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A B S T R A C T 

In this work, Al2O3 nanoparticles were synthesized using the DC 

reactive sputtering technique. A highly pure aluminum target was 

sputtered within a gas mixture containing oxygen. The structural 

characteristics of the synthesized nanoparticles were introduced by X-

ray diffraction (XRD), field-emission scanning electron microscopy 

(FE-SEM), energy-dispersive X-ray spectroscopy (EDX), and atomic 

force microscopy (AFM). An inter-electrode distance of 4 cm can 

describe the operation parameters, Ar: O2 gas mixing ratio of 50:50, 

applied voltage of 1500 V and discharge current of 25 mA. The prepared 

samples showed a polycrystalline structure with an amorphous nature 

due to the formation of nanoparticles, which were approximately 

spherical with a minimum size of 21 nm and an average grain size of 

40.7 nm. Some agglomerations were observed in the prepared samples. 

The elemental composition analysis revealed that the prepared material 

contains aluminum and oxygen with no traces of other elements. The 

stoichiometry and homogeneity of the prepared material were also 

shown. All functional groups corresponding to the vibrational modes of 

the Al2O3 molecule were confirmed. The energy band gap of the 

prepared nanomaterial was determined based on its absorption spectrum 

and measured to be 4.46 eV; this demonstrates a promising approach for 

producing highly pure metal oxide nanomaterial by the DC reactive 

sputtering technique.
 

https://doi.org/10.53293/jasn.2025.7575.1335, Department of Applied Sciences, University of Technology - Iraq. 

© 2025 The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).  

1. Introduction 

Alumina or aluminium oxide (Al2O3) is the most common ceramic employed for modern technologies and 

industries. This material has a high melting point, high electric resistivity, high oxidation resistance, high hardness, 

low thermal conductivity, and high abrasion resistance [1-7]. All these physical and chemical properties, with a 

refractive index of 1.7, made this oxide an excellent candidate for cutting tools, optoelectronic devices, diffusion, 

and thermal barriers [8-14]. 
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Aluminium oxidation can produce several phases (α, δ, γ, η, θ, χ, and κ). Only the phase alpha (α) is stable and 

shows trigonal structure, while all other phases are metastable [15-18]. The phase alpha is formed at temperatures 

up to 650 °C. In contrast, annealing at higher temperatures can lead to the development of metastable phases 

depending on the composition and structure of the initial materials [19-22]. Fig. 1 shows the chemical structure of 

alumina (Al2O3) [23]. 

 

Figure 1: Crystal structure of alumina (Al2O3). 

Many methods and techniques were used to prepare crystalline alumina, such as pulsed laser deposition (PLD) 

[24], ion-assisted deposition [25], chemical vapor deposition (CVD) [26], electron beam evaporation [27], spray 

pyrolysis [28], sol-gel [29], and magnetron sputtering [30, 31]. The latter technique (magnetron sputtering) was 

employed in the current study to deposit alumina (Al2O3) thin film on glass substrates. 

By adjusting several operational parameters included in the reactive magnetron sputtering technique, precise 

control can be achieved over particle size, shape, structure, surface morphology, etc. [32-34]. Early studies on 

preparing alumina nanostructures using sputtering techniques include sputtering an alumina target by DC or RF 

discharge plasma [35]. Another approach proposed was sputtering a target of highly pure aluminum in the presence 

of oxygen [36]. Compared to other deposition methods and techniques, reactive sputtering ensures high-quality 

nanostructures, as the process occurs within a vacuum chamber and minimizes contaminants or residuals to the 

lowest level [37]. The Magnetron sputtering method, a large-scale, industry-ready physical vapor deposition 

technology, facilitates the development of unique coatings with efficacious therapeutic properties [38]. As a 

reproducible and scalable deposition technique, it allows for the directed fabrication or modification of the 

membrane by depositing a thin layer on a support layer [39]. It is an effective method for producing sputtered thin 

film materials based on metal oxide, metal nitride, alloys, carbon, and ceramic- based thin film, along with their 

properties and applicability in various fields [40]. Several chemical elements have been used to form multiple 

coating structures, including metastable solid solutions, binary and/or ternary phases, or mixtures thereof [41]. The 

capability to fabricate these nanostructures on various structures, including glass, silicon wafers, or flexible 

substrates, extends their range of applications, enabling the integration of nanostructured materials onto thin layers 

and allowing for the precise tuning of their physical and chemical properties of the materials [42]. In this work, 

Al2O3 nanoparticles are prepared by DC reactive sputtering and extracted as nanopowder using the freezing-

assisted ultrasonic wave extraction method. The structural and spectroscopic characteristics of the synthesized 

nanopowder are introduced and analyzed. 
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2. Theoretical Part 

2.1 Preparation Method 

A DC reactive magnetron sputtering system was used to sputter an aluminum target with oxygen as a reactive gas 

to deposit thin aluminum oxide films on glass substrates. A highly pure (99.99%) aluminum target of 8 cm diameter 

and 1.5 mm thickness was cleaned, polished, and fixed on the cathode by a mount made of Teflon. Meanwhile, 

the glass substrate was thoroughly washed with ethanol and distilled water, dried, and fixed on the anode. The 

inter-electrode distance was set to 4 cm, which was selected according to the optimization of previous works to 

produce the most uniform plasma column. A gas mixture of 50:50 of argon and oxygen (Ar: O2) was used, which 

also was selected according to the optimization of previous works to produce the most uniform thin films. The gas 

mixture pressure inside the sputtering chamber could be varied via a precise needle valve. The voltage applied to 

the discharge electrodes to produce plasma was 1500 V and 25 mA discharge current. The circulating water was 

used to cool the electrodes to prevent the effects of rising temperature. When the cooling system was turned off, 

the temperature gradually increased, reaching 300 °C. The experimental details of the sputtering system were 

previously reported [43, 44]. The deposition time was 90 min, which produces a film thickness of 150±10 nm. The 

film thickness was determined by laser interferometry using a laser diode of 630 nm and a focusing lens of 10 cm 

focal length. At the same time, the interference fringes were shown on a white screen. 

The thin film material was extracted as nanopowder using the freezing-assisted ultrasonic waves extraction method 

[45, 46]. This technique exhibits the advantage of producing highly pure nanopowder without a trace of the 

substrate material on which the thin film is deposited. 

2.2 Instruments and Devices 

An AERIS PANalytical X-ray diffractometer (XRD) (Cu Kα source, 1.514 Å) was used to record the X-ray 

diffraction (XRD) patterns of the prepared samples within the diffraction angle range of 10°-80°. An FEI Inspect 

F50 field-emission scanning electron microscope (FE-SEM) was used to introduce the surface morphology and 

the energy-dispersive X-ray spectroscopy (EDS). NT-MDT Integra AFM instrument was used to study the surface 

roughness and topography of the prepared samples. The Fourier-transform infrared (FTIR) spectroscopy was 

applied on the obtained samples using a Perkin Elmer FTIR instrument. A Spectra Academy KMAC SV2100 UV-

visible spectrophotometer was used to record the absorption spectra of the prepared samples in the UV-visible 

region. 

The crystallite size and microstrain were determined by the following Eq. (1) and Eq.(2) [47]: 

𝑫 =
𝒌𝝀

𝜷𝒄𝒐𝒔𝜽
            (1) 

𝜺 =
𝝀

𝜷𝒄𝒐𝒔𝜽
                           (2) 

3. Experimental Procedure 

3.1 XRD Results 

Fig. 2 illustrate XRD pattern of the Al2O3 nanoparticles prepared in this work. There are six apparent diffraction 

peaks seen at diffraction angles (2θ) of 32.55°, 36.85°, 39.46°, 46.68°, 59.64°, and 66.98°, which correspond to 

the crystalline planes of (200), (311), (222), (400), (511), and (440), respectively, according to the JCPDS card 

no. 00-029-0063 [48]. However, the broadening of these peaks may confirm the formation of nanoparticles. In this 

pattern, no traces of elements and materials other than Al2O3 were found, which highlights the structural purity of 

these nanoparticles. This result demonstrates the advantage of the DC reactive sputtering technique in preparing 

this material. The parameters obtained from the XRD results are indicated in Table 1. 
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Figure 2: XRD pattern of prepared Al2O3 NPs. 

Table 1: Analysis of the XRD and parameters of prepared Al2O3 NPs. 

2θ 

(deg) 

d-spacing 

(nm) 

FWHM 

(rad) 

Crystallite Size 

(nm) 

Micro Strain 

(%) 

32.8784 2.74802 0.8659 9.99 0.328447 

36.8274 2.43721 0.8659 10.10 0.283299 

39.1814 2.28164 0.4330 20.35 0.130092 

45.4294 1.99121 0.9525 9.45 0.229374 

60.6534 1.94405 0.9103 10.57 0.124129 

66.8354 1.91186 0.8223 12.10 0.084784 

3.2 FE-SEM Results 

The FE-SEM image shown in Fig. 3 analyzed the morphology of the prepared sample. A minimum particle size 

of about 21 nm and an average particle size ranging from 25 to 35 nm can be determined with approximately 

spherical-shaped and uniformly distributed particles. However, some agglomerated particles smaller than 500 nm 

can be seen. These agglomerations are mainly formed due to van der Waals attractive forces due to the high surface 

area available on the substrate on which the alumina films are deposited [32]. 

 
Figure 3: FE-SEM image of prepared Al2O3 NPs. 
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3.3 EDX Results 

Fig. 4 presents the EDX spectrum and the elemental composition of the Al2O3 nanoparticles prepared in this work. 

The spectrum contains peaks belonging to aluminum and oxygen with an atomic ratio (Al/O) of 0.54, which is 

deviated by ~19% from the typical value (0.666). Similarly, the weight ratio determined from Fig. 5 is 0.91, 

showing a 19% deviation from the usual value of 1.1243. These results may reveal the stoichiometry of the 

prepared compound. The presence of carbon (C) in the EDX spectrum and elemental composition is attributed to 

mounting the Al2O3 sample using a carbon-based adhesive material. These findings further suggest that the 

produced nanoparticles have excellent structural purity, which is related to the benefit of the DC reactive sputtering 

method [44]. 

 
Figure 4: EDX result and elemental composition of the prepared Al2O3 NPs. 

Fig. 5 presents the elemental mapping of the prepared Al2O3 nanoparticles, which shows the homogeneous 

distribution of Al and O atoms in the prepared sample. Such homogeneity might be due to the homogeneous 

deposition of Al2O3 film by the DC reactive sputtering technique, which tends to cover the substrate surface evenly 

with the prepared material [43]. 

 

 

 
Figure 5: EDX mapping analysis, (a) surface image, and (b) elemental analysis of prepared Al2O3 NPs. 
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3.4 AFM Results 

Fig. 6a and b shows AFM images (both 2D and 3D) with the average size histogram of the Al2O3 nanoparticles 

prepared in the current study. The high surface roughness of the prepared sample is essential for gamma shielding 

as a radiation-matter interaction application. The irregularity in topography and increase in surface roughness can 

result from a higher surface-to-volume ratio in the prepared material. Consequently, the grain size is reduced to 

below 100 nm; this surface-to-volume ratio can be significantly increased. According to the histogram in Fig. 6c, 

the most dominant grain sizes are below 50 nm, and the average grain size is 40.7 nm; therefore, it is evident that 

the prepared sample exhibits high surface roughness and surface-to-volume ratio [29]. 

 

(a)                                                                                  (b) 

 
(c) 

Figure 6: AFM images (a) 2D, (b) 3D, and (c) average size histogram of prepared Al2O3 NPs. 

3.5 FTIR Results 

Fig. 7 demonstrates the FTIR spectrum of the prepared Al2O3 nanoparticles. Principally, as a polyatomic molecule 

with 5 atoms, as shown in Fig. 1, there are 3N-5=10 vibration modes. Therefore, the distinct absorption peaks 

within the wave number range of 400 to 700 cm-1 are attributed to the vibration modes of the Al2O3 molecules. 

However, some peaks may be composed of two or more modes vibrating at the same wave number but with 
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perpendicular planes. The absorption peaks assigned at 406.69, 412.12, 420.03, 423.54, 431.30, 490.39, and 

559.25 cm-1 due to stretching modes of the Al-O and Al=O bonds, while the absorption peak assigned at 634.09 

cm-1 has resulted from the bending modes of the Al-O-Al bond, which confirms the formation of the gamma phase 

of alumina (γ-Al2O3). Consequently, the prepared Al2O3 phase contains the tetrahedral and octahedral coordination 

[49]. 

 
Figure 7: FTIR spectrum of prepared Al2O3 NPs. 

All relatively weak absorption peaks at wave numbers higher than 1500 cm-1 are ascribed to the vibration modes 

of the O-H bond (stretching and bending) in the molecules of water adsorbed on the surface of the prepared 

nanoparticles from the surrounding environment [44]. Table 2 shows FTIR vibration modes of prepared Al2O3 

NPs. 

Table 2: Assignments of FTIR vibration modes of prepared Al2O3 NPs. 

Bond Wave number (cm-1) Vibration mode 

Al-O 

406.69 Stretching 

412.12 Stretching 

420.03 Stretching 

423.54 Stretching 

431.30 Stretching 

490.39 Stretching 

559.25 Stretching 

Al-O-Al 634.09 Bending 

Fig. 8 shows the absorption spectrum of the prepared Al2O3 nanoparticles within the wavelength range of 200-

1000 nm. The absorbance of this nanomaterial decreases with increasing wavelengths in the UV region and reaches 

its minimum at 250 nm. Then, the absorbance slightly increases to a maximum of 278 nm before decreasing 

continuously with wavelength. An absorption edge can be recognised at 278 nm, at which the energy band gap of 

the Al2O3 nanoparticles can be determined according to equation 1.24/Eg to be 4.46 eV, which is noticeably smaller 

than the typical values of the energy band gap of bulk γ-Al2O3 (7.0-8.7 eV) [50-52]. 
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Figure 8: Absorption spectrum of the prepared Al2O3 nanoparticles. 

4. Conclusions 
In concluding remarks, the technique of DC reactive sputtering was employed to synthesize Al2O3 nanoparticles 

by sputtering an extremely pure aluminum target in the presence of oxygen in the gas mixture that contained Ar 

and O2. The produced samples had an amorphous, polycrystalline structure because of the formation of 

nanoparticles, which had an average grain size of 40.7 nm and a minimum size of 21 nm, making them roughly 

spherical. The prepared material comprises oxygen and aluminum without trace amounts of other elements. 

Additionally, the stoichiometry and homogeneity of the obtained material were confirmed. It was confirmed that 

all functional groups corresponded to the vibrational modes of the Al2O3 molecule. 
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