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In this work, nickel oxide thin films were grown on glass and n-type Si substrates using RF-magnetron
sputtering in an oxygen-rich environment. The effects of elevated oxygen on the optical properties,
electrical properties, ionic states, compositional analysis, surface morphology, and crystal structure are
investigated. The X-ray diffraction data, which also demonstrate the presence of two phases in all
samples: NiO and Ni»Os, indicate that the highly crystalline Ni,Oz phase in the nickel oxide thin film
structure has a (002) growth orientation. According to X-ray photoelectron spectroscopy, the ratio of
Ni®* (Ni,Os phase) to Ni?* (NiO) states increases as the oxygen concentration increases. In the nickel
oxide thin films, the ratio of Ni** states is substantially higher than that of Ni%* states. The optical band
gap is around 3.4 eV, as determined from UV-Vis transmission spectroscopy, and the average
transmittance of nickel oxide thin films exceeds 50% in the visible spectrum. The nickel oxide thin films
demonstrate a substantial carrier concentration between 2.33 x 10'° and 7.46 x 10 cm™3, with a
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DOI: 10.1039/d4ma01113a minimum resistivity of 0.28 Q cm. Furthermore, the p—n heterojunctions of the p-nickel oxide/n-silicon

substrates revealed the optimal diode characteristic parameters at a 30% oxygen gas ratio. The results
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1. Introduction

Nickel oxide (NiO) is an extensively explored material in the
field of optoelectronics. p-type semiconducting NiO has a direct
band gap energy ranging from 3.2 to 3.6 eV"? It exhibits fair
transmittance in the visible light region and strong electrical
conductivity.>* Furthermore, the exceptional chemical stability
and eco-friendliness, as well as abundance of Ni make it a
promising candidate for application in UV-photodetectors,
transparent electrodes, and gas sensors.>® In theory, stoichio-
metric NiO is an insulator with a high resistance of approxi-
mately 10" Q cm at room temperature.” Nevertheless, NiO is
frequently chemically unbalanced because of two primary types
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have been promising for further industrial development and fabrication of diodes.

of defects that result in good electrical conductivity: oxygen
interstitials (O;) and nickel vacancies (Vy;).* The Ni vacancies
were produced by providing an additional electron to oxygen
during the ionization of two nearby Ni** jons into Ni**.° With a
high amount of oxygen, chemical imbalance of nickel oxide
thin films will lead to the appearance of additional oxidation
states of nickel oxide, namely NiO, and Ni,O;. Hence, this
exerts crucial impacts on different characteristics of NiO thin
films.’®"" Nandy et al. reported that the significant abundance
of Ni*" in the Ni,O; compound has a strong influence in
regulating the electrical characteristics of the NiO material,
leading to the non-stoichiometric features of the nickel oxide
thin film."? Furthermore, Ming-Chen Li et al. reported that the
production of Ni** ions—which were regarded as color centers
in accordance with the color center theory—often occurred
concurrently with the generation of interstitial oxygen and
nickel vacancies in nickel oxide thin films. As the concentration
of Ni** grows, additional light-absorbing sites emerge, resulting
in a reduction in the film’s transmittance and the formation of
a lackluster brown film. The additional oxygen atoms in the
film absorb photons, which lowers the transmittance of the
thin film."”* K. Jouini et al. reported that gamma irradiation
exceeding a dose of 5 kGy induced a phase transformation from
NiO to Ni,O3, resulting in the formation of two NiO/Ni,O;
phases. This transformation reduced the band-gap value from
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2.22 to 2.19 eV, corresponding to a new band at 431 nm in the
absorption spectrum, at doses of 5 kGy and 10 kGy, thereby
enhancing the photocatalytic activity compared to that of NiO.'°
However, a study regarding the properties of the films that
simultaneously contain NiO and Ni,O; phases is still missing.
In this report, reactive radio-frequency sputtering was imple-
mented to generate nickel oxide films in an oxygen-rich environ-
ment. By using Xray diffraction (XRD), scanning electron
microscopy (SEM), X-ray photoelectron spectroscopy (XPS), UV-
Vis transmission spectroscopy, and Hall effect measurements,
the crystalline structure, surface morphology, the element com-
position, the optical qualities, and electrical properties were
evaluated, respectively. In order to produce heterojunction
diodes, p-type nickel oxide thin films were deposited on n-Si
substrates, and their I-V characteristics were investigated.

2. Experiment

Nickel oxide thin films have been grown on glass and n-Si
substrates via RF sputtering utilizing a nickel metallic target,
using argon and oxygen as the working and reactive gases,
respectively. The Si(001) substrate is prepared by cutting a Si
(001) wafer (0.01-0.05 Q cm, P-doped n-type, and single-side-
polished) into a rectangular segment of area 1 inch x 1 inch.
The Ni target exhibits a purity level of 99.95%. The ideal
parameters for the deposition of NiO thin films are as follows:
the deposition pressure is 5 x 1072 Torr, with a constant RF
power of 70 W. Nickel oxide thin films were deposited for one
hour at 250 °C. The distance from the target to the sample
holder is 7 cm. The argon to oxygen flow rate ratios are 8:2,
7.5:2.5,7:3, and 6.5:3.5, corresponding to the samples N-20,
N-25, N-30, and N-35, respectively. The glass substrates were
first cleaned using acetone, ethanol, and isopropyl alcohol. The
cleaning process for n-type Si substrates involves degreasing
and etching to remove organic contaminants and native oxide
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coatings. The substrate is immersed in deionized (DI) water
and 2-propanol for 40 seconds each in an ultrasonic bath.
The Si substrate is submerged in 5% sulfuric acid (H,SO,)
for 40 seconds and subsequently washed with 2-propanol for
40 seconds in an ultrasonic bath. Finally, it is etched for
30 seconds using dilute hydrofluoric acid (20% HF). The glass
and Si substrates were preheated in a vacuum chamber at 150 °C
and 325 °C for 15 minutes at a base pressure of 10 Torr. The In
and Ni metals served as the contact channel for the diode.

The structural properties of nickel oxide thin films were
analyzed using the X-ray diffraction technique (D8-ADVANCE).
The thickness of nickel oxide was measured using a Talorstep
profilometer (Rank-Taylor-Hobson, UK). By using a Talorstep
profilometer, the thickness of the N-20 sample was measured to
be 256 nm, that of the N-25 sample was 255 nm, that of the N-30
sample was 233 nm, and that of the N-35 sample was 222 nm.

The films’ surface morphology was examined using a scanning
electron microscope (SEM, S-4800 Hitachi). The optical character-
istics of the nickel oxide thin films were investigated by UV-Vis
spectroscopy (JASCO, V-550, Japan). The elemental composition of
thin films was investigated by X-ray photoelectron spectroscopy
(XPS) using Al Ko radiation on a Thermo Scientific X-ray photo-
electron spectrometer. The electrical properties of NiO thin films
were examined by Hall measurements (BIO-RAD HL5500IU). The
current-voltage (I-V) characteristics at room temperature were
studied using a Keysight U2722A current-voltage source. The
junction area of the diode has a dimension of 0.5 cm X 0.5 cm.

3. Results and discussion

Fig. 1 shows the XRD patterns of nickel oxide thin films
produced on glass and Si substrates at different oxygen flow
rates. Nickel oxide deposited on glass surfaces displays a
Ni,0;3(002) peak [PDF#14-0481] and two peaks corresponding
to NiO (111) and NiO (200) [PDF#47-1049], as seen in Fig. 1a."*"°
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Fig. 1 X-ray diffraction (XRD) patterns of nickel oxide thin films at varying oxygen flow rates, grown on (a) glass substrate and (b) n-Si substrate.
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Conversely, nickel oxide deposited on Si substrates displays
similar peaks in addition to a Ni,O; (202) peak (refer to Fig. 1b).
In an oxygen-rich environment, nickel oxide thin films exist in
both the Ni,O; and NiO phases. The XRD results indicate
significant differences in the phase composition of nickel oxide
films that were deposited on glass compared to that of those
deposited on Si substrates. On glass substrates, the Ni,O;
phase dominates, especially with increased oxygen flow rates
(sample N-35). On Si substrates, the NiO phase exists at oxygen/
argon ratios under 30%, whereas the Ni,O; phase dominates at
higher ratios.

The average crystallite size (D) of nanoscale materials can be

calculated using Scherrer’s equation.’”®
kA
D=— " 1
B - cos(0) (1)

where /) represents the X-ray wavelength (1 = 0.15406 nm), f§
denotes the angular width of FWHM intensity observed at 20 in
radian, 0 is Bragg’s angle, and k ~ 0.9 is a constant (shape
factor). The microstrain (¢) and dislocation density (0) of the
nickel oxide thin films were determined using the equations
e P

4tan(0)
regarded as one for minimum dislocation density."”'® The
average crystallite sizes of the nickel oxide thin films grown
on the glass substrate, derived from Scherrer equation, were
19.53 nm, 20.35 nm, 21.63 nm and 18.12 nm for N-20, N-25,
N-30 and N-35, respectively. Evidently, as the partial oxygen
ratio increases from 20% to 30%, the crystallinity of the nickel
oxide thin film enhances. However, a further increase to 35%
results in a decline of crystallinity. Conversely, an excessive
oxygen amount will lead to the presence of numerous inter-
stitial oxygen atoms in the film. Formation of defects induces
diminished film crystallinity. This outcome is analogous to that
reported in the previous work.

In addition, the structural mismatch between NiO (cubic
structure) and Ni,O; (hexagonal structure) results in the dif-
fraction peak shifting to a higher angle, which in turn causes
stacking faults to occur during the deposition process.'>?° This
result shows that in an oxygen-poor environment, the nickel
oxide films are deposited with the stoichiometric nickel oxide
(NiO) or the Ni** state predominates in the film structure. In
contrast, in an oxygen-rich environment, the numerous Ni**
ions generated in the nickel oxide crystal lattice will frequently
combine with oxygen to form the Ni,O; phase.'? The creation of
Ni*" ions in the nickel oxide crystal lattice is ascribed to the
charge displacement that occurs between two adjacent Ni**
atoms, which is brought about by vacancies in the Ni atoms.
The generation of Ni vacancies will contribute to increasing the
concentration of hole carriers, thereby improving the conduc-
tivity of the nickel oxide thin film, which will be discussed in
the electrical properties section. The structure parameters are
shown in Table 1.

The surface morphology and grain sizes of nickel oxide thin
films deposited on a glass substrate were analyzed using SEM
and the line-cut method, as seen in Fig. 2. On the film surface,

1
and 6 = hE where D is the crystallite size which is
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Table 1 The XRD-derived characteristics of the (002) peak of nickel
oxide/glass samples at varying oxygen percentages

Full width at Dislocation
half maximum Crystallite Microstrain densitg
Samples 26 (°) (FWHM) (°) size (nm) (x107%) (x107° nm?)
N-20 31.97 0.42 19.53 6.44 2.62
N-25 31.99 0.41 20.35 6.18 2.42
N-30 32.01 0.38 21.63 5.87 2.14
N-35 32.01 0.46 18.12 6.94 3.05

the particles assume a relatively uniform shape. Despite the
increase in the oxygen flow rate, the grain size (approximately
20 nm) and micro-strain were unaffected. Instead, it demon-
strates a clearly stronger impact on the ratio of Ni** to Ni*".
Consequently, the electrical and optical properties were also
influenced, which will be discussed in sections to come. Moreover,
as the flow of oxygen gas increases, the thickness of the nickel
oxide film tends to decrease, probably as a result of the interaction
between nickel and oxygen gas.*** The outcome is oxidation and
a growth of deficiencies within the nickel lattice, resulting in the
formation of a NiOx lattice rather than an ideal NiO lattice.>®
The elemental compositions and ionic states of nickel oxide
films with different amounts of inlet oxygen were investigated
using X-ray photoelectron spectroscopy (XPS), as shown in
Fig. 3. The Ni 2p;,, core in the energy range from 859 eV to
866 eV and the Ni 2p,,, core in the energy range from 867 eV to
880 eV are represented by distinct spectral peaks in Fig. 3(a).
Furthermore, the unique spectral peak of the core O 1s in the
binding energy range from 527 to 533 eV can be observed in
Fig. 3(b). The Ni 2ps,, peak and the O 1s peak shift slightly to
higher energy values when the oxygen content increases from
20% to 35%.>* The peak shift of the Ni 2ps, and O 1s cores
shows how the elevated oxygen ratio during the reactive sput-
tering process affects the constituents that make up the nickel
oxide thin film. Moreover, a shift of about 0.5 eV of the O 1s
core of the N35 sample compared with that of sample N20 is
probably due to excessive oxygen in the N35 sample. They
might absorb water on the surface and generate a small

Fig. 2 SEM images of nickel oxide thin films deposited on the glass
substrate with different oxygen flow rates.

Mater. Adv,, 2025, 6,1719-1725 | 1721
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Fig. 3 (a) Ni 2p core level, (b) Ols core level, (c) deconvoluted Ni 2ps/,, and (d) deconvoluted O 1s spectra.

amount of NiOOH. The existence of NiOOH might cause a
peak shift.>

Deconvoluting the Ni 2p;/, core (Fig. 3(c)) and the O1s core
(Fig. 3(d)) spectra will allow the focused examination of the
ionic states contained in the nickel oxide thin film. There are
peaks in the Ni 2p;3, deconvolution spectrum around 855 €V,
which suggest the presence of the Ni*" state. Furthermore, the
existence of the Ni,O; phase is revealed in the reflected O1s
spectrum by a peak at 529 eV. The O1s peak at 530 eV and the
Ni 2p3/, peaks, corresponding to the Ni** state, at 853 eV are for
the nickel oxide (NiO) phase.>***?” For all nickel oxide films,
the Ni® peak is detected at 852 €V, whereas the satellite peaks
are observed in the energy range of 861-862 eV (Ni 2p;,).>

Based on the area ratios of the Ni** peak (42.07%, 49.31%) and
the Ni*" peak (19.19%, 15.90%), the oxygen percentages are
20% and 35%. The area percentage of the Ni*" peak increases
from 42.07% to 49.31%, and the Ni*' peak decreases from
19.19% to 15.90% as the oxygen percentage increases from 20%
to 35%. As the amount of oxygen increases, so does the ratio of
Ni*" to Ni*>* states. The proportion of the Ni* state in all nickel
oxide thin films is significantly higher than that of the Ni**
state, which is consistent with previous research.

In an oxygen-rich environment, a thin film of nickel
oxide mainly occurs as Ni,Oz. The Ni,O; phase predominates,
because of the presence of many Ni** cations, which form
color centers and give the thin film a dark brown color.”®

100
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8ot ‘\";6 |
o o ——N-20; E, =3.28 eV
o ) (]
c 60 % N-25; E, = 3.35 eV
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Fig. 4 Transmittance spectrum (a) and Tauc plot (b) of nickel oxide thin films deposited under different oxygen gas conditions.
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The XPS results are consistent with the findings from the
XRD analysis.

The transmittance of nickel oxide thin films grown under
different oxygen flow conditions is demonstrated in Fig. 4. In
the visible light spectrum, the relative average transmittance of
the N-25, N-30, and N-35 samples is around 50% and tends to
decrease as the percentage of oxygen increases. In addition, the
absorption edge of the nickel oxide film presents a significant
change. Specifically, when the oxygen ratio increases from 20 to
35%, the absorption edge shifts towards the short-wavelength
region. The transmittance of the nickel oxide film in the UV
region is comparatively high owing to the chemical balance of
the film, with excess oxygen and hydrogen possibly existing in
the form of ~OH.*° This result is consistent with earlier studies
showing that being deposited in an oxygen-rich environment
reduces the transparency of nickel oxide thin films.** The low
transparency of the nickel oxide films in the visible light range
is attributed to the existence of Ni** cations in the crystal
lattice.*” The second reason is that the transmittance of the
thin film is lowered by the additional oxygen, which functions
as scattering centers for incident light.

The bandgaps of nickel oxide thin films were determined
from the Tauc plots: iv = A(hv — E,)", which were derived from
the absorption spectrum.** The relationship between the
square of («hv) and the photon energy (Av) for crystalline nickel
oxide thin films growing at various oxygen gas flow rates is
illustrated in the inset of Fig. 4. It was found that nickel oxide
thin films in an oxygen-excessive environment have optical
bandgap energies of roughly 3.4 eV. Specifically, 3.28 eV,
3.35 eV, 3.46 eV, and 3.40 eV correspond to oxygen ratios of
20%, 25%, 30%, and 35%. Our nickel oxide thin films have a
higher optical bandgap value than that of F. G. El Desouky.**
This indicates that the optical bandgap is widened by the
simultaneous presence of two phases, NiO and Ni,O;. Further-
more, higher oxygen ratios lead to higher carrier concentra-
tions. Therefore, according to the Burstein-Moss effect, wider
optical bandgaps come as a result of these degenerated semi-
conducting thin films.>* However, if the oxygen ratio reaches
above 35%, various defects will exist in the films. In addition,
the defect density around grain boundaries is typically signifi-
cantly greater than that within the grain. Smaller grain bound-
ary results in reduced defect density. These defects frequently
serve as charge trap centers so the optical bandgap energies
tend to decrease.’>>°

The electrical properties of the nickel oxide thin films,
including Hall mobility (uy), carrier concentration (ny), and
resistivity (p), under various oxygen flow conditions, are pre-
sented in Fig. 5 and Table 2. The resistivity values are 0.65, 0.44,
0.28 and 0.43 Q cm, corresponding to oxygen percentages of
20%, 25%, 30%, and 35%, respectively. The carrier mobility
increases gradually from 0.43 cm®* V' s ' t0 0.61 cm®* V ' s,
when the oxygen level increases from 20% to 30% and then
decreases to 0.20 cm® V! s7! at an oxygen ratio of 35%. The
carrier concentration increases from 2.23 x 10"° cm™> to 7.46 x
10" ecm™>. These values are considerably higher than those
reported in a previous study.’” This can be attributed to the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The Hall mobility (uy), carrier concentration (ny), and resistivity
(p) versus the function of oxygen percentage of nickel oxide thin films.

Table 2 Optical and electrical properties parameters of nickel oxide
thin films

Optical properties

Electrical properties

Transmittance Carrier

(400-800 nm) E, Mobility concentration Resistivity
Sample (%) (V) (em®*Vv s (x10" em™¥) (Qcm)
N-20 56 3.28 0.43 2.23 0.65
N-25 52 3.35 0.48 3.04 0.44
N-30 51 3.46 0.61 3.77 0.28
N-35 50 3.40 0.20 7.46 0.43

oxidation of one Ni** ion into two Ni** ions and a Ni vacancy in
an oxygen-rich environment. The higher the oxygen inlet is, the
more Ni*" ions and free carriers are generated. This oxidation
helps to maintain the electroneutral state of the nickel oxide
thin film, as described in eqn (2).?® However, for sample N-35, a
great amount of defects reduce hole mobility due to defect
scattering, leading to an increase in the resistivity of the film.
NiZ* + %02 — 2Ni*" 4+ 0% + Niyacancy (2)

The current density-voltage (J-V) characteristics of the p-n
heterojunctions between the n-Si substrate and nickel oxide
(oxygen ratios of 20% and 30%) are shown in Fig. 6. The nickel
oxide thin film has successfully established a p-n heterojunc-
tion on the n-type Si substrate, as evidenced by the typical
characteristic diode curves obtained. The J-V curves can be
characterized using the thermoionic emission model shown in
the following equation:**°

4
J=Jo vexp(nZBT - 1)

where J, is the saturation current density, g is the charge (1.6 x

(3)

107" C), T is the environmental temperature in K, k is the
Boltzmann constant (J K™ '), and n is the ideality factor. In
addition, J, can be expressed as:

Jo = AA*T? exp (—_q¢B>

T 4)

A is the contact area, A* (~112 A K> em ™ for n-Si) is the

Mater. Adv., 2025, 6,1719-1725 | 1723
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Fig. 6 Linear (a) and semi-logarithmic (b) J-V characteristics of the nickel oxide/n-Si diode. Inset of (a): /-V characteristics of Ni/n-Si and In/NiO.

Table 3 Characteristic parameters of the nickel oxide/n-Si heterojunction diode

Ideality Effective barrier Rectification ratio Saturation current density
Sample Viurn-on (V) factor - n heights - @5 (eV) (£2V) Rs (Q) (A cm™?)
N-20 0.91 9.62 0.71 64 230.79 1.66 x 10°°
N-30 0.78 6.86 0.72 68 150.99 112 x 10°°

Richardson constant and @y is the barrier potential. Using
these eqn (3) and (4), the ideality factor n can be determined
from equation:

_ ksT dInJ
o dv

1
P (5)
For the N-20, and N-30 samples, the ideality factor values are
9.62, and 6.86, respectively. The corresponding effective barrier
heights are 0.71 and 0.72 eV. The turn-on voltages (Viurn-on) Of
the diodes are 0.91 V and 0.78 V. Both the ideality factor and the
series resistor (Rs) decrease with increasing oxygen flow. The
electrical properties of nickel oxide films are obviously
impacted by the additional oxygen inlet. The ideality factor of
silicon diodes varies between 1 and 2, according to the Sah-
Noyce-Shockley theory.*® In diode applications, the value of n
can exceed 2 as a result of the formation of multi-level recom-
bination channels caused by a greater amount of defects at the
interface between the nickel oxide and silicon materials.*®*!
Furthermore, the structural characteristics and the work func-
tion difference of the two layers are the key factors that
determine the effective barrier height (Table 3).*

4. Conclusion

In summary, nickel oxide films were successfully reactively sputter
deposited on glass and silicon substrates. When the partial oxygen
ratio increases from 20% to 35%, analysis results indicate a phase
transition from NiO to Ni,O; corresponding to the transition of
Ni*" to Ni*¥, an increase in the Ni vacancy sites and enhancement
of the hole concentration. As Ni vacancy density increased, the
crystal size of the film decreased. This led to reduced carrier
mobility and decreased film transmittance. The results show that
at a 30% oxygen ratio, the nickel oxide thin films present the best
electrical and optical properties with a transmittance of 51%, a

1724 | Mater. Adv., 2025, 6, 1719-1725

bandgap energy of 3.46 eV, a carrier concentration of 3.77 x
10" em™, a mobility of 0.61 em> V' 577, and a resistivity of
0.28 Q cm. In addition, the I-V curves of Ni,O3/n-Si heterojunc-
tions demonstrated that the best diode parameters (Voc = 0.78 V,
n = 6.86, and ®g = 0.72 eV) can be achieved at an oxygen
percentage of 30%. The results demonstrate the potential of
nickel oxide films for future electronic applications such as wide
bandgap photodiodes.
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