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Abstract 

The heteroepitaxial β-Ga2O3 thick films were rapidly grown on various oriented sapphire 

substrates using carbothermal reduction method. The β-Ga2O3 films were prepared in our 

home-made vertical dual temperature zone furnace. The growth direction as well as surface 

morphology showed the strong dependence on the orientation of the sapphire substrate. The 

fastest growth rate was obtained reaching approximate 15 μm/h on c-plane sapphire substrate 

according to the average 30 μm thickness of β-Ga2O3 films grown for 2 hr measured by cross-

section scanning electron microscope. The Raman spectra indicated the pure-phase β-Ga2O3 

films without obvious strain. The bandgap for grown films were in range of 4.6-4.7 eV 

confirmed by X-ray photoelectron spectra and Tauc plot from absorption spectra. Secondary 

ion mass spectrometry was used to check the impurities indicating a limited amount of 

residual carbon inside the films even though graphite as the reducing agent. The results in this 

work give promising alternative method of rapid epitaxial β-Ga2O3 thick films for the 

application on high-power electronic devices. 

Keywords: β-Ga2O3 thick films, carbothermal reduction method, rapid growth 

 

1. Introduction 

Thermodynamically stable β-gallium oxide (Ga2O3) is one 

of the promising ultrawide bandgap semiconductor material 

attribute to the large bandgap (4.8 eV), high breakdown 

electrical field and Baliga’s figure of merit [1]. Moreover, high 

quality β-Ga2O3 bulk synthesized by simple and low-cost melt 

growth methods [2, 3] have been successfully prepared for large 

scale substrate which is well-suited for commercial using. By 

these superior advantages, various devices based β-Ga2O3 

have been reported such as photodetectors, high power 

electronics and radiation hard devices [4-8].  

In the application of Schottky barrier diodes based on β-

Ga2O3, epitaxial high-purity β-Ga2O3 thick films with low 

carrier density enable to exploit the intrinsic advantage to 

achieve higher breakdown voltage and lower on-resistance 
[9,10]. For the state of art β-Ga2O3 based Schottky barrier 

diodes, the drift region is usually above 10 μm [11,12]. Such 

thickness require the relative fast growth rate. At present, 

synthesizing β-Ga2O3 films have been extensively studied by 
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pulsed laser deposition (PLD) [13], molecular beam epitaxy 

(MBE) [14], plasma-enhanced chemical vapor depostion 

(PECVD) [15], metal organic vapor deposition (MOCVD) [16], 

low pressure chemical vapor deposition (LPCVD) [17], halide 

vapor phase epitaxy (HVPE) [18,19] and etc. Among them, PLD 

and MBE are not suitable on growth of thick β-Ga2O3 films 

due to the low growth rate ( <1 μm/h ). PECVD, LPCVD and 

MOCVD exhibited moderate growth rate ( 1~2 μm/h ) are 

alternative methods, nevertheless, the growth rate is still not 

sufficient enough for sythersizing thick films. At present, 

HVPE exhibited the advantage of fast growth rate ( >5 μm/h 

), reasonable quality and controllable doping quantity are the 

most popular approach. The homoexpitaxial and 

heteroexpitaxial on sapphire substrate by HVPE have been 

reported widely. Murakamiet et al. [18,20] firstly reported that 

homoepitaxial high-purity β-Ga2O3 thick films with growth 

rate of 5 μm/h grown on (001) β-Ga2O3 substrate by HVPE, 

and fabricated MESFET and SBD devices based on β-Ga2O3 

thick films. Nikolaev et al [21]
 reported that the fastest growth 

rate of β-Ga2O3 films prepared by HVPE up to now reaching 

250 μm/h. Li et al [19] reported that the (-201) β-Ga2O3 films 

with growth rate of 4 μm/h grown on c-plane sappphire 

substrate by HVPE, as well as investigated the microstructure 

properties of heteroepitaxial β-Ga2O3 films. Neverthelss, the 

growth process of HVPE invovled corrosive precussors such 

as HCl and Cl2 gas result in the substrate etching and creating 

the unavoidable defect [22], which further limit to improve the 

film quality. Therefore, it is neccesary to develop the 

alternative growth method without corrosive precussors gas. 

Carbothermal reduction was a widely reported method on 

sythesizing β-Ga2O3 nanostructure [23, 24], neverthless, the β-

Ga2O3 films has never been realized. The advantages of 

carbothermal reduction is the use of non-corrosive materials ( 

Ga2O3 and grahite powder ). The reaction mechnism of 

carbothermal reduction process contain two stages: (I) Ga2O3 

powder is significant decomposed into Ga2O and CO by 

reductant of graphite power over 1000℃. (II) the suboxide 

Ga2O vapor continuously react with CO to produce Ga and 

CO2. In the aspect of nanostructrure growth, the growth 

condition under the atmosphere of Argon ( Ar ) providing a 

metal-rich condition is helpful for Ga droplets gathered on 

substrate leading to the self-catalyzed nanostructure growth. 

Whereas, according to the theoretical analyse, maintaining 

large amount of Ga2O vapor and the Ga2O vapor reoxided with 

O2 is the key for fast growth of Ga2O3 thick films [25, 26]. 

Therefore, it is strongly recommended to promote the first 

stage of the carbothermal reduction and inhibit the second 

stage. In this paper, we demonstrated fast expitaxial β-Ga2O3 

thick films by carbothermal reduction method. The growth 

was taken place in our home-made vertical dual temperature 

furnace under certain growth condition. The raw material was 

placed at the lower part of furnace setting at 1400℃ for 

generating sufficient Ga2O vapor. The substrate was placed in 

oxygen rich enviroment in the upper of furnace setting at 

950℃, meanwhile keeping an oxygen rich enviroment by 

100sccm O2 flow, which can prevent Ga2O vapor 

decompostion and allow reoxided Ga2O vapor to form β-

Ga2O3 layers. The growth rate was examined to be 15 μm/h, 

10 μm/h, and 4 μm/h, respectively, for c-plane (0001), m-

plane (10-10), and r-plane (1-102) sapphire substrate. The 

material properties of as grown films were characterized in 

detail. The SIMS results indicate the limited carbon residual 

inside the thick films although the graphite power was 

introduced as the reducing agent. 

2. Experiments 

The growth of β-Ga2O3 thick films was proceed in a home-

made vertical dual temperature zone furnace, as illustrated in 

figure 1. High purity Ga2O3 powder (99.999%) mixed with 

graphite powder (molar ratio of 1:20) as the source material 

was put in the corundum crucible where placed at the lower 

part of the furnace. The sapphire substrate was placed at the 

upper part of the furnace. The setting temperature was at 1400 

℃ and 950 ℃, for lower and upper part of furnace, 

respectively. The growth process was taken place under the 

oxygen-rich enviroment maintaining by 100 sccm Oxygen 

(O2) and 500 sccm Argon (Ar) for 2 hr at pressure of 3 × 103 

Pa. Through the reduction of graphite powder, Ga2O3 powder 

is decomposed into Ga2O (g) and O2 at high temperature 

region shown as follow: 

Ga2O3 (s) + 2C (s) → Ga2O (g) + 2CO (g)        (1) 

Ga2O vapor was transported to substrate surface and then re-

react O2 at low temperature region to form β-Ga2O3 films as 

represented below: 

Ga2O (g) + O2 (g) → Ga2O3 (s)                         (2) 

 

3. Results and discussions 

FIG. 1. The schematic diagram of home-made vertical 

cylindrical dual temperature zone furnace 

Page 2 of 7AUTHOR SUBMITTED MANUSCRIPT - SST-108721.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Journal XX (XXXX) XXXXXX Author et al  

 3  
 

The growth rate for β-Ga2O3 thick films were characterized 

by cross-section scanning electron microscopy (SEM, FEI 

Nova Nano 450) images as shown in figure 2. Insets of figure 

2 depict the cross-section image in low magnification which 

present the films uniformity as well as a clear interface. The 

growth rate was estimated to be 15, 10 and 4 μm/h according 

to the average thickness of 30, 20 and 8 μm, respectively, for 

grown on c-plane, m-plane and r-plane sapphire substrates. 

According to the theoretical calculation [15, 27], the lattice 

mismatch rate of short and long side between (-201) plane of 

β-Ga2O3 and c-plane sapphire, (100) plane of β-Ga2O3 and m-

plane sapphire, (100) plane of β-Ga2O3 and r-plane sapphire, 

are 4.87% and 4.5%, 17% and 12%, 35.5% and 32.7%, 

respectively. The different mismatch related strain results in 

the different atom binding energy which means the different 

nucleation as well as the growth rate can be observed. This 

could be the explanation that (-201) plane of β-Ga2O3 on c-

plane sapphire substrate has the fastest growth rate whereas 

(100) plane of β-Ga2O3 on r-plane sapphire substrate has the 

lowest growth rate. The rapid growth achieved by 

FIG. 2. The cross-section SEM images of β-Ga2O3 films grown on (a) c-plane (0001), (b) m-plane (10-10) and (c) r-plane (1-102) 

sapphire substrates, respectively.  

FIG. 3. XRD results of β-Ga2O3 films grown on (a) c-plane (0001), (b) m-plane (10-10), and (c) r-plane (1-102) sapphire substrates. The 

corresponding surface SEM results shown in image (d), (e) and (f), respectively. The corresponding AFM results shown in image (g), 

(h) and (i), respectively. 
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carbothermal reduction could be an alternative method to 

growth β-Ga2O3 thick films to satisfy the demand for the β-

Ga2O3 devices with thick drift region [11,12,18,20]. 

To determine the crystalline orientation, surface 

morphology and roughness on different sapphire substrates, 

the as-grown Ga2O3 thick films were investigated by X-ray 

diffraction (XRD, Bruker D8 Advance), top-view scanning 

electron microscopy (SEM, FEI Nova Nano 450) and atomic 

force microscopy (AFM, Bruker Dimension Icon). For the 

films grown on c-plane sapphire (Fig 3(a)), three main 

diffraction peaks are visible at 18.95, 38.43, and 59.13° 

referring to (-201) and high order planes of β-Ga2O3 grown 

parallel to the (0001) sapphire substrate, which is due to the 

approximate atomic arrangement (equilateral triangles) of 

oxygen atoms near the β-Ga2O3 (-201) plane and c-plane 

(0001) sapphire substrate [28]. In previous literature, the β-

Ga2O3 films grown on c-plane (0001) sapphire substrate with 

(-201) preferred growth orientation had been widespread 

reported by MBE, MOCVD and PLD [16,28,30]. The strong (-

201) orientation leads to the quasi six-fold rotational surface 

morphology noted in the red hexagonal area as shown in figure 

3(d). The additional subpeak in XRD results index (400), 

(002) and (111) is attributed to the rhombic prism faces 

appearance as shown in the orange rectangular area since the 

lattice mismatch leading to the anisotropic growth happened. 

The AFM image in figure 3(g) is well correlated with SEM 

image showing the root mean square (RMS) roughness around 

15.0 nm. The lattice mismatch between the c-plane sapphire 

substrate and β-Ga2O3 (-201) plane, which result in the 3D 

growth of columnar particles with poor crystalline symmetry 

for β-Ga2O3 films under the fast growth rate. The XRD result 

of the films grown on m-plane sapphire substrate (Fig 3(b)) 

shows the peak position suited at around 30.03, 45.77 and 

62.49° in accordance with the (400), (600) and (800) 

diffraction peaks of β-Ga2O3, respectively. The [100] direction 

of β-Ga2O3 grown along m-plane sapphire substrate was 

confirmed by Nakagomi et al [31], which reported that twelve 

kinds of β-Ga2O3 crystal orientations including β-Ga2O3 (400) 

plane on m-plane sapphire using X-ray pole figure analyses. 

The top view SEM displays the surface morphology of large 

granular structure (average size ~10 μm) composed of 

azimuthal shape crystal in figure 3(e). Nevertheless, the RMS 

of film on m-plane sapphire (~31 nm shown in figure 3(h)) is 

much higher. The reason is probably due to the tetrahedral 

morphology at primary growth stage for β-Ga2O3 films grown 

on m-plane, which result in the regular oriented isometric 

crystals with the azimuthal shape under fast growth rate [15]. 

The films on r-plane sapphire substrate exhibits only granular 

with prismatic shape structure (Fig 3(f)) with 18.6 nm RMS 

surface roughness (Fig 3(i)), however, the XRD result shows 

the weak (400), (600) and (800) β-Ga2O3 diffraction peaks in 

figure 3(c). Considering the crystal orientation of between β-

Ga2O3 films and the sapphire substrate surface, the oxygen 

atoms of m-plane and r-plane sapphire substrate have the 

similar rectangular arrangement as β-Ga2O3 (100) plane, 

which contribute to the appearance of (400), (600), and (800) 

peaks of β-Ga2O3 films on m-plane and r-plane sapphire 

substrates.  

Figure 4 depicts the Raman spectra (Renishaw InVia03) of 

β-Ga2O3 films grown on different sapphire substrates. A β-

Ga2O3 single crystal is used as reference. β-Ga2O3 is the C2h 

space group monoclinic structure composed of Ga2O6 

octahedra and GaO4 tetrahedra. The oscillation modes are 

categorized into low (from 140 cm-1 to 200 cm-1), medium 

(from 320 cm-1 to 480 cm-1) and high frequency (from 630 cm-

1 to 730 cm-1) mode representing the tetrahedra-octahedra 

chains vibration, the deformation of Ga2O6 octahedra, and the 

bending and stretching of the GaO4 tetrahedron, respectively. 

Compared to the reference β-Ga2O3 single crystal, each peak 

FIG. 4. The Raman spectra of β-Ga2O3 crystal reference and β-

Ga2O3 films grown on c-plane (0001), m-plane (10-10), and r-

plane (1-102) sapphire substrates.  

FIG. 5. The Tauc plot with (αhν)2 as a function of photo energy 

(hν) for β-Ga2O3 films grown on sapphire substrates of different 

orientations: c-plane (0001), m-plane (10-10), and r-plane (1-

102). 
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position for epitaxial thick films on different sapphire 

substrate do not exhibit the apparent position shift indicating 

the obtained films are pure phase β-Ga2O3 with limited 

residual strain. 

The optical bandgap was estimated by the Tauc plot with 

(αhν)2 as a function of photon energy (hν) for β-Ga2O3 films 

grown on different sapphire substrates from absorption spectra 

measured by ultraviolet-visible spectrophotometer (Shimadzu 

UV3600) displayed in figure 5. According to formula (αhν)2 

=A(hν-Eg), where α is the absorption coefficient and hν is the 

energy of incident photon, the optical bandgap of β-Ga2O3 

films is 4.67 eV, 4.68 eV, and 4.63 eV for grown on c-plane, 

m-plane, and r-plane sapphire substrates, respectively. 

The bandgap of as grown β-Ga2O3 thick films is further 

approved by X-ray photoelectron spectroscopy (XPS, K-

alpha+) measurement. Figure 6(a) shows The XPS wide 

survey spectra calibrated according to the peak position of 

Carbon 1s. The energy bandgap of β-Ga2O3 thick films is 

characterized by the difference value between the peak energy 

and the initial value of inelastic loss for O 1s. From figure 6(b) 

to figure 6(d), the bandgap extracted from the detailed O 1s 

spectra are all around 4.7 ± 0.1 eV for β-Ga2O3 films grown 

on c-plane, m-plane, and r-plane sapphire substrates, which is 

coincident with that of results estimated by Tauc plot in 

absorption spectra. The estimated bandgap value of β-Ga2O3 

films grown on various sapphire substrates are in the range of 

4.5-4.8 eV as previous report [15,32]. 

Since the growth process involved the graphite as reducing 

agent, it is necessary to examine the impurities inside. Figure 

7 shows time-of-flight secondary ion mass spectrometry 

FIG. 6. (a) The XPS wide survey spectra of β-Ga2O3 films grown on c-plane (0001), m-plane (10-10), and r-plane (1-102) sapphire 

substrates. (b)-(d) The peak energy and the inelastic losses of O 1s for β-Ga2O3 films grown on c-plane (0001), m-plane (10-10), and r-

plane (1-102) sapphire substrates. 

FIG. 7. The TOF-SIMS depth profile of β-Ga2O3 films grown 

on c-plane (0001) sapphire substrate. 
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(TOF-SIMS, IONTOF 5) element depth profiles for 

heteroepitaxial β-Ga2O3 films grown on c-plane sapphire 

substrate. The surface of β-Ga2O3 films contains a small 

amount of C and Si elements due to the enrichment effect of 

impurities on film surface [9]. As the deeper inside the films, 

the concentration of C and Si impurities is declined 

significantly closing to the detection limit (~1016 at/cm3) as 

using aluminum (Al) as reference. The relative low number of 

C impurity in the films indicates the merely impact for Ga2O3 

films epitaxial by carbothermal reduction in our experiment 

although the most effort for HVPE and MOCVD on 

controlling carbon involvement. Moreover, the room 

temperature Hall mobility and carrier concentration of β-

Ga2O3 films grown on c-plane sapphire substrate were 

measured by Hall effect (Lake Shore 7704 A). The room 

temperature carrier concentration of β-Ga2O3 films grown by 

carbothermal reduction method is approximate 1015 cm-3 with 

Hall mobility of 22.5 cm2/Vs as shown in Table 1, although 

the results are strongly affected by ohmic contact as well as 

the crystal quality. The further effort will be the homoepitaxy 

on semi-insulating Ga2O3 substrate to confirm the exact carrier 

concentration and Hall mobility.  

 

Table 1. The room temperature carrier concentration and Hall 

mobility of β-Ga2O3 films using carbothermal reduction method 

Method Carrier concentration 

(cm-3) 

Hall mobility 

(cm2/Vs) 

Carbothermal 

reduction 

1015 22.5 

 

4. Conclusions 

In this paper, we report that successfully grown β-Ga2O3 

thick films by carbothermal reduction method on different 

sapphire substrates. The growth was prepared in a home-made 

vertical cylindrical dual temperature zone furnace with the 

source material of high purity Ga2O3 powder (99.999%) 

mixed with graphite powder (molar ratio of 1:20). The growth 

direction as well as surface morphology of as-grown β-Ga2O3 

films are strongly dependent on the orientation of sapphire 

substrates. The β-Ga2O3 film grown on c-plane sapphire 

substrate exhibited a faster growth rate of 15 μm/h and lower 

surface roughness of 15.0 nm in comparison with films on r-

plane and m-plane sapphire substrates. The Raman spectra 

indicated the pure-phase β-Ga2O3 films without obvious 

strain. The bandgap estimated from the O 1s spectra in XPS 

for β-Ga2O3 films grown on various oriented sapphire 

substrates is consistent with the optical bandgap using Tauc 

plot in absorption spectra, which in range of 4.6-4.7 eV. The 

SIMS results present relative low number of C and Si 

impurities in the films indicating the merely impact for Ga2O3 

films by using graphite powder as reducing agent in our 

experiment. The room temperature low carrier concentration 

for ~1015 cm-3 and Hall mobility for 22.35 cm2/Vs of obtained 

β-Ga2O3 films. 
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