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ABSTRACT

The influence of substrate orientation on homoepitaxial growth of beta-gallium oxide by halide vapor phase epitaxy was investigated.
Substrates were cut at various angles Db from the (001) plane (Db¼ 0�) to the (010) plane (Db¼ 90�) of bulk crystals grown by the edge-
defined film-fed growth method. The growth rate increased with increasing absolute value of Db near the (001). However, from the (001) to
the (010), as Db increased, the growth rate decreased sharply, and streaky grooves observed in the grown layer on the (001) substrate became
triangular pits. The length of the pits decreased with increasing Db, and a pit-free homoepitaxial layer grew at Db � 60�. The valley line of the
pits was parallel to the [010] direction; therefore, the length of the pits decreased with increasing Db. In addition, transmission electron
microscopy observations of the deepest part of a pit revealed that the pits originate from dislocations propagating in the substrate at an angle
of 60� with respect to the (001) plane. Therefore, pits are not formed on the grown layer surface when the Db of the substrate is �60�,
because its surface is substantially parallel to the dislocations. The homoepitaxial growth of a pit-free layer on the (011) substrate (Db¼ 61.7�)
was demonstrated, and void defects and dislocations in the substrate were confirmed by the etch-pit method to not be inherited by the homo-
epitaxial layer.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0087609

Gallium oxide (Ga2O3) is attracting attention as an ultra-wide-
bandgap semiconductor material suitable for next-generation power
devices and is expected to provide an energy-saving effect because of
its high breakdown electric field strength (> 7MV/cm)1,2 predicted on
the basis of its large bandgap (4.5 eV or greater).3,4 Ga2O3 has five pol-
ymorphs: the a, b, c, d, and j (also referred to as e) phases.5,6 Among
them, the b phase, which is the most thermally stable, has an advan-
tage in that it can be prepared as large bulk crystals with high crystal-
linity via melt-growth methods such as the floating zone,7

Czochralski,8,9 vertical Bridgman,10 and edge-defined film-fed growth
(EFG)11,12 methods. Dislocation densities in the bulk substrates, as
evaluated by counting the number of etch pits formed by hot alkaline13

or acidic14 solutions have been reported to be on the order of
103–105 cm�2 irrespective of the growth method. In addition, inten-
tional doping with Si or Sn provides n-type conductive substrates with
extremely low resistivity, which are used in the development of vertical

devices. Four inch-diameter substrates prepared by the EFG method
have recently been commercialized.12 The availability of such high-
quality substrates has accelerated the development of homoepitaxial
growth techniques15–20 to meet the requirements for drift layers of b-
Ga2O3-based vertical power devices.

Vertical Schottky barrier diodes (SBDs), which are one of the
most suitable applications for b-Ga2O3 homoepitaxial substrates,
require thick homoepitaxial (drift) layers (�10lm) with low carrier
density. They are often prepared on (001) b-Ga2O3 substrates by
halide vapor phase epitaxy (HVPE),21–25 because HVPE enables high-
rate homoepitaxial growth of high-purity single-crystal layers and also
enables the carrier density to be controlled in the range
1015–1018 cm�3 by Si doping.26 However, because grooves and pits are
formed on the surfaces of the homoepitaxial layers,16 chemical
mechanical polishing (CMP) of the surface is indispensable for surface
planarization before the devices are fabricated.23,27 In addition to
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grooves and pits, defects and/or dislocations in the substrates inherited
by the homoepitaxial layer adversely affect SBD performance and
yield.14,28–30 Therefore, elucidating the formation mechanism for the
grooves and pits on homoepitaxial layer surfaces and reducing the
density of defects and/or dislocations in homoepitaxial layers are criti-
cal for improving the performance and yield of devices; however, little
research on these topics has been reported.

In the present study, b-Ga2O3 was homoepitaxially grown by
HVPE on substrates with various orientations. The optimum substrate
orientation for which defects and/or dislocations in the substrate do
not affect the homoepitaxial layer was then investigated.

The angle formed by [010] and the substrate surface is defined as
Db. b-Ga2O3 substrates having various orientations between (001)
(Db¼ 0�) and (010) (Db¼ 90�) were cut from bulk crystals grown in
the [010] direction by the EFG method,12 and the surface was subse-
quently subjected to CMP. The prepared substrate was loaded into a
horizontal atmospheric-pressure hot-wall HVPE reactor16,26 with a
multizone electric furnace for controlling the temperatures of the
source zone (the upstream region of the reactor) and the growth zone
(the downstream region of the reactor) separately. The source zone
was maintained at 850 �C, where gallium monochloride (GaCl) gas
was generated by the reaction of Ga metal (6N grade) with Cl2 gas
introduced over Ga. The GaCl gas was transported to the growth zone
by purified N2 carrier gas (dew point < �110 �C), where it reacted
with separately supplied O2 gas to grow b-Ga2O3 on the substrate. In
the present study, the growth-zone temperature was fixed at 1000 �C.
The total gas flow rate was 1600 sccm. The input partial pressure of
GaCl (Po

GaCl) was 5.0� 10�4 or 1.0� 10�3atm, and the input partial
pressure of O2 (Po

O2
) was adjusted to maintain an input VI/III ratio

(2Po
O2
=Po

GaCl) of 10.
The growth rate was estimated by determining the thickness of

the homoepitaxial layer on the basis of the change in the substrate
weight before and after the growth, as measured using an electronic
balance with a verification scale interval of 1lg. The surface morphol-
ogy was investigated using Nomarski differential interference contrast
(NDIC) and confocal violet laser three-dimensional (3D) profile
microscopes. In particular, the shapes and depths of the grooves and
pits were analyzed by the confocal violet laser 3D profile microscope
with a Z-axis measurement resolution of 0.01lm. In addition, the ori-
gin of the pits formed on the surface of the grown layer was investi-
gated using plan-view and cross-sectional bright-field transmission
electron microscopy (TEM) images. The TEM specimens containing
the target pits were prepared parallel to the (001) plane for the plan-
view observation and perpendicular to the [100] axis for the cross sec-
tion observation using focused-ion-beam processing. To clarify defects
and/or dislocations in the substrates used and the homoepitaxially
grown layers, the samples were dipped in an 85wt. % H3PO4 aqueous
solution at 140 �C for 25min,28 and the pits formed on the surfaces
were observed using an NDIC microscope.

First, homoepitaxial growth was carried out at Po
GaCl¼ 5.0

� 10�4atm for 1 h, and the Db dependence of the growth rate was
investigated; the results are shown in Fig. 1. As shown in Fig. 1(b),
when Db was �1.4� to 0.8� [i.e., in the vicinity of (001)], the growth
rate reached its minimum near Db¼ 0� and increased as the absolute
value of Db increased. This result is attributed to be due to the mirror
symmetry of the b-Ga2O3 crystal structure (C2/m) and increases in
the step density at the substrate surface with increasing Db value.

Similar results have been reported for the homoepitaxial growth of b-
Ga2O3 by molecular beam epitaxy (MBE).31 Figure 1(c) shows the
homoepitaxial growth rate for b-Ga2O3 on each substrate between
(001) and (010). When Db was greater than 0.8�, the growth rate
decreased sharply with increasing Db. This result differs from that in
the report by MBE, where the highest homoepitaxial growth rate was
obtained on the (010) substrate.15 The difference in the orientation
dependence of the growth rate between HVPE and MBE is likely due
to the difference in the source gas molecules and/or the difference in
the orientation dependence of the adsorption coefficient for the source
gas molecules on the growing surface. The details should be clarified
in a future study.

Figure 2 shows the surface NDIC microscopy images of the
homoepitaxial layers grown at Po

GaCl¼ 5.0� 10�4atm for 1 h on vari-
ous substrates with different Db values. On the nominally just (001)
substrate (Db¼ 0.06�), shallow streaky grooves along the [010] direc-
tion were formed, consistent with a previous report;16 however, the
grooves changed to triangular pits with increasing absolute value of
Db. Here, the directions of the triangular pits were reversed, with
Db¼ 0� as the boundary, which is attributed to the crystal symmetry
of b-Ga2O3 as discussed in Fig. 1(b). In addition, as Db increased, the
length of the triangular pits decreased; when Db exceeded 45�, the pits
became difficult to recognize by NDIC microscopic observation.
Interestingly, a pit-free surface was obtained at Db � 60�. When Db

was 75� or greater, small dots were observed but were hillocks. The
morphological change from pit formation to hillock formation was

FIG. 1. (a) Schematic of preparation of substrates with various orientations from
EFG-grown bulk crystals by varying Db between (001) and (010). The Db depen-
dence of the growth rate (b) near the (001) and (c) over a wide range from (001) to
(010). The solid lines are guides for the eyes.
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outside the scope of the present study and was not investigated further.
However, elucidating the mechanism by which the pit length decreases
as Db increases is the key to pit-free homoepitaxial layer growth and is
investigated in detail as follows.

The images of triangular pits on the surface of the homoepitaxial
layers grown for 1 h on the substrates with a Db of �1.4� and 5� and
their cross-sectional profiles obtained using confocal violet laser 3D
profile microscopy are shown in Fig. 3. The pits that resemble triangles
in the NDICmicroscopy images were found to actually be inverted tri-
angular pyramids, and the direction of the valley line was found to dif-
fer depending on whether Db is negative or positive (when Db is�1.4�
and 5�, the valley line rises to the right and left, respectively). The incli-
nation angle h of the valley line was calculated from the cross-sectional
profile using the following formula:

h ¼ tan�1
d
l

� �
; (1)

where d is the depth of the pit and l is the length of the pit (l is negative
when the pit is pointing to the right and positive when it is pointing to
the left). The obtained h value is approximately equal to the value of
Db for each substrate, which indicates that the pits are formed so that
the valley lines are parallel to the [010] axis. However, Eq. (1) means
that the homoepitaxial layer becomes pit-free (l¼ 0) at h¼ 90�

[Db¼ 90�, i.e., (010)], which is inconsistent with the observation that
the pit-free layer was obtained at a Db of�60� in Fig. 2. Therefore, the
results suggest that other factors are responsible for the pit-free homo-
epitaxial layer being obtained with a Db of�60�. Notably, the depth of
the pit, d, is similar to the thickness of the grown layer. Therefore, the
deepest part of the pit reaches the interface between the substrate and
the homoepitaxial layer. In addition, the pit density on the grown layer
surface was estimated from Fig. 2 to be 103–104 cm�2, which is almost

the same as the dislocation density in the bulk b-Ga2O3 crystals used
in the present study. From these results, it was inferred that the pits
formed on the homoepitaxial layer surface were related to dislocations
in the initial substrate.

Figure 4 shows the results of the TEM analysis of the vicinity of
the deepest part of the pit formed on the surface of the homoepitaxial

FIG. 2. Surface NDIC microscopy images of homoepitaxial layers grown for 1 h on various substrates with different Db values.

FIG. 3. (Top) Confocal violet laser 3D profile microscopy images of pits on homoe-
pitaxial layers grown for 1 h on substrates with a Db of �1.4� and 5�; (bottom)
cross-sectional profiles corresponding to the A–A0 and B–B0 lines.
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layer grown on the substrate with Db¼�1.4�. From the plan-view
TEM image in Fig. 4(a), the presence of a dislocation was confirmed
near the deepest part of the pit. In addition, Fig. 4(b) shows a cross-
sectional TEM image of the sample sliced perpendicular to the [100]
axis to include the dislocation observed in Fig. 4(a); the image in Fig.
4(b) clearly shows that this dislocation propagates from the substrate
and that the point where the dislocation reaches the substrate surface

is the starting point of pit formation. The threading dislocations in a
b-Ga2O3 bulk crystal grown in the [010] direction by EFG have been
reported to propagate on slip planes,32,33 and Yao et al. confirmed that
{100} is one of the slip planes.33 The result in Fig. 4(b) is consistent
with that reported by Yao et al. Here, the dislocation is at an angle of
�60� with respect to the (001) plane; i.e., for the substrate with a Db of
�60� [near the (011) plane], dislocations propagate substantially par-
allel to the substrate surface and do not appear on the substrate sur-
face. This result explains why a pit-free homoepitaxial layer was
realized on the substrate with Db� 60� (Fig. 2).

To verify the aforementioned model, a (011) substrate (Db¼ 61.7�)
and a (001) substrate (Db¼ 0.04�) were prepared, and defects or disloca-
tions on their surfaces were evaluated by etching using a hot H3PO4 solu-
tion after substrate preparation and after CMP of the homoepitaxial
layer surface. Two types of pits, bullet-shaped and rectangular-shaped,
were formed on the (001) substrate [Fig. 5(a)], and these pits are consid-
ered to have originated from dislocations and voids, respectively.14,28 By
contrast, no etch pits were formed on the (011) substrate [Fig. 5(d)]. This
also explains why dislocations are not observed on the surface of the
(011) substrate. Figures 5(b) and 5(e) show the surfaces after an 8lm
thick homoepitaxial layer was grown on each substrate. In this experi-
ment, homoepitaxial growth was performed at Po

GaCl¼ 1.0� 10�3atm,
which is twice the Po

GaCl used in previous experiments, and the growth
rates on the (001) and (011) substrates were 4.8 and 2.8lm/h, respec-
tively. Each value is approximately twice the growth rate shown in Figs.
1(b) and 1(c). In the homoepitaxial layer grown on the (001) substrate,
streaky grooves along the [010] direction were formed on the surface
[Fig. 5(b)], whereas the homoepitaxial layer grown on the (011) substrate
exhibited a smooth surface with no pits or hillocks even when the growth
rate was increased [Fig. 5(e)]. Because the depth of the streaky grooves
on the surface of the homoepitaxial layer grown on the (001) substrate
was�20% of the grown layer thickness, the surface of the homoepitaxial

FIG. 4. (a) Plan-view and (b) cross-sectional bright-field TEM images near the bot-
tom of the pit formed on the surface of the homoepitaxial layer grown on the sub-
strate with Db¼�1.4�.

FIG. 5. NDIC microscopy images of (a)–(c) (001) and (d)–(f) (011) substrate surfaces: (a) and (d) after the substrate was etched with a hot H3PO4 solution, (b) and (e) after an
8 lm-thick homoepitaxial layer was grown, and (c) and (f) after a CMP-processed homoepitaxial layer was etched with a hot H3PO4 solution. The insets in (a) and (c) are mag-
nified images of a typical etch pit.
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layer on both substrates was flattened by removing 3lm by CMP; etch
pits were then formed for each layer by etching [Figs. 5(c) and 5(f)]. As
shown in Fig. 5(c), only chevron-shaped pits were observed on the
homoepitaxial layer surface grown on the (001) substrate. A comparison
of the density of the etch pits with the density observed in Fig. 5(a) sug-
gests that, like the bullet-shaped pits formed on the substrate surface, the
chevron-shaped pits originated from dislocations in the homoepitaxial
layer. Although further investigation is needed in the future, it is found
that the voids in the substrate do not propagate to the homoepitaxial
layer. By contrast, no etch pits were formed on the homoepitaxial layer
grown on the (011) substrate [Fig. 5(f)], suggesting that no dislocations
were present in the homoepitaxial layer. Therefore, adopting the (011) b-
Ga2O3 substrate led to an improvement in the crystallinity of the homoe-
pitaxial layer. It is expected that the performance and yield of power
devices fabricated using this layer will be improved.

In summary, homoepitaxial growth of b-Ga2O3 by atmospheric-
pressure HVPE was investigated on substrates cut at various angles Db

from the (001) plane (Db¼ 0�) to the (010) plane (Db¼ 90�) of bulk
b-Ga2O3 crystals grown in the [010] direction by the EFG method. In
the vicinity of the (001) substrate, the lowest growth rate was obtained
for a Db of 0� and the growth rate increased with a slight increase in
the absolute value of Db. However, from (001) to (010), the growth
rate decreased sharply with increasing Db. At the same time, streaky
grooves on the surface of the homoepitaxial layer on a (001) substrate
changed to inverted triangular pits (pyramids). Because the valley line
of the triangular pits was parallel to [010], the length of the pits
decreased with increasing Db. Homoepitaxial layers without pits grew
when Db was higher than 60�. TEM observations near the deepest part
of the pit revealed that the origin of the pit is dislocations in the sub-
strate propagating at an angle of 60� with respect to the (001) plane.
At Db� 60�, the surface of the substrate was found to be substantially
parallel to the dislocations; thus, pits were not formed on the surface
of the grown layer. On the basis of these findings, homoepitaxial
growth of a pit-free layer on the (011) b-Ga2O3 substrate with
Db¼ 61.7� was demonstrated, and voids and dislocations in the sub-
strate were confirmed to not have been inherited by the homoepitaxial
layer. In the future, if n-type conductivity control by Si doping
becomes possible on (011) b-Ga2O3 substrates as well as on (001) sub-
strates, then (011) substrates might become one of the choices for the
development of b-Ga2O3-based power devices. The use of (010) sub-
strates may also be desirable as they provide a smooth homoepitaxial
layer surface, although perhaps dislocations are present.
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