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ABSTRACT 

Aluminium doped zinc oxide (AZO) thin films were produced by spray pyrolysis on glass substrates at the 

substrate temperature of 573 K and the X-ray diffraction analysis confirmed the nanocrystalline nature of the 

film with a hexagonal wurtzite structure and (002) preferred orientation. Surface morphology reveals that the 

deposited film is uniformly distributed over the glass substrate with absence of any voids or cracks. The optical 

band gap (Eg) of the AZO films was found to be 3.32 eV, the resistivity (ρ) of the AZO films was of the order 

of 4.21×10-3 Ω cm and the transmittance reaching maximum value of 80.17%, which is reasonably good and 

desirable for transparent conducting oxide applications.  
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INTRODUCTION 

ZnO, the hexagonal wurtzite structure zinc oxide semiconductor, has interesting optical, electrical and 

piezoelectric properties, while being a wide band gap semiconductor. It is highly transparent in the visible 

spectrum, chemically stable and has tuneable electrical conductivity and has thus been the subject of much 

interest in other applications like solar cells, transparent electrodes, light emitting devices, thin-film 

transistors, sensors and other optoelectronic devices [1–15]. The electrical conductivity of undoped ZnO is, 

however, relatively low for many applications of transparent electrodes, and is highly sensitive to intrinsic 

defects and non-stoichiometry. Thus, controlled doping has been extensively studied for the improvement of 

its electrical properties without sacrificing the high optical transparency. 

In the various dopants used for the ZnO, Al-doped ZnO (AZO) is attractive due to its high electrical 

conductivity, the ability of being transparent in the visible range and low material cost, non-toxicity and 

elemental abundance. The incorporation of Al into the ZnO lattice may affect the carrier concentration, 

crystallinity, optical band gap and electrical transport characteristics of the semiconductor [17, 18]. The 

properties of AZO render it a promising alternative to the traditional transparent conducting oxides like indium 

tin oxide and fluorine doped tin oxide [19–24] without using indium. The high optical transmission and 

sufficiently low electrical resistivity is especially significant for the transparent conducting applications, which 

however is strongly dependent on Al concentration, deposition conditions, microstructure and post deposition 

treatment. 

Thin films of AZO have been produced by various physical and chemical deposition methods. For the Al 

doped ZnO, films prepared by RF magnetron sputtering were highly conducting and transparent by Jayaraj et 

al. [25] and the films prepared from SILAR technique by Mondal et al. [26] showed improved c-axis 

orientation and low resistivity after the Al was incorporated in the films. The effects of annealing temperature 
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on the crystallisation and physical properties of AZO nanoparticles were reported by Chen et al. [27] while 

the effects of Al doping on the optical and electrical properties of spray-pyrolysed ZnO films were reported 

by Alaeddine et al. [28]. The ability of AZO to detect humidity, CO, flexible pressure sensors, and thin-film 

solar cells transparent electrodes has been demonstrated in other studies [29–32]. These investigations show 

the versatility of AZO but also suggest that its properties are very much dependent on the route of synthesis 

and the processing parameters. 

The spray pyrolysis is of particular interest among the deposition methods, due to the ease of the experimental 

set-up of the process, its relatively low equipment investment, simple compositional control and the possibility 

of large area coating. Kaid and Ashour [33] spray pyrolysed AZO films on glass, and found that the ZnO films 

were polycrystalline hexagonal films with visible transmittance 90%–95% and optical band-gap values of 

3.30–3.55 eV, which depends on the thickness of the film. Ambedkar et al. [34] studied the effect of Al 

concentration on spray-pyrolysed AZO films and found the preferential growth of (002) planes, along with 

the significant variation in the morphology, optical band gap, lattice strain and thermoelectric properties. 

Hazmin et al. [35] have investigated low-temperature spray deposition of AZO on Teflon substrate and showed 

that the spray parameters affect the structural and optical properties. AL-Arique et al [36] recently studied the 

effect of annealing temperature on the crystallite size and surface morphology for ZnO and AZO films on 

glass, and observed variations in the optical transmittance and band gap. 

Although these investigations have been performed, it is still essential to find a proper crystallinity–optical 

transparency–electrical conductivity compromise with a simple and economic spray-pyrolysis process for the 

development of AZO as a transparent conducting oxide without indium. So far, most of the studies have 

focused on single processing parameters that include Al concentration, substrate temperature, spray process 

parameters, and film thickness or annealing process after the deposition [28, 33-36]. These parameters can 

affect the crystallographic orientation, crystallite properties, surface morphology, optical absorption and 

charge transport simultaneously, and the interrelationships among these must be further investigated under 

defined deposition conditions. For this reason, a comprehensive characterization of the structural, 

morphological, optical and electrical properties of AZO growth on glass at moderate substrate temperatures 

could be useful to evaluate the possibility of using AZO as a transparent conducting material. 

Thus, the present work examines the deposition of AZO thin films with spray pyrolysis at 573 K on glass 

substrates. The study illustrates the relationship between structural and morphological properties of the 

deposited film and its optical and electrical properties focusing on crystallographic orientation, surface 

morphology, optical transmittance, optical band gap and electrical resistivity. The prepared film has a 

hexagonal wurtzite structure with a preferentially orientation, which is compact granular morphology, optical 

band gap of 3.32 eV, maximum optical transmittance of about 80.17±0.92% and electrical resistivity of 

4.21×10⁻³ Ωcm. The two parameters analyzed together give an idea of the feasibility of spray-pyrolysed AZO 

as a cost-effective and indium-free transparent conducting material for optoelectronic applications. 

Experimental details  

The zinc acetate dihydrate (Zn (CH₃COO)₂·2H₂O) was used as a source of zinc oxide (ZnO) compound, 

aluminium nitrate nonahydrate (Al (NO₃)₃·9H₂O) was used as a source of aluminium as a dopant, methanol 

(CH₃OH) was used as a solvent, and double distilled water was used to clean glass slides used in the ultrasonic 

bath. 

 A solution of zinc acetate was obtained by dissolving 0.2 M of zinc acetate dihydrate in methanol. The solution 

was stirred for 20 min at room temperature. The substrate temperature was kept at 573K (± 5K), spray rate 

5mL/min, distance between nozzle and substrate 30cm with nozzle diameter of 0.5mm. The correct quantity 

of aluminium nitrate was added to obtain 1at% Al doping in ZnO.  

The gravimetric method was used for measuring the thin film thickness of the deposited film [37]. The 

deposited aluminium doped zinc oxide thin films were analysed by using X-ray diffractometer (Philips PW 

1710) with Cu Kα radiation of wavelength 1.5405 Å. A JOEL 6380A was utilized for obtaining scanning 

http://www.rsisinternational.org/


www.rsisinternational.org 
Page 529 

    INTERNATIONAL JOURNAL OF LATEST TECHNOLOGY IN ENGINEERING,  

                                                                         MANAGEMENT & APPLIED SCIENCE (IJLTEMAS)  

ISSN 2278-2540 | DOI: 10.51583/IJLTEMAS | Volume XV, Issue VIII, August 2026 

   

 

electron microscopy data of the films. The Lambda 25 UV-Vis spectrophotometer (PerkinElmer) was used for 

optical absorption studies at normal incidence between the wavelengths of 300-950 nm. The electrical 

resistivity of the films was measured by the two-point probe method in the temperature range of 303-513K 

and the films were found to be dark. Thermo-emf voltage was measured across the film to determine the type 

of conductivity of aluminium doped zinc oxide thin film. 

RESULTS AND DISCUSSION 

4.1 Structural Studies 

The X-ray diffraction pattern of AZO thin film (Figure 1), grown at 573K is polycrystalline hexagonal 

wurtzite.  

 

Figure 1: XRD pattern of aluminium doped zinc oxide thin films 

The major diffraction peaks are seen at 31.748°, 34.518° and 36.362°, representing the (100), (002) and (101) 

crystallographic planes, respectively. In these reflections the (002) peak is the strongest, suggesting 

preferential orientation of the crystallites in the c-axis direction.  

Table 1: Comparison of observed and standard XRD data of AZO thin films (JCPDS card 36-1451) 

 

Film 

Observed data Standard data  

h k l 

 

phase 2θ (degree) d (Å) 2θ (degree) d (Å) 

AZO 

31.748 

34.518 

36.362 

47.560 

56.680 

67.898 

2.821 

2.591 

2.329 

1.890 

1.611 

1.361 

31.770 

34.422 

36.253 

47.539 

56.600 

67.960 

2.814 

2.603 

2.476 

1.911 

1.625 

1.358 

1 0 0   

0 0 2 

1 0 1  

1 0 2   

1 1 0 

1 1 2   

Hexagonal 

Hexagonal 

Hexagonal 

Hexagonal 

Hexagonal 

Hexagonal 
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Other diffraction peaks, at higher diffraction angles, are also seen for the (102), (110) and (112) planes at 

47.560°, 56.680° and 67.898°, further confirming the formation of the wurtzite ZnO structure. In this 

representative pattern, the additional prominent peaks of secondary phases are not taken into consideration 

indicating a single-phase structure of AZO. The strong (002) orientation may be due to the growth of ZnO 

crystallites which favor the (002) crystal plane under the spray-pyrolysis conditions. The crystallite size was 

found to be 21.9 nm by using FWHM data and Debye Scherer’s formula [37].  

                                                      d = 
Kλ

βCosθ
                                                    (1) 

The shape factor ‘K'’ is equal to 0.94, β is the angular line width at half maximum intensity, θ is the Bragg’s 

angle and λ is the wavelength used.  

4.2 Surface Morphology Studies 

Spray Pyrolyzed AZO thin films were investigated using scanning electron microscopy (SEM). The SEM 

image (Figure 2), shows a uniform and dense surface structure with an even layer of material covering the 

substrate.  

 

Figure 2: SEM image of aluminium doped zinc oxide thin films 

The film is composed of uniformly distributed fine grains which are tightly packed and are continuous over 

the surface. There are no cracks, pinholes or voids observed, which suggests high quality film and strong 

adhesion to the glass substrate. The uniform grain distribution indicates good nucleation and growth in the 

spray pyrolysis process, which means the microstructure is dense. This small morphology is advantageous for 

minimizing carrier scattering at grain boundaries and increasing electrical conductivity while retaining good 

optical transparency needed for transparent conducting oxide applications. 

4.3 Electrical Studies 

Electrical properties of the AZO thin films were studied via I–V and temperature dependent resistivity 

measurements. The current increases with the applied voltage with an approximately linear I–V response 

suggesting a predominantly ohmic response, as illustrated in Figure 3. The resistivity of AZO film was 

4.12×10−3 Ωcm.  This relatively low resistivity may be explained by the introduction of Al³⁺ ions into the 

lattice of ZnO which gives additional charge carriers and thus improves the conductivity.  
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Figure 3: I-V characteristic of aluminium doped zinc oxide thin films 

The resistivity is calculated using the formula,  

                                                             ρ =  ρoe
Ea

KT
                                                       (2) 

where ‘ρ’ is the electrical resistivity. ‘ρo’ is a constant, ‘K’ is the Boltzmann constant (1.38×10-23 J/k) and ‘Ea’ 

is the activation energy needed for conduction.   

The variation of logρ with 1/T is shown in the figure 4, which shows that, logρ decreases with increasing 1/T 

which means that resistivity decreases with temperature. This is also a negative temperature coefficient of 

resistivity which confirms the semiconducting nature of the AZO film and indicates thermally activated charge 

transport.  

 

Figure 4: Variation of Log of resistivity with 1/T of aluminium doped zinc oxide thin films 

The relatively low electrical resistivity with high optical transparency indicates the promising AZO films as 

transparent conducting materials for optoelectronic applications. 
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4.4 Thermo-emf Studies 

The experimental results indicate almost monotonic increase of thermo-emf with temperature. The thermo-

emf increases relatively slowly at low temperatures (303–400 K), and sharply above about 400 K. The 

temperature dependent charge transport characteristics of the AZO thin film were examined by performing 

thermo-emf studies (Figure 5). The thermo-emf of cells increased with temperature from 0.22eV at 303 K to 

6.23eV at 483 K, which shows that the response of thermoelectric response increases with temperature. 

 

Figure 5: Variation of thermo-emf (mV) with temperature difference of aluminium doped zinc oxide thin films 

The almost linear relationship of thermo-emf vs temperature having an R² nearly close to 0.985 implies there 

is a strong temperature dependent response to thermoelectric response. An Arrhenius plot was used to estimate 

the activation energy. The activation energy value obtained from the slope of the fitted linear region was 

around 0.198eV (≈ 0.20 eV), which showed that the charge-carrier transport in the AZO film was thermally 

activated. 

4.5 Optical Studies 

The aluminium doped zinc oxide thin film was studied in the wavelength range of 300-950 nm for its optical 

absorption properties.  

  

Figure 6: Variation of optical absorption vs. wavelength of aluminium doped zinc oxide thin films 
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The absorption coefficient was strongly wavelength dependent and reached a maximum value of ~2.7 in the 

near-UV. From 420 nm to longer wavelengths, the absorption coefficient did not increase significantly, and 

was as small as ~0.10 at ~640 nm. The increased absorption in the UV region is due to the basic electronic 

transitions occurring near the absorption edge, and the drop in absorption in the visible region is in line with 

the excellent optical transparency of the AZO films.  

 

Figure 7: The plots of (αhυ)2 vs. hυ of deposited aluminium doped zinc oxide thin films 

The variation of the optical absorption parameter (αt) with wavelength is shown in Figure 6. The value of αt 

decreases markedly with increasing wavelength, indicating strong optical absorption in the shorter-wavelength 

region and comparatively weak absorption in the visible-to-near-infrared region. To indicate the uncertainty 

associated with the UV–Visible measurement, error bars were included in the αt values. Assuming an 

absorbance uncertainty of ±0.005 AU, the corresponding uncertainty in αt was estimated using αt = 2.303A, 

giving Δ(αt) = 2.303ΔA≈±0.0115. The error bars therefore represent the estimated instrumental uncertainty 

rather than the standard deviation of repeated measurements. 

The optical band gap (Figure 7) of the film was found to be of the order 3.32eV which is estimated by the 

Tauc relation in the case of a direct allowed transition [38], 

                                                     (αhυ)
1

n  = A (hυ - Eg)                                                   (6.2) 

Where ‘α’ is absorption coefficient, A is constant, ‘hυ’ is photon energy and ‘Eg’ is the optical band gap 

energy. The exponent ‘n’ depends on the nature of the transition, n=1/2, 2, 3/2 or 3 for allowed direct, allowed 

direct, forbidden direct or forbidden indirect transitions, respectively. 

4.6 Transmittance Studies 

To determine the optical properties and bandgap of aluminium doped zinc oxide thin film UV–visible 

spectroscopy was carried out (Figure 8). The optical transmittance spectrum of the AZO thin film was obtained 

in the wavelength range of 300-950 nm. The film was found to have good absorption at the U-V region, and 

up to 380 nm, the transmittance was less than 6% and increased sharply toward visible region. The optical 

transmittance increased from 12.47% at 400 nm to 59.29% at 620 nm and reached a maximum value of 80.17% 

at 640 nm. There was moderate transmittance fluctuation beyond 640nm then the overall increase in 

transmittance toward the near infra-red region of 79.07% at 950nm. Intrinsic absorption close to the 

fundamental absorption edge, optical interference phenomenon and scattering due to the surface morphology 

0

100

200

300

400

500

600

700

800

900

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 4.2 4.4

(α
h

υ
) 

×
1

0
-8

eV
/c

m
)2

hυ (eV)

http://www.rsisinternational.org/


www.rsisinternational.org 
Page 534 

    INTERNATIONAL JOURNAL OF LATEST TECHNOLOGY IN ENGINEERING,  

                                                                         MANAGEMENT & APPLIED SCIENCE (IJLTEMAS)  

ISSN 2278-2540 | DOI: 10.51583/IJLTEMAS | Volume XV, Issue VIII, August 2026 

   

 

of the AZO film have been found to be associated with these spectral variations. The highest transmittance 

value obtained was 80.17 ± 0.92%, which is acceptable for TCO applications. 

 

Figure 8: Variation of optical transmittance vs. wavelength of deposited aluminium doped zinc oxide thin films 

Error bars are the instrumentally estimated uncertainty obtained by propagating the adopted photometric 

uncertainty of the UV–Visible spectrophotometer through the absorbance–transmittance relationship. The 

uncertainty estimation in this case allows us to write the maximum transmittance at 640 nm as 80.17 ± 0.92%. 

CONCLUSIONS 

To achieve the aluminium-doped zinc oxide (AZO) thin film, the spray pyrolysis technique was successfully 

used on glass substrates at 573 K. The structural analysis proved that the nanocrystalline AZO phase was 

formed with a hexagonal wurtzite structure and preferential orientation along the (002) plane. The films had 

an even, dense granular structure with very few voids. The optical band gap was found as 3.32 eV and the 

electrical resistivity of it was found as 4.21×10−3 Ω cm. High optical transmittance, of the order of 80.17 ± 

0.92%, was noticed in the visible region. The excellent optical transparency along with wide band gap and 

appropriate electrical conductivity indicate that the AZO is a potential indium-free TCO material. Moreover, 

the process of spray pyrolysis has merits of simple processing, comparatively low equipment price, easy 

control of deposition parameters and the ability to process on large area substrates, thus suggesting the 

possibility of using large area substrates for the scalable and cost-effective production of AZO coatings. 

Therefore, spray-pyrolysed AZO thin films have great potential to be used as transparent electrodes in 

optoelectronic and other device applications. 
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