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In this work, a series of 2 at.% Al-doped ZnO (AZO) thin films with thicknesses ranging from 288 to 1040 nm
were deposited on glass substrates at 475 °C using spray pyrolysis. X-ray diffraction (XRD) confirmed a highly
crystalline wurtzite structure with strong preferential growth along the (002) plane and improved crystallinity
with increasing thickness. Rutherford backscattering spectrometry (RBS) verified the targeted Al doping and film
thicknesses. Optical measurements showed high transparency, with 80 % transmittance for film-on-substrate

samples, corresponding to >90 % intrinsic transmittance of the films alone. Electrical measurements revealed
a strong thickness dependence of sheet resistance, decreasing from ~207 Q/[] for 288 nm films to ~148 Q/[] for
1040 nm films. These results demonstrate that spray pyrolysis can produce high-quality AZO films with excellent
structural, optical, and electrical properties, confirming their strong potential as low-cost transparent conducting
oxides (TCOs) for optoelectronic devices.

1. Introduction

Transparent conducting oxides (TCOs) are indispensable in modern
optoelectronic devices, including solar cells, flat-panel displays, and
touch screens, due to their unique combination of high optical trans-
parency and electrical conductivity [1-3]. Indium tin oxide (ITO) has
traditionally dominated this field; however, the escalating cost and
limited availability of indium have intensified the search for alternative
materials [1]. Zinc oxide (ZnO), with its wide band gap (~3.3 eV), high
excitonic binding energy, natural abundance, and environmental
benignity, has emerged as a promising candidate [4]. Nevertheless, the
intrinsic electrical conductivity of ZnO is insufficient for many appli-
cations, necessitating extrinsic doping. Incorporation of group-III ele-
ments, particularly aluminum, significantly enhances the carrier
concentration, making aluminum-doped ZnO (AZO) a compelling, low-
cost TCO alternative [5,6].

AZO thin films can be fabricated by various techniques, such as
sputtering, pulsed laser deposition, atomic layer deposition, and spray
pyrolysis, each offering distinct advantages in terms of scalability, cost,
and film quality [6-9]. While vacuum-based methods like sputtering and
pulsed laser deposition yield high-quality films, they require complex
and expensive equipment. In contrast, spray pyrolysis is a simple,
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scalable, and cost-effective technique suitable for large-area coatings,
making it attractive for industrial applications [10].

In this study, we report the synthesis of 2 at.% Al-doped ZnO thin
films on glass substrates at 475 °C by spray pyrolysis. The structural,
optical, and compositional properties of the films were systematically
investigated using X-ray diffraction (XRD), Rutherford backscattering
spectrometry (RBS), ultraviolet-visible spectroscopy (UV-Vis) spec-
troscopy, and photoluminescence (PL). The resulting AZO films exhibi-
ted strong c-axis orientation, nanoscale crystallinity, and high optical
transparency, underscoring their potential as transparent electrodes for
next-generation optoelectronic devices.

2. Experimental details
2.1. Precursor solution preparation and deposition

A 0.1 M precursor solution for 2 at.% Al-doped ZnO (AZO) was
prepared by dissolving zinc acetate dihydrate in propanol under stirring
for 20 min, followed by the addition of aluminum nitrate nonahydrate to
achieve an Al/Zn ratio of 2 %. Ethanolamine was added dropwise as a
stabilizing agent to ensure homogeneity. The clear sol was used for spray
pyrolysis deposition on glass substrates at 475 °C using a Holmarc HO-
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Fig. 1. X-ray diffraction patterns of 2 at.% Al-doped ZnO thin films with
different thicknesses deposited by spray pyrolysis, showing highly c-axis ori-
ented growth along the (002) plane.
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Fig. 2. Rutherford backscattering spectra of AZO thin films with different thicknesses, confirming the intended 2 at.% Al doping and accurate thickness
determination.
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Fig. 3. (a) Optical transmittance spectra of AZO thin films with varying thicknesses. (b) Spectrum of the thicker film showing clear interference fringes.

3. Results and discussion
3.1. X-ray diffraction analysis

Fig. 1 presents the X-ray diffraction (XRD) patterns of 2 % Al-doped
ZnO (AZO) thin films deposited with varying thicknesses. All patterns
are indexed to the hexagonal wurtzite structure of ZnO (JCPDS card no.
01-089-7102), confirming the successful formation of the desired
crystal phase. The most prominent feature is the intense and sharp
diffraction peak observed at approximately 20 = 34.4°, which corre-
sponds to the (002) plane. The overwhelming dominance of this peak
indicates a strong preferential growth orientation, with the c-axis of the
crystals aligned perpendicular to the substrate surface.

Notably, the degree of preferential c-axis orientation observed in our
films is exceptionally high. The XRD pattern, characterized by a domi-
nant (002) peak with extremely suppressed non-(00I) reflections, is of a
quality that is typically associated with sophisticated vacuum-based
deposition techniques such as sputtering and pulsed laser deposition
(PLD) [11,12]. The texture coefficient (TC), calculated off-line using
reference intensities from JCPDS 01-089-7102, yielded TC (002) =~
2.783 (288 nm), 2.838 (408 nm), 2.822 (648 nm), and 2.903 (1040 nm),
confirming strong c-axis orientation. Achieving such texture and crys-
tallinity through spray pyrolysis-a cost-effective, and scalable chemical
method is rare and underscores the efficiency of our optimized deposi-
tion parameters. This orientation arises from surface-energy minimiza-
tion during growth, favoring the thermodynamically stable (002) basal
plane [13].

Fig. 2(a—d) shows the Rutherford Backscattering Spectrometry (RBS)
spectra of 2 at.% Al-doped ZnO thin films on glass with thicknesses of
288, 408, 648, and 1040 nm. Each spectrum exhibits distinct Zn and Al
surface signals, a broad O region, and substrate peaks from Si, Na, and
Ca in the glass. Simulated profiles based on a single-layer AZO model fit
the data well, confirming uniform Al distribution and near-
stoichiometric Zn:O composition. The RBS-derived thicknesses in-
crease systematically with deposition time (288-1040 nm), matching
optical results. The consistent fits without interfacial diffusion or
compositional gradients demonstrate the excellent uniformity and
controlled growth of the spray-pyrolyzed AZO films. Furthermore, the
single-layer simulation confirms that the uniform Al concentration is
maintained throughout the entire film depth, with no evidence of
segregation or depth-dependent variation in composition.

3.2. Electrical properties

The electrical properties of the AZO thin films were evaluated using a

standard four-point probe method at room temperature. The measured
sheet resistance values for the films with thicknesses of 288, 408, 648,
and 1040 nm were approximately 207, 185, 162, and 148 Q/[],
respectively. The results clearly show that the sheet resistance decreases
with increasing film thickness, which can be attributed to improved
crystallinity and grain connectivity, leading to enhanced carrier trans-
port and reduced grain boundary scattering in thicker films.

3.3. Optical properties

Fig. 3(a) presents the optical transmittance spectra of the bare glass
substrate and the 2 at.% Al-doped ZnO (AZO) thin film deposited on
glass. The bare glass exhibits a smooth transmittance of approximately
85-90 % throughout the visible region. After deposition, the AZO-coated
substrate retains high transparency, with an average transmittance of
around 80 %. Considering the optical contribution of the glass substrate,
the intrinsic transmittance of the AZO film itself exceeds 90 %, con-
firming its excellent optical quality. The periodic interference fringes
observed in the AZO/glass spectrum indicate uniform film thickness and
smooth surface morphology. These results further support the potential
of the spray-pyrolyzed AZO films as promising candidates for trans-
parent electrode applications.

Fig. 3(b) shows the optical transmittance spectrum of the thicker 2
at.% Al-doped ZnO film on glass. The periodic interference fringes in the
visible region arise from multiple reflections in the uniform, transparent
AZO layer and were analyzed by the Swanepoel method [14], The
refractive index (n) in the transparent region (1 (wavelength) > 500 nm)
was obtained from:

/2

1
n= NJr(sznf)l/2

With

Ty =T 02 +1

N=2
S T 2

and n; =~ 1.5 for glass.
For each pair of adjacent maxima (or minima) at wavelengths 4; and
Ao, the film thickness d was obtained from

MA2
2(}\11’12 — }\21’11)

where n; and n, are the refractive indices calculated at A; and A,
respectively.
The average optical thickness (~1040 nm) agrees closely with the
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Fig. 4. Room-temperature photoluminescence spectra of AZO thin films of
different thicknesses under 325 nm excitation, showing dominant near-band-
edge emission and suppressed deep-level emission.

RBS result, confirming the uniformity and high optical quality of the
spray-pyrolyzed AZO coatings.

Fig. 4 illustrates the room-temperature photoluminescence spectra of
AZO thin films deposited with different thicknesses under 325 nm
excitation. All films exhibit a strong and sharp near-band-edge (NBE)
emission peak in the ultraviolet region (~385 nm), which is attributed
to free excitonic recombination in ZnO [15]. The intensity of this peak
increases with increasing film thickness, consistent with the XRD results
indicating enhanced crystallinity and grain size in thicker films. In
contrast, the broad deep-level emission (DLE) band in the visible region,
typically associated with oxygen vacancies and zinc interstitials [16], is
strongly suppressed in all samples. The high intensity ratio of NBE to
DLE emission highlights the excellent optical quality of the spray-
pyrolyzed AZO films, consistent with recent studies showing that Al
doping enhances NBE emission while suppressing deep-level defects
[17]. These results further demonstrate the suitability of the films for
optoelectronic and transparent conducting applications.

4. Conclusion

High-quality 2 % Al-doped ZnO thin films with varying thicknesses
were successfully deposited on glass substrates via spray pyrolysis at
475 °C. All thin films are highly c-axis oriented with a hexagonal
wurtzite structure. The crystallinity and grain size improve significantly
with increasing film thickness. RBS confirms the successful incorpora-
tion of Al at the intended doping level and provides accurate thickness
calibration. The thin films are highly transparent (>80 %) in the visible
region. The PL spectra are dominated by a strong near-band-edge
emission, confirming excellent optoelectronic quality. The thicker AZO
films (1040 nm) prepared in this study, combining high crystallinity,
excellent transparency, and good stoichiometric control, demonstrate
strong potential for use as efficient transparent electrodes in various
optoelectronic applications.
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