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ABSTRACT

We have demonstrated selective-area growth and selective-area etching on SiO2-masked (�102) b-Ga2O3 substrates using a HCl-based
halide-vapor-phase epitaxy system that is capable of performing both growth and gas etching without plasma excitation. Since the surface of
the (�102) substrate is perpendicular to the (100) plane, which has the lowest surface energy, we were able to use both methods to fabricate
plasma-damage-free fins and trenches with (100)-faceted vertical sidewalls on windows striped along the [010] direction with high processing
accuracy. Furthermore, since the [010] window direction is aligned parallel to the majority of dislocations and line-shaped voids in the sub-
strate—which extend along the [010] direction and could potentially act as leakage paths—such crystal defects are unlikely to appear on the
surfaces of the resulting fins and trenches. We believe that these selective-area growth/etching techniques can greatly accelerate research on,
and the development of, b-Ga2O3-based vertical/lateral devices with fins or trenches.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0186319

The ultra-wide-bandgap semiconductor b-Ga2O3 has garnered
considerable attention in recent years because it is expected to have a
critical field strength as large as approximately 8MV cm�1,1 the widely
controllable doping range of 1015–1020 cm�3,2 and high-quality wafers
are available with the low defect densities of 103–105 cm�2.3 These
properties all indicate that this material has significant potential for
use in next-generation power semiconductors, following the footsteps
of SiC and GaN. Because of such expectations, research on b-Ga2O3

has advanced in various areas, including the growth of bulk crystals,
homo- and hetero-epitaxy, impurity doping, device design and proc-
essing, and related theoretical frameworks.4

Processing technologies that can be used to shape various struc-
tures on a wafer surface constitute one such area, which is indispens-
able for device manufacturing. In the b-Ga2O3 research community,
plasma-based dry etching that utilizes chlorine-based chemistries is
widely accepted as a proven process5 for obtaining various structures,
including mesas, fins, and trenches. They are used to define device
regions and fabricate fin channels, recessed-gate structures, trench
metal-oxide-semiconductor (trench MOS) structures, edge termina-
tions, and so on. Utilizing such processed structures, fin field-effect
transistors (FinFETs),6–8 gate-recessed MOSFETs,9 trench MOS
Schottky barrier diodes (trench MOSSBDs),10,11 trench MOSFETs,12

and mesa-terminated SBDs13,14 and PN diodes15 have demonstrated

improved device performance—for example, increased breakdown
voltages and/or normally off operations—confirming the benefit of
these structural effects. However, reactive ions in the plasma cause
damage to the processed surfaces, degrading electrical properties of the
devices such as the channel mobilities and transfer characteristics of
FinFETs,6,7 and the on-resistances of trench SBDs,10 gate-recessed
MOSFETs,16 and mesa-terminated SBDs.13 In order to recover from
this damage and restore proper device performance, post-treatments
like wet chemical etching17–19 or annealing16,19,20 are necessary. Thus,
plasma etching is actually a two-step process that requires a damage-
recovery procedure. In contrast, non-plasma-based wet and dry etch-
ing processes—such as metal-assisted chemical etching (MacEtch),21

Ga-flux etching,22 and hydrogen-environment anisotropic thermal
etching (HEATE)23—have emerged as alternatives to plasma-based
dry etching. These non-plasma techniques are quite promising, as
evidenced by the facts that FinFETs formed using MacEtch show
near-zero hysteresis in their gate-transfer characteristics,24 that
Ga-flux-etched recessed-gate MOSFETs have been produced with high
drain currents and high transconductances,25 and that trench
MOSSBDs have been formed with near-ideal forward characteristics.26

In this context, we have recently demonstrated plasma-free
selective-area growth (SAG) and selective-area etching (SAE) of com-
mercially available (010) and (001) b-Ga2O3 substrates using a
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laboratory-designed HCl-based halide-vapor-phase epitaxy (HVPE)
system.27–30 This HVPE system includes an HCl etching-gas line in
addition to the growth-precursor lines that enable regulation of the
balance between growth and etching. This enables growth on windows
while suppressing nucleation on amorphous masks, thereby achieving
SAG with perfect selectively. Alternatively, SAE can be performed in
window areas using the HCl etching gas alone. Thus, this system can
also be utilized as a halide-vapor-phase etching (HVPE) system.
During both growth and etching, the sidewalls of the resulting struc-
tures are dominated by flat (100) facets owing to their high chemical
stability, which can be attributed to the fact that they have the lowest
surface energy density.31,32 When the window direction is parallel to
the (100) plane, the sidewalls consist exclusively of (100) facets, facili-
tating the production of high-aspect-ratio structures such as fins and
trenches, as shown in Fig. 1. In particular, vertical fins and trenches
can be created on (010) substrates due to the orthogonal relationship
between the (100) and (010) planes. Nevertheless, a (010)-oriented
substrate is unsuitable for vertical power-device applications because
of its crystal defects. Since most line-shaped voids (also called nano-
pipes) and dislocations in the crystal exist along the [010] direction,33–
35 it is very likely for these crystal defects to appear on the surface of
the resulting structures and act as leakage paths, causing premature
breakdown.36,37 Conversely, a (001) substrate can avoid such [010]-
extended defect issues as the defects are parallel to the (001) plane and
rarely surface on the substrate or the fins/trenches created thereon.
However, the structures produced by the SAG or SAE on (001) sub-
strates are inclined by 13.7� from the substrate normal because the
face angle between the (100) and (001) planes is 103.7�. Such inclined
fins and trenches are not suitable for vertical power-device applica-
tions, as the current and/or electric field is concentrated on either side
of the structures. It is, therefore, necessary to consider the substrate ori-
entation for implementation of the SAG and SAE methods in process-
ing vertical power devices.

The (�102) plane is the optimal substrate orientation for using
SAG and SAE to create fins/trenches with flat and vertical sidewalls
that are suitable for vertical power-device applications. To produce
fins/trenches with (100)-faceted vertical sidewalls, the substrate surface
must be perpendicular to the (100) plane due to the dominance of
(100) facets in the structures formed using SAG or SAE. To minimize
the appearance of line-shaped voids and dislocations along the [010]
direction on the surface, it is also necessary for the substrate to be ori-
ented parallel to the [010] direction. To meet these two requirements,
the substrate plane must be the (�102) plane, as shown in Fig. 1. We
note that the (�102) plane can be set as the primary plane for edge-

defined film-fed growth (EFG) because it is parallel to the [010] pulling
direction.38 This allows the fabrication of scalable wafers with high
productivity, which can be comparable to the productivity achieved for
(001) and (�201) wafers. In addition, prior to the present study, we veri-
fied that homoepitaxial growth is possible on (�102) substrates without
misoriented domains, which is similar to the cases of (010) and (001)
substrates.39 Encouraged by these facts and expectations, we, therefore,
performed experiments using SAG and SAE on (�102) substrates and
investigated the resulting fin and trench structures.

We prepared SiO2-masked (�102) b-Ga2O3 substrates as follows.
10� 15mm2 substrates with the (�102) orientation were manufactured
by slicing, cutting, grinding, lapping, and chemically and mechanically
polishing a Sn-doped ingot with (001) principal planes grown along
the [010] direction using the EFG method (Novel Crystal Technology,
Inc.). The (�102) substrates were monocrystalline, with highly crystal-
line quality that was comparable to those of commercially available
(001) and (010) substrates. This is evidenced by the x-ray diffraction
(XRD) results summarized in Fig. 2. As expected, we observed only a
single peak in both the symmetric h–2h and skew-symmetric / scans
[Figs. 2(a) and 2(b), respectively]. The full-width at half maximum val-
ues of the x rocking curves measured in the symmetric and skew-
symmetric geometries were as narrow as 20–30 arc sec [Fig. 2(c)].
Prior to initiating the mask fabrication, we subjected the substrate sur-
face to a meticulous cleaning process. This involved immersion in
organic solvents, specifically acetone and isopropyl alcohol, followed
by treatment with HF and a H2SO4/H2O2 blend. This step was crucial
to ensure the complete removal of any residues from the chemical
mechanical polishing slurry. Subsequently, the substrate surface was
coated with a 0.10-lm-thick SiO2 layer. This layer was applied using
plasma-assisted chemical vapor deposition, utilizing tetraethoxysilane
and O2 as the source precursors. We then opened square-, radial-line-,
and stripe-patterned windows in the SiO2 layer using laser lithography,
with buffered HF as the etchant. We removed the residual photoresist
completely using organic solvents (acetone and isopropyl alcohol) and
O2 plasma. The square window was 100� 100lm2 in size. The radial
pattern consisted of 36 window lines in 10� steps starting from [010].
The width of each window was 1.4lm. We prepared two types of
stripes: pattern A and pattern B. They were both parallel to the [010]
direction, but they differed in the mask/window widths, which were
2.6/1.4lm (pattern A) and 0.5/5.7lm (pattern B).

We performed SAG and SAE using a laboratory-made HCl-based
HVPE system similar to that employed in our previous experiments
on (010)- and (001)-oriented substrates.27–30 This system is equipped
with a horizontal quartz reactor, which is divided into an upstream

FIG. 1. (Two columns) Schematic cross
sections of selective-area-grown and
selective-area-etched structures on (010),
(001), and (�102) substrates showing the
directional relationships among the sub-
strate planes, (100)-faceted sidewalls, and
[010]-oriented propagation direction of the
majority of voids and dislocations.
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source zone and a downstream processing zone. In these zones, pre-
cursor and/or etching gases are introduced to a vertically oriented sub-
strate. This substrate is mounted on a rotating holder for uniform
exposure, as depicted in Fig. S1. For SAG, GaCl precursor was synthe-
sized in the source zone at 822 �C using the chemical reaction between
Ga metal (>99.99999% pure) and HCl gas (>99.999% pure). Under
the reaction conditions, the supplied HCl gas was completely con-
sumed to generate an equimolar amount of GaCl gas. We then per-
formed SAG by injecting the GaCl and O2 (>99.99995% pure)
precursors, together with additional HCl etching gas, onto the surface
of the SiO2-masked (�102) b-Ga2O3 substrate while heating the proc-
essing zone at 1038 �C for 15min. It is necessary to supply the HCl
etching gas to suppress parasitic gas-phase reactions and nucleation on
the mask.27,40 For SAE, we performed the etching by introducing the
HCl etching gas onto the SiO2-masked (�102) substrate while heating
the processing zone at 1038 �C for 10min. For both SAG and SAE, the
reactive gases were carried by purified N2 gas (dew point < �110 �C)
under atmospheric pressure (approximately 100 kPa), and we main-
tained the total gas flow through the reactor at 8 slm. The partial pres-
sures of GaCl, O2, and HCl (for etching purposes) were set at 0.125,
1.25, and 0.25 kPa in the case of SAG, and at 0, 0, and 62.5 Pa for SAE,
respectively.

The substrates, post-growth, and etching were examined to deter-
mine surface compositions within 100� 100 lm2 window areas of
both SAG and SAE substrates using Auger electron spectroscopy
(AES). A bare (�102) substrate, subjected to the cleaning process, was
also analyzed for comparison. We examined the grown and etched
structures using scanning electron microscopy (SEM). Additionally, we

observed the cross sections of the structures using focused-ion-beam
scanning electron microscopy (FIB–SEM), where we utilized carbon
deposition as a protective layer against FIB milling. Furthermore, we
viewed the atomic arrangement of the Ga atoms on the SAG b-Ga2O3

in the vicinity of the mask edge from the [010] direction using high-
angle annular dark-field scanning transmission electron microscopy
(HAADF–STEM) with an accelerating voltage of 200 kV.

We first assessed surface compositions following the SAG and
SAE procedures. Figure 3 illustrates the typical AES spectra for the
SAG, SAE, and the reference bare substrates. In all spectra, elements of
Ga and O were present. C was also detected, likely due to hydrocarbon
contaminants. Cl, however, was not detected within the analytical sen-
sitivity of AES. The Ga/O atomic composition ratios for the SAG and
SAE substrates, calculated using the relative sensitivity method, were
0.724 and 0.721, aligning with the reference value of 0.724. This consis-
tency suggests that the SAG and SAE processes do not alter the Ga/O
surface stoichiometry.

We then characterized the in-plane anisotropies of the SAG and
SAE structures on the (�102) substrates. Figures 4(a) and 4(b), respec-
tively, show top-view SEM images of the SAG and SAE structures on
the radial-patterned windows. We determined the lengths of the lateral
overgrowth and under-etching perpendicular to the windows from
these images by measuring the distances between the window edge
and the end of the corresponding SAG fins and SAE trenches. We
then plotted the acquired data in polar coordinates, as presented in
Fig. 4(c). The results are similar to those observed on (001) sub-
strates.27,28 The lateral overgrowth and under etching were signifi-
cantly reduced when the window directions were <010> because the
corresponding sidewalls were the chemically most stable (100) facets.
This is reflected in the polar plots, as the deepest dips occur in the
[201] and [�20�1] directions. Note that these directions are perpendicu-
lar to the (100) plane. Slight deviations from the <010> direction
resulted in remarkable enhancements of the lateral growth and etch-
ing. For SAG, deviations of the window directions further from the
<010> direction resulted in the deposition of polycrystals and/or the

FIG. 3. (Single column) Auger electron spectra obtained from the 100� 100lm2

window regions of the selective-area-grown and selective-area-etched samples.
Additionally, it includes a spectrum from a cleaned bare (�102) substrate, serving as
a reference.

FIG. 2. (Single column) summary of the x-ray diffraction characterization of a
(�102)-oriented b-Ga2O3 substrate using Cu Ka1 radiation. (a) Symmetric h–2h scan
pattern. (b) Skew-symmetric / scan pattern at the tilt angle v� 59.8�. (c) The x
rocking curves of the �204 and �401 diffraction peaks corresponding to (a) and (b),
respectively.
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absence of growth rather than in epitaxial growth of fins on the win-
dows. Therefore, only the fins with (100) sidewalls survived, while
those without were eliminated in the competition between growth and
etching during SAG. For SAE, lateral etching was again suppressed as
the deviation of the window directions increased. This resulted in small
dips in the plots at the specific window directions where the sidewalls
should be {310} facets. Consequently, the window direction should be
[010] for the best controllability of the cross-sectional shape because
the lateral size deviation of the fins/trenches from the mask width can
be minimized.

We then investigated the SAG and SAE structures on the striped
windows along the [010] direction using SEM, as shown in Fig. 5.
Here, we used pattern A striped windows with a narrow window width
to create both SAG fins and SAE trenches, while we used pattern B
striped windows with a narrow mask width to fabricate SAE fins. In all
cases, the overgrowth and under-etching lengths perpendicular to the
windows were much smaller than the corresponding grown height and
etched depth, respectively. This means that the fins and trenches were
fabricated nearly according to the window and mask widths [Figs.
5(a), 5(f), and 5(k)]. In addition, vertical (100)-faceted sidewalls are
clearly visible on both sides of the fins and trenches. In the SAG fins,
the (100) sidewalls on the [�20�1] side were shorter compared to those
on the [201] side. This is attributed to the formation of a downward-
sloping facet at the top surface [Figs. 5(b)–5(e)], identified as the (�201)
plane from subsequent cross-sectional analysis. Conversely, the (100)
sidewalls on both sides were almost the same height in the SAE
trenches and fins [Figs. 5(g)–5(j) and 5(l)–5(o)]. The etched bottom
surfaces were relatively rough due to the presence of macro steps along
the [010] direction. We also observed this roughness in the HCl-gas-
etched bottom surface on the (001) substrates.28

Next, we examined the cross-sectional profiles of the fabricated
SAG and SAE stripes along the [010] direction. Figures 6(a)–6(c) show
tilted SEM images of the cross sections of the SAG and SAE stripes
corresponding to those shown in Fig. 5. Figure 6(d) shows a schematic
cross-sectional illustration with labeled facets for the SAG fins and
SAE trenches on the pattern A masks. The SAG fins exhibited vertical
(100)-faceted sidewalls and an inclined (�201)-faceted top surface. The
(�201) facet’s emergence is likely due to its relatively low surface energy
density, second only to the (100) facet.32 The structural aspect ratio—
which we define to be the (100)-sidewall height divided by the lateral
overgrowth or under-etching length—was 2.7 ([�20�1] side)–6.7 ([201]
side). It is important to note that there were small bumps on both sides
of the (100) sidewalls of the fins due to the formation of twin domains
during the lateral overgrowth, which we discuss later. Conversely, the
SAE trenches and fins consisted of vertical (100)-faceted sidewalls and
a relatively rough bottom surface. Note that the (100) sidewall on the
[�20�1] side was not perfectly vertical but slightly curved. Moreover, the
under-etching length on the [�20�1] side was a little bit longer than that
of the sidewall on the [201] side. The detailed reason for this left–right
asymmetry of the sidewalls is unclear at the moment, but it must be
related to the anisotropy of the monoclinic structure. Optimization of
the etching parameters—such as the processing temperature and HCl
partial pressure30—may flatten the (100) sidewalls on the [�20�1] side
because the (100) and (�1 00) planes that correspond to the opposing
sidewalls are crystallographically equivalent. The structural aspect ratio
was 7.9 ([201] side)–11.2 ([�20�1] side), which is higher than the corre-
sponding values for the SAG structures.

FIG. 4. (Single column) top-view scanning electron microscope images of (a)
selective-area-grown and (b) selective-area-etched b-Ga2O3 on radial-line windows.
(c) Polar plots of the lateral-overgrowth length (empty squares) and under-etching
length (empty circles) measured from (a) and (b), respectively. The symbols “�”
and “c” indicate the cross product of the given directions and the [001] direction.
The solid lines connecting the data in (c) are guides to the eye.
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Finally, we examined the atomic arrangements of the overgrown
region of the SAG b-Ga2O3 using STEM, as shown in Fig. 7. It is
highly probable for twinning to occur during lateral overgrowth on the
(100) sidewalls because homoepitaxial growth on (100) b-Ga2O3 sub-
strates without miscut angle forms twin lamellae due to the double
positioning of the adatoms on the (100) plane.41 Figures 7(a) and 7(b)
display HAADF–STEM images in the vicinity of the mask edge, in
which the comparatively heavy Ga atoms are visible as white dots.

We observed a single periodic arrangement of Ga atoms in the sub-
strate region and in the SAG region above the window, which is con-
sistent with the result from homoepitaxy on (�102) b-Ga2O3

substrates.39 We found a twin domain in the lateral-overgrown region
above the mask alongside a coherent boundary stemming from the
mask edge, as evidenced by the twin symmetry of the fast Fourier
transformed images of the two domain regions that cross the boundary
[Figs. 7(c) and 7(d)]. These findings indicate that the twinning was

FIG. 5. (Two columns) top- and tilted-view scanning electron microscope images (at angles of 0� and 50� relative to the sample normal, respectively), of the selective-area-
grown fins on the stripe mask of (a)–(e) pattern A and of the selective-area-etched trenches under the stripe masks of (f)–(j) pattern A and (k)–(o) pattern B.
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caused by the same mechanism as that occurring during homoepitaxial
growth on (100) substrates. The twin formation is anticipated not only
for the (�102) substrates but also on the SAG sidewalls for the (010)
and (001) substrates, in line with this mechanism. Therefore, it is cru-
cial to consider the presence of twin domains located proximate to the
(100) sidewall surfaces when employing SAG structures for devices.

In summary, we have explored the potential of SAG and SAE
using HVPE as one-step plasma-free processes for b-Ga2O3. By utiliz-
ing (�102)-oriented substrates, which are perpendicular to the (100)
plane and parallel to the [010] direction, we have been able to use
SAG and SAE to fabricate high-aspect-ratio fins and trenches with

(100)-faceted vertical sidewalls along the [010] direction. In addition
to being free of plasma damage, these structures can also prevent line-
shaped voids and dislocations that extend in the [010] direction from
appearing on their surfaces, making them suitable for both vertical and
lateral device applications. However, we have also found that SAG

FIG. 6. (Single column) (a)–(c) 54�-tilted-view scanning electron microscope
images of the cross-sectional structures of selective-area-grown fins and selective-
area-etched trenches. The fins in panel (a) correspond to Figs. 5(a)–5(e) (pattern
A). The trenches in panels (b) and (c) correspond to Figs. 5(f)–5(j) (pattern A) and
Figs. 5(k)–5(o) (pattern B), respectively. (d) Schematic cross sections of (a) and (b).

FIG. 7. (Single column) high-angle annular dark-field scanning transmission elec-
tron microscope images around the mask edge of a selective-area-grown b-Ga2O3

region taken at (a) low and (b) high magnifications. In (b), the small empty circles
surrounded by blue and red dashed parallelograms represent Ga atoms in unit cells
in the untwinned and twinned domains, respectively. The bottom panels show fast
Fourier transformed images of (c) the untwinned and (d) the twinned domain
regions.
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inevitably causes twinning in the lateral-overgrown region of the (100)
sidewalls. This occurs because the lateral growth is virtually the same
as homoepitaxial growth on (100) substrates. Therefore, SAE is more
promising than SAG for practical device applications.

See the supplementary material for the schematics illustrating the
gas flows in the HVPE system (Fig. S1).
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