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Abstract: Zinc oxide (ZnO) nanoparticles are promising materials for optoelectronic applications due
to their multifunctionality and wide band gap. However, their low electrical conductivity limits
broader use. Aliovalent doping with trivalent cations, especially Al*, has been employed to enhance
electrical and optical properties by increasing free carrier concentration. In this study, Al-doped ZnO
(AZO) nanoparticles were synthesized via hydrothermal methods using both conventional and
microwave-assisted heating. Structural and spectroscopic characterizations were performed using
XRD, FTIR, Raman, and diffuse reflectance spectroscopy. Results confirmed successful Al
incorporation and highlighted the effect of the heating method on particle size, crystallinity, and
defect concentration. Microwave-assisted synthesis led to smaller and more uniform particles, while
conventional heating produced larger polycrystalline structures. Band gap values ranged from 3.28
to 3.43 eV and were influenced by Al content and microstructure. This work presents a simple,
scalable approach for synthesizing AZO nanoparticles with tunable properties, suitable for
transparent conducting oxide (TCO) applications.

Keywords: nanoparticle; synthesis; AZO

Introduction

Semiconductor metal oxides have attracted considerable attention over the past decades due to
their unique combination of chemical stability, abundance, and tunable physical properties. Among
them, zinc oxide (ZnO) stands out as one of the most studied n-type semiconductors, owing to its
wide direct band gap (~3.2 eV), high exciton binding energy (~60 meV), and high transparency in the
visible range!. These properties make ZnO a highly versatile material for a broad range of
technological applications, including gas sensors?, UV photodetectors?, field-effect transistors*, solar
cells’, light-emitting diodes (LEDs)¢, and biomedical devices’. Moreover, ZnO is environmentally
friendly, thermally stable, and cost-effective, reinforcing its attractiveness for industrial-scale
implementation'.

The performance of ZnO in optoelectronic and electronic devices can be significantly improved
through defect engineering and intentional doping. Intrinsic defects, such as oxygen vacancies and
zinc interstitials, can strongly influence the electronic and optical behavior of ZnO. However, these
defects are often difficult to control, which limits reproducibility and performance predictability. In
this context, aliovalent doping emerges as a powerful approach to tailor ZnO's properties,
particularly by incorporating trivalent cations such as Al*, Ga®*, and In* into the Zn?* lattice sites.
These dopants introduce additional free electrons into the conduction band, enhancing the material's
conductivity and modifying its band structure. Among the group III elements, aluminum is the most
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commonly used dopant due to its low cost, favorable ionic radius (0.53 A for Al** vs. 0.60 A for Zn?*),
and effectiveness in improving ZnQO's electrical and optical performance®.

Aluminum-doped ZnO (AZO) has emerged as a compelling alternative to indium tin oxide
(ITO), a widely used transparent conducting oxide (TCO) material®. ITO presents excellent electrical
conductivity and optical transparency, but the scarcity and high cost of indium raise sustainability
and economic concerns. In contrast, AZO offers comparable properties with significantly lower cost
and abundant elemental availability, making it a strong candidate for next-generation transparent
electrodes in displays, touchscreens, solar cells, and smart windows®. Furthermore, AZO's
compatibility with flexible substrates and its chemical robustness provide additional advantages in
emerging applications, such as wearable electronics and flexible photovoltaics'®-12.

To fully exploit the potential of AZO, it is critical to optimize its synthesis conditions and
structural properties. The choice of synthesis route directly affects the dopant distribution, crystallite
size, morphology, defect concentration, and phase purity—all of which play a central role in
determining the final properties of the material. A wide variety of chemical and physical methods
have been employed for the synthesis of AZO, including sol-gel, chemical vapor deposition (CVD)3,
pulsed laser deposition (PLD)", sputtering, and hydrothermal techniques®. Among these,
hydrothermal synthesis stands out due to its low cost, scalability, and ability to produce
nanostructured materials with controlled morphology under mild reaction conditions.

The hydrothermal method involves the crystallization of materials from aqueous solutions at
elevated temperatures and pressures, typically within a sealed autoclave. This method allows precise
control over nucleation and growth processes by adjusting parameters such as temperature,
precursor concentration, pH, and reaction time. It also enables the formation of nanoparticles with
high crystallinity and uniform shape, which are essential characteristics for optical and electronic
applications. Notably, hydrothermal synthesis is a bottom-up approach, starting from molecular or
ionic precursors, and allows doping at the atomic level during the crystal growth process.

Recent advances in hydrothermal synthesis include the use of microwave-assisted heating,
which has demonstrated significant improvements in reaction kinetics, energy efficiency, and particle
uniformity. Microwave heating induces rapid volumetric heating of the reaction medium, leading to
homogeneous nucleation and faster crystallization compared to conventional convective heating. The
high heating rates and localized superheating effects reduce particle aggregation and promote
narrow size distribution, which are highly desirable for functional nanomaterials. In addition,
microwave-assisted hydrothermal synthesis (MAHS) is considered a green synthesis approach due
to its lower energy consumption and shorter processing times'®.

Given the growing interest in sustainable, low-cost, and scalable methods for fabricating
transparent conducting oxides, the development of optimized hydrothermal routes for AZO
synthesis is both timely and relevant. The combination of microwave-assisted synthesis with
controlled Al doping represents a promising pathway to tailor the physical properties of ZnO
nanoparticles for targeted optoelectronic applications. In addition, gaining a deeper understanding
of how heating mode and dopant concentration influence the structural and optical characteristics of
AZQ is essential for advancing the design of next-generation TCOs.

In this study, it is reported the hydrothermal synthesis of pure and Al-doped ZnO nanoparticles
using both conventional heating and microwave-assisted methods in aqueous solution. We compare
the effects of the two heating modes on the phase composition, crystallinity, morphology, and band
gap of the resulting nanomaterials. Particular attention is given to the analysis of Al incorporation
and its influence on the material’s structural integrity and defect landscape. By combining multiple
characterization techniques, we provide a comprehensive understanding of how synthesis
parameters affect the functional properties of AZO nanoparticles. This study contributes to the
rational design of doped metal oxide nanostructures and offers practical guidelines for tuning their
properties via scalable, energy-efficient methods.
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Materials and Methods

Synthesis of Pure and Aluminum-Doped Zinc Oxide Nanoparticles by Conventional Hydrothermal Heating
Route

Pure ZnO nanoparticles were synthesized by dissolving 20 mmol of zinc acetate (ZnC4;HeO,) in
50 mL of distilled water under magnetic stirring at room temperature until complete dissolution.
Subsequently, 2 mL of ammonium hydroxide (NH,OH) was added to the solution, which was then
transferred to a sealed vessel and subjected to conventional hydrothermal treatment at 90 °C for 2
hours. The resulting precipitate was washed three times by centrifugation, followed by removal of
the supernatant, addition of distilled water, and redispersion in an ultrasonic bath.

For the synthesis of Al-doped ZnO (AZO) nanoparticles via the same route, the procedure was
identical, except that the precursor solution also contained 0.25 mmol of aluminum acetate
(C.HsAlOy), corresponding to the desired Al** doping level. This Al content was chosen based on
literature recommendations to optimize the trade-off between optical transmittance, band gap
modulation, and electrical conductivity, especially for transparent conducting oxide (TCO)
applications in photovoltaics. [5].

Synthesis of Pure and Aluminum-Doped Zinc Oxide Nanoparticles by Microwave-Heated Hydrothermal
Route

Microwave-assisted hydrothermal synthesis followed the same precursor concentrations and
preparation steps as the conventional method. After homogenization, the solution was transferred to
a Teflon-lined autoclave and subjected to microwave heating at 160 °C for 40 minutes. The rapid and
uniform heating provided by microwave radiation is known to accelerate nucleation and growth,
enabling the formation of nanoparticles with more homogeneous size and morphology. After the
reaction, the products were washed and dispersed following the same protocol used for the
conventionally synthesized samples.

Results
X-ray Diffraction (XRD)

Figure 1 displays the X-ray diffraction (XRD) patterns of the ZnO samples synthesized via both
conventional (HZnO and HAZO) and microwave-assisted (MZnO and MAZO) hydrothermal
methods. All samples exhibit diffraction peaks corresponding to the hexagonal wurtzite structure of
Zn0O, with no evidence of secondary phases or impurities, indicating the successful formation of a
single-phase material. The main diffraction peaks appear at 20 values of approximately 32° (100), 35°
(002), 37° (101), 48° (102), 57° (110), 63° (103), 67° (112), and 69° (201), matching the standard ZnO
reference (ICSD 13953)7.

In the doped samples (HAZO and MAZO), notable differences are observed in peak intensity
and broadening, compared to their undoped counterparts. Both HAZO and MAZQO present increased
intensity around the (002) reflection, suggesting a preferred orientation or enhanced growth along
the c-axis of the wurtzite structure. Additionally, the peak broadening observed in the doped samples
indicates a decrease in crystallite size or an increase in microstrain, likely associated with the
incorporation of Al** ions into the Zn?* sites. The smaller ionic radius of Al (0.53 A) relative to Zn?*
(0.60 A) may introduce local lattice distortions, affecting the long-range order of the crystal.

Microwave-assisted samples (MZnO and MAZO) exhibit broader peaks overall, which suggests
the formation of smaller crystallites under microwave heating. This behavior is consistent with the
rapid nucleation and limited crystal growth typically associated with microwave-induced reactions.
These structural differences are critical for tuning the functional properties of AZO, as they influence
electronic transport, optical absorption, and defect concentration.
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Figure 1. - X-ray diffraction pattern of HZnO, MZnO, HAZO, MAZO samples.

Diffuse Reflectance Spectroscopy (DRS)

Figure 2 shows the diffuse reflectance spectra of the four synthesized samples. The optical band
gap energies were estimated using the Wood-Tauc relation, assuming a direct allowed transition.
The band gap values were found to range between 3.28 and 3.43 eV. HZnO, the pure ZnO synthesized
by conventional heating, exhibited the highest band gap (3.43 eV), while the doped samples (HAZO
and MAZO) exhibited slightly lower values.

Although no strict monotonic trend between Al content and band gap was identified, it is
evident that doping and synthesis conditions influence the optical properties. The reduction in band
gap in AZO samples is commonly attributed to the Burstein-Moss effect, where the Fermi level shifts
into the conduction band due to increased carrier concentration from Al doping. However, the effect
of Al incorporation on band structure may also be mediated by microstructural factors such as
crystallite size, particle shape, and defect states, which can vary significantly depending on the
heating method.

Moreover, the slightly lower band gap of MAZO compared to HAZO may indicate more
efficient Al substitution and fewer compensating defects in the microwave-assisted route. These
findings are in line with the hypothesis that microwave heating promotes more homogeneous
nucleation and dopant distribution, resulting in improved control over the material’s optical and
electronic characteristics.
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https://doi.org/10.20944/preprints202506.0606.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 June 2025 d0i:10.20944/preprints202506.0606.v1

5of 8

)
= E
= 2
S s
3 8
e g
3 i
2 g

3 HZnO

——MZnO

——HAZO

—MAZO

T T T
T T T T 200 300 400 500 60¢
2 3 4 5 6
Wavenumber (nm)
Energy (eV)

Figure 2. Diffuse reflectance graph of all synthesis samples.

Fourier Transform Infrared Spectroscopy (FTIR)

Figure 3 presents the FTIR spectra of all samples. In the low-wavenumber region, characteristic
Zn-O stretching modes are clearly observed at approximately 440 and 500 cm™, confirming the
presence of ZnQO in all samples’®. In the doped samples, additional absorption bands appear near 450
and 550 cm™, attributed to Al-O stretching modes, indicating successful incorporation of aluminum
species into the oxide matrix.

A broad band in the range of 700-950 cm™!, more prominent in AZO samples, is associated with
the presence of both crystalline and amorphous phases, suggesting partial disorder in the lattice
caused by doping. The absorption peak at ~1400 cm™ corresponds to Al-O bending vibrations, and
its higher intensity in the HAZO sample compared to MAZO may reflect differences in local
coordination or incomplete dopant integration in the conventional method.

Additional features include weak absorptions around 1650 cm™ (associated with H-O-H
bending) and a broad band between 3000-3600 cm™, related to O-H stretching vibrations from
adsorbed water or hydroxyl groups on the nanoparticle surface. These functional groups are common
in hydrothermally synthesized oxides and may influence surface reactivity or colloidal stability in
suspension. The higher relative intensity of O-H features in conventionally synthesized samples
suggests slower crystallization and more surface defect retention compared to microwave-heated
samples.
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Figure 3. FTIR spectroscopy of doped and undoped samples.

Raman Spectroscopy

Raman spectra for all samples are shown in Figure 4. A sharp and intense peak near 437-450
cm! corresponds to the E,(high) mode, which is characteristic of the wurtzite ZnO structure and
indicates good crystallinity. This mode is sensitive to both crystal symmetry and strain, making it a
useful probe for assessing the quality of the ZnO lattice.

In the Al-doped samples, particularly MAZO, additional weak peaks are observed at ~220, 620,
and 960 cm™. These bands are not attributed to the vibrational modes of pristine ZnO and are instead
related to lattice distortions, defect states, or local modes induced by Al substitution. The presence of
these bands supports the hypothesis that doping alters the short-range order of the lattice and
introduces new vibrational features.

Furthermore, a broad band centered around 580 cm™ is detected in all samples, with higher
intensity in doped ones. This feature is commonly associated with defect-related modes, such as
oxygen vacancies or zinc interstitials. These defects play a crucial role in the electrical and optical
behavior of ZnO and can be intentionally modulated via doping. The more pronounced 580 cm™
band in MAZO suggests that microwave synthesis may favor the formation of intrinsic defects, which
can enhance free carrier concentration and modify optical absorption.

Taken together, the Raman results confirm the preservation of the wurtzite structure upon
doping and reveal structural changes associated with Al incorporation. The combination of peak
shifts, broadening, and new vibrational modes corroborates the findings from XRD and FTIR and
underscores the importance of synthesis parameters in tuning material quality.
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Figure 4. shows the Raman spectra of ZnO samples synthesized by different methods.
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Conclusions

This study reported the synthesis of pure and Al-doped ZnO (AZO) nanoparticles using a
hydrothermal method, comparing conventional and microwave-assisted heating in aqueous media.
The results demonstrate that both heating routes successfully produced the desired phases, with
structural, spectroscopic, and optical characterizations confirming the formation of AZO
nanoparticles and effective Al** incorporation into the ZnO lattice.

XRD analyses revealed that all samples maintained the wurtzite structure, with Al doping
leading to broader peaks and reduced crystallinity, particularly in microwave-assisted samples.
These observations are consistent with the smaller crystallite sizes and enhanced defect formation
associated with rapid microwave-induced nucleation. FTIR and Raman spectroscopy further
confirmed Al-O bond formation and the presence of structural distortions and oxygen-related
defects, especially in MAZO. These defects, such as oxygen vacancies and Zn interstitials, are crucial
for modulating the electronic and optical properties of AZO materials.

Diffuse reflectance spectroscopy showed band gap energies ranging from 3.28 to 3.43 eV, with
higher values observed in undoped ZnO. The reduction in band gap upon doping suggests the
influence of Al incorporation and associated defects, which are also supported by the Raman and
FTIR data. Notably, microwave-assisted synthesis resulted in smaller, more uniform nanoparticles
with a narrower size and shape distribution, which is advantageous for optoelectronic applications
requiring precise control of particle morphology.

Overall, this work highlights the potential of microwave-assisted hydrothermal synthesis as an
efficient, scalable, and environmentally friendly approach for producing high-quality AZO
nanoparticles. The comparative analysis demonstrates that microwave heating not only accelerates
reaction kinetics but also facilitates improved dopant incorporation and defect engineering. These
findings provide valuable insights for the design of transparent conducting oxides (TCOs) with
tunable properties, contributing to the advancement of next-generation optoelectronic devices.

Future work may explore the electrical characterization of AZO films derived from these
nanoparticles, as well as their integration into devices such as solar cells, light-emitting diodes, and
UV sensors.
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