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The study involved depositing nickel oxide samples on well-cleaned substrates of ordinary 
glass by employing the spray pyrolysis method. The main objective was to examine how 
different concentrations of copper-doping impact nickel oxide sample’s structural, 
electrical, and optical characteristics. The XRD patterns of the copper-doped nickel oxide 
indicated that increasing copper concentration levels led to improved film crystallinity. The 
crystal sizes and strain of the films were evaluated using Williamson-Hall analysis. The 
study also discussed the optical properties, with a focus on using transmittance data to assess 
the optical bandgap energy and Urbach energy, which are important optical parameters. The 
increase in electrical conductivity to its maximum value can be interpreted via the rise in the 
carrier concentration in the prepared samples. The NiO:Cu thin film exhibits interesting 
electrical conductivity due to its low sheet resistance. NiO:Cu film has the potential for use 
in various electronic and optoelectronic devices because of its optical bandgap, significant 
transparency in the visible spectrum, and excellent electrical conductivity. 
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1. Introduction 
              
Nickel oxide (NiO) is a widely studied and gained significant interest due to its low-cost 

and diverse applications, including its use as a catalyst, transparent conducting oxide, 
photodetectors, electrochromic material, gas sensors, supercapacitors, photo-electrochemical cells, 
and various optoelectronic equipment [1-9]. NiO is a transparent p-type semiconductor with an 
optical bandgap energy ranging from 3.45 eV to 3.85 eV [10], making the bandgap worthy of 
adjusting the state-level energy of NiO. Various approaches have been employed for the synthesis 
of NiO: Cu nanostructure materials, including the thermal evaporation, the pulsed laser ablation, 
sputter-ing, electrodeposition, and sol–gel process process, etc. [11-16]. Amongst these processes, 
spray pyrolysis [17] offers many favors such as the considerable purity of raw materiality and a 
homogeneous sol consequently easy to deal and control with. To improve the main properties of 
NiO samples, many researchers have investigated the impact of various dopants including Al [18], 
Fe [19], Cu [20, 21], Mn [19, 22], and Zn [22] on the different characteristics of these samples. 
Nevertheless, there has been relatively little research on copper (Cu)-doped NiO thin films p-type 
semiconductors. 

This work used the spray pyrolysis method to fabricate NiO: Cu thin layers with different 
copper doping concentrations. The structural characteristics of the copper-doped nickel oxide 
samples were analyzed. Additionally, the transmittance spectra of the NiO: Cu films were measured 
in the wavelength range of 200-900 nm.  The optical bandgap was also calculated as a function of 
copper content in the samples. 
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2. Experimental procedure 
 
2. 1. Sample preparation 
A spray pneumatics technique was used to synthesize NiO: Cu thin films onto extremely 

clean glass substrates. For all the samples in the paper, nickel nitrate hexahydrate and copper (II) 
nitrate were dissolved in deionized water as solvent and HCl was used as a stabilizing agent. The 
copper nitrate concentration and precursor molarity were maintained at 0.20 mol L⁻¹.  The two 
solutions were mixed in specific volume ratios to achieve the following atomic ratios of Cu/ (Ni + 
Cu): 0, 3, 6, 9, and 12. The resulting mixed solution was agitated at 60 °C for 30 min to get a pure 
and homogenous solution, and then the mixture was cooled to room temperature. The glass surfaces 
were cleaned with acetone and deionized water, followed by drying with an ordinary hair dryer. 

 
2.2. Deposition of thin films 
The precursor solution mixture was intermittently sprayed on ordinary glass substrate at 480 

°C during 2 minutes, so that the substrate is allowed to maintain its temperature. This was done by 
an air nebulizer system where the liquid was transformed into a spray stream consisting of regular 
and fine droplets. During the precursor solution spray falls onto the surface of the hot substrate and 
the film is gradually formed. 

 
2. 3. Characterization techniques 
In order to verify the samples structure, the (XRD) spectra of the NiO: Cu have been 

measured at room temperature. It was accomplished with the use of a (BRUKER-AXS-8D) 
diffractometer with Cu Kα radiation (λ = 0.15406 nm) working at (40 kV and 40 mA) in the scan 
region of (2θ) from 30 to 100°. An ultraviolet-visible spectrophotometer (Perkin-Elmer Lambda 25) 
was used to measure the spectral dependence of NiO: Cu transmittance (T) and wavelength in the 
200-900 nm range. 

 
 
3. Results and discussion 
 
3. 1. X-ray diffraction analysis 
This study aims to elucidate the structure of NiO: Cu thin layers deposited with varying 

copper contents, XRD has been employed. The XRD patterns of all the samples are presented in 
Figure 1. It is evident from the figure that each pattern displays a diffraction peak around 2θ ~ 37°, 
cor-responding to the (111) preferred orientation, along with additional peaks identified as (200), 
(220), and (311). These findings are consistent with the Joint Committee on Powder Diffraction 
Standards (JCPDS: card number. 89-7130) within the (Fm3m) space group, consistent with previous 
reports [23, 24]. 

 

 
 

Fig. 1. XRD of NiO:Cu samples deposited on glass substrates with varying copper concentrations. 
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These peak positions indicate that the samples have a natural cubic crystal structure, 
consistent with other reports [11, 12]. One may observe that there are no peaks in the XRD pattern 
corresponding to Cu doping present, suggesting that the copper atoms were successfully 
incorporated into the NiO host lattice Indeed, low-level impurity doping does not cause the 
appearance of new XRD peaks but rather shifts the host material lattice parameters. The 
aforementioned shift can be attributed to the distortion that occurs as a consequence of the dopant's 
insertion in the lattice [9]. A significant increase in the intensity of the peak at (111) lattice plane 
was observed with 6% Cu doping, indicating an improvement of the crystallinity at this 
concentration. This improvement is attributed to the substitution of Ni²⁺ ions (R Ni²⁺ ≈ 0.69 Å) by 
Cu²⁺ ions (R Cu²⁺ ≈ 0.73 Å), which reduces the stress in the lattice and promotes better crystallization 
[9, 25]. Williamson-Hall analysis was used to determine crystal size and lattice strain in Cu-doped 
NiO films. Based on the Williamson and Hall relationships it was supposed that both the size and 
the strain broadening profiles are Lorentzian. In light of this supposition, a mathematical relationship 
was developed linking the full width at half-maximum intensity β, the mean crystal size D, and 
microstrain ε according to the following formula (3.1) [25]: 

 

𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽 =
𝑘𝑘𝑘𝑘
𝐷𝐷

+ 4 𝜀𝜀𝛽𝛽𝜀𝜀𝜀𝜀𝛽𝛽                                                                    (3.1) 

 
 

In this context, k stands for the shape factor, λ represents the incident radiation X-ray wave-
length (0.15404 nm) used in the scanning process of the samples, and β corresponds to the (FWHM) 
of the diffraction peak, and θ is the diffraction peak angle.  

Figure 2. illustrates the plot of β cosθ as a function of 4 sinθ, where the microstrain value is 
determined from the slope of the graph, and the crystallite size is obtained by the intercept of the 
straight line with the axis of ordinates.  In the event that the points in the W-H graph are dispersed, 
that is to say, if β cosθ is not a monotone function of 4 sinθ, the widening is called anisotropic [26]. 
The average values of crystallite size and strain are summarized in Table 1. The crystallite size 
ranges on average between 22.45 and 39.08 nm. Figure 3. represents the relation between crystallite 
size and microstrain at various copper doping levels. Pure NiO layers displayed a crystallite size (D) 
of 39.08 nm, which gradually reduced to 24.46 nm as the Cu concentration increased to 3% and 6%.  
Higher doping levels led to a reduction in crystallite size (D). This decrease can be explained by the 
incorporation of copper atoms, which act as obstacles to grain boundary movement, thereby 
hindering the grain growth. However, the microstrain ε variation followed a different trend as shown 
in Figure 3.  This divergence can be assigned to the difference in ionic radii that exist inter the doping 
atoms and NiO, leading to changes in microstrain.  

 
 

Table 1. Structural parameters of NiO:Cu samples at varying copper contents. 
 

 

 

 

 

Cu 
(%) 0 3 6 9 12 

D(nm) 39.08 28.68 22.45 27.22 24.46 
ε (%) 0.112 0.194 0.316 0.240 0.215 
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Fig. 2. Williamson-Hall plot approach. 
 
 

 
 

Fig. 3. The variation in crystallite size and microstrain of NiO:Cu layers 
 in relation to copper concentration. 
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3.2. Optical properties 
In the transmittance analysis shown in Figure 4, the NiO:Cu films exhibited a remarkable 

transmittance rate of 80% at a copper concentration of 3%, averaging over the 300 to 900 nm 
wavelength range. The absorption coefficient is in relationship with the incidence photon en-ergy 
by the expression given by equation (3.2) [27]: 

 
𝛼𝛼ℎ𝜈𝜈 = 𝐶𝐶(ℎ𝜈𝜈 − 𝐸𝐸𝐸𝐸)𝑛𝑛                                                                (3.2) 

 
where, C is a constant, ν denotes the incidence irradiation frequency, h is the constant of Planck, 
and n is a numerical value that defines the optical processes, which is equal to 0.5 in the case of a 
directly allowed band transition. The photon energy hν is given by the expression hν=1240/λ (nm) 
in electron volts (eV), Eg represents the bandgap of the semiconductor. The bandgap values of the 
NiO:Cu layers are presented in Table 2. 
 
 

 
 

Fig. 4.  Transmittance versus wavelength for NiO: Cu layers at various copper concentrations.  
 
 

For a pure NiO layer, the Eg value is 3.60 eV, which is in good agreement with the reported 
value for the bulk material [28]. It is evident that the calculated values of Eg exhibit a decline with 
an increase in copper content. The observed variation in Eg can be attributed to the effect of several 
contributing effects, including the thickness of the film, strain, size of crystallite, and the existence 
of any impurities within the samples. These observations are supported by the findings of reference 
[29]. The Urbach energy (Eu) is a valuable parameter for evaluating structural disorder in a material, 
as it characterizes the tails of localized states in the bandgap [30]. To estimate the Urbach energy, 
one can utilize Equation (3.3). The Eu values are determined of the inverse of the curve slope that 
is plotted as (ln(α) versus (hv)) [31]. 

 

ln(𝛼𝛼) =
1
𝐸𝐸𝑢𝑢

(ℎ𝜈𝜈) + ln(𝛼𝛼0)                                                              (3.3) 

 
where, (α0) represents the pre-exponential factor, while the quantity (hv) denotes the energy of a 
photon.                                                                                                                          

As detailed in Table 2, the calculated values of Eu range from 0.523 to 0.935 eV. The data 
presented indicate that the value of Eu rises with higher copper doping levels. This   phenomenon 
can be justified by the figuration of localized states that occurs as a result of the doping ions being 
incorporated within the optical bandgap. While the presence of crystal defects may also serve as a 
contributing factor to the figuration of localized states in forbidden bandgap, the influence of copper 
doping is more pronounced in this regard. 
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Table 2. The bandgap and Urbach energies values of the NiO:Cu layers. 
  

Cu (%) 0 3 6 9 12 
Eg (eV) 3.6 3.53 3.57 3.46 3.43 
EU (eV) 0.523 0.591 0.644 0.782 0.935 

 
 
Figure 5 illustrates the variation in Eg and Eu values versus Cu doping percentages, an 

increase of Urbach energy (Eu) values with rising Cu doping percentages is noticed, despite a 
decrease in crystalline defects. It is evident from the latter figure that Eg and Eu exhibit opposing 
trends. The shift in Eg values observed for all the samples is corroborated by its elevated Eu value, 
which substantiates the enhanced disorderliness of these films. 
 

 

 
 

Fig. 5. Bandgap and Urbach energies of NiO: Cu layers as a function of Cu concentration. 
 
 
3.3. Electrical properties   
The electrical properties of NiO: Cu thin layers were examined through the four-point 

linear probe method. The electrical conductivity (σ) of the films was found by employing the 
following formula (3.4), as proposed by [25]: 

 
𝜎𝜎 =

1
𝑑𝑑𝑅𝑅𝑠𝑠ℎ

                                                                                      (3.4) 

 
where: d represents the film thickness, and Rsh denotes the sheet resistance. 

Figure 6 demonstrates the variation in electrical conductivity (σ) of NiO:Cu thin layers with 
increasing copper content. The films exhibit excellent conductivity, reaching a peak value of 2.916 
(Ω cm)⁻¹ at a 12% copper concentration. The observed enhancement in conductivity is associated 
with an increase in carrier concentration. As documented by Patil et al. [32], the surge in electrical 
conductivity correlates with elevated activation energy, which is linked to augment-ed film 
thickness. This phenomenon is influenced by a multitude of experimental parameters, including the 
composition of the spraying solution, the spray rate, and the substrate cooling process at the stage 
of decomposition. 
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Fig. 6. Graph of the electrical conductivity versus copper concentration. 
 
 
4. Conclusions 
 
Spray pyrolysis method was successfully utilized to fabricate NiO:Cu samples with different 

copper concentrations onto glass substrates. All deposited films crystallized in a cubic 
crystallization, showing a pronounced orientation along the (111) plane. The smallest observed 
crystallite size was 22.45 nm at a copper content of 6%. A significant improvement in the 
crystallinity of the films was noted at 6% copper concentration, where the (111) peak at 37.1° 
appeared prominently sharp. The film produced at this concentration demonstrated an intense and 
well-defined diffraction peak, confirming an enhancement in peak intensity relative to the other 
layers. The bandgap values of the NiO:Cu layers ranged from 3.43 eV to 3.6 eV, with Urbach energy 
values varying between 0.523 eV and 0.935 eV. The NiO:Cu films exhibited high optical 
transmittance of 80% and a conductivity of 1.9102 (Ω cm)⁻¹, indicating their potential suitability for 
optoelectronic applications. They are particularly promising for use as a window layer in solar cell 
technologies.  
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