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A nickel oxide (NiOx) hole transport layer was made from nickel oxide powder by a simple process and non-stabilizer or chelating agent. We used
ethanol as the main solvent and less than 2% nitric acid as the co-solvent. The formation reaction mechanism of the NiOx thin film was also
studied. Perovskite solar cells (PSCs) with an optimum thickness of 70 nm exhibited a power conversion efficiency as high as 12.99%, which is
superior to those of PSCs with their counterparts. The moisture stability of NiOx-based devices (non-encapsulated) remained above 70% of their
initial output after 700 h storage at ambient conditions. © 2022 The Japan Society of Applied Physics

Supplementary material for this article is available online

S
ince being discovered by Park in 2012,1) organic–
inorganic halide perovskite solar cells (PSCs) have
triggered rapid development and much attention

because of their potential to more developed relatively low-
cost processing, up-scale applicable, and having two well-
known conventional n-i-p and inverted p-i-n structures.2–4)

Both structure-based devices use organic materials such as
2,2′,7,7′-tetrakis[N,N-di(4-methoxyphenyl)amino]−9,9′-spir-
obifluorene (spiro-OMeTAD) and polymer poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) as the hole
transport layers (HTLs), which are high-cost and
low-stability.5,6) Thus, inorganic HTL materials attract more
attention to replace the organic HTLs due to superior hole-
mobility and outstanding stability. Inorganic p-type semi-
conductor materials such as CuI, CuSCN, and NiOx have
been developed as HTL in PSCs to solve these problems.7–11)

Among inorganic HTL, nickel oxide (NiOx) is the most
prominent and attractive HTLs mentioned above because it is
relatively inert and intrinsically p-type with a wide bandgap
(3.15–4.3 eV).9–14) Typically, NiOx thin film is made by sol-
gel from nickel salts such as nickel acetate, nickel nitrate, and
nickel acetylacetonate.9,15–21) However, those sol-gel techni-
ques are time-consuming and require a stabilizer or com-
plexing agents such as ethanolamine that can have high sheet
resistance, resistivity, low conductivity, and low carrier
concentration.21–24) Previously, Akhtaruzzaman and collea-
gues25) produced NiOx powder particles with a diameter of
100 nm or bigger by green synthesis. In terms of PSC
application, these bigger NiOx particles cannot be a suitable
candidate as the solely HTL because inadequate surface
coverage and electron blockage leads to perovskite penetra-
tion into FTO-substrate and makes a short circuit. Therefore,
it is important to make NiOx particles as a compact and dense

thin film for HTL application in PSCs, which has not been
studied in-depth and used as an HTL solely for PSCs
applications.
In this work, a compact NiOx thin film has been success-

fully synthesized from nickel oxide powder using a simple
solution mixture between low content nitric acid as a co-
solvent and ethanol as the main solvent and applied as the
HTL for inverted PSCs. The inverted p-i-n structure-based
device was chosen due to relatively low process temperature
and is widely open to making a tandem solar cell with
conventional low-bandgap p-type photovoltaics.26–29) The
reaction mechanism of the formation NiOx thin film was also
investigated. NiOx thin films showed a favorable energy level
with perovskite film, most importantly low-cost and environ-
ment-friendly synthesis capabilities. The HTL exhibits a high
crystallinity, suitable optical properties, good performance,
and good stability of inverted PSCs.
Metal oxides are immiscible in water or other solvents with

similar to water properties such as alcohol. Thus, to solve
NiOx powder, nitric acid was added and followed with heat
treatment at 85° for about 10 min. This treatment can ionize
the NiOx into Ni2+ and react with NO3

− and water molecules
to form complex compounds that dissolve in ethanol. Besides
being the main solvent, ethanol also reduces surface tension
so that the solution can stick to the substrate more. Figure 1
shows the few steps of the NiOx thin-film making process
from NiOx powder. In the solving process, the reaction would
only happen if assisted by heating and made an azeotrope
compound with nitrate and water molecules. This process
was marked by color changing from a black powder into a
green solution. NiOx powder was dissolved in nitric acid and
water molecules to make some ionic complex compounds. At
this point, the nickel complex molecule was surrounded by

015504-1 © 2022 The Japan Society of Applied Physics
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ethanol molecules as its solvent. Besides solvation interaction,
there is also hydrogen bonding between water and ethanol.30)

This phenomenon was easily recognized when the color was
changed and easily dissolved in ethanol and recorded by a
UV–vis spectrophotometry peak shift from 394 nm to 399 nm,
as shown in Fig. 2(a). Furthermore, this solution was deposited
on FTO and followed by annealing to obtain NiOx thin films.
Finally, nickel ion underwent an oxidation reaction or

condensation and formed NiOx. These reactions were matched
with Boetcher et al.,31) which explains the reactions of metal-
oxide synthesis from metal-nitrate in detail. However, the
reactions in this research were divided into three stages, the
first is the dissolution reaction, the second is the nitrate thermal
decomposition, and the last stage is the metal oxide formation
stage. Overall, the NiOx thin film synthesis was described as
using the following reactions:

Fig. 1. (Color online) (a) NiOx powder (b) NiOx powder dissolving process with nitric acid and heat, (c) appearance of NiOx solution after diluted with
ethanol, (d) illustration of NiOx solution deposited on FTO glass by spin-coating, (e) annealing illustration of NiOx thin film.

Fig. 2. (Color online) (a) The UV–vis spectra for NiOx in nitric acid and nitric acid with ethanol, (b) NiOx thin film appearance after annealing, (c) top view
SEM image of NiOx thin film, and (d) cross-sectional SEM image of NiOx thin film on FTO.

015504-2 © 2022 The Japan Society of Applied Physics
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Dissolution Reaction:
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Nitrate Thermal Decomposition:
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2 2
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
+ +
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Metal Oxide Formation:

Ni OH aq NiO s Z H O g 5x x 2( ) ( ) ( ) ( ) ( ) +

Ni H O NiO s Z H O g 62 z
x

x 2[ ( ) ] ( ) ( ) ( ) ++

After annealing, the NiOx thin film shows as dense and
compact, as shown in Figs. 2(b)–2(d). Moreover, NiOx thin
film’s optical properties were also conducted by spectrophot-
ometer at elevated temperature. Figure S1a (available online at
stacks.iop.org/APEX/15/015504/mmedia) shows the UV–Vis
absorbance spectrophotometer of the NiOx thin film at 250 °C,
350 °C, 450 °C, and FTO showed no absorbance along the 400–
1100 nm area that indicates almost all the light in the 400–
1100 nm area was penetrated through the films. Only the 250 °C
annealing temperature shows low absorbance at 400–1100 nm
area. In Fig. S1b, all films exhibited a more than 50%
transmittance value below 350 nm and dropped significantly
on the band edge, indicating good film crystallinity.
Furthermore, by calculating and plotting the absorbance data
to transmittance, it is clearly seen that the bare FTO itself has
absorbed the light less than 20%. At elevated temperatures,
350 °C and 450 °C show that the percentage transmittance of
350 °C and 450 °C are close to the FTO transmittance value. It
indicates that NiOx thin films at 350 °C and 450 °C have only
slightly absorbed the light and demonstrates an insignificant
transmittance value of 350 °C and 450 °C. On the other hand, at
250 °C, the annealing temperature showed no more than 70% in
400–1100 nm. This low transmittance is caused by carbon
residue from incomplete combustion or oxidation reaction
from the organic precursor. In Fig. S1c, the absorption coeffi-
cient (α) at elevated temperatures was also determined from
absorbance or transmittance data using the derivation of the
Lambert–Beer’s equation. The absorption coefficient calculated

using this equation shows NiOx has a high absorption coefficient
(α) of more than 105, indicating NiOx can easily absorb the
photons and is suitable as a p-type semiconductor. This value is
also comparable with Ref. 32. Furthermore, in Fig. S1d, bandgap
energy also can be determined by extrapolation of absorption
coefficient data that is plotted into Tauc’s equation
(αhν=A(hν-Eg)

1/2), where A is a constant and hν is the incident
photon energy. The bandgap energy of elevated temperature
shows 3.31 eV for annealing temperatures of 250 °C, and
3.38 eV for annealing temperatures of 350 °C and 450 °C. In
comparison, the NiOx control shows high transmittance and has
a bandgap of 3.20 eV. However, all of this bandgap energy was
suitable to perovskite of 1.15 eV33) as an active layer deposited
on the NiOx thin film. Figure S4 shows the optical properties of
NiOx thin films at elevated temperatures. The NiOx thin film was
characterized by XRD and XPS. The NiOx XRD pattern was
matched with NiOx standard (ICDD #00–078–0643) at
2θ= 37.29°, 43.37°, and 62.96° as shown in Fig. 3(a). And
confirmed by XPS spectra Ni(2p) in Fig. 3(b) and XPS spectra
for O(1 s) Fig. 3(c). Figure 3(b) shows Ni(2p3/2) region that
exhibits two peaks around 850 eV and 855 eV that indicates
Ni3+ and Ni2+, respectively. Moreover, in Ni(2p1/2), the region
also shows two peaks representing Ni3+ and Ni2+ around
870 eV to 874 eV. This phenomenon indicates that the NiOx

thin film contains not only Ni2+ compounds but also Ni3+

compounds. Figure 3(c) shows O(1 s) spectra that show two
peaks around 530 eV to 532 eV for octahedral bonding config-
uration, hydroxyl groups/adsorbed water, and a peak at 529 eV
shows oxygen bonding with Ni2+.34) After obtaining the
optimum condition for the synthesis of the NiOx thin film, the
next step was making inverted PSCs. Thus, it is crucial to find
out the optimum thickness of NiOx as an HTL to obtain the best
performance devices. In order to control the thickness, NiOx

deposition was repeated several times. For the first deposition
time, repetition of deposition has an approximate thickness of
23.20 nm with an average PCE of 5.49% and a maximum of
7.63%. The working device indicated that the FTO was covered
by the NiOx thin film even in a very thin layer. However,
because there were some uncovered FTO areas by NiOx, it can
cause perovskite contact directly with the FTO and cause a short
circuit. Moreover, even though NiOx covered some FTO areas,
the NiOx layer was too thin, making the electron blockage
ineffective. These conditions were causing the solar cells to have
a low performance. The NiOx thin film begins to cover the FTO
surface completely when increasing repeat deposition completely
from second to fourth deposition repetition. The performance
was also enhanced, it is marked in increasing the JSC, VOC, and

(a) (b) (c)

Fig. 3. (Color online) (a) XRD pattern of NiOx thin film, and (b) XPS spectra of Ni (2p) and O (1 s) region of NiOx thin film after annealing.
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PCE values. At four times deposition repetition, the thickness
was approximately 70.52 nm with JSC, VOC, FF, and PCE at a
reverse scan direction of 20.52 mA cm−2, 0.85V, 0.74 12.99%,
respectively. The FTO surface was well covered by the NiOx

thin film. Furthermore, repetition deposition for the fifth and
sixth times exhibits a decreasing maximum PCE from 12.14% to
10.20%, respectively. The decrease of PCE was because of the
increasing series resistance due to the increased thickness,35) and
the NiOx thin film’s thickness was higher than its Debye length,
thus increasing its insulation properties. At some point, its

electrical properties become insulators or bulk-like
properties.36) On the other hand, due to the high NiOx absorption
coefficient, increasing the thickness of NiOx also reduces the
light that passes through the NiOx, and less light can be produced
as current. Moreover, increasing the NiOx thickness also shifted
the bandgap of NiOx that can slightly mismatch the bandgap
value with the perovskite layer, as shown in Fig. 4. Moreover,
Fig. 5(a) shows the optimum condition, with JSC, VOC, FF, and
PCE at a reverse scan direction of 20.52 mA cm−2, 0.85 V,
0.74, and 12.99%, respectively. Meanwhile, Fig. 5(b) shows the

(a) (b)

Fig. 4. (Color online) (a) Device structure of the inverted perovskite solar cells (PSCs), and (b) the energy band level diagram of the various layers in the
PSCs.

(a) (b)

(c) (d)

Fig. 5. (Color online) (a) J–V curves, (b) the IPCE spectrum of the best performing inverted PSCs using NiOx powder with NiOx reference. (c) steady-state
efficiency, and (d) air stability of inverted PSCs using HTL from NiOx thin films.
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incident photon-to-electron conversion efficiency (IPCE) exhi-
bits a relatively high quantum efficiency in the visible region and
shows an integrated current density of 20.15 mA cm−2, closely
matching the measured JSC values of 20.52mA cm−2.
Moreover, in Fig. 5(c), the steady-state photocurrent output of
NiOx powder also exhibited stable performance as NiOx

reference for 160 s at the maximum VOC of 0.85V. In addition,
we monitored the unencapsulated NiOx powder-based device
performance for 700 h to examine the device’s stability. The
devices were stored in a dry ambient environment with 30%–

40% relative humidity as shown in Fig. 5(d).
In conclusion, the NiOx thin film was successfully synthesized

from NiOx powder and applied as an HTL by a simple process
using ethanol as the main solvent and nitric acid of less than 2%
as the co-solvent, then applied as an HTL in inverted PSCs. The
NiOx thin film was deposited on FTO as a thin film by spin
coating at 4000 rpm for 30 s and then annealing at 350 °C for 3 h
under ambience temperature. The NiOx thin film shows good
optical properties and exhibits a PCE of 12.99% with JSC of
20.52mA cm−2, VOC of 0.85V, and FF of 0.74. The thickness of
NiOx on inverted PSCs also exhibits an optimum condition at
four times deposition repetition with a thickness of approximately
70.52 nm. This device also maintains efficiency around 70% of
its initial efficiency.
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