surface roughness slightly increases
to 1.81 nm (Fig. 2d), which is similar to that of the commercial
PEN/ITO flexible conductive film (1.66 nm) (Fig. 2b).
Significantly reduced surface roughness will play a positive
role in promoting the subsequent device fabrication process
by reducing the occurrence of short circuits and improving the
quality of active layers. In addition, the AgNWs are thoroughly
inlaid in the PUA flexible substrate, resolving the problem of

poor adhesion between the nanowires and the traditional
substrates.

To explore the potential application of the proposed con-
ductive transparent films in flexible devices, we investigate
their mechanical stability by bending test. We measured the
resistance under different bending radii (r = ∞, 9, 7, 5 and
3 mm) using a four-probe resistivity tester. The changes of
resistances (R/R0, R0 refers to the original resistance without
bending, R refers to measured resistance after bending) after
100 bending cycles are shown in Fig. 3a, the PEN/ITO sub-
strates are also used as references. The resistance of PEN/ITO
increases dramatically when decreasing the bending radius,
which can be attributed to the inherent brittleness of ITO.
However, the PUA/AgNW samples demonstrate excellent
mechanical stability with the almost unchanged electrical per-
formance, even at a small bending radius of 3 mm.

We further performed multiple-cycle bending tests with a
fixed bending radius of 5 mm. As shown in Fig. 3b, only after
1000 bending cycles, the resistance of PEN/ITO has reached
more than 50 times compared with the original level, and
further reached more than 850 times of the original resistance
after 5000 bending cycles. On the other hand, PUA/AgNWs still
maintain high conductivity after 5000 bending cycles, which
demonstrates the superior mechanical stability of PUA/AgNWs
compared to that of commercial PEN/ITO. In addition, the
surface morphologies of different flexible electrodes, before
and after repeated bending cycles, have been characterized by
scanning electron microscopy (SEM). In Fig. 3c and d, there is
no significant change in the surface morphology of PUA/
AgNWs before and after bending; only the parts of the AgNWs
are broken, which is consistent with a relatively small change
in resistance. However, after 3000 bending cycles, PEN/ITO
shows significant cracks (Fig. 3e and f) resulting in dramatic
decay in conductivity.

Fig. 2 AFM images of (a) glass/AgNWs, (b) PEN/ITO, (c) PUA/AgNWs,
and (d) PUA/AgNWs/PH1000. The root-mean-square (RMS) roughness
values of the samples are listed.
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For PSCs, electrode morphology has a non-negligible effect
on device performances. The crystalline quality of the perovs-
kite polycrystalline film prepared on a smooth and homo-
geneous substrate can be improved with large perovskite
grains, and few grain boundaries and defects, resulting in a
high PCE. Fig. 4a and b show the SEM images of the perovskite
polycrystalline films prepared on PEN/ITO and PUA/AgNWs/

PH1000. The MAPbI3 films show uniform and pinhole-free
morphology with the grain sizes ranging from 200 to 400 nm,
implying a high crystalline quality on both flexible films. From
the X-ray diffraction (XRD) characteristics shown in Fig. 4c, the
perovskite films fabricated on PUA/AgNWs/PH1000 further
demonstrate similar crystallinity compared to that of the film
on PEN/ITO. Both films exhibit two major diffraction peaks
with similar intensities at 14.1° and 28.4°, corresponding to
the characteristic (110) and (220) diffraction planes of MAPbI3.
Fig. 4d shows ultraviolet-visible (UV-vis) absorption spec-
troscopy of MAPbI3 perovskite films on PUA/AgNWs/PH1000
and PEN/ITO, and the perovskite films on different substrates
exhibit an identical absorption profile, implying the similar
light absorption capacity.

Based on the high transparency, flexibility, and conductivity
of the proposed PUA/AgNWs/PH1000 hybrid conductive film,
we applied it as a flexible substrate as well as the flexible trans-
parent electrode to fabricate FPSCs with the inverted architec-
ture of PUA/AgNWs/PH1000/PEDOT:PSS/MAPbI3/C60/BCP/Cu
(Fig. 5a). The photovoltaic performances are summarized in
Fig. 5b and Table S2 in the ESI.† The corresponding forward
and reverse current density–voltage ( J–V) characteristics are
shown in Fig. S1.† The optimal PUA/AgNWs/PH1000 based
flexible device realizes an open-circuit voltage (Voc) of 0.867 V,
a short-circuit current ( Jsc) of 17.05 mA cm−2, and a fill factor
(FF) of 74.24%, yielding the best PCE of 10.98% in the reverse
scan direction, and realizes a Voc of 0.865 V, Jsc of 16.96 mA
cm−2, FF of 72.67%, and PCE of 10.66% in the forward scan
direction. For reference, the flexible devices based on PEN/ITO

Fig. 3 (a) Normalized resistance changes (R/R0) of PEN/ITO and PUA/AgNWs at various bending radius, after 100 bending cycles. The digital images
(inset) show the electrodes under bending at different radii (r = ∞, 9 mm, 7 mm, 5 mm and 3 mm). (b) Normalized R/R0 of PEN/ITO and PUA/AgNWs
in the function of the bending cycles, at a bending radius of 5 mm. The inset presents zoomed-in values for PEN/ITO and PUA/AgNWs. (c and d)
SEM images of PUA/AgNWs before/after bending, at a bending radius of 5 mm. (e and f) SEM images of PEN/ITO before/after bending, at a bending
radius of 5 mm. The red cycles mark the broken AgNWs after bending.

Fig. 4 Surface morphology and structure characterization of perovskite
films based on PEN/ITO and PUA/AgNWs/PH1000. Top-view SEM
images of MAPbI3 films deposited on (a) PEN/ITO and (b) PUA/AgNWs/
PH1000. (c) XRD of MAPbI3 films and (d) UV-vis absorption spectrum of
the MAPbI3 films on different substrates.
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have also been fabricated; the best device achieves a PCE of
12.82%, with Voc of 0.904 V, Jsc of 18.19 mA cm−2, and FF of
77.99%. The PUA/AgNWs/PH1000 based FPSCs exhibit negli-
gible hysteresis, demonstrating the practicality of the PUA/
AgNWs/PH1000 hybrid electrode (Table S3 in the ESI†). The
differences in Voc and FF between the FPSCs prepared on PUA/
AgNWs/PH1000 and PEN/ITO are induced by the different
surface properties of electrodes which may lead to the increase
of local defects. In addition, comparing to the PEN/ITO-based
device, the slightly lowered Jsc should be attributed to the gap
in the transmittance between PUA/AgNWs/PH1000 and PEN/
ITO as shown in Fig. 1g.

The external quantum efficiency (EQE) of FPSCs based on
PUA/AgNWs/PH1000 and PEN/ITO is also provided in Fig. 5c.
The integrated currents are 17.50 mA cm−2 and 16.69 mA cm−2,
respectively, which perfectly match the current obtained from
the J–V curves. To investigate the reproducibility of the devices,
the statistical distribution of the PCE based on 30 devices with
the PUA/AgNWs/PH1000 and PEN/ITO electrodes is shown in
Fig. 5d; the average PCE of the PUA/AgNWs/PH1000-FPSCs is
8.51% ± 2.47%, indicating that the FPSCs based on the PUA/
AgNWs/PH1000 hybrid electrodes exhibit relatively good repro-
ducibility. The statistics of the FF, Jsc, Voc, and PCE of PUA/
AgNWs/PH1000-FPSCs and PEN/ITO-FPSCs are compared in
Fig. S2.† The average efficiency of the PUA/AgNWs/PH1000
based flexible devices is lower than that of the PEN/ITO based
flexible devices, because the thick PH1000 inset layer impairs
the transmittance of electrodes. On the other hand, to guarantee
that the device can operate properly, balanced optical and elec-
trical characteristics are necessary, which further sacrifices the
transmittance, resulting in the reduced Jsc and PCE.

The measurement of mechanical stability was applied on
FPSCs with a bending radius of 5 mm as shown in Fig. 6a. Due
to the inherent brittleness of ITO, it is easily broken during
the bending process and the resistance rises sharply; as a

result, the efficiency of the device based on PEN/ITO decreases
significantly with the increase of bending cycles. The PCE of
PEN/ITO-FPSCs has dropped to 14.6% of the initial level after
bending 3000 cycles. In contrast, the device based on the PUA/
AgNWs/PH1000 maintains 77.4% of the initial efficiency after
10 000 bending cycles, which demonstrates the excellent
bending stability of PUA/AgNWs/PH1000 and PUA/AgNWs/
PH1000-FPSCs and it was among the best bending stability of
the reported FPSCs as shown in Table S4 in the ESI.†
Furthermore, we performed long-term stability tests of the pro-
posed PUA/AgNWs/PH1000-FPSCs by placing the devices in a
N2-filled glove box. As shown in Fig. 6b, after aging for up to
20 days, PUA/AgNWs/PH1000-FPSCs can still retain 69.4% of
the initial PCE and exhibit a small gap compared with 85.0%
maintenance of the PEN/ITO based device. It should be attrib-
uted to the diffusion of the iodide ions from the perovskite
active layer to the PUA/AgNWs and the reaction with the
AgNWs during the aging process.18 Although we inserted
PH1000 on the top of PUA/AgNWs to separate AgNWs from the
perovskite active layer, it still could not completely avoid the
migration of halogen ions.

3. Conclusion

In conclusion, FPSCs based on the PUA/AgNWs/
PH1000 hybrid transparent electrode are demonstrated for the

Fig. 5 Photovoltaic performance of FPSCs based on PEN/ITO and PUA/
AgNWs/PH1000. (a) Schematic illustration of the device architecture. (b)
J–V curves of the best devices measured under AM1.5G irradiation with
an intensity of 100 mW cm−2. (c) EQE and the corresponding integrated
photocurrent curves of FPSCs. (d) Efficiency histogram of FPSCs.

Fig. 6 (a) Normalized PCE of the unencapsulated FPSCs as a function
of bending cycles with a bending radius of 5 mm. The inset is the photo-
graph of bending FPSCs fabricated on PUA/AgNWs/PH1000. (b) Long-
term stability of the devices stored in a N2-filled glove box under dark
conditions at room temperature (20–25 °C).
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first time. By embedding AgNWs into PUA, the surface rough-
ness of AgNWs was reduced dramatically from 24.4 nm to
1.72 nm, while resolving the problem of the poor adherence of
AgNWs to the substrate. With a PH1000 conductive layer on
the top of AgNWs, the metal networks are separated from the
perovskite active layer to prevent halogen ions from reacting
with AgNWs. The proposed PUA/AgNWs/PH1000 hybrid con-
ductive film with a relatively high optical transmittance (over
70% in the whole visible wavelength range) and a low resis-
tance (8.2 Ω sq−1) acts as an excellent transparent electrode
and a flexible substrate in FPSCs, realizing the best PCE of
10.98%. Based on the excellent mechanical stability of PUA/
AgNWs/PH1000, the flexibility and bending stability of the
PUA/AgNWs/PH1000-FPSCs far exceed those of the devices
with the normal PEN/ITO electrode, and they can retain 77.4%
of their initial efficiency after 10 000 times of bending with a
bending radius of 5 mm. The application of the PUA/AgNWs/
PH1000 hybrid transparent electrode in FPSCs opens a new
way toward wearable photovoltaic devices.

4. Materials and methods
4.1. Materials

Methylammonium iodide (MAI, 99.5%) and lead iodide (PbI2,
99.99%) were purchased from Advanced Election Technology
Co., Ltd, and fullerene C60 and 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP) were obtained from Luminescence
Technology Co. The anhydrous solvents N,N-dimethyl-
formamide (DMF, 99.8%), dimethyl sulfoxide (DMSO, 99.9%),
ethyl acetate (EA, 99.8%) and 2-hydroxy-2-methyl-
propiophenone (97%) were purchased from Sigma-Aldrich.
Poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate)
(PEDOT:PSS, Cleviost™ PH1000 and Cleviost™ PVP AI 4083)
was purchased from Heraeus (Germany). Zonyl FS-300 was pur-
chased from DuPont. Silver nanowires (AgNWs) (average dia-
meter = 25–35 nm; average length = 10–40 μm) were obtained
from Zhejiang Kechuang Advanced Materials Co. UA (CN990)
and EBA (SR540) were purchased from Sartomer. All materials
were received and used without any purification.

4.2. Preparation of PUA solution

The siliconized urethane acrylate oligomer (UA, CN990),
dimethacrylate (EBA, SR540), and 2-hydroxy-2-methyl-
propiophenone were mixed at a weight ratio of 10 : 2 : 1. After
adequate shaking, the mixture was sonicated for more than
24 hours before use.

4.3. Fabrication of PUA/AgNW hybrid electrodes

The AgNW network film was prepared by repeatedly bar
coating the AgNW suspension solution (4.5 mg ml−1 in isopro-
panol) with a Mayer rod (No. 8) on glass substrates. The AgNW
films were annealed at 150 °C for 10 min. After cooling down
to room temperature, Scotch® Magic™ Tapes were used to
etch out the electrode pattern. Then, PUA solution was spin-
coated onto the substrate at 2000 rpm for 60 s. The prepared

sample was subjected to UV light exposure for 10 min and
then the PUA/AgNW hybrid film was carefully peeled off from
the glass substrate. PDMS solution was obtained by mixing the
silicone elastomer base, curing agent, and hexane at a weight
ratio of 10 : 1 : 5; the supernatant was spin-coated onto the pre-
cleaned glass substrates at 5000 rpm for 30 s after stirring and
degassing, and subsequently annealed at 150 °C for 10 min.
After that, the PUA/AgNW film was adhered to the PDMS/glass
temporary substrates to keep the surface flat. Note that after
the fabrication of the perovskite solar cells, the PDMS/glass
temporary substrate was removed to realize flexible devices.
Finally, the PUA/AgNWs/PH1000 hybrid electrodes were
obtained by spin-coating PEDOT:PSS (PH1000, Cleviost™)
mixed with 5 wt% DMSO at 3000 rpm for 30 s and then
annealing at 100 °C for 15 min. To guarantee the desired
pattern of the conductive electrode, we used Scotch® Magic™
Tapes to cover the non-electrode part before spin-coating
PEDOT:PSS (PH1000), and removed the tapes before the
annealing process.

4.4. Fabrication of FPSCs

The prepared PUA/AgNWs/PH1000 hybrid conductive films
were plasma treated for 5 min. Zonyl FS-300 with a concen-
tration of 1.0 wt% was added into the PEDOT:PSS (AI 4083,
Cleviost™) solution and the mixture solutions were stirred
overnight before use. The Zonyl-doped PEDOT:PSS (AI 4083)
solution was spin-coated at 4000 rpm for 40 s on prepared elec-
trodes and annealed at 100 °C for 15 min. Then, the samples
were transferred to a N2-filled glovebox. The perovskite precur-
sor was obtained by mixing MAI (1.3 mmol) and PbI2
(1.3 mmol) in 1 mL of the DMF and DMSO mixture (4 : 1 v/v).
The precursor was spin-coated onto the PEDOT:PSS layer at
1000 rpm for 3 s and 4000 rpm for 30 s consecutively. The
anti-solvent of EA was dropped onto the samples consecutively
in the last 10 s of the spin-coating process. The perovskite film
was annealed at 50 °C for 5 min and then 100 °C for 30 min.
After the samples cooled down to room temperature, 25 nm
C60, 7 nm BCP (Bathocuproine), and 100 nm Cu electrode
were thermally deposited onto the perovskite film at a rate of
0.3, 0.2 and 1.0 Å s−1, respectively. The device area of FPSCs
was 4 mm2.

4.5. Characterization

The J–V performances of the PSCs were measured using a
Keithley 2400 source meter. The J–V hysteresis curves were
obtained by the forward (from −0.2 V to 1.2 V) and reverse
scans (from 1.2 V to −0.2 V) with a scan rate of 100 mV s−1,
under AM1.5G irradiation based on a AAA grade solar simu-
lator (XES-70S1, SAN-EI Electric co., Ltd) in a N2-filled glove-
box. A standard Si solar cell equipped with a KG-5 filter was
applied to calibrate the light intensity (100 mW cm−2). The
EQE was detected via a QE-R3011 system (Enli Technology co.,
Ltd). The roughness of the perovskite surface morphology was
measured by AFM (Dimension Icon, Bruker). The UV-vis
absorption spectra were measured using a UV-visible diffuse
reflectance spectrophotometer (Hatachi U3900H). The surface
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profile of the perovskite was characterized using a SEM
(JSM-7900F). XRD measurement was obtained using a Rigaku
D/max 2550 X-ray diffractometer with a monochromatized Cu
target radiation source.
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