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ARTICLE INFO ABSTRACT

Keywords: In this study, we investigated the structural, optical, magnetic, and conductive properties of nickel oxide (NiO)
NiO ) films on glass substrates deposited using Radio Frequency (RF) magnetron sputtering with varying Ar gas
Sputtering pressure and thickness. X-ray diffraction and Rietveld refinement analysis confirmed a cubic crystal structure and
Slztcl:::}nic showed thaot the lattice parameters and the d;11)-space increased from 4.0559 A to 4.2712 A and from 2.3208 A
Magnetization to 2.4582 A, respectively, due to increased Ar pressure during deposition. Scanning electron microscopy and

DFT atomic force microscopy were used to determine the cross-sectional and surface topology of the NiO films, which
exhibited uniform and homogeneous growth with an average spherical size of 54.28 + 0.33 nm. The optical
bandgap values of the films were calculated to be between 3.26 and 3.65 eV, increasing with pressure. Hall
measurements confirmed the p-type semiconductor nature of the films with an average sheet carrier density of
10%% em 2. The films exhibited soft magnetic properties, with a maximum H, and M; of 178.5 Oe and 5.82 emu/
cm® for 246 nm NiO film, respectively. Density functional theory (DFT) calculations confirmed the experimental
results for both single to five layers NiO films and bulk NiO formations. The refined energy gap value was found
to be 3.2 eV by the DFT calculation. The films produced at room temperature were found to be stable and
reproducible, making them suitable as p-type materials for device construction.

1. Introduction magnetron sputtering, physical vapor deposition, pulsed laser deposi-
tion, and metal oxidation being successful methods for producing
Nickel Oxide (NiO) is a highly promising transition metal oxides due high-purity and uniform films [9-13]. The magnetron sputtering tech-

to its applications in spin valve heterostructures, antiferromagnetic nique is particularly advantageous for producing NiO films as it provides
layers, gas sensors, optoelectronic devices, and organic light-emitting a low-cost, pure, and large-area option. Herein, the radio frequency (RF)
diodes [1-5]. Despite its high resistivity [6] and wide bandgap of sputter power, Ar, N, and O, gases/pressures, deposition time and
3.2-4.0 eV [7], NiO is an insulator at room temperature and exhibits substrates are important parameters to produce desired thin films
antiferromagnetic behavior below the Néel temperature, Ty = 523 K [8]. [14-19].

Both physical and chemical methods have been used to prepare pure The effect of deposition temperature, power, and gases such as Ar, N,
NiO nanoparticles or thin films, with physical methods such as O, during RF sputtering have been studied to control the structural
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properties of various film formations to achieve desired optical,
conductive, magnetic, catalytic, mechanic, properties etc. [20-24]. For
example, increasing the sputtering power from 100 W to 300 W in-
creases the crystallinity, size, and optical band gap of CaCu3Ti4O1 3 films
[20], and increasing the O, flow rate from 10% to 50% significantly
increased the transmittance from 13% to 68% of copper oxide films
[21]. NiO films, in particular, exhibit interesting structural properties
under different RF sputter conditions and provide multifunctional
properties. Prajesh et al. [25] studied the properties of NiO films pre-
pared using the reactive sputtering technique by controlling the Ar:0,
gas ratios and found that the best structural properties were obtained
with a 70:30 Ar:Os. The crystallographic evaluation confirmed the ex-
istence of a face-centered cubic phase of NiO and showed a granular
structure of the film. Similarly, Iwata et al. [26] produced NiO films
using the reactive sputtering method under various O, gas flow rates,
with a rate of 0.9-1.3 sccm, for use as a resistive switching material. The
resistivity of the NiO films was controlled through the preparation
method. On the other hand, Jamal et al. [16] studied the electrical
resistance and optical band gap of NiO films on soda-lime glass that were
prepared using RF magnetron sputtering, varying the substrate tem-
perature from room temperature to 400 °C. The results showed that the
NiO films had a preferential orientation of the (200) plane when
deposited at 100 °C. The electrical resistance of the films was between
2150 Q-cm to 72 Q-cm, depending on the deposition temperature, and
the optical band gaps decreased from 3.8 eV to 3.2 eV due to the
increased substrate temperature. Kim et al. [27] investigated hetero-
junction solar cells using a NiO anode buffer layer between the photo-
active and indium layers. The Tin oxide anode layer and NiO anode
buffer layer were deposited using the RF magnetron sputtering method,
which confirmed the p-type characteristic of the NiO film with a re-
sistivity of 0.35 Q cm. Turgut et al. [28] also produced NiO films under
different O, pressures, which resulted in the formation of nano pyramids
or spherical NiO films depending on the low or high O partial pressure,
respectively. The Hall measurements confirmed the p-type conductivity
with carrier concentrations of 103 holes/cm?>. Dhull et al. [29] showed
that sputtered NiO films under O; gas pressure resulted in a
nano-structured NiO film with increased surface roughness (5.09 nm).
The results of the electrochemical and electrical properties showed an
increased charge transfer and conductivity, which decreased from 6.72
x 107® S/cm to 3.97 x 107% S/cm with increasing deposition pressure
from 20 mT to 40 mT.

This study aims to investigate the effects of Ar gas pressure and film
thickness on the structural, optical, magnetic, and conductive properties
of NiO films. To compare experimental results, density functional theory
(DFT) calculations were performed to determine the optical band gap
and lattice parameters as a function of film thickness and Ar gas pres-
sure. Previous studies have examined some of these properties individ-
ually, but, as far as we know, there is no study in the literature that
includes all these physical properties of NiO films. Thus, this research
investigates how the deposition process parameters affect the properties
of NiO films by performing both experimental and theoretical studies to
provide a more holistic understanding of physical properties of NiO. The
findings of this study can provide useful insights for optimizing the
deposition process and enhancing the properties of NiO films for various
applications.

2. Experimental methods
2.1. NiO film deposition

In this study, NiO films were deposited on a glass substrate using a
NiO target (purchased from Maideli) with a purity of 99.999%, thickness
of 0.635 cm, and diameter of 5.08 cm in NANOVAK NVTS-400-2TH2SP
RF magnetron sputtering system. The glass substrates were cleaned in
acetone for 8-10 min and dried in air. The substrate, with a size of 2.6
cm x 7.6 cm, was used without pre-heating and rotated at 10 rpm to
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ensure film thickness uniformity during deposition. Two groups of
samples were investigated: the first one had a constant thickness of ~30
nm under different Ar gas pressures of 2, 5, 8, 11, and 23 mTorr and the
second had different thicknesses of 30, 80, 124, and 246 nm at a con-
stant pressure of 11 mTorr. For NiO film deposition, the RF sputter
technique was used with a power of 118 W and a deposition rate of 0.3
A/s, while the base pressure was ~30 mTorr during deposition. The
distance between the substrate and the target was 6.2 cm, and the quartz
crystal thickness monitor was placed close to the sample holder.

2.2. NiO characterization

The structural analysis of NiO films was performed using the PAN-
alytical EMPYREAN x-ray diffraction (XRD) system with Cu-Ka radia-
tion (40 kV, 30 mA). The crystal parameters of the NiO films were
determined through Rietveld refinement analysis using the FullProf
software suite. The film thickness and surface topology were measured
using the TESCAN Mira3 scanning electron microscopy (SEM) and Park
NX10 atomic force microscopy (AFM), respectively. The optical prop-
erties of the NiO films were characterized using a double-beam
UV-VIS-NIR spectrophotometer (Cary 5000). The electrical properties
were studied using the Nanomagnetics HEMS Hall Effect Measurement
System, and magnetic measurements were performed using a physical
property measurement system with a vibrating sample magnetometer
head, as a function of applied field (+3 T) at room temperature.

2.3. DFT calculation

In this study, the elastic and electronic properties of a NiO film were
investigated using DFT calculations in the QUANTUM Espresso 6.5
program package [30,31]. A cutoff energy of 140 R y for the valence
electron states and 1904 eV for the charge density in the plane-wave
basis set were employed. The local spin density approximation (LSDA)
in the Perdew-Wang (PW) function was applied to the antiferromagnetic
order in NiO to determine the exchange-correlation energy [32]. The
Troullier-Martins norm [33] was used to preserve pseudopotentials for
core-electron interactions. The calculations for nickel atoms were per-
formed using Hubbard-corrected DFT energy functions (LSDA + U). The
LSDA + U approach and Hubbard model were utilized to account the
lack of a DFT-based correlation-exchange function [34-36]. The strong
correlation between the 3 d electrons of Ni and on-site Coulomb inter-
action was taken into account by setting U = 7.6 eV.

Considering that the local density approximation may not always
accurately reproduce electronic characteristics, especially the band gap,
we used the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (GGA-PBE) functional [37] for the
exchange-correlation terms. We employed a Vanderbilt ultrasoft pseu-
dopotential for nickel [38] and PAW-pseudopotential for oxygen
[39-41]. Integration of the Brillouin zone was performed using the
Monkhorst-Pack k-point sampling scheme [42] with a mesh grid size of
12 x 12 x 1, which was later increased to 24 x 24 x 1 for
non-self-consistent field calculations. To eliminate non-physical in-
teractions, we calculated the electronic density of states (DOS) using the
Bochl tetrahedron method [43]. We set the interlayer vacuum intervals
of all structures to 20 A.

The NiO films were studied with varying thicknesses using periodic
boundary conditions in the XY-plane. The atomic equilibrium positions
were obtained by calculating forces and stress to minimize the unit cell.
Tonic relaxations between the layers were considered to be 1078 eV with
a convergence criterion of self-consistent calculations. The forces acting
on the atoms were optimized until they were smaller than 10~ hartree/
bohr, which was used to determine the atomic and supercell positions in
the structure. We monitored these calculations to ensure that the stress
value dropped below 0.01 kbar.
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3. Results and discussion
3.1. Structural characterization of NiO films

The crystal structure, lattice parameters, volume and d;;;)-spacing
of NiO films on a glass substrate were determined using XRD patterns
and Rietveld refinement analyses. Fig. 1(a and b) show an example of
the Rietveld refinement analyses for 30 nm and 246 nm NiO films,
respectively, where black circles represent experimental data, red lines
represent simulated fit, blue lines represent difference, and green bars
indicate the Bragg positions of the observed peaks. The inset of Fig. 1(a
and b) show the atomic structure of the NiO film obtained from the
refinement analysis, depicting Ni (red) and O (grey) atoms equally
occupying in the structure and a schematic representation of NiO film on
glass substrate. Table 1 summarizes the results of the Rietveld refine-
ment analyses of NiO films on a glass substrate, including crystal
structure, lattice parameters, volume, and d(;11)-spacing.

Fig. 1(c and d) summarize the NiO film deposition at different Ar
pressures of 2, 5, 8, 11, and 23 mTorr and at different thicknesses of 30,
80, 124, and 246 nm under constant pressure of 11 mTorr. The crys-
tallinity of 30 nm NiO films was low for samples deposited at low
pressures, but increasing the deposition pressure improved the crystal-
linity and the intensity of the (111) and (200) peaks [44]. A similar
behavior was observed for Ni film formation under Oy/Ar gas pressure
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Table 1
The summary of Rietveld refinement analyses of the NiO films: crystal structure,
lattice parameters, volume, and d(111)-space.

Thickness  Pressure Crystal Lattice Volume dein-
Structure Parameter a = b (A3) space (A)
—c@

30 nm 2 mTorr fee- fm 3 4.0559 66.7228 2.3208
5 mTorr m 4.1216 70.0152 2.3794
8 mTorr 4.1913 73.6301 2.4199
11 4.2527 76.9120 2.4553
mTorr
23 4.2712 77.9213 2.4582
mTorr

80 nm 11 fee- fm 3 4.2439 76.4344 2.4500

124 nm mTorr m 4.2407 76.2636 2.4484

246 nm 4.2389 76.1582 2.4473

[15] as well as different type of films [19,45,46]. All samples displayed a
face-centered cubic (fcc) structure with a space group of fm 3 m which is
a typical structure for NiO films independent from the RF power, gas
pressure and the film thickness [47,48]. For pressure-controlled sam-
ples, the lattice parameters and the d(111 )- spacmg increased from
4.0559 A to 4.2712 A and from 2.3208 A to 2.4582 A, respectively, due
to the increased Ar pressure during NiO film deposition. These lattice
parameters are close to 4.16 A for spin-coated NiO films and 4.19 A for
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— Difference
b 0o
° | @ | Bragg Pos.
Chi2:1.09
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246 nm NiO film
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Fig. 1. The XRD profiles of the NiO films. (a and b) Rietveld refinement of 30 nm and 246 nm NiO films with inset atomic structure and a schematic representation of
NiO film on glass substrate, experimental data (black circles), calculated patterns (red line), difference (blue line), and Bragg positions (green bar) with Miller indices.
(c) NiO films prepared under different pressures (2, 5, 8, 11, and 23 mTorr) and (d) different thicknesses (~30, 80, 124, and 246 nm) at constant pressure of

11 mTorr.
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NiO films annealed at 500 °C [49,50], as the film growth is highly
dependent on the production process and the type of substrate. It can be
concluded that the film growth under Ar gas pressures increases the
lattice parameters and atomic distance in the structure.

Moreover, by increasing the Ar gas pressure from 2 to 23 mTorr, the
crystallinity improved, and the (111) peak appeared on the XRD profile
(see Fig. 1(c)). Increasing the film thickness from 30 nm to 246 nm
resulted in an increase in the peaks intensities of (111), (200), and (220)
planes. The average crystallite size, D, of NiO films, produced at a
constant Ar gas pressure of 11 mTorr, was obtained from Debye—
Scherrer equation [14].

092
" pcos

Here, A is the wavelength of Cu-Ka radiation (1.54178 A), § is the Full
width at half maximum of the peak and 6 is the Bragg angle. The crys-
tallite size of 30, 80, 124, and 246 nm NiO films were found to be 6, 7, 9,
and 9 nm, respectively. However, the lattice parameters and d111) space
decreased from 4.2527 A to 4.2389 A and from 2.4553 A to 2.4473 A,
respectively, as the NiO film thickness increased from 30 nm to 246 nm.
In conclusion, it can be stated that increasing both the Ar pressure and
the film thickness improved the crystallinity of NiO films on the glass
substrate.

In this study, the thickness of NiO films was determined using SEM
analysis at 10 kV with a 100,000x magnification. The cross-sections of
NiO films prepared at 11 mTorr Ar gas pressure are shown in Fig. 2(a-d).
The average thicknesses were found to be 30.7 nm, 80.2 nm, 124.3 nm,
and 246.2 nm, respectively. The SEM images revealed uniform, long-
range film formations on the glass substrate. The growth of NiO films
using RF magnetron sputtering resulted in thinner films compared to
other methods [3,48,49]. The surface topography of the film was

Average
} 30.7 nm

A
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analyzed using tapping mode AFM at a frequency of 326 Hz, a scan rate
of 1 Hz, and a scan area of 2.5 x 2.5 umz. Fig. 3(a) shows almost
spherical NiO island formation on the surface with uniform and homo-
geneous distribution, which is consistent with previous findings in the
literature [3,49]. Furthermore, we investigated the average island size
via AFM image shown in Fig. 3(a). The average island size was calcu-
lated using a lognormal fit with a narrow size distribution between 30
nm and 80 nm, resulting in an average size of 54.28 + 0.33 nm for NiO
islands. This allows for the formation of a uniform and homogeneous
film growth.

3.2. Optical properties of NiO films

We first characterized the optical properties of NiO films on a glass
substrate by measuring their transmittance and energy band gap values.
Glass substrate were chosen due to their transparency, stability, flatness,
and availability making them an excellent choice for thin film growth in
optical applications [51,52]. Fig. 4(a) displays the optical transmittance
spectra of the NiO films as a function of wavelength, for films with a
thickness of 30 nm and different Ar pressures. The transmittance per-
centages of the NiO films on glass increase with increasing Ar gas
pressure. As shown in Fig. 4(a), the absorption edge becomes steeper
with increasing Ar pressure [52], indicating an improvement in the
structural homogeneity and crystallinity of the films, which is confirmed
by the XRD and Rietveld refinement analyses. Additionally, we deter-
mined the energy band gaps of the NiO films as a function of Ar gas
pressure using the (aE)? vs. E plot as seen in Fig. 4(b). The band gaps
were derived using the relations established by Barden et al. [53];

ahv=B(hv — E,)" €y

(b)

Average
| 80.2 nm

f ’A\Vlerg '
246.2 nm

Fig. 2. (a—d) The cross-sections SEM images of as-prepared NiO films with an average thickness of 30.68 nm, 80.22 nm, 124.3 nm, and 246.22 nm, respectively.

(Image recorded at 10 kV with 100000 magnification).
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Fig. 3. (a) AFM image reveal the surface topography of 246 nm NiO film on glass substrate with color scale. (b) The average island size of NiO film surface with
lognormal fit which is 54.28 + 0.33 nm (Image recorded with tapping mode, frequency of 326 Hz, scan rate of 1 Hz, and scan area of 2.5 x 2.5 pm?).
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Fig. 4. (a) Variation of transmittance according to wavelength of 30 nm thick NiO films produced on glass at different argon pressures. (b) Variation of (aE)? with
respect to energy to find the direct energy band gap of 30 nm thick NiO films produced on glass at different argon pressures. Change of transmittance according to
wavelength of NiO films produced on glass of different thicknesses at 11 mTorr pressure.

aE=8 (E — kB ) @ Table 2

Band gap energy and Hall Effect measurement results of NiO film on glass

Here @, B and E, represent the absorption coefficient, an independent stibstrate as a function of Ar gas pressure and the film thickness.

energy constant, and the energy band gap, respectively. The degree of

. 10 : 15
Equation (2) is represented by m, which determines the material’s op- Pressure E Sheet Carrier x 10 Bulk Carrier x 10 Type
A . (mTorr) (eV) (1/em®) (1/cm”)
tical transition type. The m value can take on the values 1/2, 3/2, 2, or 3,
indicating direct allowed, direct forbidden, indirect allowed, and indi- 2 3.26 0.21 8.46 P
: L - - . 5 3.31 2.12 6.83
rect forbidden transitions, respectively. By analyzing the steadily 8 3.42 432 13.9
increasing region in Fig. 4(b), we calculated the energy band gap of the 11 3.48 5.09 16.4
film by finding the intersections from a linear fit. The direct energy band 23 3.55 11.2 36.0
gaps of all films grown at different pressures were calculated and sum- Thickness E, Sheet Carrier x 10'®  Bulk Carrier x 10 Type
marized in Table 2. As seen in Table 2, the E, value increases from 3.26 (nm) (eV) (1/em?) (1/em®)
eV to 3.55 eV as the pressure increases from 2 mTorr to 23 mTorr. These 30 3.48 5.09 16.4 P
optical band gaps of bulk NiO fall in the range of 3.2-4.0 eV [7,48]. 80 3.61 1.16 1.45
Thus, Ar gas allows us to control the band gap value during the pro- 124 3.65 1.07 0.86
246 3.65 1.18 0.48

duction process for which similar results were also reported in Table 3
for NiO films [52,54]. The change in the energy band gap values is
attributed to the effect of the carrier concentration in the film. In other low Ar gas presence agrees with the sputtered NiO film under O,/Ar +
words, the p state of O (valence bands) and the d state of Ni (conduction 0, flow rate [48].

band) play a crucial role in the charge-transfer transition in the bulk
[55]. However, the observed band gap shift towards lower values in the

We also conducted similar experiments for NiO films with
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Table 3
Summary of the recent studies on NiO thin film growth conditions, band gap
(Eg) and semiconductor type.

Film Growth Conditions Eg (eV) Type Refs.

Different Ar gas pressures-thickness of 30, 80, 3.26-3.65 p- In this
124, and 246 nm type study

As deposited-Annealed at 100, 200, 300, and 3.67-3.69 p- [63]
400 °C type

RF sputtering power of 80, 100, 120, 140, and 3.44-3.70  p- [62]
160 W type

RF sputtering power of 90 W-200 nm 3.52-3.56 - [56]

RF sputtering power of 170, 210, 230, and 250 3.43-345 - [48]
W-thickness of 150, 200, 250, 300, and 350 nm

RF sputtering power of 100, 150, and 200 W 3.12-3.93 - [47]

RF sputtering power of 150 and 200 W-as 3.40-3.71  p- [54]
prepared and annealed at 300 °C type

Different O, fluxes 3.53-3.65 p- [60]

type

As deposited-Annealed at 300, 400, and 500 °C 3.18-3.56 — [51]

RF sputtering power of 50-400 W-different O,/ 3.18-3.30  p- [52]
Ar pressures-thickness 200 nm type

thicknesses of 30, 80, 124, and 246 nm (refer to Fig. 5(a)). As antici-
pated, with increasing film thickness, the transmittance decreases due to
the thickness effect. As the thickness increases, the interference fringes
become more pronounced leading to a decrease in transmittance due to
free carrier absorption caused by a rise in carrier density in thicker films
[56]. Additionally, we observed that the absorption edge shifts to a
longer wavelength as the thickness increases. We calculated the energy
band gap values from the linear part of (aE)" vs. hv curves in Fig. 5(b) for
films of different thicknesses and summarized in Table 2. These results
demonstrate a clear relationship between the energy band gap and film
thickness. As seen from Table 2, the band gap increases to higher en-
ergies as the thickness increases. This suggests that thicker films have
less strain and a higher energy band gap compared to thinner films (see
Table 3).

3.3. Hall measurements

The electrical properties of NiO films were determined using Hall
Effect measurements performed at RT using the Van der Pauw method.
Table 2 presents the sheet carrier, bulk carrier, and Hall coefficient
values that were measured for both pressure-dependent and thickness-
dependent samples. All NiO films exhibited p-type semiconductor
characteristics, consistent with previous findings [44,57]. As the pres-
sure increased from 2 to 23 mTorr, the sheet carrier increased from 0.21
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to 11.2 x 10'° (l/cmz), while the film thickness increased, the sheet
carrier decreased from 5.09 to 1.18 x 10'° (1/cm?). The bulk carrier
exhibited similar behavior to the sheet carrier, with the maximum car-
rier being 36 x 10 (1/em®), which is within the expected range for
applications [49]. The change in bulk carrier concentration was
dependent on both the surface chemical reactions during the experiment
and the structural changes of the films. Increasing the sputtering pres-
sure resulted in oxygen vacancies and thus lattice defects in the film,
leading to an increase in carrier concentration. Furthermore, the
decrease in carrier concentrations with increasing film thickness might
indicate an increase in the crystallinity of NiO films.

3.4. Magnetic properties of NiO films

The magnetic properties of the NiO films were studied by measuring
the magnetic hysteresis (M-H) curve at RT by sweeping the applied
magnetic field between +3 T. Fig. 6 shows M -H curves for the NiO films
with thicknesses of 30 (black) and 246 nm (red) grown on the glass
substrate. The moment values were normalized by the volume of the

8

A

-

(9]

Moment (emu/cm?)

—»— 246 nm
—— 30 nm

-8 L L L . 1 . L 1 L 1 L L
-1 0 1 2

Magnetic Field (T) )

Fig. 6. M vs. H curves for 30 (black) and 246 nm (red) NiO films on
glass substrate.
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Fig. 5. (a) Variation of transmittance according to wavelength of 11 mTorr films and (b) («E)? with respect to energy to find the direct energy band gap of NiO films

on glass at different thicknesses.
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measured samples. Both samples exhibited a soft magnetic character-
istic, with a low coercive field (H.) and remanent magnetization (M,) at
RT. The saturation magnetization (M) of the NiO films for the 30 nm
and 246 nm films were found to be 0.84 emu/cm® and 5.82 emu/cm?,
respectively. As shown in Fig. 6, increasing the thickness increased the
magnetization in the structure almost 7 times, which is quite compara-
ble to the film thickness, indicating the dependence of M; on the film
thickness. The increase in M; can be explained by the decomposition of
NiO into Ni and/or due to defects such as oxygen vacancies [58]. As the
interference fringes were observed in the thicker film (246 nm) in the
optical transmittance measurement, the free carriers could be enhanced
by the film thickness due to occurrence of defects. The effective mag-
netic moment, g, values for the films with 30 and 246 nm thickness
were found to be 0.011 yp and 0.078 up. Similarly H, increased from
81.5 Oe to 178.5 Oe when the thickness increased from 30 nm to 246
nm.

3.5. DFT calculation of NiO film

We investigated the properties of NiO films with varying thicknesses,
from one to five layers, and compared them to those of a bulk NiO
sample, as depicted in Fig. 7. Prior to analysis, we performed geometry
optimization on the NiO films to ensure that no transformations or
breaking of interlayer Ni-O bonds had occurred. However, the inter-
layer bonds in multilayer NiO films were found to be different due to
edge effects. For example, in a five-layer NiO film, the bond lengths
between the layers were 2.118 and 2.141 A, while the bond length in a
bulk NiO sample was 2.113 A, which is similar to the average bond
length of 2.10 + 0.02 A observed in previous the experimental work on
as-deposited NiO films [59]. The unit cells of the simple square struc-
tures were consisted of two (NipO3), four (NigO4), six (NigOg), eight
(NigOg), and ten (Ni;gO1¢) nickel and oxygen atoms for the one-, two-,
three-, four-, and five-layer films, respectively. The optimized lattice
constant was found to be 4.00 A for the one-layer film, 4.10 A for the
two-layer film, 4.06 A for the three-layer film, 4.13 A for the four-layer
film, and 4.17 A for the five-layer film. The lattice constant for the
simple cubic lattice of the bulk NiO sample was 4.22 A. These findings
also similar with our experimental results and literature [15,44,48,60].

We further investigated the electronic properties of NiO films by
determining their DOS, which provides fundamental electronic proper-
ties such as the band gap and characteristic peaks. Fig. 8(a—d) show the
DOS curves vs. E-Eg for one, two, and five layers, as well as the bulk NiO,
with the Fermi level set to zero energy. The DOS nature indicates that
the NiO films, as well as the bulk NiO sample, exhibit semiconducting
properties, with DOS equal to zero at the Fermi level, a gap, and Van
Hove singularities, which are characteristic of two-dimensional mate-
rials. The estimated band gaps at the LSDA + U level of theory are 0.66,
1.24, 0.70, 1.14, 1.44, and 2.74 eV for one, two, three, four, five, and
infinite layers, respectively. The energy gap increases nonlinearly with
an increase in the number of NiO film layers. To refine this value, we
repeated the calculations at the GGA + U level of theory (U = 7.6 eV)

1 Layer

2 Laycrs
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and found the refined gap value to be 3.2 eV (see Fig. 9). It can be
suggested that NiO films a few nanometers thick can have a gap close to
the 3.2 eV value.

In addition, the mechanical properties of the NiO monolayer were
investigated using small strain values, less than 2%, to ensure that the
system remains in the elastic region. The elastic properties of the NiO
film can be characterized by its linear response to external in-plane
stress. In other words, by estimating the in-plane stiffness, which is
the equivalent of the two-dimensional Young’s modulus. It can be
defined as the second derivative of the total energy (E) with respect to
the uniaxial strain (&) divided by the equilibrium area of the unit cell S
[61] using given formula,

_10E
TS 0e?
At the LSDA + U level of theory, we obtained Yy, = 443 J/m>.
The results, structural, optical, electrical, magnetic and DFT calcu-
lation, indicate that the properties of NiO films are highly dependent on
deposition pressure and NiO film thickness (see Table 3) [48,52]. Low
deposition pressure resulted in low crystallinity, while increasing
deposition pressure improved the crystallinity and peak intensity of NiO
films. The lattice parameters and d(;;1)-spacing also increased with
increasing pressure. Furthermore, the crystallite size increased with film
thickness, while the lattice parameters and d(;11)-spacing decreased.
This suggests that increasing both the Ar pressure and film thickness can
improve the crystallinity of NiO films on a glass substrate. The increase
in E; value from 3.26 eV to 3.55 eV with increasing pressure can be
explained by the change in electronic structure of NiO films with pres-
sure [3,56]. Furthermore, as film thickness increases, the transmittance
decreases due to the thickness effect, and interference fringes become
more pronounced. This leads to a decrease in transmittance due to free
carrier absorption caused by a rise in carrier density in thicker films.
Hall Effect and magnetic measurements were performed as a func-
tion of Ar gas pressure and film thickness. The sheet carrier and bulk
carrier both exhibited similar behavior with increasing gas pressure and
film thickness, with the sheet carrier increasing and the bulk carrier
exhibiting a maximum carrier density within the expected range for
applications [60,62]. Similarly, the saturation magnetization, effective
magnetic moment, and coercivity all increased with increasing film
thickness, indicating that thicker films have higher magnetic properties.
DFT calculations were performed to compare experimental results
with the structural, optical and electronic properties of NiO films also
investigated with. Herein, we investigated the bond lengths up to five-
layer NiO film and were found to be similar to the average bond
length observed in previous experimental work on as-deposited NiO
films. The lattice constant for the simple cubic lattice of bulk NiO was
larger than the optimized lattice constants for NiO films with increasing
number of layers. The estimated band gaps at the LSDA + U level of
theory were found to increase nonlinearly with an increase in the
number of NiO film layers. Refining the calculations at the GGA + U
level of theory resulted in a refined gap value of 3.2 eV, suggesting that

Yap

5 Layers

Fig. 7. Atomic structures of the NiO films from one to five layers. Silver and red balls correspond to nickel and oxygen atoms, respectively. The solid black line

confines the 4 x 4 supercell.
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NiO films a few nanometers thick can have a gap close to this value.
Overall, these results provide insight into the properties of NiO films and
their dependence on deposition conditions and film thickness.

4. Conclusion

In summary, NiO films were prepared using the RF magnetron
sputtering method with different Argon gas pressures ranging from 2
mTorr to 23 mTorr and thicknesses ranging from 30 nm to 246 nm. The
cubic structure of the NiO films was confirmed using XRD and Rietveld
refinement analysis, and the maximum lattice parameter and the d(;11)-
space were found to be 4.2712 A and 2.4582 A, respectively, at an Argon
gas pressure of 22 mTorr. The thicknesses of the films were confirmed
using SEM images, and AFM images revealed a spherical morphology
with an average size of 54.28 + 0.33 nm. The optical band gap values of
the films were found to vary from 3.26 to 3.65 eV with increasing
pressure, and the p-type characteristic of NiO films was confirmed with
an average sheet carrier concentration of 10'° em™2. Soft magnetic

properties were observed, with a maximum H, of 178.5 Oe and M; of
5.82 emu/cm® for 246 nm NiO film. The electronic properties of NiO
films were also investigated using DFT calculations, which optimized the
structures of one to five layers of NiO film and bulk NiO formations. The
energy gap was found to be 3.2 eV similar to experimental results.
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