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Abstract: In this study, we investigated the growth of single-crystallinity α-Ga2O3 thin films on c-plane sapphire sub-

strates using halide vapor pressure epitaxy. We also found the optimal growth conditions to suppress the phase transition

of α-Ga2O3. Our results confirmed that the growth temperature and partial pressure of the reactive gas greatly influenced

the crystallinity. The optimal growth temperature range was about 460~510oC, and the α-Ga2O3 thin films with the highest

crystallinity were obtained at a III/VI ratio of 4. The thickness and surface morphology of the thin films was observed

by scanning electron microscopy. The film thickness was 6.938 μm, and the full width at half maximum of the ω-2θ

scan rocking curve was as small as 178 arcsec. The optical band gap energy obtained was 5.21 eV, and the films were

almost completely transparent in the near-ultraviolet and visible regions. The etch pit density was found to be as low as

about 6.0 × 104 cm−2. 
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1. Introduction

Recently, gallium oxide (Ga2O3), an ultra-wide bandgap

(UWBG) semiconductor, has been actively studied to

replace GaN and SiC.1-4) Owing to the ultra-wide energy

bandgap, Ga2O3 can realize high-power devices with

higher breakdown voltage and lower energy loss than GaN

and SiC.5-8)

Ga2O3 are grown in five phases (α, β, γ, ɛ, and δ)

depending on growth parameters such as the growth tem-

perature and pressure.9

Among them, the α-phase has a bigger bandgap (5.3 eV)

than those of the other phases and is meta-stable at high

temperatures (<600oC).10) So far, the heteroepitaxial growth

of α-Ga2O3 is possible on sapphire (α-Al2O3) substrates via

mist chemical vapor deposition (mist-CVD),11) halide

vapor phase epitaxy (HVPE),12,13) and molecular beam epi-

taxy (MBE).14)

Growth of α-Ga2O3 via HVPE is type of chemical vapor

deposition (CVD) method that has a rapid deposition rate

and yields crystals of high purity. HVPE can grow thin

films at a lower cost than other methods such as metal

organic chemical vapor deposition (MOCVD) and MBE.

Therefore, it is widely used in the III/V semiconductor

industry.15)

Previous studies have focused on heteroepitaxial growth

on various substrates including sapphire substrates. Since

α-Al2O3 have the same corundum structure as α-Ga2O3,

Al2O3 is an optimal substrate for heteroepitaxial growth.

Lattice mismatches between α-Ga2O3 and sapphire are

about ~4.5% and ~3.3% along the a-axis and c-axis,

respectively.16,17) Also, Kaneko et al. reported that the

semi-coherent growth of Ga2O3 on sapphire substrates is

expected to prevent the occurrence of screw dislocations.18)

These studies show the possibility that α-Ga2O3 thin films

with good crystallinity can be grown on sapphire sub-

strates.

We have successfully grown α-Ga2O3 thin films having

the single crystallinity among α-Ga2O3 films grown so far

and exhibiting excellent physical properties.

2. Experimental

Fig. 1(a) is a schematic of the HVPE equipment used in

the study. HVPE is a type of CVD method that reacts at

atmospheric pressure in a horizontal reactor. In case of
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HVPE, the precursor consisted of GaCl and O2. GaCl was

synthesized through a chemical reaction between metallic

Ga (6N grade) and HCl gas (5N grade) at 470oC in the Ga

source zone of the reactor. The partial pressures of HCl and

O2 were 0.25~0.55 kPa and 1~4 kPa, respectively. N2 (6N

grade) was used as the carrier gas. GaCl and O2 were sep-

arately transferred to the growth zone, where an α-Al2O3

substrate was placed on a quartz glass susceptor. The

HVPE equipment was divided into six sections, consisting

of the Ga source zone in which Ga and HCl reacted and the

growth zone in which α-Ga2O3 was grown by reacting

GaCl and O2. The remaining sections served as insulation

sections. Fig. 1(b) shows the temperature change according

to the distance in the reactor. The temperature of the Ga

source zone was fixed at 470oC. The growth zone was

heated to a temperature between 460 and 520oC under a N2

flow and it contained O2 at a partial pressure of 1 kPa.

Growth time was fixed at 50 min.

The crystallinity of the resulting α-Ga2O3 thin films was

analyzed by high-resolution X-ray diffraction (XRD). The

surface morphology of the films was observed by scanning

electron microscopy (SEM). The growth rate was deter-

mined by cross-sectional SEM. The structural quality was

estimated by x-ray rocking curve (XRC) measurements.

The impurity concentration was measured by secondary

ion mass spectrometry (SIMS). The optical transmittance

spectrum was utilized to determine the energy bandgap,

and the baseline was measured with a double-side polished

sapphire substrate. and a 45 wt% KOH solution was pre-

pared and boiled at 65oC using a hot plate. Then, the α-

Ga2O3 thin film was dipped into the solution for 60 min to

confirm the density of defects.

3. Results and Discussion

We first studied the optimal temperature to suppress β

phase in the temperature range of 470~510oC. Then, we

found the optimal III/IV ratio to maximize crystallinity. In

the case of Ga2O3, when the temperature exceeded a cer-

tain growth temperature, the α phase shifted to the β phase.

The β phase peak was found in the region of about 38.8o.19)

Fig. 2(a) shows the XRD 2θ/θ scan profiles of the growth

of α-Ga2O3 as a function of growth temperature. For α-

Ga2O3 grown from 470 to 510oC, only peaks for α-Ga2O3

were found in the growth region and no peaks for β-Ga2O3

were observed. Moreover, peaks for α-Ga2O3 were not

observed at temperatures below 460oC. When the growth

temperature reached 520oC, β-Ga2O3 peaks were observed

at about 38.3o. This result confirmed that transition from α

phase to β phase occurred. Also, the stable temperature for

α-Ga2O3 growth by HVPE was 470~510oC.

We also studied the change in crystallinity with respect

to the growth zone temperature. Fig. 2(b) shows the XRC

profiles of the α-Ga2O3 (0006) diffraction peaks. For

Ga2O3 grown at 510oC, only the single crystal α phase was

detected and excellent crystallinity at FWHM of 216 arcsec

was observed for the (0006) reflection. 

However, the crystallinity of α-Ga2O3 rapidly deterio-

rated at 520oC. The reason can be confirmed by the graph

of Fig. 2(b) As shown in the graph, the α phase disappears

at 520oC and the phase transitions to the polycrystalline β

phase. Therefore, optimizing the growth temperature is an

important factor for obtaining single crystallinity α-Ga2O3.

The growth temperature of pure α-Ga2O3 crystals is

obtained differently depending on various growth methods.

Fig. 1. (a) Schematic drawing of the HVPE system. (b) Process flow graph of temperature change with distance 
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Oshima and Fujita reported that using Mist-CVD, β-Ga2O3

was not grown from 470 to 630oC, and that only α-Ga2O3

was grown in this temperature range.7) In contrast, when

Ga2O3 films were grown using MBE on c-plane sapphire

substrates in the same temperature range, β-Ga2O3 was

found at about 38o.20) Such a difference could originate not

only from the growth temperature but also from the basic

characteristics of each growth method.

Fig. 2(c) shows the results of the experiment to obtain

optimal crystallinity through III/VI ratio control. First, we

investigated the changes in crystallinity with respect to

changes in P(HCl). P(O2) was fixed at 1.00 kPa, while

P(HCl) was varied from 0.25 to 0.55 kPa. Under constant

P(O2), FWHM decreased as P(HCl) decreased.

Second, Fig. 2(d) shows the change in FWHM with the

change in P(HCl). P(HCl) was fixed at 0.45 kPa, while

P(O2) was varied from 1.00 to 4.00 kPa. Similar to the

changes in crystallinity observed when P(HCl) was varied,

the crystallinity tended to increase as the react gas partial

pressure decreased. These results show that excess reactive

gas interferes with the binding of GaCl3 and O2 and

reduces crystallinity. These growth conditions may differ

depending on the temperature of the Ga source zone, the

flow rate of the carrier gas, and the capacity of the growth

zone. Therefore, we studied the effect of flow rate of the

carrier gas on the crystallinity, keeping the temperature of

the Ga source zone constant at 470oC.

Fig. 3(a) shows an SEM image of a sample α-Ga2O3 thin

film grown on a sapphire substrate. The surface of the thin

film was mirror-like and transparent. The growth tempera-

ture was set at 510oC to suppress the formation of the β

phase, and the III/VI ratio was fixed at 4 to ensure single

crystallinity. The thickness of the grown film was about

6.891 μm, and no defects or pits were observed on the sur-

Fig. 2. XRD scan spectra of samples as functions of growth temperature. (a) 2θ/θ scan profile, (b) XRCs of an α-Ga2O3 film around

(0006), (C) Thin film FWHM variation according to HCl partial pressure and (d) O2 partial pressure.
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face. After the growth, when the sample was taken out of

the reactor at a high temperature, a part of the thin film

peeled off because of the difference between its thermal

expansion coefficient and that of the substrate. Therefore,

to prevent this peeling, the temperature was sufficiently

lowered to 200oC before taking the sample out of the reac-

tor.

Fig. 3(b) is an optical microscope image showing the

crystallinity of α-Ga2O3 with respect to etch pit density

(EPD). The EPD was found to be as low as about 6.0×104

cm−2. To the best of our knowledge, this value is the lowest

EPD obtained for α-Ga2O3 thin films grown by HVPE so

far.

Fig. 4 shows the transmittance T of the thin film using a

UV-vis spectrometer. Perfect absorption occurred in the

region below 238 nm, and in the visible light region, trans-

mittance was about 90%. We estimated the bandgap to be

5.21 eV from the (hʋα)2-hʋ plot. It was also confirmed that

the α-Ga2O3 thin film grown on the double-side polished

substrate was highly transparent (inset of Fig. 4).

Fig. 5 shows the impurity depth profiles measured in α-

Ga2O3 grown on Sapphire substrate by SIMS. The ele-

ments [C], [H], [Si], [Al], and [Cl] were scanned. The con-

centrations of the typical impurities present in the α-Ga2O3

thin films were found to be as high as 1017 cm−3. [C] and

[H] were much lower than the reported values ([H]=

3×1019 cm−3, [C] = 1×1019 cm−3).21) Also, the concentration

of [Cl] was found to be [Cl] = 1×1017 cm−3. However, there

is no clear evidence that Cl affects the electrical properties

of α-Ga2O3. a report by Murakmi et al. has already

revealed that Cl does not act in HVPE-grown β-Ga2O3 as a

donor.19

4. Conclusions

In this study, α-Ga2O3 crystals with the single crystallin-

ity reported so far were grown hetero-epitaxially on a c-

plane sapphire substrate using HVPE. We modified the III/

Fig. 3. Images of an α-Ga2O3 layer grown on a sapphire (0001) substrate: (a) cross-sectional image and (b) surface image with respect

to etch pit density (EPD).

Fig. 4. Transmittance spectra and a photograph of α-Ga2O3. The

inset shows the mirror-like surface.

Fig. 5. Impurity concentrations in α-Ga2O3 measured by SIMS.
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VI ratio and growth temperature to grow a single crystal-

linity α-Ga2O3 thin film. As a result, the optimal growth

temperature for α-Ga2O3 was 470~510oC.

However, at temperatures of 520oC or higher, α-Ga2O3

crystallinity greatly decreased due to phase transition to the

β phase. The optimal temperature for single crystallinity α-

Ga2O3 growth was 510oC. In addition, it was confirmed

that the crystallinity changed according to the amount of

reactive gas, and the optimal result was obtained at a III/VI

ratio of 4. The crystallinity of α- Ga2O3 grown under opti-

mal conditions was confirmed by XRC analysis. The

FWHM of α- Ga2O3 was about 178 arcsec. EPD measure-

ments using KOH solution were performed to confirm the

defect density of the thin film; the EPD of the grown thin

film was found to be about 6.0×104 cm−2, which is rela-

tively low. The result of SIMS measurements showed that

[C] and [Cl] were relatively lower than those in α-Ga2O3

grown under the same growth conditions.

The optical transmittance of the thin film was higher

than 90% in the visible and near-UV regions. The α-Ga2O3

epitaxial layer exhibited excellent crystallographic proper-

ties and smooth surface morphologies, and the bandgap

was estimated to be 5.21 eV from the (hʋα)2-hʋ plot. The

thickness of the grown thin film was about 6.891 μm. We

confirmed that growth of thin films with low impurity con-

centration and defect density is possible and the possibility

of single crystal growth using HVPE.
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