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The $-Gay O3 epitaxial thin films were grown on (001) $-Ga;O5 substrates using metalorganic chemical vapor de-
position (MOCVD), and the effects of key growth parameters — including temperature, pressure, and oxygen-to-gallium
ratio (O2/Ga) — on the crystalline quality, surface morphology, and electrical properties of the films were systematically
investigated. The results show that while variations in these parameters did not alter the (001) preferential orientation of the
B-Gay 03 films, they significantly influenced other properties. By optimizing the growth parameters, films with a surface
roughness as low as 1.5 nm and the full width at half maximum (FWHM) of 33.7 arcsec were achieved. X-ray photoelectron
spectroscopy (XPS) analysis showed that the oxygen vacancy concentration was significantly reduced under the optimized
0O,/Ga ratio of 820. Schottky barrier diodes (SBDs) were fabricated from three different f-Ga, O3 films grown under dis-
tinct O/Ga ratios. The SBD fabricated under the optimized O,/Ga ratio of 820, exhibits a low turn-on voltage of 0.5 V, low
on-resistance of 0.022 mQ-cm?, and a high forward current density of 678.16 A/cm? at 3 V. These results provide essential

material and theoretical foundations for the development of 3-Ga; O3 based high-power electronic devices.

Keywords: $-Ga,;03, MOCVD, epitaxial layer, Schottky barrier diode
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1. Introduction

In recent years, monoclinic gallium oxide (8-Gay0Os3)
has demonstrated significant potential in power electronics
due to its wide bandgap (~ 4.8 eV), high breakdown elec-
tric field (~8 MV/cm), and high Baliga’s figure of merit
(~ 3444).11 Due to the absence of p-type doping technol-
ogy, current research efforts primarily focus on unipolar
Gay03 devices. [-GapOs-based SBDs and metal-oxide—
semiconductor field-effect transistors (MOSFETSs) have at-
tracted considerable attention due to their potential for ap-
plication in high power electronics systems. Currently, 3-
Gay03-based SBDs exhibit the highest power figure-of-merit
(PFOM) value of 15.2 GW/cm?,[?! approaching the theoreti-
cal limit. In contrast, the PFOM of 3-Ga;O3-based MOSFETs
remains at only 0.95 GW/cm?,3! and 0.73 GW/cm? of PFOM
of enhancement-mode MOSFETs is even lower, [*! indicating a
significant gap from the theoretical maximum values. This dis-
crepancy is primarily attributed to differences in the epitaxial
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growth techniques employed: most 3-Ga,O3 SBDs are fabri-
cated using epitaxial films grown by hydride vapor phase epi-
taxy (HVPE), whereas MOSFETS typically rely on MOCVD.
These results suggest that the quality of $-Ga,Os epitaxial
layers grown by MOCVD still requires substantial improve-
ment.

Currently, 3-Ga,03 epitaxial processes can be catego-
rized into homoepitaxy and heteroepitaxy.>~’) Homoepitaxy
includes four crystal orientations: (100), (010), (001), and
(-201). In this study, the (001)-oriented 3-Ga,O3 substrate
was chosen primarily for two key reasons: it enables the cost-
effective production of large-diameter commercial wafers, 3]
and it is the most widely used orientation in power devices,
particularly in vertical devices.!'” The (001) orientation of-
fers superior surface morphology and reduced defect density,
which are critical for enhancing device performance and reli-
ability in power applications. Current epitaxial growth tech-
niques for $-Ga; 03 include HVPE, MOCVD, mist-CVD, and
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molecular beam epitaxy (MBE). Among these, HVPE, with its
fast growth rate and tunable low-concentration doping, holds a
significant market share. Nevertheless, HVPE growth at high
rates often leads to pronounced surface roughness, character-
ized by surface steps and pits, which necessitates mechani-
cal and chemical-mechanical polishing (CMP) prior to device
fabrication.!'!] These additional steps not only raise produc-
tion costs but also carry the risk of introducing impurities or
contaminants onto the surface during polishing. MOCVD, ca-
pable of large-scale epitaxy with competitive growth rates, is
poised to dominate the future market for gallium oxide epi-

121 However, the epitaxial growth of (001)-

taxial materials.
oriented thin films via MOCVD exhibits a narrow process
window,[!3] resulting in limited film quality. Therefore, fur-
ther in-depth research of growth conditions remains necessary.

In this study, the influence of various growth parameters
on the material properties of (001) f-Ga,Oj3 thin films us-
ing MOCVD were systematically investigated and the SBDs
were fabricated for verification. Firstly, epitaxial growth was
carried out by independently varying the growth temperature,
pressure, and oxygen-to-gallium (O,/Ga) ratio. The surface
morphology and crystal quality of the films were characterized
and analyzed using atomic force microscopy (AFM), scanning
electron microscopy (SEM), x-ray diffraction (XRD), and x-
ray photoelectron spectroscopy (XPS), allowing the determi-
nation of optimal growth conditions. Subsequently, §-Ga;O3-
based SBDs were successfully fabricated using the optimized
process parameters, and their electrical characteristics were
evaluated to validate the epitaxial material. The findings of

this study not only provide process guidelines for high qual-
ity B-Ga,03 film growth but also establish an experimental
foundation for the design and performance optimization of -
GayO3-based power devices.

2. Experiment and method

B-Ga03 thin films were epitaxially grown on (001)-
oriented 3-Ga, O3 substrates using MOCVD. Prior to loading
into the reaction chamber, the substrates were sequentially ul-
trasonically cleaned in acetone and isopropanol, followed by
5 minutes deionized water rinse. Trimethylgallium (TMGa)
and pure O, served as the Ga and O precursors, respectively,
and argon (Ar) was used as the carrier gas. Both sapphire
and 3-GayOs3 substrates were placed in the chamber simul-
taneously during growth. Based on the refractive index differ-
ence between sapphire and $-Ga;Os, in-situ reflectance mon-
itoring was used to measure the growth rates of the 3-Ga, 03
epitaxial layer in real time.!'¥l To investigate the effects of
growth temperature and pressure on the material properties
of (001) B-GayO3 films, five samples were prepared. Sam-
ples A—C were grown at 850 °C, 900 °C, and 950 °C, respec-
tively, while maintaining other parameters constant. Subse-
quently, the pressure was varied to 100 mbar (1 bar=10° Pa)
and 150 mbar (samples D and E) while maintaining the op-
timal temperature. To enable device level verification, three
additional Si-doped samples, designated as samples F, G, and
H were fabricated, each with a target film thickness of 1 pum.
These samples were prepared with varying O,/Ga ratios. De-
tailed growth parameters are summarized in Table 1.

Table 1. Growth conditions of eight samples.

Sample No. Temperature (°C) Pressure (mbar) 0,/Ga ratio 02 flow rate Carrler gas flow Total gas flow
(sccm) rate (sccm) rate (sccm)
Sample A 850 50 820 4480 450 18000
Sample B 900 50 820 4480 450 18000
Sample C 950 50 820 4480 450 18000
Sample D 850 100 820 4480 450 18000
Sample E 850 150 820 4480 450 18000
Sample F 850 150 398 4480 900 18000
Sample G 850 150 820 4480 450 18000
Sample H 850 150 1200 4480 300 18000

B-GapO3 Schottky diodes were fabricated using sam-
ples F-H. The fabrication process started with ohmic con-
tacts formed by an alloyed Ti/Au stack annealed at 470 °C
for 1 min. Subsequently, the wafers were cleaned by sequen-
tial rinsing in acetone, ethanol, water, and finally dried with
nitrogen. The anode electrode was formed by the Ni/Au elec-
tron beam evaporation and liftoff. Circular device structures
are set in all devices, and the radius of the anode electrode is
60 um. The cross-sectional schematic diagram in the insets

of Fig. 6, which clearly labels all constituent layers and their

corresponding materials.

3. Results and discussion

We first investigated the influence of growth tempera-
ture on film surface morphology and crystalline quality by
preparing three samples (samples A—C) at 850 °C, 900 °C,
and 950 °C, respectively, while keeping all other growth pa-
rameters constant. Presented in Fig. 1(a) are the XRD 26—
@ scan patterns of 3-GapO3 thin films grown on (001) B-
Gay03 substrates at various temperatures. All films exhibit
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high-intensity, distinct diffraction peaks corresponding to the
(001) plane of 3-GayO3, as well as an additional (-401) peak.
The prominent (002) peak suggests that the preferred growth
orientation is temperature-independent. The relatively weak
intensity of the (-401) peak, compared to the (002) peak, indi-
cates a small fraction of rotational domains. This minor struc-
tural feature does not compromise the dominance of the (001)
orientation, thereby preserving the overall epitaxial quality,
which is consistent with previous reports.[!>16] Displayed in
Fig. 1(b) are the rocking curves corresponding to the (002)
diffraction peak of the epitaxial films. The FWHM values for
samples A—C are 35.7 arcsec, 34.8 arcsec, and 44.8 arcsec,
respectively.

As the growth temperature increased to 950 °C (corre-
sponding to sample C), the intensity of the (002) diffraction
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peak weakened, and the FWHM value significantly increased.
This phenomenon can be attributed to two main mechanisms.
First, higher temperatures enhance the thermal energy of re-
actant atoms, promoting their migration and rearrangement
on the substrate surface.!!” While this facilitates tighter grain
bonding, it may also lead to competition between layer-by-
layer and island growth modes, reducing overall crystallinity,
thus weakening the diffraction peak intensity and increasing
FWHM. Second, higher temperatures may intensify the des-
orption of atoms or molecules from the substrate,'8! reducing
the number of atoms available for film growth and introducing
defects like oxygen vacancies. These defects disrupt the crys-
tal’s periodic arrangement, further decreasing diffraction peak

intensity.

~

=
)
Ot

1.0 um Height sensor 1.0 um

Fig. 1. (a) XRD 26— scans; (b) XRD @ scans; (c)—(e) corresponding SEM images (scale bar: 1 um) with a coordinate system marking [010]
and [100] crystallographic directions, and (f)—(h) corresponding AFM images (scan area: 5 pmx5 pm) of surface microstructures of Ga,O3

films grown at 850, 900, and 950 °C.

Additionally, the (002) peak position slightly shifted with
temperature. According to the Bragg diffraction law:

2dsin® =nA, ()

where d is the interplanar spacing, 6 is the grazing angle, A
is the wavelength, and n is the reflection order. The value
of d increases with increasing temperature, which indicates
that the strain caused by lattice mismatch and coefficients of
thermal expansion decreases as the temperature increases. ']

This leads to minute adjustments in the interplanar spacing d,

consequently affecting diffraction peak positions through the
Bragg relation.

At growth temperatures of 850 °C, 900 °C, and 950 °C,
the surface SEM images of (001) -Ga;O; films are presented
in Figs. 1(c)-1(e), respectively. At 850 °C (sample A), the film
surface exhibits shallow linear grooves along the [010] orien-
tation, as indicated by the coordinate system in Fig. 1(c), but
remains relatively smooth. As the temperature rises to 900 °C
(sample B), the surface deteriorates significantly, with deeper
grooves along [010]. At 950 °C (sample C), the surface shows
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numerous grooves with unclear orientation. Figures 1(f)—1(h)
present the AFM images of films grown at these temperatures.
To quantify surface roughness, the root-mean-square rough-
ness (RMS) was used for characterization. The RMS values
obtained in this experiment at the three respective tempera-
tures were 2.5 nm, 7.17 nm, and 3.5 nm.

At a growth temperature of 850 °C (sample A), the film
surface displays a striped morphology while maintaining an
overall flat profile. This suggests a stable growth process
at this temperature, where the thermal motion of atoms is
constrained, enabling them to settle into energetically favor-
able positions on the substrate. The orderly migration and
arrangement of atoms on the surface minimize defect for-
mation. When the temperature is elevated to 900 °C (sam-

(a) Appropriate temperature

ple B), the grain size increases, and the surface morphology
has deteriorated obviously, characterized by the coexistence of
two-dimensional growth and three-dimensional (3D) island-
like structures. This behavior is associated with enhanced
atomic diffusion, where the increased diffusion rate allows
atoms to cross step edges more easily and promotes island
formation.!?! Although the FWHM broadens at 950 °C, the
simultaneous reduction in surface roughness can be rational-
ized. At this temperature, the higher energy of surface parti-
cles provides sufficient driving force for desorption and evapo-
ration from the substrate, leading to smaller growth islands. >}
These islands tend to pack more uniformly, resulting in a
smoother surface. The temperature-mediated growth mech-

anism is schematically presented in Fig. 2(a).

Higher temperature
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Fig. 2. (a) Schematic diagram of 3-Ga; O3 epitaxy on (001) substrates at various temperatures (arrows show atomic migration), (b) schematic
diagram of B-Gay O3 epitaxy on (001) substrates at various pressures (arrows show atomic adsorption), and (c) schematic diagram of $-Ga; O3

epitaxy on (001) substrates at various O,/Ga ratios.

An integrative evaluation of the XRD, SEM, and AFM
data reveals that at 850 °C, the (002) diffraction peak is char-
acterized by high intensity and a comparatively low FWHM,
with the rocking curve exhibiting a symmetric configura-
tion. Moreover, the surface roughness is notably reduced,
and the surface morphology is remarkably planar. These find-
ings show that this specific temperature condition is optimally
suited for the epitaxial growth of §-Ga,03 films.

The effect of chamber pressure on film characteristics was

systematically examined by growing f3-Ga,Os films under

three different pressures (50 mbar, 100 mbar, and 150 mbar),
corresponding to samples A, D, and E, with all other param-
eters fixed (Table 1). XRD, SEM, and AFM were employed
to analyze surface morphology and crystal quality, evaluating
pressure’s impact on film growth.

The XRD 260-® scan spectra depicted in Fig. 3(a) cor-
respond to 3-Ga, O3 thin films epitaxially grown on (001) -
Gay03 substrates under various growth pressures. All films
exhibit high-intensity, distinct diffraction peaks corresponding
to the (001) plane of §-Ga, O3, along with an additional (-401)
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peak. The prominent (002) peak suggests that increased pres-
sure does not alter the preferred growth orientation. The rock-
ing curves of the (002) diffraction peak for 3-Ga, O3 epitaxial
films are shown in Fig. 3(b). The FWHM values for samples
A, D, and E are 35.7 arcsec, 30.6 arcsec, and 33.7 arcsec, re-
spectively.

When the growth pressure was set to 50 mbar (corre-
sponding to sample A), the intensity of the (002) diffrac-
tion peak decreased to about one-tenth of that at 150 mbar,
while the FWHM indicates a higher threading dislocation
(TD) density. This can be explained by the relationship be-

tween FWHM and dislocation density (2!
32
D=—— 2
21n27h?’ @

where B is the diffraction peak FWHM, D is the dislocation
density, and b is the Burgers vector. The results indicate a high

Intensity (arb. units) o

20 (°)

density of dislocations, which degrades the overall film qual-
ity. When the pressure is increased to 100 mbar (sample D),
the intensity of the (002) diffraction peak nearly matches that
at 150 mbar (sample E), but the (-401) peak becomes unusu-
ally prominent. This additional peak is attributed to crys-
tal rotation from the [001] to the [-401] direction, which re-
distributes surface energy, promotes strain accumulation, and
leads to premature termination of [001] epitaxial growth.>]
For high-quality film growth, however, a strong (-401) peak
is undesirable. In contrast, at 150 mbar, the intensity of the
(002) diffraction peak reaches a high level, while the intensity
of the (-401) additional peak is relatively weak. Moreover, the
FWHM value remains at a relatively low level. This indicates
that under this pressure condition, the film has fewer defects

and dislocations, along with good crystallinity.

)105 [ I — 50 mbar
—— 100 mbar
104k —— 150 mbar

Intensity (arb. units) &

Rl
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|
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Height sensor 1.0 um
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Fig. 3. (a) XRD 26— scans, (b) XRD @ scans, (c)—(e) corresponding SEM images (scale bar: 1 pm) with a coordinate system marking [010]
and [100] crystallographic directions, and (f)—(h) corresponding AFM images (scan area: 5 pmx5 wm) of surface microstructures of Ga; O3

films grown at 50 mbar, 100 mbar, and 150 mbar.

Figures 3(c)-3(e) present the surface SEM images of
(001) B-GayO; films grown under pressures of 50 mbar,
100 mbar, and 150 mbar, respectively. At 50 mbar (sample A),
the surface exhibits distinct fine linear undulations along the
[010] orientation. As the pressure increases to 100 mbar (sam-
ple D), these linear grooves become denser, and at 150 mbar
(sample E), the surface transitions from fine linear grooves to

a smoother morphology.

The surface AFM images of films grown under differ-
ent pressures are illustrated in Figs. 3(f)-3(h). At 50 mbar
(sample A), the film surface exhibits a rough and irregular
stripe-like structure, which may be influenced by factors such
as deposition rate, precursor diffusion behavior, and surface
energy minimization mechanisms. In terms of growth rate, a
value of 1.040 um/h was measured at this pressure, which may

also contribute to the observed surface morphology. How-
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ever, the exact cause of the surface morphology remains un-
clear from these observations alone. As the pressure increases
to 100 mbar (sample D), the surface exhibits fine and sharp
stripe-like protrusions with enhanced regularity. This phe-
nomenon is associated with the formation of a thick bound-
ary layer, where the reduced mean free path of gas molecules
leads to its thickening. The thicker boundary layer hinders
the diffusion of Ga precursor and other reactants toward the
substrate, limiting surface atom diffusion rate and suppress-
ing lateral growth on the surface.!”*! As a result, atoms cannot
rearrange efficiently into an ordered lattice, while the uneven
reactant distribution across the surface leads to local variations
in growth rates and further increases surface roughness.!>!
Meanwhile, the growth rate decreases to 0.971 um/h. This
slowed growth rate likely causes precursor accumulation in
localized regions, forming finer and sharper stripe-like pro-
trusions and increasing surface roughness. These effects are
consistent with observations in the literature, where a thicker
boundary layer leads to degraded surface quality under high-
pressure conditions.*® When the pressure reaches 150 mbar
(sample E), the surface morphology changes again, nearly
merging into nano-stripe structures. This phenomenon can
be attributed to pressure-dependent thin-film growth kinetics:
At lower pressures, the higher deposition rate results in insuf-
ficient surface migration time for adatoms, leading to com-
petitive occupation of adsorption sites by multiple atoms and
thus promoting defect formation.>”] In contrast, at 150 mbar,
where the growth rate is measured at 0.587 um/h, the re-
duced growth rate allows adatoms to achieve enhanced surface
diffusion, resulting in decreased film roughness and refined
grain size.[?8] The pressure-mediated growth mechanisms are
schematically presented in Fig. 2(b).

Comprehensive analysis of XRD, SEM, and AFM re-
sults reveals that at 150 mbar, the (002) diffraction peak ex-
hibits high intensity and a narrow FWHM, with low surface
roughness and a flat morphology, facilitating ordered crys-
tal arrangement and high-quality crystallization while effec-
tively suppressing unfavorable crystal domain rotation. Thus,
150 mbar is optimal for high-quality 3-GayO3 film formation
among the tested conditions.

To enable fabrication of [-Ga,Os; Schottky barrier
diodes, we grew a 1-pum-thick Si-doped epitaxial layer under
the same growth conditions as sample E, but with extended
growth time and Si incorporation (~ 9 x 10'7 cm™3), and ob-
tained sample G. Furthermore, to investigate the influence of
the O,/Ga ratio on (001)-oriented epitaxial growth, we main-
tained a constant O, flow rate of 4480 sccm while adjusting the
TMGa flow to achieve O,/Ga ratios of 398 and 1200, corre-
sponding to samples F and H, respectively. XRD, SEM, AFM,
and XPS were employed to analyze surface morphology and

crystal quality, evaluating the impact of O,/Ga ratios on film
growth.

The XRD 26-w scan patterns of -Ga,O3 films de-
posited on (001) B-Ga; O3 substrates with different O,/Ga ra-
tios are displayed in Fig. 4(a). All films exhibit high-intensity,
distinct diffraction peaks corresponding to the (001) plane of
B-Ga,03, along with additional peaks at (-401) and (-311),%°!
indicating uniform epitaxial growth and the exclusive presence
of the B-phase. Notably, while films grown under short growth
durations (e.g., sample E, 600 s, undoped) did not exhibit the
(-311) reflection, the long-duration film (sample G, 3000 s, Si-
doped at 9 x 10'7 cm—3) clearly showed this peak. Consider-
ing that the Si concentration is about two orders of magnitude
below the thresholds reported to alter orientation or induce
amorphization in 3-Gay,03 (> 10! cm—3-10%0 cm_3),[30] the
emergence of the (-311) peak is attributed primarily to the pro-
longed growth time rather than to Si incorporation. This inter-
pretation is consistent with previous studies. Terohid et al.!3!]
observed that extended growth durations enhance crystallinity
and introduce additional Bragg peaks, indicative of polycrys-
tallinity. Moreover, the competitive texture evolution model
proposed by Van der Drift!*?! suggests that multiple orienta-
tions nucleate during the early stage of growth, while longer
growth allows minor orientations to persist locally and become
detectable in XRD. Taken together, our results demonstrate
that the appearance of the (-311) peak originates from time-
dependent competitive orientation evolution, rather than from
Si doping effects. However, the specific underlying mecha-
nism governing the formation of the (-311) peak still requires
further investigation to clarify its full origin. Furthermore,
the crystalline quality of these films was evaluated by rocking
curve measurements, as shown in Fig. 4(b). The FWHM val-
ues for samples F—H are 64.2 arcsec, 56.5 arcsec, and 73.2 arc-
sec, respectively.

At an O,/Garatio of 820 (corresponding to sample G), the
FWHM reaches its minimum, indicating that the crystallinity
and film quality are better at this condition. During growth,
O, flow is constant. The lower O,/Ga ratio implies insuffi-
cient oxygen relative to gallium, leading to oxygen vacancies

(Vo) in the lattice, represented by the defect reaction
Olattice — VO + Ofree- (3)

These vacancies disrupt the lattice structure of the film and re-
duce crystallinity. Conversely, excessive oxygen partial pres-
sure results in interstitial oxygen incorporation, which perturb
the B-Ga,0s crystal structure and facilitate polycrystalline
phase formation. 33!

Displayed in Figs. 4(c)—4(e) are the surface SEM images
of (001) B-GayOs3 films grown at O,/Ga ratios of 398, 820,

048201-6



Chin. Phys. B 35, 048201 (2026)

and 1200, respectively. At a ratio of 398 (sample F), the sur-
face morphology deteriorates significantly, with fine linear un-
dulations along [010] transforming into larger, irregular wavy
stripes. This change can be attributed to oxygen deficiency un-
der Ga-rich conditions, where enhanced 3-Ga;O3; desorption
reduces Ga adatom diffusion and favors random nucleation
and island growth, leading to increased surface roughness. 34!
Furthermore, at an O,/Ga ratio of 820 (sample G), the fine lin-
ear undulations along the [010] crystal direction become more
pronounced, with a slight increase in amplitude. This change
shows that under the optimal O,/Ga conditions, the film can
form a more orderly and clearly oriented structure. However,
at an O,/Ga ratio of 1200 (sample H), the film surface ap-
pears smooth, yet linear undulations along the [010] direction

—~

Intensity (arb. units) &
E 8
o

ooy (00D

(001 4
r I(-401) !I(-gu) (003) (005)

Height sensor 1.0 um Height sensor

are visible, attributed to the formation of (100) facets during
growth.[3 Although the surface is smoother, excess oxygen
increases adatom diffusion but simultaneously introduces in-
terstitial oxygen, disturbing crystalline order.

Displayed in Figs. 4(f)—4(h) are the surface AFM images
of (001) B-Ga, 05 films, which were grown under O,/Ga ratios
of 398, 820, and 1200, respectively. At a ratio of 398 (sam-
ple F), the surface of the film has uneven bumps or grooves,
resulting from competitive desorption of suboxide Ga,O dur-

ing film growth. The corresponding reaction is

3
2Ga(l) + EOz(g) — Gap03 (S)7 @)
4Ga(l) + Ga,03(s) — 3Ga,0(g). (5)
(b) — 0,/Ga =398
0 10° — 0,/Ga =820
5 — 0,/Ga = 1200
104 \
2
& 103
2
Z 102
g
= 101}

Height sensor

1.0 pm

1.0 pm

Fig. 4. (a) XRD 26— scans; (b) XRD @ scans; (c)—(e) corresponding SEM images (scale bar: 1 um) with a coordinate system marking [010]
and [100] crystallographic directions, and (f)—(h) corresponding AFM images (scan area: 5 umx5 pm) of surface microstructures of Ga; O3

films grown at O/Ga ratios of 398, 820, and 1200.

When the O,/Ga ratio is low, insufficient oxygen sup-
ply enhances the desorption reaction of Gay0O, leading to
the rearrangement of surface atoms and changes in surface
morphology.**! In contrast, when the 0,/Ga ratio is set to
820 or 1200, the film surface appears relatively smooth with
reduced roughness. The O,/Ga ratio-mediated growth mecha-
nisms are schematically presented in Fig. 2(c). However, at an
0,/Ga ratio of 1200, although the surface is smooth, the grain
height decreases. This is attributed to excess oxygen reducing

[37

adatom diffusion rate on the substrate surface,>’! which limits

vertical grain growth. While this lowers surface roughness, it
may also adversely affect other film properties.

XPS measurements were carried out to investigate the
chemical information of the 3-Ga,Os3 films. Figure 5(a) dis-
plays the O 1s XPS spectra of 3-Ga,Oj3 films grown at O,/Ga
ratios of 398, 820, and 1200 (samples F, G, and H). The O
Is peak is deconvoluted into two components, OI and OII,
using Gaussian fitting. The OI peak corresponds to Ga—
O bonds, while OII is associated with oxygen vacancies. %]

The OII/(OI4-OII) ratio is used to estimate oxygen vacan-
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cies. Sample F exhibits the highest ratio (31.52%), consistent
with its lowest crystallinity. For sample G, the ratio drops to
10.62%, indicating reduced oxygen vacancies and improved
crystallinity. Sample H shows a moderate increase to 17.28%,
suggesting that excess oxygen introduces other defects (e.g.,
interstitial oxygen atoms) that limit further crystallinity im-

provement.
(a) | 0,/Ga=2398 &, o Rawdatal (b) [ /G, — 308 PR gz\z datal
OI1/(OI+O0I1) = & gnl F 3 832_(;3
: / s it line N, s
31.52% & 1 e &R - Fit Tine
P X 3 LY
i E WWWE : rm,
£ | 02/Ga=820 & £ |0,/Ga=820 =
S |o1r/(o1+01) = ¢ 3 5
- p -
& 110.62% s S o
o r‘ 3
T b g - I I— M\Nm
=] =] - o
[) [)
k] E
= | 02/Ga=1200 P = | 0,/Ga=1200 &
OII/(OI+O0Il) = ¢ f
17.28% , 3
m"m”rv%“““"‘Cﬁ Snemana] I k\m;w
536 534 532 530 528 26 24 22 20 18 16

Binding energy (eV) Binding energy (eV)

Fig. 5. XPS spectra and related analysis of f-GapO3 grown at O,/Ga ratios
of 398, 820, and 1200: (a) O 1s peaks, (b) Ga 3d peaks.

Figure 5(b) presents XPS spectra of the three samples
in the Ga 3d peak. Besides the O 2s peak, two distinct
peaks are observed, corresponding to Ga—O bonds (GayO3)

and Ga—-Ga bonds (Ga,0).*! Notably, the Ga—Ga bond signal
is strongest in sample F, confirming severe oxygen deficiency
at low O,/Ga ratio. Sample G shows a decrease in Ga—Ga
bonds, reflecting reduced Ga,O formation and enhanced crys-
tallinity. In contrast, sample H still contains a greater amount
of Ga—Ga bonds, and this feature limits further improvement
in its crystallinity compared to sample G.

Comprehensive analysis of the XRD, SEM, AFM, and
XPS results indicates that when the O,/Ga ratio is 820, the
FWHM value is minimal, the surface roughness is low, and the
relative content of oxygen vacancies is significantly reduced,
suggesting superior crystallinity and film quality. Therefore,
an O,/Ga ratio of 820 is most favorable for film growth.

To comprehensively evaluate the material properties in
functional devices, we fabricated Schottky barrier diodes us-
ing B-Gay0; films grown under three distinct O,/Ga ratios
(samples F-H, see Table 1 for growth parameters). Systematic
characterization of device performance metrics (carrier con-
centration, on-resistance, and turn-on voltage, quantified in
Table 2) provided direct evidence that the O,/Ga ratio governs
the crystalline quality of (001) B-Gay O3 films, as revealed by

structure-property correlations.

Table 2. Electrical parameters of SBDs.

. . Carrier Built-in On-resistance Current Turn-on Ideality
Device No. 0,/Ga ratio . 3 . 2 . 2
concentration (cm™>) potential (V) (mQ-cm~) density (A/cm~)-3 V voltage (V) factor
F 398 4.5084x 107 0.0515 0.1076 880.75 0.25 1.41
G 820 2.1366x 1017 0.1066 0.02249 678.16 0.57 1.03
H 1200 2.4545%1017 0.0852 0.05409 22.66 2.5 1.21

Shown in Figs. 6(a)-6(c) are the (1/C?) versus applied
voltage V curves at varying O,/Ga ratios. The doping con-
centration and built-in potential (Vy;) of the SBD can be deter-
mined from the slope and x-intercept of the curves and apply-
ing the following formula: 0!

_ Ag q&ND

= A _—
““w 2(Wi—V)’ ©
1 2Wi—V)
2 2T V) 7
C? ~ A2qeNp ™

where A is the diode active area, & is the 3-Ga,O3 semicon-
ductor permittivity, W is the depletion width, g is the electronic
charge, Np is the doping density, V; is the built-in potential,
and V is the voltage applied.

The W; is related to the charge density in the space charge
region. A higher carrier concentration increases the charge
density in this region, which weakens the V;;. At an O,/Ga
ratio of 398 (corresponding to device F), the lower ratio may
lead to an insufficient oxygen supply, introducing more de-
fects in B-Gap O3 films.[*!] These defects increase the carrier

concentration, but when excessive, they scatter carriers and
lower mobility, resulting in a lower V,;. The smaller V,; weak-
ens the electric field, potentially affecting the device switching
speed and breakdown voltage. At an intermediate O,/Ga ratio
of 820 (device G), a balance is achieved between carrier con-
centration and defect density, yielding the highest V;; and im-
proved film quality. In contrast, at an O,/Ga ratio of 1200 (de-
vice H), the highest carrier concentration is observed, which
may result from oxygen-related lattice defects such as intersti-

[42] These defects can introduce lattice stress, lead-

tial oxygen.
ing to cracks or fractures and reducing the mechanical strength
of the films.

As shown in the insets of Figs. 6(a)-6(c), the variation
of carrier concentration with depth is depicted. In all three
graphs, the carrier concentration rapidly decreases within the
initial 0.05 wm, indicating a transition from a highly doped re-
gion to a low-doped region. Notably, the inset in Fig. 6(b)
demonstrates an ideal decline, where the carrier concentra-

tion stabilizes and maintains a relatively flat doping profile
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across the remaining film depth. This suggests a stable incor-
poration of dopants during growth, achieving uniform doping
distribution.[*?!

Shown in Figs. 6(d)-6(f) are the rectifying behavior ex-
hibited by all samples. Current varies linearly at a low bias
(V < 1V) in semi-log plots, deviating at a higher bias (V >
1 V). Forward bias J-V characteristics were analyzed us-
ing the thermionic emission (TE) model, yielding the current

density[44]
qV
= Js — | =1 )
J=J {exp (nkT) ] ®)
* 2 q(PB
Js=A'T (enkT)' )

Here, Js is the saturation current density, 1 is the ideality fac-
tor, V is the forward bias voltage, T is the absolute tempera-
ture, g is the electron charge, k is the Boltzmann constant, ¢p

10

is the apparent Schottky barrier height (SBH), A is the effec-
tive diode area, and A* is the effective Richardson constant,
calculated to be 41.04 A-cm=2-T 2.

The 1 was extracted from the slope of the semi-log for-
ward J-V curve using the linearized form of Eq. (8)

_4aq !
n= kT d(nJ)” (10)
av

The 7 reflects the quality of the metal-semiconductor inter-
face and the dominant transport mechanism; ideally it should
be 1, but in practice deviations arise from interface states, bar-
rier inhomogeneity, or defect-assisted transport.[*] The ex-
tracted 1 values (shown in Table 2) confirm that the value at
an O,/Ga ratio of 820 is closest to unity (1.03), indicating op-
timized growth and better interface quality.

= 10 = 10 =
@ T (b) s © s
& 8F  NiAuw 2, Y 52 & sl 5,
& Ga.0, pilayer L > é 1 = =)
< ~ ~ :/
LE) 6¢ O g 61 i~ 0 g 6 g 1
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S Z Z
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Fig. 6. (2)—(c) (1/C?)-V characteristics of the GayO3 SBDs, the inset of each figure shows the variation of carrier concentration with depth;
(d)—(f) the black curve is the J-V properties curve, and the red curve is the curve of the on-resistance changing with the voltage, the inset of (a)

is the cross-section schematic diagram of the SBDs.

Additionally, the on-resistance (Ron,sp) Of the device was
calculated using the following equation:4®!
dv dv

Ron,sp:Ron XA=—XA=—,

di dJ (b

where Ron sp denotes the on-resistance, A represents the device
anode area, and J signifies the current density. The extracted
Ronsp values for devices F, G, and H are summarized in Ta-
ble 2, showing the lowest resistance at an O,/Ga ratio of 820.

The results indicate that at an O,/Ga ratio of 1200 (de-
vice H), the SBD exhibits the highest turn-on voltage (2.5 V)
and the lowest forward current density (22.66 A/cm? at 3 V)
among the three tested conditions. This behavior can be at-
tributed to the excessive oxygen supply, which promotes Ga—
O bond formation and leads to a widened optical bandgap. 4"}

Consequently, the Schottky barrier height increases, reducing
forward current density. At an O,/Ga ratio of 398, the Schot-
tky diode exhibited the highest specific Ronsp (0.11 mQ-cm?),
which can be attributed to increased surface roughness. The
enhanced surface morphological irregularities lead to cur-
rent spreading effects, resulting in a larger effective con-
duction area.[*8! When the 0,/Ga ratio is 820, the Schottky
diode demonstrates a lower turn-on voltage (0.5 V), reduced
Ronsp (0.022 mQ~cm2), and a higher forward current density
(678.16 A/cm? at 3 V), indicating superior electrical perfor-
mance. This makes it particularly advantageous for appli-
cations requiring low-voltage operation, high efficiency, and
high current handling capabilities.

A comprehensive analysis of the SBD’s C-V and J-V
characteristics, on-resistance, and turn-on voltage reveals that
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at an O,/Ga ratio of 820, the device exhibits lower back-
ground carrier concentration, higher built-in potential, lower
on-resistance, and greater current density. Combined with the
material properties of the thin film, this condition is optimal
for film growth.

4. Conclusion and perspectives

In conclusion, this study systematically investigated the
influence of key growth parameters, including growth temper-
ature, chamber pressure, and O,/Ga ratio, on the crystallinity
and surface morphology of (001) 3-Ga,Os films grown by
MOCVD. The results indicate that $-Ga, O3 films grown at a
temperature of 850 °C, a pressure of 150 mbar, and an O,/Ga
ratio of 820 exhibit excellent crystallinity and surface smooth-
ness. XRD analysis reveals a narrow FWHM value, indicating
high crystal quality, while SEM and AFM further confirm a
significant reduction in surface roughness. Specifically, the
film exhibited a surface roughness of 1.5 nm, an FWHM of
33.7 arcsec, and a thickness of approximately 1 pum. The
XPS analysis revealed a significant reduction in the oxygen va-
cancy concentration under the optimized O,/Ga ratio of 820.
SBDs were fabricated using $-Ga; 03 films grown under dif-
ferent O,/Ga ratios, and their J-V characteristics were com-
paratively evaluated. The $-Ga, O3 film grown with an O,/Ga
ratio of 820 demonstrated the most favorable material prop-
erties and superior device performance. The corresponding
SBD device showed a low turn-on voltage of 0.5 V, a low
Ronsp of 0.022 mQ-cm?, and a high forward current density
of 678.16 A/cm? at 3 V, along with the most uniform carrier
concentration distribution. These findings lay the groundwork
for both the material and theoretical development for the de-

velopment of $-Ga; 03 based high-power electronic devices.
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