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The (010) orientation of $-Ga,Os3 is a highly promising platform for next-generation lateral power electronics due
to its superior theoretical transport properties. However, progress has been impeded by the unavailability of large-area
substrates, limiting studies to small-scale samples. Leveraging the recent emergence of 2-inch wafers, we report the first
demonstration of homoepitaxial growth on a 2-inch, Fe-doped semi-insulating (010) 3-Ga, O3 substrate by metal-organic
chemical vapor deposition (MOCVD). A systematic, wafer-scale characterization reveals the successful growth of a high-
quality epitaxial film. High-resolution x-ray diffraction shows an excellent crystalline structure, with a rocking curve
full-width ranging from 21.0 arcsec to 103.0 arcsec. Atomic force microscopy confirms an atomically smooth surface with
a root-mean-square roughness below 1.53 nm, displaying a distinct step-flow growth mode across the wafer. Furthermore,
mercury-probe capacitance—voltage mapping indicates a well-controlled carrier concentration of ~ 2 x 10!8 cm=3 with a
RSD of 5.12%. This work provides the first comprehensive assessment of 2-inch (010) Ga; O3 epitaxial wafers, validating
a critical material platform for the development and future manufacturing of high-performance power devices.

Keywords: -Ga;03, metal-organic chemical vapor deposition (MOCVD), wafer scale, uniformity
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1. Introduction

The relentless pursuit of higher efficiency and power den-
sity in electronic systems has driven extensive research into ul-
trawide bandgap (UWBG) semiconductors. Among them, the
monoclinic B-phase of gallium oxide (-Ga;O3) has garnered
immense attention as a promising material for next-generation
power electronics.!! Its exceptional intrinsic properties, in-
cluding a bandgap of approximately 4.8 eV, a tremendous
theoretical breakdown electric field of 8 MV/cm, and a high
Baliga’s figure of merit, position it as a formidable contender
for applications far exceeding the capabilities of Si, SiC, and
GaN.[?3] This has fueled remarkable progress in device re-
search, with performance metrics for transistors and diodes
advancing at an accelerated pace in recent years.!*”7]

While these properties are advantageous for all device ar-
chitectures, the anisotropic nature of the monoclinic crystal
structure means that the choice of crystal orientation is a criti-
cal design parameter for optimizing device performance. The-
oretical calculations and experimental evidence have shown
that electron mobility is highest along the crystallographic

direction, which lies within the (010) plane. This makes
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the (010) surface a promising platform for fabricating high-
performance lateral devices. In contrast, the (100) plane, while
also explored, suffers from a natural cleavage tendency that
complicates device processing and compromises mechanical
stability. Despite the clear advantages of the (010) orienta-
tion, its development has been fundamentally hampered by
the unavailability of large-area (010)-oriented substrates. Re-
search has been consequently confined to small, often irregu-
larly shaped samples cleaved from bulk crystals, which is un-
suitable for scalable device fabrication and prohibits a mean-
ingful assessment of wafer-scale uniformity.

The growth of high-quality, large-area single-crystal
B-Ga,03
its electronic and optoelectronic applications.

is a foundational technology for advancing
This
is achieved through various melt-growth techniques, in-
cluding the Czochralski (CZ),’319 edge-defined film-fed
growth (EFG),!!'"13) vertical Bridgman (VB),l'* and cast-
ing methods.[1>1%] The ability to produce cost-effective native
substrates from a melt gives Ga,O3 a significant advantage
over other wide-bandgap semiconductors like SiC and GaN.
The recent breakthrough in large-diameter crystal growth tech-
nology has led to the commercial availability of 2-inch diam-
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eter (010) B-GapO3 wafers. This development creates an op-
portunity to transition (010) Ga;O3 from a subject of academic
curiosity to a viable industrial technology. To capitalize on
this advancement, the immediate and most critical task is to
establish and validate a scalable, high-quality epitaxial growth
process on this large-area platform.

Several epitaxial growth techniques have been explored,
each with its own set of advantages and limitations. For in-
stance, molecular beam epitaxy (MBE) offers unparalleled
control at the atomic level but is often limited by slow growth
rates,[!7201 while halide vapor phase epitaxy (HVPE) pro-
vides exceptionally high growth rates suitable for thick drift
layers but can pose challenges for complex heterostructures
and doping uniformity.>!-23] Metal-organic chemical vapor
deposition (MOCVD) stands out as the premier technique for
this purpose, given its proven success in the high-volume man-
ufacturing of other compound semiconductors and its inher-
ent advantages in controlling thickness, doping, and interface
quality with high precision.[26-3%]

In this paper, we report the first successful demonstra-
tion of homoepitaxial growth on a 2-inch, Fe-doped semi-
insulating (010) 3-Ga; O3 substrate via MOCVD. We present
the first systematic, wafer-scale investigation of the material’s
properties, providing a comprehensive baseline for its struc-
tural perfection, surface morphology, and electrical unifor-
mity. By demonstrating that device-quality films can be grown
with high uniformity over a large area, our work validates the
2-inch (010) Gay O3 platform and lays the essential ground-
work for the future fabrication and commercialization of ad-
vanced lateral power electronic devices.

2. Experiment

The homoepitaxial films were grown in a horizontal flow
MOCVD reactor on a 2-inch diameter, (010)-oriented f3-
Ga, 03 semi-insulating substrate with Fe doping. Prior to load-
ing, the substrate was subjected to a standard solvent cleaning
procedure. The growth was performed at a reactor pressure of
70 Torr and a substrate temperature of 830 °C. Triethylgallium
(TEGa) served as the gallium precursor, high-purity molecu-
lar oxygen was the oxidant, and dilute silane (SiH4) was the
n-type dopant source. The V/III ratio was maintained at ap-
proximately 2000 during growth. These conditions resulted in
a growth rate of about 0.6 um/h. The epitaxial design, shown
in Fig. 1(a), comprised a 20 nm (Al,Ga;_4)203 back-barrier
layer with Al fraction of ~ 20%, grown to suppress parasitic
conduction at the epi-substrate interface, followed by a 200 nm
thick Si-doped Ga;O3 channel layer targeted for a carrier con-
centration in the 10'® cm™3 range. To rigorously assess the
film’s uniformity, a comprehensive 9-point mapping pattern
was established across the wafer, covering the center, middle,

and edge regions, as illustrated in Fig. 1(b). Post-growth char-
acterization involved a suite of non-destructive techniques:
atomic force microscopy (AFM) to evaluate surface morphol-
ogy, high-resolution x-ray diffraction (HRXRD) for crystalline
quality and strain analysis, and mercury-probe capacitance—
voltage (Hg-CV) measurements to determine the carrier con-
centration profile and its spatial distribution.

() (b)

200 nm (-GagOg3 epitaxy layer

20 nm AlGaO barrier layer

Fe doped semi-insulating layer

Fig. 1. (a) Schematic diagram of the MOCVD-grown epitaxial struc-
ture, consisting of a 200 nm Si-doped Ga, O3 channel layer and a 20 nm
AlGaO back-barrier on an Fe-doped semi-insulating (010) B-Ga;03
substrate. (b) Optical image of the 2-inch wafer illustrating the 9-point
mapping locations (A through I) used for systematic characterization.

3. Results and discussion

The surface morphology of an epitaxial layer is a direct
reflection of the growth kinetics and is paramount for device
fabrication, as it dictates the quality of subsequent metalliza-
tion and dielectric interfaces. Figure 2 displays the 5 x 5 um?
AFM scans from the nine designated points on the wafer. A
striking feature across the entire wafer is the exceptionally
smooth and well-ordered surface. Every measured location,
from the center to the extreme edge, exhibits a distinct step-
flow growth morphology. This morphology, characterized by
long, parallel, and uniformly spaced atomic terraces, confirms
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Fig. 2. Surface morphology and summary of structural properties.
The 5 pmx5 um AFM surface morphology scans for the nine desig-
nated points (A-I) across the 2-inch wafer all reveal a distinct step-flow
growth mode, indicating an atomically smooth surface.
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Fig. 3. High-resolution x-ray diffraction rocking curves for the symmetric (020) reflection.

that the growth proceeded in an ideal two-dimensional layer-
by-layer fashion. This is achieved when the diffusion length
of adatoms on the surface is sufficiently long for them to reach
and incorporate at the step edges, a condition met by our opti-
mized MOCVD process. The root-mean-square (RMS) rough-
ness is low across the entire 2-inch area, with values tabulated
in Fig. 2. The central region of the wafer (point E) shows the
lowest RMS roughness of 0.89 nm, while the values remain
below 1.53 nm at the wafer’s edge. The relative standard de-
viation (RSD) is calculated to be 14.5%.

While some spatial variations are inherent to a new large-
area process, the overall uniformity of the epitaxial film rep-
resents a significant advancement for the -Ga,O3; material
system. The crystalline quality and its uniformity were quan-
titatively assessed using HRXRD @-rocking curve measure-
ments of the symmetric (020) reflection. The full-width at
half-maximum (FWHM) of the rocking curve is a sensitive
measure of the crystalline perfection. The film demonstrates
an outstanding crystalline structure, with FWHM values as
narrow as 21.0 arcsec and 22.6 arcsec at points G and H,
respectively. This result is significant as it proves that the
MOCYVD process can be readily adapted to the (010) surface to
yield films of the highest structural quality. Interestingly, some
peaks within this region, such as that from point F (FWHM =~
30.2 arcsec), exhibit a highly narrow main peak but with a
subtle low-angle shoulder. The RSD of FWHM is calculated
to be 54.2%. This asymmetric lineshape is often indicative
of localized crystal imperfections. While it could suggest the
presence of slightly misoriented crystalline domains or low-
angle grain boundaries, other physical mechanisms such as lo-
calized strain gradients or a high density of specific types of
dislocations cannot be ruled out. These features are likely in-
herited from the substrate or formed during the initial stages
of growth.

The observed spatial variation in FWHM values ranges
from 21.0 arcsec to 103.0 arcsec. This non-uniformity could
originate from several factors. Firstly, variations in the crys-
talline quality of the starting 2-inch $-Ga,O3 substrate itself

can be directly inherited by the epitaxial layer. Secondly,
thermal gradients or non-uniform precursor flow dynamics
across the large-area susceptor within the MOCVD reactor can
lead to spatial differences in growth kinetics, thereby affecting
crystalline perfection. Further optimization of both the sub-
strate manufacturing and the MOCVD growth process is nec-

essary to improve this wafer-scale uniformity.

Concentration (cm~3)
2.2x10'8

1.7x1018
Fig. 4. Wafer-scale carrier concentration mapping. Spatial distribution
map of the average carrier concentration across the 2-inch wafer, as de-
termined by mercury-probe capacitance—voltage (Hg-CV) measurements.
The color scale indicates the concentration in cm™3. The map demon-
strates good doping uniformity, with a slight center-to-edge variation.

For electronic device applications, precise control over
the carrier concentration and its uniformity is non-negotiable.
We employed Hg-CV profiling to map the electrical proper-
ties of the Si-doped channel. Figure 4 displays a color map
of the average carrier concentration across the wafer. The
map reveals a highly uniform doping profile, with an aver-
age concentration of 1.95 x 10'® cm™3 (RSD ~ 5.12%). This
uniformity is excellent for a nascent 2-inch process and is
suitable for establishing consistent device threshold voltages
during manufacturing. The spatial distribution shows a ra-
dial pattern, with the concentration being lowest at the cen-
ter (1.71 x 10'® cm ™3 at point E) and gradually increasing to-
wards the edges. This trend is often attributed to the inter-
play between mass-transport-limited and kinetically-limited
growth regimes,*3! which can affect the incorporation effi-
ciency of dopant atoms like silicon. The depth profiles of
the carrier concentration, plotted in Fig. 5 for all nine loca-
tions, provide further insight. The profiles are flat throughout

016801-3
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the channel, indicating that the silicon precursor flow was sta-
ble and its incorporation rate was constant during the entire
growth run. This vertical uniformity is crucial for ensuring
that the device characteristics do not vary with channel depth.
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Fig. 5. Carrier concentration depth profiles. Carrier concentration (nq)
as a function of depth from the surface, measured by Hg-CV at the nine
locations across the wafer. The profiles are flat and stable throughout
the bulk of the 200 nm Ga; O3 channel layer, indicating uniform silicon
incorporation during MOCVD growth.
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Fig. 6. Room-temperature Hall mobility benchmark. Electron mobility
as a function of carrier concentration for the MOCVD-grown film on
(010) B-GapOs3 (red stars), compared with a compilation of literature
data for $-Ga, O3 films grown on various orientations. The results from
this work are positioned in the upper range of reported values, confirm-
ing the high electronic quality of the material.

To directly evaluate the electron transport properties,
which are the primary motivation for using the (010) orien-
tation, room-temperature Hall effect measurements were con-
ducted. A sample from the center of the wafer yielded an
electron mobility of 129 cm?-V~'.s~!. At this relatively high
doping concentration, electron mobility is primarily limited by
ionized impurity scattering. The achievement of such a high
mobility value is therefore a strong indicator of low back-
ground impurity levels and a low degree of compensation.
When benchmarked against literature data for $-GayOs, as
shown in Fig. 6, our result is positioned among the highest
reported mobilities for this doping regime. It experimentally
confirms that the theoretical potential of the (010) orientation
can be realized in practice using a scalable MOCVD process

on 2-inch wafers.

4. Conclusion and perspectives

In summary, we have successfully performed the first
MOCVD homoepitaxial growth on a 2-inch (010)-oriented
B-GayO3 substrate and conducted the first comprehensive,
wafer-scale characterization of the resulting film. Our detailed
investigation revealed outstanding material quality across the
entire wafer, including an atomically smooth surface with a
uniform step-flow morphology (with RMS roughness values
between 0.89 nm and 1.53 nm), a superior crystalline struc-
ture with XRD rocking curve FWHM ranging from 21.0 arc-
sec to 103 arcsec. Furthermore, we demonstrated precise and
uniform control over n-type doping, achieving a carrier con-
centration of ~ 2 x 10'® cm™ with excellent spatial (RSD
~2 5.12%) and depth uniformity. This pioneering demonstra-
tion not only establishes a robust baseline for device-quality
material on a previously unavailable platform but also vali-
dates the manufacturability of the (010) -Ga, O3 material sys-
tem. This work represents a decisive step in advancing lateral
Ga; 03 power devices from laboratory-scale concepts to a tan-
gible, wafer-level technology poised for commercial impact.
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