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Abstract: In this study, we present the fabrication and characterization of vertically oriented NiO/ 3
polymorph n-Ga,O3/n+ GayO3 heterojunction rectifiers featuring a substantial area of 1 mm?.
A dual-layer SiNx /SiO, dielectric field plate edge termination was employed to increase the break-
down voltage (Vg). These heterojunction rectifiers exhibit remarkable simultaneous achievement of
high breakdown voltage and substantial conducting currents. In particular, the devices manifest Vg of
7 kV when employing a 15 um thick drift layer doping concentration of 8.8 x 1015 cm~3, concur-
rently demonstrating a forward current of 5.5 A. The thick drift layer is crucial in obtaining high Vg
since similar devices fabricated on 10 um thick epilayers had breakdown voltages in the range of
3.6—4.0 kV. Reference devices fabricated on the 15 um drift layers had Vg of 5 kV. The breakdown
is still due to leakage current from tunneling and thermionic emission and not from avalanche
breakdown. An evaluation of the power figure-of-merit, represented by Vg2/Ron, reveals a value
of 9.2 GW-cm~2, where Rppy denotes the on-state resistance, measuring 5.4 mQ-cm?. The Coff was
4 nF/cm?, leading to an Ron X Cyg of 34 ps and Fco of 29 GHz. The turn-on voltage for these
rectifiers was ~2 V. This exceptional performance surpasses the theoretical unipolar one-dimensional
(1D) limit of both SiC and GaN, underscoring the potential of 3-Ga,Oj for forthcoming generations

of high-power rectification devices.

Keywords: NiO; GayOj rectifiers; high breakdown

1. Introduction

The contemporary focus of research in power electronics revolves around the ad-
vancement of devices reliant on monoclinic 3-GayOs3 [1-16]. Notable demonstrations have
unveiled the attainment of elevated breakdown voltages, surpassing 8 kilovolts (kV), albeit
in relatively small diameter (100 um) devices encompassing both vertical rectifiers [9,17-19]
and lateral transistors tailored for applications necessitating lower current capacities [7,8].
Typically, standard Schottky Barrier Diodes (SBDs) have soft breakdown characteristics
because of the Schottky barrier lowering at high reverse bias that allows tunneling and
thermionic emission currents. Consequently, the breakdown voltage is chiefly determined
using the maximum permissible leakage current rather than avalanche breakdown, rep-
resenting a key limitation in their operational constraints [20-24]. A promising recent
development entails the incorporation of NiO as a p-type conducting layer to engender
p-n heterojunctions with the n-type GayOs [21,25-52], partially mitigating the inherent
absence of native p-type doping capabilities in Ga,O3. Nevertheless, formidable challenges
persist, encompassing the optimization of edge termination and effective heat dissipation
management, vital prerequisites for ensuring device reliability [1,5,20,25,32-38]. Another
paramount endeavor entails the realization of larger area devices capable of facilitating
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substantial conduction currents, while concurrently upholding their kV-level breakdown
characteristics [1,22,25,29-31,33,35].

Gap0Oj3 has emerged as a promising material for power electronics due to its unique
combination of wide bandgap, high breakdown voltage, and excellent thermal stability.
This article provides a detailed review of the recent progress and advantages in Gallium
oxide power electronics, covering various aspects such as diodes, rectifiers, manufactura-
bility, thermal conductivity limitations, large-area devices for high conduction currents,
polymorphs, and the outlook for ultrawide semiconductor power electronics. The demand
for more efficient and compact power electronic devices has driven extensive research into
alternative materials beyond conventional silicon. Gallium oxide, with its wide bandgap
of around 4.8 eV, stands out as a promising candidate for power electronics applications.
This article delves into the recent advancements and advantages of Gallium oxide power
electronics, examining key aspects that contribute to its potential in various applications.

One of the primary applications of Gallium oxide in power electronics is in the devel-
opment of high-performance diodes and rectifiers. The wide bandgap of Ga,O3 enables
the fabrication of diodes with high breakdown voltages, making them suitable for high-
power applications. Recent research has focused on optimizing the design and fabrication
processes to enhance the efficiency and reliability of Ga,O3 diodes. The advantages of
GayO3 diodes include low on-state voltage drop, low reverse recovery time, and excellent
temperature stability. These characteristics make Gallium oxide diodes well suited for
applications where fast switching and high-temperature operation are crucial, such as in
power inverters and converters. Manufacturability is a critical aspect of any semiconductor
material’s viability for commercial applications. Gallium oxide has shown promise in
terms of manufacturability, with researchers exploring scalable and cost-effective fabrica-
tion techniques. The development of reliable deposition methods, such as metal-organic
chemical vapor deposition (MOCVD) and molecular beam epitaxy (MBE), has facilitated
the production of high-quality Ga,Oj3 thin films for device fabrication.

Furthermore, advancements in process optimization and automation have streamlined
manufacturing processes, contributing to the commercial feasibility of Gallium oxide-based
power electronic devices. The ongoing efforts in improving yield, reducing fabrication costs,
and enhancing production scalability are pivotal for the widespread adoption of Ga;O3 in
power electronics. While Gallium oxide exhibits excellent electrical properties, its thermal
conductivity is a limiting factor for certain high-power applications. The intrinsic thermal
conductivity of GayOj is relatively low compared to other wide-bandgap materials, leading
to challenges in managing heat dissipation in power electronic devices. Researchers are
actively addressing this limitation via the development of innovative thermal management
techniques and materials. The incorporation of advanced thermal interface materials
and heat spreaders, coupled with optimized device packaging, aims to mitigate thermal
challenges and enhance the overall performance and reliability of Gallium oxide power
electronic devices. To meet the demands of high-power applications, the need for large-area
devices capable of handling substantial conduction currents is essential. Gallium oxide’s
intrinsic properties, including its wide bandgap and high breakdown voltage, position it
favorably for the fabrication of large-area power electronic devices.

Recent progress in the design and fabrication of large-area Ga,O3 devices has demon-
strated the feasibility of achieving high conduction currents while maintaining the ma-
terial’s advantageous characteristics. These developments open up new possibilities for
Gallium oxide in applications requiring robust and high-power capabilities, such as electric
vehicles, renewable energy systems, and power grids. Gallium oxide exists in different
polymorphic forms, each with distinct crystal structures and properties. The most common
polymorphs are 3-GayO3 and «-GayO3. 3-GayOs, with its monoclinic crystal structure, is
thermodynamically stable at higher temperatures, while x-Ga;O3, with a rhombohedral
crystal structure, is stable at lower temperatures.

Understanding the polymorphic behavior of Gallium oxide is crucial for tailoring its
properties to specific applications. Researchers are exploring the synthesis and manipu-
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lation of different polymorphs to achieve desired electrical and thermal characteristics,
further expanding the versatility of Ga,O3 in power electronics. Looking ahead, the outlook
for ultrawide semiconductor power electronics, with Gallium oxide playing a central role,
appears promising. Ongoing research efforts are focused on pushing the boundaries of
Gay0O3-based devices, including transistors, thyristors, and integrated circuits, to enable
the development of more efficient and compact power electronic systems. The integration
of Gallium oxide into emerging technologies, such as wide-bandgap power modules and
advanced energy storage systems, is anticipated to drive the evolution of power electronics
in diverse applications. Collaborative endeavors between academia and industry will likely
accelerate the commercialization of Gallium oxide power electronic devices, paving the
way for a more sustainable and energy-efficient future.

The recent advancements in Gallium oxide power electronics underscore its potential
to revolutionize the field of high-power semiconductor devices. From diodes and rectifiers
to large-area devices for high-conduction currents, Gallium oxide exhibits a range of favor-
able properties that position it as a key player in the next generation of power electronics.
While challenges such as thermal conductivity limitations are being actively addressed,
the overall progress in manufacturability and the exploration of different polymorphs
contribute to the optimistic outlook for Gallium oxide in ultrawide semiconductor power
electronics. Continued research and development efforts will likely propel Gallium oxide
into mainstream applications, offering a compelling alternative to conventional semicon-
ductor materials in the quest for more efficient and compact power electronic solutions.

In a recent work, Qin et al. [1] undertook an extensive review, elucidating the current
state of packaging, device performance metrics—encompassing Ampere-class Ga,Os Schot-
tky diodes, Junction Barrier Schottky devices, heterojunction rectifiers, and MOSFETs—and
investigated their switching recovery attributes, surge-current handling capabilities, and
resistance to over-voltage stress. Hong [20] also summarized progress in the design of
Schottky Ga,Os rectifiers, including a focus on the edge termination approaches. These
include field plates and the materials used to fabricate them, mesa termination, resistive or
fixed charge termination, or field-limiting rings. Other common designs include junction
barrier Schottky diodes and trench Schottky barrier diodes [20].

Although smaller-scale devices have now surpassed the unipolar limit characteristic of
both silicon carbide (5iC) and gallium nitride (GaN) power devices in terms of breakdown
voltage, the achievement of this milestone in a larger area using Ampere-class Ga;O3
vertical devices remains outstanding [1,9,17].

In this present study, we provide a demonstration of vertical NiO/GayO3 rectifiers
featuring an area of 1 mm?, capable of conducting 5.5 A while withstanding 7 kV breakdown
voltage (Vg). The observed performance transcends the unipolar limit of both GaN and
SiC. Furthermore, we establish a power figure of merit (FOM) of 9.2 GW-cm™2.

2. Materials and Methods

The drift region consists of either a 10 or 15 um thick layer with light Si doping
(8.8 x 101°-2.2 x 10'® cm~3) and was fabricated using halide vapor phase epitaxy (HVPE)
on a (001) surface-oriented Sn-doped -GayOj3 single crystal obtained from Novel Crys-
tal Technology, Japan. The net carrier densities in the drift layers were obtained from
capacitance-voltage (C—V) measurements, as shown in Figure 1. We show the results
both before and after the deposition of the dielectric field plates. The substrates manifest
X-ray diffraction full width at half maximum values measuring less than 350 arc seconds
in both the [100] and [010] directions. The rear-side Ohmic contact was established using
an e-beam evaporated Ti/Au, with a combined thickness of 100 nm, and subjected to
annealing at 550 °C for 60 s under N [10,32,33]. Figure 2 provides a schematic depiction
of the vertical heterojunction rectifier structure. The edge termination consisted of bilayer
SiNx /SiO; field plates, as described in detail previously [53], and also a guard ring formed
via extension of the NiO beyond the Ni/Au contact. The bilayer field plates were deposited
via plasma-enhanced chemical vapor deposition (PECVD). The field plates extended
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10 pm beyond the NiO, had 10 pm coverage over the NiAu contact, and extended
24 um over the NiO.
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Figure 1. C-V plots to determine carrier density in the drift regions.
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Figure 2. Schematic of large diameter HJD showing p-type NiO layer and SiNy /SiO, edge termination.

The p-n heterojunction was formed via rf magnetron sputter deposition of a bilayer
of NiO [34] at a working pressure of 3 mTorr with an 80 W power source. The deposition
rate was deliberately set at 0.06 A /sec, an intentionally slow rate to prevent any damage
to the Ga,Oj3 surface. The bias voltage applied to the cathode of the sputtering system
was approximately 50 V at 80 W power. It should be noted that at higher biases, visible
lattice disorder has been observed via electron microscopy [10]. A two-layer structure
with respective thicknesses of 20/10 nm and doping of 2.6 x 10'8/1.0 x 10'® cm~3 was
used. Detailed properties of the NiO material can be found in previous publications [34].
Electrical contact to the NiO was established via e-beam deposition of a total thickness of
100 nm of Ni/Au, with a contact diameter of 1 mm. Key points in the fabrication include
minimizing damage to the interfaces with Ga;O3 and the NiO and SiNx /SiO, layers.

A Ga-ion FEI Helios Nanolab 600l Dual Beam focused ion beam (FIB)/scanning
electron microscopy (SEM) system was used to prepare lamella for scanning transmission
electron microscopy (STEM) analysis (FEI Company, Hillsboro, OR, USA). The STEM
analysis was performed using an aberration-corrected Themis Z equipped with a high-
angle annular dark-field (HAADF) detector (FEI Company, Hillsboro, OR, USA) for Z-
contrast imaging. The Themis Z is also equipped with a SuperX detector system to perform
elemental analysis via energy-dispersive X-ray spectroscopy (EDS).

The current-voltage (I-V) characteristics were systematically measured under Fluo-
rinert atmospheres at 25 °C using a Tektronix 371-B curve tracer and a Glassman high-
voltage power supply. Additionally, an Agilent 4156C instrument was employed to capture
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low-voltage forward and reverse current characteristics. The reverse breakdown voltage
was determined following the conventional definition, involving the measurement of re-
verse current reaching 1 mA /cm?. On-resistance was computed from the slope dV/dI of
the I-V characteristics [7,9], adjusted for the resistance contributed by external circuit com-
ponents, including cables, chuck, and probe, collectively amounting to 10 (). Calculated
on-resistance values were predicated on the assumption of a current spreading length of
10 pm with a spreading angle of 45 degrees [17]. Typically, the reported RON corresponds
to the unipolar drift resistance, which is generally smaller than the diffusion resistance. It
is noteworthy that the I-V characteristics exhibited reproducibility over areas measuring
1 cm? on the wafer, with absolute currents varying by no more than 20% at a given voltage.

3. Results

Figure 3a shows an HAADF-STEM image of all the layers in the final HJD device
structure. Note that the Z-contrast characteristic in HAADF-STEM images makes certain
layers appear much brighter or darker based on their relative atomic weight (e.g., brighter
Au vs. darker Si). In Figure 3b, a colorized map using the results of an EDS scan shows
the identified metallic and semiconducting species in the expected film stack arrangement.
Figure 3c is an atomic fraction plot calculated along the light blue arrow in Figure 3b to
identify the origin of the change in contrast in the first Ni metal layer. The change in contrast
(location marked by the purple box in Figure 3b) can be explained by the unintentional
oxidation of the Ni, as seen in the corresponding purple box in Figure 3c.

'— Atomic Fractions
(a) AU (C) T T T T
S

\}
SiO,/SIN,

0 100 200 300 400
Position (nm)

Figure 3. (a) HAADF-STEM image showing all the layers in the HJD with labels corresponding
to the schematic in Figure 2. The topmost layer is an amorphous Pt strap deposited in the FIB to
protect the sample surface during lamella preparation. (b) Colorized map of only the metallic and
semiconducting species in the field of view of (a) using EDS elemental analysis. (c) Atomic fraction
plot along the light blue arrow drawn in (b).

The forward I-V characteristics are shown in Figure 4 for the 1 mm diameter de-
vices fabricated with the 15 pm drift layers and also with or without the field plate edge
termination. The maximum forward current was 5.5 A, with 1 A reached at ~3 V for-
ward, depending on the epi layer thickness. This shows the presence of the p-n junction
does not prevent reaching high forward currents at moderate biases. The on-resistance
was ~5.4 mQ-cm 2 for the 15 um layers. The forward currents were smaller for the thicker
drift layers and at the expense of higher Ron.
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Figure 4. Forward I-V characteristics from 1 mm? HJDs fabricated on 15 um drift layers.

Figure 5 illustrates the reverse I-V characteristics of devices produced on 15 pum drift
layers. Notably, these devices demonstrate breakthrough breakdown voltage (VB) values,
reaching 7 kV, representing the highest reported values for large-area GayOs rectifiers to
date [1,5,20]. A summary of the VB values for the thick drift layers is given in Table 1.
Note that the addition of the bilayer edge termination increases the VB from 5 to 7 kV. The
reduction in the carrier concentration and thickness of the drift layer exerted a pronounced
influence on VB, wherein devices characterized by higher doping or reduced thickness
exhibited VB values approximately half those of devices with lower doping and increased
thickness. For instance, devices manufactured on 10 um drift layers demonstrated VB
values within the range of 3.6—4 kV. The power figure of merit for the 7 kV devices was
determined to be 9.2 GW-cm~2. This value corresponds to approximately 30% of the
theoretical maximum for 3-GayOj3, underscoring the potential for further optimization in
device design and material defect density [1-5].
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Figure 5. Reverse I-V characteristics at high bias from 1 mm? HJDs fabricated on 15 pum drift layers.
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Table 1. Breakdown voltages for 1 mm? rectifiers with 15 um thick drift layers. Reference is the
breakdown without edge termination.

Reference Edge Termination
Vg (V) 5082 7063
Ron (mQ-cm™2) 44 5.4
BFOM (GW-cm™—2) 5.7 9.2

The average electric field strength was 7 MV /cm, ~ 88% of the expected maximum near
8 MV-cm ™! and among the highest reported, particularly for large area devices [1,2,5,20].
It is noteworthy that in small diameter devices (100 um) fabricated on the same wafers,
we obtain breakdown voltages up to 12 kV. We ascribe this to the increased probability
of having defects within the active region of the large area devices that contribute to
reverse leakage current. There have been numerous studies to identify the crystal defects
that contribute to reverse leakage current in Ga,Oj rectifiers. The leakage current can be
ascribed to the existence of many types of such crystal defects in HVPE layers [54-72].
These include polycrystalline anomalies [65,72], stacking faults [66], probe-induced surface
defects [67], line-shaped imperfections [68], (1373~ 2) dislocations [69-71], and comet-
shaped anomalies [72], all of which function as conduits for reverse leakage currents in the
thick drift regions grown with halide vapor phase epitaxy on (001) 3-GayO3 substrates for
Schottky barrier diodes (SBDs). The reverse current density remained below 10710 A-cm 2
up to —100 V. As documented in previous studies, multiple leakage current mechanisms
are evident, encompassing variable range hopping and trap-assisted space-charge-limited
current [15,22,37]. The former exhibits a linear correlation between In(J)—E at lower biases,
while at elevated voltages, a linear relationship is observed between In (J)—In (V).

To contextualize the present study, Figure 6 presents a compilation of reported specific
Ron versus Vp outcomes documented in the literature for rectifiers in the Ampere-class
range. This compilation encompasses conventional Schottky barrier or JBS rectifiers, as
well as NiO/GayO3 heterojunction rectifiers [22,25,29-31,33,35]. The theoretical lines repre-
senting the one 1D unipolar limits of SiC, GaN, and GayOj3 are also included for reference.
The findings of this investigation demonstrate the realization of large-area Ampere-class
GayO; rectifiers that surpass the theoretical limits established for GaN and SiC.
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Figure 6. Compilation plot of Ron vs. Vg from the reported literature of large area GayO3; HJDs and SBDs.
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Figure 7 depicts a graph illustrating the rise in Vg for large-area Ga,Oj rectifiers as
a function of the publication date. The plot underscores the swift advancements in both
growth and device technology pertaining to high-voltage Ga,Os rectifiers. The findings
presented in this current manuscript delineate the impact of augmenting the drift region
thickness and optimizing device processing parameters on overall device performance.
Notably, elevating the drift layer thickness from 10 to 15 pum resulted in a nearly 40%
increase in Vg.

10

A Ga,0, SBD/JBS(~1mm?) *
A Ga,0, SBD/JBS(>1mm?) *
® NiO/Ga,0,( ~1mm?) s
. * ThisWork  NJU® o a
< S
= Tinu YF .
= A A
A

2018 2019 2020 2021 2022 2023
Year

Figure 7. Plot of Vg versus year for large diameter (>1 mm?) GayO3 SBDs and HJDs.

Recently, an investigation was conducted into the elevated temperature characteristics
of small-area NiO/GayO3 rectifiers. It was observed that these rectifiers demonstrate supe-
rior stability up to 600 K compared to Schottky rectifiers produced on identical wafers [17].
The investigated devices manifested breakdown fields of approximately 8.5 MV-cm™!,
thereby establishing this value as a lower threshold for 3-Ga,Oj3 [18,19]. Future research

endeavors aim to extend analogous analyses to large-area devices.

4. Conclusions

In summary, we present the findings of our investigation involving large-area NiO/ 3-
Gay0O3 p-n heterojunction rectifiers, characterized by Vg of 7 kV, an on-state resistance
(Ron) measuring 5.4 mQ-cm?, and a figure-of-merit (Vg2 /Ron) reaching 9.2 GW-cm 2. Our
results indicate that utilizing state-of-the-art thick epitaxial structures grown by HVPE and
incorporating NiO as a p-layer to form a heterojunction with Ga,O3, a straightforward and
planar fabrication approach yields performance metrics surpassing the one-dimensional
(1D) unipolar characteristics of GaN and SiC. This outcome is particularly promising, given
the additional advantages associated with Ga,Oj3, including cost-effectiveness and the avail-
ability of scalable bulk growth technology. An imperative avenue for future research lies in
minimizing the deleterious effects caused by sputtering during NiO deposition, potentially
via the utilization of direct metal-organic chemical vapor deposition (MOCVD) growth.
Furthermore, there exists a need for deeper insights into edge termination techniques and
potential influences of minority carrier effects on modulation [9].

In this investigation, we presented the synthesis and characterization of vertically
aligned NiO/ 3 polymorph n-Ga;O3/n+ GapOj3 heterojunction rectifiers, featuring a sub-
stantial active area of 1 mm?2. To enhance the Vg, a dual-layer (SiNx/SiO;) dielectric
field plate edge termination was employed. These heterojunction rectifiers demonstrate a
remarkable simultaneous achievement of high breakdown voltage and substantial conduct-
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ing currents. In particular, the devices exhibit a Vg of 7 kV when employing a 15 pm thick
drift layer with a doping concentration of 8.8 x 10> cm~3, concurrently demonstrating a
forward current of 5.5 A. The substantial thickness of the drift layer plays a pivotal role
in achieving high Vg, as evidenced by similar devices fabricated on 10 pum thick epilayers,
which exhibited breakdown voltages in the range of 3.6-4.0 kV. Reference devices fabricated
on 15 um drift layers had a Vg of 5 kV. It is noteworthy that the breakdown mechanism is at-
tributed to leakage current from tunneling and thermionic emission, rather than avalanche
breakdown. Evaluation of the power figure-of-merit, represented by Vg2/Ron, yielded a
value of 9.2 GW-cm 2, where Ry denotes the on-state resistance, measuring 5.4 mQ-cm?.
The capacitance per unit area (Coff) was determined to be 4 nF/cm?, resulting in an
Ron % Coff product of 34 ps and a cutoff frequency (FCO) of 29 GHz. The turn-on voltage
for these rectifiers was approximately 2 V.

This exceptional performance surpasses the theoretical unipolar one-dimensional (1D)
limit of both SiC and GaN, emphasizing the potential of 3-Ga,Oj3 for forthcoming genera-
tions of high-power rectification devices. The presented results underscore the efficacy of
the proposed heterojunction rectifier design, showcasing the viability of Gallium oxide in
advancing the capabilities of high-power semiconductor devices beyond the limitations
of conventional materials. The forward current-voltage (I-V) characteristics for the 1 mm
diameter devices, fabricated with 15 um thick drift layers, with and without the inclusion
of a field plate edge termination showed the maximum forward current observed was
5.5 A, reaching 1 A at approximately 3 V forward bias, contingent upon the epitaxial
layer thickness. This observation highlights that the presence of the p-n junction does not
impede the attainment of high forward currents under moderate biases. The on-resistance
was measured to be approximately 5.4 mQ-cm~? for the 15 pum thick layers. Notably, the
forward currents were found to be larger for thicker drift layers, albeit at the expense of
higher Ron. The reverse current-voltage (I-V) characteristics for devices manufactured
on 15 um thick drift layers showed these devices exhibited breakthrough voltage values
of 7 kV, representing the highest reported for large-area GayOj3 rectifiers. The concise
summary of the VB values for the thick drift layers presented in Table 1 showed that it
is noteworthy that the incorporation of a bilayer edge termination enhances the Vg from
5 to 7 kV. The alteration in drift layer carrier concentration and thickness significantly
influences Vg, with devices having higher doping or lower thickness displaying break-
down voltages approximately half of those observed in the lower-doped, thick devices. For
instance, devices fabricated on 10 pm drift layers demonstrated VB values ranging from
3.6 to 4 kV. The power figure of merit for the 7 kV devices was determined to be
9.2 GW-cm ™2, which accounts for approximately 30% of the theoretical maximum for
-GayO3. This observation suggests that there is room for optimization in terms of device
design and material defect density. The average electric field strength was measured at
7 MV /cm, approximately 88% of the anticipated maximum near 8 MV-cm ™!, and stands
among the highest reported, particularly for large-area devices. It is noteworthy that in
small-diameter devices (100 um) fabricated on the same wafers, breakdown voltages of up
to 12 kV were obtained. This is attributed to the increased likelihood of defects within the
active region of large-area devices contributing to reverse leakage current.

Numerous studies have been conducted to identify crystal defects contributing to
reverse leakage current in GayOj3 rectifiers. The leakage current can be attributed to
various crystal defects in HVPE layers, including polycrystalline anomalies, stacking faults,
probe-induced surface defects, line-shaped imperfections, oriented dislocations, and comet-
shaped anomalies. These defects serve as conduits for reverse leakage currents in the
thick drift regions grown by halide vapor phase epitaxy on (001) 3-GayOs substrates
for Schottky barrier diodes. The reverse current density up to —100 V was found to be
<1071 A-ecm~? at this voltage. Consistent with previous reports, several leakage current
mechanisms are present, including variable range hopping and trap-assisted space-charge-
limited current. The former exhibits a linear relationship of In(J)—E at lower biases, while at
higher voltages, there is a linear relationship of In (J)-In (V). In contextualizing the present
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work, a compilation of reported Ron (on-state resistance) versus Vg (breakdown voltage)
results for Ampere-class rectifiers from the literature shows the exceptional result reported
in this manuscript. The dataset encompasses conventional Schottky barrier or JBS (Junction
Barrier Schottky) rectifiers, as well as NiO/Ga,Os3 heterojunction rectifiers. The theoretical
limits for the one-dimensional (1D) unipolar performance of SiC, GaN, and Ga;O3 depicted
for reference demonstrate the achievement of large-area, Ampere-class Ga,Oj3 rectifiers
surpassing the theoretical limits of GaN and SiC. The progression of Vp for large-area
Gay O3 rectifiers as a function of publication date highlights the rapid advancements in
growth and device technology for high-voltage GayOj rectifiers. The results presented in
this manuscript underscore how increasing the drift region thickness and optimizing device
processing parameters have contributed to notable improvements in device performance.
For instance, the augmentation of the drift layer thickness from 10 to 15 um resulted in a
nearly 40% increase in Vg. There is still much to optimize in terms of manufacturability,
reliability, thermal management, and stability of the NiO before this technology is ready
for deployment [7,73-82].
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