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Abstract

Ultra-bandgap semiconductor material, -gallium oxide (3-GayO3), has great potential
for fabricating the next generation of high-temperature, high-voltage power devices due
to its superior material properties and cost competitiveness. In addition, 3-Gap;O3 has
the advantages of high-quality, large-size, low-cost, and controllable doping, which can
be realized by the melt method. It has a wide bandgap of 4.7-4.9 eV, a large breakdown
field strength of 8 MV /cm, and a Baliga figure of merit (BFOM) as high as 3000, which is
approximately 10 and 4 times that of SiC and GaN, respectively. These properties enable
-GayO3 to be strongly competitive in power diodes and metal-oxide-semiconductor field-
effect transistor (MOSFET) applications. Most of the current research is focused on electrical
characteristics of those devices, including breakdown voltage (VgRr), specific on-resistance
(Ronsp), power figure of merit (PFOM), etc. Considering the rapid development of 3-
GaO3 diode technology, this review mainly introduces the research progress of different
structures of 3-GayO3 power diodes, including vertical and lateral structures with various
advanced techniques. A detailed analysis of Ga;Os3-based high-voltage power diodes is
presented. This review will help our theoretical understanding of 3-Ga,O3 power diodes
as well as the development trends of 3-Ga,Os power application schemes.

Keywords: (3-Ga,Os; power diodes; breakdown voltage; specific on-resistance

1. Introduction

With the increasing need for high-power and high-voltage applications of electronic
devices, Si cannot meet the requirements due to its narrow bandgap (Eg~1.12 eV). GaN
(Eg~3.4 eV) and SiC (Eg~3.3 eV) power devices exhibit excellent breakdown properties,
low conduction, and switching loss due to the higher electron mobility [1-3]. However, to
obtain excellent quality crystals, these materials need epitaxial growth techniques, which
result in high costs and restrict their application. Recently, Ga;0O3, as a promising ultra-
wide-bandgap semiconductor material, has gradually emerged, and it attracts extensive
attention from the global scientific research community and industry [4-10]. -GayOs3,
mostly thermally and chemically stable in five polymorphs («, 3, v, 9, €), has a wide
bandgap of 4.6-4.9 eV, a large breakdown field strength of 8 MV /cm, and excellent Baliga
figure and Johnson's figure of merit (JFOM). These properties make it a strong competitor as
an alternative material for power devices. A comparison of important physical properties
for commonly used semiconductor materials is shown in Table 1 [11,12].

Inorganics 2025, 13, 364

https://doi.org/10.3390/inorganics13110364


https://doi.org/10.3390/inorganics13110364
https://doi.org/10.3390/inorganics13110364
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/inorganics
https://www.mdpi.com
https://doi.org/10.3390/inorganics13110364
https://www.mdpi.com/article/10.3390/inorganics13110364?type=check_update&version=1

Inorganics 2025, 13, 364 2 of 35

Table 1. Important physical properties for commonly used power semiconductors.

Parameter Si GaAs 4H-SiC GaN Diamond (-GayOj3 AIN h-BN ZnO
Eg (eV) 112 143 3.2 34 5.5 4.7-4.9 6.2 6.1 3.37
M (cm?/Vs) 1480 8400 1000 1250 2000 200-300 30 62 /
Ec MV /cm) 0.3 0.4 2.5 3.3 10 8 154 7 0.01
Vs (107cm/s) 1 12 2 2.5-2.6 1 1.8-2 13 / 3.2
Thermal conductivity 5, 5 490 200 2200 23 319 625 50
(WmK™")
Dielectric constant (¢) 11.8 129 9.7 9 5.5 10 9.76 4.97 8.5
BFOM 1 14.7 317 846 24,660 3214 32,384 3083 10
JEOM 1 1.8 278 1089 81,000 2844 7744 / /

As can be seen in Table 1, SiC and GaN have high BFOM values, and their devices
have developed rapidly in the past few years, with commercial applications such as electric
vehicles and computer power supplies. However, these materials need epitaxial growth
techniques, which result in high costs and restrict their application. In addition, GaN
material has problems with p-type doping. In recent years, ultra-wide-bandgap (UWBG)
materials Ga;O3, AIN, h-BN, and diamond have emerged as promising candidates for
future power electronics and have made remarkable progress. Their large Eg properties
enable a high voltage tolerance, high power capabilities, and a high potential for high volt-
age adaptability at low on-resistance. Diamond has superior performance in comparison,
with a BFOM of 24,460. Chemical stability, radiation resistance, mechanical hardness, and
a high BFOM of AIN make it an ideal material for operation in harsh environments and
high-temperature stability, with relatively superior performance. However, for h-BN and
diamond material, difficulties in growing techniques and doping within the bulk material
have limited their application. AIN also faces technical challenges in epitaxial growth and
well-controlled n-type and p-type doping. In comparison, Ga;O3 has excellent inherent
material characteristics, easy n-type doping techniques, low-cost substrate growth, and
epitaxial techniques. However, it is not suitable for all power applications due to its lower
electron mobility and poorer thermal management ability. This makes Ga,Os particularly
suitable for devices that require high-voltage support at low frequencies, such as diodes.
For JFOM, which shows potential in high-voltage and high-frequency applications, Ga;O3
is not superior, as compared to AIN, diamond. It is slightly better than SiC and GaN. In
recent years, radio frequency (RF) Ga,O3 devices have also shown significant progress.

In view of the significance of Ga;Oj3 in terms of material properties and application
prospects, as well as the many current challenges, this review will summarize the research
progress of 3-Gap,O3 power diodes up to 2025. Section 2 will introduce the Ga,O3 ma-
terial. The interface between GayO3; and other materials will be discussed in Section 3.
Section 4 will systematically introduce and discuss the detailed electrical characteristics
of 3-GapO3 power diodes with the different structures and techniques proposed in recent
years. Comparisons of different structures and techniques are proposed and discussed.
Section 5 summarizes the 3-Ga,O3; power applications and outlooks. The aim is to provide
meaningful guidance to promote the further development of Ga,O3 materials and de-
vice technologies for researchers and industrial practitioners in related fields, accelerating
-GapO3 power devices’ progress from laboratory to industrial applications.

2. GapO3 Materials

The 3-GayOs; bulk single-crystal substrate growth methods include Czochralski
(CZ), Edge-defined film-fed (EFG), Bridgman (vertical, VB), and floating zone (FZ) tech-
niques [13-22]. To obtain large-scale 3-Gap,O3 wafers with a large size and low defect
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density, the EFG and CZ methods are more promising. Up to now, Novel Crystal Technol-
ogy in Japan has achieved the commercialization of melt-grown 6-inch 3-Gay O3 substrates.
In addition, a high-quality n-type doping (3-GayO3 epilayer can be realized using MOCVD,
MBE, PLD, HVPE, and MOVPE methods by using Si, Ge, and Sn [23-30].

Due to its intrinsic properties, including deep acceptor levels, low valence band
position, and high ionization energy, the p-type doping with high conductivity is diffi-
cult [31-35]. Calculations demonstrate the absence of shallow acceptors in Ga,O3, and
holes exhibit self-trapping effects within the material [36,37]. Despite these difficulties,
some efforts have been made for the p-type doping realization. For instance, in 2024,
Zhu et al. [38] demonstrated p-type behavior in Cu-doped Gay;O3 nanoarrays. In addition,
[3-GayOj3 is inclined to accept donor doping, such as with Mg or N, which always introduces
deep acceptor states [39,40]. However, in bulk material, this has not yet resulted in efficient
p-type conductivity.

GaO3 has five polycrystalline states, &, 3, v, k (¢), and §. For optical properties
(B-Gap03), in 2025, Labed et al. [41] significantly reduced the density of interfacial states
and suppressed Fermi energy level pinning by inserting a graphene monolayer into a
W/ B-GayOs3 Schottky contact, which resulted in a deep-ultraviolet photodiode with a
responsivity up to 14.49 A/W and an external quantum efficiency (EQE) of 7044%. In
2024, Zhang et al. [42] prepared 3-GapOs extreme ultraviolet photodetectors with a vertical
Schottky barrier structure, resulting in a responsivity of 55.31 mA /W and EQE of 508% at
0V bias, fast response, and stable operation from —193 to 100 °C, better than silicon-based
detectors. In 2025, Fang et al. [43] improved Ni/[3-Ga,Oj3 vertical Schottky barrier diode
interface quality by surface treatment, realizing a high-performance day-blind UV detector
with a low 12 fA dark current, 4.92 x 107 light-to-dark current ratio, 2.76 x 10'° Jones
detectivity, and millisecond response.

k-GapO3, also known as e-Gay O3, is the second most stable phase of Ga,O3, which
can only be grown by heterogeneous epitaxy [44,45]. e-GapO3 has mostly deep-energy-
level internal impurities, which results in lower dark-state currents, making it more suit-
able for photodetectors. Thus, most of the reported e-Ga;O3 photodetectors are metal—-
semiconductor-metal (MSM) type, which have simpler structures and easier fabrication
processes. Similar to that reported for 3-GayO3, the photodetection performance of e-
Gay03 varies greatly in different research results. The responsivity ranges from a few
hundred mA /W to more than 10* A/W. The light-to-dark current ratio changes from 10°
to 10%. The detection capability and response time also show several orders of magnitude
difference [46-52]. For instance, in 2025, Yang et al. [53] proposed e-GayOs3 thin films
on a 2-inch sapphire substrate using off-axis pulsed laser deposition, with inhomogene-
ity of key parameters such as thickness and crystalline quality below 5%. Based on this
10 x 10 photodetector array, the responsivity at 240 nm under 20 V bias voltage reaches
52.77 A/W, the UV-visible suppression ratio is 1.2 x 10%, and the photocurrent deviation of
the array unit is <8%, providing a feasible solution for the use of wafer-scale Ga,O3 devices
for high-quality imaging. In 2022, Chen et al. [54] grew high-quality ¢-GayOs3 thin films on
sapphire and silicon substrates using metal-organic chemical vapor deposition (MOCVD).
The e-GayO3-based SAW piezoelectric resonators were demonstrated for the first time, with
the devices resonating in Rayleigh and Sezawa modes in the ~1-3 GHz range. Based on
these results, the team proposed ¢-Ga,Os as a favorable piezoelectric semiconductor for
5G REF filters. In 2025, Zhang et al. [55] demonstrated a heterojunction design based on
ultra-wideband semiconductors by integrating p-type diamond with n-type e-Ga, O3 to
prepare a p-n diode with a Vgr of more than 3000 V. The p-n diode is a heterojunction
design based on an ultra-wideband semiconductor. Highly efficient rectifying heterojunc-
tions were realized by pulsed laser deposition of heteroepitaxial e-GayOj3 thin films on a
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diamond substrate to form atomically sharp interfaces with C-O-Ga bonding. The devices
have a switching ratio of more than 10%, a turn-on voltage of about 2.5 V, and a high ther-
mal boundary conductance of 42-64 MW /m?-K. Numerical simulations show that lightly
doped diamond as a drift layer combined with e-GayOj3 can effectively mitigate the electric
field concentration effect and avoid premature breakdown. The design provides a feasible
path for the application of ultra-wideband semiconductors in high-power bipolar devices.
In addition, in 2022, Hidouri et al. [56] studied the carrier localization phenomenon of
nominally undoped e-GayOs films deposited on (0001)-Al,O3 substrates by metal-organic
vapor phase epitaxy using different O and Ga precursor ratios. The results can be very
useful in enabling further development of Ga;O3 materials and related devices.

Among its polycrystalline states, the amorphous x-GayO3 is known for its low-cost
preparation, low-temperature processing, and high efficiency. Because of the low carrier
mobility and high defect density of «-GayO3, researchers are mainly focused on achieving
performance breakthroughs through different modification strategies to provide techno-
logical support for the practical applications of day-blind ultraviolet detection (flexible
electronics, space communication, and weak-signal detection). In 2025, Huang et al. [57]
applied a-Ga;O3 and Mg:ZnO heterointerfaces for the first time to phototransistors, demon-
strating improved separation, transport, and collection of photogenerated carriers with
the excellent electron transport properties of Mg:ZnO. The resulting phototransistors have
high photoresponsivity up to 1.27 A/W and a very thin photosensitive layer (~60 nm) with
x-ray detection capability. In 2025, Xue et al. [58] used pulsed sputtering deposition to
prepare «-GapOj thin films on polyimide substrates. After rapid thermal annealing with
Hy, the flexible day-blind photodetectors achieved a 222.98 A /W ultra-high response rate,
a9.49 x 10° high suppression ratio, and a 0.43/0.4 s fast response time, bending 500 times
with a photocurrent stabilization rate of more than 90%, demonstrating the imaging sensor
arrays and space light source detection applications.

The band gap and conduction band energy levels of y-Ga;O3 are 4.65 eV and —1.12 eV,
respectively, corresponding to conduction band potentials and valence band potentials
of —3.38 V and +1.97 V, which are much more negative than the reduction potential of
water (H+/Hj) and much more positive than the oxidation potential of water (O, /H,O).
Therefore, y-GayOs3, as a broad-band semiconductor, satisfies the thermodynamic require-
ments for many reactions under UV irradiation. For example, GCN y-GayO3 can be used
for photocatalytic dinitrogen fixation and pollutant decomposition. y-GayOj3 also exhibits
photocatalytic activity. However, the photocatalytic efficiency of y-GapOs3 is not as high as
expected due to the short lifetime of photogenerated electrons and holes. It can only be ap-
plied under UV irradiation, which makes its photocatalytic applications extremely limited.
In 2022, Huang et al. [59] used an electrostatic self-assembly method to prepare NiyP/vy-
GayO3 nanosheet composites, and the yield of H; in pure water under UV light was up to
2.7 mmol g~ h~! and up to 12 mmol g~! h~! in methanol aqueous solution. Ni,P acts as
an electron collector for efficient separation of photogenerated carriers. Its performance is
superior to that of the noble metal Pt-modified system. In 2024, Sun et al. [60] synthesized
ultrathin y-Gay O3 quantum wires with a diameter of 1-2 nm by a soft template-assisted
solvothermal method, utilizing strong quantum confinement effects to realize far-ultraviolet
C-band photodetection. The device’s spectral selectivity of R210 nm/R250 nm reaches 452,
which demonstrates excellent performance.

Compared to other phases, 5-Ga,O3 has been relatively little studied. In 2023,
Takahiro et al. [61] first experimentally confirmed the existence of 5-Ga,;O3 and prepared
5-Gay O3 thin films using the epitaxial growth technique and fog vapor deposition using
[3-FeoO3, which has the same structure as 5-Ga,;O3 and a small lattice mismatch as a buffer
layer. The team then prepared vertical Schottky barrier photodiodes and demonstrated
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the semiconductor functionality of 5-Gap;O3. The devices were photoresponsive in the
deep ultraviolet region (4.5-5.5 eV), with a photoresponsivity of 1.25 mA /W at 5.1 eV,
which resolves the long-standing controversy of the existence of 6-GayOs3, providing a new
strategy for the stable growth of substable oxide semiconductors [62].

3. The Interface Between Ga; O3 and Other Materials

Metal-semiconductor contact is a crucial part of 3-Ga,O3 power applications. For
Schottky contact, the Schottky barrier height (SBH) results can be affected by the deposited
metal layer and pre-metal annealing treatment process [63—-68]. Ohmic contact is the key
step in 3-Ga,O3 devices. Various approaches have been proposed to improve the ohmic
contact quality, such as optimizing the metal electrode, surface treatment, ion implantation,
epitaxial regrowth, and adding the interlayer [69-77].

3.1. Ohmic Contact

Ohmic contacts between metals and semiconductors with low specific contact resis-
tance and good thermal stability are necessary to realize high-performance power devices.
Their specific contact resistance must be minimized to reduce voltage drop and power
loss compared to semiconductor devices. Therefore, ohmic contacts with low specific
contact resistance, high thermal and chemical stability, and repeatability are essential for
high-performance power devices. The metal work function, metal schemes, interfacial
reactions between metal and a semiconductor during the annealing process, and the doping
concentration of GapOs in the source/drain region are significant influencing factors for the
ohmic contact property. Currently, almost all Ga,O3 devices use Ti as ohmic contacts and
deposit Au as a protective layer to avoid oxidation. The ohmic contacts can be effectively
formed by optimizing the metal materials, annealing conditions, source/drain doping
method and concentration, and source/drain etching, as well as by adding the interlayer in
the source/drain region.

For instance, in 2017, Yao et al. [78] investigated the ohmic contact properties and
surface morphologies of nine metal materials, including Ti, In, Ag, Sn, W, Mo, Sc, Zn, and
Zr with Sn-doped (201) 3-GayOs. In 2012, Higashiwaki et al. [79] compared the I-V results
of Ga;Oj3 devices with and without the RIE treatment. The RIE process was implemented
by using a BCl3/Ar mixing gas. The samples with the RIE treatment exhibited ohmic
contact characteristics, while without the RIE process, the samples showed Schottky contact
features. In 2024, Xin et al. [80] proposed laser annealing instead of conventional rapid
thermal annealing (RTA) to investigate the ohmic contact characteristics of Ti/ Au electrodes
with (100) B-GayOs substrates at different laser energy densities.

Ion implantation and epitaxial regrowth have also been reported to fabricate an ohmic
contact. For instance, in 2016, Zhou et al. [70] doped 3-Ga;O3 with Sn at a concentration
of 2.7 x 10'® cm~3. Combined with Ar plasma bombardment, the Rc was dramatically
reduced to 0.95 ()-mm. In order to systematically study the mechanism of heavily doped (3-
GayO3 using MOVPE to achieve low contact resistance, in 2022, Alema et al. [75] optimized
the doping concentration, and the achieved R¢ was as low as 0.023 (3-mm.

Another approach is inserting an intermediate semiconductor layer (ISL) with a low
work function and a narrower bandgap. In 2016, Oshima et al. [76] proved the insertion of
indium tin oxide (ITO) for forming ohmic contact with 3-GayOs.

3.2. Schottky Contact

For wide-bandgap 3-GayOs, the contacts always exhibit Schottky behavior. When
metal and Ga;O3 come into contact, the energy band of the Ga,Oj3 side bends up to make
their Fermi levels equal. The lack of suitable metal materials with lower work functions
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makes ohmic contact formation challenging. Experimentally, the characteristic performance
of the Schottky barrier is generally analyzed using I-V and C-V curves. Many research
groups have investigated Schottky contacts on 3-GayOs3 using various metals (Ni, Pt, Au,
Cu, Ir, Pd, Mo, and W) [81].

However, Jiang et al. [82] prepared SBDs of (100) 3-GapOs in contact with W, Mo, Au,
and Ni and measured the SBH and the ideality factor by I-V and C-V rest. The result shows
that the SBH of 3-GayOs is less dependent on the metal work functions and more influenced
by the interface state, interface structure, and interactions. The Fermi level pinning effects
make the surface states affect the device’s performance [83]. The surface states can be reduced
by oxygen plasma and annealing, chemical solution cleaning [84,85], etc.

High-temperature annealing of 3-Ga;O3; materials prior to metal deposition can repair
interfacial defects and reduce the carrier concentration. Deng [86] et al. investigated the high-
temperature annealing of Ga;O;3 in an O, atmosphere. Their study showed that annealing
in an O, environment compensates the surface charge in Ga;O3, which increases the SBH of
the metal/3-GayO3 contact and thus improves the rectification characteristics. The oxidation
ambient annealing passivates the surface oxygen vacancies, resulting in a significant reduction
in the reverse leakage current and a 34 nm contraction of the sizing concentration distribution
to the interior, validating the surface charge compensation mechanism.

For practical applications, 3-Ga,O3; SBDs often operate under high-temperature
conditions. Thus, high-temperature performance for 3-Ga;O3; SBDs should be inves-
tigated [67,68,87]. Also, considering that metal oxides exhibit better high-temperature
stability and higher SBH, 3-Ga,;O3; SBDs utilizing metal oxides as Schottky electrodes have
also been proposed and investigated [88-91]. For instance, Hou et al. [92] reported that
IrOx/ B-Gay O3 Schottky contacts achieved a leakage current of only 2.3 x 1072 A/cm? at a
high temperature of 350 °C, with the rectification ratio exceeding 10! at all temperatures.

Current high-temperature electronics are mainly based on Si, GaN, or SiC. However,
the temperature limit for conventional silicon electronics is typically below 150-200 °C.
Silicon on insulator (SOI) electronics can help reduce leakage and achieve higher perfor-
mance at higher temperatures than monolithic silicon, but due to the narrower bandgap
of Si (1.12 eV), the device temperature limit is still lower than 300 °C. SiC and GaN are
promising materials for high-temperature applications and show particular advantages
over Si for high-temperature converters, rectifiers, and microelectromechanical system
(MEMS) devices. However, they are much more expensive to manufacture as compared
to conventional Si electronics. Considering GapO3 has a relatively low thermal conduc-
tivity (0.11 Wem K1), high-temperature device properties should be studied and pro-
posed [93,94].

In 2021, Karen et al. [95] investigated 3-Ga,Os-based vertical Schottky barrier diodes
using Pt Schottky contacts and Ti/Au ohmic contacts, constructed on (—201) oriented
unintentionally doped n-type substrates. Temperature-dependent electrical tests revealed a
Schottky barrier height of about 1.2 eV and a Richardson constant of 20 A /cm?-K?. The
device turn-on voltage dropped to 0.1 V at 400 °C. The switching ratio decreased from
room temperature > 10° to 17. After 10 thermal cycles at 400 °C, the series resistance at
room temperature increased by a factor of 1000 (from 0.1 Q-cm? to 24 Q-cm?), mainly
originating from the Ti ohmic contact layer migrating to the surface through the Au
electrode and oxidizing. STEM-EDS characterization confirms that Ti diffuses and oxidizes
at elevated temperatures, leading to contact degradation. The results indicate that the high-
temperature reliability of Ga,O3 diodes is limited by the stability of the ohmic contacts. The
contact structure needs to be optimized to break through the 400 °C application limit. This
study clarifies the contact reliability bottleneck for high-temperature applications of Ga;O3
devices, which provides an experimental basis for designing high-temperature-stable
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GayO3 power/sensor devices, and promotes their applications in extreme environments
such as aerospace and nuclear energy.

Also, in 2021, Hou et al. [96] investigated the improved rectification performance of
Pd Schottky contacts (SCs) on 3-GayOs at high temperatures. Experiments on Pd SCs
on the (—201) and (010) crystal planes of 3-GayO3 exhibit a significant improvement in
the rectification performance when operated at high temperatures in air. The image-
force-corrected barrier heights (®p ) increased from 1.40 eV at room temperature to
1.75-2.20 eV at 500 °C, with the main transition occurring at 250-450 °C. This is attributed
to the oxidation of the Pd layer to form high-barrier PdO regions dominating the high-
temperature current transport. The optimized oxidized Pd SCs have a ®p1p of 2.20 eV
at 500 °C, a leakage current of ~1 x 107 A/ cm? (—3 V), and a rectification ratio (3 V)
of ~107, which is comparable in performance to the best results of diamond and SiC. In
addition, the temperature dependence of the built-in voltage of thermally oxidized Pd
SCs is highly compatible with the 3-Ga,;O3 optical bandgap (both —1.3 meV/°C) in the
room temperature to 500 °C interval. This study provides a key solution for 3-GayOs
high-temperature device applications.

In 2023, Shahadat et al. [97] investigated the optimized p-NiO/n-p-GayO3 hetero-
junction diodes, grown with a NiO layer by pulsed laser deposition (PLD) and processed
by bench etching and annealing. The rectification ratio is over 10° at 410 °C, the turn-on
voltage is about 0.8 V, and the reverse leakage current is below the lower limit of the
measured noise, which is better than that of Ni-based Schottky diodes. Mott-Schottky anal-
ysis and TCAD modeling confirm that a higher built-in potential (~1.9 V) and additional
band shift are key to performance improvement, providing solutions for high-temperature
sensors and power electronics. In addition, further efforts should be taken with respect to
optimizing the quality of the interface traps and the NiO layer for further improvement.

The high-temperature operation of 3-GayO3 SBDs significantly affects the critical char-
acteristics of the devices, such as the Schottky barrier height, ideal factor, leakage current,
on-state voltage, and breakdown voltage, which reduces the performance and reliability of
the devices. In 2025, Nahid et al. [98] used in situ transmission electron microscopy (TEM) for
the 3-GapO3 SBD to observe the defect nucleation and evolution process in real time under
forward bias and high-temperature conditions. Their study reveals the failure mechanism
of the formation of vacancy clusters and amorphous regions due to high-temperature elec-
trothermal stresses, as well as the formation of metal pools by metal diffusion from Ni/Au
electrodes, which ultimately triggers the breakdown of the device and provides key insights
for improving the high-temperature reliability of 3-Ga,O3 devices.

In 2025, Wang et al. [99] investigated the properties of 3-GayOs3/ AIN heterojunctions at
high temperatures. The heterojunction was grown by MOCVD, and XPS analysis confirmed
a type II energy band arrangement, which is favorable for electron accumulation. The
3-Gap O3 thermal conductivity of 4.2 W/(m-K) and the interfacial thermal conductivity of
118.6 MW /(m?-K) were measured by the TDTR method, which showed an excellent heat
dissipation capability. The prepared SBDs exhibited low turn-on voltage (0.1 V), ideal factor
of 4.22, modified Richardson’s constant of 48.5 A/cm?K?, and high breakdown voltage of
1260 V at high temperature at 300-420 K, which proved their good potential for application
in high-temperature environments.

Despite the advantages of low cost and high performance for 3-Ga,Os, it is still
challenging to achieve p-type 3-GapO3. Thus, this research is mainly focused on unipolar
power devices, such as Schottky barrier diode (SBD) and MOSFET [100-109]. In addition,
its wide-bandgap property enables it as a crucial material for the next generation of deep-
ultraviolet light (DUV) photodetectors [43,110-113]. For power applications, by improving
the quality of the epitaxial layer and optimizing the device structure and fabrication process,
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the 3-GapO3 SBDs have been developing in the direction of higher Vgr and lower Ron sp,
along with the MOSFET devices. For instance, in 2025, Chang et al. [114] proposed a
vertical 3-Ga;O3 SBD with junction termination extension (JTE) utilizing a sputtering
p-GaN layer; the SBD achieves a Vgr of 3 kV with a low Ron sp of 6.15 mQ-cm? and high
Baliga’s figure of merit of 1.46 GW/ cm?. For B-Ga,O3 MOSFET, Wang et al. [115] fabricated
a reduced surface electric field (RESURF) p-NiOx /n-3-GayO3 heterojunction FET (HJ-FET)
with optimized tnjo = 110 nm. The devices exhibited a high Vpr of more than 10 kV and
PFOM of 63 MW /cm?.

4. Approaches to 3-Ga,O3 Power Diodes

Diodes are key components in integrated circuits (ICs), which can act as rectification,
signal modulation, etc. [116-119]. 3-GayO3; power diodes have become a current research
topic in the field of power electronics due to their excellent electrical properties and power
application potential. In order to improve the device performance, researchers have pro-
posed many new device structures, including SBDs and pn junction diodes with lateral and
vertical structures using different techniques. Some other representative diodes have also
been proposed in recent years and will be discussed in sequence.

4.1. Schottky Barrier Diode (SBD)

Due to the absence of the minority carrier storage effect, SBDs are promising to obtain
a low switching loss and fast switching speed. In addition, SBDs typically have a lower
on-state voltage (Von) thanks to the low barrier height. In recent years, researchers have
devoted significant efforts to improve the Vpr and overall device performance of the pro-
posed SBDs, owing to their simple fabrication process. In 2013, Sasaku et al. [120] proposed
the early 3-Ga,O3 SBD fabricated on single-crystal substrates without passivation or edge
termination, as shown in Figure 1a. The fabricated SBD exhibits good rectification character-
istics. The Vgr and Ron sp of the fabricated SBD are 150 V and 3 mQ-cm?, respectively. The
calculated Schottky barrier height is 1.3-1.5 eV. However, compared to the bipolar devices,
the SBD exhibits inferior breakdown characteristics since the unidirectional transport of
carriers is determined by the Schottky barrier formed by the metal/semiconductor contact.

To improve the Vpg, the power SBD structure incorporates a lightly doped drift layer.
In 2015, Higashiwaki et al. [121] fabricated Ga;O3 SBDs with a 7 pm thick Si-doped n-type
drift layer, as shown in Figure 1b. The VgR of the fabricated SBDs is enhanced to 150V, with
alow Ronsp of 2.4 mQ-cm?. In addition, in 2016, as shown in Figure 1c, Oda et al. [122]
proposed an n~ GapO3/n* Ga,Oj3 structure SBD. By optimizing the thickness of n-Ga, O3
layer, the Ron sp can be reduced as low as 0.1 mQ-cm?. The optimized VR reaches around
855V. Other factors also affect the electrical characteristics, including electrode size, device
area, crystallographic planes, and surface treatment [123-131]. For instance, in 2021, He
et al. [126] removed the donor-like impurities at the top of the drift region by inductively
coupled plasma (ICP) etching, which effectively suppressed the surface recontamination
and the leakage current of the 3-GayO3; SBDs, resulting in a high Vg of 1720 V and an
outstanding PFOM of 1.32 GW/cm?. In 2025, Deng et al. [86] also used ICP etching to
improve the surface quality of 3-GayOj3 thin films. By optimizing the BCl3/Ar ratio to
35/5, the Vg reaches 1500 V with a corresponding Ron sp of 4 mQ-cm?. The underlying
mechanism is also discussed. Also, Lee et al. [129] proposed the first wet surface treatment
of tetramethylammonium hydroxide (TMAH) on (3-Ga,Os surfaces and demonstrated the
effectiveness of TMAH treatment in enhancing the performance of 3-Ga;O3-based devices.
In 2025, Yu et al. [130] presented a low-temperature post-annealing (LTPA) technique to
improve the forward performance and VR of 3-GayO3 SBDs, realizing a low ideality factor
of 1.00 and subthreshold swing of 60-61 mV /decade. The Vgg of SBDs treated with LTPA
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at 350 °C increases by 48%. Moreover, in 2025, to reduce the cost, Liu et al. [131] used a
thermal oxidation (TO) technique to prepare vertical Ga;O3 SBDs directly on heavily doped
single-crystal (001) 3-GayO3 substrates without epitaxial growth, as shown in Figure 1d. By
optimizing the annealing temperature and time (900 °C, 2 h), the 3-Ga;O3 SBDs achieve a
Vgr of 460 V, Ron sp of 10.5 mQ-cm?, and PEOM of 20.2 MW /cm?. This technique provides
a new method to reduce the cost of such devices.

®100um Pt/Ti/Au(Schottky) @ (b)

] Anode
B-Ga,0; epitaxial layer
Unintentionally-doped
Ga,05(010)substrate
Ti/Au(Ohmic)

Cathode

()

© Anode(Ni/Au)
Slecaode QU ) Thermal Oxidation Layer
n~Ga,O,

L wee —
Electrode(Ti/Au)

Figure 1. (a) Cross-sectional schematic illustration of the proposed Gay,O3 SBDs [120], (b) Ga;O3
SBDs with Si-doped n-type drift layer [121], (c) n™-GapO3/n*-Gap O3 structure SBD [122], and
(d) TO-SBD [131].

4.1.1. Field Plate (FP) Technique

As shown in Figure 2, the breakdown of vertical 3-Ga;O3 SBDs usually originates
from the high electric field intensity at the edges of the Schottky metal electrodes. The
field plate (FP) technique, by introducing additional metal electrodes at the edges of the
device, can redistribute the electric field to reduce the localized electric field intensity. For
this reason, the Vpr can be enhanced, and the structure is widely used in SiC and GaN
power devices [132-135]. For 3-GayO3 SBDs, in 2017, Konishi et al. [136] reported the early
FP technique with SiO, as support material. The achieved Vgr exceeds 1 kV (1076 V),
with a low Ronsp of 5.1 mQ-cm?. By replacing the SiNx as the FP oxide material, in 2018,
Yang et al. [123] fabricated the 3-Ga;O3 SBDs with the high Vgr of 2.3 kV, with circular
diode diameters of 150 um, as shown in Figure 3b. The cross-sectional view of the device
can be seen in Figure 3a. Also, high-k dielectric can be selected as the FP oxide material. In
2025, Wang et al. replaced the dielectric layer material with high-k HfO, and found that the
thickness of the dielectric layer has a certain effect on the peak electric field of the device.
The thicker the thickness of the dielectric layer is, the weaker the voltage-sharing ability of
the field plate is. When the thickness of the dielectric layer Tox = 170 nm, the FP has the
best effect on the improvement of Vg, which raises the Vg from 543 V to 760 V. At an
earlier time, Roy et al. [137] used the high-k BaTiO3; (BTO) and BaTiO3 /SrTiO3; (BTO/STO)
as oxide FP material, and the Vgg of the fabricated SBD increased from 148 V (without
FP) to 486 and 687 V, respectively. Also, by using BTO as the field plate dielectric on a
-GapO3 wafer with the epitaxial layer thickness of 11 um, the devices obtain a Vg of
2.1 kV, 2.7 times higher than that of SBD without field plates [138]. Other high-k materials
can be used as FP oxide, such as TiO,, Al,O3, and PtOy [139-141].
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Figure 2. Concentration of the electric field distribution of the Ga,O3 SBDs.
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Figure 3. (a) Schematic of edge-terminated, vertical geometry Ni/Au Schottky rectifier structure (top)
and top-view optical microscope image of the device layouts (bottom) showing different device areas;
(b) expanded view of forward (top) and reverse (bottom) J-V characteristics for the 150 um diameter
rectifier [123].

Instead of a single field plate, bilayer field plate and three-step field plate tech-
niques have also been proposed for improving the SBD electrical performance. In 2019,
Yang et al. [142] deposited a SiO,/SiNx double-layer dielectric as a field plate by using
PECVD, and the schematic can be seen in Figure 4a. The composite SiO, /SiNy FP oxide is
used in this work to suppress the electric field crowding. The Schottky electrode diameter
is Imm, the current can reach 1 A when the voltage is set to 2.3 V, and the Vpg reaches
760 V. In 2024, Yuda et al. [143] demonstrated that a dual FP-SBD design improves the Vgr
through experimental and TCAD simulation methods, and the Vg reaches 2082 V with an
Ron,sp of 6.9 mQ-cm? at drift layer thicknesses of 135 nm and 425 nm for FP1-SiO, and
FP2-5i0;, respectively, which helps to achieve a balance of high breakdown voltage and
low on-resistance to drive 3-Ga;Oj3 in the field of power devices. In 2025, Lee et al. [144]
proposed a vertical Au/Ni/p-GayO3 Schottky barrier diode with a regularly arranged
internal field plate with the structure shown in Figure 4b. The results show that the SBD
with regularly arranged inner field plates exhibits an improved Vgr of 590 V as compared
to the regular one. Simulation using a TCAD technique shows that the regularly arranged
inner field plates can effectively suppress the peak electric field distribution under the
anode edge, thus improving the Vggr. In addition, in 2024, Gilankar et al. [145] proposed
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vertical GapO3 SBD integrated with a combination of three field plates and nitrogen ion
implant for field termination. The schematic of the proposed SBD can be seen in Fig-
ure 4c. The optimized diodes exhibit a low Ron sp of 6.2 mQ-cm? and a high breakdown
voltage of about 1400 V, with a reverse leakage current lower than 107 A-cm~2 up to a
voltage of 1.25 kV. Other representative related investigations have also been proposed and
reported [146-148].

(b) Final SBD Structure m— 500m A0, (C)

|
B EEE B PY/Au (50/100) =
N-Ga,0;

@

Lipy = 15um t3(2um)

N-ion Implantation

Ga,0, n-type drift layer (N, = 1x10'6 cm-%)
(001)
n*Ga,0, substrate

Ti/Au/Pt (50/50/50)

Figure 4. (a) device schematic of vertical 3-Ga,O3 SBDs with a bilayer field plate [142]; (b) vertical
Au/Ni/B-GayO3 Schottky diodes with regularly aligned inner field plates [144]; (c) the final fabricated
SBD structure with different dielectrics and metal contacts [145].

Moreover, the FP angle plate plays an important role in improving the electric field
distribution. In 2019, Allen et al. [149] fabricated a small-angle beveled mesa and field plate
structure with an angle of 1°. The schematic of the proposed small-angle beveled field
plate (SABFP) 3-GayO3 SBDs is illustrated in Figure 5a. In their work, SBDs with simple
structures, ordinary field plate structures, and 45° beveled field plate (BFP) structures are
also fabricated for comparison. As shown in Figure 5b, the corresponding VR values are
~200 V, ~400 V, ~650 V, and ~1100 V, respectively. The results demonstrate that SABFP
is effective in suppressing the peak E-field at the Schottky edge in both SOG and Ga,0;3,
resulting in high Vggr. In 2021, Liu et al. [150] investigated the influence of the dielectric
bevel angle, field plate length, and dielectric materials on the VgR of the proposed SBD
by TCAD study. The results proved that the edge termination structure of the small-
angle beveled field plate can alleviate the electric field concentration effect and improve
the breakdown voltage. In 2022, by using a field plate-assisted negative beveled (FP-
NB) terminal, Chen et al. [151] fabricated the SBD with a Vpr of 1100 V and Ronsp of
2.6 mO-cm? Also, the electric field distribution of bevel terminations with mesa angles
has been studied using TCAD. Other results of FP-SBDs have also been presented by
researchers [152-155].

Beveled Field Plate (BFP) Small-Angle Beveled Field Plate (SABFP)

PECVD-Si0,
M; A R
SO o sum g 00 Sum D %06

I-T.Zm D=120 ~ 250 um T
n-Ga,0, (Np: 3~3.5%10% em ™3t~ 8 um) gl

Ohmic (TifAu)

Current Density (A/lem?)
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Reverse Bias (V)

(@) (b)

Figure 5. (a) Schematics of vertical Ga,O3 SBDs with (a) BFPs and SABFPs; (b) reverse I-V character-
istics of the SBDs with no FPs, SFPs, BFPs, and SABFPs [149].

In conclusion, the field plate technology has become the core solution for 3-Ga,O3
SBDs to improve the voltage withstand capability by virtue of the process compatibility and
significant electric field modulation effect. In the future, it is necessary to further optimize
the dielectric layer materials and the metal deposition process for further improving the
3-GapO3 SBD performances.
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4.1.2. Edge Terminal (ET) Technique

Besides the FP technique, the formation of a high resistivity region at the edge of the
anode can promote the potential diffusion along the surface and suppress the peak electric
field, which can effectively suppress the reverse leakage current while improving the Vgg.
This technique is a more complex process, while reducing the geometric discontinuities.
There are two main methods to form a high-resistivity region in 3-Ga,Oj3: ion implantation
and oxygen annealing. Ion implantation is the most commonly used method due to the
fact that it is easier to choose the injection region. The injected ions can act as deep bodies
to introduce deep energy levels to compensate for carriers, and the lattice damage caused
by ion bombardment can introduce energy levels in the middle of the band gap to trap
carriers. This results in a lower electron concentration and higher resistance in the ion
injection region. A number of ion implantation terminals have been shown to improve the
breakdown voltage, including N, Ar, F, He, Mg ions, etc. For instance, in 2019, as shown
in Figure 6a, Zhou [156] prepared vertical 3-Ga;O3 SBDs using Mg ion implantation for
edge terminals (ETs). In their results, as shown in Figure 6b, the reverse VgR of vertical
GayO3 SBD with ET at a R = 90 pm achieves 1.55 kV, significantly higher than that (500 V)
of the one without ET. Combined with the Ron sp of 5.1 mQ-cm?, the PFOM is calculated
to be 0.47 GW/cm?. In their latter work, Zhang et al. [157] found that He and Mg ion
implantation were able to increase the Vgr of the device from 0.5 kV to 1.0 kV and 1.5 kV,
respectively. The SBDs with Mg ion implantation exhibit higher Vgr than He, but traps
or defects in the ion implantation region lead to the degradation of forward and off-state
stresses, which can severely affect the device’s reliability and dynamic performance.

(a)

102 : (b)
i Cant | WOET With ET
Ni/Au(60/120 nm) £ 100 1
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Figure 6. (a) Cross-section schematic view of the vertical 3-Ga,O3 SBD with Mg implanted ET;
(b) semi-log plot of the reverse I-V characteristics of the vertical 3-Ga;O3 diode with and W/O
Mg-implanted ET [156].

In addition, for the Ar ion implantation technique, Gao et al. [158] prepared vertical
-GapOs3 SBDs using Ar ion implantation for edge terminals, with the injection energy
of 50 keV and doses of 5 x 10 cm~2 and 1 x 10'® em 2. The Vg was enhanced from
209 V to 252 V and 451 V. The PFOM also increased from 25.7 to 30.2 and 61.6 MW /cm?,
an increase of 17.5% and 140%, respectively. In 2020, Hu et al. [159] proposed a novel
vertical 3-GayO3 SBD based on a self-aligned beveled fluorine plasma treatment (BFPT)
edge termination structure. Thanks to the strong electronegativity of fluorine ions, the
fixed negative charges introduced by F ions can alleviate the electric field crowding around
the junction periphery, resulting in the high Vgr of 1050 with a relatively low Ron sp of
2.5 mQ-cm?. Later in 2024, Luo et al. [160] proposed the F-ion injection into SiNy trench
termination structure, where F ions are injected into SiNy at a shallower injection depth than
into 3-GapOj3, which effectively mitigates the lattice damage of 3-Ga,Os3 by ion injection,
reduces the required injection energy, and improves the reliability of the device. When the
injection depth is 600 nm, the F-injection dose is 3.3 x 10'® cm~2, and the maximum Vgg
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of the device is 4734 V, with the low Ron gp of 2.1 mQ-cm?. For this reason, the obtained
PFOM is as high as 10.7 GW/cm?. In 2019, Lin et al. [161] proposed the guard ring (GR)
technique formed by N ion implantation, aiming to improve the Vgg. For comparison, four
types of SBD structures with (1) neither a GR nor a FP, (2) a GR, (3) a FP, and (4) both a
GR and a FP were fabricated on the same substrate. From their results, the GR/FP SBD
exhibits the highest Vgr of 1430 V, with the low Ronsp of 4.7 mQ-cm?. In 2025, Feng
et al. [106] studied the performance of a large-size (3 x 3 mm?) vertical p-Ga,O3 SBD using
a dual-field plate and N-ion implantation edge termination structure. Vgr of 1.5 kV, Ron sp
of 9.2 mQ)-cm?, forward current (IF) of 11.2 A, peak inrush current of 58 A, and a reverse
recovery time and losses comparable to those of a commercial 30 A SiC diode at a voltage
of 2 V were achieved. The device outperforms other similar devices and has great potential
for commercial applications. Other outstanding related works using ion implantation at
the edge terminal [162-165] have also been proposed and studied.

Unlike GaN and SiC, annealing in an oxygen atmosphere promotes the compensation
of gallium vacancies, thereby reducing the carrier concentration of 3-Ga,O3. This makes
oxygen annealing a unique method for the formation of high resistivity (HR) regions in
-GapOs. As shown in Figure 7a, Wang et al. [166] deposited a layer of SiO; as a barrier
layer to select the HR region and investigated the difference in device performance after
annealing at different temperatures. The VR of the devices annealed at 400 °C increased
significantly, while the Ron sp increased slightly, which can be seen in Figure 7b. However,
the Ron sp increases rapidly with annealing temperature beyond 600 °C. The suspected
reason is that higher annealing temperatures (>600 °C) result in sharp degradation of the
ohmic contacts and the limited blocking ability of SiO, at high temperatures. A more
effective barrier layer under high annealing temperatures is needed to fully utilize the
oxygen annealing technique. To address these issues, He et al. [167] used polysilicon as
an annealing cover layer to realize a selective high barrier zone for 3-Ga,O3 wafers at
1100 °C. Experiments showed that there was no significant loss of carrier concentration in
the polysilicon zone (~1.8 x 10'® cm—3), while the exposed zone showed significant loss of

04 cm~3), with a depletion depth of 2.4 um, demonstrating

carrier concentration (3.0 x 1
the desirable blocking ability of polysilicon for oxygen annealing environments. The device
with Lgr = 15 um has an Ronsp of 4.1 mQ-cm?, a Vg of 1800 V, and a PEFOM of up to
0.78 GW/cm?, demonstrating the advantages of the thermal oxidation method. Details
of the mechanism of the thermal oxidation method can be seen in Refs. [84,168-171]. In
addition, Dong et al. [172] fabricated the $-Gay;O3 SBDs with the S5iO, lying under the
anode edge to support the high peak electric field. The high Vgr of 5-6 kV and low Ron sp
of 3.4 mQ-cm? are achieved simultaneously in their results, leading to the excellent PFOM

to be 7.4-10.6 GW-cm™2.
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Figure 7. (a) Schematic cross-section of 3-Ga;O3 SBD with thermally oxidized termination. (b) Re-
verse I-V characteristics of unterminated SBD and OT-SBD with different thermal temperatures [166].

This technique effectively modulates the electric field distribution of 3-Ga;O3 devices
through ion implantation or oxygen annealing, significantly enhancing the Vpr and sup-
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pressing the reverse leakage current. However, the potential of the ion-implanted and
thermally oxidized end-junction structures needs to be further explored experimentally,
and future research could focus on ion-implanted damage repair and oxygen annealing
depth modulation to further promote the commercialization of 3-Gap,O3 power diodes.

4.1.3. Trench MOS Technique

Trench MOS SBD is a novel device structure based on conventional SBDs, introducing
a trench structure combined with the MOS (metal-oxide-semiconductor) principle. The
core feature is a vertical trench etched on the semiconductor surface, which transforms
the planar Schottky junction into a three-dimensional trench junction and forms the oxide
layer and gate electrodes of the MOS structure on the sidewalls of the trench. This design
combines the advantage of a low forward voltage drop of SBD with the electric field
modulation capability of the MOS structure, showing unique advantages in ultra-wideband
semiconductors such as 3-GapOs. In 2017, Sasaki et al. [173] prepared -GayO3 trench
MOS SBDs for the first time on p-GayO3 substrates with a 7 um drift layer (6 x 10'® cm~3),
as illustrated in Figure 8a. The experiments demonstrated that the trench MOS SBDs are
effective in reducing the reverse leakage current, increasing the Vgr from 70 V to 240 V. Due
to the reduced current channel, the Ron sp increased from 2.3 mQ-cm? to 2.9 mQ-cm?. For
trench MOS SBDs, the dimensions and fabrication process may affect the SBD performance
and have been studied.
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Figure 8. (a) Schematic cross-section of 3-Ga,O3 trench MOS SBD. (b) Reverse I-V characteristics of
B-Ga, O3 trench MOS SBD [173].

In 2018, Li et al. [174] proposed (3-Ga,;O3 trench MOS SBDs on (3-Ga;O3 substrates
with a 10 pm drift layer (1-2 X 1015 em—3), realizing a VR of 1.5 kV, with a reduction of four
orders of magnitude in the reverse leakage current with respect to conventional SBDs. In
the same year, they further experimented on a substrate with a drift layer concentration of
2 x 10'® em—3 and obtained a similar device with a Vg of 1232 V, which demonstrated that
increasing the epitaxial layer doping concentration can lead to a reduced Vgg. They also
proved that decreasing the fin width enhances the surface electric field effect, which results
in lower leakage current and improved Vgg [175]. In their later work [176], they minimized
the etch damage by introducing wet etching to achieve rounded trench corner profiles to
reduce the electric field crowding, featuring a Vg of 2.44 kV and a PFOM of 0.39 GW /cm?.
In 2020, Huang et al. [177] optimized the trench corner radius and the length of the trench
by TCAD simulation. They found that optimizing the trench corner radius could reduce
the maximum field strength of the dielectric layer and increase the breakdown voltage.
Finally, they proposed the GayOs trench SBDs with a high Vg of 3.4 kV and a PFOM of
more than 1.7 GW/cm?. In the same year, Li et al. [178] optimized the fin width by means
of a field plate to optimize the device structure, as shown in Figure 9a; they found that the
field crowding at the trench corners is caused by the positive space charge inside the fin
channel. By reducing the fin channel width, the total space charge inside the fin channel was
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reduced, thus reducing the field crowding at the trench corners. The Vg reached 2.89 kV
with the field plate, as shown in Figure 9b, which is about 500 V higher than that without
the field plate, and the coefficient of Baliga was 0.95 GW/cm?. Subsequently, in 2025,
Yi et al. [179] proposed -GapO3 trench Schottky barrier diodes with double-field plate
termination and an Al,O3/SiN dielectric layer structure, where the dual-field plate consists
of Al,O3/SiN/Ni (the first FP) and Al,O3/SiN/Ti/ Al (the second FP). The second FP helps
to reduce the electric field crowding effect at the edges of the first FD, thereby increasing the
Vpr of the thin double-layer dielectric (Al;O3/SiN) at the edges of the first FP. The Vg of
the proposed SBDs is increased from 700 V in conventional SBDs to 1380 V with an Ron sp
of 6.06 mQ)-cm?. The PFOM is improved from 31 MW/ cm? to 314 MW /cm?. In 2024, Kim
et al. [180] systematically investigated the instability of turn-on voltage for 3-Ga,O3 trench
SBDs with different finned channel orientations under a forward bias of 3~10 V. Among
them, fins oriented along the [010] direction exhibit the highest turn-on voltage stability
and the smallest hysteresis, whereas finned channels oriented along the [100] direction
exhibit the largest instability. This study reveals the correlation between the charge trap
effect and the fin channel orientation, which provides ideas for the optimized design of the
[3-GayO3 SBD. In 2025, Dhara et al. [181] proposed a method to realize charge recovery after
ICP-RIE etching by ultra-high vacuum annealing and prepared the multi-fin channel SBDs.
SBDs with [100] and [010] orientations exhibit comparable on-resistance. The VR of the
proposed multi-fin trench SBD is up to 1.85 kV, and the through-breakdown electric field is
over 3.2 MV/cm. This study solves the problems of charge compensation and on-resistance
increasing during the etching process, improving the device’s efficiency and performance.
In order to mitigate the effect of the trench structure on the forward conduction current,
Jietal. [182] proposed the edge trench field-limited ring (TFLR) structure by introducing
an edge trench structure near the Schottky metal. The results show that the TFLR structure
significantly increases the VR, reducing the reverse leakage current of the device while
maintaining good forward conduction characteristics. The TFLR structure enhances the
Vpr of the device from 190 V to 1010 V, and the reverse leakage current reduces from
3.16 x 1078 A/cm? t0 6.21 x 10712 A/cm?. Other representative and related work using
trench MOS SBDs has also been studied and proposed [183-189].
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Figure 9. (a) Schematic cross-section of the field-plated GayOj3 trench SBDs. (b) Comparison of the
reverse I-V characteristics between field-plated trench SBDs and SBDs with mesa [178].

In summary, the trench MOS structure has significantly improved the Vgr and sup-
pressed the leakage current of 3-Gap,Os power diodes through electric field modulation and
interface engineering, and in particular, the combination of high-k dielectrics and field plate
technology has pushed the VgR to exceed 3000 V. In the future, efforts should be focused on
the repair of etch damages, compatibility of the dielectric layer, and large-area homogeneity
in order to accelerate the commercialization of the structure for ultra-high-voltage 3-Gap;Os
power devices.
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4.1.4. Mesa Termination Technique

The mesa termination technique is another useful method, realized by an etching
process that increases the Schottky contact area to reduce the electric field concentration at
the edge of the electrodes and improve the device’s electrical performance. In 2022, Dhara
et al. [190] proposed a deep bench etching design for 3-Ga,O3; SBDs to achieve efficient
fringe electric field termination, with the structure shown in Figure 10a. The Vgr was
increased from 350 V to 1150 V at an etch bench depth of 4 um. They also analyzed the
effect of dry etching based on BCls /Cl, on (100) and (010) sidewalls and observed depletion
anisotropy of the etch along different sidewalls. Simulations and experiments show that
deep etching significantly improves the electric field termination efficiency and Vgr with
little effect on the device conduction characteristics. Also, Han et al. [191] proposed a
novel GayO3; SBD combined with platinum oxide (PtOx) and anodic self-aligned stage
termination (SAMT), as shown in Figure 10b. They systematically investigated the effect
of different stage etching depths on the performance of the devices. Their results showed
that the Vg reaches 2738 V at an etching depth of 1.2 um, 2.44 times higher than that of
the unetched device. In addition, the leakage current density of the device at —2000 V is
lower than 10 uA/cm?, which provides an effective method to improve the Vpg and reduce
the leakage current of 3-Gap,O3 SBDs. This method combines PtOy anodes to increase
the barrier height while maintaining lower leakage current, but a higher barrier height
inevitably leads to higher on-state voltage, which increases the on-state loss of the device.
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Depth (um)

Figure 10. (a) Schematic cross-section of the mesa-etched 3-GayO3; Schottky barrier diodes [190].
(b) B-GapO3 SBD with SAMT [191].

Some factors affect the electrical characteristics, including the inclination angle of the
mesa, etching, or treatment method. In 2025, Zhang et al. [192] proposed a 3-Gap O3 trench
MOS barrier Schottky (TMBS) diode with a novel termination structure of positively beveled
countertop and curved bottom corners, which were fabricated with O, plasma, hydrofluoric
acid (HF), and tetramethylammonium hydroxide (IMAH) post-etching treatment. The
effects of the three treatment techniques on the electrical characteristics of the devices
were investigated. It was found that the on-resistance of the three treatments was similar
at about 2.6 mQ-cm? and that Vg values were 1280 V, 1440 V, and 1800 V, respectively.
The post-etching technique improves the Vgg by optimizing the 3-GayO3 etched surface.
TMAH reduces the surface roughness, and O, plasma reduces the oxygen vacancies, and a
combination of both may be a better repair method. At an earlier time, Chen et al. [151]
proposed 3-Ga;O3 SBDs with negative- and positive-beveled mesa structures, respectively.
Compared to regular SBDs, the Vgr of the negative-beveled (NB) mesa structure was
increased from 400 V to 1100 V. While for the positive-beveled (PB) mesa structure, a high
Vpr of 1710 V is achieved due to the more mitigated electric field concentration.

Field plates can likewise be combined with mesa termination structures to improve the
device performance. In 2024, Wan [193] proposed (3-Ga,O3 SBDs with a field plate-assisted
deep mesa (FPDM) termination structure, which effectively reduces the anode edge electric
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field by forming a deep table through self-aligned etching and incorporating a field plate, as
shown in Figure 11. In their work, experimental results show that the fabricated FPDM-SBD
has a VR of over 2.5 kV, an Ron sp of 3.78 mQ-cm?, a power quality factor of 1.65 GW/ cm?,
and a forward voltage as low as 1.45 V, demonstrating the potential of the 3-Gap,O3 SBD for
multi-kilovolt applications. In addition, Feng et al. [194] proposed SBDs with a composite
termination structure of mesa and double-field plates combined with a substrate thinning
process. This composite termination results in an increase in Vg from 400 V to 1240 V,
with substrate thickness thinning to 85 pum, reduction in on-resistance from 174 mQ-cm? to
112 mQ-cm?, an increase in forward current from 6.04 A to 10.1 A, and an increase in inrush
current from 20 A to 29 A. Thermal resistance is significantly reduced from 6.45 K/W to
2.21 K/W, comparable to commercial SiC SBDs.

Si0; N-Epi:

ALO, 2e16 10p

N* Sub: 650um 100nmAl,0,
Cathode

Figure 11. Schematic cross-section of the fabricated FPDM-SBD and its SEM image [193].

Sun et al. [153] proposed a hybrid electric field management configuration combining
a beveled mesa (BM) termination with a high-k oxide BaTiOj field plate (FP), which can
effectively suppress the electric field crowding at the edge of the anode and increase the
VR to 1726 V, which is superior to the BM-terminated SBD with a Vg of 0.64 kV and the
bare SBD with a Vg of 0.22 kV. The BMFP-SBD exhibited excellent dynamic switching
characteristics, with a short reverse recovery time of 10.1 ns, and is virtually unaffected by
high-k dielectrics even under switching conditions, with di/dt as high as 420 A/ls, realizing
the application of Ga,O3 SBDs in high-speed, high-voltage power electronics. Therefore,
they have considerable potential for application in 3-Gap,Os power devices. Some other
related work has also been proposed [195-197].

4.2. PN Heterojunction Diode (H]D)

Although SBDs have the advantage of low Vo and fast recovery times, as compared to
p-n junction diodes, and the Vg of 3-GayO3 SBDs can be greatly improved by introducing
various termination structures, as mentioned in Section 4.1, it is still challenging to achieve
a Vpr over 3 kV, which meets the increasing demand for power applications. In addition,
the fabrication processes for 3-Ga,O3; SBDs are always complex. The p-n junction has
good electric field management capability, but the efficient realization of intrinsic p-type
in 3-GayOjs is a big challenge. The good news is that other p-type oxide semiconductors,
such as NiO [198,199], Ir;O3 [200,201], SnO [202,203], CuAlO; [204,205], GaN [206,207],
CupO [208,209], Cr,O3 [210], etc., can form heterojunctions with $-GayO3 to make up
for the deficiencies of p-type (3-GayOs. The depletion region of the p-n junction can be
utilized to regulate the electric field below the anode and suppress the concentration of
the electric field at the edge of the Schottky junction, achieving a balance between the
high-voltage blocking capability and the low conduction loss. The wide-bandgap NiO
has promising potential in power applications due to its structural stability and tunable
P doping property. Currently, most of the studies are mainly focusing on NiO/3-GayO3
pn junction diodes, and the main review in this section is related to the NiO/-GayO3
structure heterojunction diodes.
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Early in 2017, Watahiki et al. [208] proposed heterojunction p-Cu,O/n-f3-Ga,O3 diodes
on an epitaxially grown $-GayO3 (001) layer. The VgR of these p-n diodes reached 1.49 kV
with Ron sp of 8.2 mQ-cm?. For the purpose of obtaining higher Vgg, in 2020, Lu et al. [211]
proposed wide bandgap NiO to form NiO/n-f3-Ga;O3 heterojunction diodes (HJD), as
shown in Figure 12a. For comparison, the Ni/3-Ga;O3 SBD is also fabricated. A low Ron sp
of 3.5 mQ-cm? for NiO/ B-GayOs p-n diodes is achieved as compared to that (4.2 mQ-cm?)
of Ni/[3-GapOs SBDs. As shown in Figure 12b, the Vg exceeds 1 kV (1059 V), much higher
than that (500 V) of Ni/3-GapO3 SBD. In order to further improve the power performance
of NiO/ 3-Ga,O3 HJD, Gong et al. [212] proposed a bipolar p-NiO structure that consists
of a heavily and lightly doped layer. The heavily doped layer can provide high hole
concentration, and the lighted doped layer suppresses electric field crowding effectively. In
their results, the double-layer diode achieved a high Vgr of 1.86 kV as compared to that
(0.94 kV) of the single-layer one.
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Figure 12. (a) Schematic device structures of the vertical NiO/3-GayO3 heterojunction p-n diode
and the Ni/[3-Ga;O3 SBD; (b) comparison of the breakdown characteristics for the NiO/3-Ga,O3
heterojunction p-n diode and Ni/3-Ga;O3 SBD [211].

In the absence of an optimization field, Hao et al. [198] optimized the interface by
annealing. By annealing the interface at 350 °C for 3 min in a N, atmosphere, a high-
performance NiO/3-Gap;O3 p-n diode was obtained. The Ronsp decreased from 5.4 to
4.1 mQ-cm?, and the Vpg increased from 900 V to 1630 V with a power quality factor of
0.65 GW/cm?. The interfacial trap density and current-voltage hysteresis were significantly
reduced in their results. In 2025, Liu et al. [199] also proposed an interface optimization
technique using O, plasma to treat the controllable interface of high-performance NiOy/ 3-
GayO3 HJDs. This method significantly improves the device performance by modulating
the energy band structure and decreasing the ohmic contact resistance at the Ni/NiOy
interface. Atomic force microscopy (AFM) images demonstrated that a 1 min O, plasma
treatment resulted in a smoother surface topography, reduced interfacial defects, and im-
proved metal-semiconductor contact quality. The treated H]Ds exhibited a significantly
higher PFOM of 0.675 GW /cm?, a 209.63% improvement over the untreated devices. In
addition, a high Vpg of 1340 V is achieved, superior to most state-of-the-art Ga,O3 het-
erojunction diodes and Schottky barrier diodes without any termination structure. In
combination with UV /ozone treatment (UVO), Ding et al. [213] proposed the preparation
of NiOy/ -GapO3 H]Ds with enhanced performance through synergistic interfacial engi-
neering (SIE) with post-annealing processes, which can greatly improve the electrical and
interfacial characteristics of HJDs. The results showed that the Ron sp was 2.47 mQ-cm?
with a Vg of 1355 V, resulting in an excellent PFOM of 0.743 GW/ cm?. These studies
provide some new strategies for optimizing the metal-semiconductor interface, paving the
way for commercialization and scalable fabrication of high-performance 3-Ga,O3 devices.
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Similar to mesa terminal structures, H]Ds can also be structured with small angles
to reduce electric field concentration and enhance device performance. Zhou et al. [214]
fabricated large-area (1 x 1 mm?) small-angle (~11°) beveled NiO/3-Ga,O3 H]Ds, as
shown in Figure 13a. The fabricated HJDs exhibit a static Vpr of 1.95 kV and a dynamic
Vpr of 2.23 kV, with an Ron sp of 1.9 mQ-cm?. Subsequently, they fabricated H]Ds [215]
with a 6° tilt angle, giving a Vg of up to 2.04 kV. The device had a measured Ron sp of
2.26 mO-cm? and a PEOM of 1.84 GW/cm? at DC. The device showed a Vg of 1.23 kV at
200 °C, exhibiting high thermal stability. In addition, the extension of NiO material has the
advantage of reducing the electric field crowding at the edges of the diode [216], which
results in the device’s VpR of 4.7 kV and an Ronsp of 11.3 mQ-cm?, with a PEOM reaching
2 GW/cm?. The effect has also been studied and verified by other groups [217-219].
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Figure 13. Schematic cross-sectional view of the beveled mesa NiO/3-Ga,O3 HJD (a) [214]; NiO/ -
Ga, O3 HJD with JTE (b).

The performance of HJDs can be further improved by combining with other techniques.
In 2024, Wan et al. [220] etched ~7 um deep trenches to reduce the anode edge electric field
using a self-alignment technique. The trenches with SiO,/PI/SiO, dielectric structures
and additional field plates were added. The deep trench terminations and the field plates
alleviate the electric field crowding around the junction. The fabricated SBDs exhibit
an enhanced Vpgr of 2050 V as compared to other structures in their results. In 2025,
Wan et al. [5] proposed a p-type NiO material encapsulated in a deep countertop using
a termination method as an RESUREF structure. This structure does not require a self-
alignment process, which expands the flexibility of the termination design and reduces the
influence of dielectric charge on the effectiveness of the edge termination. The fabricated
device exhibits the high Vpg of 3214 V, Ron sp of 4.05 mQ-cm?, and PFOM of 2.55 GW /cm?.
The technique provides a versatile and effective edge termination solution for 3-GayO3
power devices. In 2025, Jia et al. [221] prepared p-type NiO on n-f3-Ga,Os epitaxial layers
by sputtering and effectively suppressed the electric field at the p-n junction of the device
by He ion implantation as a highly efficient and low-damage edge termination. The Vgr
was enhanced from 1330 V to 3000 V, the Ron sp was 3.12 mQ-cm?, and the PFOM was
2.88 GW/cm?. This study provides a new idea for the design and fabrication of high-
power, low-loss 3-GayO3 bipolar power devices. Also, some other related works have been
reported [222-228], aiming to improve the NiO/ 3-GayO3 SBD performance.

In summary, heterojunction p-n diodes have become the core solution for balancing
Vpr and conduction loss in 3-Gap;O3 power devices through interface engineering and
termination structure innovation. In particular, the bilayer NiO design and composite
termination technology have realized over 3 kV breakdown voltage, showing the potential
to surpass SiC/GaN. In the future, we need to focus on material compatibility and large-
area process optimization to promote its commercialization in ultra-high-voltage power
transmission and high-temperature power electronics scenarios.
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4.3. Heterojunction Barrier Schottky (HJBS) Diodes

The HJBS diode structure utilizes p-type oxides (e.g., NiO and SnO) and n-type
-GapOs to form a heterojunction, which achieves low-voltage conduction through the
Schottky junction in forward bias and suppresses the edge field concentration with the
help of a pn junction depletion region in reverse bias, which combines high efficiency
rectification with high blocking capability. The research progress of 3-Ga,O3 HJBS in recent
years is summarized below.

In 2021, Lv et al. [229] reported the early Ga,Os HJBS diode, as shown in Figure 14a.
The p-NiO was formed using a Ni thermally oxidized method. In their results, the
small-area 3-Ga,O3 HJBS diode demonstrated a high Vg of 1715 V and low Ron sp of
3.45 mQ)-cm?, resulting in the highest dc FOM = 0.85 GW/cm?. This method provides
guidance for balancing the turn-on capability and leakage current suppression of Ga,O3
power devices. In 2022, Yan et al. [230] etched the GayO3 surface to form fin structures.
After that, sputtered p-NiO was used to realize the HJBS structure. In their results, the
leakage current was minimized by the p-NiO fins. The HJBS exhibited a low Ron sp of
1.94 mQO-cm? and a Vgg of 1.34 kV with a fin width of 3 um, exhibiting a high DC PFOM of
0.93 GW-cm 2. In 2023, Zhang et al. [231], for the first time, compared the performance of
1 mm? NiOx/ p-Ga,O3 HJBS diodes with strip and honeycomb anode p* island layouts
using 3D TCAD simulations. The results show that the cellular layout HJBS diode has
slightly higher on-state voltage and resistance, but the Vpg increases from 412 V to 567 V, a
38% improvement, the BFEOM increases by 59%, and the reverse leakage current decreases
by two orders of magnitude. Both devices have similar reverse recovery, with t,. on the
order of nanoseconds. In addition, the cellular HJBS diode provides better inrush current
robustness, thanks to better heat dissipation. These results indicate that the honeycomb
structure can further improve the power performance of NiOy/3-Ga;O3 HJBS diodes with
great potential for power applications. In 2025, Wang et al. [232] prepared (3-Ga,Os HJBS
diodes by reactive magnetron sputtering selective growth of circular p-type SnO thin film
arrays in combination with 3-GayOs3 substrates. The SnO/ 3-Ga;O3 HJBS diode showed
suppressed reverse leakage currents due to the reduced crowding effect of the electric
field at the anode edges and the transverse depletion effect of p-n junctions, resulting in
an increase in Vpg. The device was shown to have a turn-on voltage of 1.2 V, an Ron sp
of 5.1 mQ)-cm?, a Vg up to 1375V, a Baliga power quality factor of 0.37 GW/cm?, and a
reverse leakage current of less than 2 pA /cm? when reverse biased to 1250 V. The perfor-
mance of HJBS diodes with different pitches is also investigated, showing that the reduction
in pitch is expected to further improve the Vpg, and the diodes have a promising applica-
tion in future 3-Gay;O3 power electronic devices. Hu et al. [233] simplified the fabrication
process of 3-GapO3z-based HJBS diodes by utilizing self-assembled nickel nanostructures
as in situ masks, as shown in Figure 14b. A Ga,O3; HJBS power diode without alignment
was demonstrated with a trench depth of 200 nm, and the device’s inverse characteristics
shifted from a conventional SBD to a p-n bipolar structure. The transverse pinch-off effect
redistributes the electric field, reducing the reverse leakage current density by 108 A /cm?
(reverse bias 100 V). In addition, the Vpr increases by 748 V while retaining the forward
conduction advantage of low on-resistance, providing a simple strategy to simplify the
fabrication process of Ga;O3-based HJBS diodes. Gong et al. [234] prepared NiO/3-GapO3
p-n heterojunction diodes with a room-temperature reactive sputtering technique without
any etching process, effectively avoiding intentional etching damage. The HJBS diodes
with a uniform FLR width/spacing of 2 pm achieved a maximum Vg of 1.89 kV and an
Ron,sp of 7.7 mQ-cm?, with a Baliga quality factor of 0.46 GW/ cm?, as shown in Figure 14c.
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Figure 14. Schematic cross-sectional view of (a) the Ga,O3 HJBS diodes with thermally oxidized
p-NiO [229]; (b) the self-aligned HJB diode [233]; (c) HJB diode with p-NiO FLRs [234]; (d) the Gay;O3
JBS diode with field plate structure (left) and without beveled field plate (right) [154].

Combined with the field plate technique, the performance of NiO/ 3-GayO3 HJBS can be
further improved [154,235]. In 2023, Wei et al. [154] inserted a small-angle (~8°) SiO; field plate
on the edge of NiO/ 3-GayO3 HJBS diodes, as shown in Figure 14d, increasing the Vg from
1895 V to 2395V, achieving a PFOM of 0.72 GW with the small-scale (0.1 x 0.1 mm?) diode.

Despite the challenges of material thermal mismatch and large-area processes, HJBS,
with its low-cost and easy-to-integrate features, shows potential to surpass SiC/GaN in
ultra-high-voltage transmission and high-temperature power electronics. In the future,
efforts should be focused on the optimization of new p-type materials and atomic layer
deposition processes to accelerate the industrialization process.

4.4. Lateral Structure Diodes

Although lateral devices have a larger area compared to vertical ones, they have the
advantage of low cost and improved thermal dissipation by integrating with other sub-
strates. Lateral structure, without the need for substrate thinning, backside metallization,
and other complex processes, is more convenient to integrate with other power devices
(such as MOSFETs and IGBTs) or drive circuits to achieve monolithic integration to reduce
the complexity of the system-level packaging.

In 2018, Hu et al. [236] reported the first high-performance lateral 3-Ga,O3 SBD on
a sapphire substrate. The 3-Ga;O3; nano-membrane channel was transformed from a low
dislocation density bulk 3-Ga,Os substrate to a sapphire substrate. The fabricated SBDs with
a Schottky—ohmic contact distance of 15 um exhibit the high Vg of 1.7 kV in their results,
even without being field plate assisted. Subsequently, combined with the field plate technique,
researchers [237] reported lateral 3-Ga;O3 SBDs with a Vgg over 3 kV when anode to cathode
spacing (Lac) =24 or 31 pum for the first time. When Lac = 16 um, they fabricated the lateral
SBDs with a Vg of 2.25 kV, a record DC PFOM of 500 MW /cm? at that time. The device’s
structure can be seen in Figure 15a. In 2023, as shown in Figure 15b, by combining a dual-field
plate structure with a post-anode deposition annealing (PAA) treatment technique, which
effectively suppressed the interfacial density of states, Chen et al. [238] for the first time,
fabricated the lateral 3-Gap,O3 SBDs with VR increasing from about 4 kV to more than 10 kV
with Lac = 90 um. The turn-on voltage was kept at about 1 V.
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Figure 15. Schematic cross-sectional view of (a) the lateral 3-Ga,O3; SBDs with field plate struc-
ture [237]; (b) the lateral 10-kV Ga;O3 SBD with double FP anode engineered technique [238]; (c) the
GayO;s lateral trenched SBD with high-k dielectric superjunction [239]; (d) the 10 kV $-Gap;O3 SBDs
with RESURF termination [240].

In 2022, Roy et al. [239] realized high-k (BaTiO3) transverse trench superjunction (S])
lateral B-GapO3 SBDs on an epilayer with a sheet charge of 1.5 x 10'> cm ™2, as shown in
Figure 15c. When the anode-to-cathode distance was 5 pm, they achieved lateral SBDs with
Ron,sp of 1.65 mQ-cm?, Vg of 1487 V, and PFOM of 1.34 GW/cm?, which provides a new
solution for the development of 3-GayO3-based power devices and is expected to promote
their development in multi-kilovolt applications.

In addition, in 2023, Yuan et al. [240] designed a novel transverse Ga;O3 SBD, as
shown in Figure 15d, which employs a reduced surface electric field structure (RESURF)
of p-type NiO to achieve breakdown voltages (>10 KV) at high temperatures of up to
200 °C. The fabricated SBD shows an Ron sp of 0.27 Q-cm? and a turn-on voltage of 1 V.
The results in their work suggest that the Ga,O3 device has a high voltage in medium- and
high-voltage, high-temperature power applications with good potential.

In 2024, Cho et al. [241] prepared transverse SBDs on Si-doped (3-Gap;O3; wafers grown
by molecular beam epitaxy (MBE) with different anode and cathode spacings of the devices
and an anode-connected field plate structure. The effects of different spacings and field
plate structures on the device’s performance were investigated. Their results exhibited a
near-zero turn-on voltage, sub-60 mV /dec subthreshold swing, and high Vg of 3694 V.
However, due to the ohmic contacting process, the on-resistance of the device was high,
resulting in a PFOM of only 18.87 MW /cm?. The ohmic contacting process can be optimized
later on to reduce the on-resistance and improve the PFOM. Some other lateral structure
-Gap O3 diodes have also been proposed and studied [242-245].

4.5. Other Representative SBDs

Junction termination extension (JTE) structures homogenize the electric field distribu-
tion by introducing lightly doped p-type regions at the edge of the main junction, allowing
the depletion region to extend toward the device edge and avoiding premature breakdown
due to the concentration of the electric field. The structure can be realized by ion implanta-
tion or thin film growth without complex multilayer dielectric deposition or high-precision
etching, combining process compatibility and E-field regulation efficiency.

In 2022, as shown in Figure 16a, Hao et al. [246] used a sputtering process to adjust
the charge concentration of p-type NiO as the JTE, which can effectively suppress the
main junction edge electric field. A reasonable charge concentration in the JTE region can
balance the main Schottky junction and the edge electric field in the JTE region. The results
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show that the Ronsp is 2.9 mQ)/ cm?, the Vpg is 2.11 kV, and the power quality factor is
1.54 GW /cm?. By using multiple layers of p-NiO JTE, Wang et al. [247] fabricated 3-GayOs
SBDs that showed an Ron sp of 5.9 mQ)/ cm?, a VR of greater than 2.5 kV, and a PFOM
surpassing 1 GW/ cm?. In 2025, Chang et al. [114] prepared fully vertical 3-Ga,O3 JTE-SBDs
using sputtered p-GaN layers to solve the p-Ga;O3 material deficiency problem, as shown
in Figure 15b. The device has a turn-on voltage of 0.8 V, an Ron sp of 6.15 mQ-cm?, a Vg
of 3kV, and a Baliga quality factor of 1.46 GW/cm?. The p-GaN layer preparation process
can be further optimized to improve the device performance. Some other 3-Ga,O3 SBDs
JTE techniques can be seen in Refs. [248-251].

Gong et al. [252] fabricated a high-performance GayO3 vertical HJBS diode by inte-
grating a TiN/GayO3 Schottky contact, p-NiO-filled trenches, and p-NiO field-limited
loops. Using an embedded p-type NiO lattice to move the peak electric field away from
the Schottky junction, thus permitting the use of an ultra-low-barrier TiN Schottky contact,
the HJBS achieved a low on-state voltage of 0.91 V and a high Vgg of more than 1 kV. In
the study of Ref. [253], Han proposed 3-Ga;O3 SBDs with composite termination that com-
bines mesa and gradual junction termination extension (MJTE). By optimizing the device’s
parameters, the VgR increased from 738 V to 2116 V, resulting in a huge improvement in
the PFOM to 608.35 MW /cm?. In 2024, Prajapati et al. [254] reported, for the first time,
the use of interfacial dipoles to modulate the Schottky barrier height (SBH) of 3-GayOs
SBDs, and a significant enhancement of the SBH and Vg was achieved by the ultrathin
plasma-enhanced atomic layer deposition-prepared (PEALD) AlOy interfacial layer. In their
results, the AlOy layer does not significantly increase the on-resistance, and the 5 A thick
AlOx layer has the best effect with the highest enhancement of SBH of 0.8 eV and Vg up to
nearly 500 V. In the same year, Hong et al. [104] used AIN as the interface material prepared
by an atomic layer deposition (AlD) process. Compared with conventional 3-Ga;O3 SBDs,
the AIN/3-GapO3 MIS SBDs have three orders of magnitude lower reverse leakage currents
and higher Vg, from 208 V to 890 V, while maintaining a relatively low Von of 0.92 V
and an Ronsp of 11.8 mQ-cm?. These two studies provide new approaches to enhance the
performance of 3-GapO3 SBDs. In 2023, as shown in Figure 16¢, Qin et al. [255] fabricated
vertical superjunction Schottky barrier diodes (SJ-SBDs) by integrating p-NiO within the
trenches of 3-GayOj3. The fabricated devices exhibited an Ron sp of only 0.7 mQ-cm?, and
Vgr exceeded 2000 V.

Also, in 2023, Hendricks et al. [227] proposed metal dielectric semiconductor (MDS)
diodes with a TiO; interlayer, which achieved lower turn-on voltage and similar Ron sp,
while reducing reverse leakage current. Compared with conventional SBDs, the on-state
voltage was reduced from 0.88 V to 0.59 V, and the Vpr was improved from 548 V to
1380 V. They then investigated the current transport mechanism of the device, showing
that electron emission is a good description of the current in forward and reverse bias. The
results show that tunneling currents are greatly suppressed, so that a diode sandwiched
with titanium dioxide can block more current than a Schottky barrier diode by orders of
magnitude with the same barrier height. Finally, a 1200 V diode structure is designed
based on the derived transport model, and the calculated on-state and off-state current
characteristics are very close to those of the latest commercial 4 H-SiC devices, indicating
that the diode structure can realize a 3-Ga;O3 power diode [256].

In addition, as shown in Figure 16d, Li et al. [257] proposed the preparation of (3-
Gay0O3 SBDs with a Mg current blocking layer (Mg-CBL) by a Mg-doped spin-coated glass
(Mg-SOG) technique, which realizes the thermal doping process without surface roughness
damage. The Mg-CBL traps the electrons, mitigates the electric field, and reduces the
reverse saturation current; the Vpg increased from 580 V to 2200 V, Ron sp increased from
4.0 to 4.8 mQ)-cm?, and the power quality factor exceeded 1 GW /cm?.
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Figure 16. Schematic cross-sectional view of (a) the lateral 3-Ga,O3 SBDs with single-zone p-
NiO JTE [246]; (b)the fabrication process for p-GaN/n-Ga;O3 JTE-SBD [114]; (c) the superjunction
SBD [255]; (d) the proposed -GayO3 SBD with Mg-SOG CBL [257].

5. Conclusions and Outlooks

The research progress of different structures of 3-Ga,O3 power diodes includes vertical
and lateral structures with various advanced techniques. For SBDs, field plate techniques
can redistribute the electric field to reduce the localized electric field intensity, enhancing
the Vpr. FP oxide material, the thickness, multiple-layer FP, FP angle, and FP length are
optimized for improving the device’s electrical performance. As for the ET technique,
ion implantation and oxygen annealing are two of the main methods of forming a high-
resistivity region. N, Ar, F, He, and Mg are always selected to form ion implantation
terminals, and the annealing temperature should be optimized. For trench MOS SBD, the
dimensions and shape, fabrication process, epitaxial layer doping concentration, and fin
channel orientation should be carefully designed and selected. For pn junction diodes,
NiO/B-Gay03 is always selected and exhibits excellent performance. Post-annealing, the
NiO layer angle, the NiO growth method, and the NiO extension are factors that affect the
device’s performance. For HJBS, p-type materials, the growth method, and dimensions
should be considered.

For 3-Gay O3 diodes, SBDs usually have a lower Voy, with Vg not as high as that of pn
junction diodes. Ion implantation ET techniques or HJBS diodes can remedy this issue, but
the fabrication cost is much higher. pn junction (HJD) and HJBS diodes are promising for
achieving high Vpr. However, HJBS diodes suffer from much greater structure complexity.
5] diodes usually exhibit the best trade-off between low Von and high Vgg.

In this work, the 3-GayO3 power diode technique has been discussed comprehensively,
including vertical and lateral structures with various advanced techniques. Although
state-of-the-art techniques for fabricating 3-Gap,O3 power diodes have been proposed and
summarized in this work, there is still significant room for exploration to improve 3-GapOs
power diodes’ performance. In summary, 3-Ga,O3 power diode techniques will continue
to be a research focus for power applications in the future. We believe the content presented
in this work will be beneficial for understanding and achieving high-performance 3-Gap;Os
power diodes.
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