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ABSTRACT: Suitable electrode interfacial layers are essential to the high performance of
perovskite planar heterojunction solar cells. In this letter, we report magnetron sputtered
zinc oxide (ZnO) film as the cathode interlayer for methylammonium lead iodide
(CH3NH3PbI3) perovskite solar cell. Scanning electron microscopy and X-ray diffraction
analysis demonstrate that the sputtered ZnO films consist of c-axis aligned nanorods. The
solar cells based on this ZnO cathode interlayer showed high short circuit current and
power conversion efficiency. Besides, the performance of the device is insensitive to the
thickness of ZnO cathode interlayer. Considering the high reliability and maturity of
sputtering technique both in lab and industry, we believe that the sputtered ZnO films are
promising cathode interlayers for perovskite solar cells, especially in large-scale
production.
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The last five years have witnessed rapid development of
solar cells based on organic−inorganic hybrid perovskite

materials,1−3 because of their large absorption coefficient and
long charge carrier diffusion length,4,5 which lead to high power
conversion efficiency (PCE) of more than 19%.6 Recent reports
revealed that methylammonium lead halide (CH3NH3PbX3)
perovskite can be deposited from solution at low temperature,
and thus it is possible to fabricate perovskite-based solar cell
with roll-to-roll technique, which is the lowest-cost method for
producing thin film solar cell.7,8

There are two basic types of perovskite thin film solar cell,
namely, mesoporous scaffold solar cell (MSSC) and planar
heterojunction solar cell (PHJSC). In MSSCs, mesoporous
metal oxides, such as Al2O3,

9 ZrO2,
10 TiO2,

11 and NiO,12 are
used as scaffold for perovskite active layer, whereas in PHJSCs,
a pure perovskite layer is sandwiched between anode and
cathode interlayers.6,7,13,14 High efficiencies up to 16.7% were
obtained in MSSCs.15 However, the fabrication process of
mesoporous scaffold is relatively complicated, and usually
requires high temperature, which may damage the polymer
substrate commonly used in roll-to-roll technique. PHJSCs
have simple structure, and are able to avoid the use of high
temperature, and thus are easy to fabricate with lower energy
consuming.
In PHJSC, the photoexcitons generated in perovskite layer

diffuse to the cathode or anode interface and separate there.
And since perovskite has low exciton binding energy (37 to 50
meV), which is comparable to thermal energies, there are also
plenty of free charges in perovskite layer.16,17 Therefore, the

cathode interlayer in PHJSC must be both electron transport
layer and hole block layer. TiO2 is the most widely used
cathode interlayer.6,13 The PHJSC with TiO2 as cathode
interlayer and 2,2′,7,7′-tetrakis[N,N-di(4-methoxyphenyl)-
amino]-9,9′-spirobifluorene (spiro-MeOTAD) as cathode
interlayer showed a high PCE of 19.3%.6 ZnO is an alternative
to TiO2, because of its suitable energy levels and good electron
transport properties.18−21 With compact ZnO as cathode
interlayer, a perovskite PHJSC with a PCE of 15.7% has been
reported.22 However, for both TiO2 and ZnO interlayer, their
thickness strongly influences the performance of the devices.
For example, Liu et al. investigated the effect of the thickness of
ZnO cathode interlayer on the performance of the device, and
found that when the thickness of ZnO increased from 25 to 70
nm, the PCE of the device decreased by ∼10%.22 The
dependence of cell performance on interlayer thickness requires
precise deposition of the interlayer. Besides, TiO2 or ZnO
cathode interlayers were usually deposited from nanoparticle
suspension,22 or precursor solutions.13 These processes are
complicated, involving the preparation of well-dispersed
nanoparticles, or post thermal treatment to promote the
conversion of precursor. Herein, we report magnetron
sputtered ZnO film as cathode interlayer for perovskite
PHJSCs. Magnetron sputter is a simple and reliable technique,
which is widely used both in laboratory and industry, to prepare
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high-quality thin films. The commonly used metal oxide
transparent electrodes, such as ITO (indium tin oxide), are
fabricated by magnetron sputter technique. Therefore, the
sputtering of ITO and ZnO film can be carried out sequentially,
which is valuable to the future large-scale production of solar
cells in industry. We found that the magnetron sputtered ZnO
film consisted of aligned ZnO nanorods. The devices based on
this ZnO interlayer had high short circuit current and PCE, and
their performance was insensitive to the thickness of ZnO
interlayer. Furthermore, our cathode interlayer is compatible to
flexible devices, because the deposition of ZnO does not
require high temperature. The flexible solar cells based on
magnetron sputtered ZnO interlayer were fabricated and they
also showed high PCE.
Figure 1 shows the morphologies of ZnO films on ITO glass

prepared by magnetron sputtering with different deposition
time. From ZnO-1 to ZnO-4, the sputtering time was 8, 15, 22,
and 29 min, respectively. In the cross-sectional SEM images, it
is found that the ZnO films consist of nanorods array. The
diameter of the ZnO nanorods is 50−80 nm. This is a typical

structure of sputtered ZnO thin film, usually obtained when the
temperature of the substrate is low.23 In our sputtering
experiments, the temperature of the substrate was about 100
°C. At such a low substrate temperature, the motion of adatoms
is frozen, thus ZnO can only grow in normal direction, and
surface diffusion between grains is strongly limited.24 The
thickness of the ZnO films are 40, 80, 120, and 160 nm, as

measured by SEM images, for ZnO-1, -2, -3, and -4,
respectively. Thus, the thickness of the ZnO film is propor-
tional to sputtering time, and by changing sputtering time, we
can control the thickness of ZnO film, without altering the
structure of the film. The top-view SEM images of the ZnO
films show irregular packed particles with diameter of several
tens of nanometers, and with the increase of sputter time, the
particle size became slightly larger. The crystalline structures of
ZnO films were investigated with X-ray diffraction (XRD). As
depicted in Figure 2, in the XRD patterns of ZnO films, there is
a peak at 2θ = 34.2°, whose intensity increases with the
thickness of the film. This is the characteristic peak of c-axis
oriented ZnO, corresponding to (002) plane reflection.25,26

Other diffraction peaks of ZnO are not detectable in our
samples, showing that almost all hexagonal zincite crystallites
are perpendicular to the ITO substrate.25 The XRD results
agree well with the rodlike morphology of ZnO film shown in
Figure 1, and both of them demonstrate that the ZnO films
were deposited on ITO with preferred orientation.
With ZnO-1 film as cathode interlayer, inverse PHJSC

devices were fabricated. CH3NH3PbI3 was directly deposited
onto the ZnO layer following a two stepped procedure.27 PbI2
was first spin-coated onto ZnO surface, then the PbI2-coated
ITO glass was dipped in a solution of CH3NH3I in 2-propanol
for 2 min, rinsed with 2-propanol and then dried under a flow
of clean air. The morphology of the as-prepared PbI2 film is
represented in Figure 3A. The film consists of interconnected
and irregular particles, which are believed to be PbI2-DMF
complex, because DMF molecules are difficult to remove from
the film at low temperature.28 There were some pinholes in
PbI2 film, whose diameter is around 200−300 nm. However,

Figure 1. SEM images of magnetron sputtered (A, E) ZnO-1, (B, F) ZnO-2, (C, G) ZnO-3, and (D, H) ZnO-4 films. (A−D) Section view, scale bar
200 nm; (E, F) top view, scale bar 500 nm.

Figure 2. XRD patterns of ITO glass substrate and different ZnO
films.

Figure 3. SEM images of (A) PbI2 and (B) CH3NH3PbI3 perovskite
films. Scale bar: 1 μm.
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most of these pinholes disappeared after the reaction with
CH3NH3I, as shown in Figure 3B. Moreover, the morphology
of the film also changed: the surface of the film was covered by
crystals with diameter of 100−200 nm. It should be noted here
that the DMF molecules and pinholes existing in PbI2 film may
help in the formation of CH3NH3PbI3, via promoting the

diffusion of CH3NH3I in the film and inside the crystalline
grain. The conversion of PbI2 to CH3NH3PbI3 was confirmed
by obvious color change, from yellow to dark brown. Onto the
CH3NH3PbI3 layer, spiro-MeOTAD was spin-coated as the
hole transport layer, and a thin layer of MoO3 was then
deposited by evaporation to improve the interface charge
transfer (the effect of MoO3 on the performance of the device
is shown in Figure S1 in the Supporting Information). Finally,
silver was evaporated as the anode. The structure and the cross-
sectional image of the device are shown in Figure 4A, B.
The performance of the devices with different ZnO

interlayers was measured under AM 1.5 condition. The
current−voltage (J−V) curve of the highest-performing device
with ZnO-1 as cathode interlayer is depicted in Figure 4C.
(histogram of efficiency for 80 devices can be found in Figure

Figure 4. Structure and performance of the perovskite solar cell. (A) Structure of the solar cell. (B) Cross-sectional SEM image of the solar cell. (C)
Current−voltage (J−V) curve measured under AM 1.5 solar light. (D) IPCE spectrum.

Figure 5. Performance of devices with different ZnO films. (A) Power conversion efficiency, (B) short circuit current, (C) open circuit voltage, and
(D) fill factor.

Table 1. Sheet Resistance of ITO and ZnO-Coated ITO

entry description
thickness of ZnO

(nm)
sheet resistance (Ω/

□)

1 glass/ITO 0 8.0
2 glass/ITO/ZnO-1 40 5.9
3 glass/ITO/ZnO-2 80 5.9
4 glass/ITO/ZnO-3 120 6.5
5 glass/ITO/ZnO-4 160 6.9
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S2 in the Supporting Information) The devices showed
hysteresis behaviors, that is, the performance was dependent
on the scan direction and scan rate of the J−V measurement.
The details are depicted in the Supporting Information (Figure
S3). Unless stated otherwise, the scan direction was from short
circuit to forward bias, and measurement time for each data
point was 500 ms. The short circuit current (Jsc), open circuit
voltage (Voc), fill factor and PCE of the device were measured
as 22.4 mA cm−2, 1.04 V, 57.4% and 13.4%. The Jsc value is
larger than that of the device with ZnO nanoparticles as
cathode interlayer (20.4 mA cm−2),22 and also larger than those
of devices with compact (21.5 mA cm−2)29 or mesoporous
TiO2 cathodes (20.0 mA cm−2).30 These results reveal that
magnetron sputtered ZnO are good electron acceptor and
electron conductor. However, the fill factor of the device is
relatively low, probably due to the defects and pinholes in the
perovskite layer, as shown in Figure 3B. These defects lead to
poor contact between perovskite and ZnO, diminishing the
performance of the devices. It should be noted that in the
present work, we did not optimize the preparation procedure of
CH3NH3PbI3 layer, thus we believe the quality of CH3NH3PbI3
layer and the performance of the solar cell can be improved, if
further optimization is carried out. The incident photon-to-
electron conversion efficiency (IPCE) spectrum of the device is
represented in Figure 4D. Between 400 to 700 nm, the IPCE
spectra shows a broad plateau from 70 to 90%, which is the
characteristic of devices based on CH3NH3PbI3. Integrating the
product of the AM1.5G photon flux with the IPCE spectrum
yields a predicted Jsc of 21.1 mA cm−2, which is in good
agreement with the measured value of 22.4 mA cm−2. After 900
h, the PCE of the device decreased to 8.5%, showing good
stability (see Figure S4 in the Supporting Information).
However, we believe the stability of the ZnO based device
can be further improved if spiro-MeOTAD can be replaced by a
more stable anode interlayer material.
We further investigated the effect of ZnO thickness on the

performance of the device. As shown in Figure 5, when the
thickness of ZnO cathode interlayer increases from 40 to 160
nm, the performance of the devices changes very little. This
property of sputtered ZnO interlayer is attractive, because it
significantly reduce the difficulty of fabricating solar cell devices.
This phenomenon can be ascribed to the uniform growth and
high conductivity of magnetron sputtered ZnO film. As shown
above, the crystal structure of ZnO film is independent of the
thickness, and thus the work functions of different ZnO films
should be identical. Consequently, these devices showed the
same Voc values. We also measured the sheet resistance of ZnO
coated ITO samples. As shown in Table 1, after deposition of

40 nm thick ZnO, the sheet resistance of ITO decreases from
8.0 Ω/□ to 5.9 Ω/□. Further increasing the thickness of ZnO
layer results in slightly increment in sheet resistance, but the
values are still smaller than bare ITO even the thickness of ZnO
layer reach 160 nm. These results reveal that the magnetron
sputtered ZnO on ITO substrate have good electric
conductivity, which can be explained by the oriented growth
of ZnO nanorods. Because c-axis oriented ZnO nanorods are
perpendicular to the ITO substrate, the transport of electrons
along the c-axis (across the ZnO film) will be seldom scattered
by grain boundary, and consequently electrons generated in the
bulk perovskite or at the ZnO/perovskite interface can be easily
conducted to ITO electrode. Therefore, the thickness of ZnO
layer has little effect on the photovoltaic performance of the
device.
Because the sputtered ZnO cathode interlayer do not require

high temperature thermal processing, it can be used in flexible
devices with plastics substrate. Figure 6 depicts the photograph
and J−V curve of the flexible device on ITO-coated
poly(ethylene terephthalate) (PET) with sputtered ZnO as
cathode interlayer. The J−V curve of the highest-performing
device yields a Voc of 0.87 V, a Jsc of 18.4 mA cm2, a fill factor of
49.7%, and a PCE of 8.03%. The performance of the flexible
device is lower than that on glass substrate. A possible reason is
the nonuniformity of perovskite layer and/or hole transport
layer, due to slight deformation of PET substrate during spin-
coating process of perovskite. The nonuniform perovskite layer
contains more defects, which may lead to recombination of
charges. However, these results can still demonstrate that
magnetron sputtered ZnO cathode interlayer is suitable for
flexible perovskite devices.
In conclusion, we have fabricated planar perovskite solar cells

with magnetron sputtered ZnO film as cathode interlayer. The
sputtered ZnO films consist of c-axis oriented ZnO nanorods
perpendicular to the ITO substrate. Devices based on ZnO
nanorods cathode interlayer show high Jsc and good PCE, and
their performance is insensitive to the thickness of ZnO layer.
This is ascribed to the high electric conductivity of ZnO along
c-axis. Flexible device with sputtered ZnO film as cathode
interlayer also has good performance. Considering the high
reliability and maturity of sputtering technique both in lab and
industry, we believe that the sputtered ZnO film is a promising
cathode interlayer for perovskite solar cell, especially in large-
scale production.

Figure 6. (A) Current−voltage (J−V) curve measured under AM 1.5 solar light and (B) the photograph of flexible device on PET substrate.
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