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A B S T R A C T

The current study unveils the impact of 2.4 MeV C+ ion irradiation on the microstructure, optical properties, and
electrical evolution of NiO nanostructured thin films at various fluences from 2 × 1013 to 1 × 1015 ions/cm2. The
NiO nanostructured thin films were deposited on glass substrates via an easy and efficient spray pyrolysis
method. X-ray diffraction (XRD) and Raman spectroscopy have been used to study the structural defects and
lattice distortion induced in the irradiated samples. The Rietveld refinement technique of XRD data revealed
variations in crystallite size due to the irradiation. A slight increase in the energy band gap of pristine NiO from
3.24 eV to 3.29 eV is observed at low C+ ion fluence (2 × 1013 ions/cm2), followed by a notable decrease to 2.80
eV at high fluence (1 × 1015 ions/cm2). A similar trend is observed with the Urbach energy (Eu). Moreover, the
electronic energy loss led to higher conductivity, from 9.83 Ω− 1m− 1 for pristine NiO to 12.70 Ω− 1m− 1 for carbon-
irradiated NiO at a fluence of 1 × 1015 ions/cm2. The results reveal that carbon ion irradiation induces electronic
excitation and ionization, generating localized defects, microstructural evolution, tailored optical absorption,
and enhanced electrical conductivity in NiO, expanding its use in various applications.

1. Introduction

Interactions between accelerated ions approaching the atoms of a
solid target, before and upon impact, induce significant transformation
within the target material. Such atomic collisions in solids induce
changes with respect to structural, magnetic, optical, and electrical
properties of materials [1–3]. In this manner, ion beams are being uti-
lized in the engineering of nanostructures and modern electro-optical
devices [4–6]. As the energetic ion traverses a target, it loses its ki-
netic energy via two mechanisms: nuclear energy loss and electronic
energy loss. Nuclear energy loss (Sn) occurs in a low-ion energy regime,
where atoms are displaced, defects are generated, and ion implantation
occurs [7,8]. The electronic energy loss (Se) mechanism is based on
intensive electronic excitations and ionization of the atoms of the target
material. The result of such energy losses is the formation of point de-
fects and dislocations [9–11]. Radiation effects induced in this way
depend on several factors, such as fluence, incoming ion energy, and the
atomic number of the irradiating ions. Many different research studies

have shown the use of ion beams to enhance the properties of transition
metal oxides. Xia et al. [12], used 50 keV N+ ion irradiation to improve
the conductivity of NiO nanosheets for enhanced oxygen evolution re-
action electrocatalytic performance. Tripathi et al. [13] reported on the
engineering of NiO thin film properties through silver ion irradiation.
This led to an improvement in the crystallite size of NiO thin films
irradiated with lower ion fluence, alterations in surface morphology,
and an increase in surface roughness with higher ion fluence. Li et al.
[14] induced defects in the crystal structure of NiO through He+ ion
irradiation, which also reduced the thickness of the NiO nanosheets,
resulting in higher-surface-area structures optimized as catalysts with
enhanced oxygen evolution reaction (OER) performance. Bhakta et al.
[15] reported that defects introduced by 30 keV Au ions resulted in
variations in crystallite size and band gap narrowing. Mishra et al. [16]
investigated the influence of 1.2 MeV argon ion irradiation on the
magnetic properties of ZnO. Their results revealed that unirradiated ZnO
with a diamagnetic ordering transform to ferromagnetic behaviour
post-irradiation due to the formation of stable defects.
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This study investigates the effects of irradiation-induced defects on
the microstructure, optical properties, and electrical evolution of NiO
nanostructured thin films. Ion irradiation provides a controlled
approach to defect engineering [17–19], enabling the modification or
enhancement of specific properties to make NiO suitable for sensors,
optoelectronics, and transparent electronic applications. Therefore, it is
crucial to investigate how energetic ions impact NiO thin films. This
research specifically focuses on the response of NiO nanostructured thin
films to MeV heavy ion irradiation, emphasizing modifying electronic
properties for advanced applications. These modifications can be
particularly useful for sensor development in reactor environments and
optoelectronic devices.

Nanostructured thin films possess distinctive physical, chemical, and
structural properties due to their nanoscale aspect and high surface area-
to-volume ratios [20]. Their special features can be tuned to fulfil spe-
cific requirements, creating a vast array of applications in numerous
fields. NiO is one of the most intensively studied transition metal oxides
due to its intrinsic properties, such as a broad band gap, transparency in
the Vis-NIR [21], p-type carrier concentration, and elevated electron
mobility [5,22]. These properties enable NiO to be utilized in various
applications, including photovoltaic solar cells [23], optical power
limiters [24], magnetic storage devices [25], gas sensors [26], batteries
[27], and catalysis [28]. Different techniques have been used for the
fabrication of NiO nanostructured thin films, such as radio frequency
reactive magnetron sputtering [29], co-doped NiO by the sol-gel method
[30], reactive-pulsed laser ablation technique [31], electrodeposition
[32], mist chemical vapour deposition [33], and the spray pyrolysis
method [34,35]. Compared to other methods, spray pyrolysis offers
numerous benefits, including inexpensive costs, basic deposition
equipment, easy composition regulation [36], and particle size.

In this work, NiO nanostructured thin films with a thickness of the
order of 800 nm, were bombarded with 2.4 MeV C+ ions equivalent to
0.2 MeV/u C+ ions at various fluences. The Stopping and Range of Ions
in Matter (SRIM) Monte Carlo simulation code was used to provide
insight into the irradiation damage due to the incident ions. This study
focuses on radiation damage solely to electronic energy loss and not
nuclear stopping. In this regard, any potential effects of carbon dopants
from the incoming ions were excluded. Therefore, special care was taken
to select carbon bombardment energies that traverse the film and stop at
the substrate. To the best of our knowledge, no research has been done
on C+ ion-irradiated NiO nanostructured thin films. This research will
shed light on the relationship between irradiation-induced lattice de-
fects, optical and electrical properties of NiO for optoelectronic
applications.

2. Experimental

2.1. Synthesis of NiO nanostructured thin films

A simple spray pyrolysis setup, displayed in Fig. 1, was used to de-
posit NiO thin films on a glass substrate. The glass substrates were
initially cleaned using dilute nitric acid and ethanol, followed by
distilled water for 15 min in each solvent through ultrasonication. The
glass substrates were further rinsed with distilled water and blown with
dry air. 0.1 M of nickel (ii) nitrate hexahydrate was dissolved in distilled
water and magnetically stirred for 30 min. The aqueous nickel nitrate
hexahydrate, of volume of 15 ml, was sprayed on the preheated glass
slides at a flow rate of 0.25 ml/min under compressed air to form a thin
film. The spraying temperature was maintained at 450 ͦC. The spray
nozzle and glass substrates were separated at a fixed distance of 29.5 cm.
The glass substrates were left on the hotplate for 30 min after the
deposition process to evaporate residual solvents. The thin films were
then annealed at a temperature of 450 ͦC for 30 min. The thickness of the
NiO nanostructured thin films was determined using a mechanical
scanning technique called the Tencor stylus profilometer. Measurements
were taken several times across different areas of the film, yielding
values ranging from 797 to 803 nm. The average was then calculated
and rounded to the nearest significant figure, resulting in a thickness of
800 nm. The fabricated NiO thin films were regarded as nanostructured
due to the nanoscale dimensions of the grains composing the film.

2.2. Ion irradiations

The thin films were subsequently cut into small pieces measuring 5
mm by 5 mm. The films were then irradiated with C+ ions using the 6
MV EN Tandem accelerator at iThemba LABS, Johannesburg, South
Africa. The target was irradiated at room temperature under vacuum
with a beam current of approximately 20 nA, and the ion fluence was
varied by changing the exposure time. The NiO nanostructured thin
films were irradiated with a beam energy of 2.4 MeV C+ ions using
different fluences (number of ions/cm2) of 2 × 1013, 1 × 1014, 2 × 1014,
and 1× 1015 ions/cm2. The energy of 2.4 MeV was chosen to ensure that
the ion beam traverses the thin film without stopping within it. In this
way, it was assured that the defects due to only electronic stopping were
induced. The SRIM simulations of ion-solid interactions were performed
and are displayed in Fig. 2. After ion irradiation, the NiO nanostructured
thin films were characterized using various techniques, without any
post-treatment.

Fig. 1. The spray pyrolysis set up used for the deposition of NiO nanostructured thin films.
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Fig. 2. a) Simulations showing collision cascade in NiO of 2 μm thickness with an incident energy of 2.4 MeV, b) SRIM calculation of the C+ ion range within the NiO
matrix of 2 μm, c) Simulations showing induced vacancy distribution in NiO matrix, and the arrow shows the thickness of NiO, d) Simulations displaying the
ionization level within NiO and e) Energy Deposition along Ion Trajectory in NiO.

D.P. Sebuso et al.
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2.3. Sample characterization

The crystal structure of all the samples was investigated using X-ray
diffraction (XRD) with a Bruker D8 Advance instrument, utilizing Cu Kα
radiation (λ = 1.54060 Å). The vibrational modes of the unirradiated
and irradiated samples were studied using a Raman spectrometer via
Horiba Labram HR Evolution with a laser excitation wavelength of 532
nm. The surface morphology of the samples was performed with a Zeiss
Sigma 300 VP high-resolution scanning electron microscope (HRSEM)
equipped with an energy dispersive spectroscopy (EDS) accessory for
compositional analysis, as well as an atomic force microscope (AFM).
Changes in the optical properties of NiO nanostructured thin films were
investigated through optical measurements using a Cary 500
UV–Vis–NIR spectrophotometer. The electrical properties were investi-
gated using the Ecopia AMP 55T HMS-5300-HMS 5500 hall

measurement system.

3. Results and discussion

3.1. SRIM simulations

SRIM Monte Carlo simulations were performed to simulate the dis-
tribution of the incident ions of carbon in the irradiated NiO nano-
structured thin films, as well as the radiation damage in terms of the
production of vacancies. The penetration depth profiles of C+ ions as
they were irradiated at 2.4 MeV into NiO nanostructured thin films are
displayed in Fig. 2. The thickness of NiO nanostructured thin films was
800 nm, and the projected range of 2.4 MeV C+ ions was calculated to be
1500 nm. This clearly shows that the projected range is greater than the
thickness of the NiO nanostructured thin films, which confirms that the

Fig. 3. Rietveld refined XRD patterns showing the experimental (black line) and calculated (red line) for a) pristine NiO, b) C-NiO 2 × 1013 ions/cm2, c) C-NiO 1 ×

1014 ions/cm2, d) C-NiO 2 × 1014 ions/cm2, and e) C-NiO 1 × 1015 ions/cm2. The bottom blue line in each spectrum shows the difference between the refined and the
experimental data. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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C+ ions traversed the film and stopped in the substrate. The energy loss
within the NiO thin films for the incoming C+ ions is exclusively
attributed to electronic stopping due to the electronic excitations and
ionization. Specifically, the stopping calculations indicate that the two
energy loss mechanisms for 2.4 MeV C+ ions, nuclear stopping (Sn) and
electronic stopping (Se), correspond to 2.52 eV/Å and 153.20 eV/Å,
respectively. The Se is way much larger than the Sn due to the highly
energetic C+ ions, which interact primarily with the electrons rather
than the nuclei on their pathway.

3.2. XRD analysis

The X-ray diffraction (XRD) patterns were used to investigate the
impact of C+ ion irradiation on the structural parameters of NiO nano-
structured thin films analysed using Rietveld refinement technique by
employing Total pattern analysis (TOPAS). The Rietveld refinement
method uses a least-square approach to compare intensities from the
structural mode to the Bragg intensities. This is done by considering the
structural parameters including profile shape, lattice parameters, atomic
coordinates, preferred orientation, and isothermal parameters. The
refinement gives exact peak fittings for the typical patterns of pure NiO
with minor refinement errors [37]. A Lorentzian function was employed
for the refinement. The Rietveld refinement XRD data for the pristine
NiO and all irradiated samples are presented in Fig. 3, clearly showing
good agreement between the observed and calculated patterns. The
refined data have confirmed that all the experimental peaks correspond
to the allowed Bragg 2Ө positions for Fd3 –m space group. As confirmed
by the refinement all samples display a preferred orientation, which is
observed at 2Ө angle of about 37.35 ͦ, attributed to the (111)
face-centered structure of NiO [38,39]. Secondary peaks or impurities
were not observed in the XRD spectra, and as expected, no
carbon-related diffraction peaks were observed. The radiation damage
induced by the impact of C+ ions in the NiO matrix results in variations
in the crystallite size. The (111) peak position, lattice parameter, a, and
atomic position as shown in Table 1, were not affected by the C+ ions.
Therefore, the deposited energy was not high enough to result in a
notable atomic displacement that would modify the bond lengths and
angles in the NiO cubic structure. The results are consistent with the
SRIM vacancy production profile shown in Fig. 2c.

The quality of fit for the structure, peak shape, peak position, and
background is evaluated using profile R-factors, as displayed in Table 1.
The values of R factors obtained are quite small with values less than 3.
This justifies a good agreement between the calculated diffraction data
and the observed data. Therefore, the refined structural model properly
matches the experimental data. Fig. 4 presents the XRD spectra of the
unrefined data, and the standard employed during analysis.

The broadening of the XRD peaks was employed in crystallite size
analysis. The peak broadening is contributed by various factors such as
instrumental effect, strain effect within the crystal lattice, and crystallite
size [40]. The crystallite size was determined using the refinement data
and the Scherrer equation. The crystallite size calculated using the two
methods follows the same trend, but the D of the refinement data are
greater than of Scherrer equation. This is attributed to the fact that
Rietveld refinement accounts for all instrumental factors and effects of
peak broadening [40]. The results are shown in Table 2.

At lower C+ ion fluences, the samples exhibit peak broadening with a
slight reduction in crystallite size and a decrease in peak intensity, which
is attributed to the formation of various defects that cause strain and
disorder within the host [41]. At higher carbon irradiation (2× 1014 and
1× 1015 ions/cm2), there is a notable rise in crystallite size attributed to
the thermal spike model [42,43]. The inelastic energy loss results in the
production of a narrow track with highly excited electrons. The energy
of these excited electrons spreads via electron-electron interactions until
they gain sufficient thermal energy to transfer it to the material’s atoms
through electron-phonon coupling. This causes the lattice temperature
to rise quickly, followed by a very swift cooling phase that lasts only a
few picoseconds. The localized thermal spike can result in structural
modifications, such as defect formation, the formation of ion tracks, or a
recovery process where pre-existing damage regroups [7]. The thermal
spike induced within the NiO matrix caused structural alterations by
recombining defects, leading to a recovery process that promoted crys-
talline growth [2]. Fig. 2e shows the thermal spike effect due to elec-
tronic stopping within the NiO matrix.

It can be concluded that C+ ion irradiation favours the crystal growth
of NiO at high irradiation fluence. The increase in C+ ion fluence results
in an increase in total energy deposited in the film. This phenomenon
echoes findings from previous authors, such as Khalida et al. [44], who
noted an increase in crystallite size of polycrystalline tungsten irradiated
with C+ ions of 0.5 × 1015 ions/cm2. The noted reduction in FWHM and
the growth of crystallite size can also be ascribed to the diffusion of the

Table 1
Rietveld refinement parameters of pristine NiO and C+ irradiated samples.

Structural
Parameters

Pristine
NiO

C-NiO 2
× 1013

C-NiO 1
× 1014

C-NiO 2
× 1014

C-NiO 1
× 1015

2Ө ()ͦ (111) 37.3596 37.3615 37.3653 37.3437 37.3553
Lattice
constant (Å)
a = b = c

4.1823 4.1833 4.1823 4.1820 4.1831

Unit-cell
volume (Å3)

73.1546 73.2072 73.1575 73.1395 73.1974

Density (g/
cm3)

6.782 6.777 6.781 6.783 6.778

GoF 1.07 1.07 1.04 1.10 1.07
Rwp (%) 2.11 2.22 2.15 2.20 2.26
RP (%) 1.64 1.72 1.67 1.70 1.77
Rexp (%) 1.98 2.08 2.06 1.99 2.12

Atomic
Position

x y z ​

Ni1 0 0 0
O1 0.5 0.5 0.5

Fig. 4. XRD analysis of pristine NiO, C+ ion irradiated samples, and XRD
pattern for standard NiO, based on card no: 00-001-1239.

Table 2
Average crystallite size compiled using Scherrer and Rietveld methods.

Sample Scherrer (nm) Refined data (nm)

Pristine NiO 17.28 23.5
C-NiO 2 × 1013 16.95 22.8
C-NiO 1 × 1014 17.08 23.6
C-NiO 2 × 1014 17.95 24.7
C-NiO 1 × 1015 18.18 25.5
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host atoms beyond grain boundaries [41]. At higher fluences, the film
alleviates strain, resulting in an enhancement of crystallite size. The
Scherrer equation (1) was used to determine the crystallite size [45]:

D=
kλ

β cos θ
(1)

where k is the Scherrer’s constant, 0.9, β is the full width at half maxima
(FWHM), and λ is the X-ray wavelength,Ө is the Bragg diffraction angle.

The results reveal that the irradiation caused localized damage
without resulting in a complete structural transformation.

3.3. Raman analysis

Raman analysis was also employed to investigate the defect-induced
variations in the crystal structure of NiO nanostructured thin films. All
samples exhibited three prominent peaks associated with the lattice
vibrations of NiO. These typical NiO peaks arise from phonon scattering.
The first-order phonon (1P) mode is located at 236 cm− 1 in all the
samples. Additionally, a shoulder peak ascribed to the first-order
transverse optical mode (1TO), appears around 365 cm− 1 for all the
samples. Another shoulder band, located around 450 cm− 1, is ascribed
to the surface optical mode (1SO). The presence of the 1SO mode

Fig. 5. Deconvoluted Raman spectra using Voight function for a) Pristine NiO b) C-NiO 2 × 1013, c) C-NiO 1 × 1014, d) C-NiO 2 × 1014, e) C-NiO 1 × 1015 ions/cm2.
The colours grey, yellow, blue, wine, purple, pink, green, and red represent the fittings for 1P, 1TO, SO, 1LO, 2TO, LO + TO, 2LO and 2M vibrational modes,
respectively. The Voight cumulative fit peak is represented by the red colour. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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signifies the surface defects in the NiO nanoparticles [46]. However, this
band disappears in the sample irradiated with the highest C+ ion fluence
(1 × 1015) which could be due to its overlap with the 1LO mode,
resulting in a different spectral shape compared to the pristine sample.
This is clearly revealed by the deconvoluted Raman spectrum. The
longitudinal mode (1LO) for pristine NiO is located at 563 cm− 1. Al-
terations to the 1LO mode were observed upon ion beam energy trans-
mission to the NiO matrix. These changes include a decrease in peak
intensity and peak width, as well as a shift towards a lower Raman
wavenumber associated with the 1LOmode in irradiated samples up to a
fluence of 2 × 1014 ions/cm2. The reduction in the intensity of the 1LO
mode after ion bombardment is attributed to electronic excitations and
ionization [47]. The presence of the 1LO and 1TO modes is attributed to
the nickel vacancies and structural imperfections in the NiO nano-
particles [48,49]. The 1LO Raman peak shifts to 519 cm− 1 for the sample
with the highest C+ ion fluence, (1 × 1015 ions/cm2), with a broader
peak width observed. An increase in intensity is also observed for the

1LO peak at this fluence, which is ascribed to the increase in
electron-phonon coupling effect [50]. The discrepancies in Raman
modes are ascribed to distortions and defects within the host lattice
induced by highly energetic ions [51]. Additionally, previous authors
associate Raman shifts with surface modifications resulting from charge
transfer between the host lattice and incident ions [52]. A peak at 784
cm− 1, ascribed to the 2TOmode, is present in all samples. The 2LOmode
noted at 1089 cm− 1 for pure NiO, is also observed in all samples, as
shown in Fig. 5. The 2LO and 2TO bands represent the stretching modes
of NiO [48]. The intensity of the 2LO vibrational mode decreases upon
irradiation, and this peak also narrows with increasing carbon ion flu-
ence. The 2LO mode shifts slightly to a lower wavenumber, from 1089
cm− 1 for pristine NiO to 1082 cm− 1 at the highest irradiation fluence (1
× 1015 ions/cm− 2). This variation in the peak further validates the
presence of structural defects within the NiO structure [51]. The
two-magnon (2M) mode, observed at 1442 cm− 1 for pristine NiO, is
attributed to the magnetic excitation of NiO nanoparticles [49,53,54].

Fig. 6. SEM images of pristine NiO (a), C-NiO 2 × 1013 (b), C-NiO 1 × 1014 (c), C-NiO 2 × 1014(d), and C-NiO 1 × 1015 (e). Particle size distribution of f) pristine NiO
and g) C-NiO 1 × 1015 and EDS analysis of pristine NiO (h), and C-NiO 1 × 1015 (i).

D.P. Sebuso et al.
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Its peak intensity increased during irradiation but diminished at high C+

ion fluences (2 × 1014 and 1 × 1015 ions/cm2). Additionally, a second
2M peak emerges at 1574 cm− 1 for samples irradiated at fluences of 1 ×

1014, 2 × 1014, and 1 × 1015 ions/cm2. The emergence of this peak is
accompanied by a shift of the 2M band to higher wavenumbers, along
with an increase in its intensity at a fluence of 1 × 1015 ions/cm2. The
magnetic behaviour of NiO nanoparticles can be influenced by various
factors, including the annealing state and the presence of oxygen ion

(O2− ) and nickel ion (Ni2+) vacancies [55,56]. Therefore, the variation
in the 2M peak verifies that the energy transferred through electronic
stopping significantly induces structural modifications at high irradia-
tion fluences.

3.4. SEM analysis

The SEM images of all the samples are displayed in Fig. 6. The

Fig. 6. (continued).

Fig. 7. 3D AFM images of Pristine NiO and C+ ion irradiated samples.

D.P. Sebuso et al.
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observed nanoparticles in both pristine and irradiated samples appear
granular. All samples show fine particles of different sizes. The pristine
NiO exhibited an average particle size of 28 nm. Upon bombardment
with a C+ ion beam, the average particle size was reduced to 8 nm for
samples exposed to ion fluences of 2× 1013, 1× 1014, and 2× 1014 ions/
cm2. Furthermore, when the ion fluence was increased to 1 × 1015 ions/
cm2, the average particle size further decreased to 6 nm. No cracks or
pinholes were observed on the surface of the film. This helps create a
homogeneous nucleation and strong adhesion. The particle size distri-
bution graphs for pristine NiO and C-NiO 1 × 1015 ions/cm2 are shown
in Fig. 6f and g, respectively. The results are similar to those reported by
Mallick et al. [57], which show a reduction in NiO particle size due to
ion irradiation. The elemental composition of pristine NiO thin film and
the sample with higher fluence are shown in Fig. 6h and i, respectively.
The EDS spectra for all samples displayed peaks corresponding to the Ni
and O elements, with no impurity peaks detected, as verified by XRD.
Fig. 7 shows the 3D surface topography AFM images of the pristine and
C+ ion irradiated samples. The micrographs reveal finely distributed
particles, consistent with the SEM images. As the C+ ion fluence in-
creases, there is a corresponding increase in the average roughness (Ra)
and root mean square roughness (Rq), as shown in Table 3. The Ra in-
creases from 7.10 nm for pristine NiO to 14.65 nm at a fluence of 2 ×

1014 ions/cm2. The increase in roughness is attributed to collision cas-
cades that induce surface defects. However, at a higher ion fluence (1 ×

1015 ions/cm2), both Ra and Rq decrease, symbolizing a smoothing ef-
fect as a result of accumulated energy.

3.5. UV–Vis analysis

The optical properties of pristine NiO and ion irradiated samples
were studied using Ultraviolet–Visible (UV–Vis) spectrophotometer. The
transmittance in the visible region for pristine NiO was 56 %, it
increased to 62 % for samples that had been bombarded with carbon
ions at 1 × 1014 ions/cm2 and decreased to 47 % at the highest carbon
ion fluence. The transmittance of the samples does not display inter-
ference fringes due high crystallinity of the samples, which is consistent
with previous research [58,59]. This is evident in Fig. 8a. The diminish
of the transmittance at higher carbon fluence is ascribed to the higher
electron carrier density and induced defects as oxygen vacancies [9,60].
The reduction of the optical transmittance might also be due to the
occurrence of scattering at the grain boundaries [61].

The influence of carbon irradiation on the optical properties of NiO
was further investigated via determining the absorption and extinction
coefficients. The absorption coefficient (α) was calculated using equa-
tion (2) [62]:

α=
1
t
.ln

1
T

(2)

where T is the transmittance and t is the thickness of the film. The
extinction coefficient (k) was computed using equation (3) [63] and the
results are plotted in Fig. 9a:

k=αλ/4π (3)

The absorption coefficient is a measure of how much light a material
can collect or trap. High C+ ion irradiations enhance the absorption
property of NiO. The results reveal that there are variations in the ab-
sorption and extinction coefficients in the visible region post irradia-
tions. The absorption coefficient is associated with direct band
transitions. The Tauc model was used to determine the energy band gap
[64–66]:

αhv=K
(
hv − Eg

)1 /2 (4)

where K is a constant expressing the transition probability of the ma-
terial, h is the Planck’s constant, v is the frequency of the photon, and Eg
is the energy band gap. The Tauc plots displayed in Fig. 9b were used to
determine the optical band gap of the NiO samples. The band gap values
were obtained by extrapolating the linear portion of the (αhv)2 against
hv plot to the photon energy (hv) axis, where (αhv)2 = 0. The calculated
band gap values are presented in Table 4, with the pristine NiO exhib-
iting a band gap of 3.24 eV, while samples irradiated at 2 × 1013, 1 ×

1014, 2 × 1014, and 1 × 1015 ions/cm2 revealed band gaps of 3.29, 3.39,
3.19, and 2.80 eV, respectively.

The energy band gap of pristine NiO falls within the range of values
previously reported [67,68]. There is some disparity in the energy band
gaps due to irradiation-induced defects. It has been observed that at
lower carbon ion fluence, the energy band gap increases from 3.24 to
3.39 eV at a fluence of 1 × 1014 ions/cm2. The increase in the band gap
can be attributed to the modifications caused by defects and the strain
induced by irradiation. The results are similar to those from previous
studies by Solanki et al. [4], who reported on the increase in energy band
gap for strontium titanate thin films irradiated at the lowest fluence. The
increment in the band might also be due to the quantum confinement
effect since SEM displays a reduction in particle size after ion irradiation.
This is in concurrence with previous research [69] as the variations in
the band gap were ascribed to the enhanced quantum size effect. It is
worth noting that the band gap of the irradiated NiO films decreases at
higher irradiation fluence. The reduction in band gap is due to the
development of defect states in the energy band, which also modifies the
electronic structure of the target material. Furthermore, the diminishing
of the band gap could be due to ionization which results in a
high-density of band-tail states [70,71]. It can be concluded that high
carbon ion irradiation promotes electron flow since it eases swift
photoexcitation of electrons from the conduction band of NiO. One of
the merits of this study is that it shows how high C+ ion fluences can
narrow the band gap of NiO, changing its properties. Therefore, it is
ideal for consideration in various modern technology applications,
including energy storage, transparent conductive oxides (TCOs), sen-
sors, photocatalysis, light-emitting diodes (LEDs), optoelectronics, and
photovoltaic cells.

The optical depth penetration (ODP) also known as skin depth was
calculated using equation (5):

ODP=1/α (5)

It is inversely proportional to the absorption coefficient. During ion
irradiation, the skin depth increases and then decreases as the C+ ion
fluence increases as observed in Fig. 10a. The Urbach energy, Eu was
used to study the disorder of the pristine and ion irradiated NiO struc-
ture. This optical parameter can be computed using the formula [61]:

α=α0 exp
(
hv
Eu

)

(6)

where h and v are as defined in equation (4), α0 is a constant and Eu is the
Urbach energy. Fig. 10b was used to determine the Urbach energy of the
samples from the slope of the linear fit of ln α against hv.

The Eu slightly increases from 2.43 to 2.49 eV at a fluence of 2× 1013

Table 3
The roughness parameters of Pristine NiO and C+ irradiated samples.

Sample Average roughness (Ra)
(nm)

Root mean square roughness (Rq)
(nm)

Pristine NiO 7.10 9.66
C-NiO 2 ×

1013
7.75 10.41

C-NiO 1 ×

1014
12.64 16.71

C-NiO 2 ×

1014
14.65 18.90

C-NiO 1 ×

1014
11.91 15.51

D.P. Sebuso et al.



Ceramics International 51 (2025) 44619–44632

44628

ions/cm2. The increase in Eu validates the enhancement of disorders and
more defects in the NiO structure. However, at a high C+ ion fluence of 1
× 1015 ions/cm2, the Eu decreases to 2.19 eV. The decrease in Eu means
the reduction in the generated defects due to the recrystallization of the
samples as observed from XRD.

The refractive index (n) is an important aspect for determining
whether materials are suitable for optoelectronic devices. In this study,
the static refractive index (no) was evaluated using different models to
gain a comprehensive understanding of NiO’s optical behaviour for its
potential applications in advanced technologies. Since the optical
refractive index is very important macroscopic parameter, efforts have
beenmade to develop simple relations that connect the optical refractive
index to the energy band gap [72]. Different models, including Moss,
Herve-Vandamme and Ravindra-Gupta which correlate the optical
refractive index of the material to its plasmon energy band gap have
been proposed [72–74]. All these models demonstrated high accuracy in

Fig. 8. a) Transmittance spectra and b) the optical absorption coefficient plot of ion-irradiated and pristine NiO thin films.

Fig. 9. a) The extinction coefficient and b) Tauc’s plot for pristine and ion irradiated NiO samples at different ion fluences.

Table 4
Refractive index using different models, optical energy bandgap, and Urbach
energy values of the pristine NiO and carbon irradiated thin films.

Sample no
(Moss)

no (Herve -
Vandamme)

no (Ravindra -
Gupta)

Eg(Tauc)
(eV)

Eu
(eV)

Pristine
NiO

2.33 2.20 2.08 3.24 2.43

C-NiO 2 ×

1013
2.32 2.19 2.04 3.29 2.49

C-NiO 1 ×

1014
2.30 2.16 1.98 3.39 2.23

C-NiO 2 ×

1014
2.33 2.21 2.11 3.19 2.21

C-NiO 1 ×

1015
2.41 2.32 2.35 2.80 2.19

Fig. 10. a) Skin depth and b) Urbach energy extrapolations for pristine NiO and irradiated samples at various ion fluences.
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computing the optical refractive index. Table 4 shows the computed
static refractive index using these models and illustrates how it varies
with ion irradiation.

The Moss relation [75] describes the static/optical refractive index
(no) as a function of the absorption edge and establishes a direct rela-
tionship between Eg and no:

no=
(
95
Eg

)1 /4
(7)

The Herve-Vandamme [66] equation can be perfectly applied to
many optoelectronic materials:

no=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1+

(
K

Eg + B

)2
√

(8)

where K is 13.16 eV which is the hydrogen ionisation energy and B is a
constant, 3.47 eV. The refractive index was also computed using a third
model, the Ravindra equation [66]:

no=4.084 − 0.62Eg (9)

The computed static refractive index using all three models follows
the same trend both before and after irradiation. As anticipated, there
are variations in the refractive index after irradiation due to changes in
the electronic structure of the NiO caused by atomic defects from the
irradiation. The electronic excitation affects the material’s density,
which in turn influences the refractive index, leading to the observed
variations post-irradiation. The static refractive index values obtained
using the Moss equation display the highest values compared to the
other two models. Among the samples, the one irradiated with the
highest C+ ion fluence exhibits the highest refractive index, making it
more desirable for optoelectronic devices.

It is crucial to determine the dielectric behaviour of solids especially
if we are considering exploring them for electronic devices. Equation
(10) was used to determine the high-frequency lattice dielectric constant
(ε∞) [76]:

ε∞ =n2o (10)

where n is the refractive index. The static dielectric constant (εo) of the
films was computed using a formula that gives the dependence of εo on
the energy band gap for semiconductor compounds [77]:

εo=18.52 − 3.08Eg (11)

The values of ε∞ and εo are presented in Table 5. The high-frequency
lattice dielectric constants for all the models follow the same trend as the
static refractive index, as they depend on (n). The static dielectric con-
stant decreases at lower C+ ion fluences (2 × 1013 and 1 × 1014 ions/
cm2) and increases at higher C+ ion fluences (2 × 1014 and 1 × 1015

ions/cm2).

3.6. Electrical properties

The electrical measurements of all the samples were studied at room
temperature and the parameters are displayed in Table 6. Fig. 11

illustrates changes in resistivity and mobility upon irradiation. The re-
sistivity was used to determine conductivity. The defects in the NiO
atoms contributed to the increase in resistivity from 0.102 to 0.124 Ωcm
at low C+ ion fluence. This increase is attributed to the dispersion of
charge carriers, which resulted in decreased mobility due to a limited
number of free carriers available for conduction.

The increase in resistivity is also contributed by the nickel vacancies
and oxygen vacancies created during irradiations [78]. The resistivity
then decreases from 0.124Ωcm at a fluence of 1× 1014 to 0.0787Ωcm at
1 × 1015 ions/cm2. This observation is related to the surge in crystallite
size for the sample irradiated with the highest carbon fluence, as ob-
tained from XRD. The enhanced crystallinity leads to fewer grain
boundaries while reducing impurity scattering, which in turn improves
the charge carriers’ pathways [79,80]. This positively impacts the
movement of holes, resulting in increased carrier mobility and
conductivity.

Furthermore, the sample irradiated at 1 × 1015 ions/cm2 has a low
band gap as already stated, hence the electrons in the valence band
acquire enough energy to migrate to the conduction band. Therefore, it
is worth noting that high C+ ion irradiation improves the conductivity
and electron mobility of NiO. The relationship between conductivity and
resistivity can be explained using the following relation:

σ=1/ρ (12)

where σ is the specific conductivity and ρ symbolise the resistivity. The
resistivity is inversely proportional to conductivity.

4. Conclusion

This study has investigated the effects of 2.4 MeV C+ ion irradiation
on NiO nanostructured thin films at various fluences. C+ ion irradiation
led to changes in microstructural, optical, and electrical properties of
NiO nanostructured thin films. Rietveld refinement was used to study
the microstructural evolution of NiO using XRD data. The structural
parameters were accurately determined as the refined model exhibited
an excellent fit with the experimental data. The irradiated samples
revealed variations in crystallite size due to the electronic excitation and
ionization induced by the 2.4 MeV C+ ions. High irradiation fluence
increased the crystallite size of NiO. The lattice parameters, and peak
positions remained unchanged showing that the irradiation did not
induce a complete structural modification. Alterations in Raman modes
were observed post-irradiation. The 2LO vibrational mode diminished
upon irradiation, attributed to the presence of structural defects within
the NiO structure. The surface morphology revealed a reduction in
particle size and an increase in average roughness due to C+ ion irra-
diation. No impurities were detected, as confirmed by EDS. There was
substantial variation in the optical band gap after irradiation. Carbon
ion irradiation improved the conductivity and mobility of NiO and
enhanced the charge carrier path at higher irradiation fluence. The re-
sults demonstrate an alteration in the material’s behaviour. Therefore, it
can be concluded that changes in the NiO matrix after 2.4 MeV C+ ion
irradiation occur through two competing processes: the damaging and

Table 5
Lattice dielectric constants calculated using different models for pristine NiO
and carbon-irradiated thin films.

Sample εo Moss
ε∞

Herve - Vandamme
ε∞

Ravindra - Gupta
ε∞

Pristine NiO 8.54 5.43 4.84 4.33
C-NiO 2 × 1013 8.39 5.38 4.80 4.16
C-NiO 1 × 1014 8.08 5.29 4.67 3.92
C-NiO 2 × 1014 8.69 5.43 4.88 4.45
C-NiO 1 × 1015 9.90 5.80 5.38 5.52

Table 6
Electrical properties of pristine and carbon ion irradiated NiO samples.

SAMPLE RESISTIVITY,
ρ (Ωcm)

CONDUCTIVITY, σ (1/
Ωcm)

MOBILITY (cm2/
Vs)

Pristine NiO 0.1020 9.83 0.514
C-NiO 2 ×

1013
0.1220 8.21 0.165

C-NiO 1 ×

1014
0.1240 8.07 0.098

C-NiO 2 ×

1014
0.0890 11.30 2.990

C-NiO 1 ×

1015
0.0790 12.70 3.220
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thermal spike mechanisms. The thermal spike model dominates at
higher C+ ion fluence, while the damaging effect prevails at lower C+ ion
fluence. In conclusion, the electronic energy loss induced by C+ ion
irradiation in NiO caused significant optical and electronic variations
through lattice distortions, ionization, track formation, and localized
heating. Carbon ion-irradiated NiO samples would be ideal for various
applications, such as transparent conductors, sensors, and different
electronic devices. In addition, NiO irradiated at a lower C+ ion fluence
would be ideal for use as a nuclear reactor sensor due to its increased
band gap.
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