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Silver nanowires (Ag NWs) network is an excellent candidate as flexible transparent electrode applying in flexible
perovskite solar cells, owing to their excellent electrical and optical properties. However, several problems
including large surface roughness, chemical reaction between Ag and perovskite precursor, and migration of Ag
limited the application in high performance perovskite solar cells. Aiming to solve these problems, the composite
electrode combining the spray coated Ag nanowires and the low-temperature sol-gel zinc oxide was developed in
this work. The optimized concentration and annealing temperature of sol-gel ZnO were 0.45 M and 150 °C. The
introduction of zinc oxide with suitable concentration caused slight impact on the transmittance and sheet
resistant of transparent composite electrode, and promoted mechanical and chemical stability in air relative to
the pristine Ag NWs electrode. The use of the composite flexible electrode could decrease the surface roughness
of the Ag NWs electrode, passivate the reaction of perovskite and silver electrode, and prevent the migration of
Ag. As a consequence, the performance of the flexible device significantly improved from 9.51% to 13.12%.
Under the AM 1.5G constant illumination, the optimization device has a remarkably improved stability than
pristine device. This study demonstrates that spray Ag NWs as bottom electrode is suitable for flexible perovskite
solar cells. Meanwhile, it’s an effective method using sol-gel ZnO to construct composite electrode to promote the
device performance and stability.

1. Introduction

In the past decade, perovskite solar cells (PVSCs) have attracted
enormous attentions in the field of photovoltaics and power conversion
efficiencies (PCEs) over 25.2% have been achieved [1-5]. The excellent
performance of the perovskite solar cells could be due to the superior
photoelectric property including long charge diffusion length, appro-
priate bandgap to absorb sunlight, large extinction coefficient and cheap
raw materials and preparation process [6-10]. Meanwhile, PVSCs are
highly comparable with low temperature solution process and flexible

substrates. Recently, the flexible perovskite solar cells have achieved
remarkable development on PEN/ITO substrate, with a highest PCE of
19.51% was reported [11].

In the flexible perovskite solar cells, ITO is widely used as a trans-
parent conducting electrode (TCE) until now. However, ITO is not
suitable for flexible cells due to their poor mechanical robustness [12].
Therefore, many research efforts have been made in developing flexible
transparent electrode that is suitable to flexible device and solution
process [12].

Besides ITO electrode, there are several flexible TCEs such as carbon
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nanotubes (CNT) [13,14], high conductive polymer [15,16] and metal
electrode [17-19]. Among these flexible TCEs, silver nanowires network
(Ag NWs) is an excellent candidate as flexible transparent electrode
applying in flexible perovskite solar cells, owing to their excellent
electrical and optical properties [20,21]. Ag NWs networks have been
readily deposited using spin coating [22], spray coating [23,24] and
ink-jet printing [25], and used as transparent electrode for the perov-
skite solar cells. Kang et al. [26] reported ultralight and flexible
perovskite solar cells (PSCs) with second-step capillary printing
orthogonal Ag NWs transparent electrodes, achieving an outstanding
power-per-weight of 29.4 Wg™! with a PCE of 12.85%. For the use the Ag
NWs in the perovskite solar cell, there are several problems should be
solved. Frist is the chemical reaction between CH3NH;3IxCl3x and Ag
electrode. Thus, it is reported that is necessary to modify the Ag NWs
with metal oxide or graphene. Lee et al. [22] used a pinhole-free
amorphous aluminum doped zinc oxide (a-AZO) protection layer to
protect Ag NW. Jin et al. [27] prepared sol-gel ZnO protective layer and
ALD-deposited TiO; to smooth and passivate surface, and achieved PCE
of 17.11%. Besides the chemical reaction, a serious problem of Ag
electrode is migration. It was reported that silver would diffuse through
an organic transport layer into the perovskite layer. Meanwhile, light
accelerates reactions between perovskites and metal because of the
formation of the photogenerated holes oxidize halogens mobile halogen
[28]. Liang et al. reported that Ag* will penetrate from Ag electrode into
hole transporting layer (HTL) and react with iodine ions in perovskite,
which will increase the defect density in HTL, leading to the degradation
of device performance [29,30]. However, these works are almost about
the migration issue of Ag from the evaporated top electrode to the un-
derneath layer. Rare work was reported on the migration problem and
the passivation method for the Ag transparent bottom electrode-based
perovskite solar cells.

In this work, we aimed to solve the chemical reaction and Ag
migration issue in the Ag NWs-based perovskite solar cells, and improve
the performance and stability. Large-area Ag NWs electrode was fabri-
cated through spray coating. Spray method is one of most simple and
convenient way to fabricate a large area, high transmittance, low sheet
resistance transparent conductive film. Low-temperature ZnO layer was
utilized as a modifier to suppress the chemical reaction and Ag migra-
tion. We systematically optimized the thickness and morphology of zinc
oxide layers through regulating concentrations and annealing temper-
ature. The transmittance and sheet resistant show slight change after
adding ZnO. With the modification of ZnO layer, the surface roughness
of Ag NWs obviously decreased, and the silver migration was effectively
protected as well. As a result, the power conversion efficiency (PCE) of
the flexible perovskite solar cells significantly improved from 9.51% to
13.12%. Meanwhile, Secondary Ion Mass Spectrometry (SIMS) results
proved the Ag migration from the bottom electrode to the perovskite and
PCBM layers was suppressed by the ZnO layer, resulting in a remarkable
improved stability than pristine device under continuous illumination
condition. This study demonstrated that composite electrode with spray
coated Ag NWs electrode and low-temperature ZnO layer is suitable for
use in flexible perovskite solar cells.

2. Experimental section
2.1. Materials

Silver nanowires dispersed in deionized water and diluted to 1.4 mg/
mL with isopropanol (IPA) were purchased from Naibotech company.
The diameter and length of Ag nanowire are 30 nm and 20-30 pm,
respectively. The zinc acetate was supplied by Aladdin Ltd. And the
dimethoxy ethanol and ethanolamine were purchased by J&K Scientific
Ltd and Adamas Reagent Co., Ltd respectively. The PEDOT: PSS (Al
4083) was purchased from Heraeus Ltd. Lead chloride (PbCly, 99%),
Lead iodide (Pbly, 99%), Methylammonium lodide (MAIL, 99.5%), were
purchased from Xi’an Polymer Light Technology Corp. The (6,6)-
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phenyl-Cgi-butyric acid methyl ester (PCe;BM) were bought from
Sigma-Aldrich.

2.2. Fabrication of Ag NWs/ZnO composite electrode

The Ag NWs were fabricated on the top of PET substrates by spray
method. The PET substrates were treated with ultraviolet-ozone (UVO)
cleaner for 5 min. After that, the Ag NWs transparent electrodes were
prepared on the PET substrates under environment conditions by spray-
method (Hizenith AC300-1, Hizenith Robot (Suzhou) Co., Ltd.). The
nozzle moves at a speed of 16 mm/s, and the substrate is annealed at 53
°C. The ZnO sol-gel precursor was prepared through dissolving zinc
acetate in dimethoxy ethanol, with a small amount of ethanolamine as
stabilizer, and followed by stirring overnight. Then the sol-gel ZnO
precursor solution with different concentration was deposited on the top
of Ag NWs through spin-coating method at 2000 rpm for 30 s to form a
composite electrode. After that, the composite electrode film, was
annealed on a hot plate at 150 °C for 0.5 h.

2.3. Fabrication and measurement of the flexible perovskite solar cells

The MAPDI,Cls 4 active layer was fabricated through one step anti-
solvent method. The detailed fabrications process was described as
follow: PEDOT: PSS (4083) hole transport layer was spin-coated at 2000
rpm for 45s on the PET/Ag NWs/ZnO. Then, the film was annealed at
130 °C for 10 min and transferred into the Ny -filled glove box to deposit
perovskite film and PCg;BM layers. Before that the perovskite precursor
solution was prepared by dissolving 103.3 mg of methylamine iodide
(MAI), 310.10 mg of lead iodide (PbIy) and 9.72 mg of lead chloride
(PbCl,), which were stirred in the mixture of C4HgO, (GBL) CoHgOS
(DMSO) (7:3 v/v) at 50-60 °C for at least 2 h. The perovskite films were
deposited by a consecutive two-step spin-coating process at 1000 rpm
for 10 s, and at 4000 rpm for 30 s. During the second-step spin-coating at
17 s, 400 pL antisolvent anhydrous chlorobenzene was dropped onto the
center of the film. After that the perovskite layer was annealed at 100 °C
for 10 min. After cooling to room temperature, the PCg; BM solution (20
mg/mL in chlorobenzene) was spin- coated onto the perovskite film at
1000 rpm for 45 s. Finally, 100 nm-thick Al was deposited on the
PCg1BM film through a shadow mask under a vacuum of 107° torr.

The transmittance and absorption spectra were measured by the
Lamada 750 UV-vis-NIR Spectro-photometer (PerkinElmer). The
micrograph was investigated by cold field emission Scanning Electron
Microscope (SEM, S-4800). Photoluminescence was tested by steady-
state and transient-state fluorescence spectrometer (JY Fluorolog-3-
Tou). Surface morphology was observed by using an Atomic Force Mi-
croscopy (AFM, Dimension 3100). The ionic migration after aging was
investigate by Time of Flight Secondary Ion Mass Spectrometry (SIMS).
The J-V characteristics of devices were measured in glove box using a
Keithley model 2400 source measurement unit. The external quantum
efficiency (EQE) of cell was measured as a function of wavelength, under
simulated one sun operation conditions.

3. Result and discussion

It is well known that transmittance and sheet resistance are two basic
parameters for a transparent conductive film. Therefore, the effect of
ZnO on transmittance and sheet resistance of transparent electrodes was
comprehensively investigated. In this study, we firstly investigated the
influence of ZnO annealing temperature and precursor concentration on
the transmittance and sheet resistance of the transparent electrode.
Fig. 1(a) shows the photo of large area Ag NWs flexible transparent
electrode fabricated by spray method. The sheet resistance of Ag NWs/
Zn0(0.45 M) at different annealing temperatures of sol-gel ZnO was
showed in Fig. 1 (b). It exhibited that the sheet resistance of the com-
posite electrode increased gradually as the annealing temperature de-
creases. A lowest sheet resistance of 29.5 + 0.70 Q/sq was obtained
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Fig. 1. (a) Photograph of large-area transparent conducting film through spray-coating method (b) The sheet resistance of Ag NWs/Zn0O(0.45 M) composite electrode
under different annealing temperatures. (c) Transmittance spectra of composite electrode with different modifications of ZnO. (d)Sheet resistance of the Ag NWs/ZnO
films with different concentrations of ZnO. (e) Bending property of the composite electrode. (f) Evolution of the sheet resistance of composite electrode during long-

term storage in air.

when the annealing temperature is 150 °C. We know the PET substrate
can bear high temperature annealing, so 150 °C was chosen to fabricate
ZnO layer in this work. The XRD patterns and AFM images of the ZnO
layer with different annealing temperatures were demonstrated in
Fig. S1 and Fig. S2. For the XRD data, we found all the samples didn’t
show obvious diffraction peaks corresponding to ZnO, and only a wide

diffraction peak at around 28° was observed, indicating the sol-gel ZnO
layers were amorphous after annealing at temperatures from 110 °C to
150 °C. These results were reasonable since the crystallinity temperature
of the sol-gel ZnO was above 200 °C [31]. The AFM images of the ZnO
films showed the root-mean-square roughness (RMS) of ZnO film is 0.58,
0.53, and 0.61 nm for the samples that annealed under 110 °C, 130 °C,
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and 150 °C, respectively. These results demonstrated the ZnO films
annealed at 110 °C, 130 °C, and 150 °C had similar surface morphology
and crystallinity. So, the differences of sheet resistance for the Ag
NWs/ZnO composite electrode caused by annealing temperatures might
be originated from the difference of composites. For the ZnO films
annealed at higher temperature, both the precursor solvents and raw
materials could be removed or transformed to amorphous ZnO, while
the films annealed under low temperature contained more precursor
solvents and raw materials. Consequently, the conductivity of the Ag
NWs/ZnO composite electrode improved gradually with the increasing
of the annealing temperatures. Fig. 1 (c) shows the influence of ZnO
concentration on the transmittance and sheet resistance of the com-
posite electrodes. For the Ag NWs flexible electrode without modifica-
tion, it showed a transmittance of 90% at 550 nm and average sheet
resistance of 28 Q/sq. After introducing a zinc oxide modification layer
on the top of Ag NWs network, the transmittance in the region of
wavelength from 350 to 400 nm significantly decreased, for which is the
absorption peak position of zinc oxide. Among the visible light region
from 400 to 800 nm, the transmittance of composite film was only
slightly decreased. Overall, the composite electrodes showed an average
visible transmittance around 84%. As shown by Fig. 1(d), we found the
average sheet resistance increased gradually from 28 to 40 Q/sq with the
increase of ZnO concentration. The thickness of ZnO with different
concentrations was tested and showed in Table S1. Herein, the thick-
nesses of the ZnO layer were estimated through testing the ZnO films
that deposited on the top of glass substrates. Since the sol-gel ZnO would
partly permeate into the Ag NWs networks (as shown by the AFM im-
ages), the measured thickness on the glass substrates would be not
consistent with the situation in the Ag NWs/ZnO composite electrodes.
Nevertheless, a relationship between the concentration and the thick-
ness could be provided. As showed by Table S1, the optimized thickness
of ZnO, corresponding to the concentration of 0.45 M, was about 80 +
10 nm. With the concentration increasing to 0.90 M, the thickness of
ZnO increased to 215 + 20 nm approximately. The sheet resistance of
composite electrode is mainly dominated by the Ag NWs network. Thus,
introducing ZnO only caused slight change of the sheet resistance. All
the sheet resistances were below 50 Q/sq, which were nearly compar-
ative to the flexible ITO electrode. Based on the average transmittance
around 84% and average sheet resistance of 30-50 €/sq, it is feasible to
use such Ag NWs/ZnO composite electrode in the flexible perovskite
solar cells. Furthermore, we explored the bending resistant testing of Ag
NWs flexible electrode, and the sheet resistance of the electrodes after
different bending cycles were tested. As showed in Fig. 1 (e), the sheet
resistance of pristine Ag NWs dramatically increased to 574.2 Q/sq,
which was 20 times of the initial value only after 300 bending experi-
ments. The poor mechanical properties of the pristine electrode were
due to the poor adhesion between the silver wire and the substrate. But
the bending resistance significantly improved after introducing ZnO
film, which might be because the modification of ZnO inhibited the
movement of silver wires during bending. The composite electrode can
maintain an average sheet resistance of 44.3 Q/sq after 10000 bending
cycles with a bending radius of 7.5 mm. We also monitored the
long-term air staibilty of Ag NWs and Ag NWs/Zn0O(0.45 M) electrode
during 270-day’s storage. As showed in Fig. 1 (f), it is obivous that the
resistance of Ag NWs electrode increased from the initial 27.2-44.2
Q/sq, and that of the Ag NWs/Zn0O(0.45 M) composite eletrode
increased from the initial 28.3-31.3 Q/sq. This result indicated the air
chemcial stabiltiy of Ag NWs electrode improved through sol-gel ZnO
modification, which might be due to the prevetion of Ag oxidation.
Based on these reuslts, we can conclude that the introduction of ZnO
protected the silver nanowire and improve the air stability.

The surface morphology of the bottom electrode is crucial for the
quality of upper film and even for the performance of the device. The
surface morphology of corresponding film has been investigated by
atomic force microscope (AFM) images (as showed in Fig. 2(a-h)). As
shown in these images, the Ag nanowires networks were clearly
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observed in the pristine Ag NWs electrode. For the composite electrode
with low concentration ZnO layer, the Ag NWs networks became
unclearly in comparison with the pristine Ag NWs, suggesting the
covering of ZnO on Ag NWs. However, because of low concentration,
ZnO would mainly permeate into the pores of the Ag NWs networks.
Thus, the surface of the Ag NWs was not completely covered by ZnO. In
case of ZnO layer with higher concentration, ZnO would not only
permeate into the networks of Ag NWs, but also cover on the top. As
showed in Fig. 2(e), ZnO film covered well on the Ag NWs network with
concentration of 0.45 M. As ZnO concentration increased up to 0.90 M,
the wrinkle structure was observed on the film surface, which was the
typical morphology of sol-gel ZnO films [32,33]. According to the AFM
images, the root-mean-square roughness (RMS) of the Ag NWs film is
21.2 nm. This result indicated the spray-coated Ag NWs electrode is
relatively rough, which is the reason of low performance and device
short circuit. After adding ZnO, the roughness of composite film obvi-
ously reduced to 8.5 nm (RMS) for the Ag NWs/ZnO (0.23 M) composite
electrode. With further increasing the ZnO precursor concentration, the
roughness of composite film increases slightly to 10.7 nm for Ag
NWs/ZnO (0.45 M), which was due to the formation of wrinkle on the
ZnO surface. These results illustrated the modification by ZnO with
suitable concentration can decrease the roughness of composite elec-
trode, which is a favorable interfacial contact layer to gain a better
interface contact and enable the formation of the up film. Fig. 2(i)—-(1)
demonstrate the schematic diagram of composite electrode with
different ZnO concentrations.

In order to further explore the impact of surface morphology of
composite electrode to the film formation properties of the upper film,
the contact angle of water on the flexible electrode has been investi-
gated. Fig. 3 shows the contact angle of water on the different composite
film. It’s obvious that the contact angle on the PET/Ag NWs is larger
than others films that with a ZnO layer on the top of Ag NWs. The much
larger contact angle between water and the pristine Ag NWs electrode
could be ascribed to the direct contact of water and the PET substrate.
Because Ag NWs formed a random network structure, water can pene-
trate into the silver wire and directly contact with the substrate surface.
Thus, the contact angle between water and the pristine Ag NWs elec-
trode was around 53°. As gradual increasing of ZnO concentration, the
contact angle gradually decreased from 53° to 35°. One reason is the
surface roughness of the film increases as the concentration of ZnO in-
creases. Another reason is the improved coverage of Ag NWs by ZnO
films, which can prevent the water permeation and avoid direct contact
of water and PET substrate. Herein, the reduced contact angle between
water and the flexible electrode would be favorable for the formation of
PEDOT: PSS film on the top of the flexible electrode, and consequently
improve the film quality of the perovskite layer, since PEDOT: PSS is
aqueous.

With the modification of Ag NWs by the ZnO interface layer, flexible
perovskite solar cells with architecture of PET/Ag NWs/ZnO/PEDOT:
PSS/perovskite/PCq1BM/Al were fabricated. The device structure dia-
gram and the energy level of the device are shown in Fig. 4(a). The
energy levels of the perovskite and PCBM layers were given according to
the references. [34] The J-V characteristics and EQE spectra of the
flexible solar cells are showed as Fig. 4(b). The performance parameters
of these devices were listed in Table 1. Notably, the reference device
with pristine Ag NWs electrode yields a best power conversion efficiency
(PCE) of 10.14% and an average PCE of 9.51%. For the optimized per-
formance, a Jgc of 17.75 mA cm 2, a Voc of 1.01 V, and FF of 57% were
obtained from reverse scan. With the insertion of a ZnO modification
layer, the device performance improved gradually first and then
decrease, with the concentration of 0.45 M as the saturation value. As an
optimized performance using Ag NWs/ZnO composite electrode, an ef-
ficiency of 13.12% was observed with the ZnO concentration of 0.45 M.
A Vocof 1.02V, Jsc of 17.56 mA cm’z, and FF of 75% were observed in
reverse scan. Obviously, the performance enhancement for the Ag
NWs/ZnO composite electrode-based device was mainly caused by
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Fig. 2. The AFM morphology image and phase diagram and corresponding composite electrode schematic of (a) (b) (i) Ag NWs, (c) (d) (j) Ag NWs/Zn0O(0.23 M), (e)

() (k) Ag NWs/Zn0(0.45 M), (g) (h) (1) Ag NWs/Zn0O(0.90 M) films.

Fig. 3. The photographs a drop of water on the top of (a)Ag NWs, (b) Ag NWs/
Zn0(0.23 M), (c) Ag NWs/Zn0O(0.45 M), and (d) Ag NWs/Zn0O(0.90 M).

improvement of FF. As shown in Table 1, it was found the improvement
of FF for the Ag NWs/ZnO-based device could be attributed to the
reduced series resistance. For the pristine Ag NWs electrode and the Ag
NWs/ZnO composite electrode with low ZnO concentration, the devices
exhibited a series resistance of 19.5 and 10.2 Qcm?. In contrast, the
series resistances of the devices with Ag NWs/ZnO (0.45 M) and Ag
NWs/ZnO (0.90 M) electrodes decreased to around 7.7 Qem?. Therefore,
better interface contact and superior charge transfer in Ag
NWs/ZnO-based device could be expected. The photoelectric current
images of reference and champion device have been tested by
light-beam-induced-current (LBIC) mapping system (Fig. S3). The result
shows that, compared with reference one, the distribution of photo-
current is more uniform. In addition, the J-V curve of forward and
backward scans for optimized device was showed in Fig. S4. The result
showed that the introduction of ZnO does not increase the hysteresis
effect of the device. The device parameter of Vo¢, Jsc, FF are similar
between reverse and forward scan. The reference device with ITO
electrode gave a Jgc of 18.37 + 0.31 mA em™2, a Vog of 1.03 + 0.01 V,
and FF of 0.74 + 0.01. And a best PCE of 14.23% and an average PCE of

14.02% were obtained from reverse scan. The lower performance of the
PET/Ag NWs/ZnO electrode-based solar cells may be caused by the
higher surface roughness and sheet resistance compared to ITO elec-
trode. The external quantum efficiency (EQE) spectra showed the
introducing the ZnO caused slight decrease in short-wavelength-range
due to the absorption of ZnO, which was in good agreement with the
absorption spectra. Moreover, the steady-state photocurrent and effi-
ciency of the champion device was conducted at the maximum power
point up to 300 s (Fig. 4(d)). The PCE of the device with ZnO (0.45 M)
stabilized at 13.10%, which was close to the value obtained from the J-V
measurement. The histogram of PCE with 32 devices exhibits an excel-
lent performance by introducing ZnO (Fig. 4(e)). Devices without ZnO
modification have an efficiency distribution between 7% and 10% and
an average efficiency of 8.65%. After introducing ZnO modification
layer, the device with ZnO layer have an efficiency distribution between
11% and 13% and an average efficiency of 12.37%.

In order to further explore the reason of performance improvement
by introducing ZnO interface layer, the characterization of the perov-
skite film on different flexible electrodes was measured. Fig. 5(a)-(c)
show the top-view scanning electron microscope (SEM) images of the
perovskite films on the pure Ag NWs and Ag NWs/ZnO composite
electrodes. In the SEM image, we found both the films on the top of Ag
NWs and Ag NWs/ZnO composite electrodes have darker grain and
brighter grain, which could be ascribed to the perovskite and Pbl; phase,
respectively. The grain size of the MAPbI,Cls x phase is approximately
300 nm, and the lead iodide phase has a grain size of about 200 nm and a
width of about 100 nm. The result showed that there were no signifi-
cance changes of perovskite crystal size after introducing ZnO on Ag
NWs. In addition, the SEM image of perovskite film on the pristine Ag
NWs electrode showed several small particles distribute in the perov-
skite film, while no such particle was observed in perovskite film that
deposited on the top of Ag NWs/ZnO composite electrode. In combi-
nation with related literature, these small nanoparticles might be
ascribed to the binary iodine. The XRD patterns of the PVSC films were
showed in supporting information Fig. 5(d). The typical diffraction
peaks at 12.7°and 14.1°corresponded to the typical plane of Pbl, and
PVSK, respectively. Nevertheless, the broad diffraction peak over
20-30°was attributed to the PET substrate [35,36]. Notably, the
diffraction of PVSK film with PET/Ag NWs/ZnO composite electrode
was slightly higher than the PET/Ag NWs w/o0 ZnO. Meanwhile, we can
obtain the similar thickness of PVSK due to the same UV-vis absorption
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Fig. 4. (a) The device structure diagram and the energy level distribution, (b) The current density—voltage characteristics, (c) external quantum efficiency, (d)
Steady-state photocurrent and output PCE at the maximum power point, (e) The PCE histogram of 32 PVSCs.

Table 1
Device performance of the perovskite solar cells with glass/ITO electrode and PET/Ag NWs flexible electrodes with different concentrations of ZnO.
Concentration (Mol/L) Voc(V) Jsc(mA/cm?) FF PCE (%) Best PCE R (Qcm?) Ren (Qem?)
w/0 1.00 £ 0.01 17.61 £ 0.14 0.53 + 0.04 9.51 + 0.63 10.14 19.2 1952
0.23 1.03 £ 0.01 17.53 + 0.09 0.69 £+ 0.01 12.58 + 0.07 12.65 10.5 2692
0.45 1.01 £0.01 17.48 + 0.08 0.74 = 0.01 13.06 &+ 0.06 13.12 7.7 5378
0.90 0.96 + 0.01 16.42 + 0.20 0.74 +£ 0.01 11.74 + 0.10 11.84 7.3 2191
ITO w/o 1.03 £ 0.01 18.37 £ 0.31 0.74 £ 0.01 14.02 £ 0.29 14.23 6.4 1739
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Fig. 5. Top view SEM image of perovskite film (a) w/0 ZnO, (b) Zn0O(0.45 M), (c) ZnO(0.90 M), (d) The XRD patterns of the PVSK film on the Ag NWs electrode w/o
ZnO and on the ZnO layers, (e) UV-vis absorption spectra, (e) steady-state PL spectra, and (f) time-resolved PL spectra of the perovskite films on the pristine Ag NWs

and Ag NWs/ZnO composite electrodes.

result. Therefore, the enhanced intensity of the diffraction peaks indi-
cated improved crystallinity of PVSK film.

The UV-vis absorption spectra of the perovskite films on Ag NWs and
Ag NWs/ZnO composite electrode were showed in Fig. 5(e). It exhibits
slight changes in absorption spectra, indicating the same thickness of
perovskite film. Further, the steady and transient photoluminescence
(PL) spectra of these perovskite films on the flexible electrode/PEDOT:
PSS were measured and showed in Fig. 5(f). A stronger PL intensity of
MAPDICl3 « film was observed after introducing ZnO interfacial layer,
which suggested that the quality of the film was improved after intro-
ducing ZnO. Fig. 5(g) showed the transient PL spectra of the perovskite
films. According to the transient PL spectra, we can calculate the average
carrier lifetime of the perovskite films through curves fitting with double
exponential decay function. The pristine MAPbICl3 « films on the Ag
NWs/PEDOT: PSS exhibited a relatively short lifetime of 15.0 ns,
whereas lifetime of MAPbILCl3x on the Ag NWs/ZnO/PEDOT: PSS
increased to 26.7 and 28.5 ns for the samples with 0.45 M and 0.90 M
ZnO. The corresponding details was summarized in the supporting

information (Table S2). According to the XRD patterns of the PVSK film,
we can conclude that the enhanced crystallinity is the reason of the
increased PL intensity and carrier lifetime of the perovskite films, as
showed by the PL and transient PL spectra.

We monitored the long-term photostability of unencapsulated
MAPDICl3 x with Ag NWs and Ag NWs/ZnO composite electrodes under
continuous illumination in Ny filled glovebox. The evolution of perfor-
mance is showed in Fig. 6(a-d). The result showed a significant
improvement of stability of the Ag NWs/ZnO composite electrode-based
device relative to the perovskite solar cells with pristine Ag NWs elec-
trode. For the device on the pristine Ag NWs electrode, the device nearly
could not work after only 30 h storage under continuous illumination.
Such a quick degradation of performance was mainly due to the decay of
Jsc and FF. While the device with Ag NWs/ZnO composite electrode
remained around 50% of the initial efficiency after 160 h’s continuous
illumination. To further verify the improvement of the stability, the
Secondary Ion Mass Spectrometry (SIMS) has been tested for the aged
devices. By analyzing the changes of Al, C, Pb, Ag element, the
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Fig. 6. The evolution of (a)Voc, (b) Jsc, (¢)FF, (d) PCE for the perovskite solar cells during long-term continuous illumination. The Secondary Ion Mass Spectrometry

(SIMS) results of aging devices: (e) w/o ZnO, (f) ZnO (0.45 M).

corresponding interfaces of Al, PCg;BM, MAPbI,Cl34, PEDOT: PSS and
Ag NWs/ZnO layers were determined. The changes of the contents of S,
Pb, and I element in different devices were showed in Fig. S5. Similar
results were observed in the devices with Ag NWs and Ag NWs/ZnO
electrodes, indicated the introduction of ZnO did not cause change of
elemental distribution among the devices. However, as showed in Fig. 6
(c and d), the distribution of Ag elements was quite different in devices
with pristine Ag NWs and Ag NWs/ZnO composite electrode. The aged
device without ZnO layer showed strong signal of silver both in the
MAPDICls x and PCBM layer, suggesting the migration of Ag from the
bottom electrode to both of the PVSC and PCBM layers. For the perov-
skite solar cells with Ag electrodes, several works have reported the
serious reaction issue between the perovskite layer and Ag electrode,
which has been mainly attributed to as an iodine migration induced

process [37-39]. As a result, Agl would formed, and resulted in the
degradation of the perovskite solar cells [28,40]. This work demon-
strated silver could migrate into perovskite layer as well. Similarly, the
migration of Ag in to the perovskite layer might cause the degradation of
the solar cells due to the reaction of Ag and the perovskite layer. Herein,
the suppression of silver migration by sol-gel ZnO layer is mainly a
physical effect due to the robust protection effect. Similarly, graphene
[41] and sol-gel AZO [22] have been reported in the previous works.
While for the device with Ag NWs/ZnO composite electrode, Ag signals
were quiet low in the perovskite and PCBM layers. In order to further
confirm the silver production process, we monitored the SIMS results of
the fresh device without a ZnO modifier, as showed in Fig. S6. The result
demonstrated that the fresh device has no silver signal in MAPbI,Cl3 «
and PCBM layer. Based on these results, we can conclude that silver
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could diffuse from the bottom Ag NWs electrode into the perovskite and
PCBM layers during long-time aging period. However, the cover of the
Ag NWs by ZnO could effectively prevent the Ag migration from the
bottom electrode in the upper layers. Therefore, the significant
improvement of the long-term stability through modifying Ag NWs with
ZnO could be ascribed to the passivation of Ag migration by the sol-gel
ZnO layer. In our previous report, we found the high conductive PEDOT:
PSS (PH1000) assisted electrochemical corrosion of Ag electrode during
the deposition process [34]. Though herein the PH1000 layer was absent
in the device structure, electrochemical reaction might still occur during
long-term degradation, which leads to the oxidation of Ag atoms to Ag™.
Then, the migration of Ag" into the perovskite and PCBM layer caused
the quick degradation of Js¢ and FF. We also investigated the mechanical
stability of device during 4000 times bending cycles with 7.5 mm
bending radius (Fig. S7). Compared to pristine perovskite, the result
shows the device with ZnO also maintained 80% of the initial efficiency
after 4000 times bending cycles and the reference device remained only
60% of the initial efficiency.

4. Conclusion

In summary, large-area flexible transparent Ag NWs networks elec-
trode were fabricated through spray coating, and composite electrode
combining Ag NWs and low-temperature sol-gel ZnO layer was devel-
oped for use in flexible perovskite solar cells. The modification of Ag
NWs electrode by sol-gel ZnO film layer caused the slight influence on
the transmittance and sheet resistance of the electrode, but significantly
improved the mechanical properties. The reduced surface roughness and
effective surface protection of sol-gel ZnO caused significant improve-
ment in the device performance. Meanwhile, ZnO interface layer acted
as a protecting film which can dramatically restrain the diffusion of Ag,
improving the continuous illumination stability. This work provided a
route to improve the performance and stability of flexible perovskite
solar cells based on the printed Ag NWs electrode.
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