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Abstract 

Zinc oxide (ZnO) has garnered significant attention in recent years for its outstanding properties in the realm of transparent 

electronics, notably its substantial direct bandgap (Eg). This study focuses on the fabrication of pure ZnO thin films via the 

Spray pyrolysis Deposition technique on glass substrates. By adjusting both concentration and spray cycles during deposition, 

a comprehensive analysis of the resulting films structural, optical, morphological, and electrical characteristics was conducted. 

Notably, promising outcomes were achieved leading to transparent and high conductive structure without the need for metal 

doping. Most performant result were obtained using structure from 0.04 mole solution, yielding an optical transparency of 

60.55%, electrical conductivity of 20.6 Ω-1cm-1, a mobility of 5.87 cm2/Vs, and an optical bandgap of 3.50 eV. Structural 

analysis performed via XRD showed hexagonal polycrystalline Wurtzite structure with favored (002) orientation. These 

findings suggest that ZnO thin films hold the potential for applications in optoelectronic devices. 
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1. Introduction 

Materials known as transparent conducting oxides 

(TCOs) have strong electrical conductivity as well as 

optical transparency [1]. These substances find 

frequent applications in electronic gadgets like flat-

panel screens, touchscreen interfaces, and 

photovoltaic cells, where their indispensable qualities 

include efficient electrical conduction and the 

transmission of light [2]. The most commonly used 

TCOs are metal oxides, such as indium tin oxide 

(ITO), which is widely used in commercial 

applications [3,4]. Other examples of TCOs include 

un-doped and fluorine-doped tin oxide (SnO2-FTO), 

un-doped and aluminum-doped zinc oxide (ZnO-

AZO) [5,6].  

Zinc oxide (ZnO) is a semiconductor material 

with a broad bandgap of 3.38 eV and a variety of 

intriguing optical characteristics [7], including 

substantial ultraviolet absorption and high 

transparency in the visible part of the electromagnetic 

spectrum [8]. It is highly transparent to visible light, 

with a transparency of up to 90% in the visible 

spectrum [9]. This makes it an ideal material for use in 

applications where transparency is important, such as 

in display technologies. ZnO has a high exciton  

 

 

binding energy at 60 meV [10,11], or the amount of 

power needed to split an electron from a hole in the 

substance. ZnO structures are highly effective at 

absorbing ultraviolet (UV) radiation, with a strong 

absorption peak at around 370 nm. Near the absorption 

edge, a clear exciton peak can be seen, indicating that 

ZnO has a high degree of crystalline quality [12,13]. 

When excited by light, ZnO emits light at a specific 

wavelength, a property known as photo-luminescence. 

Due to this characteristic, it is a desirable material for 

solar cells (SC), light-emitting diodes (LEDs), and 

sunscreens, among other optoelectronic devices [14]. 

Most of the studies concerning ZnO-based electrodes 

have been documented in relation to inorganic solar 

cells (ISC) [15].  

Zinc oxide is classified as an n-type 

semiconductor and is commonly chosen as the 

window layer for solar cells [16]. These unique 

properties of ZnO make it an excellent candidate for 

use as a TCO [17]. Several methods, including Pulsed 

Laser Deposition [18–20], Sol-gel [20–24], Radio 

Frequency (RF) Magnetron Sputtering [25], Vapor 

Deposition (CVD) [26], and Spray Pyrolysis 

Deposition (SPD) [27]. It has been used to 
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manufacture ZnO thin films. SPD was first created for 

the deposition of TCO material for SC, as opposed to 

conventional deposition processes [28].   

This study aims to introduce the SPD synthesis 

technique for producing transparent and conductive 

ZnO thin films and investigate the impact of two 

different solution concentrations on their morphology, 

structural properties, and photoelectric characteristics. 

The main objective lies in obtaining highly conductive 

structures without using metal doping, which makes it 

possible to facilitate the deposition procedures and 

considerably reduce the cost of manufacturing such 

structures. 

 

2. Materials and methods  

Precursor solution preparation and thin films 

deposition 

Two solutions containing zinc chloride (ZnCl2) 

with two molar concentrations of 0.04 mol/l and 0.02 

mol/l were prepared in methanol (CH3OH) as solvent. 

We name (A) the solution of molar concentration 0.04 

mol/l, and (B) the solution of 0.02 mol/l. To achieve 

complete elemental dissolution and prevent compound 

precipitation, which could negatively impact the 

morphology of the thin films to be deposited, 

precursor solutions A and B were agitated using a 

magnetic stirrer at a low speed at a temperature of 

60°C for 20 minutes. To solutions A and B, 0.7 ml of 

HCl is added while the mixture is being stirred. It's 

important to note that the gas-phase breakdown of 

ZnCl2 on the substrate surface is an endothermic 

reaction, requiring elevated temperatures for the 

decomposition (pyrolysis) of the solutions (droplets) 

applied to heated substrates. 

This chemical reaction can be summarized by an 

equation (1): 

 

𝑍𝑛𝐶𝑙2 (𝑔) + 𝐶𝐻3𝑂𝐻(𝑐𝑙) + 𝑂2 → 𝑍𝑛𝑂(𝑠) + 2𝐻𝐶𝑙(𝑔) +

𝐶𝑂2 (𝑔) + 𝐻2 (𝑔)                    (1) 

 

The two prepared solutions were sprayed glass 

substrates (MICRO SOLID, ISOLAB GERMANY®) 

with highly controlled mechanical, optical and 

morphological properties of the brand with 

dimensions of 15 x 25 mm.  

According to literature and research, the resulting 

thin films were annealed at a temperature of 400 °C 

[29,30]. The heat treatment has an important effect on 

the optical and electrical properties of the deposited 

ZnO layers ensuring reorganization of the structure 

allowing the removal of residual impurities and 

defects in the ZnO [31,32]. The deposition parameters 

of ZnO thin films at different concentrations (A and B) 

and cycle numbers (C= 20, 30 and 40) are summarized 

in Table 1.  

 

 

Table 1 Thin films deposition parameters via spray 

pyrolysis root. 
Deposition parameters Values 

Concentration of the solution A: 0.04 M and B: 

0.02 M  

Precursors ZnCl2 :H2O 
Solvent CH3OH 

Substrate temperature 400±5 °C 

Transport gas Compressed Air (1.2 
bar) 

Substrate-atomizer distance 25 cm 

Spray speed 28 ±1 ml/min 
Number of cycles varied: 2, 3 and 4 

Number of sequences for each cycle 10 

Spray time per sequence 45 s 
Pause between sequences 30 s 

 

Thin films Characterization  

The conductivity (σ), mobility (μ) and resistivity (ρ) 

were calculated by the Hall Effect measurement 

system ECOPIA (HMS 1000). 

Optical transmission measurements within the UV-

Visible range (300-800 nm) were conducted using a 

Perkin-Elmer Lambda 950 UV-Vis-NIR 

spectrophotometer equipped with an integrating 

sphere. The measurements were carried out at a 

scanning rate of  60 nm/min. 

The thin film thickness measurements were 

conducted using a mechanical profilometer, 

specifically the Bruker Dektak XT instrument. 

XRD was used to determine the structural 

characteristics of the thin films (Rigaku-Miniflex 600) 

using Cu Kα X-radiation (λ = 1.5405 Å) in the range 

2θ = 20° to 80° with a measurement step of 0.10. 

The surface's morphology and microstructure were 

examined using a scanning electron microscope 

(SEM-JOEL JSM-6610La from Japan), incorporating 

an energy dispersive X-ray analysis (EDX) system for 

further analysis. 

 

3. Resultant and discussion 

Electrical study 

Table 2 presents the variations in electrical 

conductivity concerning changes in concentration and 

the number of deposition cycles. It illustrates a notable 

decline in electrical conductivity for ZnO films as the 

number of cycles increases in both solutions despite 

C3 samples from solutions A. This study shows that 

best electrical performances of ZnO thin films can be 

obtained using considerably low concentration 

precursor solution with long time deposition.  The 

decline in conductivity is attributed to a rise in 

oxidation, as prior research has shown that when 

cycles increase, the amount of oxygen also increases 

[33]. 
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Table 2 Electrical parameters of ZnO spray pyrolysis 

thin films annealing of 1h - 400°C. 
Solution Number of 

cycles 

σ  

(Ω cm) -1 

ρ  

(Ω cm) 

μ (cm2/Vs) 

 

 

A 

C1  20.6  4.85 x 10-2 5.87 

C2  1.04 0.96 0.266 

C3  7.98 x 102 1.25 x 10-3 1.14 x 103 

 

 

B 

C1 49.8 2 10-2 11 

C2 40.2 2.48 x 10-2 6.82 

C3  1.26 0.79 0.6 

 

Optical study  

The optical properties of transparent electrodes are 

important in the reliability of optoelectronic devices, 

where they are supposed to transmit the maximum of 

the incident light spectrum to the active layers of the 

device in which they are integrated. We were 

interested in optical transmission measurements in the 

visible-near UV and IR regions as a function of light 

energy. The optical transmission spectrum of ZnO thin 

films derived from two solutions, and after varying 

numbers of cycles is displayed in the forthcoming 

Figure 1. From the transmission spectra of the ZnO 

layers we can see that the transmission varies with 

concentration and number of cycles. The average 

transmission decreases linearly with increasing 

concentration and number of spray deposition cycles. 

According to the Beer-Lambert equation [34], which 

shows that the inversely proportional relationship 

between optical transmission and thickness is as 

follows [35], this finding can be explained by the fact 

that the film thickness increases as the number of 

cycles increases. 
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            Fig 1: Optical transmittance of ZnO thin films 

Table 3 Optical properties of the processed ZnO 

samples 
Sample 𝑻 ̅ 

(400-800) 

𝑻 ̅ 

(300-1100) 

Tmax 

(%) 

λmax 

(nm) 

AC1  60.55 62.12 75.18 1100 

BC1  83.68 80.62 84.42 600 

 

The results showed that the samples with the least 

number of cycles (20 cycles), AC1 and BC1, are the 

thinnest and most transparent, and this is supported by 

many other research studies [36–38] 

The Tauc relation was used to calculate the optical 

bandgap energy for the relevant samples [39]. 

 

(𝛼ℎ𝑣)𝑛 = 𝐵(ℎ𝑣 − 𝐸𝑔)                        (2) 

Eg: optical gap energy 

α: absorption coefficient 

B: constant  

hʋ: energy of the incident photon. 

We have also used the mathematical formula:  

𝐸 =
ℎ.𝑐

𝜆
                                    (3) 

Where h is Plank’s constant, c is the speed of light, 

and λ is the absorption wavelength. 

 

In Figure 2, the variation of the entity (αhv)2 as a 

function of the photon energy (hv) and extrapolated the 

linear part of the curve and the intersection with the x-

axis (the point of the intersection between the linear 

part and the x-axis), we then deduced the gap energy 

values which are grouped in Table 4. The band gap 

energy of the ZnO thin films was greater than the 

average band gap energy of Eg = 3.26 eV reported for 

single crystal ZnO [40]. This figure agrees with the 

previously published value of Eg = 3.33 eV for Cobalt-

doped ZnO films [41]. Nonetheless, as the thickness of 

the film increased, there was a notable reduction in the 

optical bandgap energy of the ZnO thin film (see Table 

4). This drop was ascribed to changes in barrier height 

caused by crystallite size changes in polycrystalline 

films. 
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           Fig 2: The (αhυ)2 versus photon energy curves of ZnO thin  

                films deposited with different spray cycles: (a): from solution A 

                 and (b): from solution B 

 

Table 4 Bandgap and thickness values of spray 

pyrolysis deposited ZnO Thin films. 
sample AC1 AC2 AC3 BC1 BC2 BC3 

bandgap 

(eV) 

3.50 3.55 3.25 3.55 3.41 3.35 

Thickness  

(µm) 

0.44 0.82 1.0 1.30 1.79 1.81 

 

Figure 3 shows the evolution of deposited pure ZnO 

thin films thickness carried out employing a 

mechanical Profilometer. We notice an increase in the 

thickness of the ZnO thin films as a function of the 

number of spraying cycles. The ZnO film growth 

appears to be directly proportional to the number of 

sputtering cycles. The line of the best fit doesn't 

intersect with the origin, suggesting that there's a 

period of incubation during the initial stages of 

growth, where the grains merge and develop into the 

thin ZnO film. This period for nucleation/coalescence 

is commonly observed in spray pyrolysis 

procedures[42,43]. Based on this calibration, it was 

determined those 20 sputtering cycles (AC1) 

corresponds to a ZnO thickness of approximately 440 

nm, which is a typical value for use in TCO solar cells. 
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Fig 3: The relationship between the thickness of the ZnO 

   film and the two concentrations and the number of spraying cycles 

 

Structural Study  

In order to investigate the crystalline nature of the 

oxide films generated, we opted for sample C1 from 

solution AC1 (0.04 mol) for X-ray diffraction (XRD) 

assessment. 

Figure 4 depicts the XRD pattern obtained in an 

acquisition time set to 30 minutes, utilizing grazing 

incidence. The XRD pattern reveals seven distinct 

diffraction peaks in the ZnO thin film (AC1) at angles 

of  31.38°, 34.29°, 36.03°, 47.39°, 56.44°,  62.50° and 

67.97°, corresponding to the (100), (002), (101), (102), 

(110), (103) and (112) crystallographic planes, 

respectively. The XRD of the ZnO film indicates its 

polycrystalline nature, adhering to the hexagonal 

Wurtzite structure (Zincite Phase JCPDS 36-1451) 

[44,45]. Additionally, it exhibits a preferential 

orientation with the substrate aligned perpendicular to 

the c-axis. 
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          Fig 4: X-ray diffraction pattern as a function of 2θ of   ZnO thin 
            films (AC1) 
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For more insight into these structural modifications of 

the pure ZnO thin film, the mesh parameters "a" and 

"c," along with the unit cell volume "V," are calculated 

based on the Bragg relation[46] and utilizing the 

following formula: [47,48] 

 
2𝑑ℎ𝑘𝑙  𝑠𝑖𝑛𝜃 = 𝜆𝑛                             (4) 

1

𝑑ℎ𝑘𝑙
2 =

4(ℎ𝑘+ℎ2+𝑘2)

3𝑎2 +
𝑙2

𝑐2                         (5) 

𝑉 = 𝑎2𝑐                                   (6) 

 

The variables dhkl and n represent the inter-reticular 

distance and diffraction order (0,1,2…), respectively. 

The computed lattice parameters values are quite near 

to the values a = 0.32503 nm and c = 0.52074 nm for 

pure and stoichiometric ZnO derived from the RRUFF 

database, as shown in the table 5. 

The Deby-Schrrer formula [49], which is used a lot, 

was used to find the crystallite grain size (D) for the 

pure ZnO thin film. For the calculation, the numbers 

for the most intense peak of (002), (100), and (101) 

had to be found. The outcomes of this analysis are 

illustrated in table 5.     

𝐷 =
0.9λ

β cos θ
                                     (7) 

The equation involves the variables D, β, θ, and λ, 

which respectively indicate the average size of the 

crystallite, the full width half maximum (FWHM) 

measured in radians, Bragg's angle, and the 

wavelength of X-rays. The acquired results suggest 

that the crystalline grain size of pure ZnO thin film 

stands at an estimated 20.78 nm at (002), a value that 

appears to be reasonable when juxtaposed with 

findings from other studies conducted in this research 

domain (table 5) [50]. 

Micro-strain (ε) is a crucial attribute in nanostructured 

thin films, arising from crystalline imperfections that 

alter lattice constants. The strain (ε) and density of 

dislocations (δ) in the thin films were determined 

using the formulae [51,52]: 

ε =
𝛽𝑐𝑜𝑠𝜃

4
                                        (8) 

δ =
1

𝐷2                                           (9) 

The calculated value of ε and δ are shown in Table 5. 

Pure ZnO at (002) gave values of ε and δ, which were 

determined to be 9.55 and 2.314, respectively. 

 

Morphological study 

We present in figure 5 the images obtained by 

Scanning Electron Microscope of the Spray Pyrolysis.  
 

 

 

 

 

 

 

        Fig 5: SEM image of pure ZnO (AC1) spray pyrolysis 

         thin films 

 

Indeed, the surface morphology of the sample (AC1) 

seen by SEM shows roughness formed by grains of 

average size (50 nm (between 20 and 25 nm) 

randomly distributed on the substrate surface. 
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Elemental Analysis 

Energy dispersive X-ray (EDX) analysis was 

employed to investigate the elemental composition of 

the ZnO thin films. The corresponding results are 

detailed in Figure 6. From the results obtained we 

confirm the composition of our sample with the 

inspected presence of Zn and O peaks, the other 

elements observed belong to the elements of the 

composition of the glass substrate (Si, Mg, C, Al....) as 

the EDX analysis has a certain depth of analysis given 

by the depth of escape of the RX emitted as a result of 

the electronic impact. The EDX results show an excess 

of oxygen in the elementary evaluation due to the OH 

sites adsorbed on the surface of the ZnO films given 

that the analysis is carried out at ambient conditions in 

open air. 
 

                Fig 6: The result of EDX analysis of ZnO films deposited 

                by Spray pyrolysis 

 

4. Conclusion  

In this study, we fabricated pure ZnO thin film using 

the Spray Pyrolysis (SPD) method for potential 

photovoltaic applications. The resulting film AC1 

exhibited a hexagonal wurtzite structure with a 

transmittance exceeding 60.55% in the visible 

spectrum and bandgap energy of 3.50 eV. Notably, the 

film demonstrated a low resistivity of 4.85 10-2 Ω cm, 

an electron mobility of 5.87 cm2/Vs, and a thickness 

of 440 nm. When compared to different levels of ZnO, 

films created by the spray pyrolysis method provide 

reliable performance for optoelectronic devices. 

This experimental approach has shown the possibility 

of developing structures presenting considerable 

transparency and electrical conductivity compromises 

without resorting to metallic doping. 

These results pave the way for the development of 

structures and stable devices while avoiding the 

damage caused by the presence of doping elements 

characterized by diffusion within the structures. This 

approach also promotes the manufacturing of cost 

effective devices by avoiding the consumption of 

metallic elements and the simplification of 

manufacturing processes.  
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