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ABSTRACT

This work demonstrates quasi-vertical f-Ga,O3 Schottky barrier diodes (SBDs) fabricated on c-plane sapphire substrates using an all-low-
pressure chemical vapor deposition (LPCVD)-based, plasma-free process flow that integrates both epitaxial growth of a high-quality p-Ga, O3
heteroepitaxial film with in situ Ga-assisted p-Ga, O3 etching. A 6.3 um thick (201) oriented B-Ga, O3 epitaxial layer structure was grown
on c-plane sapphire with 6° miscut, comprising a moderately Si-doped (2.1 x 10" ¢cm™) 3.15 ym thick drift layer and a heavily doped
(1 x 10" cm™) contact layer on an unintentionally doped buffer layer. Mesa isolation was achieved via Ga-assisted plasma-free LPCVD etch-
ing, producing ~60° inclined mesa sidewalls with an etch depth of 3.6 yum. The fabricated SBDs exhibited excellent forward current-voltage
characteristics, including a turn-on voltage of 1.22 V, an ideality factor of 1.29, and a Schottky barrier height of 0.83 eV. The minimum dif-
ferential specific on-resistance was measured to be 8.6 mQ cm?, and the devices demonstrated high current density capability (252 A/cm? at
5 V). Capacitance-voltage analysis revealed a net carrier concentration of 2.1 x 10'” ¢cm™, uniformly distributed across the B-Ga,O; drift
layer. Temperature-dependent J-V-T measurements, conducted from 25 to 250 °C, revealed thermionic emission-dominated transport with
strong thermal stability. The Schottky barrier height increased from 0.80 to 1.16 eV, and the ideality factor rose modestly from 1.31 to 1.42
over this temperature range. Reverse leakage current remained low, increasing from ~5 x 107¢ A/cm? at 25°C to ~1 x 10~* A/cm? at 250 °C,
with the Ton/Iog ratio decreasing from ~1 x 107 to 5 x 10°. The devices achieved breakdown voltages ranging from 73 to 100 V, correspond-
ing to parallel-plate electric field strengths of 1.66-1.94 MV/cm. These results highlight the potential of LPCVD-grown and etched f-Ga;Os
devices for high-performance, thermally resilient power electronics applications.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0280191
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I. INTRODUCTION

B-Ga,0s3 stands out as a promising ultra-wide bandgap semi-
conductor for next-generation high-voltage, high-efficiency power
electronics, due to its ultra-wide bandgap (~4.8 eV), high break-
down electric field (6-8 MV/cm), and the availability of low-cost,
large-area native substrates grown by melt-based growth methods.’
These characteristics result in Baliga’s figure of merit that surpasses
those of conventional wide bandgap power semiconductors such
as SiC and GaN, making B-Ga;Os an ideal candidate for next-
generation power conversion systems, radio frequency amplifica-
tion, and extreme-environment electronics.””’ Substantial progress
in high-quality B-Ga,Os epitaxial film growth has enabled the

realization of both lateral and vertical device architectures with
excellent breakdown strength and thermal stability.” > To fully
leverage the potential of B-Ga,Os in high-power vertical device
architectures, precise control over vertical isolation and trench for-
mation is essential. This requires fabrication techniques capable
of defining deep, high-aspect-ratio structures with minimal dam-
age and high fidelity. However, the absence of p-type doping in
B-Ga,03 necessitates electric field control through mesa, trench, or
fin geometries, structures that are highly sensitive to processing-
induced surface degradation. Conventional plasma-based dry etch-
ing techniques can produce anisotropic profiles in p-Ga,O3 but
often lead to lattice distortion and damage at the sidewalls of etched
regions,”””” which can degrade the overall device performance. To
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reduce such damage, alternative approaches including wet chemi-
cal etching,\"\’ ' metal-assisted chemical etching (MacEtch), 1142 and
in situ etching in MBE,”* MOCVD,** and HVPE"** systems
have been explored. We have recently developed an innovative Ga-
assisted low-pressure chemical vapor deposition (LPCVD) based
in situ etching technique using solid-source metallic Ga as an
etchant, which enables anisotropic and plasma-free patterning of
B-Ga,03.” This technique exploits a thermally activated surface
reaction in an oxygen-deficient low-pressure CVD environment,
leading to the formation of volatile Ga,O suboxides that facili-
tate selective material removal. The etch chemistry 4Ga + Ga,03
— 3Ga,0 proceeds cleanly under LPCVD conditions, avoiding the
formation of plasma-induced surface states or subsurface defects.
Through systematic studies, we demonstrated that the etch rate is
tunable by controlling the Ga source-to-substrate distance, process
temperature, and carrier gas flow rate, with peak etch rates exceed-
ing ~2.25 ym/h under optimized conditions. In addition to achieving
high etch rates, our LPCVD-based etching technique also exhib-
ited a strong crystallographic selectivity and in-plane anisotropy.
On (010)-oriented B-Ga, O3 substrates, trenches aligned along the
(100) orientation yielded the most stable sidewalls, smooth, vertical,
and with minimal lateral undercut, indicating that LPCVD-based
metallic Ga-assisted etching can achieve orientation-controlled 3D
structures, essential for high power B-Ga, O3 vertical devices.
Building upon this foundational etching technology in the
LPCVD environment, this work demonstrates the LPCVD-grown
(201) B-Gay O3 quasi-vertical Schottky barrier diodes (SBDs) fab-
ricated on insulating c-plane sapphire substrates, utilizing a fully
plasma-free LPCVD growth and etching process. While p-Ga;O;
native substrates offer excellent lattice matching for developing a
high-quality epitaxial drift layer, their widespread adoption is still
limited by high substrate cost and inherently low thermal con-
ductivity. Sapphire, in contrast, offers excellent electrical isolation
due to its ultra-wide bandgap, mechanical robustness, relatively
higher thermal conductivity, and significantly lower cost, making
it an attractive platform for scalable power devices. One poten-
tial drawback of using sapphire could be its lattice mismatch with
B-GayO3. However, this challenge is also addressed by orienting
B-Ga, O3 growth along its (201) orientation, which supports high-
quality epitaxial film formation. In addition, the use of offcut c-plane
sapphire substrates (6° miscut) further promotes step-flow growth
with smoother surface morphology. Our LPCVD technique has
already demonstrated excellent film quality with high growth rates,
as evidenced by our recent work where electron mobilities up to
149 cm?/V s at a carrier concentration of 1.15 x 10" cm™ were
achieved in $-Ga,O; films grown on off-axis sapphire substrates.'
In this work, we integrate the high-quality LPCVD-grown p-Ga, O3
epitaxy with an in situ Ga-assisted LPCVD etching process to realize
quasi-vertical Schottky barrier diodes on insulating c-plane sap-
phire substrates—all within a fully plasma-free process flow. This
combined approach not only minimizes interface damage but also
simplifies process integration and reduces fabrication overhead.

Il. EXPERIMENTAL DETAILS
A. LPCVD growth of p-Ga, O3 epitaxial stack

The (201) B-Ga, O3 epitaxial layers were grown in a custom-
designed LPCVD chamber on c-plane sapphire substrates with a

pubs.aip.org/aip/aed

6° miscut. This intentional off-axis orientation facilitates step-flow
growth and suppresses defect formation, enabling high crystalline
quality of the epitaxial film.'”***" Prior to growth, the substrate
was sequentially cleaned with acetone, isopropyl alcohol (IPA), and
deionized (DI) water, followed by nitrogen blow-drying. Ultrahigh
purity argon (99.9999%) was used as both the carrier and purge gas,
while oxygen (99.999%) and metallic gallium pellets (99.999 99%)
served as the oxygen and gallium sources, respectively. Silicon
tetrachloride (SiCly) was introduced as the n-type Si dopant, with
flow rates adjusted to achieve desired doping concentrations. The
growth was carried out at a substrate temperature of 1000 °C and
a chamber pressure of ~1.5 Torr, with the substrate placed 7 cm
from the gallium source. The epitaxial stack consisted of three dis-
tinct layers with a total thickness of 6.3 ym. Growth began with a
10-min unintentionally doped (UID) -Ga,Os3 buffer layer (1.05 ym
thick) grown without any SiCly flow. This was followed by a
20-min growth of an n* Si-doped B-Ga,O3 layer (2.10 ym thick)
using a SiCly flow rate of 0.5 sccm to achieve a high doping concen-
tration of 1 x 10" ¢m™, forming the contact layer for the Schottky
barrier diode. Finally, the Si doped B-Ga,O; drift layer was grown
for 30 min using a reduced SiCly flow rate of 0.001 sccm, target-
ing a doping concentration of 2.1 x 10'” cm™ and achieving a total
thickness of 3.15 ym.

B. Plasma-damage free etching
of p-Ga, O3 using LPCVD

Plasma-free mesa isolation was achieved using our custom-
built horizontal LPCVD system, where etching is driven by the
thermal reaction between B-Ga, O3 and upstream metallic Ga vapor
in an oxygen-deficient environment. The etch process was con-
ducted at 1050 °C and a pressure of ~1.2 Torr, with the sample
placed 2 cm downstream from the solid Ga source. Ultrahigh purity
argon (99.9999%) was used as the carrier and purge gas. Prior
to etching, the samples were cleaned using acetone, IPA, and DI
water, followed by nitrogen blow-drying. A 100 nm-thick SiO; hard
mask was deposited using plasma-enhanced chemical vapor depo-
sition (PECVD) and patterned via optical lithography to expose the
regions targeted for etching. The samples were etched for 2 h and
15 min, resulting in a measured etch depth of 3.6 ym, corresponding
to an average etch rate of 1.6 um/h. This etch depth was intention-
ally selected to fully remove the drift layer and selectively reach the
n* region, enabling device isolation and providing access to the n*
layer for subsequent ohmic contact formation. After etching, the
SiO, mask was removed using a 1:50 diluted buffered oxide etch
(BOE).

C. Structural, surface morphological,
and chemical characterization

The surface morphology of the p-Ga,O3 epi-stack was char-
acterized using a JEOL JSM-7401F field-emission scanning electron
microscope (FESEM) to visualize the surface texture and etch pro-
files and a Park Systems XE-100 atomic force microscope (AFM)
operated in tapping mode to quantify the nanoscale roughness. The
crystalline structure, phase purity, and orientation of the films were
evaluated by high-resolution x-ray diffraction (XRD) using a Rigaku
SmartLab diffractometer equipped with a Cu Ka radiation source (A
= 1.5418 A). Wide-angle 20-w scans and rocking curves (w-scans)
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(d) Fabrication Process Flow:

(D) LPCVD growth of (201) B-
Ga,0, on Sapphire
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FIG. 1. (a) Schematic cross section of the quasi-vertical Schottky barrier diode (SBD) fabricated using a LPCVD grown (201) p-Ga,O; film on a 6° miscut c-plane sap-
phire substrate. The device features a three-layer epitaxial stack: a 1.05 um unintentionally doped (UID) buffer layer, a 2.10 um thick n* p-Ga,0O; contact layer (Ng = 1
x 10" cm~), and a 3.15 um B-Ga,0; drift layer (Ng = 2.1 x 107 cm=2). Plasma-free LPCVD etching was used to etch 3.6 um into the B-Ga,O; drift layer for mesa isolation
and to expose the n* layer for anode contact formation. (b) Tilted (60° tilt) cross-sectional FESEM image showing the etch sidewall profile with an etch depth of 3.6 um. (c)
AFM line scan along the AA’ cutline over the etched mesa region, confirming the ~60° sidewall inclination and an etch depth of 3.6 um. (d) Step-by-step fabrication process
flow including LPCVD growth, in situ etching, and metallization steps for device realization.

were used to confirm phase purity and determine the out-of-plane
crystalline orientation. Raman spectroscopy was carried out using a
Horiba LabRam Evolution Raman spectrometer with a 532 nm exci-
tation source to assess phonon modes and verify structural integrity
before and after etching. X-ray photoelectron spectroscopy (XPS)
measurements were performed using a Thermo Scientific XPS sys-
tem with a monochromated Al Ka x-ray source (E = 1486.6 eV) to
analyze chemical composition and bonding states. High-resolution
scans of the Ga 3s and O 1s core levels were used to calculate
the O/Ga ratio and monitor potential changes in surface chemistry
following the LPCVD-based etching process.

D. Quasi-vertical f-Ga,0s Schottky diode fabrication

Following mesa isolation by LPCVD Ga-assisted etching,
device fabrication was completed using sequential photolithogra-
phy, passivation, metallization, and annealing steps. First, a 200
nm-thick SiO, passivation layer was deposited across the entire
wafer surface using PECVD. Photolithography and buffered oxide
etch (BOE) were then used to open windows in the SiO, layer to
define the cathode region. A Ti/Au (20 nm/100 nm) metal stack was
deposited by electron-beam evaporation and patterned via lift-off
to form the cathode contact on the f-Ga;O; surface surrounding
the recessed mesa. This was followed by rapid thermal anneal-
ing (RTA) at 470°C for 1 min in nitrogen ambient to improve
metal-semiconductor contact characteristics. Subsequently, a sec-
ond photolithography step was used to define the anode contact
region. Ni/Au (30 nm/100 nm) was deposited via electron-beam
evaporation and patterned using lift-off to form the Schottky contact

on top of the etched mesa. The final device structure and full fabri-
cation process flow are illustrated in Figs. 1(a) and 1(d), respectively,
with the FESEM and AFM images [Figs. 1(b) and 1(c), respectively]
confirming an etch depth of 3.6 yum with inclined (~60°) side-
walls. Post-fabrication electrical characterization, including room-
temperature and high-temperature (up to 250 °C) current-voltage
(J-V), capacitance-voltage (C-V), and reverse breakdown measure-
ments, was performed using a Keithley 4200A-SCS semiconductor
parameter analyzer.

lll. RESULTS AND DISCUSSIONS

To evaluate the material quality of the heteroepitaxial p-Ga, O3
epitaxial stack used for device fabrication, comprehensive structural
and morphological characterization was performed. Figure 2(a)
shows a top-view FESEM image that reveals distinct step-flow sur-
face morphology, indicative of epitaxial layer-by-layer growth. The
surface AFM scan in Fig. 2(b) shows uniform morphology with
step-flow features and an RMS roughness of 4.7 nm, confirming a
smooth and well-ordered surface. These morphological features are
characteristic of step-flow growth on off-axis sapphire substrates,
consistent with our prior work on LPCVD-grown high quality (201)
B-Ga,Os films with similar doping levels.'’

High-resolution x-ray diffraction (XRD) analysis further con-
firmed the film’s structural quality and phase purity. As shown in
Fig. 2(c), strong diffraction peaks corresponding exclusively to the
(hOl) family of monoclinic f-Ga,O; planes are observed, with no
evidence of secondary phases. The presence of higher-order (201)
peaks such as (402), (603), and (804) signifies coherent long-range
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FIG. 2. Structural and surface morpho-
logical characterization of the LPCVD-
grown heteroepitaxial (201) B-Ga,0;
epitaxial stack used in device fabrica-
tion. (a) Top-view FESEM image show-
ing clear step-flow surface morphology,
indicative of high crystalline quality and
epitaxial layer-by-layer growth. (b) AFM
scan of the film surface reveals smooth
morphology with a root mean square

(402) B-Ga,0,
Rocking Curve
FWHM:
287 arcsec

(0012) Al,O,

(006) AL0,

(804) B-Ga,04

(603) B-Ga,0,

(201) B-Ga,0,

Intensity (arb. units)
Intensity (arb. units)

20 40 60 80 100 17 18
20 ()

ordering and crystallographic orientation fidelity. The rocking curve
(w-scan) of the (402) reflection, shown in Fig. 2(d), exhibits a nar-
row full width at half maximum (FWHM) of 287 arcsec. This value
is among the lowest reported for a heteroepitaxial f-Ga,O3 film
on sapphire, typically achieved using epitaxial techniques such as
MOCVD and MBE."" ™

To evaluate the structural integrity of the heteroepitaxial
B-Ga,0s3 film before and after Ga-assisted in situ LPCVD etching,
Raman spectroscopy was performed on both the pristine (unetched)
and etched surfaces, as shown in Fig. 3. The Raman spectra exhibit
characteristic vibrational modes corresponding to monoclinic (201)
B-Gay 03, with distinct peaks attributed to both Ag and Bg phonon

i % E Unetched Surface

= Etched Surface

3

hl s

B g,

< g F 0
&5 H )
g8gi B&°

i wni

e

Intensity (arb. units)

100 250 400 550 700 850
Raman Shift (cm)

FIG. 3. Room temperature Raman spectra of the LPCVD-grown heteroepitaxial
(201) B-Ga, 03 surface before (red) and after (blue) Ga-assisted in situ LPCVD
etching. Both spectra exhibit sharp and well-defined Ay and By phonon modes
characteristic of monoclinic 3-Ga;03, confirming structural integrity and phase
purity. Peaks from the c-plane sapphire substrate are also visible in both spectra.

19 20

(d) (RMS) roughness of 4.7 nm. (c) XRD

®-20 scan showing strong diffraction
peaks corresponding to the (h0l) fam-
ily of (201) B-Gay03, along with sap-
phire substrate peaks, confirming phase
purity and preferred orientation. (d) XRD
w-rocking curve of the (402) reflection
exhibiting a narrow full width at half
maximum (FWHM) of 287 arcsec, indi-
cating the high crystalline quality of the
B-Ga, 03 epitaxial stack.

symmetries. These modes arise from the 30 phonon modes predicted
by group theory for monoclinic f-Ga,0Os3, of which 27 are optical
and 3 are acoustic. The optical modes are classified as 10 Ag, 5 By,
4 Ay, and 8 By, where the A and Bg modes are Raman-active and
the Ay and By modes are infrared-active.” In the spectra of the
heteroepitaxial (201) B-Ga,Os films, distinct peaks are observed at
114.1, 144.3, 474.1, and 652.5 cm ™', corresponding to B, modes,
and at 169.3, 200.1, 319.3, 347.1, 416.2, 630.5, and 766.7 cm ™', corre-
sponding to A; modes. These peak positions are in good agreement
with previous experimental and theoretical studies.”””” Importantly,
the Raman signatures from the etched surface show no shift in peak
position, no broadening, and no suppression of the fundamental
vibrational modes compared to the pristine surface. This indi-
cates that the LPCVD-based Ga-assisted etching process preserves
the lattice symmetry and does not introduce structural degrada-
tion, rotational domains, or phase transformation. The intensity of
sapphire-related modes remains similar between the two spectra,
further confirming that the optical penetration depth remains con-
sistent and the observed phonon modes are intrinsic to the p-Ga, O3
layer. The retention of both Ag and By modes with sharp and sym-
metric profiles indicates good crystalline quality of both pristine and
etched film surfaces.

To investigate the surface chemistry before and after etching,
x-ray photoelectron spectroscopy (XPS) was performed on both the
pristine and etched B-Ga, O3 surfaces, as shown in Fig. 4. The wide-
range survey spectra [Fig. 4(a)] reveal distinct peaks corresponding
to Ga and O, with no detectable metallic contamination, confirming
the chemical purity of both surfaces. Notably, no silicon-related
peaks were detected on the etched surface within the sensitivity lim-
its of XPS, suggesting that any potential Si diffusion from the SiO,
mask into the B-Ga, O3 surface might not occur under etching pro-
cess conditions. High-resolution scans of the Ga 3s and O 1s regions
were used for quantitative analysis, as shown in Figs. 4(b)-4(e).
High-resolution O 1s spectra were deconvoluted into two
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FIG. 4. X-ray photoelectron spectroscopy analysis of LPCVD-grown -Ga, O3 sur-
faces before and after Ga-assisted in situ etching. (a) Wide-scan XPS survey
spectra showing Ga and O signals, with no detectable contamination from extrinsic
elements. [(b) and (c)] High-resolution Ga 3s and O 1s spectra of the unetched sur-
face. [(d) and (e)] Corresponding spectra for the etched surface. The O 1s peaks
are deconvoluted into lattice oxygen (Ga-0O) and surface hydroxyl (O-H) compo-
nents. The spectra confirm chemical purity and near-stoichiometric composition
for both surfaces, with no significant changes in bonding states after etching, indi-
cating that the LPCVD etch process preserves surface chemistry and structural
integrity.

components: a primary peak centered near 530.9 eV corresponding
to lattice oxygen (Ga-O) and a secondary peak near 532.3 eV
attributed to surface hydroxyl groups (O-H). The Ga 3s peak
remained sharp and symmetric, indicating stable Ga-O bonding.
Using sensitivity-factor-corrected areas of the O 1s and Ga 3s peaks,
the O/Ga atomic ratio was calculated to be 1.49 (oxygen: 59.81%,
gallium: 40.19%) for the unetched surface and 1.45 (oxygen: 59.25%,
gallium: 40.75%) for the etched surface. These results indicate that
both the pristine and etched surfaces retain their chemical integrity
and near-stoichiometric composition.

Following the comprehensive structural, morphological,
and chemical characterization of the LPCVD-grown p-Ga,Os
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FIG. 5. (a) Forward current-voltage (J-V) characteristics and extracted specific
on-resistance (Ron,sp) Of the quasi-vertical p-Ga, O3 Schottky diode with a 70 um
diameter. The device exhibits an ideality factor of 1.29, a turn-on voltage (Vium-on)
of 1.22 V, a Schottky barrier height (®g) of 0.83 eV, and a minimum differential
Ronsp Of 8.6 mQ cm?. (b) C-V and 1/C?-V characteristics measured at 1 MHz
for a 120 um diameter device. (c) Net carrier density profile (Ng*-Na~) showing a
uniform doping of 2.1 x 107 cm=3 in the B-Ga, 05 drift layer, extracted from the
C-V curve.

epitaxial stack, the electrical performance of the fabricated Schottky
barrier diodes was evaluated to further assess the impact of the
LPCVD-grown and etched P-Ga,O; layers on device behavior.
The current-voltage (J-V) characteristics of the diode, shown in
Fig. 5(a), demonstrate excellent rectifying behavior with a clear
exponential increase in forward current and a low leakage current
in reverse bias. The device exhibits a low turn-on voltage (Viurn-on)
of 1.22 V (assuming an on-state current density of 1 A cm™?)
and an ideality factor () of 1.29, indicating near-ideal thermionic
emission transport across the metal-semiconductor junction. The
extracted Schottky barrier height (®g) of 0.83 eV is consistent with
typical Ni/p-Ga,O3 contacts and reflects good interface quality.
The minimum differential specific on-resistance (Ron,sp) Was deter-
mined to be 8.6 mQ cm?. This low Ron,sp value confirms efficient
current transport through the epitaxial stack and effective contact
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formation on the recessed n* p-Ga,Oj3 layer. The high current den-
sity capability of 252 A/cm® at 5 V further highlights the advantages
of the excellent material quality achieved through LPCVD-grown
B-GayOs. It is important to note that etch-induced damage can
significantly degrade diode performance, affecting leakage current,
ideality factor, and on-resistance. Conventional plasma-based reac-
tive ion etching (RIE) techniques have been reported to introduce
structural and chemical damage in B-GayOs, often necessitating
additional post-etch treatments to restore interface quality.””” In
contrast, the Ga-assisted in situ LPCVD etching approach employed
in this work offers a damage-free, thermally driven alternative that
avoids jon bombardment and is expected to preserve the integrity
of the etched sidewalls. Such integration of LPCVD growth and
plasma-free etching within a single process flow is reflected in the
low ideality factor and good rectification behavior observed in our
devices.

To further evaluate the doping and junction properties, C-V
measurements were performed, as shown in Fig. 5(b). The capaci-
tance decreased with increasing reverse bias, and the corresponding
1/C*-V plot exhibited a linear relationship, characteristic of a uni-
formly doped Schottky junction. The Vy; and Ng* - N, are deter-
mined using the following formulas using the relative permittivity
of B-Ga,03, & = 10, and the density of states in the conduc-
tion band, N¢ = 5.2 x 10'"® cm™, where A represents the device

58,59
area:

2

Nd+ —Nu* = ﬁa (1)
qere0A (ﬁ)

A Vv+k—TIn _Ne )

c - TN NG |

The built-in potential (Vy;), estimated by extrapolating the linear
region of the 1/C*-V curve to the voltage axis, was found to be
~3.67 V. From the C-V analysis, an average net carrier density
(N4t - Na7) of 2.1 x 10Y7 em™ was extracted, matching well with
the doping level targeted for the (201) B-Ga,Oj5 drift layer. As shown
in Fig. 5(c), the net carrier density profile is flat and uniform across
the drift layer, confirming the consistency of doping achieved dur-
ing the epitaxial growth process. In addition, no clear indication
of an upward slope or surface donor accumulation is observed in
the carrier density profile, suggesting that the high-temperature
in situ LPCVD etching process did not lead to any noticeable dopant
diffusion from the SiO, mask, consistent with prior studies report-
ing minimal interdiffusion at f-Ga;O3/SiO; interfaces even after
annealing at high temperatures.®’

To assess the thermal stability and transport mechanisms of
the p-Ga,O3 Schottky barrier diodes fabricated on sapphire sub-
strates, temperature-dependent current-voltage (J-V-T) measure-
ments were performed from 25 to 250 °C, as shown in Fig. 6. In
the linear-scale forward J-V plots shown in Fig. 6(a), the forward
current density increases with temperature, which is characteristic
of thermionic emission over the Schottky barrier. As the temper-
ature rises, electrons gain additional thermal energy, increasing
their probability of surmounting the Schottky barrier and resulting
in enhanced forward conduction. This temperature-enhanced bar-
rier injection becomes particularly prominent at low-to-moderate
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FIG. 6. Temperature-dependent current-voltage (J-V-T) characteristics of a
70 um diameter quasi-vertical p-Ga,O; SBD measured at 25, 100, 200, and
250°C. (a) Forward J-V characteristics showing a monotonic increase in on-
current density with temperature. (b) Semi-log J-V plot showing higher leakage
current at elevated temperatures. (c) Extracted specific on-resistance (Ronsp) Vs
forward bias voltage at different temperatures.

forward bias, where transport is barrier-limited and governed by the
following Schottky diode equations:
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where g is the electric charge, ko is the Boltzmann constant, 1 is
the ideality factor, J; is the reverse saturation current density, @3 is
the Schottky barrier height, and A is Richardson’s constant, which
is calculated to be 41.04 A cm™ K™2°"** The semi-logarithmic
forward J-V characteristics [Fig. 6(b)] further illustrate this trend,
revealing an increase in on-current from 53 to 90 A cm™ from
25 to 250 °C at the same forward bias of 4 V. Notably, while the
current continues to rise with temperature in the barrier-limited
regime (low bias), the increase saturates in the high bias (ohmic)
region. This saturation is likely due to increased phonon scatter-
ing and reduced carrier mobility within the drift region and contact
layers at elevated temperatures, a behavior typical in semiconduc-
tors where the electron-phonon interaction dominates at high fields
and temperatures.” In addition, self-heating and series resistance
effects may begin to influence the I-V shape at high current levels,"’
particularly in devices with a small footprint and limited thermal
sinking. Figure 6(c) quantifies the temperature dependence of Ronsp
extracted from the linear region of the forward J-V characteristics.
A non-monotonic trend is observed: while Ron,p initially decreases
with increasing temperature in the low-to-moderate forward bias
regime due to thermally assisted carrier injection, the inset reveals
that Ron,sp increases in the high-bias regime at elevated temperatures.
This divergent behavior arises from two competing effects. At low
biases, thermionic emission dominates and benefits from enhanced
carrier activation and interface injection, which reduces the effec-
tive series resistance. However, at higher forward biases where the
current becomes limited by the series resistance of the drift region,
the dominant factor becomes carrier mobility. As the tempera-
ture increases, enhanced lattice vibrations increase electron-phonon
scattering, leading to reduced electron mobility in the p-Ga, O3 drift
region and thus a rise in Ronsp under high-field conditions. This
trend, decreasing Ronsp at low bias and increasing Ronsp at high
bias with temperature, is characteristic of f-Ga,O3 Schottky bar-
rier diodes and is consistent with earlier observations in radiation
and thermally stressed devices.”*””** The ability to maintain rectify-
ing behavior and consistent conduction characteristics over a wide
temperature range demonstrates the structural and electrical robust-
ness of the LPCVD-grown B-Ga, O3 layers and the reliability of the
plasma-free device processing strategy.

—
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Figure 7 shows the extracted Schottky barrier height (®g),
ideality factor (n), reverse leakage current (Ireverse), and rectifica-
tion ratio (Ion/Iofr) as a function of temperature for the fabricated
diodes. As shown in Fig. 7(a), the barrier height increases from
0.80 eV at 25°C to 1.16 eV at 250 °C, consistent with the expec-
tations of the thermionic emission (TE) model in the presence
of barrier inhomogeneities.”” * At lower temperatures, current
conduction tends to be dominated by electrons traversing lower-
barrier patches at the metal/semiconductor interface. As temper-
ature increases, more carriers acquire sufficient thermal energy to
surmount higher barrier regions, effectively raising the extracted
®g. This phenomenon, attributed to lateral inhomogeneities in the
Schottky contact, has been reported in previous studies for ultra-
wide bandgap semiconductors™”"”" and is typically associated with
non-idealities, including interfacial disorder, grain boundaries, or
residual contaminants. The extracted ideality factor n, also shown in
Fig. 7(a), increases modestly from 1.31 at 25°C to 1.42 at 250 °C.
This slight increase with temperature suggests a gradual devia-
tion from ideal thermionic emission behavior, potentially due to
enhanced recombination or tunneling contributions at higher tem-
peratures. In practice, temperature-induced changes in n can also
reflect evolving interface conditions, including thermally activated
trap-assisted transport or bias-dependent modulation of interface
states. Nevertheless, the relatively low n across the full temperature
range indicates a high-quality Schottky junction with minimal leak-
age paths and well-behaved transport characteristics. Figure 7(b)
further evaluates the thermal stability of the diode by plotting the
reverse leakage current (measured at —4 V) and the Ion/Io ratio
(measured at +4 V) as a function of temperature. As expected,
reverse leakage current increases with temperature, rising from
4.9 x 107 A/em® at 25°C to 1.7 x 10" A/em® at 250 °C. This
behavior is typical of Schottky diodes and is attributed to thermally
excited electrons gaining sufficient energy to surmount the barrier or
engage in thermionic field emission processes.””""*’” The increase
in leakage is particularly pronounced beyond 200 °C, where lattice
vibrations and interfacial trap activity likely contribute to additional
leakage channels. Consequently, the Ion/Iof ratio decreases with
increasing temperature, dropping by nearly two orders of magni-
tude from 1 x 107 at 25 °C to below 5.3 x 10° at 250 °C. Despite this

(b) 10° T T T r —310°
[ -@- Jreverse
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FIG. 7. Temperature-dependent Schottky diode performance metrics. (a) Extracted Schottky barrier height (®g) and ideality factor (n) as a function of temperature, showing
an increase in ®g and n with rising temperature. (b) Reverse leakage current (Jreverse) and on/off current ratio (lon/lof) VS temperature, illustrating the thermally activated
increase in leakage and corresponding reduction in rectification ratio at elevated temperatures.
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FIG. 8. (a) Reverse J-V characteristics of four quasi-vertical $-Ga, O3 SBDs, showing breakdown voltages ranging from 73 to 100 V, corresponding to parallel-plate electric
field strengths between 1.66 and 1.94 MV/cm. The inset shows an optical micrograph of a representative 150 um-diameter device with an anode-to-mesa edge spacing of
8 um. (b) TCAD-simulated 2D electric field distribution (contour plot) under reverse bias conditions (at 100 V), revealing electric field crowding near the anode perimeter. The
device cross section in the simulation incorporates an inclined mesa sidewall (~60°), consistent with the measured device geometry. (c) 1D electric field profile extracted

along the cutline AA’, further confirming peak field intensification near the anode edges.

decline, the device maintains strong rectification performance across
the full temperature range, which indicates the thermal resilience of
the LPCVD-grown B-Ga;Os3 stack and the plasma-free etch-defined
mesa architecture. These results confirm that the device remains
functional and rectifying at elevated temperatures, and the interface
quality is preserved even in thermally stressed regimes.

Finally, to assess the reverse blocking capability of the fabri-
cated B-Ga,Os Schottky diodes, reverse breakdown measurements
were performed under steady-state voltage sweep conditions, as
shown in Fig. 8(a). The diodes exhibited breakdown voltages rang-
ing from 73 to 100 V, corresponding to parallel-plate electric field
strengths between 1.66 and 1.94 MV/cm. The parallel-plate field
under the reverse breakdown condition was estimated using one-

NaV, .
48R where ¢ is the charge
&

of the electron, N, is the doping of the semiconductor, Vg is the
breakdown voltage, and ¢ is the permittivity of Ga,Os. It should
be noted that the observed breakdown voltages are primarily influ-
enced by the relatively high doping concentration (2.1 x 10" cm™
in the drift layer, which limits the depletion width and hence the
maximum sustainable field. Although the LPCVD-grown p-Ga;O3
layers exhibit good structural and morphological quality, substrate
and interface-related effects cannot be entirely ruled out. The use
of c-plane sapphire, while advantageous for its cost-effectiveness
and electrical insulation, introduces lattice mismatch with $-Ga,Os.
This mismatch may lead to interfacial strain and dislocations that,
although not obvious in surface morphology or crystallinity mea-
surements, can influence the local electric field distribution under
reverse bias. Furthermore, the heteroepitaxial interface and mesa
geometry may also result in localized field crowding and early onset
of breakdown.

To further investigate the reverse breakdown behavior and
electric field distribution, two-dimensional Technology Computer-
Aided Design (TCAD) simulations were conducted based on the
device geometry. The device cross section in the simulation uses an
inclined mesa sidewall (~60°), consistent with Fig. 1(c). As shown
in Fig. 8(b), the simulated reverse bias field profile at 100 V reveals
a pronounced electric field concentration near the perimeter of the
anode contact. This effect is further confirmed by the extracted

dimensional electrostatics, Egeq = ::

1D electric field profile along the AA’ cutline in Fig. 8(c), which
shows the peak electric field localized near the anode edge. The sim-
ulations also indicate that the lateral depletion spreading remains
well confined within the anode-to-mesa edge spacing, indicating
that sidewall effects are not the dominant limitation in this device
geometry. These results align with common field crowding phe-
nomena observed in vertical Schottky structures and emphasize the
importance of careful peripheral contact layout and junction termi-
nation. Further improvements in field uniformity and breakdown
performance could be achieved by incorporating optimized edge ter-
mination by deep etching or advanced field management designs
in future device generations. Nevertheless, the results validate the
feasibility of achieving consistent reverse blocking performance in
quasi-vertical f-Ga, O3 Schottky diodes fabricated entirely through
LPCVD growth and in situ plasma-free etching. This integration
pathway offers a scalable, plasma-damage-minimized approach for
developing future high-voltage -Ga,O3 devices, particularly when
paired with lower doping, thicker drift layers, engineered buffer
architectures, and field management techniques, and represents
an important first step in establishing a unified LPCVD growth-
etch platform whose significance extends beyond the present device
geometry to field-sensitive architectures, where the preservation of
etched sidewall quality directly plays a critical role in controlling
electric-field distribution, leakage, and breakdown.

IV. CONCLUSIONS

In summary, this work demonstrates the first realization of
quasi-vertical B-Ga,O3 Schottky barrier diodes fabricated entirely
using a plasma-free LPCVD-based process, from epitaxial growth
to in situ etching for mesa isolation, on insulating sapphire sub-
strates. Leveraging the in situ Ga-assisted LPCVD etching tech-
nique, we achieved plasma damage-free mesa isolation with an etch
depth of 3.6 ym and ~60° inclined sidewalls. The resulting SBDs
exhibited excellent forward characteristics with an ideality factor
of 1.29, a Schottky barrier height of 0.83 eV, and a low specific
on-resistance of 8.6 mQ cm?. Temperature-dependent I-V-T anal-
ysis revealed thermionic emission-dominated transport with strong
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thermal stability and a modest increase in Schottky barrier height
and ideality factor, likely attributed to interface inhomogeneities
and barrier non-uniformity. The devices exhibited low and stable
reverse leakage characteristics, achieving breakdown fields of up to
1.94 MV/cm. Although the breakdown voltage was limited by the
relatively high drift layer doping concentration, the demonstrated
reverse blocking capability, along with robust forward conduction
and thermal performance, highlight the promise of LPCVD-grown
and etched p-Ga, O3 devices. The integration of epitaxy and etching
within a single LPCVD platform offers a scalable and low-damage
fabrication route for next-generation UWBG power electronics.
These results also provide a critical step toward enabling cost-
effective, high-voltage, and thermally resilient $-Ga,;O3-based device
architectures on foreign substrates.
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