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ABSTRACT: Herein we report an investigation of a CH3NH3PbI3
planar solar cell, showing significant power conversion efficiency
(PCE) improvement from 4.88% to 6.13% by introducing a
homogeneous and uniform NiO blocking interlayer fabricated with the
reactive magnetron sputtering method. The sputtered NiO layer exhibits
enhanced crystallization, high transmittance, and uniform surface
morphology as well as a preferred in-plane orientation of the (200)
plane. The PCE of the sputtered-NiO-based perovskite p−i−n planar
solar cell can be further promoted to 9.83% when a homogeneous and
dense perovskite layer is formed with solvent-engineering technology,
showing an impressive open circuit voltage of 1.10 V. This is about 33%
higher than that of devices using the conventional spray pyrolysis of NiO
onto a transparent conducting glass. These results highlight the
importance of a morphology- and crystallization-compatible interlayer toward a high-performance inverted perovskite planar
solar cell.
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■ INTRODUCTION

Solar energy is one of the biggest energy sources of the future.
Clearly, the efficiency of solar cells depends heavily upon the
light absorbers. The organometallic halide pervoskite-based
solar cell is a new type of photovoltaic with power conversion
efficiency (PCE) currently exceeding 19%.1 CH3NH3PbI3 is an
ideal optoelectronic material that exhibits a direct optical band
gap of around 1.5 eV with a high extinction coefficient (∼104
cm−1), low exciton bonding energy (0.01 eV), and long
diffusion length (∼0.1−1 μm).2−5 It has been reported that
CH3NH3PbI3 shows ambipolar characteristics and works well
with various organic carrier transport materials, including
2,2′7,7′-tetrakis(N,N-bis(p-methoxyphenyl)amino)-9,9′-spiro-
bifluorene,6 fullerene (C60), [6,6]-phenyl C61-butyric acid
methyl ester (PCBM),7−9 and other conjugated polymers,10−12

to form hybrid heterojunctions. Since Snaith et al. first reported
the work of the inverted perovskite planar solar cells by
deposition of a p-type-selective contact onto the FTO/glass
substrate,8 more and more researchers have become interested
in this type of device.
In a perovskite planar solar cell, the electron−hole pair by

photoexcitation could separate after thermalization through two
possible primary processes: (1) injection of electrons into

electron-selective materials such as PCBM and/or (2) injection
of holes into hole-selective materials such as nickel oxide
(NiO). Poly(3 ,4-(ethy lenedioxy)thiophene)/poly-
(styrenesulfonate) (PEDOT/PSS) has been widely used as an
electron-blocking layer (EBL) in perovskite planar solar cells,
achieving outstanding photovoltaic performance (∼15%).13
However, researchers are aware of the drawbacks from the
PEDOT/PSS interlayer being unstable.14−16 Therefore, NiO
has been selected to be incorporated into these devices as a
hole conductor. NiO is a cubic wide band gap p-type
semiconductor which is essentially transparent for very thin
layers and can act as an electron-blocking interlayer. Irwin et al.
first reported the replacement of the PEDOT/PSS layer by a
thin NiO layer in polymer bulk-heterojunction solar cells,
resulting in an enhanced device efficiency in photocurrent and
fill factor.17 Chen et al. reported the outstanding work of the
efficient CH3NH3PbI3/PCBM heterojunction using NiOx as
the electron-blocking layer. The energy level at the junction
interfaces was intensively investigated, aiming for a favorable
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charge transfer at different interfaces and achieving a PCE of
7.8% by using NiOx as the p-contact electrode material.18 This
is the highest efficiency so far for the NiO-based perovskite
planar solar cell.
Since NiO deposition is usually the very beginning step

during the device construction, the optimization of morphology
and crystallization becomes obviously important for formation
of a homogeneous and uniform electron-blocking layer. In this
work, to fabricate efficient NiO/CH3NH3PbI3/PCBM planar
solar cells, a reactive magnetron sputtering (RMS) method was
introduced to prepare a NiO compact layer on FTO electrodes.
RMS can be operated at a low deposition temperature and high
deposition rate, which produces highly dense films. A solvent-
engineering technology for CH3NH3PbI3 formation was further
applied to prepare homogeneous surface coverage and uniform
active layers. A planar cell with the FTO/NiO/CH3NH3PbI3/
PCBM/BCP/Au configuration presents an impressive open
circuit voltage (Voc) of 1.10 V, a short-circuit current (Jsc) of
15.17 mA cm−2, and a fill factor (FF) of 0.59, corresponding to
a PCE of 9.84% under standard 1 sun AM 1.5G simulated solar
irradiation. Compared to the work from Chen et al.,18 this work
not only shows the optimization of the preparation method of
the NiO layer and perovskite layer, but also emphasizes the
importance of a morphology- and crystallization-compatible
interlayer toward a high-performance inverted perovskite planar
solar cell. Our results point out a method to fabricate efficient

perovskite planar solar cells with a NiO electrode as the
electron-blocking interlayer.

■ EXPERIMENTAL SECTION
Materials and Sample Preparation. The ethylammonium lead

iodide (CH3NH3PbI3) was prepared according to other reports.5 The
solar cell devices were fabricated in a standard arrangement by
sandwiching an active layer of CH3NH3PbI3 between a NiO electron-
blocking underlayer and a PCBM electron-extracting layer. The
counter electrode was made of a bathocuproine (BCP) (Aldrich) film
(as an exciton-blocking layer) and gold (Au). Prior to the device
fabrication, the etched substrate was cleaned with 2% Hellmanex
diluted in Milli-Q water, rinsed with Milli-Q water and ethanol, and
dried with clean dry air. The substrate was treated in a UV-O3 chamber
for 30 min prior to NiO compact layer deposition. The CH3NH3PbI3
precursor solution was prepared by mixing CH3NH3I with PbI2 in a
1:1 molar ratio (0.8 g:2.3 g) in 4.7 mL of anhydrous N,N-
dimethylformamide (Aldrich) (40 wt % solution) at 60 °C, stirring
for 12 h inside a nitrogen-filled glovebox with oxygen and moisture
levels of <1 ppm. Syringe dispensing of 100 μL of toluene during spin
coating of the CH3NH3PbI3 precursor (5000 rpm for 30 s) ensures
CH3NH3PbI3 formation in a fast regime to inhibit coarsening of the
crystals. The thickness of the CH3NH3PbI3 layer was approximately
240 nm as determined by the cross session images of scanning electron
microscopy (SEM). The PCBM (∼60 nm) and BCP (<10 nm) were
spin-coated (1500 rpm for 30 s and 2000 rpm for 45 s, respectively)
inside a nitrogen-filled glovebox. The Au electrode (65 nm) was
thermally deposited on the BCP layer inside a vacuum chamber (10 −6

Torr).

Figure 1. Top-view FE-SEM images of NiO compact layers fabricated on FTO electrodes by using (a) RMS and (b) spray pyrolysis methods. The
average thickness of the NiO film is about 50 nm in each sample. The corresponding AFM images are shown in (c) and (d). The root-mean-square
roughness values can be estimated from NanoScope Analysis software.
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Fabrication of the NiO Electrode Interlayer. The NiO thin
films were reactively deposited on the precleaned and prepatterned
FTO substrates. Details of the sputtering apparatus have been
described in previous work.19 Briefly, the Ni target was driven by a
radio frequency (rf; Comdel CV-1000, 81 MHz) power supply at 300
W, yielding a ∼2 nm/min deposition rate. Prior to deposition, the base
pressure was pumped down to <5 × 10−4 Pa. Pure oxygen was used as
the sputter gas with a total 0.5 Pa of pressure. The substrates were not
intentionally heated. NiO films with different thicknesses were
obtained by adjusting the growth time.
For comparison, spray pyrolysis was performed using 0.2 mol L−1

nickel acetylacetonate in acetonitrile.20 The substrate was heated from
room temperature to 450 °C in 30 min. The spray was purged out
through a spraying head with an oxygen flow. The carrier gas was
adjusted by a regulation valve, and the spray was controlled by a ball
valve being turned on and off to deliver a stable flow. The sprayed
layer was left at 450 °C for 15 min and allowed to cool to room
temperature.
Characterization. The current density−voltage characteristics of

the devices were measured using a Keithley 2400 digital source meter
under simulated AM 1.5G solar irradiation at 100 mW cm−2

(Newport, AAA solar simulator, 94023A-U) in the air. The J−V
characteristics were recorded by reverse scan or forward scan in the
range from −0.1 to +1.3 V with a scan rate of 10 mV s−1. The shunt
resistance (Rsh) of the devices was estimated from the J−V testing
results with a basic diode equivalent circuit model.21 Ultraviolet
photoemission spectroscopy (UPS) measurement was carried out in a
Kratos AXIS Ultra-DLD ultra-high-vacuum photoemission spectros-
copy system with an Al Kα radiation source. Tapping mode atomic
force microscopy (AFM) was performed using a Veeco multimode
instrument. SEM images were obtained using an FEI Nova NanoSEM
450. X-ray diffraction (XRD) results were acquired using a Phillips
X’Pert PRO. The electronic impedance spectroscopy (IS) measure-
ment of the devices was carried out under white LED illumination of
10 mW cm−2 with an Autolab frequency analyzer setup, which consists
of an Autolab PGSTAT 30 (Eco Chemie B.V., Utrecht, The
Netherlands) producing a small-amplitude harmonic voltage and a
frequency response analyzer module.

■ RESULTS AND DISCUSSION

In this study, for a systematic comparison of the effect of the
electron-blocking interlayer on the device photovoltaic
performance, a NiO thin film was deposited onto the patterned
FTO with the RMS and spray pyrolysis techniques. Both
methods have been widely used in thin film fabrication (for
details see the Experimental Section). FTO substrates consist of
F-doped SnO2 grains with particle size ranging from tens to
hundreds of nanometers. Owing to the grain boundaries, the
FTO substrate shows a rough surface. FTO glass was selected
due to the requirement of a high-temperature process for the
spray method. Parts a and b of Figure 1 present SEM images of
the NiO layer on FTO substrates fabricated with the RMS and
spray pyrolysis methods, respectively. Due to a very small
thickness (about 50 nm), the NiO thin layer surface
morphologies predominantly replicate the underlying FTO
relief morphology, except for the wrinkles caused by very small
NiO particles. A further AFM characterization shows that the in
situ deposition processes significantly planarize the anode
surface, evidenced by reducing the root-mean-square roughness
of 27−28 nm for the bare FTO glass to 20−21 and 24−25 nm
for the FTO/NiO sample with the RMS method and spray
pyrolysis method (Figure 1c,d). The presence of crystalline
NiO was confirmed by glancing-angle X-ray diffraction (GA-
XRD). Figure 2 presents the XRD for both NiO films. The
samples were intentionally fabricated onto a flat glass substrate
with a controlled thickness of 100 nm for XRD intensity

comparison. As shown in Figure 2, the characteristic NiO
reflections are clearly visible. The sputtered NiO layer exhibits a
more preferential in-plane orientation of the (200) plane. It is
noted that sputtered NiO shows better crystallinity (Figure 2)
and greater grain size (Figure S1, Supporting Information) than
sprayed NiO.
NiO films with different thickness from 10 to 100 nm were

deposited for comparison. As shown in Figure 3, the NiO layers

with 10−50 nm thickness were found to be highly transparent
(>75%) in the range from 450 to 750 nm. The high
transparency allows a large photon flux to reach the
CH3NH3PbI3 layer for photocurrent generation. However, it
was found that the devices with a 10 nm sputtered NiO
electrode interlayer showed reduced photovoltaic performance
(Table S1, Supporting Information), which might be caused by
the unsatisfactory coverage of the thin NiO film (∼10 nm) on
the FTO substrates. It was further found that the intrinsic
photon absorption by NiO was likely to be the dominant factor
affecting the device performance when 50 and 100 nm thick
sputtered NiO was used. Therefore, we chose the sputtered
NiO film with 50 nm thickness for device fabrication in the
following discussion.

Figure 2. Glancing-angle X-ray diffraction patterns of 100 nm thick
NiO films grown on flat glass substrates with RMS (red curve) and
spray pyrolysis (black curve) methods. Features are labeled with the
corresponding (hkl) reflections of cubic-phase NiO.

Figure 3. Optical transmission spectra of NiO films grown on FTO
with RMS and spray pyrolysis methods. The black curve was obtained
with the FTO glass.
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UV-ozone (UVO) treatment for 3 min can modify the work
function and surface wetting properties of the NiO layer.16

Figure 4 depicts the onset (Ei) and cutoff (Ecutoff) energy
regions in the UPS spectrum (He I) for the FTO/sputtered
NiO and FTO/sprayed NiO samples before and after UVO
treatment. As shown in Figure 4a, the work function (φ) of
sputtered and sprayed NiO interlayers before UVO treatment
was estimated to be 4.9 and 5.5 eV (vs vacuum) with the
equation φ = 21.21 − (Ecutoff − Ei). The valence band (VB)
maximum of NiO is reported to be 0.4 eV below the hole Fermi
level (Ef) of this semiconductor.22,23 The VB energy difference
of sputtered and sprayed NiO might be ascribed to the effect of
vacuum annealing of sputtered NiO. This procedure makes
NiO highly defective with oxygen vacancies, resulting in the
Fermi level position of the oxide moving away from the valence
band maximum and decreasing the work function.24 Therefore,
the VB energy levels of sputtered and sprayed NiO can be
estimated to be −5.3 and −5.9 eV, respectively. These values
indicate that hole injection from the CH3NH3PbI3 into the
sprayed NiO sample might not be efficient due to a VB at −5.4
eV for the light absorber (Figure S2b, Supporting Information).
Interestingly, the UVO treatment induces an obvious shift of
the NiO layer VB with respect to the CH3NH3PbI3 to a
matched level (φ = ∼4.68 eV, VB at ∼−5.08 eV) by doping of
surface oxygen defects and surface cleaning.25,26 Figure S2b
diagrams the energy level of each individual functional layer.
The conduction band (CB) (−3.9 eV) and VB (−5.4 eV) edge
energy levels in CH3NH3PbI3 exhibit good alignment with the
LUMO level of PCBM (−3.9 eV) and the VB of NiO (−5.1
eV), respectively. The holes transfer from the CH3NH3PbI3
layer to the Ni2+ vacancy-based (excess O) hole-conducting
NiO band. However, the highly defective oxygen vacancies

would cause the Fermi level position of NiO to move away
from the valence band maximum, which would minimize the
energy level difference between NiO and perovskite. A tiny
energy loss for charge carrier (electron and hole) transfer at the
CH3NH3PbI3/PCBM and NiO/CH3NH3PbI3 interfaces can
enhance the photovoltage output. Meanwhile, NiO is a wide
band gap material with a CB edge level around −2.1 eV, which
is much higher than that of CH3NH3PbI3 at around −3.9 eV;
thus, injection of an electron from CH3NH3PbI3 into NiO is
not energetically favorable.
The electron-blocking function of the compact NiO layers in

the devices was first investigated by fabrication of a group of
NiO/CH3NH3PbI3/PCBM planar solar cells under identical
conditions, except the NiO compact layers. A reference cell
without a compact NiO layer was also fabricated for
comparison. The NiO layer was first evaluated in devices
with CH3NH3PbI3 formed with a conventional solution-
processed method.18 Figure S2a (Supporting Information)
illustrates a device with the FTO/NiO/CH3NH3PbI3/PCBM/
BCP/Au configuration. The J−V curves of devices from each
group are shown in Figure 5a, and the corresponding
photovoltaic parameters are summarized in Table 1. The
device without a blocking layer yielded low photovoltaic
performance along with negligible Jsc, Voc, and FF as shown in
Table 1. This was caused by the intimate contact between the
FTO and perovskite and/or PCBM. In contrast, after a
blocking layer was introduced, for example, by spray pyrolysis,
the device’s performance was significantly improved, exhibiting
a Jsc of 11.46 mA cm−2 and Voc of 0.98 V together with an FF of
0.43, indicating the importance of the electron-blocking layer in
the device. The performance was further improved by using
sputtered NiO layers. The device with a sputtered NiO

Figure 4. UPS spectra in the onset (Ei) and the cutoff (Ecutoff) energy regions of the surface measurement for the glass/FTO/sputtered NiO (black
curve) and glass/FTO/sprayed NiO (blue curve) substrates (a) and the UVO-treated samples (b).

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am507108u | ACS Appl. Mater. Interfaces 2014, 6, 22862−2287022865



compact layer showed simultaneous improvement in all
parameters, with a high Jsc of 12.93 mA cm−2, a high Voc of
1.05 V, and a good FF of 0.45, resulting in a decent PCE of
6.13%. The performance improvement gave direct evidence of
sputtered NiO as an outstanding electron-blocking layer in the
NiO/CH3NH3PbI3/PCBM planar structure device. Compared
to the reported data on this structure, the device in this study
showed a relatively low fill factor. Detailed investigation found
that the limited photovoltaic performance could be due to poor
CH3NH3PbI3 film formation upon the NiO substrate and
surface coverage as shown in Figure 6a, which causes a shunting
path in the devices. From the cross-sectional SEM image of the
CH3NH3PbI3 film on NiO (Figure 6c), we can see a rough
layer with accidented grains, which has a significant influence
on the PCBM coverage.
Therefore, a solvent-engineering technology was introduced

to gain further insight into the importance of a morphology-
and crystallization-compatible interlayer toward performance in

planar devices.27,28 The solvent-engineering technology highly
improved the photovoltaic performance of devices with a
sputtered NiO electrode. Figure 6b presents the SEM image of
the top view of CH3NH3PbI3 fabricated with solvent-engineer-
ing technology (see the Experimental Section), showing a high
surface coverage and uniform film compared with that obtained
by the conventional solution-processed method. It is well-
known that the crystal growth and aggregation of CH3NH3PbI3
during the spin-coating process coarsen the films on the
substrate and may degrade the devices’ performance or result in
device failure. Seok et al. have shown the important role of
solution processing in the realization of highly efficient
perovskite solar cells.29 We found in this study that
dispensation of toluene onto the rotating film at a high
spinning speed of 5000 rpm during the solvent (DMF)
evaporation process can be helpful for CH3NH3PbI3 crystal
formation in a short time regime and inhibition of the
coarsening of the crystals. Figure 5a presents the devices’

Figure 5. J−V curves (a) and IPCE spectra (b) of devices with (■) FTO/sputtered NiO/CH3NH3PbI3(W)/PCBM/BCP/Au and (▲) FTO/
sprayed NiO/CH3NH3PbI3(W)/PCBM/BCP/Au. Histograms c and d show the efficiencies of different cell groups measured from 21 devices. The
open symbols (△, □) are for the corresponding devices with conventional solution-processed CH3NH3PbI3. W indicates a CH3NH3PbI3 film
prepared with the solvent-engineering process.

Table 1. Photovoltaic Parameters of the NiO/CH3NH3PbI3/PCBM Planar Solar Cells

blocking layer solution process Voc (V) Jsc (mA/cm2) FF PCE (%) Rsh (Ω cm2) Rs (Ω cm2)

sputtered NiO normal one-step process 1.05 12.93 0.45 6.13 5432.2 315.5
sprayed NiO 0.98 11.46 0.43 4.88 4449.1 468.9
none 0.39 1.03 0.22 0.09 3955 5576
sputtered NiO solvent-engineering technology 1.10 15.17 0.59 9.84 57244 85.5
sprayed NiO 1.01 13.54 0.54 7.39 35860 241
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photocurrent−voltage curves under 100 mW cm−2 AM 1.5G
simulated irradiation. It was found that the device with a
sprayed NiO layer displayed a Jsc of 13.54 mA cm−2, an FF of
0.54, and a Voc of 1.01 V, achieving a PCE of 7.39%. The
sputtered NiO device presented a Jsc of 15.17 mA cm−2, a Voc of
1.1 V, and an FF of 0.59, producing a PCE of 9.84%. The
device photovoltaic performance showed a minor difference
between the reverse scan and forward scan. As indicated by the
histograms in Figure 5c,d, the devices based on sputtered NiO
exhibited a better performance than the devices based on
sprayed NiO as determined for 21 devices. The PCEs of
sprayed-NiO- and sputtered-NiO-based planar devices can be
easily pushed to around 7% and 10% (summarized in Table 1).
Therefore, the solvent-engineering technology for perovskite

formation and a sputtered NiO compact layer are important to
obtain CH3NH3PbI3 planar devices with high performance and
reproducibility. The corresponding incident photon to electron
conversion efficiency (IPCE) spectra of champion cells with
sprayed NiO and sputtered NiO are depicted in Figure 5b.
Compared to the device with sprayed NiO, the device with a
sputtered NiO interlayer exhibited higher IPCE values in the
range from 400 to 800 nm. The photocurrent integrated from
the IPCE spectra gives a current density of 12.94 mA cm−2 for
the sprayed-NiO-based device and 14.41 mA cm−2 for the
sputtered-NiO-based device, respectively, which are in agree-
ment with the measured photocurrent density. The IPCE can
be expressed as IPCE = ϕinjηLHEηCC, where ϕinj is the charge
injection efficiency, ηLHE is the light-harvesting efficiency, and

Figure 6. Top-view and cross-sectional SEM images of the CH3NH3PbI3 perovskite film surface prepared by the conventional one-step precursor
deposition method (a, c) and solvent-engineering one-step precursor deposition method (b, d). The ratio of surface coverage for images a and b
estimated by ImageJ software is estimated to be approximately 67% and 96%, respectively.

Figure 7. Leakage current test of the simplified device structure: (a) FTO/electron-blocking layer/PCBM/Au electrode and (b) FTO/
CH3NH3PbI3/PCBM/hole-blocking layer/Au electrode.
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ηCC is the charge collection efficiency. Since the absorption
(related to the light-harvesting efficiency) of CH3NH3PbI3 films
for both devices and the energy level difference (related to the
charge injection efficiency) between the charge-carrier-selective
layers (i.e., NiO and PCBM layers) and the CH3NH3PbI3 film
are almost identical (see Figures S2 and S3, Supporting
Information), the enhanced IPCE for devices using a sputtered
NiO layer could be attributed to an augmented charge
collection efficiency. This is correlated with the better interface
consistency of sputtered NiO. The shunt resistance (Rsh)
obtained by fitting the J−V curve with the class diode model
was estimated to be much higher for the device with a sputtered
NiO layer (57 244 Ω cm2) than that of the sprayed-NiO-based
device (35 860 Ω cm2), indicating an efficient suppression of
interfacial charge recombination at the NiO/CH3NH3PbI3
interface.
To further evaluate the role of the blocking layer in this

device configuration, the leakage current test was carried out on
several devices by reducing the functional layers. As shown in
Figure 7, the electron-blocking layer (NiO) and hole-blocking
layer (BCP) were certified to forcefully suppress carrier leakage
in the interfacial charge transfer process compared with the
samples without a blocking layer. Clearly, the sputtered NiO
compact layer shows a relatively lower leakage current value
than the sprayed NiO layer. A diode-like behavior can be clearly
seen for whole devices in the contrast experiment in Figure 7b.
The (reverse bias) saturation current density (Jo) of the cell
with a BCP layer is significantly lower than that of the device
without, thereby leading to a larger open circuit voltage (Voc) of
the device with a BCP hole-blocking layer, which is deduced
according to the diode equivalent circuit model. All these
results illuminate the importance of the EBL and HBL for
efficient perovskite planar solar cells and reveal that the
sputtered NiO compact layer works very effectively, which is
related to comprehensive improvement of the devices.
Electronic IS measurement was further performed to

investigate the interfacial charge transfer processes. Figure S4
(Supporting Information) presents the Nyquist plots of the
sprayed NiO/CH3NH3PbI3(W/O)/PCBM/BCP/Au device
and sputtered NiO/CH3NH3PbI3(W)/ PCBM/BCP/Au de-
vice at a bias of 0.6 V under illumination as an example. The
resulting frequency analysis shows two separated semicircles in
the Nyquist diagram. In the IS measurements under
illumination, when the applied bias (=0.6 V) is less than the
open circuit voltage, the photogenerated hole transfers from
CH3NH3PbI3 to NiO and electrons transfer from CH3NH3PbI3
to PCBM and eventually reach the FTO contact. In order of
increasing frequency, these arcs are attributed to (i) the charge
transfer process at the NiO/CH3NH3PbI3 interface in the high
frequency range (from 4 MHz to 200 Hz) and (ii) frequency-
depended discrete impedance in the low frequency range (from
200 to 0.1 Hz). The impedance response in the low frequency
range can be related to CH3NH3

+ polarization and trans-
portation.30−32 Figure S4 shows a simplified model for the
junction cells based on NiO, including the charge transfer
process on the blocking layer interface and charge transport and
recombination within the CH3NH3PbI3 layer. Figure 8a shows
the series resistance (Rs) as a function of the bias. A lower Rs is
obtained for the sputtered NiO/CH3NH3PbI3(W)/PCBM/
BCP/Au device, suggesting that the sputtered NiO interlayer is
efficient in charge transportation. The lower Rs might be
attributed to the augmented short current and fill factor of this
device. Figure 8b presents the recombination resistance (Rrec)

for the charge transfer process at the NiO/CH3NH3PbI3
interface by fitting the impedance data. It is clear that the
sputtered NiO/CH3NH3PbI3(W)/PCBM/BCP/Au device dis-
plays a larger Rrec than the sprayed NiO/CH3NH3PbI3(W/O)/
PCBM/BCP/Au device, indicating that the interfacial charge
recombination process is slower in the former. It is well-
accepted that a reduced interfacial recombination could result
in an improvement in device photovoltage.33 Consequently, the
IS measurement results suggest that the optimized perovskite
layer and sputtered-NiO-selective electrode convincingly
improve the device’s performance.

■ CONCLUSION
In conclusion, the sputtered NiO electrode is applied for planar
perovskite solar cells. A champion efficiency up to 9.84% has
been demonstrated in cooperation with a solvent-engineering
perovskite formation method. The underlaid sputtered NiO can
efficiently block the NiO/CH3NH3PbI3 interlayer electron
from recombination, facilitate the formation of uniform surface
morphology, and improve the high-class device’s reproduci-
bility. In addition, the solvent-engineering CH3NH3PbI3
formation method distinctly improved the active layer domains
with homogeneous surface coverage and uniform interlayer
morphology. The comprehensive information shows us a
method to fabricate efficient NiO electrode interlayer/organo-
metallic perovskite planar solar cells and an intuitional insight
into the importance of a morphology- and crystallization-
compatible interlayer toward a high-performance perovskite
solar cell.
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Nazeeruddin, M. K.; Graẗzel, M. Impedance Spectroscopic Analysis of
Lead Iodide Perovskite-Sensitized Solid-State Solar Cells. ACS Nano
2014, 8, 362−373.
(33) Xu, X.; Zhang, H.; Cao, K.; Cui, J.; Lu, J.; Zeng, X.; Shen, Y.;
Wang, M. Lead Methylammonium Triiodide Perovskite-Based Solar
Cells: An Interfacial Charge-Transfer Investigation. ChemSusChem
2014, 7, 3088−3094.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am507108u | ACS Appl. Mater. Interfaces 2014, 6, 22862−2287022870


