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The organic-inorganic hybrid perovskites such as CH,NH,Pbl, have been considered as one of the most promising candidates for
the next-generation photovoltaic materials due to its high absorption coefficient, low exciton binding energy, and long diffusion
length. Herein, we have chosen NiOx as the hole transport material because metal oxides exhibit robust properties in air. We
synthesized the NiOx film by a common sol-gel method. It is found that high-temperature annealing (500°C) is required to
ensure the perovskite solar cell (PSC) with an efficiency over 15%. Low-temperature annealing (100°C) cannot convert the
precursor materials to fully covered NiOx film, while the PSC based on mediate-temperature annealing (300°C) NiOx has larger
resistance and thus lower efficiency. Fortunately, we have found that UV-ozone treatment on the NiOx film can reduce the
resistance of the device based on 300°C annealed NiOx. The champion device can reach 16% efficiency with UV-ozone-treated
300°C annealed NiOx. This work has made it possible to reduce the annealing temperature of the sol-gel NiOx for high-
efficiency PSCs, and it is believed that this simple surface treatment can be further employed in other metal oxide-based

optoelectronic devices.

1. Introduction

The organic-inorganic hybrid perovskite solar cells (PSCs)
have made impressive progress after the first demonstra-
tion of 3.8% power conversion efficiency (PCE) with a dye-
sensitized solar cell architecture in 2009 [1]. The impressive
optoelectronic properties, such as high light absorption
coefficient [2], low exciton binding energy, and long charge
carrier diffusion length [3], have attracted researchers in
the whole world to develop the PSCs. Thanks to the intro-
duction of the solid film structure in the PSCs by Park et al.
and Snaith et al., the record PCE of the PSCs has increased
significantly to 24.2% in 2019 [4-6]. The solid state PSCs
can be divided into two groups which are mesoporous struc-
ture and planar structure. The mesoporous structure requires
a complicated process and high-temperature annealing to
form the porous structure, while the planar structure is

relatively simple and thus attracts much attention in the
field [7-9].

Generally, the planar PSCs have either normal n-i-p
structure with the electron transport layer on the bottom
electrode or inverted structure with the hole transport layer
on the bottom electrode [10]. In this study, we fabricated
the PSCs based on the inverted structure. For this structure,
there are several reports using organic semiconductors such
as PEDOT:PSS [11], Poly-TPD [12], P3HT [13], and PTAA
[14] to push the device efficiency over 16%. However, the
degradation of the organic materials in ambient air makes
the PSCs exhibit a poor stability. Therefore, researchers tried
to employ robust inorganic semiconductors, mainly metal
oxide such as ZnO and NiOx, as the charge-transporting
materials to improve the device stability. There are already
many reports on inverted PSCs based on NiOx. For example,
Islam et al. fabricated NiOx by the sputtering method and the
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PSCs based on the sputtered NiOx show higher PCE and sta-
bility than the PSCs based on PEDOT:PSS [15]. Abzieher
et al. have demonstrated that electron beam-evaporated
NiOx also exhibits higher performance for PSCs with 18.5%
PCE [16]. These two methods are vacuum-related process
which requires the specific equipment. On the other hand,
solution-processed NiOx is relatively simple and can be
available for a researcher in the field. You et al. have reported
that a PSC with a p-i-n structure (glass/indium tin oxide/-
NiOx/perovskite/ZnO/Al) fabricated by solution process
exhibits 16.1% efficiency and high stability in air because
the metal oxides prevent the perovskite from degradation in
air [17]. He et al. have reported a new solution method to fab-
ricate the ligand-free NiOx for PSCs and pushed the device
efficiency to 18.49% [18]. Furthermore, Li et al. have applied
graphene oxide (GO) to incorporate into the NiOx film to
turther improve its conductivity and they made a PSC with
high fill factor over 80% and PCE over 19% [19]. Interface
engineering is another approach to enhance the PCE of the
PSCs. Cheng et al. have recently reported a light-soaking
effect in NiOx-based PSCs due to the surface dipole on the
NiOx film. They introduced an interface modification with
organic small molecules to eliminate the light-soaking effect
and push the PCE over 18% [20]. Surface modification on
the NiOx nanoparticles has been also demonstrated to be
an efficient way to improve the crystallization process of
perovskite and the corresponding device efficiency [21].

Here in this work, we employed a common sol-gel
method to prepare NiOx precursor films on cleaned FTO
glasses. Firstly, we found that the annealing temperature
is critical to form a uniform NiOx layer. From the film
morphologies obtained by a Scanning Electron Microscope
(SEM), it is obvious that low-temperature annealing (100°C)
is not sufficient to form a fully covered NiOx on FTO, and
thus, the perovskite film on it has a large amount of pinholes.
The morphologies of perovskite films on NiOx films with
300°C and 500°C annealing do not exhibit obvious difference.
However, the corresponding PSCs have different JV charac-
teristics. The PSCs based on 500°C annealed NiOx have def-
initely higher photovoltaic parameters, and the PCE of the
device can reach 15.3%. Our results demonstrated that the
PSC based on 300°C annealed NiOx has higher series resis-
tance. Inspired by the previous reports that doping NiOx by
other elements can improve its conductivity, we thereby
applied a simple UV-ozone treatment on the 300°C annealed
NiOx and it is found that the series resistance of the PSC
has been reduced and the champion PCE of this device
has reached over 16%. Although there is only a little
improvement compared to the PSC based on 500°C annealed
NiOx, the advantage of our method is the annealing temper-
ature of the sol-gel NiOx can be reduced to 300°C. It is
believed that this method can be used on other solution-
processed metal oxides not only for solar cells but also for
other optoelectronic devices.

2. Materials and Methods

2.1. Materials. The precursor materials for NiOx sol-gel solu-
tion such as nickel acetate tetrahydrate, monoethanolamine,
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and anhydrous ethanol were purchased from Sinopharm
Chemical Reagent Co. Ltd. Lead iodide (Pbl,), methylam-
monium iodide (MAI), phenyl-C61-butyric acid methyl
ester (PC,;BM), and bathocuproine (BCP) for PSCs were
bought from Xi’an Polymer Light Technology Corp. Anhy-
drous N,N-dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), chlorobenzene (CB), and toluene were purchased
from Sigma-Aldrich.

2.2. NiOx Film Fabrication. The NiOx sol-gel precursor was
prepared by dissolving the nickel acetate tetrahydrate and
monoethanolamine in anhydrous ethanol at 60°C for half
an hour according to previous report [22]. Then, 200 uL
precursor solution was dropped on the cleaned FTO glass
and spin-coated at 4000 rpm for 40 s. Finally, the NiOx films
were annealed at 100°C, 300°C, and 500°C in ambient air for
1 hour to form the NiOx layer. For the UV-ozone treatment,
the 300°C annealed NiOx film was put inside a UV-ozone
cleaner (144A-220, Jelight Co. Inc.) and treated for 15 minutes.

2.3. Perovskite Solar Cell Fabrication. To prepare the perov-
skite precursor solution, Pbl,, MAIL, and DMSO with 1:1:1
mole ratio were dissolved in DMF. Then, the perovskite films
were fabricated by a one-step spin coating process [23]. For
details, the perovskite precursor solution was dropped on
the top of the NiOx films and then spun at 4000 rpm for
40s. During the spinning, 200 yL toluene was dropped on
the middle of the film. Then, the perovskite films were
annealed at 100°C for 10 min in a N,-filled glovebox. Then,
the PC,BM layer was deposited on the top of perovskite by
spin coating its solution (25 mg/mL in CB) at 2000 rpm for
40s. Then, the BCP (1 mg/mL in ethanol) layer was coated
on the top with 2000 rpm for 40s. Finally, the Ag electrode
was deposited on the top with thermal evaporation. The
active area of the solar cell is 0.06 cm”.

2.4. Characterizations. The top view morphologies of the
NiOx layers and perovskite films were obtained by Scanning
Electron Microscopy (SEM, Carl Zeiss). The UV-vis absorp-
tion of the films was conducted on a LAMBDA750 UV/vis/
NIR spectrophotometer. The X-ray diffraction (XRD) pat-
tern of perovskite films was performed on an X’Pert PRO
instrument using Cu Ka (A=0.154nm) radiation. The
steady-state photoluminescence (PL) spectra of the perov-
skite films on different substrates have been measured with
the excitation of 520 nm. The JV characteristics of different
PSCs were measured under standard 1 sun AM 1.5 G illumi-
nation. The external quantum efficiency (EQE) profiles of the
PSCs were measured by the Newport Oriel IQE-200 system
without any voltage bias and light bias. The transient photo-
current curves were obtained on a digital oscilloscope con-
nected to the devices and a 50 Q) resistor.

3. Results and Discussion

The planar p-i-n device structure studied in this paper
has been illustrated in Figure 1(a). As can be seen, the
CH,NH,PbI, perovskite film was sandwiched between the
NiOx layer and the PCy,BM layer. The BCP on the top of
PC,,BM is used to block the transport of holes. As shown
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FIGURE 1: (a) Schematic illustration of the planar PSC architecture; (b) the band alignment and charge carrier transport in the planar PSC.

FiGure 2: The top view morphologies of (a) NiOx annealed at 100°C, (b) NiOx annealed at 300°C, and (c) NiOx at 500°C. The top view
morphologies of perovskite films deposited on (d) NiOx annealed at 100°C, (e) NiOx annealed at 300°C, and (f) NiOx at 500°C.

in Figure 1(b), the perovskite film absorbs the light under
illumination and generates holes and electrons [24]. The
holes will transport from NiOx to FTO electrode, while the
electrons will transport through the PC,,BM and BCP to
the Ag electrode.

In order to investigate the effect of NiOx annealing tem-
perature on the crystallization of perovskite films and thus
the device photovoltaic performance, we firstly conducted
the SEM to study the morphologies of NiOx films with differ-

ent annealing temperatures. As shown in Figure 2(a), the
NiOx film annealed at 100°C has not fully covered the FTO
substrate. There are large amounts of pinholes in the film.
On the other hand, the NiOx films annealed at 300°C and
500°C exhibit similar morphologies and no pinholes in the
films, as can be seen in Figures 2(b) and 2(c).

We further measured the morphologies of perovskite
films deposited on these three NiOx films. Figure 2(d) shows
the perovskite morphology on the NiOx annealed at 100°C. It
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F1GURE 3: The UV absorption profiles (a) and XRD patterns (b) of perovskite films deposited on NiOx annealed at 100°C, 300°C, and 500°C.
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FIGURE 4: (a) The JV curves and (b) EQE profiles of perovskite solar cells based on NiOx annealed at 100°C, 300°C, and 500°C.

is obvious that there are pinholes in the film as labelled
with red circles in the figure. On the contrary, the perov-
skite films on the NiOx annealed at 300°C and 500°C have
the same morphology and they are compact without any
pinholes. Therefore, it can be concluded that 100°C is not
sufficient to obtain a fully covered NiOx film, while 300°C
and 500°C annealing NiOx films have the same effect on
perovskite film formation.

Figure 3(a) shows the UV-vis absorption profiles of
perovskite films on NiOx annealed at 100°C, 300°C, and
500°C, which obviously demonstrate that the perovskite can
be formed on NiOx regardless of the annealing temperature.
However, the perovskite films on 100°C annealed NiOx have
the lowest absorption, while the absorption of perovskite

films on 300°C and 500°C annealed NiOx is the same. In
order to further confirm the effect of NiOx annealing temper-
ature on the crystallization of perovskite films, the XRD pat-
terns of perovskite films have been measured and shown in
Figure 3(b). There is no difference among these three films.
Therefore, the NiOx annealing temperature has negligible
effect on the crystallization of perovskite films.

The JV curves of PSCs based on NiOx films annealed at
different temperature were shown in Figure 4(a), and the cor-
responding photovoltaic parameters are listed in Table 1. It is
obvious that the PSC based on 500°C annealed NiOx exhibits
the highest PCE of 15.5% with a Voc of 1.08V, a Jsc of
20.7mA/cm?, and a FF of 69%. The PSC fabricated with
300°C annealed NiOx has a similar JV characteristic with a
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TasLE 1: The photovoltaic performance of PSCs based on NiOx films annealed at different temperatures.
NiOx annealing temperature (°C) Voc (V) Jsc (mA/cm?) FF (%) PCE (%) Rs (Q cm?) Rsh (Q cm?)
100 0.70 10.9 29 2.3 58.2 100.1
300 1.02 18.8 64 12.3 7.1 1102.7
500 1.08 20.7 69 15.3 6.0 1211.0
UV-ozone (300) 1.08 20.3 74 16.2 5.9 1359.3
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FI1GURE 5: (a) The JV curve of the perovskite solar cell based on 300°C annealed NiOx with UV-ozone treatment. (b) The PL profiles of
perovskite films deposited on quartz, 300°C annealed NiOx with and without UV-ozone.

Voc of 1.02V, a Jsc of 18.8 mA/cm2, a FF of 64%, and a PCE
of 12.3%. As shown in Table 1, the worse device performance
is due to the higher series resistance and smaller shunt resis-
tance. Therefore, the NiOx annealed at 300°C has worse con-
ductivity than that annealed at 500°C. The PSC based on the
100°C annealed NiOx shows an “S-shape” in the JV curve as
reported before, which is believed to be due to the unbal-
anced charge carrier extraction in the device [25].

Inspired by the previous reports that doping the NiOx
films with other elements can further increase the conductiv-
ity of the NiOx films [26, 27], we then employed a simple
UV-ozone to treat the 300°C annealed NiOx films, which is
expected to dope the NiOx films with oxygen [28, 29]. The
PSC based on the UV-ozone-treated NiOx is presented in
Figure 5(a). As can be seen, the FF of the device has been
increased from 69% to 74% after UV-ozone treatment on
the NiOx film annealed at 300°C. As expected, the series
resistance of this device has reduced to 5.9 Q cm?® which is
even lower than that of NiOx annealed at 500°C. The details
of the photovoltaic parameters are listed in Table 1. Our find-
ing is consistent with the most recently reported work that
UV-ozone can improve the performance of PSC based on
NiOx films. The difference of our work is that we have found
that UV-ozone can reduce the NiOx annealing temperature
from 500°C to 300°C. We further performed PL measure-
ment to study the charge carrier extraction behaviour of
perovskite films deposited on 300°C annealed NiOx with

and without UV-ozone treatment. The corresponding results
can be seen in Figure 5(b). As can be seen, the perovskite film
deposited on quartz has the strongest intensity. On the other
hand, the perovskite deposited on the UV-ozone-treated
NiOx has the lowest intensity, indicating that the hole extrac-
tion in the UV-ozone-treated NiOx is the most efficient [30,
31]. The results are consistent with the JV performance of
the device. We further conducted transient photocurrent
measurements on the PSCs based on 300°C annealed NiOx
and UV-ozone-treated 300°C annealed NiOx. The results
are shown in Figure 6. It is obvious that the current decay
is faster in UV-ozone-treated 300°C annealed NiOx than that
in the PSC based on 300°C annealed NiOx, indicating that
the charge carrier transport is faster in the UV-ozone-
treated device, which is in good agreement with PL results.

4. Conclusions

To conclude, we have employed a sol-gel method to fabricate
the NiOx film for perovskite solar cells. It is found that the
100°C annealing is not sufficient to form a fully covered
NiOx film on FTO glass. The 300°C and 500°C annealing
exhibit similar NiOx morphology without pinholes. We fur-
ther found that the perovskite films have the same crystalli-
zation and morphology on NiOx films annealed at 300°C
and 500°C. The device performance indicates that the
300°C annealing NiOx has a bit higher resistance than the
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FiGURE 6: The transient photocurrent curves of the perovskite solar
cell based on 300°C annealed NiOx with and without UV-ozone
treatment.

500°C annealed NiOx. Finally, we applied UV-ozone to treat
the 300°C annealed NiOx and found that the conductivity
has increased after UV-ozone. The device performance also
exhibits enhancement from 12% to 16% after UV-ozone
treatment. Our results demonstrate that the UV-ozone
method may be a promising approach to enhance the device
performance not only for solar cells but also for other opto-
electronic devices based on metal oxides.
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