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Abstract: This study reports the synthesis of 5% Al-doped zinc oxide (ZnO) nanoparticles using the
sol-gel method, followed by a comprehensive analysis of their structural and dielectric properties. X-
ray diffraction (XRD) confirmed a hexagonal wurtzite structure with lattice parameters a = 3.277 A
and ¢ = 5257 A, indicating successful Al** incorporation without impurity phases. Dielectric
relaxation spectroscopy (DRS) revealed a low real permittivity (¢' = 0.97-1.0) and an extremely low
dielectric loss (¢" = 10713 to 107'?) over 400 kHz to 800 kHz and 88 K to 220 K, showcasing excellent
insulating properties. The nanoparticles, with a crystallite size of 20-30 nm, exhibited structural
stability and minimal lattice strain. These properties suggest potential applications in high-frequency
electronic devices and capacitors. This work provides a detailed understanding of Al-doped ZnO
nanoparticles, highlighting their suitability for advanced dielectric applications.
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Introduction

Zinc oxide (ZnO) is a wide-bandgap semiconductor (Eg = 3.37 eV) with a hexagonal wurtzite
structure, widely recognized for its applications in optoelectronics, sensors, and dielectric materials
due to its unique electrical, optical, and structural properties [1]. The incorporation of dopants,
particularly trivalent ions like Al*, into the ZnO lattice has been extensively studied to tailor its
electrical, optical, and dielectric properties [2,3]. Aluminum doping enhances the conductivity of ZnO
by introducing additional charge carriers while maintaining its structural stability, making it a
promising material for transparent conductive oxides and high-frequency electronic devices [4,5].

The sol-gel method is a popular wet-chemical technique for synthesizing doped ZnO
nanoparticles due to its simplicity, cost-effectiveness, and ability to achieve homogeneous doping at
the atomic level [6]. Previous studies have demonstrated that Al doping at varying concentrations
(e.g., 1-10%) can influence the crystallite size, lattice parameters, and defect density of ZnO, which in
turn affect its functional properties [7,8]. However, the dielectric behavior of Al-doped ZnO
nanoparticles, particularly at low temperatures and high frequencies, remains underexplored despite
its relevance for insulating layers and capacitor applications [9].

Dielectric relaxation spectroscopy (DRS) is a powerful tool for probing the polarization
mechanisms, energy storage, and loss characteristics of nanomaterials [10]. The real permittivity (¢’)
and imaginary permittivity (¢”) provide insights into the material’s ability to store and dissipate
energy, respectively, under an applied electric field. Understanding these properties in Al-doped
ZnOQ is critical for its potential use in high-frequency devices, where low dielectric loss and stable
permittivity are desirable [11].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In this work, we synthesized 5% Al-doped ZnO nanoparticles using the sol-gel method and
characterized their structural properties via X-ray diffraction (XRD) and dielectric properties via DRS.
The results reveal a stable hexagonal wurtzite structure and exceptional dielectric performance,
characterized by low permittivity and minimal energy loss. These findings position Al-doped ZnO
nanoparticles as a candidate for high-frequency electronic applications, contributing to the growing
body of research on nanostructured ZnO-based materials.

Materials and Methods

Synthesis of Al-Doped ZnO Nanoparticles

Al-doped ZnO nanoparticles with 5% Al doping (by weight) were synthesized using the sol-gel
method. Zinc acetate dihydrate (Zn(CH;COO),:2H,0O, Sigma-Aldrich, 99%, 10.82 g) was dissolved in
40 mL of distilled water to prepare Solution A, while aluminum nitrate nonahydrate (AI(NOs)3-9H,O,
Merck, 98%, 1.17 g) was dissolved in 7 mL of ethanol to form Solution B. Solution B was added
dropwise to Solution A under constant magnetic stirring at room temperature. The mixture was
stirred for 30 minutes to form a transparent solution. Subsequently, 8 mL of 1 M NaOH solution was
introduced gradually while monitoring the pH until it reached 10, resulting in a milky white colloidal
suspension. This suspension was stirred for an additional 60 minutes to ensure uniformity.

The colloidal mixture was centrifuged at 3500 rpm for 10 minutes, and the precipitate was
washed three times with a 3:1 mixture of deionized water, methanol, and ethanol to remove residual
ions. The washed product was dried at 80 °C for 180 minutes in a hot-air oven and ground into a fine
powder using an agate mortar. Finally, the powder was calcined at 500 °C for 4 hours in a muffle
furnace to enhance crystallinity [12].

Structural Characterization

The crystalline structure and phase purity of the Al-doped ZnO nanoparticles were analyzed
using a Rigaku Ultima IV X-ray diffractometer with Cu Ka radiation (A = 1.5406 A). XRD patterns
were recorded over a 20 range of 10° to 80° at a scan rate of 3.5° per minute. The lattice parameters (a
and c) were calculated using the standard hexagonal unit cell formula, and the crystallite size was
determined via Scherrer’s equation [13]:

,_ 092
~ B Cos6

where D is the crystallite size, A is the X-ray wavelength, 8 is the full width at half maximum
(FWHM), and 0 is the diffraction angle. Lattice strain was evaluated using the Stokes-Wilson formula
[14], and dislocation density was calculated to assess structural defects [15].

Dielectric Property Measurements

Dielectric properties were investigated using dielectric relaxation spectroscopy (DRS) with an
Agilent 4294A precision impedance analyzer. The calcined powder was pressed into pellets (10 mm
diameter, 1 mm thickness) under 5 tons of pressure. Measurements were conducted over a frequency
range of 400 kHz to 800 kHz and a temperature range of 88 K to 220 K, achieved using a liquid
nitrogen cryostat. The real permittivity (¢') and imaginary permittivity (¢"”) were derived from the
capacitance and loss tangent data, providing insights into the energy storage and dissipation
characteristics of the material [16].

Results

Structural Analysis
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The XRD pattern of the 5% Al-doped ZnO nanoparticles (Figure 1) exhibited prominent peaks
at 20 = 31.7°, 34.4°, and 36.2°, corresponding to the (100), (002), and (101) planes of the hexagonal
wurtzite structure, consistent with JCPDS Card No. 01-070-8072 [17]. No secondary phases, such as
ALOs;, were detected, indicating successful incorporation of Al** into the ZnO lattice. The lattice
parameters were calculated as 2 =3.277 A and ¢ =5.257 A, slightly higher than those of undoped ZnO
(a=3.249 A, ¢ =5.206 A) [18], attributed to the substitution of smaller AI** ions (ionic radius 0.53 A)
for Zn?* ions (ionic radius 0.74 A) [19].

The crystallite size, determined using Scherrer’s equation, ranged from 20 to 30 nm, confirming
the nanoscale nature of the particles. Lattice strain and dislocation density were minimal, suggesting
high structural stability post-Al doping [20].
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Figure 1. XRD pattern of 5% Al-doped ZnO nanoparticles showing a hexagonal wurtzite structure.

Dielectric Properties

The dielectric properties of the nanoparticles were assessed over the specified frequency and
temperature ranges. The real permittivity (¢') ranged from 0.97 to 1.0, exhibiting remarkable stability
with no significant frequency or temperature dependence (Figure 2a). This value is notably lower
than that of bulk ZnO (&’ = 8-10) [21], likely due to nanoscale effects and reduced polarizable centers.
The imaginary permittivity (¢"”) was extremely low, ranging from 10-'* to 1012, with a minor peak of
6.27 x 10712 observed at 108.6 K and 794 kHz (Figure 2b), indicating minimal dielectric loss [22].

The absence of sharp relaxation peaks suggests limited space-charge polarization or ferroelectric
transitions, consistent with the insulating nature of the material. The dielectric behavior aligns with
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Maxwell-Wagner polarization theory, where interfacial effects dominate at lower frequencies, though
such effects were weak in this high-frequency range [23].
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Figure 2. (a) Real permittivity (¢') and (b) imaginary permittivity (¢") as a function of frequency and temperature
for 5% Al-doped ZnO nanoparticles. Dotted orange lines represent the transition temperature.
Discussion

The retention of the hexagonal wurtzite structure post-Al doping, with lattice parameters closely
aligned with undoped ZnO, underscores the compatibility of Al** within the ZnO lattice. The absence
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of impurity phases confirms the efficacy of the sol-gel method in achieving homogeneous doping
[24]. The nanoscale crystallite size (20-30 nm) enhances surface area, which is advantageous for
applications requiring high reactivity or interfacial interactions [25].

The low real permittivity (¢’ = 1.0) and extremely low dielectric loss (¢” = 10713 to 10-2) highlight
the exceptional insulating properties of these nanoparticles. Compared to bulk ZnO or other doped
ZnO ceramics, the reduced &' suggests a suppression of dipole alignment, possibly due to the
nanoscale confinement and Al-induced lattice modifications [26]. The minimal &” indicates negligible
energy dissipation, a critical attribute for high-frequency electronic devices such as capacitors,
resonators, and insulators [27].

The stability of &' across the measured frequency (400-800 kHz) and temperature (88-220 K)
ranges suggests robust dielectric performance under varying operational conditions. These
characteristics position Al-doped ZnO nanoparticles as a viable material for next-generation high-
frequency applications, where low loss and stable permittivity are paramount [28].

Previous studies on Al-doped ZnO have reported higher permittivity values (¢’ = 5-10) for thin
films or ceramics, attributed to larger grain sizes and increased polarization [29]. The lower &’
observed here aligns with nanoscale effects documented in ZnO nanostructures [30], where reduced
dimensions limit dipole contributions. The dielectric loss values are among the lowest reported for
ZnO-based materials, surpassing those of undoped ZnO nanoparticles (¢” = 10-°) [31], emphasizing
the role of Al doping in enhancing insulating properties.

Conclusions

This study successfully synthesized 5% Al-doped ZnO nanoparticles via the sol-gel method,
confirming a hexagonal wurtzite structure with lattice parameters a = 3.277 A and ¢ = 5.257 A via
XRD. Dielectric measurements revealed a low real permittivity (&' = 0.97-1.0) and an exceptionally
low dielectric loss (¢” = 10713 to 1071?), indicating excellent insulating properties suitable for high-
frequency applications. The nanoscale crystallite size (20-30 nm) and structural stability further
enhance the material’s potential. These findings suggest that Al-doped ZnO nanoparticles could
serve as a promising candidate for advanced dielectric components in electronic devices. Future
research could explore their behavior at lower frequencies or higher temperatures to broaden their
application scope [22].
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