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Abstract 

We demonstrated double-layered epitaxial lateral overgrowth (ELO) of α-Ga2O3 by halide 

vapor phase epitaxy. The second ELO α-Ga2O3 were regrown epitaxially and selectively 

through the windows of the patterned masks which were prepared on an ELO α-Ga2O3. The 

ELO islands coalesced step-by-step due to the nested-structure mask pattern. No dislocation 

was found by TEM not only above the masks but also above the windows of the second ELO 

pattern. The dislocation density was estimated to be less than 5 × 106 cm−2. We obtained a 

continuous crystalline α-Ga2O3 film with a low density of dislocations in the entire second-

ELO surface. 
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Corundum-structured alpha-gallium oxide (α-Ga2O3) is one of the most promising 

semiconductors for power device applications because of the large bandgap energy (Eg ~5.3 

eV) and the expected high breakdown voltage.1) Indeed, Schottky barrier diodes composed 

of α-Ga2O3 films indicated high break down voltage of 531 V and low on-resistance of 0.1 

mΩcm2.2) α-Ga2O3 can make solid solutions with many other corundum-structured oxides 

such as sapphire with less compositional limitation compared to the case of β-Ga2O3. For 

example, it is possible to grow α-(Al,Ga,In)2O3 in a wide composition range, and the 

bandgap can be controlled between 3.8–8.8 eV.3–8) This advantage enables bandgap 

engineering with a large degree of freedom, which is essential to realize high-performance 

devices. Furthermore, it is possible to grow p-type corundum-structured α-Ir2O3 on α-Ga2O3 

heteroepitaxially with an in-plane lattice mismatch of less than 0.3%9) to make a hetero pn 

junction, and α-Ga2O3-based normally-off MOSFET with a p-type well layer as an inversion 

layer has been demonstrated.9–12)  

α-Ga2O3 is a high-pressure stable phase and thermodynamically meta-stable under 

ambient pressure.13) Therefore, it is difficult to grow bulk crystals of α-Ga2O3 by melt growth 

method, in contrast to the case of β-Ga2O3.
14–16) Thus far, α-Ga2O3 films have been grown 

on foreign substrates with heteroepitaxial methods. Mist-CVD1–3,11,12,17–20) and halide vapor 

phase epitaxy (HVPE)21–24) on sapphire substrates have been mainly performed to obtain α-

Ga2O3 films. One of the problems with the growth of α-Ga2O3 is the large lattice mismatch 

between α-Ga2O3 and sapphire (Δa/a ~4.5%, Δc/c ~3.3%).25) A high density of dislocations 

(~1010 cm−2) which arise from the lattice mismatch propagate along the film growth direction 

in α-Ga2O3 films.26) Although the influence of the dislocations still remains to be studied in 

detail, the crystal quality of α-Ga2O3 films should be improved in order not to deteriorate the 

device performance. 

Dislocation density in α-Ga2O3 films can be decreased by epitaxial lateral overgrowth 

(ELO).25–29) A typical ELO procedure is as follows. First, α-Ga2O3 thin (less than 3 m) layer 

is grown on sapphire as a seed substrate. Second, periodic masks are formed on the template. 

Finally, α-Ga2O3 is regrown homoepitaxially through the mask windows. As a result, the 

quality of the regrown α-Ga2O3 can be improved by blocking and bending of dislocations. 

For example, Oshima et al. reported that the threading dislocation density in HVPE-grown 

ELO α-Ga2O3 was successfully decreased to be less than 5 × 106 cm−2.25) 
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However, there still remained areas with a high density of dislocations above the ELO 

mask windows periodically,25) and therefore the effect of reducing dislocations in α-Ga2O3 

films was limited. The crystal quality of α-Ga2O3 films should be further improved to 

fabricate higher-voltage and lower-on-resistance power devices and to prevent the 

deterioration of the device performance. Thus, we developed double-layered ELO that can 

eliminate the threading dislocations remained on the window regions. The ELO process was 

performed twice so that the second ELO mask covered the first ELO windows to reduce the 

dislocation density in the entire surface of α-Ga2O3 films. 

Figure 1(a) shows the schematic experimental process flow of the double-layered ELO 

of α-Ga2O3. The first ELO masks were prepared on a (0001) α-Ga2O3/sapphire template 

before the first ELO was performed by HVPE. The ELO α-Ga2O3 film was flattened by 

chemical mechanical polishing (CMP), and then the second ELO mask was formed on the 

flat surface. The second ELO was also performed by HVPE, and we obtained ELO α-Ga2O3 

films. The double-layered ELO α-Ga2O3 films were observed with scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). Crystal structure of the 

ELO α-Ga2O3 was checked with selected area electron diffraction (SAED). The cross section 

of the ELO α-Ga2O3 films were processed for SEM by ion milling.  

A home-build atmospheric horizontal hot-wall HVPE system was utilized for the growth. 

GaClx and O2 gasses were utilized as the precursors, and the source gases were transported 

by N2 carrier gas with a dew point of below −90°C. GaClx was generated upstream in the 

reactor by the reaction between high-purity metal Ga (6N grade) and HCl gas (5N grade) at 

650°C. O2 gas (6N5 grade) was supplied on the substrate downstream separately from GaClx. 

We grew α-Ga2O3 in the first ELO at 530°C with the HCl and O2 partial pressures of 1.25 × 

10−1 kPa and 1.25 kPa, respectively. The second ELO was performed at 510°C with two 

steps to fulfill both of growth rate and stability of crystal growth; first, the HCl and O2 were 

supplied for 20 min with partial pressures of 1.25 × 10−1 kPa and 1.25 kPa, respectively, and 

then the partial pressures were increased without interruption to 5.00 × 10−1 kPa and 3.12 

kPa, respectively. 

Dot-patterned masks which possessed circle-shaped windows with a diameter of 5 m 

were prepared by conventional photolithography. The windows of the first ELO mask were 

arranged to form a triangular lattice, and the distance between the edges of the nearest 
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windows was 20 m (no figure). Ten-nm-thick sputtered TiO2 was used as the mask material. 

Figure 1(b) shows a plan-view and a cross-sectional schematic illustration of mask 

pattern for the second ELO mask. The second ELO windows were located on the laterally 

grown areas of the first ELO α-Ga2O3 island, where threading dislocations were blocked by 

the first ELO masks. The center areas of the first ELO α-Ga2O3 island, where threading 

dislocations propagated through the first ELO window, were covered by the second ELO 

masks. The diameter of the circle-shaped windows was 5 m, and the distance between the 

edges of the nearest windows were 4 m. Meanwhile, the distance between the edges of the 

nearest windows formed on the adjacent α-Ga2O3 areas was 10 m. Such nested-structure 

mask pattern was employed so that α-Ga2O3 islands coalesce each other in a step-by-step 

manner, which would be effective to suppress the steep increase of tensile strain associated 

with the island coalescence.  

The regrowth of α-Ga2O3 in the first ELO were stopped before complete coalescence. 

The isolated or incompletely coalesced α-Ga2O3 islands should be subjected to smaller strain 

compared to the case of complete coalescence, and therefore serious cracking or breakage 

of the substrate was avoided. 

Figure 2 shows a cross-sectional SEM image of a film regrown on a first ELO layer with 

the second mask. The regrowth was performed with nominal thickness (i.e., the thickness 

for a flat film grown under the same growth conditions) of 10 m. The bright contrast 

portions represent α-Ga2O3, and the dark contrast portions represent κ-Ga2O3 according to 

our previous study.26) The second ELO masks were observed as horizontal lines on the first 

ELO layer flattened by CMP, and α-Ga2O3 islands were successfully regrown through the 

second ELO windows. At the same time, there were polycrystals on the second ELO masks. 

The lower half portion of the regrown islands in the regrowth layer in Fig. 2 were buried by 

the polycrystalline deposition. 

Figure 3 shows an SAED pattern and a plan-view TEM image of an α-Ga2O3 island 

regrown in the second ELO step. We observed the incompletely coalesced island regrown 

above both windows and masks whose portions were able to be identified easily. It was 

confirmed that the crystal structure of the island was corundum. No dislocation was found 

not only above the second ELO mask but also directly above the second ELO window. 

Therefore, the threading dislocation density was estimated to be less than 5 × 106 cm−2 on 
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the basis that there was no dislocation in all area sampled as shown in Fig. 3. Thus, the 

periodically remained dislocations in the first ELO α-Ga2O3 were successfully eliminated 

and the crystalline quality of α-Ga2O3 islands was entirely improved by the double-layered 

ELO technique.  

Figure 4(a)–(f) present the time evolution of the second ELO. Fig. 4(a), (b) show SEM 

images of homoepitaxially regrown α-Ga2O3 islands with a nominal thickness of 10 m. The 

broken circle line represents the position of the first ELO window. Three α-Ga2O3 islands 

shown in Fig. 4(a) were regrown on single first ELO α-Ga2O3 area. The α-Ga2O3 islands 

were grown to over 5 m (the size of the second ELO windows) in diameter. It was 

confirmed that α-Ga2O3 grew laterally above the second ELO masks. The lateral growth rate 

of α-Ga2O3 islands was larger than that of the polycrystalline -Ga2O3 deposition. Thus, the 

polycrystals on the second ELO masks should be buried by α-Ga2O3 islands with increasing 

growth time.  

Figure 4(c), (d) show SEM images of the second ELO α-Ga2O3 with a nominal thickness 

of 73 m. Islands grown on single first ELO α-Ga2O3 area coalesced into a larger island 

(hereafter called a cluster). The polycrystals deposited between the islands were buried as 

expected, whereas the polycrystals deposited between the clusters had not buried yet, and 

therefore the surface of the film was not completely covered with α-Ga2O3 at this stage. The 

α-Ga2O3 clusters were grown to a height of over 20 m. Meanwhile, the α-Ga2O3 clusters 

had not coalesced with each other yet due to the intentional large spacing of windows. 

Figure 4(e), (f) show SEM images of the second ELO α-Ga2O3 with a nominal thickness 

of 86 m. The α-Ga2O3 clusters were coalesced with each other and the polycrystals between 

the clusters were buried. The step-by-step coalescence of α-Ga2O3 in the second ELO was 

successfully achieved. The shape of α-Ga2O3 islands and clusters became irregular in 

comparison with that of the first ELO α-Ga2O3 islands partly because the surface cleaning 

and the film-surface flatness after CMP was insufficient for symmetrical regrowth of α-

Ga2O3. 

The second ELO mask design made the difference between the distance among the 

islands and that of the clusters, leading to  the step-by-step coalescence in the second ELO 

of α-Ga2O3. The rapid increase of the tensile strains caused by the simultaneous coalescence 

of islands was avoided. Considering the model Nix et al. proposed,30) the tensile stress in the 
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second ELO α-Ga2O3 was reduced sufficiently to prevent serious cracking or breakage of 

the substrate because the α-Ga2O3 islands possessed fewer side surfaces concerned with 

coalescence in comparison with conventional ELO. In fact, the second ELO film had no 

serious cracking despite the fact the film thickness was as large as ~75 m. 

Figure 5 shows SEM images of the same sample as shown in Fig. 4(e), (f) taken with 

low magnification. The first ELO layer and the polycrystalline depositions on the second 

ELO masks were completely covered with an α-Ga2O3 layer regrown in the second ELO, 

although the surface was still bumpy. The film thickness was ~100 m, and the α-Ga2O3 

layer in the second ELO layer was more than 20 m in thickness. A continuous α-Ga2O3 film 

with high quality was obtained with the double-layered ELO. 

In summary, we demonstrated the double-layered ELO of α-Ga2O3 by HVPE. The 

patterned masks with nested structure were prepared on the first ELO α-Ga2O3, and α-Ga2O3 

islands were epitaxially regrown through the mask windows. The second ELO α-Ga2O3 

islands grew selectively and coalesced each other in a step-by-step manner owing to the 

nested-structure mask pattern. No dislocation was observed by TEM not only above the 

masks but also above the windows of second ELO. The dislocation density was estimated to 

be less than 5 × 106 cm−2. We obtained a continuous crystalline α-Ga2O3 film with a low 

density of dislocations in the entire second-ELO surface. 
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Figure Captions 

Fig. 1. Schematic process flow of (a) double-layered ELO of α-Ga2O3 and (b) mask pattern 

for second ELO of α-Ga2O3.  

 

Fig. 2. Cross-sectional SEM image of a film regrown on a template for second ELO of α-

Ga2O3. 

 

Fig. 3. (a) Plan-view SEM image of the island which was observed by TEM. (b) Plan-view 

TEM image of a second ELO α-Ga2O3 island. The area surrounded by broken line was above 

the second ELO mask and the other area was above the second ELO window. (c), (d) SAED 

patterns of the island. The SAED images were observed at the circled areas in (b).   

 

Fig. 4. Plan-view and cross-sectional SEM images of second ELO of α-Ga2O3 with nominal 

thickness (i.e., thickness for the flat films) of (a), (b) 10 m, (c), (d) 73 m, (e), (f) 87 m. 
 

Fig. 5. (a) Plan-view and (b) cross-section SEM images of second ELO of α-Ga2O3. Note 

that the top layer of the film was composed of only α-Ga2O3. 
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