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A B S T R A C T   

The electrodeposition technique was used to synthesize copper-doped ZrO2 thin film. Different characterization 
technique such as vibrating sample magnetometry, UV–visible spectroscopy, scanning electron microscope, and 
X-ray diffractometry were used to study the magnetic, optical, surface morphology, and structural properties of 
the thin films. The Uniform nanocrystalline grains without cracks, and of various sizes were obtained. The optical 
studies showed a decrease in energy band gap from 4.1 eV to 3.9 eV. The magnetic studies revealed that the 
doped samples have unique ferromagnetic ordering, this could be due to the increase in grain size. The 2% and 
4% doped samples are saturated around 4.51 × 10− 4 emu/g and 4.70 × 10− 4 emu/g at coercive field of 274.54 
and 274.96 respectively.   

1. Introduction 

Zirconium dioxide (ZrO2) is an essential transition metal oxide thin 
film of great technological importance due to its flexible nature. Zirconia 
exhibits high thermostability, chemical stability, high refractive index, 
good biocompatibility and excellent corrosion resistance which makes it 
a good material for medical, engineering and environmental applica-
tions [1–6]. ZrO2 is believed to exist in three crystal phases, they include 
cubic (c- ZrO2), tetragonal (t- ZrO2), and monoclinic (m- ZrO2). 
Tetragonal and cubic zirconia crystals are quite unstable at room tem-
perature while the monoclinic zirconium crystal shows stability at room 
temperatures and even beyond 1170 ◦C [7–11]. The endearing features 
of ZrO2 have made it to be one of the most promising materials for ap-
plications in solar cells, fuel cells, optical coatings, oxygen gas sensors, 
catalyst due to the high ion exchange capacity and as ball heads for 
clinical studies [12–17]. The unique properties of TiO2 has made it 
significant in charge transportation and collection. However, it is used as 
photoelectrode in dye-sensitized solar cell (DSSC). Notwithstanding the 
merit, TiO2 application as photoelectrode in DSSC is limited by its 
transparency and charge recombination at the interface [18,19]. Hence, 

it needs extra material that serves as a light reflector and as well charges 
separator, ZrO2 can be conveniently used. In addition, it can be used as 
light absorbing layer in solar cells [20]. 

The deposition techniques and growth conditions of ZrO2 are greatly 
influenced in structures, properties and it can as well be tailored for 
technological applications [21]. However, proper use of the electric field 
in the control of magnetism has captivated great attention because of its 
pertinence in the fabrication of magnetic sensor and storage devices 
[22–26]. These exhilarating applications impelled researchers to syn-
thesize ZrO2 films using various techniques which include: 
electron-beam evaporation [27] sol-gel [28,29], pulsed laser abrasion 
[30], reactive sputtering [31], ion-beam assisted deposition [32], hy-
drothermal [33], spray pyrolysis [34] and electron-beam [35], chemical 
vapour deposition [36], atomic layer deposition [37]. Among these 
techniques, electrodeposition is an outstanding technique because it is 
environmentally friendly, convenient, and capable of producing high 
quality materials with low-cost production appropriate for technological 
applications. 

Studies have shown that various metals such as Tb, Au, Al, Cu, etc. 
have been used in doping of ZrO2. The level of doping determines the 
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magnetic behaviour of ZrO2 resulting in greater efficiency, higher speed, 
and better stability in relation to its applications [38–40]. It is important 
to note that Cu2+ ions can conveniently be doped into the ZrO2 host 
lattice [41] as done in this work. Hence, the effects of Cu doping on the 
structural, morphological, optical, and magnetic properties of ZrO2 was 
carried out. Arjun et al. studied undoped and Cu-doped ZrO2 nano-
particles using different concentrations of copper as dopant by sol-gel 
approach, they observed that the crystallite size decreased as the Cu 
concentrations increased with morphology studies revealing spherical 
nanoparticles. Also, the optical analysis showed an increase in band gap 
values as the concentrations of Cu dopant increases [27]. Yao et al. used 
the radio frequency (RF) magnetron technique to synthesize 
Copper-doped ZrO2 films with different Cu concentrations. They 
observed that the films’ structure exhibited monocline (111) preferred 
orientation and the crystallite size increases as the concentration of Cu 
dopant increases. The electrical resistivity of Copper-doped ZrO2 
decreased with an increase in the concentration of Cu, this signifies the 
films conductivity was improved. Their values of transmittance 
decreased to some extent and the values of optical band gap also 
decreased for the copper-doped ZrO2 films [42]. Licurgo and Paes Junior 
studied the effect of doping concentration on zinc oxide and the films 
were polycrystalline having wurtzite hexagonal structure. Also, the 
crystallite size increased with homogeneous nanoparticles. The optical 
characterization revealed that the energy band gap ranges from 3.18 to 
3.27 eV which makes it feasible for optoelectronic devices [43]. 

In consolidation of other research works, this research is aimed to 
study the structural, optical and magnetic properties of undoped and Cu 
doped ZnO2 thin film synthesized via electrode deposition technique, 
which can be conveniently used in application of solar cells. 

2. Experimental details 

2.1. Materials 

Sodium hydroxide (NaOH), indium-doped tin oxide (ITO), zirconium 
(iv) oxide chloride octahydrate (ZrOCl2⋅8H2O), copper sulphate penta-
hydrate solution (CuSO4⋅5H2O), silver-silver chloride (Ag/AgCl) elec-
trode platinum mesh. 

2.2. Synthesis 

The Cu-doped zirconium thin films with various doping content of Cu 
(0, 2, and 4 wt %) were deposited on substrates (ITO) by electrochemical 
deposition. The working electrodes are ITO coated substrates. The 
substrates were sized into 2.5 cm × 1.5 cm dimensions followed by 
soaking in detergent for 10 min and subsequently rinsing and ultra-
sonically cleaned in acetone for 30 min. The substrate was then trans-
ferred into the deposition compartment. The substrate cleaning was 
done to remove grease which might affect the growth and nucleation of 
the film. In preparing ZrO2 nanoparticles, 70 ml of 0.3 M of zirconium 
(iv) oxide chloride octahydrate (ZrOCl2⋅8H2O) aqueous solution and 
0.9 M NaOH were mixed. The copper dopant was as well prepared by 
adding 2 and 4 wt % of copper sulphate pentahydrate solution 
(CuSO4⋅5H20) in 70 ml of 0.3 M aqueous solution of zirconium (iv) oxide 
chloride octahydrate (ZrOCl2⋅8H2O). Both solutions were mixed by 
stirring, while the pH was maintained at 10 by adding a precipitator 
agent (NaOH). The compartment is made of three-electrode systems: the 
anode as platinum mesh, the reference electrode as silver-silver chloride 
(Ag/AgCl), and the cathode as the working electrode. The working 
electrode was situated vertically in the chamber comprising reference 
and counter electrodes. The deposition was done under potentiostatic 
condition of 200 mV vs SCE for 10 min at room temperature followed by 
cleaning and drying with a hand drier. The deposited sample was taken 
for heat treatment using Electric Heating Thermostatic Blast Drying 
Oven DHG9030A (101-2) at 373 K for 1 h. The film thickness was 
measured by Gravimetric technique using equation (1) [44]: 

Thickness=
mass difference

(area of deposit × density)
(1) 

0.009 g, 0.004 g, and 0.001 g were the obtained mass difference for 
4%, 2%, and undoped respectively and their respective thickness are 
1239.8 nm, 1115.8 nm, and 495 nm. 

2.3. Characterization 

Different characterization techniques were employed in studying the 
sample of Cu-doped zirconium dioxide. The morphological studies and 
the structure of undoped and Cu-doped zirconium dioxide thin films 
were carried out using scanning electron microscope and X-ray 
diffractometer (Cu Kα irradiation) respectively. The absorbance of the 
samples was studied using a double beam UV–vis spectrophotometer 
within the wavelength range of 300–1000 nm. The magnetization 
readings were obtained Vibrating sample magnetometry (VSM). 

3. Results and discussions 

3.1. Structural studies 

The X-ray diffraction (XRD) patterns of the undoped and copper 
doped zirconium dioxide prepared using the electrodeposition method is 
shown in Fig. 1. From the result, it was confirmed that all the electro-
deposited samples exhibit crystalline peaks at (111), (002) and (022) 
planes corresponding to monoclinic ZrO2. The peak positions of undo-
ped and doped zirconium dioxide thin films were observed to be almost 
the same as the atomic radii of zirconium and copper are (0.80 Å) and 
copper (0.72 Å) respectively. This result is in consonance with the works 
of Arjun et al. [32]. The incorporation of Copper into Zr atoms results in 
the decrease of energy band gap. At the diffraction peak (111) which is 
dominant, the grain sizes of ZrO2 nanocrystalline films were calculated 
from the full width at half maximum (FWHM) using Debye Schrerrer’s 
formula [45–47]. 

D=
kλ

βCosθ
(2)  

where D is the grain size, λ is the wavelength of X-ray (CuKα radiation 
λ = 1.5405 Å), K = 0.9 which is the correction factor, β is FWHM of the 
most intense diffraction factor, and θ is the Bragg angle. The crystallite 
size of undoped, 2 and 4 % wt. doped of doped ZrO2 thin films were 
calculated to be 9.8, 10.0 and 10.3 nm respectively and this is 

Fig. 1. XRD patterns of 0%, 2%, and 4% Cu-doped ZrO2 thin films.  
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summarized in Table 1. The result confirms that the particle size of 
undoped zirconium dioxide is higher than the doped samples. This can 
be attributed to the constraint of the motion of crystallites at the inter-
action between host and dopant crystallites due to stress formation [48]. 
This result is similar to the works of Singh & Nakate that obtained the 
calculated crystallite size to be 8.8 nm [49,50]. 

3.2. Morphological studies 

The morphological studies of zirconium dioxide thin films were 
investigated using a scanning electron microscope (SEM). The SEM 
images showing the effect of doping in the ZrO2 samples are displayed in 
Fig. 2(a–c). From the micrographs, it is observed that the deposited films 
are quite homogenous over the entire surface, spherical aggregates, 
dense and without any void. This is because the grains are firmly stocked 
onto the substrate as presented in Fig. 2(b and c). Among the doping 
contents, it is observed that the 4% doped sample has larger grains that 
are cross-linked, having the same magnification of 100×. The trend in 
the variation of grain size is in good agreement with the work of Nian-Qi 
et al. [51]. There is evidence of aggregate of smaller grains that resulted 

in larger sizes which might be the effect arising from the particles 
nucleation on the substrate. 

3.3. Optical studies 

3.3.1. Optical transmittance and absorbance 
The UV–visible spectrophotometer was used to study the trans-

mittance spectra of Cu-doped ZrO2 within the spectra region at the 
wavelength range of 300–1000 nm. Fig. 3 shows the transmittance 
spectra of the samples. It was noted that as the thin films exhibited 
continuous transmittance across the UV–vis spectrum which decreases 
near the UV region. From the transmittance spectrum, the undoped thin 
films recorded a high transmittance value of 66.8% at 450 nm and 
remained fairly constant in the visible region whereas the 2% and 4% 
Cu-doped samples have a low transmittance value of 26.5% and 25.9% 
respectively. At 750 nm, the undoped transmitted at 68% whereas the 
2% and 4% doped samples have high transmittance values of 65.5% and 
64.9% respectively. The obtained high values of transmittance suggest 
that ZrO2 can excellently be used for transparent electronic applications. 
This result is in harmony with the works of Ortiz et al. whose trans-
mittance value was about 80% calcined at 550 ◦C and 575 ◦C [36]. This 
result is also congruent with the works of Yao et al. whose average 
transmittance value decreased from 88.46% to 83.11% as the percent-
age of Cu dopant increased [37]. The decrease in the transmittance 
value of the doped ZrO2 films may be due to defects of ZrO2 or the 
incident photons that are scattered by the metallic Cu crystals residing at 
ZrO2 lattice [50,51]. 

Table 1 
The calculated values of crystallite size and FWHM.  

Sample Grain size D(nm) FWHM (degree) 

Undoped ZrO2 3.88 0.2058 
2% Doped 3.93 0.2029 
4% Doped 3.97 0.2015  

Fig. 2. SEM micrograph of (a) undoped ZrO2 (b) 2% doped ZrO2 thin films and (c) 4% doped ZrO2 thin films.  
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3.3.2. Optical bandgap 
The band gap of thin films is best determined by the absorption co-

efficient (α). Fig. 4 depict the measurement of the absorption coefficient 
relative to the photon energy (hν). The optical band gap (Eg) of the 
samples are obtained by the plot of absorption coefficient against the 
photon energy. This can be effectively determined using the following 
relation [52]: 

(∝hv)1/2
= =A(hv − Eg) (3)  

where Eg is the energy band gap, ∝ is the absorption coefficient, A is a 
proportionality constant, h is Planck’s constant, and n is the photon 
energy. The linear plot gave the energy band gap values for the undoped, 
2% and 4% doped samples as 4.1, 4.0 and 3.9 eV respectively. This 
imports that the increase in doping percentage results in a reduction of 
the band gap hence, causing a redshift of the optical absorption edge. 
This work is in compromise with that of Hussain et al. whose bandgap 
decreased from 4.31 to 3.7 eV when zirconium dioxide was doped with 
cobalt [53]. This work is also in conformity with the works of Nian-Qi 
et al. whose energy bandgap values reduced from 4.64 to 4.61 eV 
when copper was doped with zirconium dioxide [51]. This work is also 
in agreement with the works of Pramanik et al. they noted that the band 
gap decreases from 4.30 to 3.48 eV when copper was doped with 

zirconium [54]. The reduction in band gap as the percentage of the 
doping increases could be due to the increase in electron density forming 
a donor level below the conduction band. 

3.3.3. Refractive index 
Fig. 5 presents the variation of refractive index with wavelength for 

undoped and Cu-doped ZrO2 thin films. Generally, optical properties 
vary with wavelengths of light. Therefore, it becomes imperative to 
understand their dependence within the range of wavelengths of 
300–1000 nm [55]. The values of refractive index for undoped and 
doped were obtained using Eq. (4) [56]: 

η= 1 + √R
1 − √R

(4)  

where R is the reflectance and n is the refractive index. 
The refractive indices, n of both doped and undoped samples 

decreased with the increase in wavelength. This is due to the decrease in 
absorbance and increase in transmittance values as wavelength in-
creases [57]. At 800 nm, while the undoped refracted at 1.9, the 2 and 
4% doped thin films are refracted at 2.3 and 2.0 respectively. This might 
be due to surface and volume imperfections as photon energies were 
trapped [58]. This result is consistent with the works of Hojabri that had 
a refractive index ranging from 2.10 to 2.25 [59]. 

3.3.4. Optical conductivity 
The disparity of optical conductivity in relation to the photon energy 

for both undoped and copper doped ZrO2 is shown in Fig. 6 and this can 
be calculated using Eq. (5) [60,61]: 

Fig. 3. The plots of Transmittance spectra for the undoped and Cu-doped ZrO2 
thin films. 

Fig. 4. Optical band gap plots for undoped and doped samples.  

Fig. 5. Plot of refractive index versus wavelength of the undoped and doped 
ZrO2 thin films. 

Fig. 6. The plot of optical conductivity of undoped and doped ZrO2 thin films.  

R.O. Ijeh et al.                                                                                                                                                                                                                                   



Ceramics International 48 (2022) 4686–4692

4690

δ=
αnc
4π (5)  

where α is the absorption coefficient, n is the refractive index, and c is 
the speed of light. The presence of low energy density resulted in the 
highest resistivity exhibited by the undoped sample. It is evident that the 
introduction of copper dopant is active, thereby resulting in the increase 
in the films electrical conductivity as shown in Fig. 6. Among the sam-
ples, the 4% doped sample had a sharp increase in conductivity. This, 
however, may be ascribed to the formation of the new doping levels in 
the band gap caused by the Cu doping. The undoped sample had very 
low conductivity at both low and high photon energies due to the 
absence of carrier concentration. This result is in agreement with the 
works of Licurgo et al. the electrical conductivity of ZnO thin films in-
creases when the Cu doping concentration increases [62]. 

3.3.5. Extinct coefficient 
At a given wavelength, the degree of attenuation of light into a 

sample can be measured using the extinction coefficient. This can be 
estimated using the relation [63]: 

K=
αλ
4π 6  

where α is the absorption coefficient, k is the extinction coefficient, and λ 
is the wavelength of the incident photons. From eq. (6) it is noted that as 

the absorption coefficient increases, the extinction coefficient also in-
creases. It is as well observed that the undoped and 2% doped samples 
have an extinction coefficient of 0.09 and 0.14 respectively, whereas the 
4% doped sample recorded the highest extinction coefficient of 0.26 as 
shown in Fig. 7. This result is in agreement with the works of Shan-
muganathan et al. as the values of extinction coefficients ranged be-
tween 0.001 and 0.0163 when ZnO was doped with potassium [64]. It is 
expedient to say that all samples showed a low extinction coefficient for 
the entire photon energy. This might be due to the smoothness and the 
homogeneity of the samples [65]. 

3.3.6. Dielectric constants 
The dielectric constant in a given material comprises the real and the 

imaginary parts. The imaginary dielectric constant (εi) describes the 
energy absorption from the electric field while the real part (εr) is 
concerned with property hampering the speed of light in the material 
[66]. The electronic properties of materials are best determine using the 
dielectric constant [67,68]. The imaginary (εi) and the real parts (εr) 
complex dielectric constants were determined from the refractive index 
and the extinction coefficient using the following equations [68]. 

εr = n2 − k2 (7)  

εi = 2nk (8) 

The variations in real and imaginary dielectric constants in relation 
to the photon energy for both doped and undoped samples are presented 
in Fig. 8. The imaginary values are lower than the real values although 
both values increase slightly with doping concentration. At lower 
photon energy, the imaginary part shows a very sharp increase and was 
observed to shrink at higher energy. The real and imaginary parts show 
the relaxation peaks at 4.1 and 1.2 respectively. 

4. Magnetic properties 

The VSM was used to study the magnetic properties of undoped and 
copper doped ZrO2 thin films. The spin interactions which take place in 
magnetic domains between Cu and ZrO2 result in exchange-coupling 
and this allow spontaneous magnetization [69]. The hysteresis loop 
was observed in both doped and undoped ZrO2 thin films. It is plausible 
to say that changes in the electron density of samples affect the ferro-
magnetic properties which lead to the shift in Fermi level upon intro-
duction of the electric field [70–73]. The field-dependent magnetization 
(M − H) curves were recorded in the range of ±400 kOe at room tem-
perature as shown in Fig. 9. The Cu doped and undoped samples shows 
ferromagnetic properties. The ferromagnetic behavior of the undoped 

Fig. 7. Extinction coefficient plot of undoped and copper doped ZrO2 
thin films. 

Fig. 8. The plot of dielectric constants of undoped and doped ZrO2 thin films.  
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sample might be due the defects of oxygen vacancies. In this work, the 
coercive field and the remnance magnetization for the doped samples 
were observed to increase as the Cu doping percentage increases. 
However, it is plausible to say that doped samples exhibited higher 
magnetizations than the undoped due increase in grain size, this has the 
propensity of increasing the magnetic ordering [74,75]. This work 
agrees with the works of Kumar et al., Shah et al. and Gopalakrishnan 
et al. [76–78] which support the idea that the introduction of impurities 
and procedure of measurements enhances magnetization. The magne-
tization of the undoped sample is saturated around 4.34 × 10− 4 emu/g 
at high coercive field of 273.69, whereas the 2% and 4% doped samples 
are saturated around 4.51 × 10− 4 emu/g and 4.70 × 10− 4 emu/g at 
coercive field of 274.54 and 274.96 respectively as depicted in Table 2. 
More so, the 2% doped sample shows the range of magnetic field from 
4.51 × 10− 4 to − 4.75 × 10− 4 whereas that of 4% doped sample ranges 
from 4.70 × 10− 4 to – 4.95 × 10− 4. 

5. Conclusion 

The undoped and Cu-doped ZrO2 thin films were grown by the 
electrodeposition technique for this study. The X-ray diffraction, 
UV–visible spectroscopy, Vibrating sample magnetometry, and Scan-
ning Electron Microscopy techniques were utilized in this study. The 
structural analysis revealed that both undoped and doped samples were 
found to be monoclinic in nature with morphology being uniform, 
spherical and without crack. The undoped sample transmittance was 
observed to be 68% whereas the 2% and 4% doped samples were 65.5% 
and 64.9% at 750 nm respectively. It was observed the band gap energy 
decreases from 4.1 eV to 3.9 eV as the doping percentage increases and 
the magnetic property of the samples were observed to increase as the 
doping percentage increases. 
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