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DOPED ZINC OXIDE THIN FILMS DEPOSITED BY 4 

ELECTROSTATIC SPRAY PYROLYSIS (ESP) TECHNIQUE 5 

 6 

ABSTRACT 7 

Pure zinc oxide (ZnO) and copper (Cu) doped ZnO thin films were synthesized from the precursor’s 8 

concentrations (zinc acetate and copper acetate) onto glass substrate via spray pyrolysis deposition 9 

technique at 350oC in air ambient with different Cu doping concentrations (0%, 5%, 10%, 15% and 10 

20%). The thin films were analysed with regards to its morphological, optical, and electrical properties 11 

before and after annealing. The results indicate that the annealing of the thin films leads to improved 12 

surface morphology and better crystallinity quality. Nanofibers were observed around the nucleation 13 

centre in the pure ZnO thin films. The absorbance was recorded in the wavelength range of 230nm to 14 

1100nm, and the optical transmission of the films was found to increase for increasing doping 15 

concentration of Cu up to 370nm and then decreased for higher wavelengths. ZnO:Cu films displayed 16 

high optical transparency which is around 86% - 98% in the visible and infrared regions but minimum 17 

in the ultraviolet region. The band gap energy value of the pure ZnO films was found to be 3.20eV, 18 

whereas the doped films revealed a continuous decreases for higher doping of Cu concentration, 19 

reaching a value of 2.66eV. The refractive index of the films significantly changes with the deposition 20 

parameter and increases sharply from 1.4597 to 1.7865 and the highest electrical resistivity was 21 

found to be 8.83μΩm, and the lowest optical conductivity of 0.113MƱm-1 was observed in the films 22 

with 20% Cu doped film, which indicates that the deposited films are highly suitable for photovoltaic 23 

cells and other optoelectronic device applications.  24 

Keywords: ZnO:Cu, Spray pyrolysis, Electrical properties, Optical properties, Thin film   25 

1. INTRODUCTION 26 

Nano-composited materials are generally known for their good structural, optical, and electrical 27 

properties performances compared to bulk materials in several applications such as: electronics, 28 

biomedical, solar cells, catalysis, and so on. Zinc oxide (ZnO) thin films is one of the most studied 29 

group II-VI semiconducting materials that have gained interest and attention of many researchers 30 

globally due to its unique properties such as wide direct optical band of about 3.37eV, huge exciton 31 

binding energy (~60MeV) at room temperature, high transmission coefficient (>80%) in the visible and 32 

near infrared spectra, and high electrical conductivity makes it suitable for possible applications in 33 

optoelectronic devices (Hu et al., 2010; Rusu et al., 2011; Tewari and Bhattacharjee, 2011; Kim et al., 34 

2011; Liu et al., 2005; Andrzej et al., 2017). The high ionization energy and low formation energy of 35 

Cu makes it a fast diffusing impurity into ZnO lattice. Cu exhibit both +1 and +2 oxidation states 36 

depending on its chemical environment; the role of Cu in ZnO is different from other dopants such as 37 
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Mn, Co, Bi, Al, Ga, B, In, Y, F, Si, Ge, Ti, Zr, Mg, and As (Behera et al., 2011). The radii of Cu+ (98pm) 38 

and Cu2+ (80pm) ions are similar to that of Zn2+ ion (83pm) (Rahmani et al., 2009; Behera et al., 39 

2011). Moreover, copper is known as a prominent luminescent activator which enhances the green 40 

luminescent band by creating localized states in the band gap of ZnO (Buchholz et al., 2005; 41 

Chakraborti et al., 2007). However, the luminescent and structural properties of Cu doped ZnO 42 

nanostructures are affected by different parameters such as growth mechanisms, preheating and post 43 

annealing temperatures. The diffusion of Cu into ZnO can cause the formation of complex centres 44 

and it is possible that Cu atoms can replace Zn atoms either substitutional or interstitial (Cu) in the 45 

ZnO lattice creating structural deformations, thereby affecting the electrical, chemical, structural, 46 

morphological and optical properties of ZnO significantly (Behera et al., 2011). Several studies have 47 

been carried out in recent years on the properties of Cu doped ZnO thin films with various deposition 48 

techniques such as magnetron sputtering, sol-gel coating, spray pyrolysis, pulsed laser deposition 49 

(PLD), chemical vapour deposition (CVD), ion plating, atomic layer deposition (ALD), molecular beam 50 

epitaxy (MBE), thermal evaporation for HTS deposition, electron beam evaporation (Islam and 51 

Podder, 2009; Sahay et al., 2007; Tan et al., 2008; Rahmani et al., 2009; Ueda et al., 2001; Chen et 52 

al., 2014; Thakur et al., 2014; Horzum et al., 2016; Andrzej et al., 2017). Amongst the above 53 

mentioned techniques, spray pyrolysis has the advantage of being convenient, simple, cost-effective, 54 

flexible and vacuum less processing. It is well suited to control the texture through the tuning 55 

deposition parameters such as temperature, rate, thickness, continuous operation and capability for 56 

uniform large area coatings. Therefore, a precise study of these properties and their dependence on 57 

the film characteristics is very essential as it helps in optimizing film parameters for designing of 58 

various optoelectronic devices based on Cu doped ZnO nanostructures. In this work, Cu doped ZnO 59 

thin films are deposited on microscopic glass substrate by electrostatics spray pyrolysis technique. 60 

Copper doping effects on the surface morphological, optical and electrical properties for the prepared 61 

thin films are investigated. 62 

2. EXPERIMENTAL DETAILS 63 

2.1 Reagents and Materials 64 

Reagent grade zinc acetate dihydrate ሾZn	ሺCHଷCOOHሻଶ. 2HଶOሿ, copper acetate ሾCuሺCHଷCOOሻଶሿ and 65 

methanol ሾCHଷOHሿ were purchased from (99.9% purity, Merck). Ethanol ሾCଶHହOHሿ, sodium lauryl 66 

sulfate ሾCଵଶHଶହNaOସSሿ, and soda lime glass substrates were obtained from (99.9% purity, Sigma-67 

Aldrich). Distilled water of pH 5.5 - 6.5 was used throughout the experiments. All reagents and 68 

solvents used in this study were of analytical grade and do not require further purification. 69 

2.2 Sample Preparation and Deposition 70 

Cu doped ZnO thin films was deposited onto soda lime glass substrates with home-made electrostatic 71 

spray pyrolysis system at Namiroch Material Science Laboratory, Abuja, Nigeria. The glass substrates 72 

were initially clean and degrease using sodium lauryl, distilled water and ethanol, then allowed to dry 73 

in ambient air for 10min. The cleaned glass substrate was placed onto the substrate heater using the 74 

substrate holder. Initially, 0.2M of zinc acetate solution was prepared by dissolving 4.39g of zinc 75 
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acetate in 100ml of methanol solvent and moderately stirred for 15min in a sealed glass in order to 76 

obtain uniform solution. Further, 0.2M of copper acetate solution was prepared by mixing 3.62g 77 

copper acetate in 100ml of methanol and stirred continuously for 20min at room temperature to obtain 78 

a homogeneous solution. Additionally, to enhance the solubility of zinc acetate, 0.4ml of acetic acid 79 

was added to the solution and the concentration of the solution was kept at 0.2M. Five samples were 80 

prepared to achieve doping, the precursors were mixed by appropriate volume ratios for doping 81 

concentration as coded in Table 1. 82 

Table 1. Sample code, Zn acetate and Cu acetate solutions at different doping concentrations 83 
of 0, 5, 10, 15, and 20%. 84 

Sample code Zinc acetate solution (ml) Copper acetate solution (ml) 
CuZnO0 10.0 0.0 
CuZnO5 9.5 0.5 
CuZnO10 9.0 1.0 
CuZnO15 8.5 1.5 
CuZnO20 8.0 2.0 

 85 

The solutions were then moved into a commercial ultrasonic nebulizer which makes the solutions into 86 

aerosol. The aerosol was transported to the substrate by high-purity nitrogen gas and the substrate 87 

temperature was kept at 350oC. The clean substrate with a suitable mask were put on the subsector 88 

of the heater. The distance between the tip of the nozzle and the surface of the glass substrate were 89 

kept constant at 5cm. Before supplying the compressed air, the substrate temperature was to be kept 90 

at a level slightly higher than the required substrate temperature because at the onset of spraying a 91 

slight fall of temperature is likely. When compressed air was passed through at constant pressure of 92 

0.5bar, 0.6ml precursor volume, 2000µL/hr flow rate and voltage of 5-20kV, a fine Znଵି୶Cu୶O were 93 

produced and automatically carried to the reactor zone where film was deposited onto the heated 94 

substrate. The deposition time lasted for 15min and the thickness of the films was about 500nm to 95 

800nm. The precursor was then loaded onto the spray pyrolysis deposition system with five different 96 

doping concentrations of 0, 5, 10, 15, and 20%. After the deposition, the deposited films were allowed 97 

to cool down to room temperature and annealed before being taken out for characterization. Equation 98 

(1) gives the possible chemical reaction in the formation on a substrate of ZnO:Cu thin films:  99 

ZnሺCHଷCOOHሻଶ. 2HଶO ൅ CuሺCHଷCOOሻଶ 			→ 		Znଵି୶Cu୶O ൅ COଶ ൅ CHସ ൅ Steam																																										ሺ1ሻ 

2.3 Morphological Characterization of ZnO:Cu Thin Films 100 

Surface morphology of the films and glass substrates, were observed by means of scanning electron 101 

microscope (SEM) (EVO Ι MA10) at an operating voltage of 20kV. The samples were sputter-coated 102 

with gold and mounted on carbon tape. 103 

2.4 Optical Characterization of ZnO:Cu Thin Films 104 

The optical behaviors of the thin films onto glass substrates were investigated using a double beam 105 

UV-Vis spectrophotometer (UV-1601, PC Shimadzu) equipped with an integrating sphere accessory 106 

for diffuse reflectance. The optical absorption spectra of the film with respect to glass substrate were 107 

performed in the wavelength range of 230nm to 1100nm. Measurements were made by placing the 108 

samples in the incident beam and another empty glass substrate in the reference beam of the 109 

instrument. As the light is transmitted, the sample disrupts the path of the beam, a portion of light was 110 
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absorbed, a fraction was reflected, or scattered from small particles suspended in the sample, and the 111 

rest was transmitted through the sample. The transmission measurements were determine in different 112 

parts of the film, scanning the entire sample, and a good reproducibility of the respective samples was 113 

generally observed. 114 

2.4.1 Absorbance 115 

The absorption of radiation by any medium occurs through the excitation of electrons and photons. 116 

The absorption coefficient (ߙ) of the thin films was estimated in accordance to the Beer-Lambert 117 

relation: 118 

ߙ ൌ
1
݀
ln ൬

1
ܶ
൰																																																																																																																																																																								ሺ2ሻ 

Where, d is the film thickness, and T is the measured transmittance.  119 

2.4.2 Transmittance 120 

The transmittance T is calculated from absorbance A by the following formula: 121 

ܶ ൌ 10ሺଶି஺ሻ																																																																																																																																																																										ሺ3ሻ 

If the films are with thickness (d) considerably lower than the thickness of a transparent substrate, the 122 

minima (T୫୧୬) and maxima (T୫ୟ୶) of the transmission curves can be used as expressed in equations 123 

(4) and (5): 124 

T୫୧୬ ∶ 				݊݀ ൌ
ߣ
4
ሺ2݉ ൅ 1ሻ																																																																																																																																																ሺ4ሻ 

T୫ୟ୶ ∶ 				݊݀ ൌ
ߣ
4
ሺ2݉ ൅ 2ሻ																																																																																																																																															ሺ5ሻ 

Where, n is the refractive index of ZnO, ߣ is the wavelength of the adjacent maxima and minima, and 125 

m is the order of the interference minima and maxima (݉ ൌ 1,2,3, …). 126 

2.4.3 Reflectance 127 

The reflectance (R) of the thin films was determined from the transmittance (T) and absorbance (A) 128 

using the relation (Offor et al., 2018): 129 

ܴ ൌ 1 െ ܶ െ  ሺ6ሻ																																																																																																																																																																					ܣ

2.4.4 Band gap energy 130 

The optical band gap energy is the energy required to move a valence electron into conduction band. 131 
Band gap energy (ܧ௚) of ZnO thin films was computed using the extinction coefficient (k) (Ray, 2001; 132 

Ganesh et al., 2017): 133 

ܧ൫ܤ െ ௚൯ܧ ൌ ൤൬
݇ߨ4
ߣ
൰ ൨ݒ݄

ఎ
ଶൗ

																																																																																																																																												ሺ7ሻ 

Where, B is an energy-independent constant, ߟ is a number that determined the type of the optical 134 
transition of the gap materials (ߟ ൌ 1 for direct gap materials and ߟ ൌ 2 for an indirect gap materials), 135 
݄ is the plank’s constant (6.626 ൈ 10ିଷସݒ ,(ݏܬ is the frequency of radiation of light wave, ݄ݒ is the 136 
energy of the photon energy, ܧ௚ is the optical band gap of valence and conduction band (eV), and ߣ is 137 

the wavelength. Since ZnO is direct band gap semiconductor, hence equation (7) gives: 138 

ܧ൫ܤ െ ௚൯ܧ ൌ ൤൬
݇ߨ4
ߣ
൰ ൨ݒ݄

ଵ
ଶൗ

																																																																																																																																												ሺ8ሻ 
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The optical band gap energy ሺܧ௚ሻ values for the ZnO thin films are obtained by extrapolating the linear 139 

plot of ሺݒ݄ߙሻଶ versus photon energy ሺ݄ݒሻ (Tauc’s plot) as illustrated in Fig. 5. 140 

2.4.5 Refractive Index 141 

One of the most important optical constants of a material is the refractive index, which in general 142 

depends on the wavelength of the electromagnetic wave, through a relationship called dispersion. In 143 

materials where an electromagnetic wave can lose its energy during its propagation, the refractive 144 

index becomes complex. The real part is usually the refractive index (n), and the imaginary part is 145 

called the extinction coefficient (k). The refractive index was calculated from the reflectance (R) using 146 

the following relations (You and Hua, 2012; Shkir et al., 2017; Ganesh et al., 2017): 147 

݊ ൌ
ሾ1 ൅ ܴሿ ൅ ሾ2ܴሺ2 ൅ ݇ଶሻ െ ݇ଶሺ1 െ ܴଶሻሿ

ଵ
ଶൗ

ሾ1 െ ܴሿ
																																																																																																												ሺ9ሻ 

݇ ൌ
ߣߙ
ߨ4

																																																																																																																																																																																		ሺ10ሻ 

2.5 Electrical Characterization of ZnO:Cu Thin Films 148 

A QUADPRO-301-6 four-point probe system was used to measure the sheet resistance and the 149 
resistivity of the deposited films after which the conductivity was determined from the resistivity. The 150 
sheet resistance ሺܴ௦ሻ was expressed as: 151 

ܴ௦ ൌ 4.53 ൈ
ܸ
ܫ
																																																																																																																																																																						ሺ11ሻ 

Where, V is the measured voltage between the two inner probes and ܫ is the current that passed 152 
through the outer probes. The resistivity was computed from the relation: 153 
ߩ ൌ ܴ௦ ൈ ݀௖																																																																																																																																																																											ሺ12ሻ 

ߪ ൌ
1

ܴ௦݀௖
																																																																																																																																																																															ሺ13ሻ 

Where, ݀௖ is the thickness of the conducting layer, ߩ	is the resistivity, ߪ is conductivity. 154 

3. RESULTS AND DISCUSSION 155 

3.1 Surface Morphology 156 

The morphological characteristics of undoped ZnO and Cu doped ZnO thin films observed at various 157 

percentage doping concentrations of 0, 5, 10, 15 and 20% are shown in Fig. 1 (a-e), which give a 158 

general view on the morphology of ZnO thin film deposited on glass substrates.  159 

  160 

a  b
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   161 

 162 

Fig. 1. SEM images of (a) undoped (0%) ZnO; (b) Cu doped ZnO (5%); (c) Cu doped ZnO (10%); (d) 163 

Cu doped ZnO (15%); (e) Cu doped ZnO (20%) thin films.  164 

The SEM micrographs of the undoped ZnO thin films revealed that the film is uniform and nanofiber 165 

structure appear around the nucleation centre of the as-deposited ZnO thin film. The value of the drop 166 

on the films surfaces corresponds well with that of drops in aqueous solution of zinc acetate in 167 

aerosol. This may be attributed to the formation of ZnO thin films at relatively low substrate 168 

temperature of 350oC (Islam and Podder, 2009; Llicana et al., 2006). However, it is clear that copper 169 

addition changes the morphology of the particles. Such a variation of the drops morphology reflects 170 

the corresponding steps of process evolution during the thermal decomposition of the solution of the 171 

precursor.  Due to interstitial holes of ZnO filled with copper, most of the fiber were broken and 172 

transform into grain as doping concentration increased to 5% (Fig. 1b). After the 5% doping, all the 173 

fiber has broken and were transform into grain (Fig. 1c). The size of grain decreases with the increase 174 

of Cu up to 15% doping concentration. Interestingly at 20% Cu, a combination of large and small 175 

grains were observed (Fig. 1d). This discrepancy in the surface morphologies can be attributed mainly 176 

due to the different chemical molar concentration of the precursor solution, growth process and 177 

conditions. The diffusion of Cu into ZnO possibly causes the formation of complex centres and likely 178 

that Cu atoms are interstitial in the ZnO lattice which create structural deformations, and thereby 179 

affecting the morphological properties of ZnO significantly. 180 

3.2 Optical Properties 181 

c  d

e 
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Optical properties of pure and Cu doped ZnO thin films such as absorbance, transmittance, 182 

reflectance, band gap energy, and refractive index were calculated on as-deposited films in the 183 

wavelength range 230nm to 1100nm. 184 

3.2.1 Optical Absorbance 185 

The UV-Vis spectroscopy optical absorption spectra of undoped ZnO and Cu doped ZnO thin films 186 

using different copper doping concentrations are plotted in Fig. 2. 187 

 188 

 189 

Fig.2. Variation of absorbance with wavelength of pure ZnO and Cu doped ZnO thin films at 0, 5, 10, 190 

15, and 20%. 191 

Figure 2 illustrates the variation of absorbance with wavelength of pure ZnO and Cu doped ZnO thin 192 

films. It was observed that the absorbance experience rapid increase at lower wavelengths as the 193 

doping concentration level increases. When copper occupies simultaneously both positions within the 194 

zinc oxide lattice, the absorbance of ultraviolet light and visible range of the spectra increased. These 195 

spectra show high absorbance in the wavelength range from about 313nm - 452nm (ultraviolet region) 196 

and absorption peaks are found in the ultraviolet region near the wavelength 383nm but very low at 197 

the visible and infrared regions of solar spectra because of higher transmittance of the films in this 198 

region. This revealed that, beyond the band edge the absorbance is very small and the transmittance 199 

is high, which illustrates that the obtained thin films are of low impurities. The reduction of absorbance 200 

in Cu doped samples for higher wavelengths can be explained as due to the removal of defects and 201 

disorder in the as-deposited film by Cu doping. The intensity of these absorption bands also increases 202 

with the increase in copper concentration which confirms the consistent incorporation of the Cu2+ into 203 

ZnO lattice. Moreover, as the Cu doping concentration increase up to 20%, the intensity of the 204 

absorption bands decreases as a result of the formation of ZnCu2O4 spinel phase, causing a limits of 205 
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the solubility of copper into zinc oxide. This attribution of absorbance mainly depends upon some of 206 

the factors like particle size, thickness, oxygen deficiency, and lattice strain etc.    207 

 208 

3.2.2 Optical Transmittance 209 

The UV-Vis transmission spectra of the thin films have been observed in the wavelength range from 210 

230nm to 1100nm and are presented in Fig. 3. 211 

 212 

 213 

 214 

Fig.3. Variation of optical transmittance with wavelength of pure and Cu doped ZnO thin films at 0, 5, 215 

10, 15, and 20%. 216 

The plot of optical transmittance of pure ZnO and Cu doped ZnO thin films with different Cu 217 

concentrations as indicated in Fig. 3 reveals that the values of transmittance decreases sharply with 218 

increasing wavelength near the ultraviolet region reaching a minimum at wavelength (~383nm) due to 219 

the band gap absorption. The transmittance then increases with respect to film thickness for 220 

wavelength up to 700nm after which it is relatively constant. The undoped ZnO thin films showed high 221 

transparency in the visible region. The average value of the optical transmittance of undoped ZnO 222 

and ZnO:Cu films lies in the range 86% - 98% with a shape fundamental absorption edge. The entire 223 

transmittance spectra reveals steep absorbance edges at the wavelength range of 313nm to 385nm 224 

indicative of good crystalline nature of ZnO:Cu with low defect density attractive for optoelectronic and 225 

solar cell applications (Ravichandran et al., 2014; Deva Arun Kumar et al., 2017). The flat aspect of 226 

the transmission curve without interference fringes emphasizes the surface homogeneity with small 227 

crystallite size. Furthermore, the transmittance indicates oscillations caused by interference as a 228 

result of good film crystallinity and surface smoothness. The loss of transmittance may be attributed to 229 

the incorporation of Cu2+ ions which replaces the substitutional or interstitial Zn2+ ions from the host 230 

lattice. This incorporation of Cu2+ ions produces stresses in the films which causes the structural 231 
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deformation or defects in the thin films. This will in turn increase the photon scattering from the 232 

defects (Znaidi, 2010). For higher doping levels, the samples were from light to deep silvery in colour 233 

and less transparent to naked eye. The changes in the transmittance and absorption edge 234 

wavelength of ZnO thin films can be imputed to the difference in surface morphologies, phase 235 

structure, crystallite size, and compositions within the thin films. 236 

 237 

3.2.3 Optical Reflectance 238 

Diffuse reflectance spectra were recorded to estimate the optical band gap of the pure ZnO and Cu 239 

doped ZnO with different concentrations. Figure 4 indicate the extrapolation of the diffuse reflectance 240 

absorption spectra with wavelength curve of the pure ZnO and Cu doped ZnO thin films. 241 

 242 

 243 

 244 

Fig.4. Variation of diffuse reflectance spectra with wavelength of pure ZnO and Cu doped ZnO thin 245 

films at 0, 5, 10, 15, and 20%. 246 

It is observed that the absorption slightly decreases as the wavelength increases and broaden 247 

significantly into the visible region, with 20% Cu doping concentration showing large scattering 248 

component. The reflectance increases with increasing doping concentration level in the wavelength 249 

range of 313nm to 560nm, then decreased as the wavelength increases. Also, it was revealed that 250 

the samples become more silverer in color as the level of doping increases, which is a visual 251 

manifestation of decrease diffuse reflectance spectra with increasing level of doping concentrations of 252 

copper. The copper doping causes little structural disorder in ZnO lattice. 253 

3.2.5. Optical band gap energy  254 

The optical band gap energy (ܧ௚) of pure ZnO and Cu doped ZnO thin films have been observed in 255 

the wavelength range from 230nm to 1100nm as presented in Fig. 5 (a-e). 256 
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    257 

   258 

 259 

Fig. 5. Tauc plots indicating the variation of the optical band gap energy of pure ZnO and Cu 260 
doped ZnO thin films as a function of the incident photon energy deposited at (a) 0 (b) 5, (c) 10, 261 
(d) 15 and (e) 20%. 262 

The ܧ௚ values of the thin films are found between 2.66eV and 3.20eV, with the pure ZnO exhibit 263 

highest optical band gap energy and red shift as a consequence of exciton confinement due to 264 
decreased grain size. The decrease in the optical band gap energy is as a result of the increase in 265 
copper doping concentration, thickness, which also induces crystallinity. Similar results of decrease in 266 
band gap have also been reported on Cu doped ZnO thin films deposited onto glass substrate by 267 
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spray pyrolysis techniques (Tarwal et al., 2014; Mani and Rayappan, 2014). The optical band gap of 268 
ZnO decreased by 0.54eV due to copper doping, this is as a result of lower band gap values of 269 
copper oxides (Tarwal et al., 2014). Furthermore, hybridization of the copper 3d bands with oxygen 2p 270 
bands leads to an exchange interaction and big crystallite size that decreases the band gap of Cu 271 
doped ZnO. 272 

3.2.4 Refractive Index 273 

The refractive index of the films has been calculated from the diffuse reflectance spectra using 274 

equation (9). The results are shown in Table 2 and with a graphical illustration in Fig. 6. 275 

Table 2. Average refractive indices of pure ZnO and Cu doped ZnO at various concentrations of 0, 5, 276 
10, 15, and 20%. 277 

Sample code Refractive index (n) 
CuZnO0 1.4597 
CuZnO5 1.5032 
CuZnO10 1.5405 
CuZnO15 1.6996 
CuZnO20 1.7865 

 278 

 279 

 280 

 281 

Fig. 6. Variation of refractive indices of pure ZnO and Cu doped ZnO thin films at 0, 5, 10, 15, and 282 

20% concentrations. 283 

The refractive index of the thin films significantly change with the deposition parameter. It shows that 284 

the refractive index increases when films transmittance increases with increasing Cu doping 285 

concentration. The refractive index of undoped ZnO film is significantly lower as compared to other 286 

samples, probably due to the presence of organic residues that are not completely removed from the 287 

film.  288 

3.3 Electrical Properties  289 

3.3.1 Resistivity 290 
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The electrical resistivity of pure ZnO and Cu doped ZnO thin films have been measured by four-probe 291 

techniques as shown in Fig. 7. 292 

 293 

Fig. 7. Resistivity of pure ZnO and composite Cu:ZnO thin films with various concentrations. 294 

Figure 7 shows that the electrical resistivity increases upon increasing the doping concentration level 295 

which may be due to the increased solubility limit of Cu in the ZnO structure (Ravichandran et al., 296 

2016). The least electrical resistivity were observed at 0% while 20% Cu doped film recorded the 297 

highest electrical resistivity, due to the chemisorption of oxygen at grain boundaries which is possible 298 

since the carrier gas used during deposition was ambient air. The three co-ordinated Zn, Cu and Cu 299 

cations have ionic radii of 0.06, 0.06 and 0.057nm respectively, with stable electronic configuration, 300 

Zn2+ (3d10), Cu2+ (3d9) and Cu+ (3d10). Diffusion at high firing temperature may lead to a defect 301 

reactions in which Cu2+ cations substitute Zn2+ cations in the wurtzite unit cell of ZnO. The stability of 302 

the coulomb forces of the interactions between the acceptor defect and intrinsic ZnO donors might be 303 

due to the capture of an electron from the lattice. 304 

3.3.2 Conductivity 305 

The variations of electrical conductivity with temperature for as-deposited pure ZnO and Cu:ZnO thin 306 

films are presented in Fig. 8. 307 
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 308 

Fig. 8. Conductivity of pure ZnO and composite Cu:ZnO thin films with various concentrations. 309 

This type of variation indicates the semiconducting behavior of the films. The electrical conductivity 310 

decreases with increase films concentration. Electrical conductivity of ZnO depend not only on the 311 

concentration of the carriers but also on their mobility. Incorporation of Cu into ZnO reduces its 312 

conductivity as Cu introduces deep acceptor level and it traps electrons from the conduction band. 313 

4. CONCLUSION 314 

In this work, Cu ion were successively doped into ZnO lattice using the electrostatic spray pyrolysis 315 

technique at the substrate temperature of 350oC. SEM micrographs show that all the films are found 316 

well covered on the glass substrate and sprayed particles are well adhered to the glass substrates. 317 

Due to interstitial, holes of ZnO are filled with Cu, most of the fiber broke and transformed into grain at 318 

5% Cu. The size of grain decreases with the increase of Cu in 15%, but at 20% Cu, a combination of 319 

large and small grains were observed. These spectra show high absorbance in the wavelength range 320 

from about 313nm - 452nm (ultraviolet region) and absorption peaks are found in the ultraviolet region 321 

near the wavelength 383nm but very low at the visible and infrared regions of solar spectra because 322 

of higher transmittance of the films in this region. The results revealed that all the films deposited have 323 

high transmittance values in the range of 86% to 98% in the visible and infrared regions but minimum 324 

in the ultraviolet region. It was observed that the absorption slightly decreases as the wavelength 325 

increases and extends significantly into the visible region, with 20% showing large scattering 326 

component. ZnCu2O4 spinel phase appears above the solubility limit, which affects the optical and 327 

electrical properties of Cu doped ZnO thin films. The band gap energy value of the pure ZnO films 328 

was found to be 3.20eV, whereas the doped films revealed a continuous decreases for higher doping 329 

of Cu concentration, reaching a value of 2.66eV. The refractive index increases sharply from 1.4597 330 

to 1.7865 as Cu doping content increases. The electrical resistivity of ZnO:Cu films (20%) increases 331 
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as a result of the chemisorption of oxygen at grain boundaries which is due to the carrier gas used 332 

during deposition. The optical conductivity was found to decrease with the increase in Cu addition and 333 

this might be due to the deep acceptor level and traps electrons from the conduction band. The 334 

present work shows that by controlling the particle size, it is possible to attain almost 99% 335 

transmission in the visible range. The achieved parameters are more suitable for developing 336 

photovoltaic cells and other optoelectronic device because the films have less than 40% 337 

transmittance in the UV region. 338 
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