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Abstract: Zinc oxide (ZnO) thin films have garnered significant interest due to their applications in optoelectronics 

and environmental remediation, owing to their exceptional optical, electrical, and photocatalytic properties. 

However, the high resistivity and rapid charge recombination of pure ZnO necessitate doping to enhance its 

performance. In this study, ZnO thin films doped with tin (Sn) and aluminium (Al) were synthesised using a cost-

effective pneumatic spray technique. The structural, optical, and morphological properties of the films were 

systematically characterized using X-ray diffraction (XRD), UV-Vis spectrophotometry, scanning electron 

microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDX). The results indicate that Sn and Al doping 

significantly influence ZnO’s crystallinity, bandgap energy, and surface morphology. The optimal crystallite size 

was obtained for 1 wt.% Sn (37.98 nm) and 5 wt.% Al (48.63 nm), while excessive doping (>3 wt.%) introduced 

microstrain (10.41 × 10-4 for Sn and 7.13 × 10-4 for Al), reducing crystallinity. The optical bandgap decreased from 

3.254 eV (pure ZnO) to 3.142 eV (1 wt.% Sn) and 3.152 eV (5 wt.% Al), accompanied by increased Urbach energy 

(0.34 eV for 5 wt.% Al). The highest optical transmittance (86%) was observed for 3 wt.% Al-doped ZnO. Pure ZnO 

exhibited the highest photocatalytic efficiency, achieving 85% methylene blue degradation under solar irradiation. 

Langmuir adsorption modelling revealed that Sn-doped ZnO exhibited the highest adsorption capacity (1.422 mg/g), 

followed by Al-doped ZnO (0.617 mg/g) and pure ZnO (0.495 mg/g). These findings highlight the crucial role of 

doping concentration in optimising ZnO thin films for advanced photocatalytic and optoelectronic applications. 

Keywords: ZnO thin films, Sn and Al doping, Pneumatic spray deposition, Structural characterization, 

Photocatalysis, Langmuir adsorption isotherm. 

 

1. INTRODUCTION 

The development of semiconductor materials 

with enhanced properties is critical to addressing 

challenges in energy conversion, environmental 

remediation, and optoelectronics [1–3]. Zinc oxide 

(ZnO) has emerged as a highly versatile material 

due to its unique electrical, optical, and catalytic 

properties, making it widely applicable in fields 

such as transparent conductive oxides (TCOs), 

gas sensors, photovoltaics, and environmental 

remediation [4–6]. Its wide bandgap (3.1 eV) and 

high exciton binding energy contribute to its 

excellent optical transparency and stability, which 

are essential for optoelectronic applications [7–10]. 

However, pure ZnO suffers from inherent 

limitations, including relatively high resistivity 

and rapid charge recombination, which restrict its 

use in high-performance devices [11, 12]. 

To overcome these drawbacks, doping ZnO with 

metallic elements has been extensively explored 

[13–16]. Among these, aluminum (Al) and tin 

(Sn) are of particular interest due to their ability 

to modify ZnO’s electrical, structural, and optical 

properties. Al-doped ZnO (AZO) is widely 

recognized as a low-cost and effective alternative 

to indium tin oxide (ITO) for transparent conductive 

films, owing to Al’s ability to enhance carrier 

concentration while maintaining high transparency 

[17, 18]. Notably, AZO films deposited on  

grass-like alumina (GLA) showed a 228% 

increase in electrical conductivity, demonstrating 

the effectiveness of Al doping in improving ZnO’s 

electrical properties [14]. On the other hand,  

Sn-doped ZnO (SZO) is known for its enhanced 

luminescence and field emission properties, 

attributed to the close ionic radii of Sn4+ (0.69 Å) 

and Zn2+ (0.74 Å), which allow for effective lattice 

substitution without severe structural distortion 

[18]. This structural compatibility ensures that 

Sn4+ incorporation into the ZnO lattice maintains 

its integrity while significantly improving 

luminescence", making SZO a promising material 

for optoelectronic applications [18, 19]. 

Various deposition techniques, including chemical 

vapor deposition (CVD), sol-gel spin coating, and 
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magnetron sputtering, have been employed to 

synthesize high-quality ZnO thin films.  

However, these methods often require complex 

instrumentation, high-vacuum conditions, or 

costly precursors, which limits their large-scale 

applicability [20]. In contrast, the pneumatic 

spray technique presents a simple, cost-effective, 

and scalable alternative for depositing ZnO thin 

films with controlled thickness and uniformity 

[21]. This method enables the deposition of ZnO 

thin films over large areas, making it particularly 

advantageous for industrial applications, such as 

solar cells and optoelectronics [21]. Additionally, 

it provides precise control over film thickness  

and uniformity, ensuring desirable optical and 

electrical properties [21]. Despite its potential, 

limited research has systematically compared the 

effects of Sn and Al doping on ZnO thin films 

prepared using this method [22]. Doping ZnO 

with elements like Sn and Al can significantly 

alter its electrical and optical properties. However, 

the specific effects of these dopants when using 

the pneumatic spray technique are not well-

documented, indicating a gap in current research 

[22]. Doping concentration also influences ZnO's 

structural integrity, potentially affecting its 

crystallinity and phase composition, which in  

turn impact its mechanical properties [22]. 

Moreover, optimizing doping levels is essential 

for maximizing the structural and functional 

properties of ZnO thin films, particularly for 

applications such as gas sensors and solar cells 

[21, 23, 24]. A comparative analysis of the 

pneumatic spray technique with other deposition 

methods in terms of efficiency, cost, and scalability 

is also needed, especially for doped ZnO thin 

films [20, 25]. Studies on ZnO doping often focus 

on single dopants or less scalable methods. Mo 

doping enhances photodetection by increasing  

the bandgap and carrier lifetime [26]. Al doping 

improves conductivity and transparency for  

solar cells [13]. Fe doping enhances photocurrent 

properties [27], while Sn doping increases carrier 

concentration and bandgap [28]. Scalable methods 

like spray pyrolysis [13], magnetron sputtering [28], 

and hybrid approaches ensure good conductivity 

and transparency [29], making ZnO films suitable 

for industrial applications. 

This study systematically investigates the impact 

of Sn and Al doping on ZnO thin films 

synthesized via the pneumatic spray technique. 

By varying doping concentrations, we analyze 

how these dopants influence ZnO’s structural, 

optical, morphological, and photocatalytic properties. 

Characterization techniques such as X-ray 

diffraction (XRD), UV-Vis spectroscopy, and 

scanning electron microscopy (SEM) provide 

detailed insights into changes in crystallinity, 

transparency, and surface morphology. Additionally, 

the Langmuir adsorption model was applied to 

evaluate the adsorption behavior of methylene 

blue (MB) on ZnO-based thin films, revealing that 

Sn-doped ZnO exhibited the highest adsorption 

capacity, followed by Al-doped and pure ZnO 

films. The results demonstrate that intrinsic ZnO 

exhibits the highest photocatalytic activity, while 

optimal doping levels enhance crystallization  

and optical transparency. Specifically, ZnO films 

doped with 1 wt.% Sn and 5 wt.% Al exhibits  

the best crystallization, whereas 3 wt.% Al-doped 

ZnO achieves the highest optical transmittance of 

86%. These findings emphasize the crucial role of 

doping concentration in tailoring ZnO properties 

for various applications, offering a scalable and 

efficient route for fabricating high-performance 

ZnO-based thin films. 

2. EXPERIMENTAL PROCEDURES 

2.1. Materials 

ZnO-based thin films were deposited on microscope 

glass slides (No. 7102, 25.4 × 76.2 × 1 mm). The 

slides were meticulously cleaned using a 10% 

acetic acid (CH₃COOH, A6283, ≥99%) solution 

in deionized water at 90°C to eliminate impurities 

and improve film adhesion. Deionized water was 

used for all experiments. Zinc chloride (ZnCl2, 

208086, reagent grade, ≥98%), Tin chloride 

dehydrates (SnCl2.2H2O, 243523, ACS reagent, 

98%) and Aluminum chloride hexahydrate 

(AlCl3.6H2O, 237078, ReagentPlus, 99%) were 

used as the Zn, Sn and Al precursors, respectively. 

All chemicals were sourced from Sigma-Aldrich 

and were used without further purification to 

guarantee experimental reproducibility. 

2.2. Synthesis of ZnO-Based Thin Films 

Thin films of undoped ZnO, tin-doped ZnO 

(ZnO:Sn), and aluminium-doped ZnO (ZnO:Al) 

with different concentrations (1, 3 and 5 wt.%) 

were deposited using the pneumatic spray 

technique on glass substrates. Zinc chloride, 

ZnCl2, was used as a source of zinc. 0.1 M of zinc 

chloride was dissolved in 50 ml of deionized 
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water. The specific amounts of tin and aluminium 

chloride were added to the previous solution.  

This solution was stirred for 30 min at room 

temperature to obtain a homogenous solution. 

The solution was then sprayed onto heated glass 

substrates (400°C), which were positioned 30 cm 

from the spray nozzle at atmospheric pressure  

(1 atm) for 3 min as the growth time (Fig. 1). 

2.3. Film Characterization 

The structural characterization of the films was 

performed using X-ray diffraction (XRD) with a 

Rigaku MiniFlex 600 system, utilizing CuKα 

radiation (λ= 1.541874 Å). Optical transmission 

spectra were obtained using a UV-Vis spectro-

photometer (JASCO V-770). Microstructural 

analysis was conducted using scanning electron 

microscopy (SEM) coupled with energy-dispersive 

X-ray spectroscopy (EDX) for verification of 

chemical composition. The particle size distribution 

was calculated using ImageJ software based on  

50 measurements. The thickness (d) of the thin 

film is measured by the gravimetry method using 

the relation [8]: 

d =
m

ρ×A
                               (1) 

where A, m and ρ, are the film material's surface 

area (cm2), mass (g) and density (g/cm3), 

respectively. The growth velocity (Gv) was 

determined using: 

Gv =
d

t
                                (2) 

Where d represents the thickness (nm) and t is the 

deposition time (min). The average crystallite size 

(D) was estimated by the Scherrer’s equation [30]: 

D =
0.9λ

βcos (θ)
                            (3) 

where λ is the wavelength of the X-ray beam 

(nm), θ is the diffraction angle (°), and β is  

the Full Width at Half Maximum (FWHM) 

considered in radians. The micro-strain (ε) value 

was calculated using [16]: 

ε =
β cos θ

4
                              (4) 

The optical band gap energy, Eg (eV), was 

estimated using Tauc’s relation [15]: 

(αhν) = A(hν − Eg)
1

2                    (5) 

where A is a constant and hν is the photon energy 

(eV). Urbach energy, Eu (eV), was determined from: 

α = α0 × exp(
hν

EU
)                       (6) 

Where α0 is a constant, Eu characterizes the slope 

of the exponential edge. The value of Eu was 

obtained from the inverse of the slope of ln(α) 

versus (hν). 

2.4. Photocatalytic Evaluation 

The photocatalytic activity of the films was 

assessed by monitoring the degradation of 

methylene blue (MB) under solar irradiation. A 

stock solution of MB was prepared by dissolving 

8 mg of the dye in 1 L of distilled water, followed 

by 10 minutes of stirring. Before exposure, the 

solution was left in the dark for 30 minutes to 

establish adsorption equilibrium. During photo-

catalysis, 2 mL samples were withdrawn at 

regular intervals (0, 1, and 2.5 hours). 

 
Fig. 1. Flowchart of the synthesizing and characterization process for ZnO-based thin films 
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The concentration changes were monitored via 

UV-Vis absorption spectroscopy. The degradation 

efficiency (𝜂 ) was determined using: 

η(%) = (
C0− Ct

C0
) × 100                   (7) 

where C0  and Ct  are the initial and time-

dependent dye concentrations. The apparent rate 

constant (Kapp) for the photodegradation reaction was 

calculated assuming first-order kinetics [31, 32]: 

ln (
Ct

C0
) = −kapp. t                       (8) 

where t is the irradiation time (h). The slope of  

the linear fit of ln(Ct/C0) versus t provides Kapp. 

The determination coefficient (R2) was used to 

evaluate the goodness of fit. 

3. RESULTS AND DISCUSSION 

Fig. 2(a) shows the effect of Sn doping on the 

thickness and growth velocity of ZnO thin films. 

Unlike Al-doped films, the thickness of Sn-doped 

ZnO films does not exhibit a continuous increase. 

Instead, it decreases significantly from 312.8 nm 

(undoped) to 133.1 nm at 1 wt.%, then increases 

to 229.8 nm at 3 wt.% before dropping again to 

116.2 nm at 5 wt.%. This trend suggests that low 

and high Sn doping levels (1 wt.% and 5 wt.%) 

may introduce structural defects or disrupt the 

nucleation process, resulting in reduced film 

thickness, as observed in studies reporting 

increased resistivity and decreased crystallite  

size at higher doping concentrations [33, 34]. In 

contrast, intermediate concentrations (3 wt.%) may 

enhance grain growth and improve film density, 

as evidenced by Bi:SnO2 films at 3 at% exhibiting 

the lowest sheet resistance and highest optical 

bandgap, indicating superior electrical and optical 

properties [33]. While intermediate doping levels 

yield optimal results, excessive doping can lead to 

undesirable effects such as increased resistivity 

and reduced optical clarity, which may limit the 

applicability of these materials in transparent 

conductive oxide applications [35]. Similarly, the 

growth velocity follows a comparable pattern, 

decreasing from 104.3 nm/min (undoped) to  

44.4 nm/min at 1 wt.%, then recovering to  

76.6 nm/min at 3 wt.%, before dropping again to 

38.7 nm/min at 5 wt.%.  

The variations observed can be rationalized by 

considering the effect of Sn concentration on the 

ZnO lattice. At low (1 wt.%) and high (5 wt.%) 

levels, the ionic radius mismatch between Sn and 

Zn induces local strain and defect states, which 

hinder uniform grain growth and reduce crystallinity. 

In contrast, at the intermediate concentration  

(3 wt.%), Sn incorporation is more homogeneous, 

minimizing lattice distortion and enabling improved 

grain alignment and crystallite growth. This 

interpretation is corroborated by the larger crystallite 

size (33.98 nm) and lower strain (10.21 × 10-4) at 

3 wt.% reported in Table 1, confirming that this 

doping level provides more favorable structural 

ordering [36,37]. 

Fig. 2(b) presents the thickness and growth velocity 

of ZnO thin films doped with Al at different 

concentrations. The thickness of the films initially 

decreases from 312.8 nm (undoped) to 235.6 nm 

at 1 wt.% Al doping but further decreases to  

196.2 nm at 3 wt.%. However, at 5 wt.% doping, 

the thickness increases again to 256.8 nm. This 

increase at higher Al concentration suggests that 

Al3+ ions, due to their smaller radius compared to 

Zn2+, generate compressive strain that modifies 

grain boundary mobility. This promotes secondary 

grain growth and induces a change in the 

preferential orientation of the crystallites. This 

behavior suggests that low Al concentrations can 

disrupt ZnO grain growth, leading to reduced film 

thickness, while higher doping levels (5 wt.%) 

may facilitate secondary grain growth or changes 

in crystal orientation [13,38]. 

         
Fig. 2. Thickness and growth velocity of ZnO thin films doped with a) Sn and b) Al at different doping concentrations 
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Similarly, the growth velocity follows a comparable 

pattern, decreasing from 104.3 nm/min (undoped) 

to 78.5 nm/min at 1 wt.% and further to 65.4 

nm/min at 3 wt.%, before rising again to 85.6 

nm/min at 5 wt.%. The decrease at lower doping 

levels aligns with findings that Al incorporation 

initially inhibits grain boundary mobility, slowing 

deposition kinetics [38, 39]. The subsequent increase 

at 5 wt.% suggests that higher Al concentrations 

may alter surface energy and film stress, promoting 

enhanced growth [40]. These structural modifications 

highlight the importance of optimizing Al doping 

levels for achieving desirable ZnO thin-film 

properties [41]. 

Fig. 3(a) presents the X-ray diffraction (XRD) 

patterns of ZnO thin films doped with different 

concentrations of Sn. The pure ZnO film exhibits 

diffraction peaks corresponding to the hexagonal 

wurtzite structure, consistent with the JCPDS 

reference pattern (JCPDS No. 36-1451). The  

most intense peak is observed at 2θ≈34.71°, 

corresponding to the (002) plane, indicating a 

preferential c-axis orientation [42, 43]. Upon 

doping with 1 wt.% Sn, the intensity of the (002) 

peak decreases compared to pure ZnO, suggesting 

that the incorporation of Sn introduces additional 

lattice defects that disturb the long-range order. 

This behavior is due to the ionic radius mismatch 

between Sn4+ (0.69 Å) and Zn2+ (0.74 Å), which 

generates local strain and defects, hindering 

uniform lattice growth [44].  

At 3 wt.% Sn, the (002) peak intensity increases 

again, indicating a partial recovery of crystallinity. 

This can be attributed to the more homogeneous 

incorporation of Sn into the ZnO lattice, where 

the ionic radius mismatch is minimised, thereby 

reducing strain and enabling improved structural 

alignment. As a result, the network distortion is 

less pronounced at 3 wt.% compared to the 

extremes of 1 wt.% and 5 wt.% doping. However, 

at 5 wt.% Sn, a further broadening and reduction 

of the (002) peak are observed. This indicates  

the onset of lattice distortion and the formation of 

microstrain and structural disorder due to the higher 

concentration of Sn. At this doping level, the ionic 

mismatch becomes more pronounced, introducing 

more defects and disturbing the crystallinity [45]. 

Additionally, the slight shift in the peak position 

at higher doping levels suggests minor modifications 

in lattice parameters due to the substitution of 

Zn2+ (ionic radius ~0.74 Å) by Sn4+ (~0.69 Å) or 

the possible formation of Sn-related defects within 

the ZnO matrix [46, 47]. The non-linear trend in 

the XRD data arises because, at lower doping 

concentrations (1 wt.%), the distortion is localized 

due to limited incorporation of Sn. At higher 

concentrations (5 wt.%), the lattice strain becomes 

more pronounced due to excessive dopant 

concentration. In contrast, at the intermediate 3 wt.% 

concentration, the doping is more homo-geneous, 

reducing distortion and enabling more ordered crystal 

growth, thus creating a recovery of crystallinity. 

               
Fig. 3. X-ray diffraction (XRD) patterns of ZnO thin films doped with a) Sn and b) Al, showing characteristic 

diffraction peaks and changes in crystallinity 
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Fig. 3(b) shows the XRD patterns of ZnO films 

doped with Al, which match the hexagonal 

wurtzite structure (JCPDS No. 36-1451). The 

pure ZnO film exhibits a strong (002) peak at  

2θ ≈ 34.71° (Table 1), confirming the preferential 

c-axis orientation [6, 46]. At 3 wt.% Al, the (002) 

peak weakens further, while the (100) peak at  

2θ ≈ 31.77° becomes the most intense reflection, 

demonstrating a clear change in preferential 

orientation from (002) to (100) [48]. This orientation 

shift suggests that Al incorporation at intermediate 

concentrations significantly modifies growth 

dynamics, favouring the stabilization of the (100) 

plane. At 5 wt.% Al, the (002) peak remains weak 

and the (100) peak is still evident but with lower 

intensity compared to 3 wt.%, indicating that 

excessive Al incorporation introduces strain and 

structural disorder, which suppresses crystallinity 

[46, 48]. Peak broadening at these higher 

concentrations also reflects increased microstrain 

and defect density, further affecting film quality. 

These results show that moderate Al doping can 

drive a preferred orientation change, but higher 

concentrations disrupt the ZnO lattice and reduce 

overall crystallinity [46, 48].  

Fig. 4(a) presents an enlarged view of the XRD 

patterns, focusing on the (002) diffraction peak of 

ZnO thin films doped with Sn. The pure ZnO film 

exhibits a sharp (002) peak at 2θ ≈ 34.71°, which 

corresponds to the hexagonal wurtzite structure 

(JCPDS No. 36-1451). Babalola et al. [44] found 

that upon doping with 1 wt.% Sn, the (002)  

peak shifts slightly to a lower angle (2θ ≈ 34.48°), 

indicating an expansion of the c-axis lattice 

parameter. Sharma et al. [49] suggested that this 

shift confirms that Sn atoms are successfully 

incorporated into the ZnO lattice, slightly increasing 

the interplanar spacing due to local lattice 

distortions. However, at higher doping levels  

(3 wt.% and 5 wt.% Sn), the (002) peak shifts 

back toward higher angles (2θ ≈ 34.53° and 

34.50°, respectively), suggesting a partial relaxation 

of the lattice. Kumar et al. [45] and Boufelgha  

et al. [47] reported that this behavior can be 

attributed to a combination of factors, including 

the formation of Sn-related defects, lattice strain 

(Table 1), and possible Sn segregation at higher 

doping concentrations. Additionally, Boufelgha  

et al. [47] and Abdullah [46] confirmed that the 

broadening of the peak with increased Sn doping 

indicates a decrease in crystallite size, as shown 

in Fig. 5(a). Sharma et al. [49] and Boufelgha  

et al. [47] demonstrated that this reduction in 

crystallinity at higher Sn concentrations may 

negatively impact the film’s electronic and 

photocatalytic properties by increasing defect 

density and charge recombination. 

Fig. 4(b) provides an enlarged view of the (002) 

diffraction peak for Al-doped ZnO thin films. The 

pure ZnO sample exhibits a well-defined peak at 

2θ ≈ 34.71° (JCPDS No. 36-1451), characteristic 

of the hexagonal wurtzite structure. Ashour et al. 

[48] found that at 1 wt.% Al doping, the peak 

remains close to its original position (2θ ≈ 34.65°), 

with a slight broadening, indicating minor structural 

modifications. However, as the Al concentration 

increases to 3 wt.% and 5 wt.%, a significant shift 

toward lower angles (2θ ≈ 32.01° and 32.09°, 

respectively) is observed (Table 1), indicating an 

expansion of the lattice along the a-axis. Alrefaee 

et al. [50] confirmed that this shift is consistent 

with the increase in lattice parameters, suggesting 

lattice expansion. Additionally, Hallani et al. [51] 

reported that this shift is accompanied by the 

emergence of a stronger (100) peak, confirming a 

transition in preferred growth orientation from 

(002) to (100), as previously noted in Fig. 3(b). 

The shift in peak position and broadening at 

higher Al concentrations suggest increased lattice 

strain and defect formation due to the substitution 

of Zn2+ (0.74 Å) by smaller Al3+ (0.53 Å).  

Al-Shehri et al. [18] found that this incorporation 

induces compressive strain in the ZnO structure, 

leading to altered growth dynamics and reduced 

crystallinity. The sharper peak at 5 wt.% Al 

doping suggests some degree of lattice relaxation, 

possibly due to the formation of Al-rich secondary 

phases or grain boundary segregation. 

The lattice constants of ZnO thin films change 

with Sn and Al doping due to ionic size differences 

and strain effects. Sn doping slightly increases  

the c-axis parameter at 1 wt.% but induces lattice 

relaxation at higher concentrations due to defect 

formation. Al doping introduces compressive 

strain, reducing the c-axis and expanding the a-axis, 

shifting growth orientation from (002) to (100). 

Kumar et al. [52] confirmed that the peak position 

of the (002) plane shifts slightly to lower angles 

at 1 wt.% Sn doping (from 34.71° to 34.48°) but 

moves back at higher concentrations due to lattice 

relaxation. Similarly, Afifah et al. [53] noted that 

Al doping shifts the (002) peak to lower angles, 

with a significant shift observed at 3 wt.% and  

5 wt.% (from 34.71° to ~32.01°). These variations 
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affect crystallinity and microstrain, influencing 

the film’s structural integrity (Table 1).  

Fig. 5(a) and (b) illustrate the influence of Sn and 

Al doping on the crystallite size and microstrain 

of ZnO thin films. At 1 wt.% Sn doping, the 

crystallite size reaches 37.98 nm with reduced 

microstrain (9.14×10-4), indicating improved 

crystallinity [46]. At 3 wt.% Sn, the (002) peak 

intensity increases, suggesting that the incorporation 

of Sn into the ZnO lattice becomes more homo-

geneous, partially reducing lattice distortion and 

improving crystallinity. However, despite this 

increase in intensity, the crystallite size decreases, 

and strain increases (Table 1). 

          
Fig. 4. Enlarged XRD patterns focusing on the (002) diffraction peak for a) Sn-doped ZnO and b) Al-doped ZnO 

films, highlighting shifts due to doping 

Table 1. Structural parameters of ZnO thin films doped with Sn and Al, including lattice constants, crystallite 

size, microstrain, and peak position shifts from XRD analysis 

Samples Sn/Al (wt.%) 2θ (°) FWHM (°) D (nm) ε×10-4 d002 (Å) d100 (Å) c (Å) a (Å) 

Pure ZnO 0 34.712 0.2262 36.82 9.42 2.584 

/ 

5.168 3.226 

SZO 

1 34.477 0.2193 37.98 9.14 2.584 5.168 3.226 

3 34.531 0.2449 33.98 10.21 2.597 5.194 3.242 

5 34.497 0.2499 33.31 10.41 2.599 5.199 3.245 

AZO 

1 34.650 0.2315 35.97 9.64 2.588 / 5.177 3.231 

3 32.012 0.2132 38.79 8.94 
/ 

2.795 5.171 3.228 

5 32.087 0.1701 48.63 7.13 2.789 5.160 3.221 

          
Fig. 5. Effect of a) Sn and b) Al doping concentrations on crystallite size and microstrain in ZnO thin films, 

calculated using Scherrer’s equation 

 

33,0 33,5 34,0 34,5 35,0 35,5 36,0

0

210

420

630

840

73

146

219

292

80

160

240

320

73

146

219

292

 

2q (degrees)

 Pure ZnO

(a)

 

 SZO1%

 

In
te

n
si

ty
 (

a
.u

)

 SZO3%

 

 SZO5%

 

31 32 33 34 35 36 37 38

0

220

440

660

8800

100

200

300

4000

200

400

600

8000

100

200

300

400

 

2q ( degrees)

 Pure ZnO

(b)

 

 AZO1%

 

In
te

n
si

ty
 (

a
.u

)

 AZO3%

 

 AZO5%

 

0 1 2 3 4 5

33

34

35

36

37

38

 Crystallites size

 Strain

Sn doping level (wt.%)

C
ry

s
ta

ll
it

e
s

 s
iz

e
 (

n
m

)

(a)

9,0

9,2

9,4

9,6

9,8

10,0

10,2

10,4

10,6
×10−4

 S
tr

a
in

 

 

0 1 2 3 4 5

34

36

38

40

42

44

46

48

50
 Crystallite size 

 Strain

Al doping level (wt.%)

C
ry

st
a
ll

it
es

 s
iz

e 
(n

m
)

(b)

7,0

7,5

8,0

8,5

9,0

9,5

10,0
×10-4

 S
tr

a
in

 

 [
 D

O
I:

 1
0.

22
06

8/
ijm

se
.4

14
2 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 c
em

st
.iu

st
.a

c.
ir

 o
n 

20
26

-0
6-

10
 ]

 

                             7 / 21

http://dx.doi.org/10.22068/ijmse.4142
https://cemst.iust.ac.ir/ijmse/article-1-4142-en.html


Iranian Journal of Materials Science and Engineering, Vol. 22, Number 4, December 2025 

31 

This is because at 3 wt.%, while the doping is more 

uniformly distributed, the increased concentration 

of Sn still leads to lattice strain, as the larger 

number of Sn4+ ions causes more defects and 

disruptions in the crystal structure. At higher 

doping levels (5 wt.% Sn), the strain becomes 

more pronounced, and the crystallite size decreases 

further, as the higher concentration of Sn4+ causes 

more structural distortions and defects. Alqaisi 

and Ghazai [54] reported that Sn doping affects 

the orientation and morphology of ZnO thin films, 

with excessive doping shifting the orientation 

from the (002) plane to other planes such as (101) 

and even leading to amorphous structures. 

A similar trend is observed with Al doping, where 

1 wt.% results in a moderate crystallite size  

(35.97 nm) and lower strain (9.64×10-4), while 

excessive doping at 3 wt.% and 5 wt.% induces 

structural distortions, reducing crystallite size [55]. 

Bedia et al. [55] also found that Al-doped ZnO 

thin films exhibit a hexagonal wurtzite structure 

with a preferred orientation along the c-axis and 

high transparency in the visible range. These findings 

suggest that excessive dopant incorporation degrades 

crystallinity by increasing the density of defects. 

The elemental composition analysis in Figs. 6(a) 

and 6(b) confirm the presence of Zn, O, and the 

respective dopants (Sn or Al), with increasing 

doping levels leading to a rise in Sn or Al content, 

while Zn and O decrease slightly. Munna et al. 

[56] reported that Sn substitutes Zn sites in the 

ZnO lattice, but at higher concentrations (>3 wt.%), 

possible SnO2 phase formation may degrade 

crystallinity and charge transport. Similarly, Ahmed 

et al. [57] found that Al incorporation induces 

compressive strain due to the smaller ionic radius 

of Al3+, affecting the film’s structural integrity. 

Fig. 6(c) and 6(d) illustrate that excessive Sn or Al 

doping can lead to phase segregation or secondary 

phase formation, modifying the film's morphology 

and electronic properties [58]. At 1 wt.% Sn or Al, 

doping enhances crystallinity and charge mobility, 

improving optoelectronic performance [56, 57]. 

However, Jongprateep et al. [59] found that higher 

concentrations (>3 wt.%) introduce defects, shifting 

orientation from (002) to (100) (in the case of Al) 

and increasing recombination centers, ultimately 

reducing photo-catalytic efficiency. 

The SEM images and particle size distribution in 

Fig. 7 illustrate the morphological evolution of 

ZnO thin films with Sn doping. The pure ZnO 

film exhibits relatively uniform, well-defined 

grains with an average particle size of 279.43 nm, 

indicating high crystallinity and minimal defects.  

    

           
Fig. 6. Elemental composition analysis of ZnO thin films using energy-dispersive X-ray spectroscopy (EDX):  

a) ZnO:Sn (1 wt.%), b) ZnO:Al (1 wt.%), and c) comparative elemental composition of Sn-doped and  

d) Al-doped ZnO thin films at different doping concentrations 
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Fig. 7. SEM images and particle size distribution of pure ZnO and Sn-doped ZnO thin films at different doping 

concentrations, obtained from SEM analysis 

At 1 wt.% Sn doping, the particle size decreases 

to 194.8 nm, and the SEM images reveal a denser 

microstructure with smaller, more compact grains, 

which supports the findings of Prabhu et al. [60], 

who found that Sn promotes nucleation, increasing 

the number of grain boundaries, which enhances 

surface area—a crucial factor for photocatalytic 

performance. 
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However, at 3 wt.% Sn doping, the particle size 

increases to 259 nm, accompanied by a more 

aggregated morphology, suggesting grain coalescence 

due to Sn-induced lattice strain [56]. At 5 wt.%  

Sn doping, the particle size decreases again to 

238.81 nm, with SEM images revealing an irregular, 

rougher surface with increased porosity. Sharma 

et al. [49] noted that excessive Sn incorporation 

creates defects and disrupts uniform crystal growth, 

which aligns with the observed morphological 

changes. These variations in morphology influence 

light absorption and charge carrier dynamics. As 

Prabhu et al. [60] emphasized, smaller, well-

distributed grains at 1 wt.% Sn doping provides 

an optimal balance between crystallinity and 

surface area, enhancing photocatalytic performance 

by improving light absorption and reducing 

electron-hole recombination. 

The SEM images and particle size distribution in 

Fig. 8 illustrate the morphological evolution of 

ZnO thin films with Al doping. The ZnO:Al  

(1 wt.%) film exhibits the largest average particle 

size (341.5 nm), with well-defined, compact grains, 

suggesting that a small amount of Al promotes 

grain growth by reducing lattice defects. This 

finding aligns with studies indicating that Al 

incorporation enhances crystallinity and reduces 

defect density in ZnO films. 

          

          

          
Fig. 8. SEM images Particle size distribution of Al-doped ZnO thin films at different doping concentrations, as 

determined from SEM analysis 
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However, at 3 wt.% Al doping, the particle size 

decreases significantly to 264.59 nm, and the 

SEM images show a more fragmented, less 

compact surface. Ahmed et al. [61] noted that 

excessive Al incorporation introduces lattice 

strain and defect sites, limiting grain coalescence, 

which explains the observed reduction in particle 

size. Similarly, Saxena et al. [62] confirmed that 

higher Al doping can increase defect density, 

affecting film morphology. At 5 wt.% Al doping, 

the particle size increases again to 327.9 nm, with 

SEM images revealing a rougher, more porous 

surface. Al-Shehri et al. [18] stated that higher Al 

concentrations may lead to Al atom segregation at 

grain boundaries, causing localized stress relaxation 

and partial grain regrowth, which is consistent 

with the observed structural changes. 

These modifications influence charge carrier 

mobility and light absorption. As Ahmed et al. 

[61] and Afifah et al. [53] reported, moderate Al 

doping can enhance photocatalytic performance 

by increasing active surface area. However, 

excessive doping introduces recombination centers, 

negatively affecting efficiency, as highlighted by 

Al-Hardan et al. [63] and Tonka et al. [64]. 

Fig. 9 presents the optical transmittance spectra  

of ZnO thin films doped with Sn (Fig. 9a) and Al 

(Fig. 9b). Pure ZnO exhibits high transmittance 

(~80-90%) in the visible range, reflecting good 

crystallinity and minimal defect scattering. For 

Sn-doped ZnO (SZO), Marotti et al. [65] observed 

that transmittance slightly decreases at 1 wt.% 

due to enhanced free carrier absorption, resulting 

from increased carrier concentration. At 3 wt.%, 

a more pronounced drop occurs, likely caused by 

increased microstrain and defect density, which 

scatter light and reduce optical clarity. At 5 wt.%, 

a further reduction suggests the formation of Sn-

related secondary phases, introducing additional 

light scattering and optical losses. 

Similarly, for Al-doped ZnO (AZO), Petrov et al. 

[66] and Salim [13] reported that 1 wt.% Al 

doping maintains comparable transmittance to 

pure ZnO, indicating minimal impact on optical 

properties at low doping levels. However, at 3 wt.%, 

a slight decrease in transmittance is observed due 

to higher carrier concentration and light scattering, 

as confirmed by Ahmed et al. [61] and Afifah  

et al. [53]. At 5 wt.%, the transmittance drops further, 

likely due to defect states and structural distortions 

introduced by excessive Al incorporation, which 

is consistent with the findings of Mishra et al. [67] 

and Tonka et al. [64]. The overall decrease in 

transmittance with increasing doping levels can be 

attributed to enhanced free carrier absorption, defect 

formation, and bandgap narrowing [53, 61, 65]. 

Since moderate doping levels enhance light 

absorption while maintaining reasonable crystallinity, 

ZnO:Sn and ZnO:Al films can be optimized for 

visible-light-driven photocatalytic degradation of 

organic pollutants. 

Fig. 10 illustrates the Tauc plots used to determine 

the optical bandgap energy (Eg) of ZnO thin films 

doped with Sn (Fig. 10a) and Al (Fig. 10b).  

Pure ZnO exhibits a bandgap of approximately  

3.254 eV, characteristic of well-crystallized ZnO. 

For Sn-doped ZnO (SZO), Babalola et al. [44]  

and Sharma et al. [49] reported that the bandgap 

initially decreases to 3.142 eV at 1 wt.% due to 

the introduction of localized electronic states 

within the bandgap caused by Sn incorporation. 

At 3 wt.%, the bandgap slightly increases to  

3.249 eV, possibly due to lattice relaxation or 

phase segregation effects.  

        
Fig. 9. Optical transmittance spectra of ZnO thin films doped with a) Sn and b) Al 
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Fig. 10. Tauc plot for bandgap determination of ZnO thin films doped with a) Sn and b) Al, showing variations 

in optical bandgap energy with doping concentration  

However, at 5 wt.%, the bandgap narrows again 

to 3.165 eV, indicating increased defect levels and 

sub-bandgap absorption, which is consistent with 

the findings of Boufelgha et al. [47]. 

Similarly, for Al-doped ZnO (AZO), Petrov et al. 

[66] and Salim [13] observed that the bandgap 

decreases at 1 wt.% (3.192 eV) due to enhanced 

carrier concentration and impurity states. At 3 wt.% 

and 5 wt.%, the bandgap remains relatively stable 

(~3.152 eV), suggesting that excessive Al doping 

saturates defect formation with minimal additional 

impact on band structure, as noted by Bouacheria 

et al. [68]. The observed bandgap narrowing with 

Sn and Al doping can be explained by the Burstein- 

Moss shift at low doping levels, which increases 

the bandgap due to higher carrier concentration 

[57, 69]. At higher doping concentrations, defect-

related bandgap reduction dominates, enhancing 

visible-light absorption and making ZnO:Sn and 

ZnO:Al films suitable for photocatalytic applications, 

such as the degradation of organic pollutants 

under solar irradiation [45, 47]. 

Fig. 11 illustrates the variation of Urbach energy 

(Eu), which quantifies the structural disorder in 

ZnO thin films. Pure ZnO exhibits the lowest Eu, 

reflecting its well-ordered crystalline structure 

with minimal defect states. For Sn-doped ZnO 

(SZO), Eu increases with doping concentration, 

indicating the introduction of disorder and defect 

states within the material. The highest disorder is 

observed at 5 wt.% Sn, where excessive doping 

leads to significant lattice strain and localized 

defect states. This increased disorder enhances 

sub-bandgap absorption, affecting the material’s 

optical properties. 

Similarly, for Al-doped ZnO (AZO), Eu follows  

a rising trend with increasing Al content [13].  

At 5 wt.% Al, the disorder reaches its peak, 

suggesting that excessive doping disrupts the 

crystal structure and increases localized defects. 

The widening of the optical bandgap at moderate 

doping levels, coupled with increased disorder at 

higher concentrations, influences the material’s 

photocatalytic performance.  

      
Fig. 11. Variation of bandgap energy and Urbach energy as a function of a) Sn and b) Al doping concentrations 

in ZnO thin films
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The combined effects of bandgap narrowing  

(Fig. 10) and rising Urbach energy (Fig. 11(a) and 

(b)) indicate that moderate doping levels optimize 

visible-light absorption. As a result, ZnO:Sn and 

ZnO:Al films exhibit enhanced photocatalytic 

activity, making them effective materials for the 

solar-driven degradation of organic pollutants. 

Fig. 12a to 12c present the UV-Vis absorption 

spectra of methylene blue (MB) degradation 

under solar irradiation for pure ZnO, Sn-doped 

ZnO (1 wt.%), and Al-doped ZnO (1 wt.%) thin 

films. The gradual decline in the MB absorption 

peak at ~664 nm confirms the photodegradation 

of the dye [31]. However, the persistence of 

absorbance in the UV region (below 400 nm) 

suggests that the process is primarily decolorization 

rather than complete mineralization. This suggests 

that intermediate organic species remain in the 

solution, preventing full oxidation of MB into 

CO2, H2O, and inorganic byproducts. Decolorization 

results from the breakdown of MB’s chromophore 

structure, making the solution appear colorless 

while still containing organic residues. Among 

the tested films, pure ZnO exhibits the highest 

efficiency in reducing overall absorbance, achieving 

significant MB degradation due to its strong 

electron-hole separation and effective generation 

of reactive oxygen species. In contrast, Sn- and 

Al-doped ZnO films demonstrate comparatively 

lower photocatalytic performance. This reduction 

in efficiency is likely due to the formation of 

charge recombination centers introduced by 

excess dopants, which hinder the separation of 

photogenerated charge carriers essential for 

efficient photocatalysis [70, 71]. 

Fig. 12d further illustrates the degradation efficiency 

of methylene blue (MB) by showing the progressive 

decrease in MB concentration over time for all 

thin films. The superior photocatalytic performance 

of pure ZnO can be attributed to its high 

crystallinity, low defect density, and enhanced 

charge separation, as discussed in the manuscript. 

In contrast, Sn and Al doping introduce structural 

defects and lattice distortions, which act as charge 

recombination centers, reducing the number of 

photogenerated charge carriers available for redox 

reactions. The MB degradation mechanism follows 

a typical semiconductor photocatalytic pathway. 

(i) ZnO absorbs photons, generating electron-hole 

pairs: 

             

             
Fig. 12. a–c) UV-Vis absorption spectra of methylene blue (MB) degradation over time under solar irradiation 

for a) pure ZnO, b) Sn-doped ZnO (1 wt.%), and c) Al-doped ZnO (1 wt.%) thin films. d) Photocatalytic 

degradation efficiency of MB as a function of irradiation time for pure and doped ZnO thin films 
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ZnO + hv → e- + h+                      (9) 

When ZnO is exposed to solar irradiation, 

electrons (e−) are excited from the valence band 

to the conduction band, creating holes (h+) in the 

valence band [72, 73]. (ii) Holes react with water 

to generate hydroxyl radicals: 

h+ + H2O → •OH- + H+                  (10) 

The photogenerated holes interact with water 

molecules, forming highly reactive hydroxyl 

radicals (•OH), which are powerful oxidizing 

agents that degrade organic pollutants [72]. (iii) 

Electrons reduce oxygen to form superoxide 

radicals: 

e- + O2 → •O2
-                         (11) 

The conduction band electrons react with dissolved 

oxygen to form superoxide anions (•O2
−), which 

further contribute to the oxidation and degradation 

of MB. (iv) Hydroxyl and superoxide radicals 

attack MB molecules, breaking them down [1]: 

( •OH−+MB→ Colorless organic intermediates,(𝐃𝐞𝐜𝐨𝐥𝐨𝐫𝐢𝐳𝐚𝐭𝐢𝐨𝐧)

Colorless organic intermediates+•OH−→CO2+H2O+NO3
−,(𝐌𝐢𝐧𝐞𝐫𝐚𝐥𝐢𝐳𝐚𝐭𝐢𝐨𝐧))

                                    (12) 

These reactive oxygen species (ROS) continuously 

attack MB, breaking down its structure into smaller 

organic fragments, leading to decolorization. If 

the reaction progresses further, the radicals continue 

oxidizing the organic fragments, ultimately 

converting MB into carbon dioxide (CO2), water 

(H2O), and inorganic ions like nitrates (NO3
−), 

achieving complete mineralization. Findings suggest 

that ZnO’s superior performance arises from its 

higher crystallinity, optimal charge carrier mobility, 

and better light absorption properties, all of which 

enhance the generation of reactive oxygen species. 

The Sn- and Al-doped ZnO films, despite increasing 

electrical conductivity, introduce excess defects 

that promote charge recombination, thereby 

lowering photocatalytic efficiency. 

Fig. 13a illustrates the first-order kinetic plots for 

MB degradation using pure ZnO, Sn-doped ZnO 

(SZO1%), and Al-doped ZnO (AZO1%) thin 

films. The linearity of these plots confirms that 

MB degradation follows a pseudo-first-order 

kinetic model, with the slope corresponding to  

the apparent reaction rate constant (kapp). Among 

the samples, pure ZnO demonstrates the highest 

degradation rate (kapp= 0.8552 h−1), attributed to 

its superior crystallinity, minimal defect density, 

and efficient charge carrier separation, which 

collectively minimize recombination losses. 

In comparison, the SZO1% and AZO1% films 

exhibit lower degradation rates, with kapp= 0.5569 h−1 

and kapp= 0.6483 h−1, respectively. The reduction 

in efficiency is likely due to structural distortions 

and the formation of recombination centers induced 

by doping, which hinder charge separation and 

accelerate recombination [47, 74]. 

Fig. 13b quantifies these trends by displaying the 

apparent reaction rate constants (kapp), confirming 

that pure ZnO exhibits the highest photocatalytic 

efficiency, followed by AZO1% and then SZO1%. 

The regression coefficient (R2) values for all samples 

are close to 1 (R2= 0.97572 for pure ZnO, R2= 

0.97579 for SZO1%, and R2= 0.97791 for AZO1%), 

indicating an excellent fit to the pseudo-first-order 

kinetic model and validating the predictability of the 

degradation process. However, the lower kapp 

values for doped ZnO films suggest that charge 

recombination is more pronounced in these samples, 

thereby reducing overall photo-catalytic efficiency. 

These findings emphasize that while doping modifies 

the electrical and optical properties of ZnO, 

excessive doping (>1 wt.%) increases the defect 

density, alters the crystal orientation, and ultimately 

diminishes the photo-catalytic performance.  

                 
Fig. 13. a) First-order kinetic plots of MB degradation using pure ZnO, Sn-doped ZnO, and Al-doped ZnO thin 

films. b) Apparent reaction rate constants (kapp) for different photocatalysts. 
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Optimizing the doping concentration while 

preserving ZnO’s structural integrity is essential 

for maximizing its photocatalytic activity. 

Fig. 14 presents the adsorption isotherms of 

methylene blue (MB) on ZnO-based thin films, 

including pure ZnO, Sn-doped ZnO (SZO), and 

Al-doped ZnO (AZO), as predicted by the 

Langmuir adsorption model. This model assumes 

monolayer adsorption on a homogeneous surface 

with a finite number of identical adsorption sites. 

The experimental data for ZnO, SZO, and AZO 

were fitted using the linearized Langmuir equation: 
Ce

qe
=

1

qmax
 . Ce +

1

 KLqmax
                  (13) 

where qe (mg/g) represents the equilibrium 

adsorption capacity, qmax (mg/g) is the maximum 

adsorption capacity, Ce (mg/L) is the equilibrium 

concentration, and KL (L/mg) is the Langmuir 

constant related to adsorption affinity.  

 
Fig. 14. Linearized Langmuir adsorption isotherms 

for Methylene Blue on ZnO-based thin films 

The fitting results, summarized in Table 2, 

indicate that SZO exhibits the highest adsorption 

capacity, with qmax= 1.422 mg/g with an excellent 

linear fit (R2= 1.000), suggesting strong MB 

adsorption onto its surface. This implies that Sn 

doping enhances the adsorption sites or affinity 

for MB molecules [75]. Similarly, AZO also 

follows the Langmuir model well (R2= 1.000)  

but demonstrates a lower adsorption capacity 

(qmax= 0.617 mg/g), likely due to the impact of  

Al doping on surface reactivity and charge 

distribution, which affects the overall adsorption 

behavior [75]. In contrast, pure ZnO shows a 

moderate fit to the Langmuir model (R2= 0.861) 

with a significantly lower adsorption capacity 

(qmax= 0.495 mg/g), indicating weaker dye-surface 

interactions [76].  

The negative KL values observed for all samples 

may suggest experimental uncertainties or deviations 

from ideal Langmuir behavior, possibly due to 

multilayer adsorption effects or electrostatic 

interactions between MB molecules and doped 

ZnO surfaces [77, 78]. These findings highlight 

that while doping enhances the adsorption capacity 

of ZnO, Sn doping is particularly effective in 

improving dye uptake, making SZO a promising 

candidate for MB removal in wastewater treatment 

applications. 

These findings highlight the significant impact of 

Sn and Al doping on the structural, optical, and 

photocatalytic properties of ZnO thin films. While 

moderate doping (1 wt.%) enhances crystallinity 

and adsorption capacity, excessive doping (>3 wt.%) 

introduces defects that reduce photocatalytic 

efficiency by increasing charge recombination. Pure 

ZnO demonstrates the highest photocatalytic activity, 

while Sn-doped ZnO exhibits superior MB adsorption 

capacity. Optimizing doping concentrations and 

deposition conditions is crucial for balancing 

structural integrity, charge transport, and surface 

reactivity to enhance ZnO-based materials for 

environmental and photocatalytic applications. 

4. CONCLUSIONS 

The findings of this study highlight the critical 

influence of Sn and Al doping on the structural, 

optical, and photocatalytic properties of ZnO thin 

films synthesized via a cost-effective pneumatic 

spray technique. Optimal doping concentrations 

(1 wt.% Sn and 5 wt.% Al) enhanced crystallinity, 

with maximum crystallite sizes of 37.98 nm and 

48.63 nm, respectively, while excessive doping 

(>3 wt.%) increased microstrain (10.41 × 10-4  

for Sn and 7.13 × 10-4 for Al), leading to structural 

defects.  

Table 2. Langmuir isotherm parameters for Methylene Blue adsorption on ZnO-based thin films 

Absorbent Equation (y= f(x)) R2 qmax (mg/g) KL (L/mg) SMB (10-20km2/kg) 

Pure ZnO 2.017x˗3.97 0.861 0.495 -0.508 1.571 

SZO 0.703x˗1.25 1 1.422 -0.562 4.514 

AZO 1.620x˗2.99 1 0.617 -0.542 1.958 
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The bandgap energy decreased from 3.254 eV 

(pure ZnO) to 3.142 eV (1 wt.% Sn) and 3.152 eV 

(5 wt.% Al), accompanied by an increase in 

Urbach energy to 0.34 eV for highly doped films, 

indicating the presence of enhanced defect states. 

The highest optical transmittance (86%) was 

observed for 3 wt.% Al-doped ZnO, confirming 

its potential for optoelectronic applications. Photo-

catalytic analysis demonstrated that pure ZnO 

exhibited the best performance, achieving 85% 

methylene blue degradation under solar irradiation, 

while Langmuir adsorption modelling showed 

that Sn-doped ZnO had the highest adsorption 

capacity (1.422 mg/g), followed by Al-doped 

ZnO (0.617 mg/g) and pure ZnO (0.495 mg/g). 

Despite these promising results, limitations such 

as defect formation at higher doping levels, the 

absence of co-doping strategies, and the need  

for long-term stability assessments remain 

challenges. Additionally, one limitation of the 

present work is the absence of photoluminescence 

(PL) characterization, which could provide direct 

insight into recombination and defect states. 

Future research should focus on refining doping 

concentrations, optimizing deposition conditions, 

and exploring alternative dopants to further 

enhance ZnO-based thin films for sustainable 

optoelectronic and environmental applications. 
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