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The halide vapor phase epitaxy of α-Ga2O3 is demonstrated for the first time. The films 

are twin-free, heteroepitaxially grown on sapphire (0001) substrates using gallium chloride 

and oxygen as precursors. X-ray ω-2θ and pole figure measurements reveal that the film is 

single-crystalline (0001) α-Ga2O3 with no detectable formation of β-Ga2O3. The optical 

bandgap is determined from the transmittance spectrum to be 5.16 eV. The growth rate 

monotonically increased with the partial pressures of the raw material gases, reaching 

approximately 150 µm/h, which is over two orders of magnitude larger than those of 

conventional vapor phase epitaxial growth techniques, such as mist-CVD or MBE. 

     



  Template for APEX (Jan. 2014) 

2 

 Ga2O3 is known to possess five different crystal structures, i.e., α-, β-, δ-, ε-, and γ-phase. 

Among them, β-Ga2O3 is thermodynamically the most stable. 
1)

 The bandgap of β-Ga2O3 is 

reported to be 4.7 eV,
 2)

 therefore it is very transparent even in the UV region. In addition, 

the electrical conductivity can be controlled by the doping with Si or Sn. 
3, 4)

 Furthermore, 

single crystal substrates produced from melt are available, 
5-7)

 and high-quality 

homoepitaxial layer can be grown on those substrates. 
8-11)

 Accordingly, β-Ga2O3 is 

attracting remarkable attention as a promising wide bandgap semiconductor for various 

applications such as substrates for GaN-based LEDs, 
12, 13)

 UV detectors 
14)

, and power 

devices such as SBDs,
 10)

 MESFETs,
 15)

 and MOSFETs. 
16)

 

 On the other hand, α-Ga2O3, which is the target material of this work, is a meta-stable 

phase, and the number of publications is limited compared to those of β-Ga2O3. However, 

α-Ga2O3 has also been reported to have a large bandgap energy (Eg = 5.3 eV), 
17)

 and its 

electrical conductivity can be controlled as well. 
18, 19)

 Furthermore, this compound has 

been proposed to realize novel functional materials through the formation of 

solid-solutions with other corundum-structured oxides, such as α-Al2O3. 
20)

 α-Ga2O3 is 

thus a very promising wide bandgap semiconductor. 

 Unfortunately, single crystal substrates of α-Ga2O3 cannot be produced from melt, since 

the material is meta-stable. Accordingly, single crystalline α-Ga2O3 films need to be 

produced by heteroepitaxy. Sapphire is one of the most promising substrate materials, 

because it possesses the same corundum structure, and large-area high-quality substrates 

are available at a reasonable price. The lattice mismatches between α-Ga2O3 and sapphire 

along a- and c-axis are ~4.5% and ~3.3%, respectively. 

So far, the vapor phase growth of α-Ga2O3 has been demonstrated only by mist-CVD
17-20)

 

and MBE 
21)

. Kumaran et al. reported the MBE of single crystalline Nd-doped α-Ga2O3 on 

sapphire (112�0)
 21)

. The α-Ga2O3 films grown by mist-CVD on sapphire (0001) exhibited a 

narrow FWHM (~60 arcsec) of the X-ray rocking curve (XRC) in out-of-plane diffraction, 

while no data is reported about the in-plane mosaicity.
 17-20)

 The domain-matching epitaxy 

mechanism has been proposed as the reason for the narrow tilt angle.
22)

 However, in-plane 

twinning, with a small fraction of 180
o
 rotational domains, was observed. 

17) 
The maximum 

reported growth rate is approximately 1 µm/h.
 18)

 High concentrations of impurities have 
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been reported for nominally un-doped films ([H] = 3 × 10
19

 cm
-3

, [C] = 1 × 10
19

 cm
-3

, [Si] 

= 9 × 10
18

 cm
-3

). 
19)

 

In this work, we have employed the halide vapor phase epitaxy (HVPE) 
23)

 to grow 

α-Ga2O3 layers. HVPE is a kind of CVD technique, which is characterized by a large 

growth rate and a high-purity of the resulting crystals. HVPE is nowadays widely used in 

III-V semiconductors industry. 
24)

 Regarding the HVPE of Ga2O3, there are some 

publications about β-Ga2O3. 
11, 25-27)

 However, there is no report about the HVPE of 

α-Ga2O3. In this work, we demonstrate the successful high-speed growth of high-purity 

α-Ga2O3 layers by HVPE. 

 The HVPE growth was conducted in an atmospheric horizontal reactor using gallium 

chloride and O2 (＞ 99.99995% pure) as the precursors. The gallium chloride was 

synthesized through the chemical reaction between Ga metal (> 99.99999% pure) and HCl 

gas (> 99.999% pure) upstream in the reactor. The partial pressures of the HCl and O2 

(P(HCl) and P(O2)) were 0.1 - 0.75 kPa and 0.5 - 6 kPa, respectively. N2 (> 99.9999% 

pure) was used as the carrier gas. The deposition temperature was fixed within the range 

525-650°C. We used sapphire (0001) substrates.  

The surface morphology of the films was observed by scanning electron microscopy 

(SEM). The growth rate was determined by cross-sectional SEM. The crystal structure and 

orientation were investigated by X-ray diffraction (XRD) ω-2θ scan and pole figure 

measurements. The structural quality was estimated by XRC measurement. The impurities 

concentrations were evaluated by secondary ion mass spectrometry (SIMS). Optical 

transmittance spectrum was utilized to determine the optical bandgap. The baseline was 

measured with a sapphire blank substrate. 

Firstly, we investigated the influence of the growth temperature under the fixed partial 

pressures of P(HCl) = 0.25 kPa and P(O2) = 1.0 kPa. The whole area of each film grown 

below 575°C was specular for human eyes. SEM images of a film grown at 550°C are 

shown in Fig.1. However, some random surface areas of the films grown at 575°C or 

higher temperatures exhibited a rough morphology, which appears mat white for human 

eyes. The area of such translucent regions increased with the temperature. X-ray ω-2θ scan 

profiles (not shown) revealed that poly-crystalline β-Ga2O3 is dominant in such areas, 

while the other mirror-like areas were confirmed to be single crystalline α-Ga2O3 through 
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pole figure measurement. The mirror-like area completely disappeared at 650°C. The 

temperature at which pure α-Ga2O3 is obtained is different depending on the report. 

Shinohara and Fujita reported that α-Ga2O3 was dominant under 630°C, and no β-Ga2O3 

was detected below 470°C 
17)

 in the Ga2O3 film grown by mist-CVD. In contrast, β-Ga2O3 

was still dominant at 500°C in MBE-grown Ga2O3 films on c-plane sapphire. 
21, 29)

 Such 

differences could be originated not only on the accuracy of the growth temperature, but 

also on the intrinsic nature of each growth method, therefore a detailed explanation is 

difficult at present. Because our HVPE and the mist-CVD both include H2O and HCl in the 

atmosphere, we speculate that such molecules could play a key role. 

The temperature dependence of the growth rate at the mirror-like area is presented in 

Fig.2. The growth rate exhibited a significant increase with the temperature rise. This could 

be explained by the change of the molar ratio of GaCl and GaCl3 generated in the Ga 

container. Figure 3 shows the calculated partial pressures of GaCl and GaCl3 in the 

equilibria Ga + HCl = GaCl + 1/2H2 and GaCl + 2HCl = GaCl3 + H2, respectively. The 

detailed procedure of the thermodynamic analysis has been described elsewhere. 
28)

 The 

calculation was carried out assuming the injection of the HCl gas into the Ga container 

with a partial pressure of 5 kPa and using N2 as the carrier gas, in accordance with the 

actual experimental condition. Note that the Ga temperature should be close to the growth 

temperature, since the Ga container and the substrate holder were nearby in a single zone 

hot-wall furnace. It can be seen that the mole fraction of GaCl3 continuously decreases 

with increasing temperature, being negligible above 600°C. On the contrary, GaCl rises 

significantly with the temperature from 250 to 500°C, where it starts to saturate towards 

600°C. Taking both into account, at the considered deposition temperatures the decrease of 

GaCl3 is largely compensated by the increase in GaCl. As a result, this enhancement of Ga 

transport can be responsible for the increase in deposition rate. 

Secondly, we describe the characterization of the α-Ga2O3 films (3.6 µm thick) grown at 

550°C under the partial pressures of P(HCl) = 0.25 kPa and P(O2) = 1.0 kPa. The XRD 

ω-2θ scan profile of the film is shown in Fig.4(a) and (b). Apart from the peaks of the 

sapphire substrate, only the allowed reflections from the c-plane of α-Ga2O3 were observed. 

Therefore, the film is composed of only the (0001)-oriented α-Ga2O3 phase, with no 

detectable admixture of the β-Ga2O3 phase. 



  Template for APEX (Jan. 2014) 

5 

 Figures 5(a) and (b) are the {101�2} pole figures of the film and the sapphire substrate, 

respectively. Three peaks appeared at the positions which are expected for single 

crystalline α-Ga2O3, indicating that the film is single crystalline. This result contrasts with 

the reported in Ref.17, where three additional reflections were observed with a rotation angle 

of 180° relative to the former ones. Therefore, our diffraction measurements prove that 

twin-free α-Ga2O3 was deposited heteroepitaxially on sapphire (0001) for the first time. 

The epitaxial relationships are elucidated as: 

 

[101�0] α-Ga2O3 // [101�0] sapphire and (0001) α-Ga2O3 // (0001) sapphire 

 

Figure 6 shows the XRC profiles of (0006) and (101�2) diffraction peaks measured in 

symmetric and skew-symmetric geometry, respectively. The FWHM of the (0006) 

diffraction, with 612 arcsec, reflects the tilting of the c-plane. The FWHM of (101�2) 

diffraction (whose plane is 57.6
o
 inclined from the c-plane) in skew-symmetry, with 1296 

arcsec, indicates the twisting around the c-axis. Smaller values of FWHM are notably 

favored by a slower growth rate during nucleation. Therefore, the structural quality of the 

HVPE epilayers can be remarkably improved by optimizing the growth conditions at the 

initial growth stage. 

The results of the SIMS measurement is given in Table I. [H], [C] were below the 

detection limit, in contrast to the high values [H] = 3 × 10
19

 cm
-3

 and [C] = 1 × 10
19

 cm
-3

 

reported in Ref.19. This is probably due to the fact that HVPE does not use organic 

compounds as raw materials. [Al] was also below the detection limit. In addition, [Si] was 

also much lower than the reported value. 
19)

 Although [Cl] cannot be compared because 

there is no past report, it might be worth to mention that a value as low as [Cl] = 1 × 10
16

 

cm
-3

 was determined for a homoepitaxial β-Ga2O3 layer grown by HVPE at 1000°C. 
26)

 A 

plausible explanation for the difference in [Cl] is that the desorption of chlorine atoms 

from the growth front is favored through the temperature rise. 

Figure 7 shows the transmittance T. Although the optical transition type of α-Ga2O3 is 

still under discussion, we estimated the bandgap energy to be 5.16 eV through the (hνα)
2
 - 

(hν) plot (inset of Fig.7). 

Finally, we tried further high-speed growth. The growth rate of α-Ga2O3 at 550°C as a 
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function of the partial pressures of P(O2) and P(HCl) is shown in Figs.8(a) and (b), 

respectively. The growth rate monotonically increased with increasing the partial pressures, 

showing a saturating tendency at high partial pressures. The growth rate reaches 

approximately 150 µm/h, which is over two orders of magnitude greater than those of other 

epitaxial techniques, such as mist-CVD or MBE. The surface was still mirror-like, and the 

pole figure was confirmed to be that of single crystal even at the largest growth rate. The 

saturation in Fig.8(a) is probably due to the shortage of gallium chloride. Actually, the 

further increase of the growth rate at P(O2) = 4.0 kPa by increasing the P(HCl) is 

confirmed in Fig.8(b). On the other hand, the saturation tendency in Fig.8(b) is likely to be 

caused by the limitation of the chemical reactions at the considered temperatures to 

generate gallium chloride and/or Ga2O3. Insufficient mixing of gallium chloride and O2 

could also contribute to the saturation. 

 In summary, present work demonstrates for the first time the successful heteroepitaxial 

growth of twin-free α-Ga2O3 on c-plane sapphire substrates by HVPE. The epitaxial 

relationships were determined to be [101�0] α-Ga2O3 // [101�0] sapphire and (0001) 

α-Ga2O3 // (0001) sapphire, in good accordance with the corundum structure of both 

compounds. Impurity concentrations ([H], [C], and [Si]) were much lower than the 

reported values by factors in the range of 100-1000. The optical bandgap was estimated to 

be 5.16 eV. The growth by HVPE reached a maximum rate of approximately 150 µm/h, 

which is over two orders of magnitude greater than the reported so far. Present results 

confirm the high potential of the HVPE for the growth of thick films or even free-standing 

α-Ga2O3 wafers. 
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Figure Captions 

Fig. 1. SEM images of an α-Ga2O3 layer grown on a sapphire (0001) substrate. 

(a) surface image, (b) cross-sectional image. 

Fig. 2. Growth rate of α-Ga2O3 as a function of growth temperature. 

Fig. 3. Calculated partial pressures of GaCl and GaCl3 in equilibrium as a function of 

temperature (result of thermodynamic analysis). 

Fig. 4. XRD ω-2θ profile of an α-Ga2O3 layer grown on a sapphire (0001) 

substrate. (a) wide-scan profile, (b) narrow-scan profile around (0006). 

Fig. 5. X-ray {101�2} pole figures (log-scale) of (a) α-Ga2O3 layer and (b) 

sapphire substrate. 

Fig. 6. XRCs of an α-Ga2O3 film. 

Fig. 7. Transmittance spectra of α-Ga2O3. The inset shows the absorption coefficient in 

(hνα)
2
 vs hν. 

Fig. 8. Growth rate of α-Ga2O3 as a function of (a) O2 partial pressure, (b) HCl partial 

pressure. 
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Table I.  Impurity concentrations in α-Ga2O3 measured by SIMS. 

 

Element 
Detection limit 

(D. L.) [cm
-3

] 

Concentration 

[cm
-3

] 

H 4 × 10
17

 < D. L. 

C 6 × 10
17

 < D. L. 

Al 4 × 10
15

 < D. L. 

Si 1 × 10
16

 2 × 10
16

 

Cl 1 × 10
16

 7 × 10
16
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 

 

-2 -1 0 1 2

In
te

n
s

it
y

 [
a

rb
. 

u
n

it
s

]

∆ω [deg.]

(0006) (101�2) 

612 arcsec 1296 arcsec 



  Template for APEX (Jan. 2014) 

17 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 
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Fig. 8 
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