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Abstract: β-Ga2O3 thin films were prepared on (0006) sapphire substrates by RF magnetron sputtering. Under the conditions of 
sputtering power of 80 W, time of 10 min, and total flow rate of 40 sccm in oxygen and argon atmosphere (2.5 % oxygen ratio). 
Different preparation temperatures were used to conduct layering by temperature modulation. A homogenous β-Ga2O3 buffer layer 
was grown first, and then the second β-Ga2O3 film was grown on top of it. When the stratified sputtering of different temperature 
combinations was completed, high-temperature thermal annealing with the same parameters was performed. The effects on the 
structure, surface morphology, and optical properties of β-Ga2O3 thin films were compared and analyzed when using the preparation 
sequence of the homogenous buffer layer and the top layer at different temperatures after annealing. Finally, based on the stratified 
preparation temperature parameters, the optimal stratified temperature parameters were summarized. 

Keywords: Gallium oxide, RF magnetron sputtering, Temperature, Buffer layer, Thermal annealing 

1. Introduction 

The monoclinic β-Ga2O3 has an ultra-wide bandgap and excellent thermal stability under normal pressure and temperature 
conditions [1–4]. Hence, it has advantages of applications in the areas of solar-blind UV photodetectors [3–7], gas sensors [8], solar 
cells [9], photocatalysts [10], phosphors [11], and next-generation power electronic devices [12–15]. The refined quality of β-Ga2O3 
thin films is fundamental to realizing the development of devices and applications. Therefore, many epitaxial techniques for the 
generation of high-quality β-Ga2O3 have been reported. Among them, a commonly used method to produce the β-Ga2O3 films with 
comparatively low cost is RF magnetron sputtering [15–19]. However, because of the lattice mismatch and different coefficients of 
thermal expansion [20,21], high-quality β-Ga2O3 films were hard to grow directly on commonly used substrates such as sapphire 
and Silicon. It has been verified that the homo-buffer layers and annealing treatment can improve the polycrystalline quality of β-
Ga2O3 films by Huang et al. [22], by employing the low sputtering temperature of 200 °C for generating the buffer layer, and a high 
sputtering temperature of 500 °C for generating the top layer. In this study, more combinations of different sputtering temperatures 
of lower and upper layers were conducted, and the influence of temperature combination and the annealing treatment on the 
morphology and optical properties of the β-Ga2O3 films were further investigated. 

2. Materials and Methods 

The (0006) sapphire substrate was sequentially cleaned with acetone, ethanol, and deionized water for 10 min to remove 
surface contamination and native oxides. The Ga2O3 films were deposited by RF magnetron sputtering with a Ga2O3 ceramic target 
with a purity of 99.99 % by a temperature-controlled layered preparation method. The bottom Ga2O3 buffer layer was first grown 
by sputtering on the sapphire substrate, and then the top Ga2O3 thin film was sputtered on the buffer layer. There were 6 samples in 
total, named Sample 1 to Sample 6. For the six samples, Tab1e 1 shows the sputtering parameters of the buffer and the top layers. 
The six samples after sputtering at different temperatures are as follows. (Sample 1) bottom room temperature and top 500 °C; 
(Sample 2) bottom 100 °C and top 500 °C; (Sample 3) bottom 200 °C and top 500 °C; (Sample 4) bottom 300 °C and top 500 °C; 
(Sample 5) bottom 400 °C and top 500 °C; (Sample 6): bottom 500 °C and top 200 °C. After sputtering, six samples were annealed 
with the same parameters. The annealing temperature was 800 °C and the annealing time was 2 hours. The annealing atmosphere 
was pure N2, and the gas flow was 200 cc/min. 
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Table 1. Sputtering parameters of the buffer layer and the top layer. 

 

Sputtering 

temperature: 
buffer/top 

(°C/°C) 

Sputtering 

power 
(w) 

Flow ratio 

Ar2：O2  

 

Base 
pressure 

(Pa) 

Working 

pressure 
(Pa) 

Duration of 

sputtering: 
buffer/top 
(min/min) 

Sample 1  RT/500  80  39：1  5·10E-4  0.8  10/10  
Sample 2  100/500  80  39：1  5·10E-4  0.8  10/10  
Sample 3  200/500  80  39：1  5·10E-4  0.8  10/10  
Sample 4  300/500  80  39：1  5·10E-4  0.8  10/10  
Sample 5  400/500  80  39：1  5·10E-4  0.8  10/10  
Sample 6 500/200 80 39：1 5·10E-4 0.8 10/10 

The phase and composition of the samples were investigated by XRD (Malvern Panalytical EMPYREAN SERIES 3) in a scan 
range of 10º to 80º using a sampling pitch and preset time of 0.02º and 0.24 s, respectively. Cu–Ka radiation with a wavelength of 
15.406 nm was operated at a voltage of 40 kV. The surface morphologies were analyzed by FESEM (Carl Zeiss/GeminiSEM300). 
The optical transmittance properties of the films were investigated using a UV–visible spectrophotometer (U-3900 Hitachi). 

3. Results and discussion 

After being grown and annealed, the XRD patterns of the six samples were compared in Fig. 1 with the standard powder 
diffraction files of PDF# 43-1013. Annealing promoted the conversion of Ga2O3 from the amorphous to the polycrystalline and the 
single crystal. In addition to the diffraction peak of the (0006) sapphire substrate, which was observed at 42.5° on the film, three 
distinct diffraction peaks located at around 18.7°, 38.2°, and 59.1° were observed in the XRD patterns of the Ga2O3 films. These 
diffraction peaks were respectively assigned to the (2�01), (4�02) and (6�03) planes of monoclinic β-Ga2O3, which indicated that the 
films on (0006) sapphire at various temperatures were pure β-Ga2O3 with the preferred orientation of {2�01}. Sample 6 showed the 
strongest diffraction intensities of the {2�01} phases of β-Ga2O3. In addition to the {2�01} which was a dominated orientation of β-
Ga2O3, other β-Ga2O3 peaks became visible after annealing. These peaks belonged to the (400), (002), and (512) phases of β-Ga2O3. 
However, the intensities of these three diffraction peaks were much lower than those of the (2�01) and (4�02) diffraction peaks. Sample 
6’s diffraction intensity of the 2θ value of the (2�01) peak was the highest. Table. 2 lists the full width at half-maximum (FWHM) of 
the (2�01) peak and grain size obtained from the XRD patterns for the six samples after annealing. The result in Table 2 shows that 
the optimal temperature was 500 °C for the buffer layer and 200 °C for the top layer (Sample 6). The second best temperature was 
200 °C for the buffer layer and 500 °C for the top layer (Sample 3). The third best temperature combination was room temperature 
for the buffer layer and 500 °C for the top layer (Sample 1).   

 

Fig. 1. XRD patterns of the six samples as-grown and after annealing, in comparison with ICDD file PDF# 43-1013 for β-Ga2O3. β-
Ga2O3 is marked with an asterisk, and sapphire is marked with a hashtag. 
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Table 2. Sputtering parameters of the buffer layer and the top layer. 

 

Sputtering 

temperature:  

buffer/top 

(°C/°C)  

FWHM 

(°) 

grain size 

(nm) 

Sample 1  A-RT/500  0.54 14.8 

Sample 2  A-100/500 0.61 13.1 

Sample 3  A-200/500 0.41 20.32 

Sample 4  A-300/500 0.63 12.7 

Sample 5  A-400/500 0.66 12.1 

Sample 6 A-500/200 0.40 20.81 

To explore the changes in surface morphology and roughness more clearly, the FESEM-examined surface morphologies of 
the β-Ga2O3 films after annealing were obtained (Figs. 2 (a)-(f)). The FESEM top view presents the grains of Samples 3 and 6 to be 
the most obvious and angular with the most uniform distribution. The grain sizes were also the largest, indicating the improvement 
of film crystalline quality. This result was consistent with the XRD results. 

 

Fig. 2. SEM top images of Ga2O3 films after annealing. 

The transmittance spectra in the wavelength range of 280‒800 nm for the annealed β-Ga2O3 are shown in Fig.. 3. In the 
wavelength range of 280‒800 nm, all six samples showed high average transmittance of 79.9% to 85.19 % (including the substrates). 
Table 3 shows the average transmittance of the six films with buffer layers after being annealed in different wavelengths. Figure 3 
and Table 3 depict that the average transmittances of Samples 3 and 6 were slightly higher than the other samples in the band of 
280‒315 nm due to the better crystallinity and good uniformity of the films. This result of transmission is consistent with those of 
XRD and SEM. 
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Fig. 2. Transmission spectra of the six samples after annealing. 

Table 3. Average optical transmittance of six films with buffer layers after annealing in different wavelength bands. 

 

Sputtering 

temperature: 

buffer/top 

(°C/°C) 

Average optical transmittance 

 

200~280 

(nm） 

 

280~315 

(nm） 

 

315~400 

(nm） 

 

400~800 

(nm） 

Sample 1  RT/500  23.98 79.90 82.57 84.65 

Sample 2  100/500  22.56 80.88 84.41 85.19 

Sample 3  200/500  22.51  81.87  84.13  84.98  

Sample 4  300/500  22.62  81.79  83.73  84.12  
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Table 3. cont. 

Sample 5  400/500  23.57 81.44 82.69 84.57 

Sample 6 500/200 22.74 81.99 83.96 84.77 

The result also verified that the crystallization quality of Sample 6 was better than that of Sample 3. This is because the higher 
temperature was equivalent to sputtering deposition of the buffer layer during the buffer layer sputtering while annealing it at 500 
°C, which promotes the crystallization quality of the buffer layer. On top of the better buffer layer, sputtering to deposit a gallium 
oxide film enbahces the quality of the overall film. 

4. Conclusions 

By employing RF magnetron sputtering, an improved method of double layer sputtering with different temperature control 
was presented in this study. The combinations of different sputtering temperatures of the buffer and the top layers was investigated 
with the influence of the temperature combinations on the properties of Ga2O3 films. After annealing, the β-Ga2O3 film with 500 °C 
sputtering at the bottom and 200 °C sputtering at the top had the smallest FWHM, the largest grain size, and the highest transmission, 
manifesting the optimal crystalline quality. 
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