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g r a p h i c a l a b s t r a c t
� Core-shell ZnO@SnO2 NRs were
fabricated by depositing SnO2 layer
on the ZnO NRs.

� The efficiency was increased from
6.92% to 12.17% by applying SnO2

passivation.
� The SnO2 passivation layer effectively
suppresses the degradation of
perovskite.

� The introduction of SnO2 much
enhanced thermal stability of perov-
skite films.
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a b s t r a c t

Perovskite solar cells have advanced rapid in the last few years, however the thermal instability of
perovskite film on ZnO nanorods (NRs) remains a big challenge limiting its commercialization. The
present work demonstrated effective suppression of the decomposition of CH3NH3PbI3 perovskite
through inserting a thin tin oxide (SnO2) passivation layer between ZnO NRs and perovskite films.
Although X-ray photoelectron spectroscopy (XPS) results showed no distinct difference in the amount of
hydroxyl groups and oxygen vacancies on the surface of ZnO NRs and ZnO@SnO2 NRs, Raman spectra
suggested the hydroxyl groups might be trapped in oxygen vacancies on SnO2 surface, preventing the
decomposition of CH3NH3PbI3 perovskite through reacting with the hydroxyl groups. The power con-
version efficiency of perovskite solar cells was significantly increased from 6.92% to 12.17% and became
hysteresis-free by applying SnO2 passivating layer between perovskite and ZnO layers.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Organometal halide perovskite solar cells (PSCs) have attracted
much attention due to their power conversion efficiency (PCE) up
to 22% [1e13]. In a typical solar cell device, a mesoporous TiO2 film
is commonly used as an electron transporting layer (ETL); however,
it has a low electron mobility (0.1e4 cm2/Vs) [14,15], and control of
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its morphology and crystallinity requires complex and multistep
processes including high temperature annealing [16e19]. ZnO
crystallizes relatively easily in most solution processes with a va-
riety of morphologies readily attainable and crystalline ZnO pos-
sesses high electron mobility of 110e138 cm2/V s, several orders of
magnitude higher than that of TiO2 [20e27].

ZnO has been used as an electron transporting layer in PSCs,
mostly with ZnO nanoparticles or nanorods [28e34]. ZnO nano-
particles suffer from relatively slow electron transport and high
charge recombination because of the presence of many grain
boundaries and surface defects [29,35]. Single crystalline ZnO
nanorods offer an easy path for charge transfer due to the absence
of grain boundaries and the presence of an internal electric field
along the c-axis, also the common nanorod growth direction, due to
the intrinsic polar crystal structure, ZnO4 tetrahedral. In addition,
such an internal electric field may retard or inhibit the charge
recombination [36]. However, single crystal ZnO nanorods inherit
the same surface challenges of ZnO nanoparticles; the hydroxyl
groups, oxygen vacancies and organic residuals commonly lead to
unacceptable device instability when used as electron transporting
layer in perovskite solar cells [37e42]. Strategies to address the
above-mentioned problems include removal of OH� groups and
residual chemicals on ZnO surface by heating at high temperatures
[41], deposition of an intermediate polymer layer to block the direct
interaction between perovskite and ZnO [42,43], and doping of
aluminum to improve the surface property [44]. They potentially
restrain the recombination at the ZnO/perovskite interface, how-
ever, there is no report on raising the durability of CH3NH3PbI3 on
ZnO NRs in the ambient environment.

To resolve the decomposition and raise the durability of
perovskite absorbers on the ZnO nanorods surface, SnO2 film has
been chosen as a passivation layer, because of its wide band gap,
matching with that of perovskite and ZnO, low chemical reactivity,
high stability under UV illumination and excellent durability in the
ambient environment [45e48]. SnO2 has been studied as both ETLs
and antireflection films in PSCs with enhanced power conversion
efficiency [49e54]. SnO2 has also showed the potential to fabricate
planar devices with long term air stability and suppressed hyster-
esis [55e57]. Thus, the insufficiency of each ETL material (ZnO NRs
or SnO2) investigated in PSCs further develop ETL by combing two
semiconductors into one with strong encouragement, so that ZnO
NRs and SnO2 can compensate each other.

In this work, core-shell ZnO@SnO2 nanorods have been fabri-
cated by depositing SnO2 passivation layer on the ZnO nanorods
surface, and investigated the surface chemistry and the thermal
stability of CH3NH3PbI3 films grown on ZnO NRs and ZnO@SnO2
NRs substrates. The SnO2 passivation layer has been found to
effectively suppress the degradation of CH3NH3PbI3 perovskite, and
perovskite solar cells with SnO2 passivation coating on ZnO nano-
rods as electron transporting layer are far more efficient in photo-
to-electricity conversion and also hysteresis-free. The power con-
version efficiency of perovskite solar cells was increased from 6.92%
to 12.17% by applying SnO2 passivation layer on ZnO NRs surface.

2. Experimental

2.1. Preparation of ZnO dense layer

First, we sputtered a dense layer of intrinsic ZnO nanoparticle on
a glass substrate coated with cleaned fluorine doped tin oxide
(FTO). 1.8 g Zn (CH3COO)2 was dissolved in 50 mL deionized water
with stirring for 60 min to form an emulsion solution, To form a
clear precursor solution, 0.881 g diethanolamine was added with
stirring for 60 min. Finally, sintered at 500 �C for 30 min to obtain a
dense layer after spin coating at 3500 rpm for 25 s.
2.2. ZnO nanorods growth

ZnO nanorods were electrochemically grown in an aqueous
solution inside a three-electrode cell. The growth solution was
prepared by incorporating a 0.01 M aqueous solution Zn(NO3)$
6H2O and 0.01 M aqueous solution of methenamine and quickly
heating up the solution to 70 �C on a hot plate. A platinum wire
immersed in the solution was used as a counter electrode. An Ag/
AgCl electrode in saturated KCl (3 M) was used as the reference
electrode. A negative DC potential of�1.0 V relative to the reference
electrode was applied to a soda lime glass coated with fluorine
doped tin oxide (FTO), which were used as substrates. After a 1 h
growth time, the samples were immediately rinsed with deionized
water. Sintered at 500 �C for 30min to obtain the final ZnO NRs.

2.3. Preparation of core-shell ZnO nanorods (ZnO@SnO2 NRs)

A precursor solutionwas prepared by dissolving 0.2 mol/L SnCl2
in ethanol with stirring for 30 min, sintered at 500 �C for 30 min
after spin coating at 4000 rpm for 60 s on the ZnO NRs substrate.

2.4. Perovskite solar cell fabrication

PbI2 was dissolved in DMF at a concentration of
462 mg ml�1(1 M) with stirring at 70 �C, to obtain a homogeneous
CH3NH3I solution around the FTO substrate. The solution was
maintained at 70 �C during thewhole procedure. The ZnONRs films
with modified-SnO2 layer or not were then infiltrated with PbI2 by
spin coating at 6000 rpm for 10 s and dried. The films were then
dipped in a solution of CH3NH3I in 2-propanol (10 mg ml�1) for
10 min, respectively, rinsed with 2-propanol and dried at 70 �C for
30 min. The HTM was then deposited by spin coating at 4000 rpm
for 30 s. The spin-coating formulation was prepared by dissolving
72.3 mg (2,20,7,70-tetrakis(N,N-di-p-methoxyphenyl-amine)-9,9-
spirobifluorene)(spiro-MeOTAD), 28.8 ml 4-tert-butylpyridine,
17.5 ml of a stock solution of 520 mg ml�1 lithium bis(tri-
fluoromethylsulphonyl)imide in acetonitrile in 1ml chlorobenzene.
For fabrication, the perovskite film and HTM were prepared in a
glove box. Finally, 150 nm Ag was thermally evaporated onto the
HTM layer under vacuum to act as the cathode. The cell area is
0.07065 cm2.

2.5. Characterization

The transmission electron microscopy (TEM) measurements
were carried out with JEOL JEM-2100F under the voltage of 200 kV,
Scanning Electron Microscopy (SEM) measurements conducted
were Hitachi-S-4800. The X-ray diffraction (XRD) measurements
were performed on a D8 Advance (Germany) diffractometer with
Cu Ka radiation (40 kV and 40 mA) and the scanning rate of 4�

min�1 for wide angle test increment over the Bragg angle range of
10e70�. Ultravioletevisible spectroscopy (UVeVis) transmittance/
absorbance and time-resolved photoluminescence spectroscopy
(TRPL) spectra were recorded with a Shimadzu UV-2550
(300e600 nm: xenon lamp, 300 W; 600e900 nm: tungstenehal-
ogen lamp, 150 W) and Fls-800 spectrometers, respectively. Raman
spectroscopy was obtained on a DXR Raman microscope with an
excitation length of 532 nm. The photo-currentevoltage (JeV)
characteristics of the solar cells were measured using a Keithley
2400 source under illumination of a simulated sunlight (AM1.5,
100 mW cm�2) provided by a solar simulator (Newport 69907)
with an AM1.5 filter. The light intensity was adjustedwith an NREL-
calibrated Si solar cell with a KG-2 filter for approximating 1 sun-
light intensity. While measuring current and voltage, the cell was
covered with a black mask with an aperture (aperture area is close



P. Wang et al. / Journal of Power Sources 339 (2017) 51e60 53
to the active device area). The incident photon-to-current efficiency
(IPCE) was measured in DC mode with a 1/4 m double mono-
chromatography (Crowntech DK242), a multimeter (Keithley
2000), and two light sources depending on the wavelength range
required (300e600 nm: xenon lamp, 300 W; 600e900 nm: tung-
stenehalogen lamp, 150 W). The monochromatic light intensity for
IPCE efficiency was calibrated with a reference silicon photodiode.
All the measurements of the solar cells were performed under an
ambient atmosphere at room temperature without encapsulation.
3. Results and discussion

The schematic illustration of perovskite solar cell architecture
based on ZnO@SnO2 nanorods (FTO/ZnO@SnO2 NRs/CH3NH3PbI3/
Spiro-OMETAD/Ag) and energy level diagrams of related materials
are displayed in Fig. 1a and b. The core-shell arrays in Fig. 1a were
made up of ZnO nanorod as the core and SnO2 thin film as the shell.
The perovskite solar cell with FTO/ZnO@SnO2 NRs/CH3NH3PbI3/
Spiro-OMETAD/Ag stacking structure is shown in the color-
enhanced cross-sectional scanning electron microscopy (SEM)
image in Fig. 1c. ZnO NRs were fabricated by electrochemical
deposition, and the SnO2 film synthesized by spin-coating. The
CH3NH3PbI3 perovskite was formed by two-step sequential depo-
sition method and then spiro-MeOTAD film as the hole-
transporting layer (HTL) was spin-coated on the perovskite film,
finally Ag film was evaporated on spiro-OMeTAD film.

Fig. 2a shows a typical JeV curve of ZnO NRs based perovskite
solar cells, exhibiting large hysteresis with respect to scan di-
rections and the performance parameters are summarized in
Table 1. The open circuit voltage in the reverse scan is 0.03 V greater
than the open circuit voltage (Voc) by the forward scan. In addition,
both short circuit current density (Jsc) and filled factor (FF) in the
reverse scan were found greater than that in the forward scan,
reduced from 21.15 to 19.43 mA/cm2 and from 57.3 to 43.4%,
respectively. The great hysteresis in the JeV curve is also reflected
Fig. 1. (a), Schematics of device structure based on core-shell heterostructured ZnO arrays (th
(b), Energetic diagram of the devices. (c), SEM cross-sectional image of representative solar
by the big difference in PCE: 10.23% in forward scan and 6.92% in
reverse scan. Fig. 2b shows the typical JeV curve of ZnO@SnO2 NRs-
based perovskite solar cells, without obvious hysteresis, and the
performance parameters are also summarized in Table 1. The PCE
has been enhanced from 10.23% to 12.17% by depositing SnO2 layers
on ZnO NRs. Fig. 2c compares the dark JeV characteristics of PSCs
based on ZnO NRs and ZnO@SnO2 NRs. The charge recombination
in the ZnO@SnO2 NRs solar cell could be suppressed comparedwith
the ZnO NRs based devices, resulting in a considerably lower back
current density in the ZnO@SnO2 NRs solar cells in Fig. 2c.

Although SnO2 has a more negative CB energy level than that of
ZnO, and SnO2 layer can not completely prevent the occurrence of
charge recombination, SnO2 layer causing a smaller current loss
might be attributed to its much higher electronmobility, which has
been proved andwidely used in perovskite solar cells as an electron
transport material [48e55]. We note that the existence of SnO2
showing faster transferring ability of photoinduced electrons
(Fig. S5) is beneficial for providing balanced carrier transport
within the perovskite absorber, which is responsible for the low
hysteresis observed. Unbalanced carrier transport within the
perovskite absorber has been considered an important mechanism
causing J-V hysteresis [74,75].

A diode-like behavior can be seen for both solar cells. The
reverse bias saturation current density (Jo) of the ZnO@SnO2
nanorods-based solar cell is significantly lower than that of the ZnO
NRs solar cell, thereby leading to a larger open circuit voltage (Voc)
of the ZnO@SnO2 NRs solar cell, agreeing with the J-V results
(shown in Table 1), which is estimated according to thewell-known
relationship [58].

Voc ¼
�
nkT
q

�
ln
�
Jph
J0

þ 1
�

Where Jph is the photocurrent density, which is generally equal
to the short-circuit current density (Jsc), Jo is the (reverse bias)
saturation current density, q is the charge of an electron, n is the
e inset shows the schematic representation of SnO2 as shell structure: ZnO NRs@SnO2).
cell.



Fig. 2. JeV curves of perovskite hybrid solar cells for (a) bare ZnO NRs substrate and (b) ZnO@SnO2 NRs substrate which measured by forward and reverse scans; (c) Dark current
measurements; (d) IPCE spectra of perovskite solar cell devices and (e) Durability of perovskite solar cell devices. All J-V curves were measured under 100 mW/cm2 air mass 1.5
global (AM 1.5G) illumination.
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ideality factor, k is the Boltzmann constant, and T is the absolute
temperature. This means that the Voc may increase with the
improving of the photocurrent density (Jph) in consistent with the
photovoltaic performance in Table 1.

The incident-photon-to-current efficiency (IPCE) for both ZnO
NRs and ZnO@SnO2 NRs are shown in Fig. 2d. The integrated
photocurrent from the IPCE is in good agreement with the
measured Jsc value for ZnO NRs and ZnO@SnO2 NRs. The long term
stability as a function of time was performed, and the results are
shown in Fig. 2e. Power output of the ZnO@SnO2 NRs based cell
remained stable within 45000 s (12.5 h), with a stable PCE of
12.17%. In contrast, the ZnO NRs solar cells showed a rapid and
drastic decrease in PCE. The significant difference in long-term
stability in ZnO@SnO2 NRs suggests that the SnO2 passivation
layer introduced a mechanism to stabilize perovskite solar cell
devices.

By comparing top view SEM images and the cross-sectional SEM
EDS mapping showed in Fig. 3 and Fig. S1-S2, a conformal SnO2
shell is homogenously deposited on the surface of ZnO NRs to form
a coreeshell structure, which is in consistent with the transmission
electron microscope (TEM) images in Fig. 4. The composition and
the atomic value of core-shell ZnO@SnO2 NRs, especially of Snwere
Table 1
Comparison of photovoltaic parameters of perovskite solar cells with ZnO nanorod
arrays and ZnO@SnO2 core-shell nanorod arrays as electron transport layers with
forward and reverse scans.

ETL Scan direction Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

ZnO NRs @ SnO2 Forward 0.899 23.28 55.1 11.55
Reverse 0.909 23.31 57.4 12.17

ZnO NRs Forward 0.819 19.43 43.4 6.92
Reverse 0.849 21.15 57.3 10.23
characterized by means of X-ray Photoelectron Spectroscopy (XPS)
and the spectrawere shown in Fig. 3c and S3. The full XPS spectrum
in the range of 0e1200eV given in Fig. S3a shows the presence of O,
Sn, Zn and C. The binding energies of 486.8 and 495.2 eV corre-
sponding to Sn 3d5/2 and Sn 3d3/2 were highlighted in Fig. 3c,
respectively. The formation of SnO2 passivation layer was readily
confirmed with the presence of Sn4þ peaks [59], which corrobo-
rates well with the XRD patterns presented in Fig. 3d. The binding
energies of 1022.00 and 1045.15 correspond to Zn 2P3/2 and Zn 2P1/
2, respectively as shown in Fig. S3c. The main binding energy of
530.48 eV is attributed to O 1s, which is the O2� state in ZnO and
SnO2 (Fig. S3d). The binding energy of O 1s can be assigned to the
chemisorbed oxygen atoms or hydroxyl groups [60], which will be
discussed in detail later in this article. XRD patterns of FTO, FTO/
ZnO NRs and FTO/ZnO@SnO2 NRs were showed in Fig. 3d. The
diffraction peaks at 34.5�, 36.3�, 47.6�, 62.9� can be well assigned to
Wurtzite ZnO.

Fig. 4 show the transmission electron microscopy (TEM) images
of core-shell ZnO@SnO2 NRs, and SnO2 shell was easily distin-
guished from ZnO nanorods. High-resolution transmission electron
microscopy (HR-TEM) images in Fig. 4b and c clearly show the
interface between ZnO NRs core and SnO2 shell, and the lattice
fringes of SnO2 have a small angle deviation in comparison with
lattice fringes of ZnO NRs in Fig. 4b. Highly crystallized SnO2 shell
with a thickness of about 3 nm conformally grown on the surface of
ZnO NRs arrays. The energy-dispersive spectroscopy (EDS) results
of the sample ZnO@SnO2 NRs in Fig. 4d demonstrated the existence
of O, Zn, Sn elements with a ratio of O/Zn/Sn is 54.32:44.25:1.43.

With the much improvement of the efficiency of perovskite
solar cell, an increasing attention has been paid to the stability
performance, especially the chemical stability of perovskite mate-
rials. The performance stability of perovskite solar cells is the key



Fig. 4. TEM image (a) of a single core-shell ZnO@SnO2 nanorods and corresponding FFT pattern, (b) HR-TEM images taken from the area masked by a red square in (a); (c) HR-TEM
images taken from the area masked by a white square in (a), (d) simultaneous energy-dispersive spectroscopy (EDS) of the ZnO@SnO2 NRs.

Fig. 3. Top view SEM images (a) of ZnO@SnO2 NRs, and cross-sectional SEM (b) of ZnO@SnO2 NRs, XPS spectra (c) of Sn 3d of ZnO@SnO2 NRs on the glass substrate, XRD pattern (d)
of FTO, FTO/ZnO NRs and FTO/ZnO@SnO2 NRs.
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Fig. 5. The photographs (a) and XRD patterns (b) of perovskite layers deposited on bare ZnO NRs and ZnO@SnO2 NRs with different thermal annealing time from 0 to 5 h in air at
100 �C.
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factor limiting the potential success in commercialization of
perovskite solar cells. The stability of perovskite solar cells is closely
related to the surrounding environment, such as oxygen and
moisture, sun light, and temperature etc. The present investigation
revealed the thermal instability on CH3NH3PbI3 thin films depos-
ited on ZnO NRs substrates as shown in Fig. 5a, similar to what
reported in literature [61]. The fresh CH3NH3PbI3 films deposited on
ZnO NRs were dark brown, but yellow spots began to appear,
extending yellow spots gradually when subjected to heat-
treatment at 100 �C, till CH3NH3PbI3 films completely decom-
posed to PbI2, CH3NH2 (gas) and H2O (gas) as revealed by the XRD
patterns presented in Fig. 5b.

XRD patterns in Fig. 5b showed the evolution of crystalline
phases when CH3NH3PbI3 perovskite film grown on ZnO NRs
annealed at 100 �C. After 5 h, diffraction peaks of perovskite dis-
appeared, and new PbI2 diffraction peaks were observed. Peaks
located at 12.6� and 39.5� are assigned to (001) and (003) lattice
planes of the PbI2 (JPCDS card No. 73e1750) [4], while the peaks at
14.2�, 24.6�, 28.5�, 31.9�, 40.6�, and 43.2� are corresponding to the
reflections from [110], [202], [220], [310], [224], and [314] planes of
the CH3NH3PbI3 perovskite [62]. In a sharp contrast, the color of
CH3NH3PbI3 films deposited on ZnO@SnO2 NRs remained almost
unchanged dark brown. The results suggested that CH3NH3PbI3 is
sensitive to the surface of ZnO NRs, and the SnO2 layer with a
passivating function when subjected to thermal annealing at
100 �C.

Transmission spectra and absorption spectra of ZnO NRs and
ZnO@SnO2 NRs without CH3NH3PbI3 perovskite films were pre-
sented in Fig. 6 and Fig. S4. No appreciable difference in trans-
mission and absorbance properties was observed between
ZnO@SnO2 NRs and ZnO NRs as shown in Fig. 6a. This suggests that
SnO2 shell did not decrease the light transmission, the results are
easily to understand considering the fact that SnO2 possesses a
larger bandgap than that of ZnO and the SnO2 is only a few nano-
meter in thickness.

The steady photoluminescence spectra of CH3NH3PbI3 films
were acquired after thermal annealing at 100 �C in air with various
duration time, and the results are summarized in Fig. 6c. Initially,
CH3NH3PbI3 films showed the characteristic absorption character
with an absorption edge at 780 nm. Light absorbance of
CH3NH3PbI3 films on ZnO nanorods decreased gradually with
increased annealing time. The value of CH3NH3PbI3/ZnO film after



Fig. 6. (a) Transmission spectra of ZnO NRs film and ZnO@SnO2 NRs film without perovskite films. (b) Absorbance spectra of ZnO NRs/CH3NH3PbI3 film and ZnO@SnO2 NRs/
CH3NH3PbI3 filmwith thermal annealing at 100 �C in different time. PL spectra of CH3NH3PbI3 films deposited on (c) ZnO NRs substrate and (d) ZnO@SnO2 NRs substrate annealed at
100 �C for different duration of time.
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2.5 h thermal annealing decreased by more than half, and the ab-
sorption character of CH3NH3PbI3/ZnO at 780 nm disappeared after
5 h annealing. The perovskite film on ZnO NRs in the end decom-
posed into a yellow colored by product consistent with the absor-
bance wavelength (530 nm) of PbI2 in Fig. 6b, and this is in
agreement with Yan group [59]. In contrast, there is no apparent
decrease in the absorbance for CH3NH3PbI3 on ZnO@SnO2 NRs
substrates at 780 nm during 5 h thermal annealing, which matched
well with the photo results and XRD pattern in Fig. 5. This suggests
the existence of SnO2 shell plays an important role to prevent
CH3NH3PbI3 film decay to PbI2.

In order to study exciton diffusion, time-resolved photo-
luminescence (TRPL) decay is investigated in Fig. S5. The time-
resolved PL decay curves monitored at the wavelength of 507 nm,
extracted from the perovskite films on ZnO NRs and ZnO@SnO2
NRs. The carrier lifetime of CH3NH3PbI3 layer on ZnO@SnO2 NRs is
reduced and displayed a TRPL decay faster than that on the ZnO
NRs. This advantage can be regarded as a factor that results in high
Jsc of ZnO@SnO2 NRs solar cell in according with photovoltaic per-
formance as presented in Fig. 2 and Table 1.

Fig. 6c and d show the steady state photoluminescence (PL)
spectra of the CH3NH3PbI3/ZnO NRs and CH3NH3PbI3/ZnO@SnO2
NRs. PL spectra of CH3NH3PbI3 at 525 nm were collected with
increasing annealing time. The quenching of CH3NH3PbI3
photoluminescence on ZnO NRs increases as a function of time as
shown in Fig. 6c, and the quenching of the CH3NH3PbI3 perovskite
PL on ZnO NRs is totally completed after 5 h thermal annealing. In
contrast, as shown in Fig. 6d, maximal quenching of CH3NH3PbI3 PL
on ZnO@SnO2 NRs is rapidly reached 58.2% and no further increases
were seen within our experimental time frame. The electron
transfer from excited states in CH3NH3PbI3 perovskite to ZnO NRs is
very weak with the annealing time increased from 0 h to 5 h.
Whereas the SnO2 shell keeps the stability of the electron transfer
on the CH3NH3PbI3/SnO2 interface from 2 h to 5 h annealing. This
suggests the hydroxyl group or oxygen vacancies on the surface of
SnO2 could react with the CH3NH3PbI3 and affect the decomposi-
tion of CH3NH3PbI3 film, as reported in literatures [41,63].

To obtain an insight of the decomposition of CH3NH3PbI3 on
respective ZnO NRs and ZnO@SnO2 NRs layers, the chemical
structure of ZnO NRs and ZnO@SnO2 NRs surfaces was investigated
by means of X-ray photoelectron spectroscopy (XPS) with the re-
sults presented in Fig. 7. The Gaussian-resolved result for O 1s
spectra in Fig. 7aeb shows that the oxygen peak can be consistently
fitted by three nearly Gaussian components, centered at 530.30 eV
(OI), 531.00 eV (OII), and 531.90 eV (OIII). These peaks can be ascribed
to O2� ions (OI) in wurtzite structure of ZnO, O2� (OII) in the oxygen
vacancy regions (VO

��), and the chemisorbed oxygen species (OIII)
such as hydroxyl group (OH�). With passivating SnO2 shell on the



Fig. 7. High-resolution of O 1s XPS spectra of (a) bare ZnO NRs and (b) ZnO@SnO2 NRs; FT-IR spectra (c) of ZnO NRs and ZnO@SnO2 NRs; Raman spectra (d) for ZnO NRs and
ZnO@SnO2 NRs.
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ZnO NRs, the ratio of O in hydroxyl (OIII) decreased from 17.0% to
15.6%; while the oxygen vacancy (OII) increased from 29.8% to 32.5%.
Generally, hydroxyl (OH�) groups on the ZnONRs surface have been
considered to initiate the decomposition of CH3NH3PbI3 perovskite
[41,42,61]. However the ratio of the hydroxyl (OH�) groups is almost
the same on both surfaces of ZnO NRs and ZnO@SnO2 NRs, so the
hydroxyl (OH�) groups might not be the only cause of perovskite
CH3NH3PbI3 decomposition or the hydroxyl groups at different
surfaces may possess different chemical reactivity.

The underlying reasons for the improved stability of the
CH3NH3PbI3/SnO2 interface may be attributed to: (1) photo-
electrochemical, electromechanical, and/or electromigration pro-
cesses [64e66], (2) accumulated negative charge and ion migration
at the SnO2/perovskite interface inducing a high electric field and/
or dipole formation [67e69], (3) lower hygroscopicity, oxygen va-
cancies and UV light induced degradation of perovskite [52] and (4)
wide band gap of SnO2 and good band edge matching with
CH3NH3PbI3 perovskite that reduce energy loss for photogenerated
electrons with good blocking effects for holes [53].

The above mechanisms, however, could not explain the exper-
imental results from this work, the amount of hydroxyl groups was
found to be the same on the surface of ZnO NRs and ZnO@SnO2 NRs.
Although the exact mechanism requires further investigation, the
much enhanced thermal stability of SnO2/CH3NH3PbI3 interface
might be ascribed to the result of hydroxyl groups trapped at ox-
ygen vacancies on the surface of SnO2, and the bond strength of
SneOH is greater than that of ZneOH. SnO2 layer is using for
providing inactive surface hydroxyl groups and formatting an
isolating layer rather than formatting potential barrier between
ZnO and perovskite. In addition, the energy level of SnO2 CB is not
that much different with ZnO CB, So SnO2 was used for modifying
layer and passivation layer in our group. To further confirm the
hypothesis that the hydroxide and the oxygen vacancy on the
ZnO@SnO2 NRs surface, Fourier Translation Infrared Spectroscopy
(FT-IR) and Raman spectra were collected on both samples and the
results are presented in Fig. 7. As shown in Fig. 7c, the IR shift
around 3214 and 2912 cm�1 from the stretching modes of surface
hydroxyl groups suggest that the mount of hydroxyl ligands is
nearly the same in agreement with the XPS results in Fig. 7a and b
[70e72]. Fig. 7d exhibits the Raman spectra of the ZnO NRs and
ZnO@SnO2 NRs, and the 438 cm�1 mode corresponds to the E2
mode forWurtzite ZnO crystal with very sharp features. No obvious
Raman peak of SnO2 appeared in the spectra of the FTO (F:SnO2)/
ZnO@SnO2 NRs, indicating no secondary phase in FTO/ZnO@SnO2
NRs samples, which is consistent with the XRD patterns of FTO/
ZnO@SnO2 NRs in Fig. 3d. With the SnO2 passivation, peak around
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400e700 cm�1 was conjectured to be associated with intrinsic
lattice defects and hydroxyl metal complex in agreement with Cs
symmetry [73], indicating the OH� exists in the VO�� state on the
SnO2 shell surface. Strong interaction of hydroxyl groups with ox-
ygen vacancies may substantially reduce the reactivity of hydroxyl
groups on the surface of SnO2, and consequently lead to much
enhanced thermal stability in SnO2/CH3NH3PbI3 interface and
suppressed decomposition of CH3NH3PbI3 commonly observed on
ZnO NRs surface.

4. Conclusions

A core-shell ZnO@SnO2 nanorods film has been successfully
utilized in the CH3NH3PbI3 perovskite solar cell as an electron
transporting material. By depositing the highly crystallized SnO2
layer on ZnO nanorods, the decomposition of CH3NH3PbI3 perov-
skite was prevented, and the perovskite solar cell exhibited an
increased PCE of 12.17% with negligible hysteresis. The steady
photoluminescence, UVeVis absorbance and X-ray diffraction
patterns indicated that the formation of CH3NH3PbI3 is very sen-
sitive to the surface chemistry and morphology of ZnO NRs, and
SnO2 passivation layer suppresses the decomposition of
CH3NH3PbI3 to PbI2. Although the amount of hydroxyl groups is the
same on both ZnO NRs and ZnO@SnO2 NRs surfaces, OH� groups
strongly interact with oxygen vacancies on SnO2 surface and thus
compromised their chemical reactivity. Consequently the intro-
duction of SnO2 passivation layer resulted in much enhanced
thermal stability of CH3NH3PbI3 films.
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