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Abstract: Nickel-doped copper sulfide (Ni:CuS) thin films with varying thicknesses and morphologies were successfully
synthesized on microscopic glass substrates via a sol-gel dip-coating method to investigate their potential for device
applications. The primary precursors included copper (II) tetraoxosulphate (VI), sodium disulphide, and nickel (II)
chloride hexahydrate as sources of Cu?*, S, and Ni** ions, respectively, with ethylene glycol serving as a stabilizing
agent. The Ni:CuS thin films underwent optical, structural, morphological, and compositional characterizations using
UV-Vis spectroscopy, X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy-dispersive
spectroscopy (EDS). Optical analysis revealed that the Ni:CuS films exhibited high absorbance values in the UV and
NIR regions, while their refractive index increased significantly in the VIS-NIR regions. The bandgap energy decreased
with increasing Ni concentration, with values of 2.66 eV, 2.50 ¢V, 2.41 eV, and 2.33 eV for films doped with 0.04 M,
0.06 M, 0.08 M, and 0.10 M Ni ions, respectively. XRD results confirmed the crystalline nature of the films with a
hexagonal structure, while crystallite sizes for films doped with 0.02 M, 0.06 M, and 0.10 M Ni ions were determined as
19.45 nm, 19.54 nm, and 19.92 nm, respectively. EDS analysis confirmed the presence of Cu, Ni, and S, alongside trace
elements. The properties demonstrated by these Ni:CuS thin films suggest their suitability for various optoelectronic
applications, including optical coatings, photothermal applications, photosensors, and window layers for solar
cell/photovoltaic devices.
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1.0 INTRODUCTION

The applications of most metal chalcogenide materials span vast areas, contributing to advancements in science and
technology in recent times. These chalcogenides are compound semiconductor materials formed when metal ions react
with group VI elements in the periodic table, except for oxygen, which typically forms oxides when combined with metal
ions [1]. These compound materials possess the requisite characteristics for various applications, including energy
generation and development, medicine, environmental protection, and military/security, addressing numerous human
challenges [2-4].

Among the metal chalcogenides of interest are groups I-VI, II-VI, III-VI, and IV-VI, due to their unique characteristics
[5]. Specifically, group I-VI compounds such as CuS, CuSe, CuTe, AgS, AgSe, and AgTe have attracted significant
attention for energy generation and semiconductor device fabrication [6, 7]. CuS, a group I-VI chalcogenide
semiconductor material, exhibits remarkable optical, electronic, and chemical properties, making it suitable for
applications in photovoltaic cells, photosensors, energy storage, lithium-ion batteries, thermoelectric devices, and
photocatalysis [8-10]. Naturally, the sulphides (CuxS) of copper crystallize into various phases, including chalcocite
(CuzS), djurleite (Cui.06S), digenite (Cuy.s5S), anilite (Cui.75S), and covellite (CuS), with covellite being the most stable
phase [11]. These phases of copper sulphide have significantly contributed to diverse applications. However, reports
indicate that the formation of these phases into copper sulphide structures is complex and depends on multiple factors,
including temperature variations. Its structure has been noted to be predominantly hexagonal and orthorhombic [12].

Incorporating elements such as transition metals and rare-earth metals into the crystal structure of copper sulphide through
doping has shown promise in enhancing its performance for various device applications. Nickel, a transition metal,
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exhibits remarkable properties, making it a suitable dopant for improving the performance of copper sulphide materials
in device applications [13]. Studies have reported that the bandgap energy of Ni-doped CuS nanoparticles synthesized
via a simple chemical co-precipitation technique decreases with increasing Ni doping content [14]. Additionally, Ni-
doped CuS nanoparticles demonstrate enhanced photocatalytic activity compared to pristine CuS nanoparticles, with
degradation efficiency improving as Ni concentration increases. Furthermore, nanofilms of Ni-doped CuS synthesized
via the solvothermal route have exhibited significant changes in magnetic properties due to Ni doping [15].

Similarly, Ni-doped CuS nanoparticles deposited through a wet chemical co-precipitation approach have demonstrated
strong ferromagnetism, with their optical bandgap red-shifting as Ni ion concentration increases [16]. The authors
concluded that 2% and 4% Ni-doped CuS nanoparticles are suitable for spintronic device fabrication. Additionally, the
impact of Ni doping on CuS nano-composite films as electrocatalysts for the oxygen evolution reaction (OER) has been
investigated [17]. The authors concluded that 3% Ni-doped CuS was more effective for OER than pure CuS, based on
their fabrication method and conditions.

In this study, the sol-gel dip-coating approach was employed to synthesize Ni-doped CusS thin films at different Ni ion
concentrations to investigate their properties for fundamental applications, particularly in solar energy generation.

2.0 MATERIALS AND METHOD

In the preparation of the nickel-doped copper sulphide thin films, the materials and apparatus used were; microscopic
glass substrates, digital weighing balance, glass beakers (100 mL, 250 mL and 500 ml), measuring cylinder (50 mL and
100 mL), electric oven and magnetic stirrer with hot plate and magnetic bead, while the precursors/reagent used include;
copper (II) tetraoxosulphate (VI) as source for Cu?" ions, sodium disulphide was used as source for S> ions and nickel
(II) chloride hexahydrate as source of Ni%*, while ethylene glycol was used as a stabilizing agent. The Sol-gel method
was employed to synthesize the gel solution of the mixture of the precursors by firstly mixing 100 ml of 0.1 M copper
(IT) tetraoxosulphate (VI) and 10 ml of ethylene glycol solution in 250 mL glass beaker and stirring the mixture vigorously
for 10 minutes. This was followed by the addition of 20 ml of 0.02 M nickel (II) chloride hexahydrate to the mixture and
stirred for another 10 minutes before the final addition of 100 ml of 0.2 M sodium disulphide nanohydrate solution. The
final solution was stirred for another 30 minutes to form a homogenous solution. The addition of sodium disulphide
nanohydrate led to the formation of black precipitates which indicated that copper sulphide sol-gel was formed. The
reactions between copper (II) tetraoxosulphate (VI), nickel (II) chloride hexahydrate and sodium disulphide nanohydrate
for the formation of Ni-doped Copper Sulphide are given as

CuS0,.8H,0 + Na,S .9H,0 — CuS + Na,S0, + 17H,0.

In the reactions, CuS and NiS combined to form nickel-doped copper sulphide gel solution. The gel was washed several
times with distilled water to remove unwanted soluble compounds. Four other nickel-doped copper sulphide gel solutions
were prepared using 20 ml of 0.04 M. 0.06 M, 0.08 M and 0.10 M of nickel (II) chloride hexahydrate solutions
respectively and washed with distilled water. The washed nickel-doped copper sulphide gel solution was stored to be
used for nickel-doped copper sulphide thin films via a dip coating approach on a microscopic glass substrate. Before the
use of the substrates, they were degreased by washing with detergent and distilled water and allowed to dry. Five glass
substrates each was dipped into the solution of each synthesis nickel-doped copper sulphide gel solution for 10 times to
allow for the fabrication of Ni:CuS thin films on the glass substrates. The fabricated films were dried in an electric oven.
The summary of the dip coating approach for the deposition of the Ni:CuS thin films on the glass substrate at varying
concentrations of nickel ion precursor is displayed in Table 1.

Table 1: Number of dipping for deposition of nickel doped copper sulphide thin films

Baths Name Concentration of Ni Number of Dip
ion precursor (M) Times
Ni(0.02 M)CuS 0.02 10
Ni(0.04 M)CuS 0.04 10
Ni(0.06 M)CuS 0.06 10
Ni(0.08 M)CuS 0.08 10
Ni(0.10 M)CuS 0.10 10

The fabricated thin films of Ni-doped CuS were characterized using x-ray diffraction method, UV-VIS spectroscopy,
scanning electron microscopy/energy dispersive spectroscopy (SEM/EDS) technique to determine their structural,
optical, morphological as well as compositional properties of the films for any desirable application.
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3.0 RESULTS AND DISCUSSIONS

3.1 Film Thickness Measurement
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Figure 1: Graph of thickness plotted against concentration of Nickel ion precursor for the nickel-doped copper sulphide
(Ni:CuS) thin films

Figure 1 shows the thickness graph plotted against nickel ion precursor concentration. The thickness of the films was
determined using the gravimetric method as given by [18-21].
=% )

where Am is the mass of the film, S is the surface area of the deposited film on the substrate and p is the bulk density of
the material film. The masses of the deposited films were obtained by finding the difference in mass between the mass
of the glass substrate after film deposition and the mass of the glass substrate before deposition. These differences in
mass of the films were measured using a digital weighing balance with a sensitivity of 0.0001 g. From the graph, the
thickness of the films increases as nickel ion concentration increases from 0.02 M to 0.10 M. The thickness of the films
was found to range from 113.51 nm to 186.41 nm. This increase in film thickness due to an increase in the concentration
of nickel ion precursor could be attributed to changes in the growth rate and chemical composition of the thin film
materials. Similar increases in thickness as nickel concentration increases have been reported by [22-24].

3.2 Optical properties of nickel-doped copper sulphide (Ni:CuS) thin films
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Figure 2: Absorbance graphs of nickel-doped copper sulphide thin films deposited at different concentrations of nickel
ion precursor
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Figure 2 shows the graph of absorbance of the deposited nickel-doped copper sulphide thin films plotted against
wavelength. The graph showed that the percentage of absorbance of the films initially decreased as wavelength increases
within UV and VIS regions but increased within NIR region. Absorbance was also found to increase as the concentration
of nickel dopant increased. The copper sulphide thin film doped with 0.02 M of nickel ion dopant has absorbance values
of 39.50% at 300 nm wavelength but decreased to 31.21% at 400 nm and further decreased to 17.44% at 655 nm and
thereafter increased slightly to 23.57% as wavelength increased to 1100 nm. The thin film doped with 0.04 M of nickel
ions has absorbance values of 50.68% at 300 nm which decreased to 39.28% at 400 nm wavelength and further decreased
to 20.85% at 655 nm and then increased slightly to 30.35% at 1100 nm. The film doped with 0.06 M of nickel ion
precursor has absorbance values of 63.29% at 300 nm (UV region) but decreased to 49.72% at 400 nm and further
decreased to 24.05% at 655 nm (VIS region) and then increased slightly to 41.53% as wavelength increased to 1100 nm
(NIR region). The copper sulphide thin film doped with 0.08 M of nickel ion precursor has an absorbance percent of
68.68% at 300 nm which decreased to 56.02% at 400 nm and further decreased to 33.49% at 655 nm and then increased
slightly to 47.51% at 1100 nm. The film doped with 0.10 M of nickel ion precursor has the highest percentage of
absorbance of 73.85% at 300 nm but decreased to 62.42% at 400 nm and further decreased to 29.08% at 685 nm (VIS
region) and thereafter increased slightly to 38.81% at 1100 nm in the NIR region. The trend indicates that nickel doping
enhances absorbance of CuS, particularly in the UV and NIR regions.
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Figure 3: Transmittance graphs against wavelength for the nickel-doped copper sulphide thin films

Figure 3 shows the graph of transmittance of the deposited nickel-doped copper sulphide thin films plotted against
wavelength. The transmittance of the films was evaluated using the relation given by [25, 26].
T =10"4x 100 2)

Where A represents the measured absorbance value of the films.

From the graph, it was observed that the percentage transmittance of the films increased as wavelength increased within
UV and VIS regions but decreased within the NIR region. The copper sulphide thin film doped with 0.02 M of nickel
ion precursor has transmittance values of 40.28% at 300 nm which increased to 66.93% at 655 nm and then decreased
slightly to 58.12% at 1100 nm. The one doped with 0.04 M of nickel ion precursor has transmittance values of 3113% at
300 nm and increased to 61.88% at 655 nm which then decreased slightly to 49.71% at 1100 nm. The film doped with
0.06 M of nickel ion has transmittance values of 23.29% at 300 nm but increased to 57.48% at 655 nm and thereafter
decreased to 38.43% at 1100 nm. The copper sulphide thin film doped with 0.08 M of nickel ion precursor has a
transmittance percent of 20.57% at 300 nm which increased to 46.46% at 655 nm but decreased to 33.49% at 1100 nm.
The copper sulphide thin film doped with 0.10 M of nickel ion precursor has the lowest percentage transmittance values
of 18.26% at 300 nm which increased to 23.76% at 400 nm and further increased to 51.20% at 685 nm but decreased
slightly to 40.92% at 1100 nm. The transmittance of the films was also generally found to decrease as concentration of
nickel increased except for the film doped with 0.10 M Ni which deviated from the trend in the NIR region.
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Figure 4: Reflectance graphs of nickel-doped copper sulphide thin films deposited at different concentrations of nickel
ion precursor

Figure 4 represents the graph of reflectance of the deposited nickel-doped copper sulphide thin films against wavelength.
The reflectance was calculated using the relation given by [27].

1
R=1-[Te’]z (3)
Where T is the transmittance of the films.

The percentage reflectance of the films according to the figure showed linear relationship existed between the reflectance
and wavelength for the films in the UV region and an inverse relationship in the VIR region except for the film doped
with 0.08 M Ni which showed a constant value but decreased in the NIR region. The films have low reflectance with
maximum values of about 20.22% for all in the UV-VIS regions except for the films Ni(0.08M)CuS and Ni(0.10M)CuS
which tend to maintain the 20.22% in VIS and NIR. The film doped with 0.02 M of nickel ion precursor has reflectance
values that range from 15.76% to 20.22% in the UV-VIS/NIR regions. The film doped with 0.04 M of nickel ion precursor
has reflectance values that range from 17.43% to 20.22% while the film doped with 0.06 M of nickel ion precursor has
reflectance values that range from 13.42% to 20.04%. The copper sulphide thin film doped with 0.08 M of nickel ion
precursor has reflectance values that range from 10.75% to 20.22%. The film doped with 0.10 M of nickel ion precursor
has reflectance percentage values that range from 7.89% to 20.22%. The low reflectance values of the films suggest the
suitable application of the films for anti-reflective coatings on the surfaces of materials such as surface of lenses,
photovoltaic cells and other optical elements to reduce reflection. The variations in the reflectance of the deposited thin
films nickel-doped CusS indicates that concentration of nickel ion precursor has effect on the film reflectance properties.
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Figure 5: Refractive index graphs of nickel-doped copper sulphide thin films deposited at different concentrations of
nickel ion precursor

Figure 5 shows the graph of the refractive index of the deposited thin films of nickel-doped copper sulphide plotted
against wavelength. The refractive index of the films was determined using the formula provided by [28, 29].

— ¥R AR _ 12
n=1gt (1-R)?2 k 4)

Where R is the reflectance of the films and k represents the extinction coefficient of the films

The figure indicates that the deposited thin films of nickel-doped copper sulphide exhibited high values of refractive
index with the films doped with higher concentration of Ni showing linear relationship with wavelength in the UV-VIS
regions. The films have maximum refractive index value of 2.62 within the UV-VIS regions. The range of values of
refractive index for deposited thin films of nickel-doped CuS were found to be 2.30 to 2.62 for Ni(0.02M)CusS, 2.41 to
2.62 for Ni(0.04M)CuS, 2.13 to 2.62 for Ni(0.06M)CusS, 2.61 to 1.94 for Ni(0.08M)CuS and from 1.74 to 2.62 for the
film Ni(0.10M)CusS. The high values of refractive index exhibited by the deposited thin films make them good materials
for optical coating applications such as lens surface of lenses, optical fibre and other optical devices.
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Figure 6: Extinction coefficient graphs of nickel-doped copper sulphide thin films deposited at different concentrations
of nickel ion precursor
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Figure 6 shows the graph of the extinction coefficient of the deposited nickel-doped copper sulphide thin films plotted

against wavelength. The extinction coefficient was obtained using the relation as provided by [30-32].
ali

ke = 4T (5)

The results showed that extinction coefficient values increased as wavelength increased. The extinction coefficient was
found not to have a linear relationship with the concentration of nickel ions in the VIS and NIR regions but in the UB-
VIS, the films showed a linear relation. The film doped with 0.02 M Ni ions has extinction coefficient values that ranged
between 1.91 X 107! and 4.19 x 10~ 2. The film doped with 0.04 M of nickel ions has extinction coefficient values that
ranged between 2.00 X 107! and 4.40 x 10~ while the film doped with 0.06 M of nickel ions values in the range of
2.15 X 107! to 5.18 x 1071, On the other hand, the film doped with 0.08 M of nickel ions has extinction coefficient
values that range between 2.11 x 1071 and 5.35 X 10~ 'while the film doped with 0.10 M of nickel ions has extinction
coefficient values that range between 2.18 x 10! and 4.20 x 1071, This different in the values of extinction coefficient
for the deposited thin films showed that variation of concentrations of the Ni ions have effect on the extinction coefficient
properties and thus position the films for many optoelectronic applications.
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Figure 7: Optical conductivity graphs of nickel doped copper sulphide thin films deposited at different concentration of
nickel ion precursor

Figure 7 shows the graph of optical conductivity of the deposited nickel doped copper sulphide thin films plotted against
wavelength. The results showed that optical conductivity values of the films decreased as wavelength increases within

UV and VIS regions but increased within NIR region. Optical conductivity was obtained using the relation as given by
[33-35].

anc

Oo =~ (6)

Where a is the absorption coefficient, 1 is the refractive index and c is the speed of light in vacum. From the graph, it
was found that the optical conductivity of the films decreased with wavelength in the UV-VIS regions but increased in
the NIR. In the UV region, the optical conductivity of the films decreased as concentration of Ni ions increased. However,
the trend was not maintained in the VIS and NIR regions. The film doped with 0.02 M of nickel ions has optical
conductivity values of 5.01 X 10'* s~ at 300 nm which decreased to the value of 3.94 x 10** s~at 400 nm wavelength
and further decreased to 1.93 x 10** s~ at 655 nm and thereafter increased slightly to 2.75 x 10** s~ at 1100 nm. The
film doped with 0.04 M of nickel ion has optical conductivity values of 4.94 x 10** s~ at 300 nm which decreased to
4.06 x 10'* s~ at 400 nm and further decreased to minimum value of 1.98 x 10* s~ at 655 nm and then increased
slightly to 3.02 x 10'* s™* at 1100 nm. The film doped with 0.06 M of nickel ions has optical conductivity values of
4.59 x 10** s~ at 300 nm which decreased to 4.20 x 10* s~ at 400 nm and further decreased to 2.04 X 10* s at
655 nm and then increased slightly to 3.52 x 10** s~ at 1100 nm. The copper sulphide thin film doped with 0.08 M of
nickel ions has optical conductivity values of 4.11 x 10'* s~ at 300 nm that decreased to 4.02 X 10'* s~ at 400 nm
and further decreased to 2.67 X 10'* s~ at 655 nm and then increased slightly to 3.51 x 10* s~* at 1100 nm. Finally,
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the film doped with 0.10 M of nickel ions has optical conductivity values of 3.79 x 10'* s~ at 300 nm which decreased
t0 3.95 x 10%* 571 at 400 nm and further decreased to 2.22 X 101* s~ at 685 nm and then increased to the value of 2.93
x 10 s71 at 1100 nm.
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Figure 8: Plot of (ahv)? against photon energy for nickel-doped copper sulphide thin films deposited at different
concentrations of nickel ion precursor

Figure 8 shows the plots of (ahv)? against photon energy for the deposited nickel-doped copper sulphide thin films at
different concentrations of nickel ion precursor to determine the bandgap energy of the films. The plots were made based
on Tauc’s model as provided by [36, 39]

(ahv)" = B(hv — E;) (7)

where £ is a constant known as energy shape factor, n is a transition factor which has value of 2 for direct transition and
Y, for indirect transition and Eg is the bandgap energy of material of interest. From the plots, energy bandgaps of the films
were estimated by extrapolation of the straight portion of the graph along the photon energy axis where (ahv)? = 0.
Energy band gap of 2.71 eV was obtained for the thin films deposited with 0.02 M of nickel ion. Energy bandgaps of
2.66¢V,2.50¢eV,2.41 eV and 2.33 eV were obtained for the films doped with 0.04M, .0.06M, 0.08M and 0.10M of nickel
ions respectively. The result showed a decrease in the bandgap energy of the films as the concentration of nickel ions
increased. This confirmed the likelihood of tuning the energy band gap of copper sulphide by varying nickel ion
concentration as dopant. Similar effect of dopant concentration on the band gap of thin film materials had been reported
by [40, 41]. The increase in nickel ion concentration gave rise to increase in the films thickness and decrease in energy
band gap which is likely to be attributed to quantum confinement effect.
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33 Structural properties of nickel doped copper sulphide (Ni:CuS) thin films
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Figure 9: XRD spectra of nickel-doped copper sulphide thin films deposited at different concentrations of nickel ion
precursor

Figure 9 shows the XRD spectrum of nickel-doped copper sulphide thin films deposited at different concentrations of
nickel ion precursor. The nickel-doped copper sulphide thin film deposited with 0.02 M of nickel ion precursor has
diffraction peaks at 29.48 °, 31.72 °, 32.90 ° and 47.90 ° The thin film doped with 0.06 M of nickel ion precursor has
diffraction peaks at 29.49 °, 31.73 °, 33.00 ° and 47.89 ° while the film deposited with 0.10 M of nickel ion dopant has
diffraction peaks at 29.55 °, 31.76 °, 33.04 ° and 48.05 °. These diffraction peaks for the synthesized thin films nickel-
doped copper sulphide matched well with the standard JCPDS file number (00-006-0464) for CuS with mineral name
covellite and hexagonal phase structure. These two theta angles corresponded to the crystalline planes (101), (103), (006)
and (110) as depicted in figure 9. Ni-CuS thin films with similar structures deposited hydrothermal method has been
reported by [42]. The average crystallite sizes (D), dislocation density and micro-strain of the films were calculated using
the Debye-Scherrer and Williamson-Smallman relations as provided by [43, 44]

0.91
b= LCosb (8)
1
§=— ©)
_ _ B
€= 4xTan@ (10)

Where A is the probing x-ray wavelength, B is the full-width half maximum (FWHM), 0 is the Bragg’s angle.

The crystallite size for the films doped with 0.02 M, 0.06 M and 0.1 M nickel ions dopant was found to be 19.45 nm,
19.54 nm and 19.92 nm respectively. The overall average dislocation density of the films doped with 0.02 M, 0.06 M and
0.10 M Ni dopant were calculated to be 3.359x103 nm™ 3.24 x10” nm and 3.179x10-* nm? respectively, while the
micro-strain were found to be 6.494x1073, 6.378x10-3 and 6.319x1073 respectively. The crystallite size values of the films
were found to increase as the concentration of nickel ions increased. [45].
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Figure 10: Micrographs of nickel-doped copper sulphide thin films deposited at different concentrations of nickel ion
precursor

Figure 10 shows the micrograph of nickel-doped copper sulphide thin films deposited at different concentrations of nickel
ion precursor. The micrograph shows that the particles of the deposited films are spherical. However, agglomerations of
lump particles were noticed in the films deposited with 0.02 M and 060 M of Ni ions. The analysis of the micrographs
done using ImagelJ software showed that the films composed of a nanosphere with particle sizes of 82.91 nm, 89.11 nm
and 94.10 nm for 0.02 M, 0.06 M and 0.10 M Ni doped CusS thin films respectively. This result indicates that the particle
size of the films increased as the concentration of nickel ions increased.
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Figure 11: EDS spectra of nickel-doped copper sulphide thin films deposited at different concentrations of nickel ion
precursor
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Figure 11 shows the EDS spectra of the deposited thin films of Ni-doped CuS to determine the elemental composition of
the films for different concentrations of nickel ion precursor. The EDS spectra showed the presence of the desired
element; copper (Cu), nickel (Ni) and sulphur (S) in addition to other elements present in the films as shown in Table 2
with their atomic percentage values. This result confirms the presence of the desired elements in the deposited thin films.
The absorbance of the films was found to increase with an increase in the Ni concentration while percentage transmittance
decreased as the Ni concentration increased.

Table 2: Elemental Composition of nickel-doped copper sulphide thin films
Elements

Bath Name C o Na | Mg | Al Si S Ca | Ni Cu Total
Ni(0.02 M): CuS 456 | 26.74 | 7.80 | 1.78 | 0.59 | 20.44 | 1.94 | 3.20 | 4.44 | 28.51 100
Ni(0.06 M): CusS 3.79 | 2531 | 844 | 1.43 | 0.45 | 19.60 | 1.01 | 3.16 | 6.34 | 30.47 100
Ni(0.10 M): Cus 6.33 | 2421 | 7.17 | 1.59 | 0.38 | 15.2 | 2.82 | 3.03 | 8.18 | 31.09 100

Atomic
%

CONCLUSION

In conclusion, the properties of Ni:CuS thin films deposited by sol-gel dip coating method were investigated using UV-
Vis spectroscopy, x-ray diffraction technique, scanning electron microscopy and energy dispersive spectroscopy
techniques for possible device applications. The analysis showed that Ni doping has a desirable effect on the optical and
structural properties of the deposited thin films. The thickness of the deposited films was found to increase as nickel ion
concentration increased from 0.02 M to 0.10 M and the thickness ranged from 113.51 nm to 186.41 nm. This phenomenon
could be attributed to changes in the growth rate and chemical composition of the thin film materials. The absorbance of
the films was found to increase with an increase in the concentration of Ni dopant while percentage transmittance showed
a decrease in value as Ni concentration increased. The films exhibit high values of refractive index and the values were
found to be highly dependent on the concentration of Ni ions throughout the UV-VIS and NIR regions. The obtained
values of bandgap energies for the films were found to be red-shifted in the order of 2.66 eV, 2.50 eV, 2.41 eV and 2.33
eV for the films doped with 0.04M, .0.06M, 0.08M and 0.10M of nickel ions respectively. This showed that the bandgap
of CuS can be tuned by varying nickel ion concentration as a dopant. This correlates to an increase in the film thickness
as a result of Ni doping and the decrease in band gap energy value can be attributed to the quantum confinement effect
in the films. The structural analysis results indicate that the films possess a crystalline structure with an average crystallite
size of 19.45 nm, 19.54 nm and 19.92 nm for the films doped with 0.02 M, 0.06 M and 0.1 M nickel ions respectively.
The average dislocation density of the films doped with 0.02 M, 0.06 M and 0.10 M Ni dopant were calculated to be
3.359x1073 nm™ 3.24 x10 nm? and 3.179x107 nm2, while the micro-strains were found to be 6.494x107, 6.378x107
and 6.319x1073 respectively.
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