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Abstract 

In this study, we synthesized undoped and doped cobalt oxide (Co3O4) thin films at a concentration of 0.2 M, incorporating 

varying copper doping levels of 2, 4, 6, 8, and 10 wt. % through spray pyrolysis technique (SPT). The present investigation 

aims to enhance the characteristics of the films, including the crystalline size, band gap energy, and electrical conductivity. 

X-ray diffraction patterns (XRD) were used to determine the size of the crystalline structures. The findings indicate that 

incorporating Cu leads to an increase in the crystallite size. The crystal size (D) increased to 40.94 nm after doping with 

10 wt.% Cu. Energy-dispersive X-ray (EDX) mapping analysis validated the presence of copper within the Co3O4 thin 

films. We identified two distinct band gaps from the absorption coefficient measurements: E1 and E2. The band gap energy 

values ranged from 1.441 to 1.388 eV and from 2.061 to 2.012 eV, depending on the Cu doping concentration. The 

electrical properties demonstrated a reduction in the Rsheet resistance and an enhancement in the electrical conductivity 

as the concentration of Cu increased. 
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1. Introduction 

Transition metal oxide materials (TMOs) have attracted 

much attention as promising materials for technological 

applications due to their electronic, optical and 

technological properties, such as flexible elemental 

composition, good ferroelectric properties, adjustable 

band gaps and catalytic stability [1]. Cobalt oxide is one of 

the transition metal oxides, and it exists in three structures: 

CoO, Co2O3, and Co3O4. CoO rock salt and ordinary spinel 

Co3O4 have stable crystal structures. CoO rapidly oxidizes 

in the air and transforms into Co3O4. Therefore, Co3O4 

exhibits the highest level of stability [2, 3].  

Co3O4 has a cubic spinel crystal structure and an excess of 

oxygen, which gives it p-type semiconductor behavior. It 

also has a double direct band gap in the visible region of 

the spectrum, ranging from 2.2 to 1.5 eV [4]. Co3O4 

classified as a mixed valence antiferromagnetic material. 

The tetrahedral sites of this material contain a combination 

of Co+2 and Co+3, while its octahedral sites exclusively 

contain Co+3 [5]. Co3O4 is a highly effective hole transport 

layer in solar cells, proving the expertise of materials 

scientists [6]. Several methods have been used to prepare 

Co3O4 films, including laser deposition [7], the sol-gel 

method [8], chemical vapour deposition [9], and RF 

sputtering [10]. Doping of Co3O4 thin films has been 

studied to modify their physical, chemical, electrical, 

optical, or magnetic properties.  

In recent years, studies have shown that doping improves 

the properties of cobalt oxide (Co3O4) thin films. Metal 

transition has been used as an element-doping method to 

modify the optical, electrical, and catalytic properties of 

materials, such as Cu [11], Ni [12], Mn [13], Fe [14], and 

Zn [15]. Rare earth elements such as Ce [16] and Pb [17] 

have also been used to change the optical and magnetic 

properties. Others have shown that non-metal elements, 

such as P [18], can alter the electronic structure and 

improve specific properties.  

Copper (Cu) doping is commonly used to modify the 

properties of materials, particularly thin films. When a 

material is doped with copper, Cu²⁺ ions replace or are 

incorporated into the crystal lattice of the host material, 

which can alter its optical, electrical, and structural 

properties. Doping Co₃O₄ with Cu is a promising method 

for improving the properties of these films for various 

applications, including catalysis [19], sensors [20], and 

electrochemical devices [21]. These studies used cobalt 

oxide with a spinel structure at a concentration of 0.1 M. 

This study focuses on enhancing the characteristics of Cu-

doped Co3O4 thin films. 
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Figure 1. Steps for preparing an undoped and doped Co3O4   

solution 

 

Figure 2. XRD patterns of Cu-doped cobalt oxide (Co3O4) thin 

films at different concentrations. 

Table 1. Experimental conditions 

Concentration of precursor 0,2 M 

Volume of precursor 50 ml 

Solvent distilled water 

Spray rate 2 ml/min 

Substrate temperature 400 C° 

Nozzle substrate distance 10 cm 

Using SPT at 400°C, we prepared a solution of cobalt 

oxide Co3O4 with a concentration of 0.2 M. We then 

proceeded to dope it with varying concentrations of 

copper and deposited it on the glass substrates. We 

observed enhancements in various properties, including 

the crystallite size, band gap, and electrical conductivity. 

Here is what the remainder of this manuscript is organized 

as follows. 

2. Experimental details 

2.1. Materials and deposition of films 

To synthesis cobalt oxide (Co3O4) thin films, pure and 

doped, we have used cobalt chloride hexahydrate (CoCl2, 

6H2O) as a precursor to obtain Co3O4, and copper chloride 

dehydrates (CuCl2, 2H2O) as doping, which were added 

to the precursor solution with different concentrations (0, 

2, 4, 6, 8, and 10) wt% (see figure 1). The experiment 

conditions are illustrated in the Table. 1. Using a spray 

pyrolysis technique, the obtained solution was applied 

onto a glass slide with dimensions of 2.5 cm × 1.5 cm × 

0.15 cm. 

2.2 Characterization of thin films 

The structural properties of Cu-doped Co3O4 films were 

analysed by X-ray diffraction (Rigaku type MiniFlex 600) 

with Cu Kα radiation (λ=0.1541 nm) in the (2θ) range [10-

100] and step size 0.02. The film's morphology was 

observed using a scanning electron microscope (SEM), a 

mapping technique, and a fluorescence microscope. 

Optical transmission and absorption spectra were 

measured in the range (300–1100) using a JASCO V-770 

spectrophotometer. The film's electrical properties were 

measured using four probe points. 

3. Results and discussion 

3.1. Structural properties 

Figure 2 presents the X-ray diffraction (XRD) patterns for 

cobalt oxide (Co3O4) thin films, both undoped and doped 

with different levels of copper (Cu). The XRD patterns 

revealed the presence of Miller indices such as (111), 

(113), (222), and (115). Based on the JCPDS data file n° 

98-002-4210, the results indicated the formation of a 

crystalline phase of cobalt oxide Co3O4, characterized by 

a cubic structure with a spinel-type and Fd3m space 

group. With increased Cu doping, changes in these peaks 

might occur due to the substitution of Co atoms by Cu 

atoms, which can alter the lattice parameters and 

potentially introduce new phases or defects in the lattice 

[22], [23]. No copper phase is formed in this study, 

indicating it was well incorporated. The modification of 

the crystal structure and the surface morphology due to Cu 

doping can be quantified by analyzing the peak shifts, 

intensity changes, and broadening in the XRD peaks. 

Such analyses provide insights into the crystallite size, 

strain, and texture coefficient. 
 

Table. 2 presents data on the structural properties of cobalt 

oxide (Co3O4) samples that are undoped and doped with 

various percentages of copper (Cu). 

The crystallite size in the preferential direction (111) was 

determined using the Debye-Scherrer formula [24] 

𝐷111 = 𝑘𝜆/𝛽𝑐𝑜𝑠𝜃 (1) 

D, λ, θ, β and k represent the crystallite size, x-ray 

wavelength, diffraction peak angle, full width at half 

maximum and shape factor (0.9), respectively. 

The results show that crystallite size increases with the 

incorporation of copper. The crystal size increased to 

40.94 nm when doped with 10% Cu. The results align 

closely with those of Dalache et al. [25] and Mohd et al. 

[26]. The observed enhancement in crystalline size 

corresponding to elevated copper concentration can be 

ascribed to the substitution of Co ions by Cu ions within 

the lattice structure, resulting in an enhancement of crystal 

quality.
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Table 2 . Structural parameters of Cu-doped Co3O4. 

samples D(nm) ε × 10-3 δ×10-3 (lines/nm2) N(cm-2) 

undoped 20.47 1.69 2.35 3.36 

2 wt.% Cu 25.58 1.35 1.52 1.72 

4 wt.% Cu 25.58 1.35 1.52 1.63 

6 wt.% Cu 29.29 1.18 1.16 1.11 

8 wt.% Cu 34.10 1.01 0.85 0.70 

10 wt.% Cu 40.94 0.84 0.59 0.41 

 

Figure 3. Variation of crystallite size D111 and strain 𝜀111 of Co3O4 thin films as a function of concentrations of copper. 

 

Figure 4. Analysis of elemental distributions in cobalt oxide Co3O4 thin films at varying concentrations of Cu doping, as determined 

through EDX mapping. 

The strain (ε) associated with the (111) orientation was 

determined using the following equation [27] 

𝜀111 =
𝛽𝑐𝑜𝑠𝜃

4
 (2) 

The dislocation density, defined as the length of 

dislocation lines per unit volume of the crystal, is 

determined using the relation [28] 

𝛿111 =
1

𝐷2 (3) 

The density of crystallites (N), defined as the number of 

crystallites per unit volume, in Co3O4 thin films is 

presented in Table 2. The calculation is performed using 

the following formula [29] 

𝑁 =
𝑑

𝐷3 (4) 

Where d represents the thickness and D denotes the 

crystallite size. 

Obtaining a large crystal size in a sample with a small area 

indicates a small number of grain boundaries, which leads 

to a smaller dislocation density and causes a minor strain. 

This explains the inverse relationship between an increase 

in crystal size and a decrease in strain (see figure 3).  This 

confirms the reduction in strain mesh due to doping, and 

the absence of parasitic phases observed for Cu indicates 

the purity of the prepared samples. 
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Table 3.  EDX data Cu-Co3O4 thin films at different concentrations of Cu. 

Samples Co (wt.%) Cu (wt.%) O (wt.%) 

undoped 7.87 / 56.59 

2 wt.% Cu 13.98 0.28 56.22 

4 wt.% Cu 8.26 0.38 55.70 

6 wt.% Cu 8.91 0.43 60.91 

8 wt.% Cu 14.39 1.07 51.72 

10 wt.% Cu 21.57 1.86 48.15 

 

Figure 5. Variation in the absorption coefficient of the 

undoped and Cu-doped Co3O4 thin films with photon energy. 

3.2. Surface morphology 

The incorporation of copper within the cobalt oxide films 

has been confirmed through EDX-mapping analysis, as 

illustrated in figure 4, and the elemental chemical 

compositions presented in Table 3. The atomic percentage 

of copper increases from 0.28% at 2 wt.% doping to 1.86% 

at 10 wt.% doping. As the concentration of copper 

increases, the cobalt content rises correspondingly, 

increasing from 13.98% at 2 wt.% to 21.57% at 10 wt.%. 

This suggests a potential mechanism of Co+2 ions 

displacement or substitution under the influence of copper 

doping [20]. 

3. 3. Optical properties 

Figure 5 represents the absorption coefficient (α) as an 

energy function for thin films doped with different 

concentrations of copper (Cu). The absorption coefficient 

increases as Cu doping concentration increases. The curve 

for the 10 wt.% Cu-doped sample has the highest 

absorption over the entire energy range. 

All films exhibit two distinct absorption edges within the 

visible spectrum, a characteristic feature of cobalt oxide 

films. This phenomenon arises from charge transfer 

processes, with the initial absorption occurring in the 400 

to 500 nm range attributed to the transfer of charge from    

O-2 to Co+3. The second absorption between 700 and 800 

nm is observed, resulting from charge transfer from O-2 to 

Co+2. This observation substantiates the existence of two 

distinct band gap energies, Eg1 and Eg2.   

The band gap energy was calculated using the Tauc 

relationship [30] 

(αhv)2=A(hv‒Eg) (5) 

 

Figure 6. Showcases the variation of the sheet resistance and 

electrical conductivity of Co3O4 with different concentrations 

of Cu-doping. 

Where A, hν, Eg and α denote transition constant, photon 

energy, band gap energy and absorption coefficient, 

respectively.  

The variation of optical band gap of Cu-doped cobalt oxide 

thin films with different concentrations of Cu values were 

illustrated in Table 4. The results ranged from 1.441 to 

1.388 eV and from 2.061 to 2.012 eV. A reduction in the 

energy band gap values has been noted; probably due to the 

creation of receptors within the synthesized gap as Cu 

cations replace Co cation positions. This displacement 

leads to a narrowing of the energy gap, consistent with 

previously reported findings [31]. The emergence of new 

levels within the band gap results in an upward shift of the 

valence edge to higher energy levels, consequently 

reducing the optical band gap values. A reduction in optical 

properties and band gap can be attributed to increased 

crystallite size and decreased defect sites. As grain size 

increases, the density of grain boundaries diminishes, 

leading to a reduction in carrier scattering at these 

boundaries. The same findings were observed for Lakhel 

[13]. Reducing the band gap enhances the conductivity of 

Co3O4 membranes, making them suitable for photovoltaic 

applications. 

3.4. Electrical properties 

Figure 6 shows the variation of the resistance Rsheet and the 

electrical conductivity at different concentrations of the 

dopant Cu.  

The sheet resistance (Rsheet) is calculated using the 

following formula [22] 

𝑅𝑠ℎ𝑒𝑒𝑡 = 4.532(
𝑉

𝐼
) (6) 
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Table 4. Band gap energy Values (E1 and E2) of cobalt oxide films as a function to Cu-doped concentrations. 

Samples Band gap energy Eg1 (eV) Band gap energy Eg2 (eV) 

undoped 1,441 2,061 

2 wt.% Cu 1,430 2,030 

4 wt.% Cu 1,423 2,027 

6 wt.% Cu 1,409 2,024 

8 wt.% Cu 1,400 2,021 

10 wt.% Cu 1,388 2,012 

Table 5. The comparative study of the structural, optical and electrical properties of Cu-doped Co3O4 thin films. 

Samples 
Method 

used 
Experiment 
conditions 

Crystallite 
size D (nm) 

Optical Band 
Gap Eg (eV) 

(E1-E2) 

Electrical Conductivity ×10-3 
(Ω.cm)-1 

Ref. 

0 at. %Cu 
2 at. %Cu 
4 at. %Cu 
6 at. %Cu 

Spray 
pyrolysis 

M=0.1 
T=450C° 
t= 20 min 

Glass substrate 

29 
27 
24 
26 

2.02 
2.00 
2.09 
1.98 

0.43 
0.37 

0.67 
0.35 

 
[34] 

 

0 at. %Cu 
2 at. %Cu 
4.at.%Cu 
6 at. %Cu 
8 at. %Cu 

Nebulize 
spray 

M=0.1 
T=400C° 

Glass substrate 

35 
28 
10 
12 

2.11 
1.92 
1.72 
1.86 

0.38 
2.44 
3.12 
2.86 

[21] 

0 wt. %Cu 
1 wt. %Cu 
3 wt. %Cu 
5 wt. %Cu 
7 wt. %Cu 
9 wt. %Cu 

Spray 
pyrolysis 

M=0.1 
T=350°C 

Distance =30 cm 
Glass substrate 

34.92 
34.02 
30.87 
30.81 
32.35 
34.04 

1.48-2.06 
1.46-2.04 
1.44-2.00 
1.42-1.98 
1.41-1.96 
1.40-1.93 

 
 
 

---- 

[35] 

0 wt. %Cu 
2 wt. %Cu 
4 wt. %Cu 
6 wt. %Cu 
8 wt. %Cu 
10 wt.%Cu 

Spray 
ultrasonic 

M=0.2 
T=400C° 
t=5 min 

Glass substrate 

20.47 
25.58 
25.58 
29.29 
34.10 
40.94 

1.44-2.06 
1.43-2.03 
1.42-2.03 
1.41-2.02 
1.40-2.02 
1.38-2.01 

2.20 
2.69 

3.69 
20.04 

123.59 

430.49 

 
This 
work 

 

Here, a correction factor of 4,532 is applied to the sample. 

The film's conductivity (σ) can be calculated using the 

equation 

𝜎 =
1

𝑅𝑠ℎ𝑒𝑒𝑡𝑑
  (7) 

d: is the film’s thickness. 

From figure 6, we can see a decrease in the sheet resistance 

Rsheet and an increase in the electrical conductivity as Cu- 

doping increased. This can be due to the rise in the size of 

the crystallites. The Co3O4 thin films prepared by different 

methods show variations in structural properties that 

correlate with conductivity levels. Enhanced crystallinity 

improves electrical performance [32], [22]. 

Others have demonstrated that doping can significantly 

enhance conductivity. It was found that manganese-doped 

Co3O4 films had a maximum conductivity of 15.54 S/cm 

when 6% wt of Mn was added [22]. Adding Fe to Co3O4 

films also made them more conductor, and the best results 

were seen at a concentration of 2.5 wt% [33]. 

The results of the current study concerning the structural, 

optical, and electrical properties of undoped and Cu-

doped Co3O4 thin films are summarized in Table 5. It is 

apparent that we observe good crystallite size, low band 

gap energy, and excellent electrical conductivity. 

4. Conclusion 

In this work, undoped and copper-doped cobalt oxide thin 

films, Cu-Co3O4, were deposited on a glass substrate by 

spray ultrasonic method using cobalt chloride 

hexahydrate with 0.2 M and copper chloride dehydrate as 

dopant with different concentrations of Cu-doping (0, 2, 

4, 6, 8 and 10) wt.%. The results from X-ray diffraction 

and energy dispersive spectroscopy mapping validated the 

successful incorporation of copper within the films.  

Adding Cu significantly influenced the structural, optical, 

and electrical characteristics of Co3O4 thin films. The 

crystalline size increases with higher levels of Cu doping. 

The energy values for the band gap varied between 1.441 

and 1.388 eV and from 2.061 to 2.012 eV, contingent 

upon the varying concentrations of Cu doping utilized. 

The electrical characteristics reveal a decrease in the sheet 

resistance Rsheet, coupled with an improvement in 

electrical conductivity as the concentration of Cu rises. 
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