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A B S T R A C T

Nickel oxide (NiOx) has gained attention as a promising inorganic hole transport layer for perovskite solar cells 
due to its wide bandgap, high transparency, and stability. However, tuning of band alignment by an extra dipole 
layer is necessary to achieve high efficiencies. Our predictive simulations suggest that NiOx bandgap tuning can 
also improve solar cell performance. Motivated by these findings, this study experimentally investigates NiOx 
films with different bandgap fabricated using pulsed laser deposition under varying deposition conditions, 
including oxygen pressure, substrate temperature and laser frequency. Our outcomes show that mainly the 
deposition temperature significantly influences the chemical composition, optical properties, and defect states in 
the NiOx films, lattice constants and morphology as confirmed by X-ray photoelectron spectroscopy, photo
thermal deflection spectroscopy, X-ray diffraction spectroscopy, atomic force microscopy and scanning electron 
microscopy. Experimentally, FA0.83Cs0.17Pb(I0.6Br0.4)3 mixed halide perovskite solar cells were fabricated on 
NiOx substrates prepared under varying oxygen pressures and pulse numbers, achieving a maximum power 
conversion efficiency of approximately 8 %. This demonstrates that NiOx deposited by pulsed laser deposition, 
when properly tuned, is a promising candidate for an efficient hole transport layer in perovskite-based 
photovoltaics.

1. Introduction

Perovskite solar cells (PSCs) have emerged as a revolutionary 
photovoltaic technology due to their remarkable power conversion ef
ficiencies (PCEs) and relatively simple fabrication processes [1–3]. The 
laboratory scale PCEs have boosted from 3.5 % [4] to 26.7 % [5] since 
PSCs inception in 2009. Among the various materials used in PSCs, 
mixed-halide perovskites offer the advantage of tunable optoelectronic 
properties, making them suitable for highly efficient PSCs [6]. However, 
the performance of these solar cells is strongly influenced by the quality 
and optimisation of charge transport layers [7]. The operational effi
ciency of PSCs relies heavily on the effective separation and transport of 

photogenerated charge carriers—electrons and holes—from the perov
skite absorber to their respective electrodes. To achieve this, two critical 
components are incorporated: the electron transport layer (ETL) and the 
hole transport layer (HTL). While the ETL facilitates the movement of 
electrons and blocks holes, the HTL performs the opposite role, allowing 
the selective transport of holes while blocking electron backflow. 
Together, these transport layers enable efficient charge separation and 
reduce recombination losses, which are essential for high-performance 
solar cells [8]. The impact of both ETLs and HTLs is crucial. However, 
the HTL plays a crucial role in extracting photo-generated holes while 
maintaining high transparency [9,10]. Additionally, compared to ETLs, 
HTLs often face greater challenges in balancing conductivity, chemical 
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stability, and compatibility with perovskite layers, especially under 
ambient conditions where degradation can occur.

Thus, the choice of materials for the HTL is essential for the overall 
stability and cost-effectiveness of PSCs. Effective organic HTLs like 
2,2′,7,7′-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′-spiro-bifluor
ene (Spiro-MeOTAD), Poly(3,4-ethylenedioxythiophene) (PEDOT), and 
Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) tend to be 
more expensive and less stable. This makes inorganic alternatives a more 
attractive option for enhancing the longevity and affordability of PSCs 
[3]. Transition metal oxides, such as NiOx CuOx, MoO3, Cr2O3, WO3, and 
V2O5, have been widely used as HTLs because they are intrinsically 
stable under environmental impacts and offer low cost and relatively 
easy fabrication since they can be deposited via solution process. NiOx is 
a p-type semiconductor material that has been increasingly utilised as a 
HTL in PSCs due to its wide bandgap (typically 3.6–4.0 eV), high 
transparency, and suitable energy-level alignment with perovskites 
[11]. NiOx offers improved stability compared to organic HTLs like 
Spiro-OMeTAD, and its performance can be tailored by modifying its 
physical properties during deposition. When compared to other metal 
oxides, NiOx offers a superior combination of stability, hole mobility, 
energy band alignment, transparency, and cost-effectiveness, making it 
an ideal HTL material for perovskite solar cells. Moreover, NiOx has 
minimal reactivity with perovskite layers, reducing the risk of interfacial 
degradation or unwanted reactions that can occur with other metal 
oxides, like MoO3. Recently, inverted PSCs with NiOx have been re
ported as HTL, with a certificated efficiency of 26.08 % and excellent 
long-term stability [12]. Several techniques can be used to deposit NiOx 
layers, including spin coating [13,14], thermal evaporation [13], and 
different types of sputtering [15–17]. However, pulsed laser deposition 
(PLD) offers numerous advantages over these techniques in terms of 
controlling film thickness, composition, and other properties through 
adjustments in deposition parameters such as substrate temperature, 
oxygen pressure, and laser fluence [18]. These parameters can have a 
significant impact on the resulting band gap of the NiOx films, which, in 
turn, influences the performance of PSCs [19].

In this study, we focus on the preparation of NiOx thin films as HTLs 
in PSCs using PLD, investigating their properties through both simula
tion studies and experimental methods. The choice of NiOx as an HTL, 
along with insights gained from simulation, aims to advance the un
derstanding of hole transport in PSCs, thereby contributing to the 
development of more stable and efficient devices. Although this study 
does not focus on optimisation, it seeks to confirm the trends observed in 
the simulation by preparing NiOx films via PLD under different oxygen 
pressures, substrate temperatures, and laser frequencies. The experi
mental results will provide insights into how PLD parameters influence 
NiOx properties and their application as HTLs in PSCs. The prepared 
films are characterised by photothermal deflection spectroscopy (PDS), 
X-ray photoelectron spectroscopy (XPS), X-ray diffraction spectroscopy 
(XRD), Atomic force microscopy (AFM) and Scanning electron micro
scopy (SEM) followed by the fabrication and J-V measurement of PSC 
devices incorporating NiOx as HTL. To determine the optimal conditions 
for fabricating NiOx films for use as HTLs in PSCs, we analysed the ef
fects of temperature, laser frequency, and oxygen pressure during PLD.

2. Experimental methods

2.1. Numerical simulations

To provide further motivation for investigating NiOx films deposited 
under different PLD conditions, a one-dimensional (1D) simulation of a 
FA0.83Cs0.17Pb(I0.6Br0.4)3 mixed halide PSCs with a NiOx as HTL was 
conducted. The simulation uses the Silvaco TCAD device simulator to 
model the performance of p-i-n perovskite solar cells, focusing on opti
mising NiOx parameters. The simulated device structure consists of an 
ITO/NiOx/Perovskite/PCBM/BCP/Ag stack on a 400 nm thick 
FA0.83Cs0.17Pb3(I0.6Br0.4)3 perovskite absorber, doped at 1014 cm− 3, 

where ITO is indium thin oxide, PCBM is metanofullerene Phenyl-C61- 
Butyric-Acid-Methyl-Ester, BCP is Bathocuproine and Ag is silver. The 
front and rear contact consists of ITO/NiOx and BCP/Ag interfaces, with 
work functions of approximately 5.1 eV and 4.0 eV. The objective of the 
simulation study is to examine the impact of NiOx layer thickness, 
ranging from 10 to 100 nm, and energy band gap variations from 3.2 to 
4.0 eV, on the performance of PSCs. For this study, a one-dimensional 
(1D) simulation was executed, incorporating updated models to 
enhance accuracy. This simulation is also simplified based on the 
assumption of solely planar contacts and the negligible contribution of 
the lateral path to current flow. The photovoltaic parameters were 
extracted. A table with the electrical parameters for the various layers in 
the simulation of PSCs is presented in Supporting information 
(Table S1).

The simulation investigated the influence of NiOx band gap and film 
thickness on photovoltaic parameters of PSCs, such as fill factor (FF), 
open-circuit voltage (VOC), short-circuit current density (JSC) and power 
conversion efficiency (PCE).

2.2. Experimental study

2.2.1. NiOx layer deposition by PLD
In the initial phase of the experiment, we applied samples onto 10 ×

10 mm2 glass, fused silica, and silicon substrates to prepare suitable 
specimens for PDS, ellipsometry, XPS, XRD, AFM and SEM measure
ments. The deposition process involved PLD in a chamber evacuated to 
1 × 10− 5 mbar, followed by introducing varying oxygen levels ranging 
from 0.08 to 0.12 mbar while maintaining a continuous oxygen flow of 
10 sccm. The samples were positioned in a heated holder rotating at 5 
rpm and then heated to different temperatures from room temperature 
to 400 ◦C. The target composition was NiO, and it was rotating at 28.9 
rpm and ablated using a KrF excimer laser COMPex 50 with repetition 
rates ranging from 5 Hz to 50 Hz and laser energy set to 125 mJ. Each 
sample received 15,000 pulses, resulting in 40–60 nm thicknesses. All 
the different settings used in the first part of the experiment can be seen 
in Table 1.

The samples were evaluated using a combination of PDS and 
ellipsometry, enabling observation of optical spectra ranging from 1.5 to 
6.5 eV. PDS was conducted in isopropanol with a refractive index of 
1.38.

After the measurements and simulations, the most promising depo
sition combinations were identified, and samples with these parameters 
were prepared. PLD was applied on 20 × 20 mm2 glass substrates with a 
pre-existing patterned ITO layer (14 × 20 mm2). The chamber was 
evacuated to 1 × 10− 5 mbar, after which oxygen was introduced at a 
range of 0.08–0.25 mbar. The substrates were then heated to 25 ◦C, 
200 ◦C, and 400 ◦C to explore a wide temperature range, as these set
tings appeared suitable based on bandgap evaluations. However, it was 
found that at higher temperatures, the perovskite material failed to 
adhere to the surface, making it impossible to prepare perovskite solar 
cells on these samples. Consequently, for the fabrication of the solar 
cells, NiOx layers prepared at room temperature were used.

When considering the repetition rate of the laser, it is important to 
note that higher frequencies lead to greater sub-band gap absorption, as 
seen in Fig. 4. Because of this, a frequency of 5 Hz was ultimately chosen 

Table 1 
Different settings of the pulse laser depositions of NiOx used for the evaluation of 
the effect of temperature, repetition rate and oxygen pressure.

effect of 
temperature

effect of laser 
frequency

effect of oxygen 
pressure

temperature (◦C) 25–400 25 25
oxygen pressure 

(mbar)
0.1 0.1 0.08–0.12

laser frequency 
(Hz)

50 5–50 50
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for all the samples.
Thickness was also a tested parameter, so the number of pulses 

differed from 1000 to 8000, resulting in roughly 8–50 nm thick samples. 
All of the settings used in the first part of the experiment can be seen in 
Table 2.

2.2.2. Fabrication of FA0.83Cs0.17Pb(I0.6Br0.4)3 mixed halide p-i-n 
perovskite solar cell

Patterned ITO substrates were subsequently cleaned in the solvents 
of deionised water, ethanol, acetone, and isopropyl alcohol. Then, the 
hole-transport material NiOx was deposited by PLD at different condi
tions. The perovskite films with the following chemical composition 
FA0.83Cs0.17Pb(I0.6Br0.4)3 were deposited on the NiOx layer. A detailed 

description of the perovskite fabrication process can be found elsewhere 
[20]. Subsequently, the electron transport material [6,6]-phenyl-C 61 
-butyric acid methyl ester (PC61BM, 20 mg/ml in anhydrous chloro
benzene) was deposited on perovskite films by spin coating at 2000 rpm 
for 30 s, followed by spin-coating of buffer layer (bathocuproine, BCP) 
with the concentration of 0.5 mg/ml in 2-propanol on top (4000 rpm, 30 
s). Finally, silver electrodes with a thickness of 120 nm were deposited 
by thermal evaporation.

For details about PDS, ellipsometry, XPS, XRD, SEM, AFM and J-V 
measurement, refer to Supplementary Information.

3. Results and discussion

The simulation results, presented in Fig. 1, demonstrate that 
increasing the bandgap of the NiOx layer from 3.2 eV to 4.0 eV leads to 
substantial improvements in both fill factor and efficiency. This suggests 
that wider bandgap NiOx layers can enhance charge extraction and 
minimise recombination losses at the interface with the perovskite 
absorber. In contrast, the effect of NiOx thickness on solar cell perfor
mance appears minimal, with negligible variations in VOC and a slight 
increase in JSC as the thickness changes from 10 nm to 100 nm.

These simulation findings motivate the need to experimentally 
investigate NiOx films with varying deposition conditions to evaluate 

Table 2 
Different settings of the pulse laser depositions of NiOx further used as hole 
transport layer in solar cell devices.

effect of 
temperature

effect of oxygen 
pressure

effect of 
thickness

temperature (◦C) 25–400 25 25
oxygen pressure 

(mbar)
0.1 0.08–0.25 0,1

number of pulses 2000 2000 1000–8000

Fig. 1. Simulated effect of NiOx bandgap on (a) Fill Factor and Power Conversion Efficiency and (b) Short Circuit Current Density and Open Circuit Voltage in a 
perovskite solar cell and simulated effect of NiOx layer thickness (c) Fill Factor and Power Conversion Efficiency and (d) Short Circuit Current Density and Open 
Circuit Voltage in a perovskite solar cell.
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Fig. 2. Evolution of high-resolution XPS spectra taken in the Ni 2p region for 
NiO PDL films deposited at varying (a) temperature, (b) laser frequency and (c) 
oxygen pressure (at a representative laser frequency of 50 Hz). Eye guidelines 
are given at metal Ni, NiO and Ni(OH)2 contributions.

Fig. 3. Representative high-resolution XPS spectra of NiO PLD film (deposited 
at 25 ◦C, oxygen pressure of 0.1 mbar, and laser frequency of 50 Hz) in C 1s, O 
1s, and Ni 2p regions. Measured spectra are shown in open circles, whereas 
their fittings are shown in red lines. The individual contributions of different 
functional groups are displayed in blue lines.
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their band gap and subsequent impact on solar cell efficiency. In the first 
step of our experimental study, we determined the chemical composi
tion and the oxidation state of Ni of the NiOx films using XPS analysis.

Evolution of high-resolution XPS spectra taken in the Ni 2p region for 
NiO PDL films deposited at varying temperature, laser frequency and 
oxygen pressure (at a representative laser frequency of 50 Hz) in shown 
in Fig. 2. Eye guidelines are given at metal Ni, NiO and Ni(OH)2 
contributions.

In Fig. 3 are shown representative high-resolution XPS spectra of NiO 
PLD film (deposited at 25 ◦C, oxygen pressure of 0.1 mbar, and laser 
frequency of 50 Hz) in C 1s, O 1s, and Ni 2p regions. Measured spectra 
are shown in open circles, whereas their fittings are shown in red lines. 
The individual contributions of different functional groups are displayed 
in blue lines.

Based on the chemical composition (Figs. 2 and 3), we calculated the 
ratio between NiO and other Ni-oxygen species present on the surface of 
NiOx films. The [NiO]/[Ni + NiO + Ni(OH)2 + NiCO3] amount ratio can 
be utilised as a guideline for the dominance of NiO within the thin film 
structure (Table S2). Fig. 4 shows the variation of the ratio [NiO]/[Ni +
NiO + Ni(OH)2 + NiCO3] as a function of deposition temperature, laser 
frequency, and oxygen pressure during PLD. The ratio [NiO]/[Ni + NiO 
+ Ni(OH)2 + NiCO3] increases from about 0.6 to about 0.9 with 
respective increasing temperatures from room T to 400 ◦C. At the same 
time, the variation of laser frequency at constant temperature and ox
ygen pressure does not seem to have a decisive influence on the deter
mined ratio. However, as the oxygen pressure increases from 0.08 mbar 
to 0.12 mbar, the ratio [NiO]/[Ni + NiO + Ni(OH)2 + NiCO3] gradually 

decreases from about 0.7 to 0.6, respectively, with a seemingly limited 
effect of the oxygen pressure and laser frequency as previously noted. 
These findings indicate that we can systematically vary the amount of 
NiO and other Ni-species, such as Ni(OH)2 and NiCO3, through precise 
tuning of the PLD processing conditions.

Scanning electron microscopy was applied to analyse the 
morphology of the NiOx layers. The SEM images presented in Fig. 5 show 
that continuous and conformal NiOx layers are deposited. SEM data 
show that the films have a uniform surface morphology that exhibits 
round features, the diameter of which does not change as a function of 
deposition conditions. The NiOx deposited at high frequency (50Hz) and 
high pressure (0.12 mbar) exhibits some nanocracks of the layer 
observed (Fig. 7). However, no noticeable difference in the diameter of 
the nanocolumns is observed compared to the layer deposited at lower 
frequencies.

The surface roughness of deposited NiOx layers was determined by 
AFM. Fig. 8 shows AFM scans of the NiOx layers deposited at different 
temperatures from 25 to 400 ◦C. The RMS roughness of the layers in
creases almost linearly with increasing the deposition temperature from 
5.2 ± 0.1 nm at 25 ◦C to 12 ± 1.6 nm at 400 ◦C. This is in good 
agreement with SEM results.

In Fig. 9 are presented the measured X-ray diffraction patterns of the 
NiOx films deposited by PLD at different conditions (frequency, pressure 
and temperature, respectively) showing clearly the polycrystalline na
ture of the films.

Fig. 10 shows the fitted XRD patterns of NiOx films deposited at a 
constant pressure of 0.1 mbar, constant frequency of 50 Hz, and varying 

Fig. 4. Ratio between the amount of NiO and other nickel oxygen species (Ni(OH)2 and NiCO3) under varying pulsed laser deposition conditions (a) temperature, (b) 
laser frequency and (c) oxygen pressure, as determined via XPS analysis.

Fig. 5. SEM images of NiOx layers deposited at a constant pressure of 0.1 mbar, constant frequency of 50Hz and different temperatures of 25, 50, 100, 200 and 
400 ◦C, respectively.

Fig. 6. SEM images of NiOx layer deposited at constant T of 25 ◦C, constant pressure of 0.1 mbar and different frequencies: 5, 10, 25 and 50Hz.
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temperatures. All deposited films primarily consist of the NiO cubic 
phase, with a minor trace of metallic Ni. Rietveld analysis of the XRD 
patterns, measured at a fixed small incidence angle, was used to deter
mine the cubic lattice parameter, residual stress in the films, mean 
crystallite size, and microstrain. A summary of these microstructural 
parameters is provided in Table 3 and visualized on the right side of 
Fig. 6.

The peak broadening analysis reveals that microstrain decreases and 
mean crystallite size increases with higher deposition temperatures. 
From the shifts in peak positions, it follows that all films exhibit tensile 
residual stress, which shows no significant dependence on deposition 
temperature. The refined lattice parameter systematically decreases 
with increasing deposition temperature, while remaining above the 
value for stoichiometric bulk NiO. The lattice parameter is influenced 
not only by stoichiometry but also by defect density (microstrain) and 
crystallite size. According to the XPS analysis (Table S2), there is a slight 
oxygen deficiency in NiO that increases with deposition temperature, 
which can affect the lattice parameter. At the same time, the release of 
microstrain and the increase in crystallite size at higher deposition 

temperatures contribute to the decrease in the lattice parameter towards 
the bulk value. These results are consistent with the findings of Fiévet 
et al. [21], who reported that the lattice parameter decreases with 
increasing crystallite size, decreasing microstrain, and the reduction of 
non-stoichiometric excess oxygen. Understandably, the XRD and XPS 
analysis point to different amounts of metallic Ni (but still in the same 
order of magnitude, i.e. not exceeding 3 % for both techniques, Table 3
and Table S2). The slight discrepancies mainly stem from the fact that 
while the XRD measurements are sensitive to the bulk material, the XPS 
is limited to the most outer 7–12 nm. We have to note that to a certain 
extent the presented XPS analysis suffers from the indirect determina
tion of the individual Ni, NiO, Ni(OH)2, and NiCO3 contributions, mainly 
stemming from the complexity of the spectra.

The optical bandgap of NiOx thin films was calculated using the 
absorption coefficient using the Tauc plot method where (αhν)2 was 
plotted over hν. Fig. 11 shows the bandgap variation as a function of 
deposition temperature, laser frequency, and oxygen pressure during 
PLD. The bandgap showed only a weak dependence on temperature, 
decreasing slightly from 3.65 eV at 100 ◦C to 3.5 eV at 400 ◦C. (see 

Fig. 7. SEM images of NiOx layer deposited at constant T of 25 ◦C, different frequency (5Hz, 10Hz and 50Hz) and different pressures.
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Fig. 11(a)). As shown in Fig. 11(b), the bandgap is around 3.8 eV at 5 Hz 
and slightly decreases at 25 Hz. However, a more significant drop occurs 
at 50 Hz, where the bandgap decreases to approximately 3.6 eV. This 
notable shift at higher frequencies suggests that increasing the laser 
frequency introduces more defects or reduces film quality, which 
negatively impacts the electronic properties of the NiOx layer. Inter
estingly, on the surface, we determined that the stoichiometric coeffi
cient in the NiOx films was in the range of 0.92–1.03 (See Table S2), 
close to the expected stoichiometric coefficient of nickel (II) oxide x =
1.0. A clear trend is observed with increasing temperature and a drop of 
the determined stoichiometric coefficient from NiO0.96 to NiO0.92. 
Nevertheless, in all studied cases, we did not observe a rise in the stoi
chiometric coefficient to values of 1.5, indicative of the formation of 
Ni3+ species of Ni2O3 or NiOOH, as suggested by other authors [21]. 
Notably, the main spectral contributions/peaks appear at 852.8 eV, 
854.3 eV and 856.1 eV originating from nickel species of Ni metal, NiO 
and Ni(OH)2, respectively (See Figs. 2 and 3). These fall well apart from 
the expected Ni3+ of Ni2O3 or NiOOH, which should appear at 858.1 eV 
as proposed in the thorough work by Grosvenor et al. As the oxygen 
pressure increases from 0.08 mbar to 0.12 mbar, the bandgap gradually 
increases, reaching up to 3.8 eV at 0.12 mbar. At higher oxygen pres
sures, it is likely that the bulk structure of the film is better oxygenated 
and more stoichiometric, leading to reduced oxygen vacancies and a 
wider bandgap [22]. However, the surface composition (as probed by 
XPS) may show an increasing amount of hydroxides and carbonates, as 
surface reactions with environmental moisture or CO2 can lead to the 
formation of these species. Essentially, while the surface becomes 
enriched in non-stoichiometric species (such as Ni(OH)x and NiCOx), the 
bulk of the film maintain a high predominance of stoichiometric NiO 
species and Ni metal (as proven by XRD), explaining the bandgap 
widening.

Fig. 12 shows the absorption measured using a combination of PDS 
and ellipsometry for NiOx films deposited under varying PLD conditions 
such as deposition temperature, laser frequency, and oxygen pressure.

Sub-bandgap absorption increases with rising temperature, espe
cially beyond 100 ◦C. At 400 ◦C, the absorption is significantly higher 
compared to lower temperatures. The increase in sub-bandgap absorp
tion at higher temperatures correlates with the formation of defect 
states, such as oxygen vacancies or grain boundaries, which introduce 
mid-gap states that allow sub-bandgap photons to be absorbed [23]. 
This suggests that higher temperatures lead to poor film quality with 
more defects, which can be detrimental to the performance of NiOx as a 

hole transport layer in PSCs. The sub-bandgap absorption is lowest at 5 
Hz and 25 Hz, but increases sharply at 50 Hz, indicating more 
defect-related absorption at this higher frequency. The sharp rise in 
sub-bandgap absorption at 50 Hz further supports the idea that higher 
laser frequencies cause greater defect formation. These defects increase 
the number of mid-gap states, leading to higher sub-bandgap absorption, 
which implies more recombination centres and lower film quality. With 
increasing oxygen pressure, sub-bandgap absorption decreases, showing 
lower absorption levels at 0.12 mbar compared to 0.08 mbar. The 
decrease in sub-bandgap absorption with increasing oxygen pressure 
indicates that higher oxygen pressures reduce the number of defect 
states in the NiOx films. With fewer oxygen vacancies and other struc
tural defects, there are fewer energy states within the bandgap. This 
reduction in defect states leads to decreased sub-bandgap absorption, 
which can improve film quality and reduce non-radiative 
recombination.

In the second step, based on the observations from both bandgap and 
sub-bandgap absorption analysis, we selected deposition conditions for 
the fabrication of NiOx as a hole transport layer in perovskite solar cells. 
Specifically, we chose a low laser frequency of 5 Hz and a low deposition 
temperature of room temperature (25 ◦C) while varying the oxygen 
pressure between 0.08 mbar and 0.25 mbar. Given our earlier obser
vations of increased bandgap and reduced sub-bandgap absorption at 
higher oxygen pressures, we selected these conditions for further study. 
Choosing a low frequency (5 Hz) and room temperature minimises the 
introduction of additional defects that may arise at higher frequencies 
and temperatures, as seen in the above results. These conditions help 
maintain the balance between controlling the bandgap and minimising 
the formation of sub-bandgap defects, which is important for achieving 
efficient charge extraction and transport in perovskite solar cells. The 
decision to vary oxygen pressure is particularly important since higher 
oxygen pressures have been shown to suppress sub-bandgap defect 
formation by reducing oxygen vacancies, which are a common source of 
recombination losses in solar cell devices.

The J-V measurements conducted with varying oxygen pressures 
yielded insightful results regarding the efficiency of the mixed halide 
FA0.83Cs0.17Pb(I0.6Br0.4)3 perovskite solar cells using NiOx as the hole 
transport layer. The box plots in Fig. 13(a) show a wide distribution in 
efficiency values, indicating some variability in device performance as a 
function of oxygen pressure during the pulsed laser deposition process. 
At low oxygen pressures of 0.08 mbar, the average efficiency remained 
notably low, below 3 %. This is consistent with the earlier observations, 

Fig. 8. AFM scans of NiOx layers deposited at a constant pressure of 0.1 mbar and constant frequency of 50Hz and different temperatures of 25, 50, 100, 200 and 
400 ◦C, as well as surface roughness-temperature dependence.
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Fig. 9. X-ray diffraction patterns of the NiOx films deposited by PLD at different conditions showing clearly the polycrystalline nature of the films.
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where insufficient oxygen availability likely led to increased defect 
states in the NiOx films, hindering charge transport and extraction. As 
the oxygen pressure increased to 0.1 and 0.15 mbar, we observed a 
dramatic improvement in average efficiency, peaking around 6 %. This 
enhancement aligns with the earlier findings that higher oxygen pres
sures contribute to widening the band gap and reducing sub-gap ab
sorption, leading to fewer defects and better charge transport properties 
[24]. This improvement in efficiency at moderate pressures suggests an 
optimal balance between minimising defect states and maintaining the 
desired optical characteristics of the NiOx films.

However, at higher pressures of 0.20 mbar and above, we noted a 
decline in average efficiency or increased variation. This decline could 
be attributed to the formation of excessive oxide phases or structural 
changes in the NiOx material that could adversely affect its transport 
properties. Such outcomes indicate that while increased oxygen pressure 
initially enhances efficiency by reducing defects, excessive oxygen can 

lead to material instability or undesirable phase changes. Fig. 13(b) and 
(c) show the best-performing PSCs as a function of oxygen pressure and 
J-V curves of the best-performing PSC, respectively. The highest- 
performing PSC is observed at 0.15 mbar with a peak efficiency of 
around 7.8 %, while the device efficiency decreases at both lower and 
higher pressures.

Fig. 14 shows the effect of pulse number (thickness) on the perfor
mance of mixed halide FA0.83Cs0.17Pb(I0.6Br0.4)3 PSCs using nickel oxide 
(NiOx) as the hole transport layer. At a relatively low number of pulses, 
specifically 1000, corresponding to the thinnest NiOx layer, the average 
efficiency is relatively low, approximately below 4 %, as shown in 
Fig. 14(a). This can be attributed to inadequate film thickness and po
tential non-uniformity, which likely resulted in higher defect densities 
and compromised charge transport properties. As the number of pulses 
increases to 4000, the average efficiency significantly improves, reach
ing around 6 %, indicating better film quality and more favourable 

Fig. 10. Fitted X-ray diffraction patterns of NiOx layers deposited at different substrate temperatures (a) and corresponding lattice parameters (b) and microstrain 
(c), respectively.

Table 3 
Microstructure parameters of NiOx layers deposited at different temperatures calculated through XRD analysis: minimal NiO and maximal Ni relative weight fraction, 
NiO lattice parameters, microstrain, crystalline-mean size and residual stress.

T (◦C) Relative weight fraction (%) NiO Ni NiO lattice parameter (Å) Microstrain (%) Crystallite mean-size(nm) Residual Stress(GPa)

25 98.8 1.2 4.200 ± 0.001 0.54 ± 0.09 12 ± 2 − 1.8 ± 0.3
50 99.7 0.3 4.196 ± 0.001 0.55 ± 0.15 14 ± 2 − 1.6 ± 0.4
100 97.5 2.5 4.193 ± 0.001 0.49 ± 0.10 15 ± 2 − 1.8 ± 0.3
200 97.7 2.3 4.1914 ± 0.0009 0.42 ± 0.1 15 ± 1 − 2.4 ± 0.3
400 97.4 2.6 4.1865 ± 0.0006 0.37 ± 0.06 18 ± 1 − 1.4 ± 0.2

Fig. 11. Bandgap of NiOx films calculated from the absorption coefficient using a Tauc plot under varying pulsed laser deposition (PLD) conditions (a) temperature, 
(b) laser frequency and (c) oxygen pressure.
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charge transport characteristics. Beyond 4000 pulses, with thicker NiOx 
films, the efficiency starts to decline, showing increased variability at 
6000 and 8000 pulses. This is likely due to decreased charge transport 
efficiency as the thicker layer may introduce more resistance, hampering 
charge extraction.

Fig. 14(b) shows the efficiency of the best-performing PSCs at each 
thickness level. Similar to Fig. 9(a), the maximum efficiency is observed 
at 4000 pulses, where the efficiency reaches 7.6 %. The J− V curve in 
Fig. 14(c) shows the current density and voltage characteristics of the 
best-performing PSC under forward and reverse scan directions. The 
device, prepared with 4000 pulses (optimal thickness), demonstrates 

minimal hysteresis between the forward (red) and reverse (black) scans.
These findings align well with previous discussions on the effects of 

oxygen pressure and bandgap tuning. This suggests that an optimal 
balance can be achieved in terms of bandgap and film thickness, 
enhancing charge transport and reducing defect states. Furthermore, 
these findings support the earlier simulation results that indicated how 
carefully optimised deposition conditions lead to higher solar cell 
efficiencies.

Fig. 12. Absorption coefficient of NiOx films as a function of photon energy under varying PLD conditions (a) temperature, (b) laser frequency and (c) oxygen 
pressure. The black dash line shows absorptance of 3 % for layer 10 nm thick.

Fig. 13. (a) Power conversion efficiency distribution of the PSCs using NiOx as the hole transport layer prepared by various oxygen pressures, (b) efficiency of the 
best-performing PSCs with different oxygen pressures, and (c) current density− voltage (J–V) curves under reverse and forward scans of best performing PSC.

Fig. 14. (a) PCE distribution of the PSCs using NiOx as the HTL prepared with different numbers of pulses, (b) efficiency of the best-performing PSCs with different 
numbers of pulses, and (c) current density− voltage (J–V) curves under reverse and forward scans of the best performing PSC.
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4. Conclusions

In this study, we successfully prepared NiOx HTLs by pulsed laser 
deposition under varying conditions and investigated the effect of 
bandgap variation on the performance of perovskite solar cells. The 
study reveals that variations in deposition temperature, laser frequency, 
and oxygen pressure alter the chemical composition, optical properties, 
and defect states in NiOx films. The fabrication of FA0.83Cs0.17Pb 
(I0.6Br0.4)3 mixed halide PSCs using PLD-grown NiOx HTLs with varying 
oxygen pressures and film thickness resulted in a maximum power 
conversion efficiency of around 8 %, without the use of an extra dipole 
layer, confirming PLD as a promising technology for tuning the prop
erties of high-performance HTLs. Combined with theoretical device 
simulations, these findings highlight the importance of NiOx bandgap 
tuning by controlled deposition techniques like PLD in optimising the 
efficiency of perovskite solar cells.
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