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ABSTRACT: Solution processed zinc oxide (ZnO) nanoparticles
(NPs) with excellent electron transport properties and a low-
temperature process is a viable candidate to replace titanium
dioxide (TiO2) as electron transport layer to develop high-
efficiency perovskite solar cells on flexible substrates. However, the
number of reported high-performance perovskite solar cells using
ZnO-NPs is still limited. Here we report a detailed investigation on
the chemistry and crystal growth of CH3NH3PbI3 perovskite on
ZnO-NP thin films. We find that the perovskite films would
severely decompose into PbI2 upon thermal annealing on the bare
ZnO-NP surface. X-ray photoelectron spectroscopy (XPS) results show that the hydroxide groups on the ZnO-NP surface
accelerate the decomposition of the perovskite films. To reduce the decomposition, we introduce a buffer layer in between the
ZnO-NPs and perovskite layers. We find that a commonly used buffer layer with small molecule [6,6]-phenyl-C61-butyric acid
methyl ester (PC61BM) can slow down but cannot completely avoid the decomposition. On the other hand, a polymeric buffer
layer using poly(ethylenimine) (PEI) can effectively separate the ZnO-NPs and perovskite, which allows larger crystal formation
with thermal annealing. The power conversion efficiencies of perovskite photovoltaic cells are significantly increased from 6.4%
to 10.2% by replacing PC61BM with PEI as the buffer layer.
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1. INTRODUCTION

Since the first report of an organometal halide perovskite
(CH3NH3PbI3) sensitized solar cell by Miyasaka et al.,1

perovskite solar cells have attracted considerable attention
due to their excellent optoelectronic properties, ease of solution
fabrication process, and remarkable photovoltaic performance.
In 2012, Kim et al. demonstrated an all-solid-state perovskite
solar cell with promising power conversion efficiency (PCE) by
optimizing the device structure and perovskite film morphology
and crystallinity.2 This all-solid-state device structure has
become the prototypical device architecture for the develop-
ment of perovskite solar cells during the past few years; the
highest certified PCE of perovskite solar cell has already
achieved 20.1%.3 So far, the most efficient perovskite solar cells
with PCE over 15% have a typical structure of anode/HTL/
perovskite/ETL/cathode, where HTL and ETL are the hole
and electron transporting layers, respectively.4−7 The HTL and
ETL not only play roles in controlling the hole and electron
currents, but also in preventing the perovskite active layer from
direct contact with the electrodes to reduce recombination of
photocurrent.8 For example, a conducting polymer poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS)
is a commonly used HTL in recently developed perovskite

solar cells. However, it is well-known that the high acidity of
PEDOT:PSS would cause corrosion of the ITO electrode and
its high hygroscopicity would absorb water molecules and
accelerate device degradation.9 Consequently, it has been
reported that PEDOT:PSS has a detrimental effect on the long-
term stability in organic electronic devices.10,11 Recently, a lot
of effort has been devoted to developing different interlayer
materials for high-efficiency perovskite solar cells. Over 15%
PCE of perovskite solar cells has been demonstrated with
polymeric hole transporting materials, such as poly[N,N′-bis(4-
butylphenyl)-N,N′-bis(phenyl)-benzidine] (poly-TPD) and
poly(triarylamine) (PTAA),9,12 and inorganic hole transporting
materials, such as CuSCN and NiO.13,14 Regarding the electron
transporting materials, more robust and stable metal oxide
based ETLs have been developed for perovskite solar cells, such
as titanium dioxide (TiO2),

15,16 zinc oxide (ZnO),17 and tin
oxide (SnO2).

18 Among the metal oxides, TiO2-NPs have been
widely used as ETLs to facilitate charge collection.15,16

However, in order to obtain the conductive (anatase) phase
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of TiO2-NPs, a high sintering temperature (450−500 °C) is
required.19 This is not suitable to be used with ITO where the
indium would diffuse out over 300 °C. More importantly, such
a high temperature also hinders the development of perovskite
solar cells on low-cost flexible plastic substrates.
Recently, solution processed colloidal ZnO-NPs have been

applied in the development of several thin film photovoltaic
technologies.20−22 Compared to TiO2, due to the ability of as-
synthesized ZnO-NPs to be processed at room temperature
without additional annealing treatment, ZnO-NPs are an
excellent candidate to replace TiO2 used as the ETL in
perovskite solar cells.23 In addition, there are also several
reports on organic photovoltaic cells with record high PCE
using ZnO-NPs.24,25 However, there are only a few reports of
perovskite solar cells using ZnO-NPs as the ETL. Interestingly,
the ZnO-NP based perovskite solar cells have PCE generally
lower than that of TiO2; even both metal oxides have very
similar optoelectronic properties. Moreover, the reported
perovskite solar cells with ZnO as the ETL typically used
lower annealing temperature and shorter annealing time to
anneal the perovskite thin films than that (80−100 °C, 30−60
min) typically used in other reported device structures.26−29

For example, Dong et al.17 reported a PCE of 8.5% for ZnO
nanorod based perovskite solar cell with annealing temperature
of 90 °C for 5 min. Kumar et al.30 demonstrated a PCE of 8.9%
with perovskite film annealed at 70 °C on ZnO nanorods. Son
et al.31 compared the photovoltaic performance of perovskite
solar cells on ZnO nanorods with that of TiO2 nanorods: they
found the ZnO nanorods had more effective charge collection
properties than those of TiO2 nanorod based perovskite solar
cells, and they obtained a PCE of 11% by annealing the
perovskite film at 100 °C for 10 min. Therefore, we speculate
that there are limitations of using ZnO as the ETL in perovskite

solar cells requiring that only low annealing temperature and
short annealing time can be used, which limit the perovskite
crystal growth as well as the photovoltaic performance.
In this work, we have systematically investigated the

application of ZnO-NPs as the ETL on the performance of
CH3NH3PbI3 perovskite solar cells. Plausibly, we have found
that CH3NH3PbI3 crystal will severely decompose into PbI2
during the annealing process if the perovskite film is directly
contacted with the ZnO layer. We have shown that, for the first
time, the origin of such decomposition of the perovskite crystal
on ZnO-NPs is due to the hydroxide constitutions on the as-
synthesized ZnO-NP surface. In order to avoid direct
interaction between the ZnO and perovskite thin films, two
different buffer layers of [6,6]-phenyl-C61-butyric acid methyl
ester (PC61BM) and poly(ethylenimine) (PEI) have been
deposited in between the perovskite and ZnO layers. We have
found that PEI can effectively separate the two layers without
notable decomposition in perovskite even annealed at 100 °C
for 1 h. The ZnO-NP based perovskite solar cell with PEI as the
buffer layer achieved a PCE of 10.2% with fill factor as high as
69.0%.

2. EXPERIMENTAL SECTION
Materials. PbI2 was purchased from Sigma-Aldrich and dissolved in

anhydrous N,N-dimethylformamide (DMF, from Sigma-Aldrich) with
a concentration of 462 mg/mL. CH3NH3I was purchased from
Lumtec and dissolved in anhydrous 2-propanol (IPA, from Sigma-
Aldrich) with a concentration of 35 mg/mL. PC61BM and PEI (with a
molecular weight of 25 000 g/mol) were purchased from Nano-C and
Sigma-Aldrich, respectively. The PEI was dissolved in 2-methox-
yethanol with a weight concentration of 1%. ZnO was synthesized on
the basis of the recipe elsewhere.32 The as-synthesized ZnO
nanoparticles were dissolved in chloroform after washing with
methanol several times. The concentration of the ZnO solution is

Figure 1. (a) Device structure of ZnO based perovskite solar cell, (b) current density−voltage (J−V) curve of perovskite solar cell based on ZnO
without thermal annealing, and (c) SEM image and grain size distribution of perovskite film (without thermal annealing) deposited on ZnO
(without thermal annealing).
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50 mg/mL. The spiro-OMeTAD powder was purchased from Front
Materials Co. Ltd. All the chemical reagents were used without any
further purification.
Device Fabrication without Buffer Layer. The devices were

fabricated on the basis of the structure of ITO/ZnO/CH3NH3PbI3
perovskite/spiro-OMeTAD/Au. ITO glasses were cleaned by
sonication in deionized water, actone, and ethanol for 15 min each,
followed by UV ozone treatment for 20 min. A 30 nm thick layer of
ZnO-NPs was spin-coated onto the ITO surface at 4000 rpm for 40 s
(for comparison, one ZnO layer was fabricated without annealing and
another was annealed at 200 °C for 1 h in air). A PbI2 solution was
then spin-coated on the ZnO layer at 4000 rpm for 40 s. After drying
for 10 min, a CH3NH3I solution was spin-coated at 4000 rpm for 40 s
to form the perovskite film. Subsequently, the spiro-OMeTAD based
HTL was spin-coated at 4000 rpm for 40 s. Finally, a 100 nm Au
electrode was deposited by thermal evaporation at a base pressure of
10−7 Torr. To prepare the spiro-OMeTAD solution, 80 mg of spiro-
OMeTAD, 28.5 μL of 4-tertbutylpyridine, and 17.5 μL of lithium
bis(trifluoromethanesulfonyl)imide (Li-TFSI) solution (520 mg Li-
TFSI in 1 mL acetonitrile) were dissolved in 1 mL of chlorobenzene.
Device Fabrication with Buffer Layer. The devices with

PC61BM as buffer layer were fabricated on the basis of the structure
of ITO/ZnO/PC61BM/CH3NH3PbI3/spiro-OMeTAD/Au. Devices
with PEI as buffer layer were fabricated on the basis of the structure
of ITO/ZnO/PEI/CH3NH3PbI3/spiro-OMeTAD/Au. For preparing
the buffer layer, a 30 nm PC61BM film was cast from a solution with 25
mg/mL in chlorobenzene at 1000 rpm for 40 s and annealed at 120 °C
for 30 min. For preparing the 10 nm PEI layer, we spin-coated the 1 wt
% PEI solution in 2-methoxyethanol at 4000 rpm for 40 s, and
annealed the film at 100 °C for 30 min. To form the CH3NH3PbI3
films on the surface of buffer layer, a PbI2 solution was spin-coated at
4000 rpm for 40 s. After drying for 10 min, a CH3NH3I solution was
spin-coated at 4000 rpm for 40 s, followed by thermal annealing at 100
°C for different durations.
Characterizations. The transmission electron microscopy (TEM)

measurements were carried out with Philips CM 200 FEG, and the
scanning electron microscopy (SEM) measurements were conducted

with Philips XL30 FEG. The X-ray diffraction (XRD) measurements
were performed on a D2 Phaser instrument using Cu Kα (λ = 0.154
nm) radiation. The chemical compositions of ZnO-NPs with and
without thermal annealing were characterized by X-ray photoelectron
spectroscopy (XPS, VG ESCALAB 220i-XL UHV). The current−
voltage (J−V) characteristics of perovskite solar cells were measured
using a Keithley 2400 source meter under AM 1.5G illumination at
100 mW/cm2, and the effective area of the device was 0.12 cm2.

3. RESULTS AND DISCUSSION

ZnO-NPs with an average diameter of around 5 nm, as shown
in Figure S1a, dissolved in chloroform were used to fabricate
the ETL on an ITO substrate. As shown in Figure 1a, the
photovoltaic devices have a general structure of ITO/ZnO (30
nm)/CH3NH3PbI3 perovskite (280−300 nm)/spiro-OMeTAD
(100 nm)/Au. The perovskite films were prepared via two-step
spin-coating procedure; details of the fabrication processes are
discussed in the Experimental Section.
Figure 1b shows the current density−voltage (J−V)

characteristics of the perovskite solar cell under AM 1.5G
illustration at 1 sun, which has an open circuit voltage (Voc) of
0.84 V, short circuit current density (Jsc) of 7.3 mA/cm2, fill
factor (FF) of 47.6%, and resulting PCE of 2.9%. It should be
noted that no thermal annealing treatment was used during this
perovskite device fabrication process, and it has been previously
reported that, with the same device fabrication process and
device architecture, a PCE as high as 15.7% can be achieved.33

However, we have found that, using the same reported process
without thermal annealing, we can only obtain small perovskite
crystals, which might be the main reason for the low efficiency
in devices. As shown in Figure 1c, the average grain size of the
perovskite is only 117 nm. Such small grain size and large
number of grain boundaries definitely have significant
recombination of photocurrent and detrimental effect on the

Figure 2. (a) XRD patterns and photographs of perovskite film on ZnO (without annealing) without thermal annealing and annealing at 100 °C for
30 min; high-resolution of O 1s XPS core level spectra of ZnO (b) without annealing and (d) with annealing at 200 °C for 1 h in air. (c) XRD
patterns and photographs of perovskite film on annealed ZnO without thermal annealing and annealing at 100 °C for 30 min.
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overall device performance. In fact, it has been widely reported
that the grain size of perovskite can be increased by thermal
annealing; a few hundreds to a few thousands of nanometers of
perovskite crystals can be obtained on PEDOT:PSS and TiO2
layers after being annealed at 100 °C for a long time.4,9

Surprisingly, as shown in the inset in Figure 2a, the
CH3NH3PbI3 perovskite film on ZnO-NPs exhibits completely
different behavior: it turns from dark brown to yellow even
after being annealed at 100 °C just for a few minutes, and the
film become completely yellowish in 30 min. This suggests that
the CH3NH3PbI3 perovskite on ZnO layer could easily
decompose into PbI2 during the thermal annealing process.
The decomposition of perovskite crystal was confirmed by the
small-angle X-ray diffraction (XRD), and the results were
shown in Figure 2a. The diffraction peaks located at 14.1°
(110), 28.4° (220), and 42.1° (330) belonged to the
CH3NH3PbI3 perovskite9 and diminished after annealing.
Meanwhile, the intensity of the diffraction peak at 12.7° that
belonged to PbI2

9 was significantly increased. This indicates
that the CH3NH3PbI3 perovskite film on ZnO-NP layer
completely decomposed into PbI2 after annealing treatment
at 100 °C for 30 min.
In order to gain a deeper insight into the origin of the

decomposition of CH3NH3PbI3 perovskite on a ZnO-NP layer,
we investigated the chemical structure of the ZnO-NP surface
by X-ray photoelectron spectroscopy (XPS). As shown in
Figure 2b, the O 1s core level spectrum can be resolved into
two main peaks located at 531.2 and 530.0 eV, which
correspond to the O 1s level in ZnO and other chemisorbed
oxygen species such as hydroxide (OH−) on the surface of the
ZnO-NPs, respectively. We speculate that the ZnO was not
completely oxidized during the synthesis with the hydrolysis
process; thus, the ZnO-NPs may be covered by some
chemisorbed oxygen species such as hydroxide on the surface
which could break the ionic interaction between CH3NH3

+ and
PbI3

− and eventually break the crystal structure of perovskite.
Here is the proposed reaction route of the decomposition of
CH3NH3PbI3 promoted by OH− during thermal annealing:

+ → +− −OH CH NH I CH NH OH I3 3 3 3 (1)

⎯ →⎯⎯ ↑ + ↑CH NH OH CH NH H O3 3
heat

3 2 2 (2)

The OH− on the surface of ZnO-NPs would react with
CH3NH3I and form CH3NH3OH. Upon annealing, the
CH3NH3OH would be easily decomposed to CH3NH2 and
H2O in the gas phase. Therefore, such reactive process in
reaction 2 would promote reaction 1, and consequently lead to

the decomposition of CH3NH3PbI3 of the reverse process as
described in reaction 3:

+ ⇔CH NH I PbI CH NH PbI3 3 2 3 3 3 (3)

In order to reduce the hydroxide content on the ZnO
surface, the ZnO film was annealed at 200 °C for 1 h in air. As
shown in Figure 2d, after annealing, the ratio of O in ZnO and
O in hydroxide was increased from 1:1 to 2:1, whereas the Zn
2p1/2 and 2p3/2 peaks at 1022.5 and 1045.5 eV, respectively,
remain the same for ZnO with and without annealing,
indicating the Zn exists in the Zn2+ state in both samples
(Figure S2).
To further confirm the hypothesis that the hydroxide on the

surface of ZnO decomposes the CH3NH3PbI3 film, we
deposited the perovskite film on the annealed ZnO-NP layer.
As shown in Figure 2c, after annealing of the perovskite film at
100 °C for 30 min, although there is notable increase of the
PbI2 diffraction peak at 12.7°, the perovskite diffraction peaks
located at 14.1°, 28.4°, and 42.1° are also increased. Such
reduced decomposition with annealed ZnO is also shown in the
inset of Figure 2c; the majority of the perovskite film remains
dark brown after annealing, compared to the completely
yellowish PbI2 film on the untreated ZnO. In addition, it should
be noted that, even for the perovskite films without annealing,
the intensities of CH3NH3PbI3 diffraction peaks are stronger
than that of the PbI2 peak for the film deposited on an annealed
ZnO-NP layer. This suggests that the formation of
CH3NH3PbI3 is very sensitive to the hydroxide groups on the
ZnO surface.
In addition, we compared the effect of annealing process of

perovskite films on both solution processed ZnO-NP thin film
and vacuum sputtered ZnO thin film. The hydrolysis-reaction-
derived ZnO-NPs prepared in this work have a significantly
higher number of OH− groups compared with that in the
sputtered ZnO in vacuum. As shown in Figure S3, after an
annealing period of 30 min at 100 °C, there is no notable
decomposition of the perovskite film on the sputtered ZnO
layer. However, on the ZnO-NP layer, the perovskite film
turned to completely yellow, indicating the decomposition of
perovskite film. This result confirms our hypothesis that the
OH− groups on the solution derived ZnO-NP surface initiate
the decomposition of perovskite.
Furthermore, during the course of submission of this

manuscript, Yang et al., by using density functional theory
calculations, have reported that the decomposition of the
perovskite film at the ZnO/CH3NH3PbI3 interface is
accelerated by the presence of surface HO− groups and/or

Figure 3. (a) J−V curve of perovskite solar cell based on annealed ZnO; (b) SEM image and grain size distribution of perovskite film (without
thermal annealing) deposited on annealed ZnO.
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residual acetate ligands.34 This theoretical result is consistent
with our experimental results with the decomposition
mechanism as shown in eqs 1 and 2.
To investigate the effect of the content of the hydroxide

group in ZnO-NPs on the photovoltaic device performance, we
fabricated a perovskite solar cell with annealed ZnO-NPs as the
ETL. As shown in Figure 3a, the device had a similar Voc of 0.80
V and FF of 49.4%, but a much higher Jsc of 13.7 mA/cm2, and
therefore a larger PCE of 5.4%. As shown in Figure 3b, the
average grain size of perovskite on annealed ZnO-NP ETL is
around 118 nm, which is similar to that on untreated ZnO NPs.
Therefore, the larger Jsc is not due to increased grain size but
ascribed to the increased amount of CH3NH3PbI3 formed on
the annealed ZnO surface as shown in the XRD results.
According to the above results, it is clear that the hydroxide

groups on ZnO-NP surface promote the decomposition of
CH3NH3PbI3 to PbI2 upon thermal annealing. Consequently, it
limits the growth of larger CH3NH3PbI3 crystals and becomes
the major obstacle for developing high-efficiency perovskite
solar cell using ZnO as the ETL. As demonstrated below, this
issue can be solved by introducing a buffer layer to prevent the
perovskite thin film from direct contact with ZnO-NPs. We
investigated two buffer layer materials, one based on a small
molecule PC61BM, and another based on a polymeric PEI. Both
materials have been demonstrated with excellent electron
transporting properties as an ETL in thin film organic
electronic devices.35,36

To investigate whether the PC61BM and PEI buffer layers
can effectively prevent the perovskite from direct contact with
the ZnO layer during the annealing process, CH3NH3PbI3
perovskite films were deposited on the PC61BM (30 nm)- and
PEI (10 nm)-coated ZnO and annealed at 100 °C. As shown in
Figure 4a, the XRD results and optical images of perovskite film
with PC61BM as the buffer layer, it can be clearly seen that

PC61BM can further reduce but cannot completely avoid the
decomposition. The perovskite film in some areas started to
turn yellow at 30 min and became larger for 1 h. Furthermore,
as shown in Figure 4c, the XRD diffraction peak intensity ratio
of perovskite to PbI2 decreased from 1.51 for no annealing to
0.73 and 0.5 for annealing 30 min and 1 h, respectively. On the
other hand, as shown in Figure 4b, the PEI buffer layer showed
superb performance to separate the ZnO-NPs and perovskite.
The perovskite on PEI-coated ZnO remained dark brown even
after annealing for 1 h without notable decomposition of
perovskite. This was also confirmed by the XRD results, as
shown in Figure 4c: the intensity ratio of perovskite to PbI2
kept increasing from 1.26 for no annealing to 1.51 and 1.85 for
annealing 30 min and 1 h, respectively. For annealing time
exceeding 1 h, as shown in Figure S4, the CH3NH3PbI3
perovskite started to release CH3NH3I, which resulted in a
high PbI2 peak in the XRD measurement.37 Figure 4d further
elucidates the different performances of the two buffer layers.
For the small molecule buffer layer, the PC61BM tends to either
aggregate or diffuse during the annealing process, which has
been widely reported in bulk heterojunction organic solar
cells,38,39 thus leaving the perovskite in contact with the ZnO
layer underneath. This agrees with the optical images shown in
Figure 4a that the perovskite film started to decompose in
certain areas and extended to the whole film upon longer
annealing time. Therefore, growing large perovskite crystals in
solar cells with PC61BM as the buffer layer is not feasible. On
the other hand, the high molecular weight of polymeric PEI is
more reluctantly redistributed during the annealing process,
which makes it more efficient to prevent the perovskite from
contact with the ZnO layer underneath, and it is favorable for
the growth of large perovskite crystal during the annealing
process.

Figure 4. XRD patterns and photographs of perovskite film deposited on (a) PC61BM-coated ZnO (b) and PEI-coated ZnO with different thermal
annealing treatment, (c) intensity ratio of perovskite to PbI2 on PC61BM-coated ZnO and PEI-coated ZnO, and (d) schematics of the growth of
perovskite deposited on PC61BM-coated ZnO and PEI-coated ZnO during thermal annealing.
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Figure 5 shows the SEM images of the perovskite film on the
top of (a) PC61BM- and (b) PEI-coated ZnO. The lateral
crystal sizes of perovskite grown on PC61BM and PEI before
annealing were similar, with average sizes of 130 and 147 nm,
respectively. After annealing the perovskite films at 100 °C for 1
h, as shown in Figure 5c, some large PbI2 flake crystals were
found on the sample using PC61BM as the buffer layer. This is
consistent with the XRD results that the PbI2 diffraction
intensity increased after annealing. On the other hand, no such
flake crystal was found in perovskite film using PEI as the buffer

layer. As shown in Figure 5d, the average lateral size of the
perovskite crystal was increased from 147 to 225 nm after
annealing.
Figure 6a shows the J−V characteristics of perovskite solar

cells using PC61BM and PEI as the buffer layers under AM 1.5G
illumination at 100 mW/cm2. Table 1 summarized the overall
solar cell performances of different device structures used in
this study. The perovskite solar cell with PC61BM as buffer
layer had Voc = 0.88 V, Jsc = 16.0 mA/cm2, FF = 46.0%, and
PCE = 6.4%. The device with PEI as the buffer layer had

Figure 5. SEM images and grain size distribution of perovskite film deposited on (a) PC61BM-coated ZnO without thermal annealing and on PEI-
coated ZnO (b) without thermal annealing and (d) with thermal annealing at 100 °C for 1 h. (c) SEM images of perovskite film deposited on
PC61BM-coated ZnO with thermal annealing at 100 °C.

Figure 6. (a) J−V curves of perovskite solar cell based on PC61BM-coated and PEI-coated ZnO; (b) EQE spectra of perovskite solar cell based on
PEI-coated ZnO.
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significant improvement in FF and resulting PCE, with Voc =
0.88 V, Jsc = 16.8 mA/cm2, FF = 69.0%, and PCE = 10.2%. As
shown in Figure 6b, the device with PEI as the buffer layer
exhibited a broad external quantum efficiency (EQE) from 400
to 800 nm with an integrated Jsc of 15.6 mA/cm2 at AM 1.5G
illumination at 100 mW/cm2, which is in good agreement with
the measured J−V characteristics. Compared to the device
without buffer layer, with the perovskite films directly spin-
coated on the ZnO layer, both devices with buffer layers had
better performance, especially in Jsc. As demonstrated above,
the perovskite film on ZnO will decompose to PbI2, which has
lower light absorption and is relatively electrically insulating;
these are the main reasons for the lower Jsc in those devices. On
the other hand, with PEI as the buffer layer, the perovskite film
can be annealed at higher temperature with longer time, and
this facilitates the larger perovskite crystal formation with
reduced grain boundaries and photocurrent recombination, and
therefore improves the FF to 69.0% in photovoltaic device.
Using the ZnO and PEI as the electron transport layer, we

fabricated perovskite solar cells on flexible ITO-coated
poly(ethylene terephthalate) (PET) substrate, as shown in
Figure S5. The flexible device exhibits a Voc of 0.88 V, Jsc of
13.76 mA/cm2, and FF of 62.8%, corresponding to a PCE of
7.6%, and it is still under optimization.

4. CONCLUSIONS
To conclude, we have demonstrated that CH3NH3PbI3
perovskite will severely decompose to PbI2 upon thermal
annealing on the ZnO-NP surface. We have found that the
hydroxide groups that typically attached on the ZnO-NP
surface are the cause of the decomposition process. Two buffer
layers, one with small molecular PC61BM and another with
polymeric PEI, were investigated to prevent the perovskite from
direct contact with ZnO-NP surface. We have found that the
decomposition still occurs with PC61BM as the buffer layer,
which is mainly due to the aggregation and diffusion of the
small molecules during the annealing process. On the other
hand, the polymeric buffer layer PEI is more robust which can
effectively separate these two materials and allow larger
perovksite crystal growth with additional postannealing process.
The ZnO based perovskite solar cell using PEI as the buffer
layer had significant improvement in fill factor with overall
power conversion efficiency over 10%. This work not only
demonstrates a route to develop solution processed ZnO based
perovskite solar cells for the future development of low-cost
applications on flexible substrate, but also presents the
importance of the substrate effect on the structural stability
and crystal growth of perovskite thin films.
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