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Copper sulfide nanoparticles have a wide range of applications in various fields, and 
improving their physical properties is highly desirable. In this study, we investigate the 
influence of nickel concentrations on the structural, optical, and magnetic characteristics 
of CuS nanoparticles. The structural properties of Cu1-xNixS (x = 0.00, 0.02, 0.04, 0.06, 
0.08, and 0.10) were demonstrated using X-ray diffraction (XRD), which confirmed that 
all samples have a single hexagonal phase. The Energy Dispersive X-ray Technique 
(EDAX) was used to investigate the elemental analysis of Cu1-xNixS. The XPS study 
revealed the valence states of Cu, Ni, and S in the Cu0.94Ni0.06S nanoparticles, as well as 
surface oxidation. The optical characteristics were calculated based on the absorbance 
optical spectra of the films using a UV-vis-NIR double-beam spectrophotometer in the 
wavelength range of 400–1000 nm. The optical band gap for CuS and Ni-doped CuS 
samples decreases as the Ni concentration rises. Magnetic studies (using the M-H curve) 
demonstrate that 2% and 4% Ni-doped CuS nanoparticles exhibit strong ferromagnetism at 
ambient temperature and transition to a paramagnetic nature. These results suggest the 
potential of creating spintronic devices using Ni-doped CuS nanoparticles. 
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1. Introduction 
 
Semiconductor nanostructures have attracted considerable interest due to their unique 

properties that cannot be achieved from typical bulk materials. Due to their particular size-
dependent features, quantum confinement, and the high surface-to-volume ratio of atoms, they 
exhibit innovative structural, optical, electrical, and magnetic features [1]. Transition metal 
chalcogenide compounds are receiving increased interest for their synthesis and characterization at 
the nanoscale [2]. 

Covellite copper sulfide (CuS) is an adaptable, accessible, and low-toxicity chalcogenide 
that has gained attention for its potential uses in a variety of industries, from energy to biomedical 
[3,4]. CuS is a p-type semiconductor because copper vacancies in the material serve as electron 
acceptors [5]. It can also be converted into a superconductor at a temperature of approximately 1.6 
K [6]. The CuS has some particularities, such as a band gap energy of 2.36 eV, high conductivity, 
and a good optical absorption coefficient [7]. It has prospective uses in photocatalysis [8], sensors 
[9], optoelectronic devices [10], photovoltaic cells [11], battery electrodes [12], and tissue imaging 
[13]. Over the years, CuS nanostructures with different morphologies, such as nanowires [14] 
nanoparticles [15], nanoplates [16], nanorods [17], nanotubes [18], and nanoribbons [19], have 
been created using a variety of techniques, including the chemical co-precipitation method [15], 
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the solvothermal method [20], the combustion method [21], the hydrothermal method [22], and the 
solid-state reaction method [23]. 

To manufacture nanostructures with superior optical and electrical properties, several 
efforts have been undertaken, including the incorporation of transition metal ions into binary 
semiconductors. Nickel (Ni) is one of the most reactive transition elements and has been added to 
semiconductors to improve luminescence efficiency [24]. The creation of nanoparticles that 
possess the correct band gap and exhibit strong room-temperature ferromagnetism with Ni doping 
suggests that Ni-doped CuS diluted magnetic semiconductor nanoparticles may also be utilized in 
the development of spintronic devices [25]. Diluted magnetic semiconductors have been the focus 
of significant research over the past 10 years [26-30], given their realistic magnetic properties and 
capacity to receive both charges and spin degrees in a single compound. These materials also show 
potential for the manufacturing of spintronic devices, including spin LEDs, MRAM, spin FETs, 
and RTDs. In this manuscript, we will synthesize high-quality Cu1-xNixS nanoparticles at different 
Ni percentages (x = 0.00, 0.02, 0.04, 0.06, 0.08, and 0.10) to investigate the impact of Ni doping 
on the structural parameters, morphology, optical properties and magnetic properties for 
spintronics and optoelectronic applications. 

 
 
2. Experimental studies 
 
Nanocrystalline copper sulfide was synthesized by chemical route. CuS nanocrystalline 

powder and Ni-doped CuS nanocrystalline powder were prepared as follows: 
 
2.1. Preparing CuS and Ni-doped CuS nanoparticles 
A mixture of 2.5 mmol NiCl2·6H2O, and Cu(NO3)2·3H2O, and 5 mmol sulfur powder with 

0.075 g polyvinyl pyrrolidone (PVP) was added to 10 ml ethylene glycol (EG), the mixture was 
vigorously stirred and then put in an autoclave. The autoclave was sealed and maintained at 150 οC 
for 20 h. The Ni concentration was varied (0.00, 0.02, 0.04, 0.06, 0.08, and 0.10%) by changing 
the amount of NiCl2·6H2O. After cooling the solution to room temperature, the mixture was 
centrifuged to produce a black powder of CuS: Ni nanocrystals. At low reaction temperatures, the 
sulfur reacts with ethylene glycol to form S2− ions slowly, which gives the Ni2+ ions enough time 
to substitute for Cu2+ ions to form Ni-doped CuS. Finally, the powder was washed with distilled 
water and absolute ethanol several times and centrifuged at 3500 rpm. Finally, the products were 
dried at 70 °C overnight (see Fig. 1).  

 

 
 

Fig. 1. A diagram explaining the deposition of CuS:Ni nanoparticles. 
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2.2. Experimental analysis 
The structures of pure CuS and Ni-doped CuS samples were investigated using a Philips 

X-ray diffractometer in the X-mode with Cu-Kα1 radiation. Crystalline silica (99.99%) was used 
as the interior standard. The elemental composition was measured using energy-dispersive X-ray 
analysis (EDAX). The surface structure and size were evaluated using transmission electron 
microscopy (TEM). The characteristics of the band structure were investigated using an XPS 
technique. The optical absorbance spectra were measured using a UV-vis-NIR double-beam 
spectrophotometer with a wavelength range of 400–1000 nm. To measure the spectra, 0.01 g of 
each generated powder was dissolved in a quartz cell with a pure ethanol blank at 25 oC. We 
investigated the magnetism of Cu1-xNixS (x = 0.00, 0.02, 0.04, 0.06, 0.08, and 0.10) utilizing field-
dependent magnetization (M-H) experiments in magnetic fields up to 40 KG at ambient 
temperature using a vibrating sample magnetometer model (VSM-9600M-1, USA). 

 
 
3. Results and discussions 
 
3.1. Structural and Compositional analysis 
The XRD patterns of Cu1-xNixS nanoparticles (x = 0.00, 0.02, 0.04, 0.06, 0.08, and 0.10) 

are demonstrated in Fig. 2. The XRD analysis confirmed that all samples were a single phase of 
Cu1-xNixS without any additional phases. Moreover, the phase was found to be hexagonal based on 
JCPDS number 06-0464. Rietveld refinement is a well-established technique for characterizing 
crystalline materials, as demonstrated in previous studies [31]. The approach involves fitting a 
theoretical line profile to the measured profile using a least-squares method. Figure 3 displays this 
method through an example of Rietveld refinement for pure CuS and Cu0.90Ni0.10S nanomaterials. 
The XRD peaks at 2θ=10.81ο, 27.68ο, 29.28ο, 32.85ο, 38.84ο, 47.94ο, and 59.35ο corresponded to 
the (002), (101), (102), (103), (006), (105), (110), (108), and (116) planes of the Cu1-xNixS 
hexagonal structure, respectively. 

 

 
 

Fig. 2. XRD patterns of Cu1-xNixS nanoparticles. 
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Fig. 3. Rietveld refinement of CuS:Ni nanoparticle for (a) x=0.00 and (b) x=0.10 Ni concentrations. 
 
 
Due to the large dispersion and low concentration of Ni dopant, no diffraction peaks 

associated with the expected hybrid phases matching the Ni content were observed within the X-
ray resolution limit. It is noteworthy that as the Ni dopant concentration increased, the typical 
XRD peaks showed minor upward displacement (2θ), which may be due to the similarity between 
the ionic radius of Ni2+ (0.064 nm) and that of its host ion, Cu2+ (0.065 nm). Moreover, as the 
concentration of Ni dopant increased, the intensity of the most notable peaks (103) and (110) 
gradually reduced, while the FWHM increased, indicating a decrease in the crystalline nature of 
the samples. Therefore, these results suggest that Ni2+ ions integrated at the Cu2+ site as 
substitutional impurities without changing the structure of the Cu1-xNixS phase. Table 1 presents 
the determined structural parameters such as crystallite size (D), lattice strain (ε), the number of 
crystallites per unit volume (Nc), and dislocation density (δ), which were calculated using the 
equations mentioned below [27,29]: 
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where λ, θ, and β are the wavelength, Bragg’s angle (in radians), and the full width at half 
maximum (FWHM), respectively. After subtracting the instrumental broadening input from the 
peaks [32,33], the Debye-Scherer formula showed that the estimated crystallization size of the 
synthesized materials ranged from 7 to 12.7 nm as illustrated in Fig. 4. 
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Table 1. Structural parameters of Cu3N thin film. 
 

Ni 
concentrations 

(at %) 

Lattice Constant 
(Å) 

D 
(nm) 

FWHM 
(2θ) 

δ 
(×10-3) nm-2 

ε 
 

a c 

0.00 3.807 16.40 12.7 0.34 2.2 0.0041 

0.02 3.804 16.39 12.4 0.35 3.0 0.0060 

0.04 3.801 16.39 11.3 0.36 3.5 0.0076 

0.06 3.799 16.38 10.0 0.39 3.8 0.0089 

0.08 3.798 16.37 8.6 0.41 4.0 0.0096 

0.10 3.795 16.36 7.0 0.42 6.1 0.0301 

 

 
 

Fig. 4. Average crystallites size versus Ni concentrations of Cu1-xNixS nanoparticles. 
 

 
The EDAX analysis was performed to provide additional confirmation of the presence of 

Ni. Fig. 5 displays the EDAX spectra of pure CuS and Cu0.90Ni0.10S nanoparticles, indicating that 
Ni has been absorbed into the samples as each sample contains either Cu, S, or Ni. The EDAX 
analysis revealed that the nanoparticles with the selected ratios were almost stoichiometric. 

 

 
 

Fig. 5. EDAX spectra of (a) pure CuS and (b) Cu0.90N0.10S nanoparticles. 
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The surface structure and size were evaluated using transmission electron microscopy 
(TEM) analysis of prepared samples. Fig. 6 shows the TEM images of samples of pure CuS, 
Cu0.94Ni0.06S, and Cu0.90Ni0.10S nanoparticles. The size of the synthesized samples was determined 
to be between 7 and 13 nm using TEM analysis, which is in excellent agreement with the 
crystalline size calculated through XRD analysis.  

 

 
 

Fig. 6. TEM of (a) pure CuS (b) Cu0.94N0.06S and (c) Cu0.90N0.10S nanoparticles. 
 
 
Furthermore, an XPS study was conducted to examine the valence state of the components 

in the Cu0.94Ni0.06S sample. Fig. 7 displays the high-resolution spectra of Cu2p, Ni2p, and S2p 
elements as well as the assessment spectra of Cu0.94Ni0.06S nanoparticles. The survey spectra of 
Cu0.94Ni0.06S show signals from Cu, Ni, S, O, and C, with the O1s signal caused by oxygen on the 
sample surface in the surrounding air (Fig. 7(a)). The high-resolution Cu2p spectrum, shown in 
Fig. 7(b), presents two peaks at binding energies of 931.9 eV for Cu2p3/2 and 951.8 eV for Cu2p1/2. 
There is no peak present in the Cu2p spectrum, indicating the presence of the Cu1+ state in the 
Cu0.94Ni0.06S nanoparticles [34,35]. The Ni 2p spectrum in Fig. 7(c) shows peaks at 852.6 eV for 
Ni2p3/2, 869.7 eV for Ni2p1/2, and peaks at 857.7 and 876.8 eV, all of which correspond to the 
presence of the Ni2+ state in the Cu0.94Ni0.06S nanoparticles. The two major peaks seen in the S2p 
spectrum of Fig. 7(d) were attributed to the binding energies of S2p3/2 and S2p1/2, which are linked 
with the S2- signal. The SO4-2 signal from sulfur oxidation can be attributed to a modest satellite 
peak at 167.6 eV, confirming the existence of surface oxidation [36]. 
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Fig. 7. XPS spectra of (a) Cu0.94N0.06S nanoparticles and (b, c, d) represent the deconvolution  
of XPS peaks. 

 
 
3.2. Optical characterization 
3.2.1. Absorbance, extension coefficient (k), and absorption coefficient (α) 
To better understand the behavior of semiconductor nanostructures, optical absorption 

measurements are essential. Fig. 8 shows the absorbance spectra of Cu1-xNixS nanoparticles (x = 
0.00, 0.02, 0.04, 0.06, 0.08, and 0.10) are shown.  

 

 
 

Fig. 8. Absorbance spectra for Cu1-xNixS nanoparticles. 
 
 
The extinction coefficient (k) is another term for the absorption index (k), which describes 

how the amplitude of the electric field that was incident is dissipated within the material. 
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Therefore, it is connected to polarization ability and also provides details on optical loss in a 
material that is necessary for optoelectronic applications [37]. The extension coefficient (k) values 
are calculated using the formula [38]:  

 

4
k αλ

π
=                                                                            (5) 

 
The ‘k’ values for Cux-1NixS are presented in Fig. 9. 
 
 

 
 

Fig. 9. Extention coefficient for Cu1-xNixS nanoparticles. 
 
 
 
The absorption coefficient (α) values are determined from the optical measurements (T 

and R) and the thickness of the thin layer (d =1 cm) as follows [39]:  
 

( ) ( )
1/22 4 2 21 1 41 ln

2

R R R T

d T
α

  − + − +  =  
  

                                          (6) 

 
Figure 10 shows α values at the low wavelength regime that increase with increasing Ni 

concentrations, indicating the normal dispersion characteristics of the nanoparticles. 
 
 

 
 

Fig. 10. Absorbance coefficient for Cu1-xNixS nanoparticles. 
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3.2.2. Optical energy bandgap opt
gE  

The optical bandgap opt
gE values for Cui-xNix (x =0.00, 0.02, 0.04, 0.06, 0.08, and 0.10) are 

estimated at the high absorption edge using the Tauc equation [40]: 
 

( ) popt
gh A h Eα ν ν= −                                                               (7) 

 
where h is Plank's constant, ν is the frequency of incident radiation, α is the absorption coefficient, 
and p is considered as 1/2 and 2 for direct and indirect bandgap semiconductors, respectively. 
Figures 11 and 12 show the values of the direct and indirect energy gaps, respectively. 
Extrapolating the linear segment of the plot between hυ and (αhυ)2 provides the values of the direct 
energy gaps (and (αhυ)1/2 for indirect) for synthesized nanoparticles. The calculated direct energy 
gap decreases from 2.26 eV to 1.95 eV with increasing Ni contents in Cu1-xNixS, providing direct 
evidence of quantum confinement associated with the nanoscale regime of the particles. The 
presence of Ni ions increases the carrier concentration, which leads to the development of defect 
levels in the optical bandgap and bandgap reduction. Furthermore, the calculated bandgap values 
from the optical absorption spectra are much closer to those reported in the literature [34,41,42]. 
Fig. 13 shows the direct and indirect energy gaps as a function of the Ni concentration in the 
different compositions of Cu1-xNixS nanoparticles. 
 

 
 

Fig. 11. The calculated values of the direct energy gap for Cu1-xNixS nanoparticles. 
 
 

 
 

Fig. 12. The calculated values of the indirect energy gap for Cu1-xNixS nanoparticles. 
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Fig. 13. Direct and indirect energy gap as a function of Ni concentration of the different compositions of 
Cu1-xNixS nanoparticles. 

 
 

3.3. Magnetic properties 
Cu1-xNixS (x = 0.00, 0.02, 0.04, 0.06, 0.08, and 0.10) nanoparticles were prepared, and 

magnetic measurements were performed at room temperature using VSM in a range of -15000 G 
to +15000 G magnetic field to evaluate and realize their magnetic properties (see Fig. 13(a,b). Fig. 
13(a) illustrates the effect of Ni2+ doping concentration on the magnetization of CuS nanoparticles 
and indicates that pure CuS samples are diamagnetic due to the absence of lone electrons in the 
host lattice's "d" orbital. Hysteresis loops are visible in low field areas, suggesting a ferromagnetic 
nature, and hysteresis loops seem linear with a definite slope in high field areas, showing 
paramagnetic nature, in the host lattice when Ni dopant concentrations of up to (x ≥ 0.06) are 
present. 

 
 

    
 

Fig. 14. M-H plots for (a) pure CuS and (b) Cu1-xNixS (x = 0.02, 0.04, 0.06, 0.08, and 0.10) nanoparticles. 
 
 
The XRD and XPS results reported above provide support for the claim that the generated 

nanoparticles exhibited no evidence of the parasitic phases linked to the Ni hybrid. These findings 
demonstrated that the secondary phases were not responsible for the ferromagnetism observed at 
lower dopant concentrations and lower applied magnetic fields. Many mechanisms, such as the 
Ruderman Kittel Kasuya Yosida (RKKY) interaction, the bound magnetic polarons (BMPs) 
notion, the free carrier-mediated exchange, etc., have been proposed to explain the origins of 
ferromagnetism at ambient temperature. The precise mechanism of intrinsic ferromagnetism in 
semiconductors doped with transition metal ions but with low magnetic saturation is still being 
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studied. As seen in Fig. 13(b), Cu1-xNixS (x = 0.02, 0.04) nanoparticles exceed Ni-doped CuS 
samples in terms of ferromagnetism. This might be a result of double exchange interactions that 
generate very strong coupling between the spins of neighboring ions' electrons. On the other hand, 
as the Ni dopant concentration rises (x ≥ 0.06), the Ni atoms move closer together, and 
superexchange interferences happen between the neighboring Ni atoms, favoring an 
antiferromagnetic state [15,44-46]. 

Furthermore, several tiny ferromagnetic particles in nanoscale materials might only have 
one magnetic domain, as opposed to the several magnetic domains present in bulk ferromagnetic 
materials. When a single nanoparticle has a single domain, paramagnetism takes place. In this 
phenomenon, the magnetizations of the particles are randomly distributed, and they are only 
aligned with an applied magnetic field. The alignment disappears as soon as the applied field is 
removed. It's also important to remember that ferromagnetic compounds become unstable when 
the size of the prepared particles exceeds a certain limit because surface energy provides enough 
energy for domains to spontaneously shift their polarization directions. The prepared samples 
consequently underwent a transition from a ferromagnetic environment to a paramagnetic one. 
Interestingly, K. Subramanyam et al. [46] and Z. H. Wang et al. [47] also discovered the 
paramagnetic behavior in 7% Ni-doped CuS nanostructures. Based on the aforementioned results, 
we forecast that 2% and 4% Ni-doped CuS-diluted magnetic semiconductor nanoparticles will be 
the best materials for spintronic applications. 

 
 
4. Conclusions 
 
In summary, we determined the structural, optical, and magnetic characteristics of Cu1-

xNixS nanoparticles (x = 0.0, 0.02, 0.04, 0.08, and 0.10). All nanoparticles at various Ni 
concentrations displayed wurtzite-type structures in the XRD patterns. The findings demonstrate 
that increasing Ni concentration causes nanoparticle size to decrease from 12.7 nm (at x = 0) to 7 
nm (at x = 0.10). The calculated direct energy gap decreases from 2.26 eV to 1.95 eV with 
increasing Ni contents in Cu1-xNixS, which is clear proof that quantum confinement is connected to 
the particles' nanoscale domain. Both the refractive index and the electrical susceptibility as well 
as the optical conductivity were found to increase with increasing Ni concentrations in Cui-xNixS 
nanoparticles. By increasing the concentration of Ni dopant in the CuS host matrix, magnetic tests 
at room temperature demonstrate that 2% and 4% Ni-doped CuS nanoparticles exhibit good 
ferromagnetism at room temperature and the transition of magnetic signals from ferromagnetic to 
paramagnetic nature with increasing Ni dopant concentration (x ≥ 0.06). The 2% and 4% Ni-doped 
CuS nanoparticle results are highly suggestive for the creation of spintronic devices. 
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