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THE EFFECT OF Co AND Cu CO-DOPING ZnO THIN FILMS  
ON STRUCTURAL AND OPTICAL PROPERTIES  

Abstract:  Using a spray pneumatic technique, cobalt (Co) and copper (Cu) co-doped zinc oxide thin films were 
effectively deposited on a glass substrate. The goal of this work was to create a semiconductor with good optical 
and electrical properties by co-doping ZnO thin films with Cu and Co. The ZnO thin films obtained from the Co 
and Cu co-doping exhibit patterns of x-ray diffraction spectra that suggest they are hexagonal ZnO (wurtzite, 
JCPDS 36-1451). The thin film elaborated with 2 % Co and 7 % Cu has the lowest value of crystallite size  
(D = 14.67 nm). The transmission spectra demonstrate that all films have good optical transparency in the visible 
spectrum, with 7 % Cu achieving the highest transmission. Increasing Cu contents raised the band gap energy.  
The value at the minimum was 3.31 eV. The optical band gap’s broadening is a significant characteristic of 
advanced materials and may be useful in applications involving metal oxide nanostructures for visible light gas 
sensing. 
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Introduction 

Zinc oxide is a naturally occurring semiconductor with a 3.37 eV direct band gap and  
a massive exciton binding energy of 60 meV. ZnO is an important semiconductor material 
due to its increasingly popular importance in scientific researches [1, 2]. ZnO has been 
widely employed in a variety of fields, including automobile manufacturing, medical 
equipment, interactions, computers, electronics, optoelectronics, biological materials, 
storing data, converting energy, as well as architecture. All previous applications indicate 
that ZnO it has unique features [1-7]. It is critical to determine which element or elements 
ZnO must be doped with in order to control the bands gap, conductivity, carrier’s 
concentration and applications. Because of the potential uses in spintronics, several 
researchers have recently focused on doping levels ZnO with incorporating transition 
metals (TMs) such as Co, Mn, Cu, Ni, Fe, and Cr [1-10]. Copper is nearly optimal for 
changing the properties of ZnO among the other doping elements due to the atoms of 
copper possesses a radius and electronic shell similar to zinc atoms; thus, replacing zinc 
with copper does not result in a modification in the lattice constant. The influence of copper 
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doping on the magnetic fields, photoluminescence, crystalline structure, transmittance, and 
band gap of ZnO films produced through magnetron sputtering RF, magnetron sputtering 
DC, pulsed laser deposition, sol-gel methods and spray pyrolysis, it has been extensively 
studied [8-15]. 

The goal of this work is to create a semiconductor with good optical and structural 
properties from Co and Cu co-doped ZnO thin films. The influence of various Co and Cu 
levels on the crystalline structure, transmittance, and optical energy of Co and Cu co-doped 
ZnO thin films has been examined. ZnO thin films were sprayed on a glass substrate 
utilising a spray pneumatic method at a temperature of 400 °C with sprayed rate of  
2 mL/min. 

Materials and methods 

The thin films of Zn1-(0.02+y)Co0.02CuyO thin films were sprayed utilising the spray 
pyrolysis method on glass substrates (GS). The solution preparation was dissolved by zinc 
acetate (Zn(CH3CO2)2, 2H2O) in distilled water to form a 0.1 M solution with cobalt 
chloride (CoCl2, 6H2O) and copper nitrate Cu(NO3)2, 3H2O). The atomic percentage of  
[Co-Cu] varied as 1.5 %, 2 %, 3 %, 5 %, and 7 %. The solution was dropped onto the 
heated substrates and allowed to remain at the optimal surface temperature (400 °C). For all 
experiments, the distance between the nozzle and the surface being studied (25 cm) was 
kept constant. 

The structural properties of Zn1-(0.02+y)Co0.02CuyO thin films were investigated using 
diffraction by X-rays (XRD Bruker AXS-8D) under CuKα radiation (λ = 1.5406 Å) within 
examining range 2 from 20° to 90°.The transparency of the deposited films was determined 
through an ultraviolet-visible spectrophotometer (LAMBDA 25) in the wavelength range of 
300 nm - 1200 nm. 

Results and discussion  

The XRD spectra of spray pyrolysis-fabricated Co and Cu co-doped ZnO thin films are 
shown in Figure 1. The Co and Cu co-doped ZnO thin films were deposited at various 
atomic concentrations [Co-Cu] (1.5 %, 2 %, 3 %, 5 %, and 7 %). Hexagonal ZnO (wurtzite, 
JCPDS 36-1451) was used to compare the detected peaks. We have observed from XRD 
diffraction peaks various diffraction peaks such as (100), (002), and (101) planes, which 
found by many authors [16-18]. In each of the samples, the observations revealed three 
diffraction peaks, the greatest being at 2θ = 31.6°, 2θ = 34.42°, and 2θ = 36.10°, and 
matching to the following plans (100), (002) and (101), respectively, which are 
demonstrated by Diha et al. [19] and Cao and Bai [20]. However, we have found another 
phase 7 % Cu related to the CuO due to the Cu levels.  The best result was found with 
Zn0.985Co0.02Cu0.015O and Zn0.96Co0.02Cu0.02O. 

The lattice parameters of a and c of Co and Cu codoped ZnO thin films were measured 
according the (100) and (002) planes using the following formula [21, 22]: 
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where dhkl is the interplanery and (hkl) is Miller indices, Table 1 presents the measured 
values. However, the crystallite size Dhkl of sprayed thin films was calculated by the  
Debye-Scherrer equation [23]: 
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where βhkl 
is the full width at half-maximum (FWHM), k is a constant real equal to 0.90,  

λ is the incident wavelength X-ray (λ = 0.15406 nm) and θ is the Bragg angle. 
 

 
Fig. 1. X-ray diffraction spectra of fabricated Zn1–(0.02+y)Co0.02CuyO thin films 

Figure 2 and Table 1 present the measured variations of the lattice parameter c and the 
average crystallite size of the Co- and Cu-doped ZnO thin films. Accordingly, as Cu levels 
increased, the average crystallite size decreased to a minimum value of 14.67 nm, as 
explained by the Co-Cu-Zn corporations. However, as Cu levels increased, the lattice 
parameter c shifted twice towards two different values. Furthermore, when Cu ions and Co 
ions were doped, all of the diffractive peaks in the XRD patterns shifted to the lower angle 
side because the ionic radius of Cu2+ (0.95 Å) and Co3+ (0.58 Å) was greater than that of 
Zn2+ (0.60 Å). Additionally, when Cu ions are doped, the peak intensity decreases, 
indicating that the crystalline quality deteriorates. According to the XRD results, Cu ions 
are successfully doped into the ZnCoO crystal structure with Zn ion substitution  
sites [21-26]. 
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Table 1 
Variation of lattice parameters a and c, and the average crystallite size �� �

������	����
�	������

�
  

of Zn1–(0.02+y)Co0.02CuyO thin films 

Sample 
a [Å] 

± 0.0001 Å 
c [Å] 

± 0.0001 Å 
Average crystallite size Dm [nm] 

± 0.01 nm 
Zn0.965Co0.02Cu0.015O 3.2737 5.2256 31.82 
Zn0.94Co0.02Cu0.02O 3.2738 5.2257 29.76 
Zn0.95Co0.02Cu0.03O 3.2812 5.2421 29.34 
Zn0.93Co0.02Cu0.05O 3.2804 5.2168 27.42 
Zn0.91Co0.02Cu0.07O 3.2739 5.2314 14.67 

 

 
Fig. 2. The variations of lattice parameter c and average crystallite size Dm of Zn1–(0.02+y)Co0.02CuyO thin 

films 

Figure 3 shows the transmission spectra of produced Zn1–(0.02+y)Co0.02CuyO thin films 
created at various atomic percentages of Cu. There was an average measuring transmittance 
of 75 % - 85 % in the region of visible. Upon increasing the Cu doping levels, the optical 
transmittance spectra exhibited a red shift in the region of 300 and 400 nm. All films 
exhibit a significant rise in transmittance. The transmittance of all films reduced suddenly 
between 300 and 400 nm due to the fundamental absorption edge caused by the transition 
between the valence band and conduction band. This edge is used to compute the film 
optical band gap Eg, which is measured by the following relationships [27, 28]: 

 lnA d Tα= = −  (3) 
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where A is the absorbance of sprayed thin films, α is the coefficient of absorption, T is the 
transmission of sprayed thin films, C is a constant, d is the film thickness, hυ is the photon 
energy [eV] hυ = 1240/λ. However, the following equation was used to determine the 
disorder or Urbach energy Eu [26, 27]: 

 0 exp
u

h
A A

E

υ 
=  

 
 (5) 

where A0 
is a constant. The measured values of Eg and Eu 

are presented in Table 2. 
 

Table 2 
Variation of optical bandgap energy Eg and Urbach energy Eu of Zn1–(0.02+y)Co0.02CuyO thin films 

Sample 
Eg [eV] 

± 0.01 eV 
Eu [eV] 

± 0.01 eV 
Zn0.965Co0.02Cu0.015O 3.35 0.31 
Zn0.94Co0.02Cu0.02O 3.50 0.27 
Zn0.95Co0.02Cu0.03O 3.48 0.28 
Zn0.93Co0.02Cu0.05O 3.31 0.33 
Zn0.91Co0.02Cu0.07O 3.46 0.29 

 

 
Fig. 3. Variation of transmittance spectra of sprayed Zn1–(0.02+y)Co0.02CuyO thin films 

The variation of optical gap energy and Urbach energy of the co-doping thin films of 
Zn1–(0.02+y)Co0.02CuyO are shown in Figure 4. As the results showed, the thin film prepared 
with 2 % Co and 2 % Cu had minimal disorder of 0.27 eV with few defects. However, the 
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optical gap energy increased from 3.35 eV to 3.50 eV then decreased from 3.50 eV to  
3.31 eV with an increase of Cu concentration. This can be explained by the oxygen 
diffusion or the free oxygen due to the incorporation of Cu and Zn in the formation of 
CoCuZnO thin films. The results of the increase in the optical bandgap represent an 
important parameter of advanced materials and have potential applications for visible light 
as a gas sensor involving metal oxide nanostructures. 

 

 
Fig. 4. The variation of optical band gap Eg and Urbach energy Eu of fabricated Zn1–(0.02+y)Co0.02CuyO thin 

films 

Conclusion 

In conclusion, the Co and Cu co-doped ZnO thin films were successfully elaborated on 
glass substrate by the spray pneumatic method at 400 °C. The thin films were obtained by 
combining zinc acetate (Zn(CH3CO2)2, 2H2O) in distilled water to form a 0.1M solution 
with cobalt chloride (CoCl2, 6H2O) and copper nitrate (Cu(NO3)2, 3H2O). The influence of 
various Co and Cu levels on the crystalline structure, transmittance, and optical energy  
of Co and Cu co-doped ZnO thin films has been investigated. The X-ray diffraction patterns 
of the Co and Cu co-doping ZnO thin films showed that the obtained thin films are 
hexagonal ZnO (wurtzite, JCPDS 36-1451). The minimum value of average crystallite size 
of 14.67 nm was observed for 2 % Co and 7 % Cu. The transmission spectra show that the 
Co and Cu co-doping ZnO thin films have good optical transparency in the region of visible 
with high transmission was obtained for 7 % Cu. The high optical gap energy is 3.50 eV 
obtained for 2 % Co and 2 % Cu. And the minimum value was 3.31 eV obtained for 2 % 
Co and 5 % Cu. The results of the increase in the optical bandgap represent an important 
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parameter of advanced materials and have potential applications for visible light as a gas 
sensor involving metal oxide nanostructures. 
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