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Abstract: This work systematically investigates the effect of Cu doping on the properties of ZnO thin films deposited 

onto glass substrates via chemical spray pyrolysis (CSP) at 450 °C. A series of undoped films, as well as films 

doped with 1% and 3% Cu, were synthesized and comprehensively characterized. Structural analysis by XRD 

verified that all films exhibited a polycrystalline nature with a hexagonal wurtzite structure, demonstrating a 

growth orientation along the (002) plane. The crystallite size increased from 14.32 nm for ZnO to 25.36 nm 

(3% Cu), indicating an enhancement in crystallinity. This was supported by a concurrent decrease in 

dislocation density and microstrain. Atomic force microscopy (AFM) showed that Cu doping significantly 

reduced surface roughness and average grain size, resulting in smoother and more compact films. Optically, 

increasing the Cu content resulted in lower visible light transmittance and a higher absorption coefficient. The 

optical bandgap energy red-shifted from 3.50 eV for ZnO to 3.40 eV for the 3% Cu-doped sample. In gas 

sensing tests, the 3% Cu-doped film exhibited the highest sensitivity to ammonia (NH₃) due to an increase in 

electrical resistance. Conversely, sensitivity to hydrogen (H₂) decreased with higher Cu doping levels. The 

findings conclusively demonstrate that strategic copper doping serves as a controllable method for 

engineering the properties discussed in this paper, thereby optimizing them for targeted device applications.

1 INTRODUCTION 

Zinc oxide (ZnO) continues to attract considerable 

scientific interest due to its exceptional combination 

of physicochemical properties, making it an 

extremely adaptable substance for a wide range of 

technological uses [1], [2]. Its attractive 

characteristics include a wide direct bandgap (~3.37 

eV [3]), a substantial exciton binding energy (60 

meV), and high charge carrier mobility [4]. These 

inherent properties make ZnO a leading candidate for 

use in many applications [5]-[10]. Complementing 

these tunable properties are the material's intrinsic 

advantages, such as low cost, non-toxicity, and high 

electron conductivity [11], which further bolster its 

industrial viability. [12]-[16]. The deliberate 

engineering of these defects is crucial for enhancing 

performance in photoelectronic devices, particularly 

those reliant on efficient light emission. Since the 

type and concentration of these defects are highly 

dependent on the fabrication methodology, ZnO thin 

films have been synthesized using many methods, 

including magnetron sputtering [17], [18], 

(MOCVD) [19], sol-gel processing [20], [21], 

PLD [22], [23], and CSP [24]-[26]. Doping with 

selective elements represents a primary strategy for 

further tailoring the functional properties of ZnO, 

notably its optical and electrical characteristics [27]. 

The goal of this study is to systematically investigate 

how the incorporation of Cu affects specific physical 

characteristics. 

2 EXPERIMENTAL 

Undoped and ZnO: Cu thin films were synthesized on 

glass substrates via CSP. The solution was prepared 

by dissolving 0.05 M of (Zn(CH₃COO)₂·2H₂O) in 

100 mL of deionized water to form the host matrix. 

Copper doping was accomplished by including 

(CuCl₂) to the precursor solution at concentrations of 

1 and 3 at. %, maintaining a doping agent molarity of 

0.1 M. The base temperature was fixed at 450 °C 

throughout the deposition process. To optimize the 
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film deposition process, the following parameters 

were maintained: a spraying rate of 0.2 mL per burst, 

a nozzle-to-base distance of 29 cm, a spray duration 

of 10 seconds per cycle, an interval of 90 seconds 

between successive sprays, and a carrier gas (filtered 

compressed air) pressure of 10⁵ Pa. The film 

thickness, determined by the gravimetric method, was 

maintained at 330 ± 25 nm. Structural properties were 

analyzed using XRD. AFM examined surface 

morphology. Transmittance spectra were recorded 

using a UV-Vis spectrophotometer. Gas sensing 

measurements were conducted in a cylindrical 

chamber with a 10 cm radius and a height of 18 cm. 

3 RESULTS AND DISCUSSIONS 

Figure 1 presents the X-ray diffraction patterns, 

where the diffraction peaks corresponding to the 

(100), (002), (101), and (200) crystal planes show 

slight shifts from their standard positions at 32.12°, 

34.81°, 36.42°, and 63.26°, respectively. The results 

indicate that the most intense peak is associated with 

the (002) plane [27], confirming a preferred c-axis 

orientation. These findings are consistent with the 

ICDD reference No. 36-1451 and suggest that the 

incorporation of lithium ions into the zinc oxide 

lattice slightly modifies the crystal structure, leading 

to peak shifts while preserving the hexagonal wurtzite 

phase. 

The crystallite size (D) was determined [28], [29] 

using the standard Scherrer approach. The results 

show that the peak broadening (β) decreases with 

increasing copper content up to 3%, which 

corresponds to an increase in crystallite size from 

14.32 to 25.36 nm [30], [31]. This behavior indicates 

that copper incorporation improves crystallinity, as 

reduced peak broadening is typically associated with 

enhanced crystal quality and grain growth. 

The dislocation density (δ), calculated using the 

inverse square of the crystallite size [32], [33], 

decreases from 35.38 to 20.66 × 10¹⁴ lines/m², 

indicating a lower density of structural defects and 

improved lattice quality [34], [35]. The microstrain 

(ε), evaluated from peak broadening and diffraction 

angle [36], [37], decreases from 27.44 to 18.56 × 10⁻⁴, 

suggesting that dopant incorporation helps relieve 

lattice distortions and stabilize the crystal structure. 

All calculated structural parameters are summarized 

in Table 1, while Figure 2 illustrates their variation 

with copper content. 

Figure 1: XRD styles of deposit films. 

The AFM images presented in Figure 3 provide a 

detailed visualization of the deposited ZnO films, 

while Table 2 supplies quantitative data, including 

average roughness (Ra) and root mean square 

roughness (Rrms). The images reveal a uniform 

distribution of microscale granules across the film 

surfaces, with no visible gaps, as shown in Figures 3 

(a3), 3 (b3), and 3 (c3). The calculated average particle 

size (Pav) decreases systematically with increasing 

Copper doping, measuring approximately 87.2 nm, 

73.9 nm, and 31.8 nm for ZnO, 1% Cu-doped ZnO, 

and 3% Cu-doped ZnO, respectively [38], [39]. 

Similarly, the Ra values decline from 9.69 nm for 

ZnO to 7.40 nm and 4.27 nm for 1% and 3% Cu-

doped films, while the Rrms values decrease from 

7.84 nm to 5.06 nm and 4.15 nm, respectively. This 

trend indicates that Copper doping smooths the film 

surfaces by reducing surface roughness. The 

reduction in particle size and roughness suggests 

enhanced film compactness and uniformity [40], [41]. 

Table 1: D, Eg, and structural coefficient of ZnO and ZnO: Cu films. 

Specimen (hkl) Plane 2  (o) FWHM (o) Eg (eV) D (nm) δ (× 1014) (lines/m2) ε (× 10-4) 

ZnO 002 34.81 0.50 3.50 14.32 35.38 27.44 

ZnO: 1% Cu 002 34.78 0.48 3.45 22.30 27.79 20.83 

ZnO: 3% Cu 002 34.73 0.42 3.40 25.36 20.66 18.56 
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Figure 2: FWHM (a) D (b) δ (c) ε (d) for ZnO and ZnO: Cu films. 

Figure 3: Displays the AFM outcomes for undoped ZnO and ZnO: Cu films. 

Table 2: The values of PAFM (parameters obtained from 

AFM analysis) for the targeted films. 

Samples Pav (nm) Ra (nm) Rrms (nm) 

ZnO 87.2 9.69 7.84 

ZnO: 1% Cu 73.9 7.40 5.06 

ZnO: 3% Cu 31.8 4.27 4.15 

The experimental data are typically expressed in 

terms of percentage transmittance (T) [42], [43]. 

𝑇% =
𝐼

𝐼𝑜
%.  (1) 

Where Io and I are the initial light intensity and light 

intensity after it passes through the sample, 

respectively, the transmittance of the films, as shown 

in Figure 4, decreases with increasing copper content. 

This behavior indicates that the incorporation of 

copper enhances light absorption within the ZnO 

films, leading to a reduction in transparency. 

Additionally, the absorption edge exhibits a red shift 

as the Cu concentration rises [19]. Figure 5 presents 

the transition and absorption spectra of the Cu-doped 

ZnO. From these spectra, it is evident that the 

transition absorbance values decrease with higher 

copper doping. Since the transition absorbance is 

directly related to the optical density of the material, 

this trend indicates that copper incorporation 

increases the optical density of the ZnO films, making 

them more efficient in absorbing incident light [43], 

[44].  

Figure 4: T of the deposit films. 
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The absorption coefficient (α) was obtained via the 

following connection [45], [46]: 

α = (2.303×A)/t.         (2) 

Where (t) is film thickness.  α, as illustrated in Figure 

6, was found to increase with rising copper content. 

This trend suggests that higher Cu doping enhances 

the films’ ability to absorb incident light, resulting in 

stronger optical absorption [47], [48].  

Figure 5: Absorption of deposit films. 

Figure 6: α against wavelength for undoped ZnO and ZnO: 

Cu films. 

Tauc's relation can be utilized to calculate the 

bandgap energy Eg [49], [50]:  

(𝛼ℎ𝜈) = 𝐴(ℎ𝜈 − 𝐸𝑔)
1
2. (3)

In Tauc’s relation, A is a constant. Eg was 

determined from Figure 7. Analysis of the Tauc plots 

reveals a reduction in Eg from 3.50 eV for ZnO to 3.40 

eV with increasing copper content. This bandgap 

narrowing is related to the introduction of localized 

states within the band structure due to copper 

incorporation, which facilitates electronic transitions 

at lower energies [51], [52]. 

Figure7: Eg for ZnO and ZnO: Cu films. 

The extinction coefficient (k) was calculated 

using (4) [53], [54]: 

𝑘 =
𝛼𝜆

4𝜋
 .            (4) 

Figure 7 demonstrates the variation of extinction 

coefficient (k) via wavelength (λ), showing that k 

decreases with increasing Cu concentration. This 

trend suggests that higher Cu doping reduces the 

optical absorption of the films, resulting in increased 

transparency [55], [56].  

The refractive index (n) is determined via (8) [57], 

[58]: 

𝑛 = (
1+𝑅

1−𝑅
) + √

4𝑅

(1−𝑅)2 − 𝑘2.        (5) 

Where R is reflectance. Figure 8 presents a 

comparative representation of the extinction 

coefficient (k) for undoped ZnO and ZnO:Cu films 

Figure 9 illustrates the variation of n with λ. Based on 

this figure, it is evident that n decreases with 

increasing Cu content. This reduction in refractive 

index suggests that Cu incorporation lowers the 

optical density, likely due to changes in polarizability 

and a decrease in defect-related electronic states [59], 

[60].  

Figure 8: Extinction coefficient (k) for undoped ZnO and 

ZnO: Cu films. 
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Figure 9: n for ZnO and ZnO: Cu films. 

The detection sensitivity, also referred to as the 

sensor response, was evaluated using a standard 

relation based on the change in electrical resistance 

between the gas-exposed and reference states [61], 

[62]. 

The gas sensor fabricated from porous silicon 

coated with zinc oxide on a glass substrate was tested 

under 270 ppm ammonia at 125°C. Figure 10 shows 

the resistance–time behavior for both undoped zinc 

oxide and doped samples. When exposed to 

ammonia, surface oxidation reactions occur, during 

which adsorbed oxygen species release trapped 

electrons back into the conduction band. As a result, 

the electrical resistance of the zinc oxide film 

increases, and the potential barrier at grain boundaries 

becomes higher [63], [64]. 

Among all investigated samples, the film doped 

with three percent copper exhibited the highest 

resistance change, which led to an improved sensor 

response. This increase in resistance and barrier 

height indicates that copper doping strengthens the 

interaction between gas molecules and the film 

surface, thereby enhancing the overall detection 

sensitivity [65], [66]. 

Figure 10: Resistance via operating time for ZnO and ZnO: 

Cu films. 

Figure 11 illustrates that sensitivity to H2 

decreases with increasing Cu doping in ZnO films, 

due to charge carrier recombination, with ZnO:3 % 

Cu showing the lowest sensitivity [67, 68]. For 

different doping levels, undoped ZnO, ZnO: 1% Cu, 

and ZnO: 3% Cu, sensitivity decreased from 41.26% 

to 16.38% at 90 ppm, from 42.61% to 7.58% at 180 

ppm, and from 44.20% to 18.93% at 270 ppm [67], 

[68]. The reduction in sensitivity for ZnO, ZnO: 2% 

Cu, and ZnO: 4% Cu indicates that higher Cu doping 

levels result in decreased sensor responsiveness to 

NH3 gas [69], [70]. 

Figure 11: Sensitivity of ZnO and ZnO:Cu films. 

4 CONCLUSIONS 

This study successfully fabricated undoped and 

copper-doped ZnO thin films (1% and 3% Cu) via 

CSP. XRD confirmed the polycrystalline nature of all 

films, revealing a hexagonal wurtzite structure with a 

predominant (002) plane orientation. The 

incorporation of Cu into the ZnO lattice resulted in an 

increase in crystallite size from 14.32 nm to 25.36 

nm, accompanied by a corresponding decrease in 

dislocation density and microstrain, indicating a 

significant enhancement in the crystallinity and 

structural quality of the films. Morphological studies 

via atomic force microscopy revealed that Cu doping 

effectively reduced the average surface roughness 

and grain size, resulting in smoother and more 

compact films. Optically, the doped films exhibited a 

decrease in transmittance and a red shift in the 

absorption edge, accompanied by an increase in the 

absorption coefficient. The optical bandgap energy 

exhibited a redshift, decreasing from 3.50 eV for 

undoped ZnO to 3.40 eV for the 3% Cu-doped 

sample. This reduction is related to the introduction 

of defect energy levels within the band structure, 

facilitated by Cu incorporation. Gas sensing 

performance evaluation revealed that the 3% Cu-

Proceedings of the International Conference on Applied Innovations in IT (ICAIIT), March 2026

499



doped ZnO film exhibited the highest sensitivity 

towards ammonia (NH₃), attributed to an enhanced 

surface reaction and reduced electrical resistance. 

Conversely, sensitivity to hydrogen (H₂) decreased 

with higher Cu concentration. 
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