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Abstract: Zinc oxide (ZnO) and Aluminium-doped zinc oxide 

(AZO) thin films were successfully synthesized using the sol-gel 
spin coating technique. The synthesis of pure phase of ZnO thin 
films with Polycrystalline-hexagonal wurtzite structure and 
characterized by lattice parameters (a=3.194Ao and c=5.194Ao) 
using XRD analysis. There is No significant changes in phase 
structure were observed upon aluminium doping. The crystallite 
size, lattice constants, and strain remained nearly unchanged with 
increasing Al concentration, suggesting that Al ions substitute 
interstitially at Zn sites in the ZnO lattice an inference supported 
by EDX analysis. surface morphology Al doping levels up to 3 wt% 
to 5 wt% films exhibited a nanowire-like structure and reduction 
in grain size that indicates aluminium incorporation influences the 
film's growth and surface characteristics.  UV-Vis Spectroscopy 
results indicate that the optical band gap of ZnO thin films 
decreases from 3.288 eV in the undoped state to 3.178 eV with 
increasing Al doping concentration. 

 
Keywords: Zinc oxide (ZnO), Aluminium doped Zinc oxide 

(AZO), Thin films, Sol-gel. 

1. Introduction 
Metal oxides are inorganic crystalline solid structure this 

material contains a metal cation and oxide anion (O2-). When 
synthesized as nanoparticles the behaviour is altered by their 
increased surface area, high reactivity and quantum 
confinement effect. The metal oxides exhibit both acidic and 
basic properties. Because of their wide-ranging chemical and 
physical properties, many metal oxides like ZnO, TiO2, SnO2, 
and ZrO2 are widely used in developing bio polymers, sensors 
and biosensors [1]. The presence of cation (metal) and oxygen 
vacancies in deposited metal oxide thin films is beneficial for 
various transparent conducting applications [ 2]. In recent 
years, material science research has heavily focused on wide 
band gap semiconductors, with Zinc Oxide (ZnO) emerging as 
a prominent n-type material. Because ZnO films are n-type 
semiconductors with optical transparency in the visible range, 
they've become a prime target for developing various electronic 
and optoelectronic devices. This includes applications such as 
transparent conductors, solar cell windows, gas sensors, and 
surface acoustic wave devices [3]. Aluminium doped zinc oxide 
(AZO) thin films are n-type semiconductors with a wide band  

 
gap of 3.3 eV. While pure ZnO films exhibit high transmittance 
in the visible and near-ultraviolet spectra, low thermal stability 
in air due to thermal edging. AZO, however, is a highly 
insoluble and thermally stable.  Aluminium source, making it 
suitable for applications involving glass and ceramics [4]. The 
aluminium doped zinc oxide can exist in both crystalline and 
amorphous forms, depending on the deposition condition and 
post deposition treatments with molecular formula Znl-XAlxO.   
The aluminium doped zinc oxide insoluble in water, molecular 
mass 95.87g/mol, density is 5.8- 6.0g/cm, melting and boiling 
point (18000 C to 2200OC), odourless substance. The band gap 
ranging from 3.2 to 3.8eV, Refractive index is 1.9 to 2.1, lattice 
constant (a=3.2568A0 and c=5.2l08A0). Finally, the exciton 
binding energy of aluminium doped zinc oxide is 50-70MeV 
[5]. Aluminium-doped zinc oxide (AZO) is hexagonal wurtzite 
crystal structure form under stable ambient conditions, both 
zinc (Zn) and aluminium (Al) atoms are tetrahedrally bonded to 
four oxygen atoms. The material's lattice symmetry, 
characterized by its 6mm point group, gives rise to both 
piezoelectricity and pyroelectricity in hexagonal AZO. While 
AZO exhibits relatively weak piezoelectricity, its ionic nature 
allows its planes to carry electric charges [6]. The multi-layered 
AZO thin films can increase the electrical properties of films 
optimised multi layered AZO films can be designed to achieve 
low resistivity and high transparency making it suitable for 
application in solar cells and light emitting diodes. the sol-gel 
process is one of the attractive techniques for film deposition. 
The thin films by sol-gel technique have good homogeneity, 
excellent composition control with good electrical and optical 
properties [7]. 

2. Materials and Methods 

A.  Materials 
Zinc acetate dihydrate (Zn(CH3COO)2·2H2O), Aluminium 

nitrate (Al(NO3)3·9H2O), 2-Methoxy ethanol 
(CH3OCH2CH2OH), Mono-ethanol amine (HOCH2CH2NH2) 
were obtained from SRL Pvt. Ltd. Ethanol (EtOH) was received 
from Merck. The above chemicals were used in Aluminium 
doped zinc oxide thin film synthesis. Aluminium-doped zinc 
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oxide (AZO) nano thin films are widely researched due to their 
excellent electrical, optical, and structural properties. 
Aluminium-doped zinc oxide (AZO) is a transparent 
conducting oxide (TCO) where a small percentage of Zn²⁺ ions 
are replaced by Al³⁺. This improves the conductivity and 
sometimes the transparency of the ZnO film. They're used in 
various applications such as Solar cells (as TCO layer), Gas 
sensors, Photodetectors, LEDs and display technologies, UV-
blocking coatings. 

B.  Experimental Details 

 
Fig. 1.  Step-by-step schematic of nanocrystalline aluminium doped zinc oxide 

thin films 
 

The multi-step sol-gel spin coating process for synthesizing 
nanocrystalline Aluminium doped Zinc Oxide (AZO) thin 
films. This cost-effective method begins with solution 
preparation, where Zinc Acetate Dihydrate is used as the Zinc 
precursor and Aluminium Nitrate as the dopant. Varying the 
amount of Aluminium Nitrate allows for precise control of 
doping concentrations at 1%, 2%, and 3%. These precursors are 
dissolved in 2-methoxyethanol, with Monoethanolamine 
(MEA) acting as a stabilizer to prevent premature precipitation. 
After stirring at 800 RPM for 30 minutes, the solution is aged 
to increase its viscosity. The deposition process involves 
dispensing the sol onto a pre cleaned glass substrate, which is 
then spun at 2000 RPM for 60 seconds to form a thin, uniform 
film. The entire deposition to drying process is repeated 10 
times to achieve the desired thickness. The films are then pre 
annealed at 2000C for 10 minutes and finally subjected to a 
higher temperature annealing step at 5000C for 2 hours to fully 
crystallize the film into a wurtzite structure and optimize its 
electrical and optical properties [8], [9]. 

C. Instrumentation 
As-synthesized nanocrystalline Aluminium doped Zinc 

Oxide thin films were characterized for their structural and 
optical properties. Structural analysis was carried out using X-
ray diffraction with a Malvern PANalytical X’Pert PRO MPD 
system. The SEM analysis was carried out using a JEOL JSM-

IT200 equipped with SE and BSE detectors at an accelerating 
voltage of 15 kV and a working distance of 10 mm under high-
vacuum conditions. Non-conductive samples were carbon-
coated and elemental composition was determined using an 
EDS detector (SDD, 30 mm²). Optical absorbance and 
transmittance spectra were measured using a UV-Visible-NIR 
spectrometer (USB4000-XR, Ocean Optics) in the wavelength 
range 200–1000 nm with a step size of 0.25 nm. 

3. Results and Discussion 

A. XRD Analysis 

 
Fig. 2.  X-ray diffraction analysis of pure and aluminium-doped zinc oxide 

thin films 
 

The XRD patterns confirm a polycrystalline hexagonal 
wurtzite crystal structure, with primary peaks at the (100), 
(002), and (101) planes. This is consistent with JCPDS card 36-
1451. The analysis of the Full Width at Half Maximum and 
peak intensity reveals a direct correlation with precursor 
concentration and an inverse relationship with doping 
concentration. For pure ZnO, an increase in sol concentration 
leads to a decrease in FWHM and a corresponding increase in 
peak intensity, indicating improved crystallinity. Conversely, 
for Al-doped ZnO (AZO) films, an increase in doping 
concentration causes a decrease in peak intensity, as shown by 
the drop from above 600 nm for pure ZnO to below 550 nm for 
the 5% AZO film [10]. 

B. SEM Analysis 
Scanning Electron Microscopy (SEM) analysis of pure and 

Aluminium doped Zinc Oxide (AZO) thin films on glass 
substrates reveals a significant evolution in their surface 
morphology. Initially, pure ZnO films exhibit and will defined 
surface morphography. However, with the incorporation of 
aluminium dopants, the films become more crystalline and their 

Table 1 
Structural parameters of pure and Al doped ZnO thin film 

Sample Crystaline size (D) Dislocation density (1/D)21015 line/m2 Micro strain10-3 Lattice parameter (A0) Cell volume (A)3 
 (nm)   a=b c  
Pure (0.5M) ZnO 16.96 2.68 0.685 3.19 5.555 49.70 
1%ZnO 13.39 5.071 0.8115 3.192 5.184 46.480 
3%ZnO 19.08 6.859 0.814 3.192 5.18 46.44 
5%ZnO 23.65 4.931 0.814 3.194 5.194 46.62 
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structure transforms into visible nanowires. As the aluminium 
concentration continues to increase, the average diameter of 
these nanowires decreases, directly illustrating the 
morphological changes induced by the dopant [11]. 
 

 
Fig. 3.  SEM images of pure and Al doped ZnO thin film 

 
1) EDX Analysis 

 
Fig. 4.  EDX images of pure and Al doped ZnO thin film 

 
Table. 2 

Elemental composition of AZO thin films 
Doping Concentration Element Weight (%) Atomic (%) 
0% (Pure 0.5 M) Zinc 76.76 44.71 
 Oxygen 23.24 55.29 
 Aluminium - - 
1% AZO Zinc 75.83 43.64 
 Oxygen 23.67 55.67 
 Aluminium 0.49 0.69 
3% AZO Zinc 71.97 38.87 
 Oxygen 27.22 60.07 
 Aluminium 0.81 1.06 
5% AZO Zinc 74.03 41.64 
 Oxygen 24.55 56.42 
 Aluminium 1.42 1.94 

 
The elemental analysis of the film exposed a composition of 

1.94% Aluminium, 41.64% Zinc, and 56.42% Oxygen. As the 

doping concentration increased, a higher oxygen content was 
observed. This increase can be attributed to several factors, 
including the replacement of Zn2+ ions by Al3+ ions, a reduction 
in oxygen vacancies, increased oxygen adsorption, and the 
formation of Al-O bonds. These changes have significant 
consequences for the film's properties. The increased oxygen 
content enhances the film's transparency, reduces oxygen 
vacancies to improve electrical conductivity, and alters the band 
structure, which affects both its optical and electrical 
characteristics. Furthermore, the enhanced oxygen content can 
improve the film's reactivity [12]. 

C. UV–Visible Absorption Measurements 

 
Fig. 5.  UV–Visible absorbance spectra of pure and Al doped ZnO thin film 

 
The UV-Vis absorption spectra of pure and aluminium doped 

zinc oxide (ZnO) thin films in the wavelength range of 300–800 
nm demonstrate a clear increase in absorption wavelength 
(redshift) with rising Al doping concentrations. In the undoped 
ZnO thin films, the absorption edge occurs at a shorter 
wavelength, indicating a wider optical band gap. However, as 
the concentration of Al dopant increases, the absorption edge 
progressively shifts toward longer wavelengths. This shift 
signifies a narrowing of the optical band gap, primarily due to 
the incorporation of Al³⁺ ions into the ZnO lattice. The 
substitution of Zn²⁺ with smaller Al³⁺ ions introduce additional 
free carriers and structural defects such as oxygen vacancies, 
which in turn create localized states near the band edges. These 
defect states facilitate band tailing and reduce the effective band 
gap energy, resulting in enhanced absorption at longer 
wavelengths. This trend confirms the successful tuning of 
ZnO's optical properties through Al doping, making the 
material more responsive to visible light and suitable for 
applications in transparent electronics and optoelectronic 
devices [13]. 
1) UV-Vis Transmittance Spectral Studies 

UV-Vis transmittance spectra of pure and Al-doped ZnO thin 

Table 3 
Direct and indirect energy band gap values of pure and Al-doped ZnO thin films 

Optical parameters Wavelength (nm) Direct band gap (eV) Indirect band gap (eV) 
Pure ZnO 352.95 3.288 3.19 
1% ZnO 353.07 3.28 3.183 
3% ZnO 354.70 3.26 3.137 
5% ZnO 355.33 3.178 3.067 
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films (300–800 nm) show a gradual decrease in transmittance 
with increasing Al concentration. Undoped ZnO films exhibit 
high transparency (>80%) in the visible range, while Al doping 
results in the generation of free carriers and defect states (e.g., 
oxygen vacancies), leading to enhanced absorption and 
scattering. This causes reduced transmittance, indicating that 
higher Al doping affects the optical clarity of ZnO films, which 
is critical for transparent optoelectronic application [14], [15]. 
 

 
Fig. 6.  UV-Vis transmittance spectra of pure and Al-doped ZnO 

 
2) Optical Band Gap 

 
Fig. 7.  Tauc Plots for Optical Band Gap Determination of pure and Al-doped 

ZnO 
 

The optical band gap of pure and Al-doped ZnO thin films 
was determined using Tauc’s relation from the UV-Vis 
absorption spectra. Both direct and indirect band gaps were 
evaluated by plotting (𝛼𝛼ℎ𝜈𝜈)2 and (αhν)½ as a function of photon 
energy (hν), respectively [16], [17]. 

The analysis indicates that the band gap decreases with 
increasing Al doping concentration. Specifically, the direct 
band gap decreases from 3.25 eV (undoped) to 3.20 eV (highest 
doping level), while the indirect band gap declines more 
significantly from 3.02 eV to 2.83 eV. This reduction in band 
gap is mainly due to the rise in carrier concentration and defect 
states caused by Al incorporation, which modify the band 
structure and cause a shift in the absorption edge. These results 
indicate that Al doping effectively adjusts the electronic 

properties of ZnO [18]-[20]. 

4. Conclusion 
Aluminium doped ZnO thin films were fabricated by the sol-

gel spin coating method. AZO thin films of different doping 
concentration and aging were obtained by 10 cycle spin coating 
of Zinc acetate films followed by annealing at a temperature of 
5000C.The obtained values of XRD shows the crystalline size 
goes on decreases on increase in doping concentration. The 
same micro strain value and lattice parameter is a 3.19 A0 and 
c is 5.19 A0. Cell volume will be (46 A0)3, intensity value 
decreases as well as increase in the doping concentration. The 
SEM image revealed that the structure of ZnO become in nano 
behaviour with Al-doping up to 5%wt, which indicated that the 
optimum condition makes these materials promising to use in 
many optoelectronic applications. EDAX results tells the purity 
of the materials. U-V results shows that the wavelength 
increases with increase in the doping concentration. Both direct 
and indirect bond gap values decrease with increase in doing 
concentration, and it can be absorbed various applications in 
photovoltaics, window materials, solar cells etc. optical 
transmittance of pure ZnO thin films is grater than 80% in the 
visible region and it’s decreased with decreasing of Al-doping. 
The optical direct band gap energy of ZnO thin film decreased 
from 3.28 eV to 3.178eV with increase in Al doping. Also, 
optical indirect band gap energy of ZnO thin films decreased 
from 3.183eV with increase in Al doping. Optical indirect band 
gap energy of ZnO thin films decreased from 3.183 eV to 3.067 
eV with increase in Al doping.  

References 
[1] Manzano CV, Philippe L, Serrà A. Recent progress in the electrochemical 

deposition of ZnO nanowires: Synthesis approaches and applications. 
Critical Reviews in Solid State and Materials Sciences. 2022 Sep 
3;47(5):772-805. 

[2] Rajendrachari S, Taslimi P, Karaoglanli AC, Uzun O, Alp E, Jayaprakash 
GK. Photocatalytic degradation of Rhodamine B (RhB) dye in waste 
water and enzymatic inhibition study using cauliflower shaped ZnO 
nanoparticles synthesized by a novel One-pot green synthesis method. 
Arabian Journal of Chemistry. 2021 Jun 1;14(6):103180. 

[3] Quadri TW, Olasunkanmi LO, Fayemi OE, Solomon MM, Ebenso EE. 
Zinc oxide nanocomposites of selected polymers: synthesis, 
characterization, and corrosion inhibition studies on mild steel in HCl 
solution. ACS omega. 2017 Nov 29;2(11):8421-37. 

[4] Shashanka R. Investigation of optical and thermal properties of CuO and 
ZnO nanoparticles prepared by Crocus Sativus (Saffron) flower extract. 
Journal of the Iranian Chemical Society. 2021 Feb;18(2):415-27. 

[5] Elshafie HS, Osman A, El-Saber MM, Camele I, Abbas E. Antifungal 
activity of green and chemically synthesized ZnO nanoparticles against 
Alternaria citri, the causal agent citrus black rot. The Plant Pathology 
Journal. 2023 Jun 1;39(3):265. 

[6] Moussa NM, Ebrahim FM, Adly K, Hassaan MY. Chromium doped ZnO 
nanoparticles for energy storage, gas and humidity sensing and spin based 
electronic devices applications. Optical and Quantum Electronics. 2022 
Nov;54(11):683. 

[7] Songpanit M., Boonyarattanakalin K., Pecharapa W., Mekprasart W., 
ZnO nanostructures synthesized by one-step sol-gel process using 
different zinc precursors. Journal of Metals, Materials and Minerals. 2024. 

[8] Isawi H, El-Sayed MH, Feng X, Shawky H, Mottaleb MS. Surface 
nanostructuring of thin film composite membranes via grafting 
polymerization and incorporation of ZnO nanoparticles. Applied Surface 
Science. 2016 Nov 1;385:268-81. 

[9] Greeesan R, Jegan J, Kannaki S, Dineshkumar S, Kayalvizhi A. 
Investigations on ZnO reinforced composite materials for electronic 



Shalini et al.  International Journal of Research in Engineering, Science and Management, VOL. 8, NO. 8, AUGUST 2025 56 

applications–a review. Materials Today: Proceedings. 2023 Jan 1;74:57-
9. 

[10] Vanaja A, Rao KS. Effect of Co doping on structural and optical 
properties of zinc oxide nanoparticles synthesized by sol-gel method. 
Advances in Nanoparticles. 2016 Feb 4;5(1):83-9. 

[11] Mahmood A, Maqsood A, Abdi A. Effect of manganese doping on the 
structural, mechanical, optical, and magnetic properties of zinc ferrite 
nanoparticles. Physica Scripta. 2022 May 25;97(6):065707. 

[12] Sandeep S, Koteswara Rao C, Vijay Rajesh A, Sruthi T, Surya Prakash 
DV. Studies on characterization and optimization parameters of zinc 
oxide nanoparticles synthesis. Int. J. Curr. Res. Rev. 2022 Feb;14:6-11. 

[13] Chithra MJ, Pushpanathan K. Thermal, structural and optical 
investigation of Cu-doped ZnO nanoparticles. Modern Physics Letters B. 
2016 Dec 10;30(34):1650406. 

[14] Moussa NM, Ebrahim FM, Gomaa HM, Adly K, Hassaan MY. Influence 
of aluminum cations on the structural, optical and electrical properties of 
ZnO nano powder. Egyptian Journal of Chemistry. 2022 Dec 
1;65(132):443-53. 

[15] Shweta, Pal K, Thapa KB. Synthesis and characterization of ZnO nano-
particles for solar cell application by the cost effective co-precipitation 
method without any surfactants. InAIP Conference Proceedings 2019 Aug 
29 (Vol. 2142, No. 1, p. 030008). AIP Publishing LLC. 

[16] Amruth B.A., Kushala C., Vaibhavi J.G., Rashmi V., Sanjay K.R., A 
Mini-review on Properties and Applications of Zinc Oxide Nanoparticles, 
Current Nanomaterials; 2025 Jun;10(2):93-101. 

[17] Typek J, Guskos N, Zolnierkiewicz G, Sibera D, Narkiewicz U. 
Magnetometric study of ZnO/CoO nanocomposites. Reviews on 
Advanced Materials Science. 2018 Jun 1;57(1):11-25. 

[18] Moussa N, Ebrahim FM, Adly K, Hassaan MY. XRD, structural, optical, 
electrical and magnetic properties of ZnO nanoparticles incorporated with 
Cr as a promising material for different applications. 

[19] Abdol Aziz RA. The synthesis of zinc oxide nanoparticles (ZnO NPs) 
with banana peels extract (BPE) musa acuminata: effect of pH and 
reaction time. 

[20] Ribut SH, Abdullah CA, Yusoff MZ. Review on green and chemical 
fabrications of zinc oxide nanoparticles: Synthesis and its biological 
activity.

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


	1. Introduction
	2. Materials and Methods
	A.  Materials
	B.  Experimental Details
	C. Instrumentation

	3. Results and Discussion
	A. XRD Analysis
	B. SEM Analysis
	1) EDX Analysis

	C. UV–Visible Absorption Measurements
	1) UV-Vis Transmittance Spectral Studies
	2) Optical Band Gap


	4. Conclusion
	References

