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Rapid homoepitaxial growth of (011) 3-Ga,03 by HCl-based halide vapor phase
epitaxy
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ABSTRACT

We demonstrated rapid homoepitaxial growth on (011) 3-Ga,O3 substrates using HCl-based
halide vapor phase epitaxy (HVPE), in which GaCl was synthesized by reacting metallic Ga with
HCl gas, and examined properties of the resulting layer. These were compared with layers
grown using Cl,-based HVPE, where GaCl was produced from Ga and Cl,. The growth rate on
(011) substrates, approximately 60% of that on (001), reached ~14 pym/h, which was 5-7 times
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higher than those previously reported for Cl,-based HVPE. Despite this high rate, no poly-
crystalline grains, sometimes found in Cl,-based HVPE, were detected. Atomic force microscopy
revealed a surface with root-mean-square roughness of 6.5 nm over a 100 x 100 pm? area. In
contrast, Nomarski microscopy revealed the presence of pits (~10 um in diameter at 3.6 um
thickness) with a density of ~3.7 x 10° cm™2, a feature not reported for Cl,-based HVPE. Cross-
sectional transmission electron microscopy confirmed the absence of crystal defects or inclu-
sions at the pit bottom. X-ray diffraction 26-w scans and pole figure measurements confirmed
that the epitaxial layers were single crystalline, with rocking-curve FWHM values comparable to
or smaller than those of the substrate. Secondary ion mass spectrometry revealed a chlorine
concentration of 1.7 x 10'> cm™3, which was significantly lower than 1.1 x 10'® cm™> measured
in the (001) layers. Thus, while the pit issue requires further investigation, HCl-based HVPE
enables the rapid growth of low-chlorine (011) B-Ga,0s, offering significant potential for cost
reduction in high-performance power devices with thick drift layers.
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IMPACT STATEMENT

We achieved rapid homoepitaxial growth of (011) B-Ga,O5 without structural degradation,
while reducing residual chlorine concentration by about one order of magnitude compared to
the (001) homoepitaxial layer.

Introduction
[3]. Unlike many other wide bandgap semiconductors,

such as GaN and SiC, p-Ga,0O; can be grown as large
bulk single crystals directly from the melt, enabling the
use of large-area, high-quality single-crystal substrates

Monoclinic B-Ga,O; is an ultra-wide bandgap semi-
conductor with a bandgap of 4.5-4.9eV [1,2] and is
expected to exhibit a high critical field of ~8 MV/cm
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for epitaxial growth [4-10]. For these reasons, the
realization of high-performance [B-Ga,0s-based
power devices with high breakdown voltage and low
loss is anticipated, and intensive research and devel-
opment are underway. Promising device prototypes,
such as Schottky barrier diodes [11-13] and metal-
oxide-semiconductor field effect transistors [14-17],
have been demonstrated.

Realization of high-performance B-Ga,0;-based
power devices requires high-quality epitaxial layers
with controlled impurity concentrations. The reported
epitaxial growth methods for B-Ga,0; include mole-
cular beam epitaxy [18,19], mist chemical vapor
deposition [20,21], metal-organic vapor phase epitaxy
[22-24], and halide vapor phase epitaxy (HVPE) [25-
28]. To grow thick drift layers with low donor con-
centrations for high-performance B-Ga,0O;-based
power devices, epitaxial techniques must provide
high growth rates, low background impurity levels,
and low cost. HVPE is considered a promising method
to satisfy these requirements. Several devices have
been fabricated and demonstrated using HVPE tech-
nique [11-13,16,17,29-31].

In the HVPE of f-Ga,0;, GaCl is mainly used as
the Ga source material. The GaCl is synthesized by
reacting metallic Ga with either Cl, or HCL In this
study, we distinguish between these two processes and
refer to them as Cl,-based HVPE and HCIl-based
HVPE, respectively. A key difference is that HCI-
based HVPE generates H, as a byproduct during
GaCl synthesis, whereas Cl,-based HVPE does not.
To date, p-Ga,O5-based power devices have been
mainly fabricated and demonstrated using epitaxial
layers grown by Cl,-based HVPE [16,17,29-31]. This
is because Cl,-based HVPE provides a hydrogen-free
growth atmosphere, suppressing Si contamination ori-
ginating from reactions between hydrogen-containing
species and the quartz reactor tube at high tempera-
tures to below the detection limit of secondary mass
spectrometry (SIMS). However, due to the large equi-
librium constant of the reaction that produces Ga,0s3,
high precursor partial pressures promote parasitic
reactions that produce polycrystalline Ga,Oj; particu-
lates. These particulates can impinge on the epitaxial
surface and degrade the crystal quality. For example,
polycrystalline grains were observed on the surface of
(001) p-Ga,O3 homoepitaxial layers grown at 6 um/h
using Cl,-based HVPE [27]. Consequently, commer-
cial epitaxial growth by Cl,-based HVPE is typically
limited to growth rates of 4-5 pm/h [32].

In HCl-based HVPE, the generation of H, as
a byproduct during the GaCl synthesis often results
in higher residual Si concentrations than those
observed in Cl,-based processes. However, as dis-
cussed later, relatively low residual Si concentrations
of 10°-10"® cm™ in homoepitaxial B-Ga,0; layers
can be achieved by the HCl-based process, and we
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believe this issue is not fundamental, as it can likely
be resolved in the future by using Si-free materials for
reactor construction. Moreover, in HCl-based HVPE,
the presence of H, as an etching gas for Ga, 03, should
suppress particulate formation, even under a relatively
high precursor supply, thereby facilitating higher
growth rates. This effect can be further enhanced by
intentionally adding an appropriate amount of HCI
gas to the growth atmosphere [33]. Indeed, as demon-
strated later in this paper, HCl-added HCl-based
HVPE enables the rapid growth of (001) p-Ga,O;
homoepitaxial layers with a low Si concentration of
8.6 x 10> cm™ and excellent surface morphology at
a high growth rate of 24 pm/h.

To date, demonstrations of high-performance ver-
tical f-Ga,0;-based power devices have primarily
relied on (001) epitaxial layers grown by Cl,-based
HVPE. The (001) orientation is preferred because
large-area substrates can be fabricated using the edge-
defined film-fed growth (EFG) method, and twin-free
epilayers can be achieved at reasonable growth rates.
However, (001) epilayers grown by Cl,-based HVPE
often exhibit deep pits elongated along the b-axis,
likely originating from dislocations [28]. The pit
length decreases as the off-angle increases [28].
While the pit depth depends on the off-angle toward
the b-axis, for commercially common (001) substrates
with an off-angle of ~0.1° the pit depth can reach
~40% of the epitaxial layer thickness [32].
Consequently, planarization by chemical mechanical
polishing is required before device fabrication, leading
to a significant loss of epilayer thickness and added
cost. In addition, Cl is easily incorporated as an
impurity, which is also a common issue for HCI-
based HVPE. The residual Cl concentration is on the
order of 10'® cm™ under typical growth conditions.
Note that the residual Cl concentration further
increases at relatively higher growth rates (Figure
S1). In typical power devices, high concentrations of
residual Cl are detrimental because Cl acts as a shallow
donor, limiting the breakdown voltage. Therefore, it is
desirable to lower the residual Cl concentration to
below 10'® cm ™.

Recently, the (011) plane has attracted attention as
a promising alternative to (001) [32,34-38]. One rea-
son is that, in Cl,-based HVPE, dislocation-related
pits have been reported to not form on the (011) sur-
face [28]. However, when (011) substrates grown by
the vertical Bridgman (VB) method were used, poly-
crystalline domains formed mainly at the epilayer/
substrate interface, with a density of ~80 cm™? under
growth conditions identical to those of (001) [36].
Suppressing these defects required the insertion of an
intermediate layer grown under different conditions
during the initial stage, although the specific growth
parameters of this layer have not been disclosed [36].
In contrast, such polycrystalline defects have not been
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reported for Cl,-based HVPE on (011) substrates pre-
pared using the EFG method [28], suggesting that
these defects likely originate from characteristic
imperfections of VB-grown B-Ga,Oj; substrates rather
than from impinging polycrystalline particulates gen-
erated by parasitic reactions. Although substrate-
induced polycrystalline defects can be suppressed by
the intermediate layers, rapid growth exceeding 6 pm/
h using Cl,-based HVPE can still cause parasitic-
reaction-induced particulate impingement, regardless
of orientation. An additional advantage of the (011)
orientation is its remarkably low residual Cl concen-
tration (~8x 10'* cm™) — approximately one-tenth
that of (001) layers grown under the same conditions -
at a growth rate of ~2 um/h [36]. However, reported
growth rates of 2-2.8 pm/h for (011) layers correspond
to only 50-60% of those reported for (001) layers
under identical conditions [28,36]. Considering that
~50 um-thick drift layers are required for 10 kV-class
devices with a carrier concentration of 1x 10'® cm™
[32], increasing the growth rate of (011) epilayers is
essential for economic viability.

In this study, we performed rapid homoepitaxial
growth on (011) substrates using HCl-based HVPE,
which has not been previously reported for (011), and
investigated the structural quality, surface morphology,
and impurity concentration, of the resulting epilayer. The
results were compared with those obtained for (001)
epilayers grown using the same growth conditions and
with reported (011) growth results via Cl,-based HVPE.

Experimental methods

HCl-based HVPE of (011) homoepitaxial layers was per-
formed on (011) B-Ga,Os3 substrates, which were sliced
from bulk B-Ga,O; ingots grown via the VB method
(Novel Crystal Technology, Inc.). Epitaxial growth was
carried out using a custom-built quartz reactor operated
under atmospheric pressure at a growth-zone tempera-
ture of 1030°C. O, (>99.99995% purity) and GaCl were
used as the source materials. GaCl was synthesized
upstream in the reactor via the reaction of metallic Ga
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(>99.99999% purity) with HCI gas (>99.999% purity).
The supply partial pressures of O, and GaCl were set to
1.25 kPa and 125 Pa, respectively. In addition, HCI gas
was introduced directly into the growth zone at a partial
pressure of 188 Pa to suppress parasitic reactions
[33,39,40]. N, (dew point <—110 °C) was used as the
carrier gas. Unless otherwise noted, the growth time
was 15 min. As described in the Results section, the
growth rate under these conditions was ~14 um/h, yield-
ing 3.6 um-thick homoepitaxial layers after 15 min of
growth.

The structural quality of the homoepitaxial layers
was examined by X-ray diffraction (XRD) using X'pert
PRO MRD (Panalytical, Netherlands), including 26-w
scans, pole figures, and rocking curves (XRCs), and
cross-sectional scanning transmission electron micro-
scopy (STEM) using JEM-2100M (JEOL, Japan).
Surface morphology was characterized by Nomarski
optical microscopy, laser microscopy, field-emission
scanning electron microscopy (FE-SEM) using
SU8230 (Hitachi, Japan), and atomic force microscopy
(AFM) using Jupiter XR (Oxford Instruments, UK).
Impurity concentrations were determined by SIMS.
Film thickness and growth rate were estimated from
the position of the impurity concentration gap
between the epilayer and substrate.

Results and discussion

Figure 1(a) shows a wide-range XRD 20-w scan profile of
the grown epiwafer in the out-of-plane configuration. No
diffraction peaks other than the 022 diffraction of p-Ga,
O; were observed. Figure 1(b) shows an enlarged view of
the 022 peak. A subpeak was detected on the high-angle
side of the 022 peak; however, as shown in Figure 1(c), the
same subpeak was observed in the substrate prior to
epitaxy, indicating that it originated from the substrate.
These results confirm that the homoepitaxial layer pos-
sesses the out-of-plane orientation expected for a single-
crystalline (011) f-Ga,Os5 film.

Figure 2(a,b) show XRD pole figures for the 002
and 020 diffractions, respectively. In both cases, peaks
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Figure 1. (a) XRD 26-w scan profile of the (011) homoepitaxial wafer. (b) Magnified view of the region around the 022 peak. (c)
XRD 28-w scan profile of the (011) bare substrate prior to homoepitaxial growth.
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Figure 2. XRD Pole figures of the (011) homoepitaxial wafer measuring (a) 002 and (b) 020 diffractions.

were observed only at the positions expected for sin-
gle-crystalline (011) p-Ga,Os;. Notably, in Figure 2(a),
the 202 diffraction, which has virtually the same 26
value as the 002 diffraction, also appears at the posi-
tion expected for single-crystalline (011) p-Ga,0s.
Figure 3(a,b) show the XRCs of the 022 diffrac-
tion in the symmetric configuration with the rock-
ing direction parallel and perpendicular to [011],
respectively. The FWHM (tilt angle) serves as an
indicator of the mosaicity associated with the incli-
nation of the (011) plane. It should be noted that
the 022 XRC peaks exhibited an asymmetric shape
with a tail on the right-hand side. The cause of this
asymmetric peak shape is not yet clear at this stage.
Considering the low-symmetry crystal structure of
B-Ga,0s;, it may be possible that the distribution of
crystal defects was anisotropic; however, further
studies will be required to verify this assumption.
Figure 3(c) shows the XRC of the 002 diffraction in
the skew-symmetric configuration, where the
FWHM (twist angle) represents the mosaicity
related to the rotation around the normal of the
(011) plane. Since the epilayers were relatively thin,
these diffraction peaks included contributions from
the substrate. Considering the X-ray penetration
depth and absorption coefficient at the CuKa,
wavelength, the epilayer contribution to the peak
intensity was estimated to be approximately 31%

and 80% for the symmetric and skew-symmetric
configurations, respectively. Thus, if the crystalli-
nity of the epilayer is substantially degraded com-
pared with that of the substrate, it should be
reflected in the FWHM values. The measured
FWHM values were comparable to, or even smaller
than, those of the substrate, confirming that no
degradation of crystalline quality occurred in the
epilayer. It is noteworthy that the film thicknesses
required to reduce the substrate contribution to the
XRC peak intensities of the 022 and 002 diffrac-
tions to below 1% are estimated to be more than
approximately 46 um and 10 um, respectively.
Figure 4 shows a cross-sectional bright-field (BF)
STEM image (including the epilayer/substrate interface)
of an epilayer grown for 5 min in a rectangular window
(1 mm x 10 mm) of a SiO, mask formed on a (011) -
Ga,03 substrate. The location of the epilayer/substrate
interface was determined by horizontally extrapolating
the position of the SiO, mask in the sample shown in
Figure S2 to the observation area presented in Figure 4.
No defects were observed at the epilayer/substrate inter-
face. As shown in Figure S2, the thickness of the (011)
epilayer grown in the mask window was significantly
larger than that of the epilayer grown without a mask
(1.2 um), particularly near the mask edges. Since no
nucleation occurred on the mask, the observed enhance-
ment can be attributed to precursor species that diffused
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Figure 3. XRCs of the 022 diffraction peak measured in symmetric geometry: (a) along and (b) perpendicular to the [011] direction;
(c) 002 diffraction measured in skew-symmetric geometry.
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Figure 4. Cross-sectional BF-STEM image showing the epi-
layer/substrate interface.

from the mask surface into the window region, rather
than being consumed on the mask, thereby contributing
to epitaxial growth. The STEM measurement was carried
out at a position approximately 30 um away from the
mask edge, where the film thickness had decayed to an
approximately constant value. Even at this location, the
thickness remained as large as 2.4 pm, corresponding to
a growth rate of 29 um/h. The absence of defect forma-
tion at the interface despite this high rate strongly sug-
gests that the (011) orientation has excellent potential for
high-quality, high-speed epitaxial growth.
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Figure 5(a,b) show the AFM images of the (011)
epilayer surface. For comparison, the AFM images of
the (001) epilayers grown using the same recipe are
shown in Figure 5(c,d). The (001) epilayers exhibited
a line-like morphology elongated along the b-axis,
whereas the (011) epilayers displayed line-like features
oriented at ~75° from the [011] direction, deviating
slightly from the [111] direction at 71.7°. The root-
mean-square (RMS) roughness of the 3.6-um-thick
(011) epilayer over a 100 x 100 um> area was 6.5 nm,
which was significantly larger than that of 6-um-thick
(001) epilayers grown under the same conditions.
Notably, the morphology of the (001) epilayers
observed for Cl,-based HVPE was considerably rougher
than those shown in Figure 5(c), most likely due to
dislocation-related pits [28]. In contrast, the (011) epi-
layer surfaces obtained in this study were considerably
smoother, except for the pits described later.

Figure 6(a,b) show the Nomarski optical micro-
scopy images of the (011) epilayer surface.
Polycrystalline defects, which have been reported in
Cl,-based HVPE films grown on VB-grown (011)
substrates [36], were absent. Contrastingly, numerous
pits, unreported in Cl,-based HVPE, were observed.
The pit density was ~3.7 x 10> cm™?, although for
substrates from different production lots, it occasion-
ally increased by approximately a factor of three.
Figure 6(c) presents the cross-sectional profile of
a pit measured by laser microscopy, showing a depth
of ~1.2 um. Since the pit size and depth were relatively
uniform, they were likely formed during a specific

Height (nm)
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©
~

Height (nm)

100x100 pum

Figure 5. AFM surface images of 3-Ga,03; homoepitaxial layers. (a) and (b): (011) plane (3.6-um thick); and (c) and (d): (001) plane
(6-um thick). The rms roughness values are shown in the lower right corner of each image.
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Figure 6. (a) and (b) Nomarski microscopy images of the (011) homoepitaxial wafer. (c) Depth profile of a pit measured along the
dotted line in (b) using laser microscopy. (d) and (e) Plan-view SEM images of a pit. Yellow arrows indicate the slit formed along

the ridge line of the pit.

stage of epitaxial growth, probably near the epilayer/
substrate interface. These observations suggest that the
pits originated from the features present on the sub-
strate surface. Notably, the fabrication of (011) sub-
strates, from bulk growth via the VB method through
subsequent polishing, remains less technologically
mature than that of (001) or (010) substrates prepared
by the EFG method. Figure 6(d,e) show plan-view
SEM images of a representative pit. A distinctly iden-
tifiable feature is the presence of a narrow and deep
slit, measuring several tens of nanometers in width
along the ridge, as indicated using yellow arrows in
Figure 6(d,e). Because the slit is extremely narrow and,
as described later, not perpendicular to the substrate
surface, it does not appear in the depth profile shown
in Figure 6(c).

To clarify the cross-sectional geometry and origin of
the slit, the cross section was exposed using focused ion
beam (FIB) processing and examined by SEM.
Figure 7(a) shows a plan-view SEM image of the pit,
and Figure 7(b) presents an SEM image of a cross-
section perpendicular to the slit, observed at a tilt of 54°
from the surface normal. From this image, the inclination
angle of the slit with respect to the (011) plane was
calculated as 83.1°. Because the angle between the (011)
and (100) planes is 83.5°, the slit sidewalls were identified
as (100) planes. The (100) plane is the most stable surface
of B-Ga,0; and exhibits the lowest growth rate [18,41]. In
general, surfaces with low growth rates tend to extend

more widely. For example, in selective area growth on
a c-plane B-Ga,0O; substrate, fins with well-developed
(100) side facets can be fabricated by appropriately setting
the mask orientation [39]. Based on these considerations,
it is likely that once the (100) plane appears for some
reason, it expands significantly, leading to the formation
of the slit. To investigate the slit geometry along the [011]
direction, a 250 nm-thick lamella parallel to the slit side-
wall (as indicated by the dotted rectangle in Figure 7(a))
was prepared using FIB and examined using cross-
sectional STEM. Figure 7(c,d) show the BF-STEM and
high-angle annular dark field (HAADF) STEM images,
respectively. The epilayer/substrate interface is indicated
based on the film thickness estimated from the SIMS
depth profile (not shown). Cross-section of the slit exhib-
ited a triangular shape, with its left and right edges
inclined by ~61° and ~29°, respectively, in the [011]
direction. Given that the angles between the [011] and
[010] directions and between the [011] and [001] direc-
tions are 62.3° and 27.7°, respectively, these edges should
be parallel to the b- and c-axes. The slit apex was located
at a depth of ~3.2 um from the (011) surface, shallower
than the epilayer/substrate interface, and no crystal
defects or foreign particles were observed in its vicinity.
Therefore, crystal defects or impurities can be excluded as
the origin of the slits and pits; however, their precise
origin remains unclear and requires further investigation.

Table 1 summarizes the SIMS results of the
impurity concentrations in the (011) epilayers
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Figure 7. (a) Plan-view sem image of a pit. (b) Sem image of the cross-section of the slit cut perpendicularly to the [011] direction
(viewed at a tilt angle of 54° from the surface normal). (c) and (d) cross-sectional bf- and HAADF-STEM images of the slit viewed
along the [100] direction, respectively. The specimen (thickness = 250 nm) was cut along the a-plane, as indicated by the dotted

rectangle in (a).

compared to those of the (001) epilayers grown
under the same conditions. Although [Si] was
higher in the (011) epilayer than that in the
(001) epilayer, both [N] and [Cl] were lower. In
particular, as in Cl,-based HVPE, [Cl] was
strongly suppressed. Thus, if [Si] can be further
reduced, residual donor concentrations low
enough for realizing 10 kV-class devices should
be achievable. Based on the position of the impur-
ity concentration gap at the epilayer/substrate
interface in the depth profile (not shown), the
film thickness was estimated to be 3.6 um. This
corresponds to a growth rate of ~14 um/h, which
is approximately 60% of that for (001) under
identical conditions. This reduction in growth
rate on (011), including its ratio to (001), is con-
sistent with previous reports for Cl,-based HVPE
[28,36]. Nevertheless, high-speed growth, approxi-
mately 5-7 times faster than that reported for Cl,-
based HVPE, was achieved without generating
polycrystalline particulates, which was highly ben-
eficial for reducing the cost of thick drift layer
fabrication. Our investigation further revealed
that in (001) epilayers, [Cl] increases slightly
superlinearly with the growth rate (Figure S1).
The growth rate dependence of [Cl] in (011)
remains to be clarified. However, if the growth
rate dependence is assumed to follow the same
trend as in (001), then, considering that our

Table 1. Results of the SIMs measurements.

Element (011) (001)

[H] (cm™3) <5x10' <5% 10
IN] (cm™) <1x10'® 55x10'¢
[Si] (cm™) 2.0%10'¢ 86x10"
[Cll (cm™) 1.7x 10" 1.1%10'

growth rate is approximately seven times higher
than that reported by Ema et al. [36], the [C]] in
HCl-based HVPE should exceed 5.6 x 10" cm™.
In practice, however, the achieved [Cl] was much
lower, suggesting that the mechanism of Cl incor-
poration is dependent on crystal orientation.

Conclusion

Homoepitaxial layers were successfully grown on
(011) B-Ga,0O;5 substrates via HCl-based HVPE.
The 3.6 um-thick (011) epilayer exhibited an RMS
roughness of 6.5 nm over a 100 x 100 um? area, indi-
cating a smooth surface morphology. Unlike Cl,-
based HVPE on VB-grown (011) substrates, no
polycrystalline defects were observed; however, pits
with narrow slits bounded by (100) planes appeared
at a density of ~3.7x10° cm 2 Cross-sectional
STEM confirmed that no crystal defects or foreign
particles were present at the deepest part of the slits,
eliminating them as the cause. Despite the pit issue,
XRD 20-w scans and pole figure measurements
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verified that the homoepitaxial layers were single
crystalline without misoriented domains. FWHM
values determined from the XRCs showed no sig-
nificant increase compared with those of the sub-
strates, confirming that homoepitaxy preserved
structural quality. Cross-sectional STEM further
revealed that no defects formed at the epilayer/sub-
strate interface. The growth rate of the (011) epi-
layers was ~14 um/h, approximately 60% of that for
(001) epilayers under the same conditions, yet still
considerably higher than previously reported values
for Cl,-based HVPE. Moreover, the residual [CI]
was reduced to 1.7 x 10"° cm ™, an order of magni-
tude lower than the 1.1x10'® cm™ measured for
(001) epilayers grown under identical conditions. In
summary, although the pit issue remains to be
addressed, HCl-based HVPE enables high-speed
growth of high-quality (011) homoepitaxial layers
with low [Cl], which we believe will greatly contri-
bute to the realization of the cost-effective fabrica-
tion of high-performance p-Ga,O; power devices.

Acknowledgments

This work was supported by the Advanced Research
Infrastructure for Materials and Nanotechnology in Japan
(ARIM) initiative of the Ministry of Education, Culture,
Sports, Science, and Technology (MEXT) under proposal
numbers JPMXP1224NM5454.

Disclosure statement

No potential conflict of interest was reported by the
author(s).

Funding

This study was based on the results obtained from a project
[JPNP22007], commissioned by the New Energy and
Industrial Technology Development Organization (NEDO).

ORCID

Yuichi Oshima
Takayoshi Oshima
9735

http://orcid.org/0000-0001-8293-4891
http://orcid.org/0000-0001-8550-

References

[1] Orita M, Ohta H, Hirano M, et al. Deep-ultraviolet
transparent conductive B-Ga,0O; thin films. Appl
Phys Lett. 2000;77(25):4166. doi: 10.1063/1.1330559

[2] Onuma T, Saito S, Sasaki K, et al. Valence band
ordering in f-Ga,O; studied by polarized transmit-
tance and reflectance spectroscopy. Jpn J Appl Phys.
2015;54(11):112601. doi: 10.7567/JJAP.54.112601

[3] Higashiwaki M, Sasaki K, Kuramata A, et al. Gallium
oxide (Ga,03) metal-semiconductor field-effect tran-
sistors on single-crystal p-Ga,O; (010) substrates.

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

Y. OSHIMA AND T. OSHIMA

Appl Phys Lett. 2012;100(1):013504. doi: 10.1063/1.
3674287

Aida H, Nishiguchi K, Takeda H, et al. Growth of B-
Ga,0; single crystals by the edge-defined, film fed
growth method. Jpn J Appl Phys. 2008;47(11):8506.
doi: 10.1143/JJAP.47.8506

Kuramata A, Koshi K, Watanabe S, et al. High-quality
B-Ga,O; single crystals grown by edge-defined film-
fed growth. Jpn J Appl Phys. 2016;55(12):1202A2. doi:
10.7567/JJAP.55.1202A2

Blevins JD, Stevens K, Lindsey A, et al. Development
of large diameter semi-insulating gallium oxide (Ga,
Q3) substrates. IEEE Trans Semicond Manuf. 2019;32
(4):466. doi: 10.1109/TSM.2019.2944526

Hoshikawa K, Kobayashi T, Ohba E, et al. 50 mm
diameter Sn-doped (001) B-Ga,O; crystal growth
using the vertical Bridgeman technique in ambient
air. J Cryst Growth. 2020;546:125778. doi: 10.1016/j.
jerysgro.2020.125778

Hoshikawa K, Kobayashi T, Matsuki Y, et al. 2-inch
diameter (100) B- Ga,Os5 crystal growth by the vertical
Bridgman technique in a resistance heating furnace in
ambient air. J Cryst Growth. 2020;545:125724. doi:
10.1016/j.jcrysgro.2020.125724

Galazka Z. Growth of bulk f-Ga,0Oj; single crystals by
the Czochralski method. J Appl Phys. 2022;131
(3):031103. doi: 10.1063/5.0076962

Ueda Y, Igarashi T, Koshi K, et al. Two-inch Fe-
doped B-Ga,Os (010) substrates prepared using ver-
tical Bridgman method. Jpn J Appl Phys. 2023;62(SF):
SF1006. doi: 10.35848/1347-4065/acb55a

Sasaki K, Wakimoto D, Thieu QT, et al. First demon-
stration of Ga,0; trench MOS-type Schottky barrier
diodes. IEEE Electron Device Lett. 2017;38(6):783.
doi: 10.1109/LED.2017.2696986

Dong P, Zhang J, Yan Q, et al. 6 kV/3.4 mQ-cm®
vertical B-Ga,O; Schottky barrier diode with BV?
/Ron,sp performance exceeding 1-D unipolar limit of
GaN and SiC. IEEE Electron Device Lett. 2022;43
(5):765. doi: 10.1109/LED.2022.3160366

Otsuka F, Miyamoto H, Takatsuka A, et al. Large-size
(1.7 x 1.7 mm?) B-Ga,0s; field-plated trench MOS-
type Schottky barrier diodes with 1.2 kV breakdown
voltage and 10° high on/off current ratio. Appl Phys
Express. 2022;15(1):016501. doi: 10.35848/1882-
0786/ac4080

Higashiwaki M, Sasaki K, Kamimura T, et al.
Depletion-mode Ga,0O3; metal-oxide-semiconductor
field-effect transistors on P-Ga,O; (010) substrates
and temperature dependence of their device charac-
teristics. Appl Phys Lett. 2013;103(12):123511. doi:
10.1063/1.4821858

Chabak KD, Moser N, Green AJ, et al. Enhancement-
mode Ga,0; wrap-gate fin field-effect transistors on
native (100) f-Ga,Os substrate with high breakdown
voltage. Appl Phys Lett. 2016;109(21):213501. doi: 10.
1063/1.4967931

Li W, Nomoto K, Hu Z, et al. Single and multi-fin
normally-off Ga,O; vertical transistors with
a breakdown voltage over 2.6 kV. In: 2019 IEEE
International Electron Devices Meeting (IEDM).
IEEE; 2019. p. 12.4.1-12.4.4. doi: 10.1109/
IEDM19573.2019.8993526

Zeng K, Soman R, Bian Z, et al. Vertical Ga,0;
MOSFET with magnesium diffused current blocking
layer. IEEE Electron Device Lett. 2022;43(9):1527.
doi: 10.1109/LED.2022.3196035


https://doi.org/10.1063/1.1330559
https://doi.org/10.7567/JJAP.54.112601
https://doi.org/10.1063/1.3674287
https://doi.org/10.1063/1.3674287
https://doi.org/10.1143/JJAP.47.8506
https://doi.org/10.7567/JJAP.55.1202A2
https://doi.org/10.7567/JJAP.55.1202A2
https://doi.org/10.1109/TSM.2019.2944526
https://doi.org/10.1016/j.jcrysgro.2020.125778
https://doi.org/10.1016/j.jcrysgro.2020.125778
https://doi.org/10.1016/j.jcrysgro.2020.125724
https://doi.org/10.1016/j.jcrysgro.2020.125724
https://doi.org/10.1063/5.0076962
https://doi.org/10.35848/1347-4065/acb55a
https://doi.org/10.1109/LED.2017.2696986
https://doi.org/10.1109/LED.2022.3160366
https://doi.org/10.35848/1882-0786/ac4080
https://doi.org/10.35848/1882-0786/ac4080
https://doi.org/10.1063/1.4821858
https://doi.org/10.1063/1.4821858
https://doi.org/10.1063/1.4967931
https://doi.org/10.1063/1.4967931
https://doi.org/10.1109/IEDM19573.2019.8993526
https://doi.org/10.1109/IEDM19573.2019.8993526
https://doi.org/10.1109/LED.2022.3196035

Sci. Technol. Adv. Mater. 26 (2025) 9

(18]

(19]

(20]

[21]

(22]

(23]

[24]

[25]

(26]

(27]

(28]

(29]

(30]

Sasaki K, Kuramata A, Masui T, et al. Device-quality
B-Ga,Os; epitaxial films fabricated by ozone molecular
beam epitaxy. Appl Phys Express. 2012;5(3):035502.
doi: 10.1143/APEX.5.035502

Okumura H, Kita M, Sasaki K, et al. Systematic inves-
tigation of the growth rate of B-Ga,O; (010) by
plasma-assisted molecular beam epitaxy. Appl Phys
Express. 2014;7(9):095501. doi: 10.7567/APEX.7.
095501

Lee S, Kaneko K, Fujita S. Homoepitaxial growth of
beta gallium oxide films by mist chemical vapor
deposition. Jpn J Appl Phys. 2016;55(12):1202B8.
doi: 10.7567/JJAP.55.1202B8

Nishinaka H, Nagaoka T, Kajita Y, et al. Rapid homo-
epitaxial growth of (010) f-Ga,O; thin films via mist
chemical vapor deposition. Mat Sci Semicon Proc.
2021;128:128 105732. doi: 10.1016/j.mssp.2021.
105732

Wagner G, Baldini M, Gogova D, et al. Homoepitaxial
growth of p-Ga,0Oj; layers by metal-organic vapor
phase epitaxy. Phys Status Solidi. 2014;211(1):27.
doi: 10.1002/pssa.201330092

Miller R, Alema F, Osinsky A. Epitaxial 3-Ga,O5 and
B-(Al,Ga;_,),05/p-Ga,05 heterostructures growth
for power electronics. IEEE Trans Semicond Manuf.
2018;31(4):467. doi: 10.1109/TSM.2018.2873488
Ikenaga K, Tanaka N, Nishimura T, et al. Effect of
high temperature homoepitaxial growth of p-Ga,0;
by hot-wall metalorganic vapor phase epitaxy. ] Cryst
Growth. 2022;582:126520. doi: 10.1016/j.jcrysgro.
2022.126520

Nomura K, Goto K, Togashi R, et al. Thermodynamic
study of B-Ga,0; growth by halide vapor phase epi-
taxy. J Cryst Growth. 2014;405:405 19. doi: 10.1016/j.
jerysgro.2014.06.051

Oshima Y, Villora EG, Shimamura K. Quasi-
heteroepitaxial growth of p-Ga,O; on off-angled sap-
phire (0001) substrates by halide vapor phase epitaxy.
J Cryst Growth. 2015;410:410 53. doi: 10.1016/j.jcrys
gro.2014.10.038

Ema K, Sasaki K, Kuramata A, et al. Homo- and
hetero-epitaxial growth of p-gallium oxide via GaCl,
-0,-N, system. ] Cryst Growth. 2021;564
(March):126129. doi: 10.1016/j.jcrysgro.2021.126129
Goto K, Murakami H, Kuramata A, et al. Effect of
substrate orientation on homoepitaxial growth of B-
Ga, 05 by halide vapor phase epitaxy. Appl Phys Lett.
2022;120(10):102102. doi: 10.1063/5.0087609

Wong MH, Goto K, Murakami H, et al. Current
aperture vertical f-Ga,O; MOSFETs fabricated by
N- and Si-ion implantation doping. IEEE Electron
Device Lett. 2019;40(3):431. doi: 10.1109/LED.2018.
2884542

Higashiwaki M, Konishi K, Sasaki K, et al
Temperature-dependent capacitance-voltage and

(31]

(32]

(33]

(34]

(35]

(36]

(371

(38]

(39]

(40]

(41]

Y. OSHIMA AND T. OSHIMA

current-voltage characteristics of Pt/Ga,O; (001)
Schottky barrier diodes fabricated on n™- Ga,03
drift layers grown by halide vapor phase epitaxy.
Appl Phys Lett. 2016;108(13):133503. doi: 10.1063/1.
4945267

Lin C-H, Ema K, Masuya S, et al. Uniformity
improvement of thickness and net donor concentra-
tion in halide vapor phase epitaxial f-Ga,O; wafers
prepared on miscut angle substrates. Jpn ] Appl Phys.
2023;62(SF):SF1005. doi: 10.35848/1347-4065/acb4fb
Sasaki K. Prospects for B-Ga,O;: now and into the
future. Appl Phys Express. 2024;17(9):090101. doi: 10.
35848/1882-0786/ad6b73

Oshima Y, Kawara K, Oshima T, et al. Rapid growth
of a-Ga,03 by HCl-boosted halide vapor phase epi-
taxy and effect of precursor supply conditions on
crystal properties. Semicond Sci Technol. 2020;35
(5):55022. doi: 10.1088/1361-6641/ab7843

Chen B, Mu W, Liu Y, et al. Growth and character-
ization of the B-Ga,O; (011) plane without line-
shaped defects. Cryst Eng Comm. 2023;25(16):2404.
doi: 10.1039/D3CE00052D

Sdoeung S, Otsubo Y, Sasaki K, et al. Killer defect
responsible for reverse leakage current in halide vapor
phase epitaxial (011) B-Ga,O3 Schottky barrier diodes
investigated via ultrahigh sensitive emission micro-
scopy and synchrotron x-ray topography. Appl Phys
Lett. 2023;123(12):122101. doi: 10.1063/5.0170398
EmaK, Lin CH, Ueda Y, et al. Homo-epitaxial growth
on the B-Ga,O; (011) substrate by HVPE. In:
Prenented in the 85th JSAP Autumn meeting 2024,
presentation number 20p-A22-4 (abstract page
16-085); Niigata, Japan. Japan Society of Applied
Physics (JSAP); 2024. p. 20p-A22-4. https://pub.con
fit.atlas.jp/en/event/jsap2024a

Oshima T, Oshima Y. Near-vertical plasma-free HCI
gas etching on (011) B-Ga,Os. Jpn J Appl Phys.
2025;64(1):018003. doi: 10.35848/1347-4065/ada706
Wakimoto D, Lin C-H, Ema K, et al. A multi-fin
normally-off B-Ga,O; vertical transistor with
a breakdown voltage exceeding 10 kV. Appl Phys
Express. 2025;18(10):106502. doi: 10.35848/1882-
0786/ae0d2a

Oshima T, Oshima Y. Selective area growth of $-Ga,
O; by HCl-based halide vapor phase epitaxy. Appl
Phys Express. 2022;15(7):75503. doi: 10.35848/1882-
0786/ac75c8

Oshima Y, Oshima T. Homoepitaxial growth of 1 ~ 02
B -Ga 2 O 3 by halide vapor phase epitaxy. Semicond
Sci Technol. 2023;38(10):105003. doi: 10.1088/1361-
6641/acf241

Mu S, Wang M, Peelaers H, et al. First-principles
surface energies for monoclinic Ga,O; and Al O3
and consequences for cracking of (Al,Ga; ,),0;.
APL Mater. 2020;8(9). doi: 10.1063/5.0019915


https://doi.org/10.1143/APEX.5.035502
https://doi.org/10.7567/APEX.7.095501
https://doi.org/10.7567/APEX.7.095501
https://doi.org/10.7567/JJAP.55.1202B8
https://doi.org/10.1016/j.mssp.2021.105732
https://doi.org/10.1016/j.mssp.2021.105732
https://doi.org/10.1002/pssa.201330092
https://doi.org/10.1109/TSM.2018.2873488
https://doi.org/10.1016/j.jcrysgro.2022.126520
https://doi.org/10.1016/j.jcrysgro.2022.126520
https://doi.org/10.1016/j.jcrysgro.2014.06.051
https://doi.org/10.1016/j.jcrysgro.2014.06.051
https://doi.org/10.1016/j.jcrysgro.2014.10.038
https://doi.org/10.1016/j.jcrysgro.2014.10.038
https://doi.org/10.1016/j.jcrysgro.2021.126129
https://doi.org/10.1063/5.0087609
https://doi.org/10.1109/LED.2018.2884542
https://doi.org/10.1109/LED.2018.2884542
https://doi.org/10.1063/1.4945267
https://doi.org/10.1063/1.4945267
https://doi.org/10.35848/1347-4065/acb4fb
https://doi.org/10.35848/1882-0786/ad6b73
https://doi.org/10.35848/1882-0786/ad6b73
https://doi.org/10.1088/1361-6641/ab7843
https://doi.org/10.1039/D3CE00052D
https://doi.org/10.1063/5.0170398
https://pub.confit.atlas.jp/en/event/jsap2024a
https://pub.confit.atlas.jp/en/event/jsap2024a
https://doi.org/10.35848/1347-4065/ada706
https://doi.org/10.35848/1882-0786/ae0d2a
https://doi.org/10.35848/1882-0786/ae0d2a
https://doi.org/10.35848/1882-0786/ac75c8
https://doi.org/10.35848/1882-0786/ac75c8
https://doi.org/10.1088/1361-6641/acf241
https://doi.org/10.1088/1361-6641/acf241
https://doi.org/10.1063/5.0019915

	Abstract
	Abstract
	Introduction
	Experimental methods
	Results and discussion
	Conclusion
	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	References

