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ABSTRACT: The new emerging organometal trihalide perovskite
holds great potential for high-efficiency, low-cost solar cells because of
its high solar to electricity conversation efficiency (>16%) achieved
within 4 years of research and its low-temperature solution processing.
In this Letter we introduce NiO as the hole-collecting and -conducting
layer in perovskite solar cells. Through a modified sequential deposition
strategy, we successfully fabricated high-quality CH;NH;PbI; onto a
planar NiO layer and built a planar inverted ITO/NiO/CH;NH;Pbl;/
PCBM/Al photovoltaic device. A device efficiency of 7.6% was achieved
with an impressively high open-circuit voltage (V,.) of 1.0S V. Our
study demonstrates the potential application of a deep work function
NiO layer for perovskite solar cells.
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High-eﬂiciency, low-cost solar cells are the everlasting gradually attracting more attention because removal of the
pursuit of photovoltaic research. Very recently, organo- mesoscopic layer simplifies device preparation and reduces
metal halide perovskite has attracted tremendous research materials cost. Many planar device architectures, such as TiO,/
attention because of its potential to realize this goal. First perovskite/spiro-MeOTAD,> PEDOT:PSS/perovskite/Cqp, >
introduced in 2009 by Miyasaka’s group as the sensitizer for and ZnO /perovskite/spiro—MeOTAD,é were reported, with the
dye-sensitized solar cells (DSSCs) using liquid electrolyte,1 best efficiency achieving 15.7%," competing favorably with

organometal halide perovskites gradually evolved to solid-state perovskite solar cells employing mesoscopic layers. One
DSSCs by incorporating triarylam.ine der%vati.ve 212,;7:7,' additional benefit, not yet fully demonstrated in perovskite
tetrakis(N,N-di-p-methoxyphenylamine)-9,9"-spirobifluorene solar cells but widely accepted in traditional thin-film

(spiro-MeOTAD)> or other materials® as the hole-trans-
porting and -collecting layer and finally developed into the
current form of a planar p—i—n heterojunction device
configuration.”® State-of-the-art perovskite solar cells include
sequentially deposited CH;NH;PbI; to sensitize a mesoporous
TiO, electrode and achieved 14.1% certified device efficiency’
and also include a thermally evaporated CH;NH;Pbl;_,Cl
absorber to build 15.4% planar heterojunction solar cells.” This
soaring conversion efficiency, coupled with their simple device
fabrication process, enables the perovskite solar cell to be a very
promlsmg candidate for high-efficiency, low-cost photo-
voltaics.”

Similar to other absorber materials in solar cells, organometal
trihalide perovskite is capable of efficient and balanced electron

and hole transport. Diffusion lengths of more than 100 nm for
CH,NH,PbI,'® and more than 1000 nm for yet been reported. We chose NiO over TiO, because light-

photovoltaic fields, is the reduced heterojunction interface
area in planar devices. For a heterojunction device, the reverse
saturation current is proportional to the junction area;
minimizing the interface area will minimize possible leakage
channels, reduce reverse saturation current density, and
improve device efliciency.

In this Letter, we present the fabrication of planar
CH;NH,PbI; heterojunction solar cells. The device architec-
ture is ITO/NiO/CH;NH;Pbl,/PCBM/Al, where ITO stands
for indium-doped tin oxide and PCBM stands for [6,6]-phenyl-
Cg -butyric acid methyl ester. NiO is a cubic p-type material
with a large band gap widely applied in photovoltaic devices as
a hole-conducting and -collecting layer;'*'® however, the
successful exploration of NiO in perovskite solar cells has not

CH,NH,PbI,_,Cl.'' were reported from a femtosecond induced desorption of surface-adsorbed oxygen on TiO,
transient optical spectroscopy study and transient absorption

and photoluminescence-quenching measurements, respectively. Received: January 9, 2014

As a result, planar heterojunction device configurations are Published: June 18, 2014
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severely degraded perovskite solar cell performance when they
were subjected to long-term sunlight exposure.'® The
advantages of NiO over previously explored PEDOT:PSS are
its inertness without corrosion to ITO substrates and its deeper
work function, which would promise higher open-circuit
voltages (V,.). In addition, this new inverse device architecture
(from the viewpoint of traditional DSSCs), with holes flowing
to the ITO substrate instead of the traditional device involving
TiO,, where electrons flow to the ITO substrate, will expand
the choice of selection for the integration of perovskite solar
cells with silicon or copper indium gallium selenide (CIGS)
solar cells to build tandem devices and target >40% device
efficiency.® Using an improved sequential deposition strategy,
we successfully deposited high-quality CH;NH,Pbl; film onto
NiO film and obtained a solar conversion efficiency of 7.6%
from this inverse planar heterojunction device. Moreover, due
to the deep work function of the NiO layer (Ez = —5.26 eV), a
high open-circuit voltage (V,.) of 1.05 eV was obtained,
showcasing the promise of using NiO as a hole-collecting layer
in perovskite solar cells.

B EXPERIMENTAL SECTION

NiO Film and CH;NH;l Fabrication. We first prepared
NiO precursor solutions by adding nickel acetate tetrahydrate
(Sinopharm Chemical reagent Co. Ltd., >98%) and mono-
ethanolamine (Alfa) in methoxyethanol (Tokyo Chemical
Industry Co. Ltd,, >99%) and stirring overnight. Precursor
solutions with nickel acetate weight percentages of 1%, 2%, 5%,
10%, and 15% were prepared to fabricate NiO film of different
thicknesses. Prepatterned ITO glass substrates were cleaned by
sequential ultrasonic treatment in acetone, detergent, acetone,
isopropyl alcohol, and acetone and then were treated with UV-
ozone (Seabiscuit-trade) for 30 min. Nickel acetate solution
was spin-coated at 4000 rpm for 30 s on the ITO substrates,
then annealed on a hot plate at 150 °C for 5 min, 250 °C for 10
min, and 350 °C for 60 min, all in air. When naturally cooled to
room temperature, the NiO film was subjected to UVO
treatment in a UV-ozone cleaner for 10 min. Methylamine (33
wt % in ethanol; Alfa) and hydroiodic acid (57 wt % in water;
Alfa) were stirred at 0 °C for 2 h. After the reaction, the solvent
in solution was evaporated with a rotary evaporator. A white
powder, methylammonium iodide, was obtained and sub-
sequently dissolved in ethanol and precipitated with diethyl
ether. This process was repeated three times, and finally the
products were dried at 60 °C in a vacuum for 24 h. A 300 mg/
mL Pbl, solution was prepared by dissolved Pbl, in anhydrous
N,N-dimethylformamide (DMF; Alfa) at 60 °C and stirred for
12 h inside a nitrogen-filled glovebox with oxygen and moisture
levels of <0.5 ppm.

Device Fabrication. All the processes were carried out
inside the nitrogen-filled glovebox. Pbl, film was prepared by
spin-coating a Pbl, DMF solution onto a NiO surface at 3000
rpm for 30 s, baked on a 70 °C hot plate for 1 h, then dipped
into a 10 mg/mL CH;NH;I anhydrous isopropyl alcohol
solution (this solution was preheated to 70 °C), kept at 70 °C
for 45 s, and finally flushed with anhydrous isopropyl alcohol
for 10 s. This film was further baked on a 70 °C hot plate for 20
min to finish the formation of CH;NH,Pbl;. After the
perovskite film cooled to room temperature, a 20 mg/mL
PCBM solution in chloroform was spin-coated on top at 1500
rpm for 30 s. Aluminum electrodes (about 100 nm) were
thermally evaporated (1 A/s) onto the PCBM layers under the
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pressure of 1 X 107 mbar through a shadow mask. The active
device area was 7.25 mm®

Measurement and Characterization. The current
density—voltage characteristics of the devices were measured
using a Keithley 2400 (I-V) digital source meter under a
simulated AM 1.5G solar irradiation at 100 mW/cm?
(Newport, AAA solar simulator, 94023A-U) inside the
glovebox. Ultraviolet photoemission spectroscopy (UPS)
measurement was carried out in a Kratos AXIS Ultra-DLD
ultra-high-vacuum photoemission spectroscopy system with an
Al Ka radiation source.

Tapping mode atomic force microscopy (AFM) was
performed using a Veeco multimode V instrument. Scanning
electron microscopy (SEM) images were obtained using a FEI
Nova NanoSEM 450. X-ray diffraction (XRD) results were
acquired using a Phillips X’Pert PRO. Photoluminescence
spectra were obtained by using an automated spectrofluor-
ometer (FluoMax, Horiba Jobin-Yvon). NiO layer thickness
was obtained by deposition of a NiO layer onto a Si wafer and
measured by ellipsometry (J. A. Woollam Corporation, Alpha-
SE).

B RESULTS AND DISCUSSION

Various approaches were reported to build the NiO film
including pulse laser deposition,"* sputtering,'” and solution
processing;'*'? we chose solution processing here because of
its simple and low-cost fabrication. The planar NiO layer was
first fabricated on the ITO substrate by spin-coating a nickel
acetate (Ni(CH;COO),) methoxyethanol solution and sub-
sequently annealed at elevated temperature in the ambient
atmosphere. Direct deposition of organometal trihalide perov-
skite onto planar NiO is difficult because of the poor adhesion
between perovskite and the NiO layer. Snaith’s group explored
the planar NiO/CH;NH;Pbl; ,ClL/PCBM solar cells and
obtained <0.1% device efficiency due to the very poor
CH;NH;PbI; ,Cl, coverage on the NiO surface.'> We thus
turned to the sequential deposition strategy to circumvent this
challenge, as schematically shown in Figure 1. A Pbl, layer of

Dip-coatingin 70 'C
CH;NH;! IPA solution

Pbl, film

Figure 1. Schematic illustration of the sequential deposition of a
CH;NH;Pbl; layer onto a planar NiO film.

Spin-coating
and baking

r—

Pbl, film

o

glass

180 nm thickness was first spin-coated from a 300 mg/mL
DMEF solution and baked at 70 °C inside a N,-filled glovebox to
evaporate the DMF. Afterward, this warm film was directly
immersed into a 10 mg/mL CH;NH;l isopropyl alcohol
solution (preheated to 70 °C), kept at 70 °C for 45 s, rinsed
with anhydrous isopropanyl alcohol for 10 s, and finally baked
on a 70 °C hot plate for 20 min to complete the CH;NH;PbI;
layer. Under such circumstances, Pbl, worked as a seed layer,
and the poor adhesion of CH;NH;PbI; on the planar NiO layer
was resolved, yielding a shiny black perovskite film.
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Figure 2. Top-view SEM and AFM images of (a, d, g) the NiO film; (b, e, h) a spin-coated Pbl, layer on the NiO film; and (c, £, i) a sequentially
deposited CH;NH;PbI; film on a planar NiO film. Scale bars for all SEM images are 500 nm, and the AFM image sizes are 5 X S ym.
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Figure 3. (a) XRD patterns for the transformation of Pbl, into CH;NH;Pbl,. Insets are the reaction durations at 70 °C. The black curve is the XRD
pattern of Pbl,. (b) Photoluminescence spectra (excited by 600 nm laser) of CH;NH;PbI; film deposited on top of NiO film or quartz substrate.

We first applied SEM and AFM to characterize film
morphology and surface roughness of as-deposited NiO, Pbl,,
and CH;NH;PbI; layers. The results are given in Figure 2. NiO
was produced as the decomposition product of Ni(CH;COO),
in air at elevated temperature. Top-view SEM and AFM studies
revealed that our NiO film was composed of nickel oxide
nanoparticles and the whole film was smooth and crack-free.
AFM analysis showed the average surface roughness of the NiO
film as 2.21 nm. When Pbl, was spun on top, the film
roughness increased to 7.72 nm. This is caused by the
formation of Pbl, crystals (as evidenced in the SEM image) on
top of NiO layer when the solvent, DMF, evaporated away.
Pbl, is a layered compound composed of I-=Pb—I sheets; once
dipped into CH;NH;I isopropyl alcohol solution, CH;NH;I
immediately inserted into the sheet, forming the CH;NH;PbI;
final product. This reaction is driven by the large formation
energy of CH3;NH,;Pbl; and accompanied by significant film
thickness increase due to the growth of large CH;NH,PbI,
grains. As shown in Figure 2c, the film remained crack- and
pinhole-free; moreover, large crystals with dimensions of tens
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to 100 nanometers were abundantly scattered within the film.
Transformation from Pbl, to CH;NH;Pbl; resulted in
significant volume expansion, which diminished cracks and
pinholes, as widely observed in the selenization of copper
indium gallium disulfide nanoparticles into copper indium
gallium diselenide films.”® AFM measurement revealed an
increased surface roughness of 21.2 nm. Such film morphology
is similar to previous reports,”” indicating a comparable quality
of the CH;NH,Pbl; film was obtained from this quick
sequential deposition strategy.

X-ray diffraction measurements were carried out to study the
transformation process, and the results are included in Figure
3a. Before treatment, hexagonal 2H prototype Pbl, was
obtained, as evidenced by the strong (001), (002), and (003)
diffraction peaks. When the Pbl, film was treated with
CH;NH;I for S s, very strong diffraction peaks indexed to
tetragonal CH3;NH;PbI; were observed, although there was
some Pbl, left unreacted. Prolonged treatment to 45 s reduced
the Pbl, diffraction peaks to very small intensities, suggesting
the reaction between Pbl, and CH;NH;I was mostly finished.

dx.doi.org/10.1021/ph5000067 | ACS Photonics 2014, 1, 547—553
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A trace amount of leftover Pbl, was also observed in the
CH;NH;PbI; film produced through alternative approaches.”!
However, this material may not be very harmful because of its
large band gap, just like the ZnS secondary phase in copper zinc
tin sulfoselenide solar cells.”> The grain size estimated from the
Scherrer equation was approximately 75 nm, in good agreement
with previous SEM observations. Previous study showed that
quick conversion from Pbl, to CH;NH,Pbl; occurred only
when Pbl, was deposited into mesoporous TiO, scaffolding;
when Pbl, thin film was involved, this reaction took several
hours to complete at room temperature.” In our case, this
reaction took place at 70 °C. Elevated temperature substantially
speeded up the insertion of CH;NH;I into the Pbl, layer,
completing the transformation within 1 min.

Successful charge transfer from CH;NH;PbI; to NiO is a
prerequisite to make efficient solar cells. We applied photo-
luminescence measurement to study this transferring process,
and the result is shown in Figure 3b. When CH;NH;PbI; was
deposited onto quartz glass, an inert substrate, strong
photoluminescence from CH;NH;Pbl; was observed centered
at around 760 nm, similar to others’ results.” However, when
NiO was employed as the substrate, photoluminescence from
CH;NH;Pbl; deposited from an identical process was
completely quenched. Clearly, free holes (or excitons)
generated in CH;NH;Pbl; upon illumination are extracted
(or dissociated) by the underlying NiO layer, quenching the
band edge photoluminescence. This observation indicates that
NiO is indeed a good hole-collecting layer for perovskite solar
cells.

Now we discuss our planar heterojunction photovoltaic
device. The work function of the NiO layer depends heavily on
the treatment history.'”'® In our solution-processed NiO film,
UV zone (UVO) treatment induced an obvious binding energy
shift, from 16.19 to 15.94 eV (Figure 4a). This translated to a
0.25 eV work function deepening, from 5.03 eV before UVO
treatment to 5.26 eV after UVO treatment. NiO is known to
adsorb carbonaceous species and other atmospheric contami-
nants during storage, which could significantly reduce work
function.'” UVO treatment removed the surface adsorbents,
exposed a clean NiO surface, and hence increased NiO work
function. Our planar photovoltaic device architecture is ITO/
NiO/CH;NH;Pbl;/PCBM/Al, and the corresponding band
diagram and cross-sectional SEM images of the full device are
shown in Figure 4b and c, respectively. NiO has an extremely
deep valence band position at 6.5 eV and a shallow conduction
band located at 2.1 eV relative to vacuum.'* Obviously, NiO
could act as an excellent hole-collecting layer and simulta-
neously block electrons. Upon illumination, electrons and holes
are generated inside the CH;NH;Pbl; absorber layer; electrons
flow to PCBM and are collected by the Al electrode, and holes
are selectively collected by NiO and move to ITO. In the SEM
image, the CH;NH;PbI; layer was measured to be about 300
nm, and the planar NiO layer is hardly discernible because of its
extremely small thickness. Ellipsometry measurement con-
firmed the NiO layer to be 10.2 nm using a 2% Ni(CH,COO),
precursor solution.

Figure S presents device performance statistics of three
batches of our devices and the current density—voltage (J—V)
curves of the best devices. In order to study the effect of the
NiO layer for hole collection in perovskite solar cells, three
batches of devices using different materials including poly(3,4-
ethylenedioxythiophene)—poly(styrenesulfonate) (PE-
DOT:PSS), a NiO layer without UVO treatment (NiO W/O
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Figure 4. (a) Ultra photoelectron spectrum (UPS) results to
determine NiO valence band position and work function. The inset
is the full spectra. (b) Band diagram and (c) cross-sectional SEM
image for our ITO/NiO/CH;NH;PbI;/PCBM device. The NiO layer
is invisible in panel ¢ because of its extremely small thickness.

UVO), and a NiO layer with UVO treatment (NiO with UVO)
were measured and analyzed. For each type of devices, 18 cells
were measured and the data were compiled. For PEDOT:PSS
devices, shirt-circuit current density (J.) is 11.0 + 1.4 mA/cm?,
open-circuit voltage (V,.) is 0.75 + 0.07 V, fill factor (FF) is
0.54 + 0.03, and power conversion efficiency (PCE) is 4.5 +
0.8% . For NiO W/O UVO devices, J,. is 11.8 + 1.8 mA/cm?,
V,.is 0.84 + 0.10 V, FF is 0.45 + 0.05, and PCE is 4.4 + 1.4%;
for NiO with UVO devices, J,. is 13.1 + 1.6 mA/cm?, V,_ is
0.95 + 0.09 V, FF is 0.45 + 0.0S, and PCE is 5.9 + 1.3%. As the
control, the performance of our PEDOT:PSS device is
comparable with the latest literature result’® (V,_ of 0.91 V,
Jic of 10.8 mA/cm? FF of 0.76, and PCE of 7.4%). Clearly,
devices employing a NiO layer all showed significantly higher
Voo being 0.84 + 0.10 and 0.95 + 0.09 V for the NiO layer
without and with UVO treatment, respectively, as compared to
the 0.75 + 0.07 V of the PEDOT:PSS device. PEDOT:PSS has
a low work function of —5.0 eV, and the valence band
maximum (VBM) of CH;NH,PbI, locates at —5.4 V. Such an
energy loss during charge transfer between CH;NH;Pbl; and
PEDOT:PSS accounted for the V,_ deficiency. For NiO with

dx.doi.org/10.1021/ph5000067 | ACS Photonics 2014, 1, 547—553
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Figure S. Statistics of device performance of 18 cells using PEDOT:PSS, a NiO layer without UVO treatment, and a NiO layer with UVO treatment
as the hole-collecting layer: (a) V,, (b) Ji, (c) FF. and (d) PCE. (&) J-V curves of the best devices in the dark and under simulated 100 mW/cm?

AM1.5G illumination.

Table 1. Device Performance Using a UVO-Treated NiO Layer of Different Thicknesses

concentration (%) thickness (nm) V. (V)
1 7.8 0.88 + 0.18
2 10.2 0.94 + 0.10
S 20.5 0.87 + 0.20
10 35.6 0.85 + 0.18
15 48.3 0.83 + 0.17

Joc (mA/cm?) FF PCE (%)
119 + 2.1 0.45 + 0.04 52+ 1.8
13.1 + 1.6 0.47 + 0.04 59+ 13
119 + 1.8 0.41 + 0.05 48 + 1.8
112 + 1.7 0.38 + 0.06 39 £20

63 + 2.0 0.33 + 0.07 33+£20

UVO treatment, the UPS measurement revealed that the Fermi
energy and the VBM resided at —5.26 eV and —6.5 eV,
respectively. Consequently, NiO-based photovoltaic devices
showed higher V. due to minimized energy loss. In addition,
UVO treatment improved the V. and ], of solar cells as
compared to the device employing NiO without UVO
treatment, which was ascribed to the deepened work function
of NiO and the better coverage of CH;NH;PbI; on the treated
planar NiO layer.** Figure Sb shows the J—V curves of the best
device in the dark and under simulated 100 mW/cm?
illumination. The best device has a V. of 1.05 V, a ] of
154 mA/cm? and a FF of 47%, corresponding to an efficiency
of 7.6%.

We further studied the influence of NiO thickness on device
performance. The thickness of the NiO layer was manipulated
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by tuning the weight percentage of Ni(CH;COO), in the
precursor solution and measured by elliposometry. Table 1
summarizes the device performance. Obviously, the 10.2 nm
NiO devices showed the best V_, J,, and FF and hence the
highest PCE. Devices employing a 7.8 nm thick NiO layer had
slightly reduced device performance, while devices using a 48.3
nm thick NiO layer showed substantially deteriorated J,. and
FF, leading to the worst PCE. A thick NiO film absorbs much
incident light but contributes little to photocurrent, reducing
Js it also introduces large series resistance to the device due to
its high resistivity nature, decreasing FF. A thin NiO film, on
the other hand, probably has some voids with the underside of
FTO exposed to CH;NH;Pbl;, which fails to selectively collect
holes efficiently. As a result, a 2% Ni(CH,COO), solution
produced the device with the best overall performance.

dx.doi.org/10.1021/ph5000067 | ACS Photonics 2014, 1, 547—553
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It should be noted that during the reviewing process of this
paper, two similar papers using NiO as the hole collection and
transportation layer were published by the Chen and Guo
groups.”**® They first reported the deposition of CH;NH,PbI,
onto a planar NiO layer through fast spin-coating (8000 rpm)
and built a planar ITO/NiO/CH;NH,;Pbl;/PCBM/BCP/Al
(BCP stands for bathocuproine) device with 7.9% efficiency;
they then incorporated a mesoporous NiO layer into the planar
device and obtained a 9.51% device. They also found the UVO
treatment was beneficial for their device, and the highest V.
they achieved was 1.04 V. These reports further echo our
findings that NiO is indeed a very promising functional layer in
perovskite solar cells.

In summary, we have built efficient perovskite solar cells
using NiO as the hole-collecting layer. Employing a simple and
quick sequential deposition strategy, we successfully fabricated
a high-quality CH;NH;Pbl; absorber onto a planar NiO film.
Through film thickness optimization and UVO treatment, an
inverted planar CH;NH;Pbl; solar cell with a V. of 1.05 V and
efficiency of 7.6% was obtained. Compared with PEDOT:PSS,
NiO has optimal band alignment with CH;NH;Pbl;, leading to
a device with higher V. and better efficiency. Our results
showed the potential of NiO as the hole-collecting layer for
organometal trihalide perovskite solar cells, and higher
efficiency would be expected upon further optimization.
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