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We demonstrate that the dislocation density in -Ga2O3 epilayers is markedly reduced via 

rapid growth at low temperatures by halide vapor-phase epitaxy. An -Ga2O3 epilayer grown 

on (0001) sapphire at a high growth rate of 34 µm/h and a low temperature of 463 °C 

exhibited a dislocation density of 4  108 cm−2, which was approximately 1/100 of that in a 

conventional film. It is likely that the three-dimensional surface morphology developed 

during the growth enhanced the bending of the dislocations to increase the probability of 

pair annihilation. The combination of this technique with thick film growth and epitaxial 

lateral overgrowth resulted in a further low dislocation density of 1.1  107 cm−2. 
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Corundum-structured -Ga2O3 is a meta-stable phase of -Ga2O3.
1) The thermal stability of 

-Ga2O3 depends on the film thickness and strain, and the transition temperature to -Ga2O3 

is reported to be 500–650 °C.2,3) -Ga2O3 is an ultra-wide-bandgap semiconductor with an 

energy gap, Eg, of 5.2–5.3 eV,4,5) which is the widest among Ga2O3 polymorphs. Accordingly, 

a large critical field can be expected. In addition, -Ga2O3 forms solid solutions with other 

corundum-structured oxides. For example, it is possible to make -(AlxGa1−x)2O3 solid 

solutions without compositional limitation,6) in contrast with -(AlxGa1−x)2O3. Therefore, -

Ga2O3 should allow a higher freedom of band engineering than -Ga2O3. Furthermore, -

Ga2O3 can form a hetero-pn junction with isomorphic p-type oxides, such as -(GaxIr1−x)2O3, 

which virtually lattice matches to -Ga2O3.
7,8) These features make -Ga2O3 an attractive 

candidate for power-device applications.9-12) 

 

Despite these advantages, a major drawback of -Ga2O3 is the absence of melt-grown high-

quality native substrates, in contrast to the case of -Ga2O3. Accordingly, -Ga2O3 films 

need to be grown on foreign substrates. Isomorphic sapphire is the most frequently used 

substrates4,5,13-15) because large-scale wafers are available at a reasonable price. The 

dislocation density in a heteroepitaxial -Ga2O3 film is typically of the order of 1010 cm−2 

because of lattice mismatch if no measure is taken to reduce the dislocation density. For 

example, Kaneko et al. reported that the dislocation density in their mist-CVD-grown -

Ga2O3 film was as high as 7  1010 cm−2.16) Such a high density of dislocations should 

degrade the electrical properties of -Ga2O3. Indeed, Son et al. experimentally confirmed 

that -Ga2O3 films with higher dislocation density exhibited lower electron mobility.17) 

According to theoretical prediction by Takane et al., the influence of dislocations on the 

electron mobility in -Ga2O3 should be negligible when the density is 107–108 cm−2 or 

less.18) Accordingly, these values should be a target for the reduction of the dislocation 

density. 

 

Epitaxial lateral overgrowth (ELO) is one of the most frequently reported techniques to 

decrease the dislocation density in -Ga2O3.
19-23) In the ELO technique, -Ga2O3 islands are 

selectively grown on the windows of a dielectric mask pattern formed on a seed -Ga2O3 



  Template for APEX (Mar. 2022) 

3 

layer (or directly on a sapphire substrate). Each -Ga2O3 island grows vertically and laterally, 

and the neighboring islands coalesce to form a compact film.21,23) The dislocation density on 

the laterally grown areas on the mask is typically as low as 107 cm−2 because dislocations in 

the seed layer do not propagate into those areas. However, the dislocation density on the 

window areas is still as high as that in the seed layer because the dislocations in the seed 

layer directly propagate into those areas.23) Thus, a limitation of ELO is that such low-quality 

areas remain. Although double-ELO process was reported to be effective to reduce the 

dislocation density on the window areas, the process was not cost-effective since the process 

required two rounds of photolithography and epitaxial growth.22) 

 

The use of a super-lattice buffer layer was reported as a maskless method to uniformly 

reduce the dislocation density.24) In this technique, a mist-CVD-grown quasi-graded -

(AlxGa1−x)2O3 super lattice buffer layer was inserted between the -Ga2O3 top layer and the 

sapphire substrate. As a result, the dislocation density decreased to the order of 108 cm−2. 

However, this technique requires a growth apparatus equipped with an additional gas line to 

supply the Al precursor, and the growth process is complicated. 

 

In this paper, we demonstrate a maskless method to reduce the dislocation density in an -

Ga2O3 epilayer via rapid growth at low temperatures by halide-vapor-phase epitaxy (HVPE). 

This technique uniformly reduces the dislocation density from 1010 to 108 cm−2 or less 

without using extra materials or a complicated process unlike the cases of the ELO or super-

lattice buffer layers. One of the most advantageous features of HVPE is the rapid growth, 

with a very high growth rate of -Ga2O3 of over 100 µm/h having been reported.5,25) We 

therefore believe this technique is promising to grow thick drift layers for high-performance 

-Ga2O3-based power devices. 

 

In the present work, we grew the -Ga2O3 epilayers in a lab-made HVPE reactor under 

atmospheric pressure using O2 and GaCly (y = 1, 3) as the precursors. GaCl was produced 

by chemical reaction of HCl and metal Ga at 570 °C upstream in the reactor. Additional HCl 

gas was also supplied to enable rapid growth by suppressing the parasitic gas-phase reaction 

owing to the conversion of part or all of the GaCl to GaCl3.
25) The HCl partial pressure needs 
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to be increased with increasing the GaCl supply for rapid growth. N2 was used as the carrier 

gas. A (0001) patterned sapphire substrate (PSS) was used21) because the growth of an -

Ga2O3 epilayer with a thickness of approximately 3 µm or more on a flat sapphire substrate 

(FSS) result in cracking or peeling off of the film.26) We note that the use of a PSS is not 

essential in our method from the viewpoint of crystal-quality improvement, and similar 

results can also be obtained on an FSS. 

 

We investigated the effect of the growth temperature and growth rate on the dislocation 

density. The -Ga2O3 epilayers were prepared by three-step growth, as described in Table I. 

Step 1 was to nucleate -Ga2O3 on sapphire at our standard growth temperature of 520 °C 

with a relatively low growth rate. If the temperature in step 1 is too low, the growth results 

in an amorphous layer. Then, the growth was interrupted to change the temperature for steps 

2 and 3. The duration of the interruption was set according to the temperature difference. 

Upon restarting the growth after the interruption, the HCl supply needed to be started in prior 

to the growth precursors to avoid gas-phase parasitic reaction. The HCl pre-flow should also 

work to etch the film surface grown at step 1. Our aim in step 2 was to perform the pre-flow 

with a low HCl partial pressure to suppress the etching as possible. If step 2 was skipped, 

the dislocation density in the subsequent layer grown at step 3 should increase due to the 

surface residuals produced as a result of rapid etching in the pre-flow process with a high 

HCl partial pressure, which is necessary for rapid growth. The layer formed in step 3 was 

the target of our investigation. 

 

Table I. Growth conditions for the three-step growth. P denotes the partial pressure of the gas supply. 

 Step 1 Interruption Step 2 Step 3 

P(GaCl) [kPa] 0.125 0 0.125 0.125 – 1.00 

P(O2) [kPa] 1.25 1.25 1.25 1.25 – 2.50 

P(HCl) [kPa] 0.188 0 0.188 0.188 – 1.25 

Temperature [°C] 520 - 463 – 520 

Growth rate [µm/h] 14 - 8.3 8.3 – 80 

Thickness [µm] 0.5 - 0.5 10 – 200 

 

After step 3, the sample was etched by HCl gas in the same HVPE reactor to visualize the 

dislocations as etch pits.23) The dislocation density was measured as the etch pit density 

(EPD), which was determined by counting the number of etch pits on four successive surface 
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areas of 8 µm  12 µm (approximately 384 µm2 in total) under SEM. Bright-field plan-view 

transmission electron microscopy (TEM) was also used to characterize a sample. Three 

successive surface areas of 2.2 µm  2.5 µm (approximately 16.5 µm2 in total) of a sample 

were observed by TEM to calculate the dislocation density. The surface morphology was 

observed by SEM. Bright-field cross-sectional TEM was used to investigate the behavior of 

the dislocations. 

 

Figure 1(a) shows a plan-view SEM image of an -Ga2O3 film with an approximately 10-

µm-thick third layer grown at a high growth rate of 34 µm/h and a low temperature of 463 °C. 

The surface exhibited a rough morphology, which is characteristic of rapid growth at low-

temperature. The surface was HCl-gas-etched, and etch pits were visible as black dots. The 

etch pits were sufficiently isolated to determine the density. The EPD was 4  108 cm−2, 

which was approximately 1/100 of that in conventional -Ga2O3 films. Figure 1(b) shows a 

plan-view TEM image of the same -Ga2O3 film. The dislocation density was as low as 6  

108 cm−2. Thus, the remarkable reduction in the dislocation density was confirmed although 

the TEM value was slightly higher than the EPD. We note that the EPD value should be more 

accurate than the TEM result because a much larger area was observed, as explained in the 

experimental details. 

 

Fig. 1. (a) Plan-view SEM image and (b) plan-view TEM image of an -Ga2O3 epilayer grown at a growth rate 

of 34 µm/h and a temperature of 463 °C. 

 

Figure 2(a) is a cross-sectional TEM image of the sample shown in Fig. 1, including the 

substrate boundary to the top surface. A steep decrease in the dislocation density was 

observed at a thickness of a few micrometers. The magnified image (Fig. 2(b)) revealed that 

the steep decrease took place in step 3. Bending of dislocations and dislocation loops were 

also observed. Figure 2(c–e) exhibits the surface morphologies at different growth stages. At 
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the end of step 1 (Fig. 2(e)), the surface was smooth except for a bump on the PSS. At the 

end of step 2 (Fig. 2(d)), surface roughening was observed. During step 3 (Fig. 2(c)), three-

dimensional (3D) growth was further promoted. The 3D growth probably occurred because 

of the destabilization of the (0001) plane at low temperature19) triggered by the rapid growth, 

whereby surface migration of the growth species should be suppressed. In general, a 

dislocation line tends to be perpendicular to the free surface to minimize the elastic strain 

energy. Accordingly, a dislocation line bends to follow the surface when the surface angle 

changes. Such bending was reported for ELO-grown -Ga2O3 and GaN.19,27,28) The bending 

mechanism in the present work should be similar. It is likely that the bending increased the 

probability of pair annihilation, and resulted in the reduction in the dislocation density. 

 

Fig. 2. (a) Cross-sectional TEM image of the -Ga2O3 epilayer shown in Fig. 1. (b) Magnified image of (a). 

(c, d) Bird’s-eye-view SEM image of the surface at each growth step. 

 

To clarify the effect of growth temperature on the dislocation density, -Ga2O3 epilayers 

were grown at different temperatures with a fixed precursor supply in step 3. GaCl, O2, and 

HCl were supplied with partial pressures of 0.75, 2.5, and 1.25 kPa, respectively. The growth 

rate under these growth conditions was 52 µm/h at 463 °C. We note that the growth rate 

increased with increasing temperature, reaching 74 µm/h at 520 °C. This is probably because 

the growth was in the transient regime of mass-transport limited and reaction-limited growth. 

The growth time was set such that the thickness of the third layer was approximately 10 µm. 

Figure 3(a) shows the EPD as a function of growth temperature. Surface SEM images of 

selected samples are also shown. The EPD monotonically decreased with decreasing 

temperature. We note that the EPD of a sample grown at the standard temperature of 520 °C 

could not be calculated because the dislocation density was too high. The increase in the 

surface roughness at low temperature supports the reduction mechanism described above. 



  Template for APEX (Mar. 2022) 

7 

 

To clarify the effect of growth rate on the dislocation density, -Ga2O3 epilayers were grown 

at different growth rates at a fixed low temperature of 478 °C in step 3. The film thickness 

of the third layer was approximately 10 µm. Figure 3(b) shows the EPD as a function of 

growth rate. Surface SEM images of selected samples are also shown. The EPD was 

countable even at the lowest growth rate of 8.3 µm/h, at which it was 1.6  109 cm−2. The 

EPD further decreased at 37 µm/h but gradually increased at higher growth rates. The 

samples with smaller EPD exhibited rougher surfaces as expected. We note that the surface 

of the sample with a growth rate of 80 µm/h was smoother than that with a growth rate of 37 

µm/h sample. We speculate that this was because of the increase in the effective growth 

temperature owing to the heat of reaction of GaCl and HCl to produce GaCl3. 

 

 

 

Fig. 3. (a) Dislocation density in -Ga2O3 epilayers as a function of growth temperature. Plan-view SEM 

images of the selected samples are also shown. (b) Dislocation density in -Ga2O3 epilayers as a function of 

growth rate. Plan-view surface SEM images of the selected samples are also shown. 

 

For GaN, the dislocation density is known to decrease during thick film growth even if the 

surface is smooth.29,30) This is because dislocations with Burgers vector of opposite signs 

gradually approach each other owing to the attractive force and finally react to form a 

dislocation loop. In the present work, thick film growth was combined with rapid growth at 

a low temperature to further decrease the dislocation density. In step 3 of the growth, GaCl, 

O2, and HCl were supplied with partial pressures of 1.00, 2.5, and 1.25 kPa, respectively, 

and the growth temperature was 463 °C. The growth rate was 70 µm/h under these growth 
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conditions. Figure 4 (a–c) shows SEM images of the etched surface of the thick -Ga2O3 

epilayers. The EPD decreased with increasing thickness, reaching 1.5  108 cm−2 at 200 µm 

(Fig. 4(e)).  

 

ELO was combined with thick film growth to further decrease the dislocation density. -

Ga2O3 was grown at 463 °C on a 3-m-thick (0001) -Ga2O3 template with a striped TiOx 

mask pattern along [ 11̅00  . The widths of the mask and window were 5 and 5 µm, 

respectively. The details of the process are described elsewhere.21,23) The three-step growth 

was performed using the same gas-supply conditions as those for the samples shown in Fig. 

4(a–c). The film thickness was 140 µm excluding the template layer. Figure 4(d) shows a 

plan-view SEM image of the etched sample. In contrast with the conventional ELO sample, 

high-dislocation density areas did not exist, although the surface still exhibited a rough 

morphology that originated from stripe coalescence. The EPD was as low as 1.1  107 cm−2. 

We attribute the good uniformity to the reduction of dislocation density on the windows via 

the rapid growth at low temperature, and the dispersion of the dislocations (including those 

newly formed at the coalesced boundaries) during the thick film growth after coalescence 

owing to the repulsive interaction between dislocations with Burgers vectors of the same 

sign. We note that the dislocation density on the window regions was much lower than those 

of the thick films with similar thickness. This is probably because the faceting was clearer 

as shown in Fig. 5. V-shaped facets were observed on the top of the stripes with high density, 

although the reason for such morphological difference from the plain films is under 

investigation. It is also likely that the V-shaped facets swept the surface like waves as the 

growth proceeds14) to further increase the possibility of dislocation bending. 
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Fig. 4. (a–c) Plan-view SEM images of -Ga2O3 epilayers with thicknesses of 35, 100, and 200 µm, 

respectively. (d) Plan-view SEM images of an -Ga2O3 epilayer prepared using the ELO technique with a 

thickness of 140 µm. (e) Dislocation density in the samples in (a–d) as a function of film thickness. 

 

 

Fig. 5. Bird’s-eye-view SEM images of -Ga2O3 stripes grown using the same recipe with that for the sample 

shown in Fig. 1. 

 

 

In summary, we demonstrated that rapid growth at low temperatures by HVPE effectively 

reduces the dislocation density in -Ga2O3 epilayers without leaving high-dislocation-

density areas, in contrast with conventional ELO. We attribute the reduction of the 

dislocation density to the enhancement of pair annihilation by the bending triggered by the 

3D growth. The dislocation density of an -Ga2O3 epilayer grown by this method was 4  

108 cm−2, which was approximately 1/100 of that in a film grown without measures against 

dislocations. The combination of this method with ELO and thick film growth further 

reduced the dislocation density to 1.1  107 cm−2, to which the carrier scattering should be 

negligible even for a very low carrier concentration of 1  1015 cm−2.18) 
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