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Abstract: This study investigates the synthesis and characterization of nanostructured CuO thin films deposit via 

chemical spray pyrolysis (CSP), emphasizing the effect of precursor solution concentrations (0.10 M, 0.15 

M, and 0.20 M) on their physical properties. XRD analysis confirmed the monoclinic CuO phase with 

preferred (200) orientation. Increasing molarity enhanced crystallinity, as reflected by stronger diffraction 

peaks, larger grain sizes (17.08-19.84 nm), and reduced dislocation density and lattice strain. Morphological 

evaluation using AFM and SEM showed that higher molarity improved surface uniformity and reduced 

roughness (Rrms from 9.27 nm to 3.63 nm), with the 0.15 M film showing the most homogeneous texture. 

Optical analysis revealed a decrease in bandgap energy from 2.15 eV to 2.05 eV with increasing molarity, 

attributed to reduced quantum confinement in larger grains. All films exhibited high absorption coefficients 

(>4 × 10⁴ cm⁻¹), indicating potential for optoelectronic applications. Gas-sensing measurements demonstrated 

p-type semiconductor behavior, with resistance decreasing upon NO₂ exposure. The 0.20 M film achieved the

highest sensitivity, around 30% greater than the 0.10 M sample-due to enhanced surface reactivity and charge

transport, highlighting its suitability for gas sensor applications.

1 INTRODUCTION 

In recent years, nanomaterials and nanotechnology 

have garnered substantial research interest owing to 

their size and morphology-dependent, which differ 

markedly from bulk materials [1], [2]. In recent years, 

the scientific community has shown great interest in 

metal oxide nanostructures owing to their extensive 

variety of applications and morphology-dependent 

properties [3], [4]. Nanostructured materials have 

numerous applications, including gas sensors and 

dye-sensitized solar cells [5], [6]. These 

nanomaterials are extensively employed in coatings 

and textile engineering due to their multifunctional 

antimicrobial properties, including antibacterial, 

antifungal, and anti-fouling capabilities [7], [8]. CuO 

a p-type semiconductor with a monoclinic structure 

has emerged as particularly noteworthy owing to its 

exceptional physicochemical properties and versatile 

applications [9]. Copper oxide (CuO) exhibits 

remarkable physicochemical properties, including: (i) 

excellent photochemical stability, (ii) high thermal 

resistance, (iii) economical synthesis routes, (iv) 

biocompatibility, (v) High-Tc superconductivity, and 

(vi) pronounced electrochemical activity. As a

semiconductor monoxide, it features a narrow

bandgap (1.2-2.1 eV) [10], [11]. Cuprous and copper

oxides have been synthesized using various

techniques, including CVD [12], PLD [13], thermal

oxidation [14], sol-gel [15], s hydrolysis [17],

electrochemically [18], [19], ion-based

deposition [20], chemical conversion [21], chemical

bath deposition (CBD) [22], reactive sputtering [23]

and electrodeposition [24] and chemical spray

pyrolysis (CSP) [25], The morphological control of

copper oxide nanostructures (both CuO and Cu₂O)

can be significantly enhanced through surfactant-

assisted synthesis, enabling precise engineering of 2D

nanosheets and 3D hierarchical architectures [26],

[27]. Copper oxide nanostructures have numerous
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applications across various fields. This study 

employed CSP to fabricate CuO nanostructures with 

systematically varied molar concentrations, 

investigating their concentration-dependent effects 

on physical properties. 

2 EXPERIMENTAL 

Copper oxide (CuO) thin films were synthesized 

using CSP technique, employing aqueous solutions of 

copper nitrate (Cu(NO₃)₂·6H₂O) with varying 

precursor molarities of 0.10 M, 0.15 M, and 0.20 M. 

Each solution was magnetically stirred for 25 minutes 

to ensure complete homogenization before being 

sprayed onto pre-cleaned glass base maintained at a 

temperature of 350°C. The thickness of the deposited 

films was determined gravimetrically and found to be 

approximately 320 ± 25 nm. Structural 

characterization was carried out using XRD. 

Morphological features were examined using AFM to 

analyze surface topography. The optical properties 

were investigated using UV-Vis spectroscopy in the 

wavelength range of 300-900 nm to determine their 

transmittance and absorption characteristics. Gas-

sensing performance was evaluated by measuring the 

electrical resistance of the films inside a custom-

designed test chamber with dimensions of 17 cm in 

height and 9 cm in radius.  

3 RESULTS AND DISCUSSIONS 

The X-ray diffraction (XRD) analysis shown in 

Figure 1 reveals well-defined diffraction peaks 

located at 37.58°, 42.82°, and 62.36°, which are 

indexed to the (111), (200), and (220) 

crystallographic planes, respectively, in good 

agreement with ICDD card No. 01-075-0477. All 

deposited films demonstrate a preferential growth 

along the (200) orientation. With increasing precursor 

molarity, the intensity of the (200) peak becomes 

more pronounced, indicating enhanced crystallinity 

and improved grain alignment. This behavior 

suggests that higher molar concentrations promote 

more effective nucleation and crystal growth 

processes, leading to better structural ordering along 

the preferred orientation. The increase in peak 

intensity clearly reflects the important role of 

precursor concentration in controlling crystallite 

development and texture evolution through enhanced 

growth kinetics [28], [29]. 

The crystallite size (D) was evaluated using the 

standard approach reported in [31]. The calculated 

values, summarized in Table 1, show an increase in 

crystallite size from 17.08 nm to 19.84 nm with rising 

molar concentration. This trend indicates that higher 

precursor concentration supports the formation of 

larger crystallites. The observed enhancement in 

grain size can be attributed to increased nucleation 

density and accelerated crystal growth at higher 

molarity, which promotes the development of more 

well-defined crystalline domains [18], [30]. 

Figure 1: XRD patterns of the synthesized films. 

Figure 2: XRD patterns of the synthesized films. 

The dislocation density (δ), which describes the 

density of structural defects within the crystal lattice, 

was determined using the relation reported in [31], 

[32]. The results show that δ decreases from 39.12 to 

31.73 × 10¹⁴ lines/m² as the molar concentration 

increases, indicating an improvement in crystalline 
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Table 1: SP, including D, Eg, and texture coefficients. 

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

0.10 38.73 200 0.65 2.15 17.08 39.12 20.62 

0.15 38.70 200 0.63 2.09 18.75 35.46 19.04 

0.20 38.66 200 0.58 2.05 19.84 31.73 16.28 

Figure 3: AFM topography images of CuO thin films prepared at different precursor molarities.

quality [10], [33]. This reduction in dislocation 

density suggests fewer lattice imperfections at higher 

concentrations. As crystallite size increases, the 

number of dislocations per unit volume decreases, 

which contributes to enhanced structural stability and 

improved material performance. 

The lattice strain (ε), representing internal lattice 

distortions, was calculated based on the method 

described in [34], [35]. The obtained values, listed in 

Table 1, decrease from 30.88 × 10⁻⁴ to 27.50 × 10⁻⁴ 

with increasing Cd²⁺ concentration, indicating 

reduced structural stress and improved lattice 

ordering [36]. Figure 2 further illustrates the 

correlation between the structural parameters, 

showing simultaneous improvement in crystallite 

size, reduced dislocation density, and lower strain 

with increasing precursor concentration. 

Figure 3 displays AFM topography images of 

SPT-deposited CuO films, with quantitative 

roughness analysis (Table 2 the AFM parameters 

Apar) showing concentration-dependent evolution of 

RMS and Ra values. Grain size distribution revealed 

a systematic decrease from 88.2 nm (0.10 M) to 42.1 

nm (0.20 M), demonstrating precursor molarity's role 

in morphological control [37]., revealing that the 

average particle size (Pav) were approximately (88.2, 

76.6 and 42.1) nm for films prepared with various 

molarities respectively. Notably, the RMS value 

decreased from 9.27 nm for the 0.10 M film to 3.63 

nm as the concentration increased, indicating a 

smoother surface at higher molarities [14]. The 

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

603



variation of Ra roughness parameters with 

concentration molarity is illustrated in Figures 3. 

Table 2 details the corresponding AFM measurement 

values. This decrease in surface roughness with 

increasing concentration molarity suggests that 

higher precursor concentrations promote the 

formation of more uniform and compact films, which 

can enhance the material's optical and electrical 

properties by reducing surface defects and scattering 

sites. 

Table 2: Apar of the deposit films. 

Sample (M) Pav nm Ra (nm) RMS (nm) 

0.10 88.2 7.79 9.27 

0.15 76.6 3.37 6.53 

0.20 42.1 2.42 3.63 

Figure 4 presents the optical transmittance spectra 

of the films prepared using different precursor 

molarities (0.10 M, 0.15 M, and 0.20 M). The data 

indicate that all samples exhibit a wavelength-

dependent decrease in transmittance, which is a 

typical behavior of semiconductor materials due to 

increased absorption at higher wavelengths. It is also 

observed that films synthesized at lower precursor 

concentrations show higher overall transparency 

throughout the visible region. This behavior can be 

explained by reduced film thickness and a lower 

concentration of optically active centers, which leads 

to diminished scattering and absorption of incident 

photons [38], [39]. 

Figure 4: Transmittance of deposit films. 

The absorbance (A) was evaluated from the 

measured transmittance using the standard optical 

relation reported in [40], [41], where absorbance is 

defined as the logarithmic inverse of transmittance. 

The corresponding wavelength-dependent 

absorbance behavior is shown in Figure 5. The results 

reveal that absorbance increases with increasing 

precursor molarity across the entire spectral range. 

This enhancement can be attributed to increased film 

thickness and improved crystallinity at higher molar 

concentrations, both of which enhance light–matter 

interaction and promote stronger photon absorption 

[8], [16], [42], [43]. 

Figure 5: Absorbance of created films. 

The absorption coefficient (α) was determined 

using the standard relation reported in [44], [45], 

which relates absorbance to film thickness. The 

obtained expression considers the influence of optical 

absorption within the material structure. Figure 6 

illustrates the spectral variation of α as a function of 

wavelength for all investigated films. The results 

show that the absorption coefficient remains 

relatively high across the visible region, exceeding 4 

× 10⁴ cm⁻¹ in all cases. This indicates strong light–

matter interaction and confirms the suitability of the 

films for optoelectronic applications [12], [46]. 

The observed increase in absorption coefficient 

can be linked to improvements in crystallinity and a 

reduction in defect density as precursor molarity 

increases. In particular, larger crystallite sizes and 

fewer structural imperfections enhance the efficiency 

of photon absorption, while reduced defect-related 

scattering further contributes to higher optical 

response. Overall, the improvement in structural 

quality with increasing molarity leads to more 

efficient absorption behavior [48]. 

The optical bandgap (Eg) was evaluated using the 

Tauc relation for direct transitions as described in 

[47], [48]. The corresponding plots of (αhν)² versus 

photon energy (hν) are shown in Figure 7. The results 

indicate a gradual decrease in Eg with increasing 

precursor molarity. The estimated bandgap values are 

2.15 eV, 2.09 eV, and 2.05 eV for 0.10 M, 0.15 M, 

and 0.20 M, respectively, consistent with previously 

reported values for CuO thin films prepared by 

various techniques [49], [50]. This reduction in 

bandgap is attributed to increased crystallite size and 

reduced defect concentration at higher molarity. As 
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grain size increases, quantum confinement effects 

become weaker, leading to a narrowing of the 

bandgap and modification of the electronic structure 

[19]. 

Figure 6: α for the prepared films. 

Figure 7: (αhν)2 versus hν of the prepared films. 

The extinction coefficient (k), which describes the 

attenuation of electromagnetic radiation as it 

propagates through the material, was determined 

using the relation reported in [51], [52]. In this 

expression, λ denotes the wavelength. The spectral 

dependence of k is presented in Figure 8, which 

shows that the extinction coefficient decreases with 

decreasing precursor molarity [53], [54]. This 

behavior suggests that films deposited at lower molar 

concentrations experience reduced optical losses, 

indicating weaker absorption and scattering of 

incident light. 

The reduction in k can be associated with 

variations in film microstructure, including changes 

in thickness, crystallinity, and defect density. In 

particular, lower extinction coefficients imply a more 

uniform surface with fewer structural imperfections, 

which contributes to improved optical transparency 

and reduced attenuation of electromagnetic waves. 

The refractive index (n) was evaluated using the 

relation given in [55], [56], where reflectance is the 

key optical parameter. The variation of n with 

precursor molarity is shown in Figure 9. The results 

indicate that the refractive index decreases as 

molarity increases [18], [57]. This trend can be 

explained by microstructural modifications induced 

by changes in precursor concentration. Higher 

molarity tends to enhance crystallinity and grain 

growth, which can modify packing density and 

porosity, ultimately affecting how light propagates 

through the film and resulting in a lower refractive 

index. 

Figure 8: k of the deposit films. 

Figure 9: n of created films. 

Figure 10 illustrates the dynamic resistance 

response of CuO thin films to NO₂ gas at 125 °C. All 

samples exhibit a decrease in resistance upon gas 

exposure, confirming p-type semiconducting 

behavior [58], [59]. This response arises from the 

interaction between NO₂ molecules and the film 

surface, where NO₂ acts as an electron-accepting 

species, extracting electrons from the conduction 

band and increasing hole concentration, which leads 
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to reduced resistance [57]–[59]. Among all samples, 

the film prepared at 0.20 M shows the highest 

baseline resistance and the strongest sensing 

response, indicating that precursor concentration 

significantly influences both structural and electronic 

properties [60], [61]. Quantitatively, the 0.20 M film 

exhibits approximately 25% higher response 

amplitude and about 40% higher baseline resistance 

compared to the 0.10 M film, which is attributed to 

enhanced surface reactivity and improved charge 

transport properties [62], [63]. 

Figure 10: Resistance of the created films. 

Figure 11: Sensitivity of the deposit films. 

The gas sensing response (sensitivity) was 

evaluated using the standard relation given in [64], 

[65], which expresses the relative change in 

resistance upon exposure to the target gas. Figure 11 

presents the NO₂ sensitivity of CuO thin films 

prepared at different precursor molarities (0.10–0.20 

M) over a concentration range of 100–200 ppm. The

results show that sensitivity increases with increasing

NO₂ concentration for all samples, demonstrating a

clear concentration-dependent behavior. Among the

studied films, those prepared at 0.20 M exhibit

approximately 30% higher sensitivity compared to

the 0.10 M films, confirming the strong influence of

precursor molarity on gas sensing performance [40].

The maximum sensitivity is observed at 200 ppm for 

the 0.20 M sample, indicating its superior sensing 

efficiency [66], [67]. 

4 CONCLUSIONS 

This study successfully synthesized and 

characterized nanostructured CuO thin films using 

the CSP, focusing on the effect of molar 

concentrations on their properties. XRD analysis 

confirmed the monoclinic CuO phase with a preferred 

(200) orientation. Higher molarity enhanced

crystallinity, increased grain size (17.08-19.84 nm),

and reduced dislocation density and lattice strain.

AFM and SEM analyses showed that increasing

precursor concentration led to smoother surfaces

(Rrms reduced from 9.27 nm to 3.63 nm) and more

uniform grain distribution. The 0.15 M sample

displayed the most homogeneous morphology, while

the 0.20 M sample exhibited flake-like features.

Optical measurements revealed a bandgap reduction

from 2.15 eV to 2.05 eV with increasing molarity,

attributed to reduced quantum confinement. All films

showed high absorption coefficients (>4 x 10⁴ cm⁻¹).

Gas-sensing tests confirmed p-type behavior with

improved sensitivity at higher molarity. The 0.20 M

film showed 30% higher sensitivity than the 0.10 M

film, making it ideal for sensing applications.
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