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Abstract

Electric Field Engineering and Device Innovations for High-Power 3-Ga, O3 Electronics
by

Saurav Roy

This dissertation embarks on a comprehensive exploration of electric field management
strategies and dielectric engineering techniques tailored to overcome intrinsic challenges in
B-Ga, O3 power devices, particularly focusing on high-voltage applications where wide- and
ultra-wide-bandgap semiconductors have a distinct edge over silicon. With the introduction of
wide-bandgap materials such as SiC and GaN, and now ultra-wide-bandgap -Ga;O3, there
exists an opportunity to achieve unprecedented efficiencies in power electronics, thanks to these
materials’ higher breakdown fields and better thermal stability. However, to fully harness the
potential of B-Ga,O3, this dissertation addresses the unique challenges that arise from its lack
of viable p-type doping. By proposing novel dielectric-assisted design methodologies, this work
makes significant strides in establishing 3-Ga;Os3 as a viable solution for future high-power,
high-voltage applications.

In the first section, the focus is on 3-Ga,;O3 Schottky barrier diodes (SBDs) and the develop-
ment of advanced field management strategies using high-permittivity (k) dielectric materials.
High-permittivity dielectrics are introduced as field plate oxides to mitigate edge field crowding
and to control the electric field at the metal/semiconductor interface. This design enables the
SBD:s to achieve a power figure of merit (FOM) of 1.34 GW/cm?, demonstrating the efficacy
of high-k dielectric-assisted RESURF (reduced surface field) designs for managing leakage
currents—an essential consideration for devices operating in the kilovolt regime. By creating a
trench SBD structure that integrates both high- and low-work-function anode contacts, signif-

icant reductions in leakage current and improved breakdown voltages are achieved. The low
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work-function anode contact, in particular, demonstrates a breakdown voltage exceeding 3 kV
while maintaining a low turn-on voltage of just 0.5 V, which positions it as a promising candidate
for high-power applications, rivaling and, in certain parameters, surpassing commercial bare-die
SiC SBDs.

The work further pioneers the concept of a dielectric superjunction, which emulates the
charge-balancing benefits of a traditional p/n superjunction without the requirement for p-type
doping and associated stringent charge balance. By leveraging high-k dielectric materials, a
lateral dielectric superjunction device is realized with a figure of merit of 1.47 GW/cm? along
with a higher doped channel (Np = 3 x 10! ¢m™3) for lowered on-resistance, showcasing the
potential of this dielectric-based approach to circumvent the intrinsic limitations of 3-GayOs.
The dielectric superjunction structure also simplifies the design process by eliminating the need
for precise charge balancing, a common and challenging constraint in traditional superjunction
structures. This proof-of-concept device opens pathways for scaling up and further refining
superjunction devices for vertical implementations in high-power electronics.

In the latter half, the dissertation transitions to address the pressing need for advanced
B-Ga,O5 vertical transistor architectures, where conventional lateral designs fall short due to
limited current handling capability and surface field-handling issues. A key contribution here is
the development of an in-situ dielectric deposition technique using Metal-Organic Chemical
Vapor Deposition (MOCVD) that enables pristine, low-defect density dielectric/semiconductor
interfaces. This interface quality is critical for the reliable performance of gate dielectrics in
power transistors, as impurities or defects at the interface can significantly impact device stability
and operation under high electric fields. Detailed characterization of the dielectric properties
and interface quality is conducted, revealing the improvements in breakdown voltage and
reliability made possible through precise deposition conditions. The high-temperature MOCVD
process also enhances the dielectric layer’s density and crystallinity, further contributing to its
breakdown robustness. By adjusting deposition conditions, the dielectric’s lifetime and stability

are optimized, establishing a foundation for the deployment of these dielectrics in high-power
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B-Ga, 03 transistors.

The culmination of this work is the demonstration of a normally-off vertical f-Ga;O3 fin
transistor, achieving a breakdown voltage over 1 kV, which represents a significant advancement
toward viable power transistors in this material. This device, designed without the need for
p-type doping, leverages geometric design techniques to effectively manage electric fields and
provide enhancement mode operation. Further refinements to edge termination and alternative
transistor structures are explored, with capacitance measurements verifying their improved
switching performance. This study underscores the importance of novel transistor designs in
pushing the boundaries of 3-Ga,O3 technology, particularly for high-voltage applications where
traditional device designs cannot accommodate the material’s limitations.

In conclusion, this dissertation offers an innovative perspective on 3-Ga; O3 device engineer-
ing, demonstrating that while p-type doping is advantageous in wide-bandgap devices, it is not a
necessity for high-performance -Ga, O3 power electronics. Instead, high-«k dielectric materials
emerge as a promising alternative for electric field management, mitigating leakage currents
and optimizing breakdown performance without the complexities associated with p-type doping.
Through the use of high-k dielectric materials and alternative electric field management tech-
niques, the intrinsic challenges of f-Ga,03 are addressed, showcasing the material’s potential

as a disruptive technology in power electronics.
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Chapter 1

Introduction

Electricity has emerged as the most indispensable form of energy, playing a central role in
powering modern society. It is produced through a combination of non-renewable sources, such
as fossil fuels, and renewable sources, including solar, wind, and hydroelectric power as shown
in Fig. 1.1 [1]. Currently, electricity generation and consumption account for a significant 40%
of the global energy demand, highlighting its critical importance in meeting the world’s energy
needs.

However, the growing reliance on electricity has also intensified concerns about its environ-
mental impact, particularly its contribution to climate change. The relationship between energy
consumption and climate change has become increasingly apparent, prompting urgent calls for
substantial decarbonization in both energy production and usage. This shift is crucial to mitigate
the adverse effects of climate change and move towards a more sustainable energy future.

In response to these challenges, there is a rising demand for renewable energy sources,
energy storage systems, and electric transportation solutions, all of which are essential for
reducing carbon dioxide emissions. These emerging technologies are not only reshaping the
energy landscape but also creating new demands for medium to high-voltage (MV/HV) power
conversion systems. These systems have become pivotal in interfacing with the utility grid,

ensuring efficient and cost-effective integration of renewable energy sources.
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Figure 1.1: Cumulative global electricity production by source over the last 38 years [1].

For instance, the growing adoption of electric vehicle (EV) supercharger stations, photo-
voltaic (PV) systems, and wind and solar farms increasingly necessitates connection to the
MV/HV grid through advanced power conversion systems. This trend underscores the impor-
tance of MV/HV power conversion as a key component in the transition to a low-carbon energy

system.

1.1 Power Electronics

Power electronics, as defined by Thomas G. Wilson, is the technology focused on the efficient
conversion, control, and conditioning of electric power using static devices to transform it from
its input form to the desired output form. The primary objective of power electronics is to
achieve power conversion between an electrical source and an electrical load in a manner that
is highly efficient, reliable, and cost-effective. Whether in renewable energy systems, electric

vehicles, industrial automation, or consumer electronics, power electronics plays a pivotal role
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in shaping the generation, distribution, and utilization of energy. As the world increasingly
moves toward sustainable and efficient energy solutions, the significance of power electronics
grows, spurring innovation and expanding the horizons of technological possibilities.

Power electronics has experienced rapid technological advancements in recent years, with
its applications rapidly expanding across industrial, commercial, residential, and power utility
sectors. Innovations in power semiconductor technology and microprocessor control have
enabled the widespread use of power electronics systems in various areas, including industrial
motor drives, transportation, energy storage systems, power quality management, switch-
mode power supplies, high-voltage direct current (HVDC) transmission systems, and flexible
alternating current transmission systems (FACTS). Additionally, power electronics is breaking
new ground in emerging fields with significant growth potential, such as lighting and medical
devices, including mobile X-ray systems. This dynamic field integrates the principles of electric
power, electronics, and control, driving progress across multiple industries.

Power conversion involves several methods, each tailored to specific needs based on the
type of electric power being converted and the direction of power flow. Power converters are
categorized according to their function and the nature of the conversion they perform. These

categories include:

1. dc-dc converters: These converters adjust a direct current (DC) voltage from one level
and polarity to another DC voltage of a different level and, in some cases, a different
polarity. They are essential for applications requiring precise voltage regulation and

transformation within DC systems.

2. dc-ac converters: Also known as inverters, these devices convert a DC voltage or current
source into an alternating current (AC) voltage or current. They can produce either
single-phase or three-phase AC outputs, making them crucial for integrating DC sources,

such as solar panels or batteries, into AC power systems.

3. ac-dc converters: These devices, often referred to as rectifiers, transform a single-phase
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or three-phase AC voltage into DC. They are fundamental in applications where AC power

needs to be converted to DC for use in various electronic devices and systems.

4. ac-ac cycloconverters: Cycloconverters convert an AC voltage of one level, frequency,
and number of phases to an AC voltage of a different level, frequency, and, in some cases,
a different number of phases. They are used in specialized applications that require direct

conversion between AC power sources of differing characteristics.

Power converters consist of various components, including both active and passive elements.
Active devices such as semiconductor diodes, thyristors, and transistors, along with passive
devices like resistors, capacitors, and inductors, form the discrete components of power convert-
ers. To enhance power density and reliability, multiple power semiconductor devices are often
integrated into power modules. These modules are created by soldering or sintering the devices
onto a power electronic substrate, offering improved performance compared to using discrete
components alone.

The performance of power converters hinges on the efficiency, reliability, controllability,
and cost-effectiveness of the semiconductor devices used within them. These four attributes
are crucial for the economic viability of any new device structure or material. Over the years,
various new materials and device designs have been explored as potential successors to silicon
(S1). Some have achieved commercial success, while others have remained niche solutions with
limited acceptance.

In the next section, we will compare Silicon (Si), Silicon Carbide (SiC), and Gallium Nitride
(GaN) and emerging Ultra-wide bandgap (UWBG) materials as the leading platform candidates

poised to dominate the next generation of power devices.



1.2 Wide and Ultra-wide Bandgap Materials for Power Semi-
conductor Devices

Silicon-based devices have dominated power electronics for many decades for these applications
with innovations in device architecture pushing power limits higher between generations from
metal-oxide field effect transistors (MOSFETSs) [2] to insulated gate bipolar transistors (IGBTs)
[3] and superjunction transistors [4]. As the demand for higher frequency and higher voltage
switching increases, the fundamental materials limits of Si are reached. The deployment
of wide-bandgap (WBG) semiconductor materials in power devices marks a significant step
forward in creating lighter, smaller, and more efficient power electronics systems. Compared to
traditional silicon devices, Silicon Carbide (SiC) power metal-oxide-semiconductor field-effect
transistors (MOSFETs) and Gallium Nitride (GaN) high-electron-mobility transistors (HEMTs)
offer notable advantages in several key areas, including electrical breakdown field, thermal
conductivity, electron saturation velocity, and radiation tolerance [5].

One of the key advantages of Silicon Carbide (SiC) and Gallium Nitride (GaN) over
traditional silicon in power semiconductor devices is their higher critical electric field (2.4
MV/cm for SiC and 3.3 MV/cm for GaN compared to 0.2 MV/cm for Si)[6], which scales
superlinearly with bandgap. This characteristic enables the use of a thinner drift layer with
higher doping concentrations while still blocking the same voltage. This reduction in drift
layer thickness, combined with increased doping, results in lower on-resistance compared to
comparable silicon based switches, enhancing the overall efficiency of the device. Additionally,
these WBG devices can sustain higher operating temperatures. For instance, SiC devices can
typically maintain operating temperatures that are, on average, 25 °C higher than those of silicon,
making them highly attractive for a wide range of demanding applications.

Another major reason industries are adopting wide-bandgap (WBG) technologies is the
ability to reduce the size of power converters. Power converters typically draw energy from

an input source, store it in passive elements like capacitors and inductors, and then deliver



it continuously and repetitively to the output load. The rate at which these energy transfers
occur per second is called the switching frequency. WBG-based devices, with their smaller
size, exhibit lower device capacitances, enabling higher switching frequencies. This increase in
switching frequency allows for smaller energy storage components without sacrificing power
transfer efficiency. As a result, the overall system becomes more compact and less complex,
while performance is enhanced.

Ultra-wide bandgap (UWBG) semiconductors represent the next frontier in power semi-
conductor materials, characterized by bandgaps exceeding 4 eV. Transitioning to UWBG
semiconductors offers significant advantages at both the device and system levels, including
improvements in size, weight, and power (SWaP) efficiency. These enhancements lead to
reductions in conduction and switching losses, making UWBG materials highly attractive for ad-
vanced power electronics. -Ga;03 (Eg=4.6eV), Diamond (Eg=5.5¢V), and AIN (E;=6.2¢V)
are promising UWBG material candidates. With their larger bandgaps, UWBG materials demon-
strate exceptional potential in applications demanding extreme operating conditions, such as
high voltage, high frequency, high temperature, and radiation-intensive environments.

Among the UWBG materials, 3-Ga;O3 stands out for offering several unique benefits,
including the availability of bulk substrates, shallow hydrogenic dopants, relatively mature
device fabrication techniques, and a broad range of epitaxial growth methods. These advantages
make 3-Ga,O3 particularly attractive for commercial and large-scale applications. Table 1
provides a comparison of the material properties of various WBG and UWBG semiconductors.
In the next section, we will briefly discuss the key material properties and advantages of

ﬁ—GaQO3.

1.3 [-Ga,0; Material Properties

Among the many different polytypes of Ga;O3, the monoclinic B phase is the most stable one.

Figure 1.2 illustrates the crystal structure of monoclinic 3-GayO3 (space group Cn%) with the
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Figure 1.2: B-GayO3 monoclinic crystal structure showing three major planes drawn using VESTA [7]. In
this structure, Ga(I) represents the tetrahedrally coordinated Ga site, while Ga(Il) represents the octahedrally
coordinated Ga site where O(I) and O(II) are twofold coordinated and O(III) is threefold coordinated Oxygen sites.
unique b-axis and a 8 angle of 103.7°. The conventional unit cell comprises 20 atoms, while the
primitive cell contains 10 atoms. In this structure as shown in Fig. 1.2, the oxygen sites are not
equivalent: two of them have threefold coordination, and one has fourfold coordination. The
gallium atoms are classified into two types: tetrahedrally coordinated Ga(I) and octahedrally
coordinated Ga(II). The anisotropy of the monoclinic f-Ga,O3 structure results in significant
differences in the material’s properties across its principal planes, influencing its electronic,
optical, and thermal characteristics.

A significant advantage of $-Ga,Oj3 is the availability of high-quality, large-area native
substrates with very low dislocation densities, which are produced using various melt-growth
techniques such as Edge-Defined-Film-Fed Growth (EFG) [8], Czochralski (CZ) [9], Float Zone
[10] Vertical Bridgman (VB) [11]. This contrasts sharply with materials like Diamond and AIN,
as well as other wide-bandgap (WBG) materials like GaN and SiC, where the native substrate
growth is more costly and limited in scale. The EFG technique, a primary method for bulk

substrate growth, involves pulling a 3-Ga; 03 slab congruently from a melt. Due to the cleavage
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planes in the [010] zone, the [010] direction is commonly used for pulling, which limits the
area of (010) oriented substrates but allows for the scalable production of other orientations
such as (100), (001), and (201), with 6-inch substrates already demonstrated using Vertical
Bridgmman (VB) method [12]. Additionally, CZ techniques are being developed for B-Ga;03,
with 2-inch substrates in the (010) orientation already achieved [13]. These bulk substrates serve
as excellent platforms for the epitaxial growth of -Ga,O3, and extended defects in 3-Ga,O3

bulk substrates have been reduced to below 10* cm—2

, a significant improvement over other
WBG and UWBG semiconductors.

Doping is a critical technology for tailoring the properties of semiconductors and enabling
the design of various electronic devices. For f-Ga;03, several n-type dopants—such as Silicon
(Si), Tin (Sn), and Germanium (Ge)—have been successfully demonstrated, showcasing its
potential for high-performance electron devices [14]. Notably, f-GayOs3 is unique among
ultra-wide bandgap (UWBG) materials in that it supports shallow hydrogenic n-type dopants,
which contribute to low on-resistance and high breakdown voltage.

However, p-type doping in 3-Ga, O3 remains challenging due to issues such as negligible
valence band dispersion, strong hole self-localization, and high acceptor ionization energies.
Despite these challenges, deep acceptor dopants like Iron (Fe) [15], Magnesium (Mg) [16], and
Nitrogen (N) [17] have been utilized to create semi-insulating regions, substrates, and current-
blocking layers in electron devices [18]—[20]. These approaches enhance the functionality of
B-Gay03-based devices and highlight the material’s versatility in various applications.

B-Ga, 03 also benefits from relatively mature epitaxial growth techniques compared to other
UWBG materials. Established methods such as Metal-Organic Chemical Vapor Deposition
(MOCVD), Molecular Beam Epitaxy (MBE), and Halide Vapor Phase Epitaxy (HVPE) have
been effectively adapted for f-Ga, O3, enabling high-quality thin films and heterostructures to
be grown with precision. These well-developed techniques facilitate the utilization of f-GayO3
into various electronic devices, contributing to its growing prominence in power electronics and

other advanced applications.



The HVPE technique is particularly valued for the fabrication of thick drift layers at high
growth rates, essential for vertical power devices. MOCVD has demonstrated the ability to
produce highly pure, high-quality -Ga;O3 materials, and is also used to explore advanced
doping strategies such as delta doping and modulation doping. Additionally, MOCVD enables
the formation of heterostructures with $-Ga, O3 alloys and in-situ dielectric deposition, further
expanding its versatility. MBE offers highly controlled growth of 3-Ga;0s3, with the added
benefit of in-situ characterization during deposition. Both delta and modulation doping have
been successfully implemented using MBE, which allows for precise control over doping
profiles. Furthermore, MBE and MOCVD have demonstrated Ga-flux-based etching of 3-
Ga;03, enabling low-damage etching that is crucial for device fabrication [21], [22].

The device fabrication technology for 3-Ga;0s is relatively mature compared to other
UWBG materials, and many techniques developed for GaN device fabrication can be easily
adapted for use with $-Ga,O3. One significant advantage is the availability of anisotropic wet
etching using hot phosphoric acid, which offers a less damaging alternative to more aggressive
dry etching methods [23], [24]. This can be crucial for achieving damage-free or minimally
damaged surfaces, enhancing device performance and reliability.

B-Ga,0O3 stands out as a unique material among all the UWBG materials due to its nu-
merous advantages, including mature bulk substrate growth, advanced epitaxial techniques,
and established device fabrication processes. Continued research in these areas is driving the
material and its associated technologies toward greater maturity, enhancing its potential for
widespread use. The rapid progress in -Ga;O3 development positions it as one of the most
promising candidates for the next generation of power electronic materials, offering significant

performance benefits for high-voltage, high-temperature, and high-frequency applications.



1.4 Power Devices

1.4.1 Ideal Power devices

An ideal power device should be capable of controlling power flow to various types of loads
with zero power dissipation. These loads may be inductive (such as motors and solenoids),
resistive (like heaters and lamp filaments), or capacitive (such as transducers and LCD displays).
Typically, power is delivered to a load by periodically switching a power device on and off,
generating pulses of current that are regulated by a control circuit. The ideal waveforms of the
power delivered through a power switch are shown in Fig. 1.3.

During each switching cycle, the switch remains on for a duration up to 7oy, and remains
off for the remainder of the period 7. For an ideal power switch, the voltage drop during the
on-state is zero, leading to no power dissipation. Similarly, during the off-state, the leakage
current is zero, also resulting in no power loss. In this ideal picture, it is assumed that the
transitions between the on-state and off-state occur instantaneously, ensuring no power loss
during switching.

Power devices can be broadly categorized into two major classes: rectifiers (such as diodes)
and switches (such as transistors). A rectifier allows current to flow in only one direction and
blocks current flow in the opposite direction, making it useful for converting AC to DC. On the
other hand, a power switch, controlled via a third terminal, regulates the flow of current. When
the switch is in the on-state, current can flow freely, while no current flows when the switch is

in the off-state.

Power Rectifiers

Rectifiers are essential components in power electronics, responsible for converting alternating
current (AC) to direct current (DC). The most common types of rectifiers are diodes. Diodes, in
turn, can be classified into two main types: pn diodes and Schottky diodes.

A pn diode is typically formed by creating a junction between two regions of a semiconductor
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Figure 1.3: (a) Switching waveforms of an ideal power device. (b) Current-voltage characteristics of an ideal
power switch.

with opposite types of charge carriers—electrons in the n-type region and holes in the p-type
region. This junction can be made using the same semiconductor material (homojunction) or
different materials (heterojunction). At the pn junction, an energy barrier arises due to the
diffusion of charge carriers, creating a depletion region that limits the flow of current in one
direction. The pn junction diode is considered a bipolar device because both types of charge
carriers, electrons and holes, participate in current conduction.

In contrast, a Schottky diode is formed by the junction of a metal and a semiconductor,
where an energy barrier is created due to the difference in work function between the metal and
the semiconductor. Unlike pn diodes, Schottky diodes are unipolar devices, meaning that only
one type of charge carrier (typically electrons) is responsible for current flow. Schottky diodes
are known for their faster switching speeds and lower forward voltage drop compared to pn
diodes, making them ideal for high-frequency and high-efficiency applications.

Thyristors are a class of power semiconductor devices that serve as controlled rectifiers, used

primarily in high-power applications. Structurally, a thyristor consists of four alternating layers
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of p-type and n-type semiconductor materials, forming three pn junctions. Unlike diodes, which
conduct automatically when forward biased, thyristors require a triggering signal at their gate
terminal to switch from an off-state (blocking mode) to an on-state (conducting mode). Once
triggered, the thyristor continues to conduct until the current drops below a certain threshold, at
which point it returns to the off-state. Hence thyristor behavior is more akin to a switch than a
rectifier.

Thyristors are particularly useful in applications involving high-voltage or high-current
control, such as motor drives, power conversion systems, and industrial machinery. Their ability
to handle large amounts of power with minimal energy loss makes them essential in these
environments. However, due to their relatively slow switching speeds compared to transistors,
thyristors are typically used in low-frequency applications where high power handling is
prioritized over switching speed. Variants of thyristors, such as silicon-controlled rectifiers
(SCRs), gate turn-off thyristors (GTOs), and triacs, offer additional control and flexibility,

enabling their use in a wide range of power electronics systems.

Power Switches

Power switches are semiconductor devices designed to regulate the flow of electrical current in
power electronic systems by toggling between on and off states in response to a control signal.
Two common types of power switches are Metal-Oxide-Semiconductor Field-Effect Transistors
(MOSFETs) and Insulated-Gate Bipolar Transistors (IGBTSs).

Power MOSFETs are specifically engineered to handle high voltages and large currents,
unlike their standard counterparts used in low-power circuits. They have three terminals: gate,
drain, and source. The gate terminal controls the flow of current between the drain and source
by applying a voltage that creates an electric field, modulating the device’s conductivity. When
the gate voltage surpasses a certain threshold, the MOSFET turns on, allowing current to flow
with minimal resistance. If the gate voltage falls below this threshold, the MOSFET turns off,

blocking current flow. A MOSFET essentially operates via unipolar conduction.
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In contrast, IGBTs have three terminals: gate, emitter, and collector. IGBTs operate by
applying a voltage to the gate, which generates an electric field that controls the current flow
between the collector and emitter. The collector is composed of materials with opposite charge
carriers compared to the low-doped drift region, creating an injection region. When the gate
voltage exceeds a specific threshold, the IGBT turns on, enabling current to flow with a low on-
state voltage drop. When the gate voltage is removed, the IGBT turns off, effectively blocking
current flow. The IGBT combines high input impedance (similar to MOSFETs) with high
current-handling capability (akin to BJTs), due to the injection of minority carriers from the
collector. This makes IGBTs suitable for efficiently managing high voltages and large currents

in power electronic systems.

1.4.2 Practical consideration for Power Semiconductor Devices

In real-world applications, power semiconductor devices face various non-idealities that sig-
nificantly affect their performance. For instance, power diodes experience a small forward
voltage drop during conduction, resulting in conduction losses. When operating in reverse, these
diodes encounter reverse leakage current, which contributes to leakage power loss. Similarly,
transistors exhibit on-state resistance during conduction, leading to on-state power losses. In
the off-state, transistors also exhibit leakage currents, causing additional power dissipation,
although this is generally negligible compared to other power losses. Typically, conduction
losses tend to increase as the reverse blocking voltage rises, highlighting the importance of
optimizing device design for improved efficiency. A diagram illustrating the current-voltage
characteristics of practical diodes and transistors is shown in Fig. 1.4.

Beyond these static losses, power devices require a finite switching time when transitioning
between the on-state and off-state, resulting in switching losses during both turn-on and turn-off
events. These non-idealities collectively affect the efficiency and thermal performance of power
electronic systems, making them key factors in device design and system optimization.

Unipolar and majority-carrier devices, particularly those based on WBG or UWBG semi-
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Figure 1.4: Illustrative current-voltage characteristics of real (a) diode (b) transistor.

conductor materials, enable operations at higher frequencies and power levels. This demands
a deeper understanding of the different power losses involved to facilitate better designs and
applications. Conduction losses tend to dominate during high-current operations, while switch-
ing losses are more prominent in high-frequency applications. Although leakage or off-state
power loss is generally negligible under normal conditions, it can become significant during
high-temperature operations.

By considering all these losses, the theoretical performance limits of a particular device
design can be approached. To evaluate these limits and understand the advantages of material
choices for power devices, several trade-offs are assessed through what are known as figures of

merit. The following section will discuss these various figures of merit for power semiconductor

devices.

1.4.3 Figure of Merits

Baliga’s Figure of Merit (BFOM)

Baliga’s Figure of Merit (BFOM) [25] alternatively known as Power Figure of Merit (PFOM)

captures the inherent trade-off between breakdown voltage (Vpg) and conduction losses in
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Figure 1.5: Unipolar Power Figure of Merit for different materials from Baliga’s Figure of Merit assuming a
triangular electric field profile and complete ionization of dopants.

vertical unipolar devices. As a material-specific metric, it is independent of device geometry,
offering a projection of the material’s intrinsic theoretical performance limits. This figure
of merit assumes an abrupt junction and a triangular one-dimensional electric field profile,
making it a valuable tool for assessing the maximum potential of a semiconductor material
under idealized conditions. For an n-type semiconductor, the BFOM is generally expressed as,

Vik _ EstnEL

BFOM =
Ron—sp 4

(1.1

Where, R,,—sp is the specific on-resistance, &g is the permittivity of the semiconductor,
W, is the electron mobility in the semicondutor, and E¢ is the critical electric field for the
semiconductor. Notably, the BFOM has a cubic dependence on the critical electric field,
meaning that semiconductors with larger bandgaps inherently have higher BFOM compared to
those with smaller bandgaps. The trade-off between R, s, and Vpg is plotted in Fig. 1.5 for
various semiconductors.

The conventional BFOM assumes that all dopants are fully ionized during the device’s
conduction mode; however, this is not accurate for many ultra-wide bandgap (UWBG) materi-
als, such as AIN and diamond, which exhibit significantly higher dopant ionization energies.

Additionally, the model presumes a pure material free from background compensation. In
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Figure 1.6: Modified Baliga’s Figure of Merit for different materials considering incomplete ionization of
dopants.

contrast, WBG and UWBG materials often possess background impurity levels several orders
of magnitude higher than silicon. To address these limitations, Zhang et al. [26] proposed
a modified BFOM that accounts for the effects of dopant ionization energy and background

compensation within the material.

4v2 n
PR = - liesEL

Modified BFOM = = 2
Ron—s p Np

(1.2)

Where n is the free carrier concentration and Np is the doping concentration. Considering

both incomplete ionization of dopants and background compensation, n can be expressed as,

n— —(N1+8pNa) + /(N1 + gpNa)? +4gpNi (Np — Na) (1.3)

2¢p

where N| = Ncexp(—AEp /kgT ), N is the effective density of states in the conduction band,
AED is the donor ionization energy relative to the conduction band edge, gp is the degeneracy
factor of the donor state, and N4 is the compensating acceptor concentration. This modified

BFOM suggests that the material’s actual figure of merit decreases with increasing dopant
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ionization energy and higher background compensating charge density.

Due to the higher background charge concentration and greater dopant ionization energies,
the R,,—sp increases for UWBG semiconductors like AIN and diamond, thereby reducing
their actual BFOM. However, 3-Ga,;03 exhibits the best BFOM among all these materials,
owing to the availability of shallow dopants (AEp = 30 meV) and a low background acceptor

concentration (N4 ~ 10 cm~3), as shown in Fig. 1.6.

Johnson’s Figure of Merit (JFOM)

In radio-frequency (RF) devices, both the operating speed and output power are of critical
importance. In 1965, Johnson introduced a figure of merit (JFOM) [27] that effectively captures
the trade-off between operational frequency and output power. This figure of merit is defined as:

EC Vsat
2%

JFOM = frVgg = (1.4)

This equation represents the power-frequency product of a low-voltage RF transistor, where
fr denotes the device’s cut-off frequency, and vy, is the carrier’s saturation velocity within
the material. It indicates that the power-frequency product is directly proportional to both
the critical electric field and the carrier saturation velocity. Given that vy, is similar for most

semiconductors, the JFOM is higher for wide and ultra-wide bandgap semiconductors.

Thermal Figure of Merit

The thermal conductivity of a material is also critically important in power applications, particu-
larly in cases where the entire device consists of an active region that conducts current. A rise in
temperature generally reduces carrier mobility within the semiconductor, thereby increasing the
device’s on-resistance. When a perfect heat sink is attached to a device with an active region
encompassing the entire volume, the internal temperature can range from ambient levels to a
certain maximum during current conduction. Elevated temperatures can also lead to premature

device failure. Therefore, efficient heat removal is essential for optimal operation, and the
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material’s thermal resistance plays a crucial role in achieving this. In 1989, Shenai et al. [28]
developed a thermal figure of merit to capture the trade-off between breakdown voltage, specific

on-resistance, and the specific thermal resistance of the drift layer:

3 4
VBR o KthsSunEC

Thermal FOM =
RthfspRon—sp 8

(1.5)

Where, Ry, is the specific thermal resistance of the drift region and k;, is the thermal

conductivity of the semiconductor.

Huang’s Switching Figure of Merit

The switching performance of power devices is another critical factor to consider, and it can
be represented by a specific figure of merit that facilitates comparison of different materials
for switching applications. A power device must switch rapidly with minimal loss during the
switching period. The switching speed of a device is typically determined by the charge stored
within it during steady-state operation; this stored charge must be removed to turn the device on
or off, which requires a finite amount of time. Therefore, a lower stored charge generally results
in faster switching speeds and reduced switching losses. Huang [29] developed a switching
figure of merit for transistors, known as Huang’s Material Figure of Merit (HMFOM), which
captures the trade-off between breakdown voltage, on-resistance, and the stored gate charge of a

transistor, and it is dependent on specific material properties:

v
HMFOM = —2% _ — E- /i, (1.6)

V Ron QG

Where, Qg is the gate charge in a transistor, which can also correspond to the stored charge
in the drift region of a diode. A lower R,,,Q¢ is desirable for faster switching and from (1.6), it
is evident that a higher E¢ leads to lower R,,Q¢.

A comparison of different figures of merit for different materials is provided in Table 1.1.
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Table 1.1: Material parameters and Figure of Merit for
different semiconductors

Si 4H-SiC GaN fB-Ga;0; Diamond  AIN

Bandgap, E, (eV) 1.1 33 34 4.6 5.5 6.2
Critical Electric
Field, Ec (MV/em) 0.3 2.2 3 8 10 154
Relative permittivity, & 11.8 9.7 9 10 5.7 8.5

Electron mobility,

L, (cm2/Vs) 1450 900 1200 200 2000 300

Saturation velocity,

10T ems) 1 22 24 1.1 2.3 1.4
Them;;l (C\,‘\’,r/‘i“givny’ 130 370 250 20 2300 285
BFOM 1 200 630 2216 24676 20160
JFOM 1 16 24 29 77 72
Thermal FOM 1 4200 12140 9093  1.5x107 2.3x10°
HMFOM 1 6 9 10 39 23

1.4.4 Lateral vs Vertical Power Devices

Currently, two types of structures are being considered for -GayO3-based power devices:
lateral and vertical. Lateral devices, due to their planar architecture, offer ease of fabrication.
In 2012, Higashiwaki et al. demonstrated the first f-Ga,Os3 transistor [30], utilizing a bulk
EFG-grown substrate and MBE-grown channels. This device achieved a breakdown voltage
(Vgr) of 250 V without any field management. Since then, a variety of lateral devices, such
as Schottky barrier diodes (SBDs), p/n heterojunction diodes (HJDs), metal-semiconductor
field-effect transistors (MESFETSs), and MOSFETSs, have been developed on 3-Ga;03, with
breakdown voltages reaching up to 10 kV [31]-[39]. Among MOSFETs and MESFETs,
modulation-doped transistors (MODFETs) have been demonstrated [40]-[43], leveraging a

two-dimensional electron gas (2DEG) formed at the interface of B-(Al,Ga;_,)203/B-Ga03
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heterostructures. MODFETS are anticipated to achieve higher electron mobilities compared
to impurity-doped channels at similar charge densities by minimizing impurity scattering
[44]. Theoretical predictions suggest the potential for even higher mobilities with increased
charge densities (surpassing the bulk mobility limit) due to dynamic phonon screening effects.
Additionally, various radio frequency (RF) transistors based on f3-Ga,O3 have been reported
[45]-[50], achieving current gain cut-off frequencies as high as 50 GHz.

However, lateral -Ga,O3 devices face several limitations. First, because all three contacts
(or two in the case of diodes) are located on the top surface, careful management of electric field
profiles in the lateral dimension between contacts is essential for high-voltage applications. High
electric fields are needed to be managed near the surface. Achieving high breakdown voltages
requires substantial gate-to-drain lateral spacing; for example, a 10 kV 3-Ga,O3 MOSFET
requires a source-to-drain spacing exceeding 30 um. This requirement reduces the effective
current density (relative to die size) achievable in these devices and leads to a decrease in
current density as the breakdown voltage increases. Consequently, high-voltage lateral devices
demand larger areas to reduce device on-resistance, and complex multi-finger structures are
often required to achieve high current operation in lateral transistors [51]. Low current densities
also limit the number of dies that can be fabricated on each wafer as voltage ratings increase,
ultimately driving up the cost per ampere rating.

Additionally, the quality of the interface between the substrate and the epitaxial layer is
crucial in realizing reliable lateral power devices. Impurities at the substrate/epi interface can
lead to higher leakage currents and premature breakdown. Silicon, a common impurity, often
accumulates at the substrate/epi interface and can be introduced onto the wafer surface from
the ambient environment prior to growth. To mitigate the impact of these interface impurities,
several precleaning and in-situ treatments are necessary before epitaxial growth.

Compared to lateral structures, vertical device architectures are generally preferred for
discrete power electronic devices (For >1kV rated devices) due to several key advantages.

First, vertical power devices typically achieve a higher current density per unit area than
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lateral devices, as their footprint is independent of drift layer thickness. This allows for
increased breakdown voltage by thickening the drift layer without impacting the device’s area.
Additionally, vertical power devices exhibit more uniform heat distribution, whereas lateral
devices are prone to localized hot spots. Another advantage of vertical devices is their potential
for enhanced avalanche capability, particularly when incorporating a p-type body. This has
been demonstrated in a vertical p-NiO/B-Ga;O3 HID, which can withstand repetitive surge
conditions [52]. Furthermore, vertical architectures enhance both reliability and long-term
stability, as high electric fields are confined within the bulk of the device rather than on the
surface. This configuration minimizes the reliance on surface passivation to control field
dispersion. Finally, vertical designs offer a more manageable electric field profile, closely
resembling a one-dimensional distribution, which helps alleviate field crowding and brings
performance closer to the material’s theoretical limits.

To date, most vertical devices developed with 3-Ga,O3 have been Schottky barrier diodes
(SBDs) or p-NiO/B-Ga;03 heterojunction diodes (HIDs). Vertical SBDs and HIDs have
achieved impressive breakdown voltages, reaching up to 13.5 kV [53], and demonstrated power
figure of merit (PFOM) values that exceed those of SiC and GaN. [31], [54]-[70]. Additionally,
charge-balanced superjunction-like structures employing p-NiO have shown superior PFOM
performance. In comparison, however, vertical transistor demonstrations on $-Ga; O3 remain
limited. Sasaki et al. were the first to demonstrate a depletion-mode vertical trench MOSFET
on 3-Gay 03 [71], although the device exhibited characteristics more akin to a static induction
transistor (SIT) than a conventional transistor. Subsequently, Hu ef al. demonstrated a depletion-
mode vertical FinFET on 3-Ga;03, achieving a breakdown voltage of 185 V [72], which also
exhibited SIT-like behavior. The first current aperture vertical electron transistor (CAVET),
introduced by Wong et al. [18], [73], demonstrated transistor-like characteristics but faced issues
with significant off-state leakage due to a diffused current-blocking layer that compromised its
breakdown performance. In 2018, Hu et al. presented the first enhancement-mode single-fin

vertical FinFET on 3-Ga; O3, achieving a 1 kV breakdown voltage [74]. This work was later
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advanced by Li et al., who developed an enhancement-mode multi-fin vertical FinFET with
a breakdown voltage of 2.6 kV [75]. Various research groups have since explored similar
structures with further modifications. Continued innovation in vertical -Ga,;O3 devices is
likely to unlock further performance improvements, paving the way for applications that demand

both high voltage and high current capabilities.

1.5 Challenges in High-Voltage Device Design

1.5.1 Voltage Blocking in Power Semiconductor Devices

When a voltage is applied across a semiconductor device, an electric field is established as a
result. In blocking mode, this electric field must be fully contained within the device to prevent
any current flow. To achieve this, an equal and opposite electric field is generated within the
semiconductor, counteracting the applied field. This opposing electric field is created through a
dipole, which consists of separated positive and negative charges within the depletion region
of the semiconductor (In the case of a metal/semiconductor junction, this dipole forms at the
interface, with charges distributed between the metal and the semiconductor’s depletion region).
The ability of a semiconductor device to block voltage in this way is crucial for controlling
current flow, especially at high electric fields.

As discussed in Section 1.4, a p-n junction or a Schottky junction serves as a rectifying
junction that can generate the necessary electric field to block voltage. These junctions are
termed “rectifying” because they allow voltage blocking in one direction only. Both types rely
on a lightly doped semiconductor region to facilitate voltage drop. Another common voltage-
blocking structure is the metal-oxide-semiconductor (MOS) configuration. In a MOS structure,
depending on the polarity of the applied voltage, the electric field may be fully contained within
the dielectric layer or divided between the dielectric and semiconductor layers.

The choice of junction type significantly impacts device performance, and different junctions

are used based on specific application requirements. The next subsection will explore these
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various junctions and their applications.

1.5.2 Leakage Currents in Power Semiconductor Devices

Although in ideal scenarios, a semiconductor junction should block voltage and as a result
impede the flow of current, several fundamental and practical issues prevent this from happening.
In practical devices in blocking mode or in off-state currents do flow, which is known as leakage
current. Under high electric fields, these currents can become significant, resulting in unwanted
power dissipation during the off-state of transistors and in the reverse blocking mode of diodes.
MOS structures also experience leakage current, primarily through the dielectric layer.

Leakage currents can arise from both intrinsic and extrinsic mechanisms. Intrinsic sources
include drift-diffusion, avalanche multiplication, and band-to-band tunneling, especially in p-n
diodes. Extrinsic sources, such as thermionic field emission resulting from carrier injection,
predominantly affect Schottky diodes. The intrinsic leakage processes are highly dependent
on the semiconductor’s bandgap and generally decrease as the bandgap (E,) widens. For
instance, drift-diffusion current in a reverse-biased junction is proportional to niz, where n;
represents the intrinsic carrier concentration. Given that n; o< exp (—%) , with kp as the
Boltzmann constant and 7 as the temperature, drift-diffusion leakage current sharply declines
with increasing bandgap. Avalanche multiplication, caused by impact ionization under high
electric fields, generates electron-hole pairs and also reduces as the bandgap widens, due to the
higher energy threshold (E,) required for electron-hole pair formation. Notably, drift-diffusion
currents generally increase with temperature, whereas avalanche currents tend to decrease.
Band-to-band tunneling, on the other hand, decreases with increasing bandgap, as the tunneling
probability follows exp (—E; / 2) , thus reducing tunneling current significantly in materials with
larger bandgaps.

Thermionic field emission, a combination of thermionic emission and barrier tunneling,
is particularly relevant for Schottky diodes. This process, which relies on only one type of
carrier, does not depend on the bandgap and can occur even in wide or ultra-wide bandgap
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semiconductors. However, it exhibits a strong temperature dependence, typically increasing
with temperature. In MOS structures, leakage often arises from direct tunneling through thin
dielectrics, while defects in semiconductors can contribute to leakage as well. For example,
Shockley-Read-Hall (SRH) generation currents result from point defects, and leakage can occur
through extended line or plane defects or trap-assisted tunneling in dielectrics. Other sources of
extrinsic leakage currents include photons, high-energy electron beams, cosmic radiations etc.

Understanding these leakage currents and their sources is essential for designing effective
power devices. Material engineering to mitigate leakage currents is a key aspect of this research

and forms a major focus of this thesis.

1.5.3 Edge Field Crowding in Power Semiconductor Devices

In an ideal, infinitely large semiconductor device without edges, the electric field distribution
would be uniform. However, in practical devices, the presence of edges significantly distorts the
electric field profile in these regions. Charges on a conductor naturally spread out to minimize
repulsive forces, but near edges and sharp points, the limited surface area forces them to crowd
together as shown in Fig. 1.7 (b). This results in higher charge density at these locations, and
according to Poisson’s equation, this increase in charge density produces a stronger electric
field. Consequently, field crowding occurs around edges and corners.

In semiconductor devices, such field crowding leads to localized peaks in the electric field,
which can exceed the material’s critical electric field and potentially cause premature breakdown.
Additionally, edge field crowding can increase leakage currents around the device periphery
contributing to higher power losses. Therefore, managing edge-related effects is crucial to
optimizing both performance and reliability in power devices.

Two distinct types of junctions typically form around the peripheries of Silicon-based semi-
conductor devices: cylindrical and spherical junctions as shown in Fig. 1.7 (a). Cylindrical
junctions form along the edges of the device, where the peak electric field is inversely propor-
tional to the radius of curvature, r; (for small r; values). This relationship means that as r;
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Figure 1.7: Anillustrative diagram depicting (a) cylindrical and spherical junctions and (b) the phenomenon of
edge electric field crowding in power semiconductor devices.

decreases, the electric field intensity increases significantly. Spherical junctions, on the other
hand, develop at the device corners, where the field intensity is even higher because the electric
field lines converge towards a single point in three dimensions, as opposed to a line in two
dimensions for cylindrical junctions. In a spherical junction, the maximum electric field scales
with rj_z, resulting in lower breakdown voltages compared to cylindrical junctions.

While spherical junctions can be effectively mitigated through layout adjustments—such
as adopting circular designs or rounding off corners, eliminating cylindrical junctions presents
a greater challenge in real-world power devices. Thus, precise engineering is essential to
control these edge effects, which are key to achieving high breakdown voltages and dependable
performance in power semiconductor applications.

This thesis will explore various strategies to minimize these edge-related challenges through
materials and device engineering, aiming to enhance the overall efficiency and reliability of

power devices.

1.6 Current Challenges in 3-Ga,0; based Power Devices

While 3-Ga,0Oj3 holds significant promise for high-power applications due to its unique material
properties, several challenges must be addressed to unlock its full potential. One major challenge

in realizing high-power B-Ga, 03 devices is the lack of a shallow acceptor doping mechanism.
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Although many high-performing Schottky diodes have been developed on 3-Ga, O3, p-n junc-
tions offer superior reverse-blocking capabilities at ultra-high voltages (exceeding 10 kV). This
advantage makes p-n junctions highly desirable for these applications, yet they remain difficult
to achieve with -GayO3. Additionally, p-type regions are commonly used in Si and SiC-based
power devices as effective edge termination methods, a technique that is not currently feasi-
ble with B-Ga,03. Although p-NiO heterojunction diodes (HJDs) have demonstrated similar
characteristics to p-n diodes, such heterojunctions still need further investigation.

Another significant challenge is the low thermal conductivity of f-Ga; 03 (~k =27 W/mK),
which can impair device performance under high-power conditions. Efficient heat dissipation
is crucial for both performance and the long-term stability of power devices. To mitigate this,
electro-thermal co-design approaches need to be adopted especially paying attention to thermal
boundary resistances [76]. However, given the material’s inherently low thermal conductivity,
improvements are necessary at the packaging level, potentially through advanced active cooling
solutions that enhance heat removal.

The selection of an appropriate dielectric material is also critical in -Ga,;O3-based devices,
especially in MOSFETs, where the dielectric serves as the gate oxide or an insulating layer for
current blocking. Achieving a high-quality gate dielectric/semiconductor interface is essential
for threshold voltage stability in transistors. The Si/SiO, interface, for instance, has been
instrumental to the success of Si technology due to its exceptional quality. In contrast, suitable
dielectrics for -Ga,03-based devices must not only provide a pristine interface but also exhibit
higher breakdown strength than the semiconductor itself. This requirement poses a substantial
challenge in wide and ultra-wide bandgap materials. Although Al,O3 shows promise with
relatively low defect density at the dielectric/semiconductor interface, it is not yet sufficient
for real-world applications. This thesis will explore efforts to reduce defect density at the
dielectric/semiconductor interface to improve dielectric lifetime.

In summary, despite its favorable attributes for power applications, 3-Ga,O3 technology

faces considerable obstacles, including the need for extreme electric field management in the
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absence of p-type doping and the need for high-quality dielectric interfaces. Overcoming these
challenges is essential for the material to achieve its true potential in high-power electronics, and
this thesis will delve into strategies to address these issues, with the aim of advancing -Ga,O3

toward practical, high-performance applications.

1.7 Dissertation Outline

This dissertation focuses on the electrostatic engineering of B-Ga;Os-based vertical and lateral
devices, exploring various edge termination strategies to mitigate peak electric fields along
device edges and minimize leakage currents. Additionally, it examines novel dielectric de-
position techniques on $-Ga,0j3 to reduce dielectric/semiconductor interface trap densities,
enhance dielectric breakdown strength, and improve overall time-to-dielectric-breakdown of the
dielectric material.

The first part of this thesis primarily investigates two-terminal 3-Ga, O3 devices, particu-
larly Schottky diodes, with an emphasis on edge termination techniques and field optimization
strategies. The second section extends the discussion to three-terminal devices, focusing on
B-Gay03-based vertical FinFETs. This includes their design considerations, field management
approaches, and strategies to mitigate power losses. Additionally, innovative dielectric deposi-
tion methods are explored for gate oxides, alongside characterization of their performance and
time-to-dielectric-breakdown.

In Chapter 2, various field-management strategies for vertical 3-GayO3-based Schottky
diodes are discussed. This chapter includes a simulation-based study examining the impact
of implementing a p-type III-Nitride guard ring to enhance device performance. Additionally,
a combined approach using both guard rings and high-permittivity field plates is simulated,
illustrating how these methods work synergistically to improve electric field management.

In Chapter 3, the focus shifts to the implementation of high-permittivity dielectric materials

as field plate oxides in -Ga;Os-based vertical SBDs. This chapter investigates two high-
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permittivity dielectrics with dielectric constants of 142 and 325, comparing their performance
to that of a conventional SBD. In a device with a thin HVPE-grown film, the high-k field-plated
SBD demonstrates a breakdown voltage of 687 V and a Power Figure of Merit (PFOM) of 1.47
GW/cm? compared to 148V for conventional SBD. In contrast, high-« field-plated SBDs on
a thick HVPE film achieve a significantly higher breakdown voltage of ~2.2 kV, significantly
outperforming the 816 V breakdown voltage of conventional SBDs. Additionally, an analysis
of diode on-resistance, power loss calculations, and device area considerations are presented,
providing insights into the optimization of these devices for power device applications.

Following the edge field reduction techniques discussed in Chapter 3, Chapter 4 addresses
the mitigation of leakage currents in 3-Ga;O3-based vertical SBDs through a trench architecture
incorporating high-permittivity dielectric RESURF (REduced SURface Field) technology. Addi-
tionally, this chapter introduces a method for reducing the turn-on voltage (Von) and minimizing
on-state power losses by leveraging a low work-function anode contact in conjunction with the
high-k RESUREF trench architecture. For example, a trench SBD with a Ru contact achieves
a turn-on voltage of 0.5 V, as opposed to 1 V with a Pt contact. Large-area devices are also
demonstrated, showing current capabilities of 15 A and 20 A for trench SBDs with Pt and Ru
contacts, respectively. High-voltage capacitance measurements further characterize the stored
charge and energy within these diodes, metrics critical for switching applications. Notably, the
B-GayO3-based high-k trench SBDs exhibit lower capacitance, stored charge, and stored energy
than commercial bare-die SiC SBDs of comparable current ratings, highlighting the advantages
of B-Ga, 03 for high-performance power applications.

The concepts in Chapters 2 and 3 feature a triangular electric field distribution within the f3-
Gay O3 drift layer. However, the trench SBDs introduced in Chapter 4 exhibit a shift from a one-
dimensional to a two-dimensional electric field profile near the Schottky metal/semiconductor
interface, thanks to the MOS structures at the sidewalls. This shift reduces the electric field at
the anode metal/semiconductor interface, thereby lowering leakage currents, while the electric

field in the bulk drift region retains its triangular profile. Chapter 5 introduces an advanced
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device architecture incorporating high-permittivity dielectrics to impact the electric field in two
dimensions throughout the drift region, addressing the absence of shallow acceptors in 3-GayO3.
By leveraging the fringing electric field, the drift layer’s field profile transitions from triangular
to rectangular, emulating the behavior of superjunction devices where the device PFOM exceeds
the theoretical unipolar FOM of the material enabling the use of higher doping levels in the drift
layer for much lowered on-resistance. This high-k Dielectric Superjunction offers several
advantages over conventional p/n superjunction devices, which are elaborated upon in this
chapter. Chapter 5 begins with a theoretical analysis of the high-x dielectric superjunction device,
providing design guidelines and demonstrating its advantages over stringent charge balance
requirements in p/n superjunctions. In the second part, a lateral high-x dielectric superjunction
device, utilizing BaTiO3 dielectric, is fabricated and demonstrated. This lateral configuration
circumvents some of the fabrication challenges associated with a vertical architecture and
serves as a proof-of-concept implementation of high-k dielectric semiconductor superjunction
structures. The demonstrated device achieves a PFOM of 1.34 GW/cm? when normalized to
the device footprint and surpasses the theoretical PFOM for SiC when considering only the
current-conducting area.

In Chapter 6, a novel dielectric deposition technique for f-Ga,Os is explored, employing
Metalorganic Chemical Vapor Deposition (MOCVD). This technique allows for the in-situ
growth of both the semiconductor and dielectric material (Al,O3) within the same reactor
without breaking the vacuum. The quality of the semiconductor/dielectric interface is assessed
through ultra-violet (UV)-assisted capacitance-voltage (C-V) and current-voltage (I-V) charac-
terizations, revealing significantly fewer interface traps and a superior breakdown field compared
to conventional atomic layer deposited Al,O3. The effect of deposition temperature on dielec-
tric quality is also characterized, and a hybrid-temperature deposition approach is introduced.
High-temperature deposition yields a dielectric with a breakdown field of 10 MV/cm. Further
reliability and lifetime assessments are performed using the Time-Dependent Dielectric Break-

down (TDDB) method. Dielectrics grown at two distinct temperatures demonstrate a projected
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lifetime exceeding 20 years at stress fields above 3 MV/cm.

Chapter 7 delves into the design and fabrication of a three-terminal vertical device, with
a primary focus on the vertical fin topology for developing normally-off f-Ga,O3 vertical
power transistors (FInFETs). This vertical fin architecture eliminates the need for p-type
doping, enabling normally-off operation and providing excellent electrostatic control over the
channel. Multi-fin designs utilizing advanced fabrication techniques are demonstrated, with
the first-generation vertical FinFET achieving a breakdown field exceeding 1 kV and a specific
on-resistance of 7.5 mQ-cm?. The second-generation device builds upon this by incorporating
electrostatic engineering within the trench region to further enhance the breakdown field. Novel
strategies are also introduced to minimize device capacitances, addressing key challenges
related to switching performance. This chapter thoroughly examines the fabrication challenges
unique to this power transistor architecture, offering insights into the practical considerations
for achieving high-performance, durable 3-Ga,O3-based power devices.

In Chapter 8, a comprehensive summary of the dissertation is provided, highlighting the key
contributions and findings. Additionally, the current challenges in device fabrication, material
quality, and other factors impacting high-voltage and high-power 3-Ga;O3-based devices are
discussed. The chapter concludes by outlining future directions and potential advancements

needed to enable successful industrial adoption of this promising technology.
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Chapter 2

Edge Termination Strategies in Power

Devices

2.1 Introduction

As discussed in Chapter 1, the concentration of electric fields at the edges of power semicon-
ductor devices creates hot spots in these regions. These edge electric fields can reach values
significantly higher than those in the bulk of the device, even at relatively low voltages, which
can lead to premature breakdown. Moreover, these intense electric fields can cause current leak-
age through thermionic field emissions along the device perimeter. Thus, effectively managing
electric fields at the edges and corners is essential for achieving efficient and reliable power
device performance.

B-GayO3 shows great promise as a robust material for power electronics, owing to its
superior Baliga’s figure-of-merit (BFOM) compared to other competing technologies like SiC
and GaN. However, the absence of p-type doping in 3-Ga; O3 presents challenges for using
conventional edge termination techniques that are well-established in Si and SiC-based power
devices. This chapter examines various edge termination strategies in power semiconductor

devices, with a focus on the unique challenges encountered when applying these methods to
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Figure 2.1: Anillustration of the shape of depletion region edge in (a) non-field-plated and (b) field-plated SBDs.

B-Ga,O3-based devices. Additionally, it introduces techniques to overcome these challenges

using TCAD simulations.

2.2 Edge Terminations

2.2.1 Field Plates

Field-plate techniques are commonly employed in power semiconductor devices to reduce
electric field concentration at the device edges [1]-[4]. In a conventional Schottky barrier diode
(SBD), when a reverse bias is applied, the depletion region forms a shape similar to a cylindrical
junction, as illustrated in Fig. 2.1 (a). In a field-plated device, the metal contact extends beyond
the contact region over a dielectric material known as field oxide. This configuration allows
the depletion region to spread beyond the junction edge, distributing it over a larger area and
preventing the electric field from concentrating at the edge of the metal/semiconductor junction,
as shown in Fig. 2.1 (b).

The electric field profile along the metal/semiconductor interface in a conventional Schottky
barrier diode (SBD) takes the shape shown in Fig. 2.2 (a). In this profile, the electric field
peaks at the edge of the metal, and the device experiences breakdown when this peak field

reaches the material’s critical electric field. In a field-plated device, however, two edges are
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Figure 2.2: An illustration of the electric field profile along the (a) non-field-plated and (b) field-plated SBDs.

present: one at the metal/semiconductor interface (designated as Edge, 1) and another at the
metal/dielectric interface (Edge,2). Consequently, the electric field profile displays two peaks,
labeled E,gge,1 and E,gge 2, as illustrated in Fig. 2.2 (b). When the same voltage is applied to
both a conventional and a field-plated device, the area under the electric field profile for both

devices remains the same: ie;

-/ /S EN(xy)dvdy = - | /S EPP (x,y)dxdy = Vipiea @1

where ENFP (x,y) and EFP(x,y) represent the electric field in the non-field-plated and field-
plated SBDs, respectively, and V;,piicq 18 the applied reverse bias. To satisfy Equation 2.1, the
field peaks E,qge,1 and E,qg. > in a field-plated SBD must be lower than the peak electric field
E,qge in a non-field-plated SBD. Consequently, the peak electric field at the device edges is
reduced by the field-plate, allowing the device to sustain higher voltages before the edge field
reaches the material’s critical electric field.

The length of the field-plate extension (Lgp) is a critical factor in achieving optimal device

design. Based on extensive design experiments, the breakdown voltage initially increases with
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Figure 2.3: Anillustration of the electric field profile at the field-plate edge along the y-axis. In this example,
the dielectric’s relative permittivity is assumed to be lower than that of the semiconductor (although the equations
derived apply to other configurations as well). It is also assumed that breakdown occurs at the field-plate edge,
which informs the dielectric thickness design.
Lrp, but beyond a certain point, it becomes independent of further increases. This threshold
generally corresponds to the depletion region depth in the semiconductor at breakdown [5].
Consequently, an effective design strategy is to adjust the drift layer doping and thickness so that
the depletion depth aligns precisely with the drift layer thickness. By extending the field-plate

to match the drift layer thickness, ie;

Lrp =tarif: (2.2)

where 14,7, 1s the drift layer thickness, an optimal balance between breakdown voltage and
Ron—sp can be achieved.

The thickness and dielectric constant of the field-plate dielectric are key factors in reducing
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the peak electric field. Analyzing breakdown at the field-plate edge requires considering the
electric field behavior in both the dielectric and semiconductor at breakdown. The difference
in dielectric constants between these materials must be factored into this analysis. According
to Gauss’s law, the electric displacement across the dielectric/semiconductor interface remains
continuous. Thus, the electric field in the dielectric and semiconductor at this interface can be

expressed as:

EdielectricEdielectric = €SEs (2.3)
where €j07¢cric and €g are the relative permittivities of the dielectric and semiconductor,
respectively, and Ejjer0c1ric and Eg are the electric fields at the interface within the dielectric and
semiconductor. At breakdown, Es = E¢, where E¢ represents the critical electric field of the
semiconductor.
Assuming a triangular electric field distribution at breakdown, the breakdown voltage can
be approximated as the area under the electric field profile shown in Fig. 2.3, given by:

1
VBR = Edielectrictdielectric + 5 Ctdrift (24)

Combining Equations (2.3) and (2.4), the dielectric thickness can be derived as:

et = (e ) Yot 25)

Using Equations (2.2) and (2.5), optimal field-plated SBDs can be designed to reach any
desired breakdown voltage. Several other field-plate variations and configurations are also
available, including beveled field-plates [6] and staircase field-plates [7], as shown in Figures
2.4 (a) and (b), respectively. In a beveled field-plated SBD, the breakdown voltage can be
further enhanced by introducing a small bevel angle (0) in the semiconductor; as the bevel
angle decreases, the breakdown voltage correspondingly increases. The staircase field-plate

configuration, on the other hand, employs multiple field-plate levels, each with progressively

increasing dielectric thickness. This design results in multiple electric field peaks at the
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Figure 2.4: Schematic diagram of (a) Beveled Field-Plated and (b) Staircase Field-Plated SBDs

various edges, with each peak’s electric field value effectively reduced. Although both of these
configurations, when carefully designed, can achieve higher breakdown voltages compared to

conventional field-plated SBDs, they come at the cost of added fabrication complexity.

2.2.2 Guard Rings

Guard rings represent another edge termination technique used in Schottky barrier diodes [8]-
[11]. For n-type semiconductor-based SBDs, a heavily p-doped region is employed as guard
rings beneath the metal edges, as illustrated in Fig. 2.5. These guard rings overlap the edges
of the Schottky contact metal, effectively shielding it from high electric fields where the metal
edge forms an ohmic contact with the p™ region. The breakdown voltage of this configuration
is equivalent to that of the cylindrical junction discussed in Chapter 1, provided that the diode
corners are sufficiently rounded to prevent the formation of spherical junctions.

The presence of the p™ guard ring establishes a p/n junction in parallel with the Schottky
diode. Because the Schottky rectifier has a significantly lower turn-on voltage compared to p/n

junctions, the p/n junction remains below the threshold necessary to inject minority carriers into
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Figure 2.5: Schematic diagram of an SBD with p™ guard rings.

the drift region under normal operating conditions. This allows the Schottky rectifier to maintain
its fast switching performance, a crucial feature for high-frequency power circuits. Under surge
current conditions, however, when the diode experiences very high on-state current densities,
injection from the p/n junction can help reduce the on-state voltage drop and power dissipation
by inducing conductivity modulation in high carrier lifetime indirect band gap semiconductors
such as Si and SiC Schottky rectifiers. For GaN-based Schottky diodes, however, conductivity
modulation is typically not achievable due to the short minority carrier recombination lifetimes
inherent to GaN [12].

In B-GayOs-based Schottky diodes, the absence of effective p-type doping precludes the
realization of p* homojunction guard rings. Nevertheless, resistive guard rings formed through
nitrogen (N) [11] or magnesium (Mg) [13] ion implantation have been reported as alternatives.

In addition to the techniques discussed, various other edge termination methods are used
in power semiconductor devices to reduce electric field crowding at the device edges, such as
floating field ring termination [14], [15] and Junction Termination Extension (JTE) [16], [17]. A
comprehensive analysis of all edge termination techniques lies beyond the scope of this work.
However, the following section will provide a detailed analysis of heterojunction p* guard
rings and combinations of guard rings and field-plates on 3-Ga,O3-based SBDs, addressing the

challenge of the lack of shallow acceptors in $-Gay O3 through TCAD simulations.
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2.3 Design of 3-Ga,0; Schottky Barrier Diodes using p-type

III-Nitride Guard Rings

As discussed in Section 2.3, homojunction guard rings in $-Ga,O3 can be realized by implanting
deep acceptors, such as nitrogen (N) or magnesium (Mg), into the material edges, creating
a resistive layer. While these devices demonstrate an improvement in breakdown voltage
compared to designs without guard rings, the absence of a quasi-neutral region in these guard
rings limits their effectiveness in screening the electric field. High-resistivity guard rings can
help to spread the depletion region and reduce field crowding at metal edges. However, a guard
ring with a quasi-neutral region can provide superior electric field screening at the metal edges
by shifting the high-field region from the metal edge deeper into the device.

Due to the lack of shallow acceptors in -Ga, O3, p-doped IlI-nitrides offer a promising alter-
native for guard ring materials, allowing for the formation of a quasi-neutral region. The concept
of heterostructure guard rings has previously been proposed for Silicon Carbide substrates [18].
Additionally, Muhammed et al. [19] reported the successful growth of c-plane n-GaN epilayers
on (2 0 1) B-Ga,Oj substrates using MOCVD, and vertical blue LEDs have been demonstrated
on similar substrates [20]. Shimamura et al. [21] reported the growth of c-plane GaN on (1 0
0) oriented 3-Ga,O3 substrates, while Cao et al. [22] achieved growth of non-polar a-plane
GaN on (0 1 0) oriented B-Ga, O3 substrates via MOCVD. These studies confirm the feasibility
of growing electronic-grade polar and non-polar GaN on 3-Ga,O3 substrates, depending on
substrate orientation.

This section presents a design for a $-Ga;O3 Schottky Barrier Diode (SBD) incorporating a
p-doped III-Nitride guard ring, developed through electric field simulations. Three distinct guard
ring configurations are evaluated: (i) p-Gallium Nitride (p-GaN) guard rings, (i) non-polar
graded p-Aluminum Gallium Nitride (p-AlGalN) guard rings, and (ii1) polar graded p-AlGaN
guard rings. Detailed electrostatic simulations are conducted to capture and control high electric

fields within II-nitride/-Ga,O3 heterostructures. The design is optimized to determine the
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Figure 2.6: Schematic of Ga,O3 SBD with guard rings (GR) where (A) Non-polar p-GaN GR (B) Non-Polar
p-AlGaN GR (C) Polarization doped graded p-AlGaN GR with (1) SiO, (2) HfO, as field-plate oxide. Reprinted
from Roy et al. [23] © 2020 IEEE.

most effective device parameters for reducing the electric field. Additionally, the use of field-
plates is explored in the optimized design to further decrease peak electric fields within the
device structure. While p-type III-Nitrides and their alloys are used in this analysis, other p-type
materials, such as p-NiO, can also serve as guard ring materials [27], following the provided

design guidelines.

2.3.1 Simulation Methodology

The Schottky Barrier Diode (SBD) device structure (Fig. 2.6) includes a guard ring with varying
thickness of Tgg, a 10 um thick drift layer (with Np = 106 ¢m=3) , and a Ni/Au Schottky metal
contact with a barrier height ®p of 1.4 eV [28]. The Schottky metal overlaps the guard ring
by 3 um. Simulations were conducted using the Sentaurus 2D TCAD device simulator [29],
with a guard ring width of 50 um. For accurate numerical convergence, optimized meshing was

employed, featuring subnanometer grid spacing for key electrical layers and their interfaces,
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Table 2.1: Material parameters used for TCAD simulation of SBD with III-Nitride guard rings

| Material | Ga,03 | GaN | AIN |
Bandgap (eV) 4.85[24] | 3.3[25] | 6.2 [25]
Electron affinity (eV) 3.91[24] | 3.9[25] | 0.6 [25]
Relative permittivity 10[24] | 8.9 [26] | 8.5[26]
Electron Effective mass 0.28mg | 0.22mg | 0.4mg
Hole Effective mass - 1mg 4myg
Critical Electric Field (MV/cm) 8 [24] 3.3[26] | 15[26]
Sn Activation energy (eV) 0.03 [24] - -
Mg Activation energy (eV) - 0.2126] | 0.6 [26]
Spontaneous Polarization (C/m?) - -0.034 -0.09

while larger spacing was used for the drift region. The spontaneous polarization model was
applied to account for polarization effects in the graded polar p-AlGaN, using spontaneous
polarization values of -0.034 and -0.09 C/m? for GaN and AIN, respectively [26].

The incomplete ionization model was used for p-type doping in GaN and AlGaN to accu-
rately reflect hole concentration. In cases of high doping, the Fermi-Dirac model was included
for better accuracy under operational bias. The simulation setup utilized well-calibrated mobil-
ity and thermodynamic transport models to align with experimental results [11]. Breakdown
voltage estimations were based on E-field simulations, determining the breakdown point when
the peak E-field reached the critical values for GaN (3.3 MV/cm) or Ga;0O3 (8 MV/cm). Band
offsets were estimated using the electron affinity rule, which correlated well with experimentally
determined offsets for GaN/Ga, O3 [30].

To save computational time, ionization integrals for avalanche breakdown were not calcu-
lated, especially given that accurate ionization rate parameters for Ga;O3 are not yet established.
Therefore, breakdown estimations rely on the electric field distributions generated by the sim-
ulation [31]-[33]. It’s also important to note that, in real devices, field crowding can occur
at the device corners. However, these fields are typically lower than the field crowding at the
electrode edges, which is the primary factor in device breakdown. Thus, our device breakdown

comparison for the various configurations, based on 2D simulations, remains reliable and is
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Figure 2.7: (a) Electric field distribution in SBD for (i) no GR (ii) Nitrogen doped GR at bias voltage of 1500 V
(b) Electric field vs position for N-doped GR and no GR at 1500 V along the cutlines shown in the contour plots.
Reprinted from Roy er al. [23] © 2020 IEEE.
supported by prior studies [31].
All material parameters for f-Ga, O3, GaN, and AIN used in the simulations are listed in

Table 2.1. Parameters for intermediate Al compositions in Al,Ga;_,N were calculated based on

Vegard’s law, using GaN and AIN data.

2.3.2 Results and Discussions

The SBD with a nitrogen-doped guard ring (GR) and the one without a GR were simulated for
comparison, and their electric field profiles are shown in Fig. 2.7 (a) (1) and (ii), respectively.
The circled cross-section in Fig. 2.6 is magnified and presented for each of the electric field
contours. The applied bias voltage is set to 1500 V, and the ionization energy of nitrogen in
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Figure 2.8: Electric field distribution and equilibrium energy band diagram for SBD with (a) (b) non-polar p-GaN
GR (c) (d) non-polar p-AlGaN GR (e) (f) polarization doped p-AlGaN GR respectively at bias voltage of 2000 V
and GR doping of 10%° cm~3 (g) Electric field vs position in SBD for the three different GR at 2000 V and at GR
doping of 10%° ¢m 3 along the cutlines shown in the contour plots. Reprinted from Roy e al. [23] © 2020 IEEE.
B-Gay03 is considered to be 2 eV [34]. In both cases, the maximum electric field appears at the
metal edge. However, as expected and as experimentally reported [35], the field is reduced in
the guard ring structure, as shown in Fig. 2.7 (b).

We now explore the use of non-polar p-GaN as the guard ring material (Fig. 2.8(a)). The use
of a magnesium-doped GaN guard ring enables electric field screening at the metal edges due to
the presence of a quasi-neutral region. The activation energy for Mg in p-GaN is considered to

be 0.2 eV [36]. The doping concentration is taken to be 10%° ¢m™3 (hole concentration = 8.2

10'8 ¢m~3), with a guard ring thickness of 0.5 um and an anode voltage of 2000 V. The peak
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Figure 2.9: Equilibrium energy band diagram of the simulated SBD with polarization doped p-AlGaN GR for
Tgr = 0.5 um and Np = 10'© cm—3. Al composition is graded from 70 % to 40 % from the p-AlGaN/n-Ga, O3
heterointerface to the SBD surface. Reprinted from Roy et al. [23] © 2020 IEEE.

electric field has now shifted to the p-GaN/n-Ga, O3 heterojunction, as shown in the electric
field contour in Fig. 2.8 (a). Fig. 2.8 (b) illustrates the equilibrium energy band diagram of
the p-GalN/n-Ga, O3 heterojunction. At an anode bias of 2000 V, the peak electric field at the
p-GaN/n-Ga, O3 heterojunction exceeds GaN'’s critical field of 3.3 MV/cm. Simulations of the
p-GaN guard ring configuration as a function of anode voltage are presented in Fig. 2.10. The
breakdown voltage of this p-GaN guard ring configuration is 750 V.

To leverage the high critical electric field of 3-Ga;03, a more effective design would use a
guard ring material with a higher critical field than 3-Ga,O3. Consequently, we investigate a
graded p-AlGaN guard ring, with aluminum composition graded from 70% at the AlGaN/Ga,;03
interface to 40% at the SBD surface. Fig. 2.8 (c) shows the electric field distribution for graded
AlGaN with a doping concentration of 10%° ¢cim=3. However, because the ionization energy
of Mg is high in AlGaN with high Al content, realizing a high hole concentration becomes
challenging. In fact, with an Mg concentration below 10'® cm~3, the peak electric field remains
at the metal edge due to complete depletion of the GR. By growing c-axis oriented AlGaN

with a decreasing Al composition from the heterointerface to the surface, a three-dimensional
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slab of holes (3DHS) can be achieved through the polarization doping effect [37]. Fig. 2.8 (e)
illustrates the electric field distribution in the polarization-doped p-Al,Ga;_,N (where x =70 %
at the heterojunction to 40 % at the SBD surface) GR. The hole concentration in this guard ring
structure significantly increases from the non-polar case (from 2x 107 to 6x 10'8 em™3).

The band diagram for the polarization-doped polar graded p-AlGaN guard ring configuration
is shown in Fig. 2.8 (f). Here, the peak electric field shifts to the heterojunction, primarily due to
the positive polarization sheet charge at the p-Aly7Gag 3N/n-Ga; O3 heterojunction. The energy
bands rapidly drop at the polar p-AlGaN/n-Ga, O3 interface, which further increases the electric
field compared to the non-polar p-AlGaN/n-Ga; O3 interface, as depicted in Fig. 2.8 (g). Even in
the low-doped case, the energy bands steeply decline at the p-AlGaN/n-Ga, O3 heterointerface,
as shown in Fig. 2.9. Thus, a polarization-doped p-AlGaN GR does not effectively reduce the
peak electric field.

Fig. 2.10 presents the peak electric field versus applied bias for the SBD with six different
guard ring structures. The doping concentration for the p-type guard rings is set at 1020

cm ™3, while for the nitrogen-doped case, it is 10'® ¢m™3. The guard ring (GR) thickness is
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maintained at 0.5 um. The non-polar graded p-AlGaN, ungraded p-AlGaN, and p-GaN guard
rings demonstrate the best performance in terms of peak electric field reduction. However, the
SBD with the p-GaN guard ring exceeds its critical electric field of 3.3 MV/cm at an anode
voltage of 750 V. The non-polar p-Al,Ga;_,N GR, with a uniform Al composition (x = 60%),
has a critical electric field comparable to that of Ga; 03, allowing the breakdown voltage to reach
up to 2000 V, as shown in Fig. 2.10. On the other hand, the electric field is significantly high for
the SBD with the polarization-doped AlGaN GR due to the strong field at the heterointerface.
Doping and thickness of the guard ring are critical parameters that would determine the
amount of electric field screening and location of the peak electric field. We simulated the three
guard ring configurations excluding the SBD with no GR and nitrogen-doped GR, as a function
of Mg doping for a fixed thickness of 0.5 um at a bias of 2000 V. Doping in the guard ring is
found to determine the location of the peak electric field as shown in Fig. 2.11. For the polar
p-AlGaN guard ring, the peak electric field is always at the heterojunction irrespective of the
doping. In the case of p-GaN and non-polar p-AlGaN guard ring, the peak field is at the metal

edge for doping concentrations lower than 10'® ¢m~3. Since a high GR doping is not necessary
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Figure 2.12: Equilibrium energy band diagram of the simulated SBD with nonpolar p-AlGaN GR for (a)
Tgr =0.5 um (b) Tgr = 1 um. Al composition is considered to be 70 %. (c) Peak electric field vs GR doping
concentration with non-polar AlIGaN GR and at applied bias of 2000 V for different GR thicknesses. Reprinted
from Roy et al. [23] © 2020 IEEE.

to minimize the peak field at the metal edge and since non polar graded and ungraded p-AlGaN
GR shows similar performance, compositional grading in the GR is not required, which will
mitigate the challenge involving growth of graded epitaxial layer of AlGaN inside the pocket of
Ga,0s3.

The doping level and thickness of the guard ring are critical parameters that dictate both the
degree of electric field screening and the location of the peak electric field. We simulated the
three guard ring configurations, excluding the SBD without a GR and the nitrogen-doped GR,
as a function of Mg doping with a fixed thickness of 0.5 pm at a bias of 2000 V. As shown in
Fig. 2.11, doping in the guard ring significantly influences the peak electric field’s location. For
the polar p-AlGaN guard ring, the peak electric field remains at the heterojunction regardless
of the doping level. In contrast, for the p-GaN and non-polar p-AlGaN guard rings, the peak
field is located at the metal edge for doping concentrations below 10'® ¢m=3. Since high GR
doping is not required to minimize the peak field at the metal edge and both non-polar graded

and ungraded p-AlGaN GRs exhibit similar performance, compositional grading in the GR
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Figure 2.13: Equilibrium energy band diagram of the simulated SBD with nonpolar p-AlGaN GR for (a)
Tgr =0.5 um (b) Tgr = 1 um. Al composition is considered to be 70 %. (c) Peak electric field vs GR doping
concentration with non-polar AlIGaN GR and at an applied bias of 2000 V for different GR thicknesses. Reprinted
from Roy et al. [23] © 2020 IEEE.
is unnecessary. This approach also reduces the complexity associated with growing a graded
AlGaN epitaxial layer within the Ga;O3 pocket.

The electric field simulations clearly establish the comparably superior performance of the
non-polar p-AlGaN guard ring configuration. We now focus on this configuration in particular,
studying the effect of guard ring thickness. In the case of low-doped guard rings, achieving
a quasi-neutral region requires sufficient thickness to realize an undepleted region near the
metal edge. The equilibrium energy band diagrams for non-polar graded p-AlGaN GRs with
low doping (10'¢ ¢m—3) at two different thicknesses are shown in Fig. 2.12 (a) and Fig. 2.12

(b). The presence of a quasi-neutral region near the metal, as seen with the thicker, low-doped

guard ring in Fig. 2.12 (b), is beneficial for electric field screening. This quasi-neutral region
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Figure 2.14: Equilibrium energy band diagram of the simulated SBD with nonpolar p-AlGaN GR for (a)
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concentration with non-polar AlIGaN GR and at applied bias of 2000 V for different GR thicknesses. Reprinted
from Roy et al. [23] © 2020 IEEE.
allows the depletion region to expand under high reverse bias. Fig. 2.12 (c¢) summarizes the
effect of guard ring thickness as a function of Mg doping. At a bias of 2000 V, the peak electric
field can be reduced from 9 MV/cm to 7.5 MV/cm with a guard ring doping of 10'® em=3.
The peak electric field decreases with increasing doping, up to a concentration of 10'8 ¢m 3.
Beyond this point, as GR thickness increases, the peak electric field continues to decrease until
reaching a doping level of 10'7 cm™3. At higher concentrations, the peak electric field shifts to
the pn-heterojunction, and GR thickness has no further effect. In this regime, a field-plate is
unnecessary, as the peak field region is buried.

To further improve electric field management, we select guard ring configuration B, with
a thickness of 1 pm and a doping concentration of 10'® cm™3. In this configuration, the peak
electric field occurs at the metal edge. We now explore the potential for further breakdown
voltage enhancement by introducing a field plate. Fig. 2.13 (a) illustrates the electric field

distribution in the SBD at a GR thickness of 1 pm and a bias voltage of 3600 V: (i) without

a field-plate, and (i1) with a field-plate. A 200 nm SiO, layer is employed as the field-plate
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oxide. For comparison, Fig. 2.13 (b) shows a field-plated SBD without a guard ring. Field
plating significantly reduces the peak electric field compared to an SBD with only a guard
ring. However, incorporating both a field-plate and a thick p-AlGaN GR results in a dramatic
reduction of the peak electric field at the metal edge. Once again, the peak electric field decreases
with increasing doping concentration, up to 107 cm™3. Thus, the optimal design combines a
thick, low-doped p-AlGaN guard ring with a field-plate for enhanced electric field management.

Fig. 2.14 illustrates the effect of field plating on reducing the peak electric field in the
SBD with a non-polar p-AlGaN guard ring (GR). As shown, for doping concentrations below
10'® cm—3, field plating significantly reduces the electric field at the metal edge, allowing the
field to reach the 3-Ga,Os critical electric field of 8 MV/cm at a bias voltage of approximately
3600 V. At higher doping levels (above 10'7 cm~3), the field plating effect diminishes as the
peak electric field shifts from the metal edge to the pn-heterojunction. In addition, using a
high-k dielectric (such as HfO,, with a relative permittivity of 22) as the field-plate oxide, in
conjunction with the GR, further reduces the peak electric field. This setup reaches the f-GayO3
critical field at a reverse bias of 5200 V, surpassing the highest reported breakdown voltages for
vertical SBDs with a 10 um drift layer [38]. The significant permittivity difference between the
semiconductor and dielectric induces polarization-bound charges within the dielectric, which
balances the depletion charge at the semiconductor interface [33], [39], [40], resulting in a
flattened electric field profile and reducing its peak value. For comparison, an SBD with an
HfO, field-plate oxide but without a GR achieves a breakdown voltage of 4300 V, indicating
that the GR improves the breakdown voltage by 900 V. Using extremely high-k materials, like
BaTiOj3 (with a permittivity of 300), as the field-plate oxide can further enhance breakdown
voltage, reaching up to 7800 V with a GR. However, BaTiO3 lacks a conduction band offset
with B-Ga; 03, which may lead to charge trapping within the dielectric. To mitigate this, we
analyzed a stacked dielectric configuration using HfO, (5 nm) + BaTiO3 (295 nm). This stack
maintains a high effective dielectric constant of 248, while the conduction band offset at the

dielectric/Ga, O3 interface potentially prevents bulk electron trapping by blocking current flow
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through the dielectric during forward conduction. Utilizing this stacked dielectric with a thick
guard ring yields a breakdown voltage of 6200 V.

Among all the devices described, the SBD with a non-polar p-AlGaN guard ring (GR)
combined with a field-plate and a high-k field-plate oxide emerges as the best choice for
reducing the electric field. The thick -Ga,Os3 epilayers (approximately 10 wm) on (010)
B-Gay 03 substrates can be grown using hydride vapor phase epitaxy (HVPE), as previously
demonstrated [41], [42]. Selective area epitaxy of AlIGaN GRs within Ga, O3 trench pockets
can be performed using metal-organic chemical vapor deposition (MOCVD) [43], [44]. We
recognize that AlIGaN heteroepitaxy on Ga;O3 may compromise material quality, necessitating
extensive growth and process optimizations. By implementing the design concepts explored in
this work, a Ga,O3 SBDs with GRs in conjunction with field-plates will significantly increase
the already high FOM achieved in current Ga;O3 power SBDs. For instance, with a breakdown
voltage of 6200 V and an estimated R, g, of 3.1 mQ-cm?, assuming a mobility of 200 cm?/V.s

[45], we expect to achieve an exceptionally high FOM of 10.8 GW/cm?.

2.4 Summary

This chapter introduced and discussed various edge termination techniques employed in high-
voltage power devices. A comprehensive design guideline for field plates was also presented,
utilizing electrostatic analysis to emphasize that the field plate dimensions, dielectric thickness,
and dielectric constant of the dielectric material are critical parameters for optimizing power
diodes to achieve maximum breakdown voltage.

The challenges associated with achieving an efficient guard ring configuration for electric
field management were addressed. A novel method to enhance the breakdown voltage of
Schottky barrier diodes (SBDs) through the use of a p-doped III-nitride guard ring was proposed
and substantiated by detailed device simulations. This approach effectively circumvents the

challenge posed by the lack of p-type doping in -GayO3. The simulations demonstrated that
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an SBD with a thick, low-doped non-polar p-AlGaN guard ring, when combined with a field
plate and high-k dielectric, provides optimal electric field reduction. Additionally, incorporating
a field plate with a high permittivity field plate oxide in low-doped guard ring configurations
further mitigates the electric field at metal edges. Future research into the AlGaN/Ga;03
heterointerface properties is expected to deepen our understanding and enhance the development
of heterojunction-based structures for high-performance power electronic devices.

A key challenge in the proposed method lies in growing thick AlGaN layers with high Al
composition on B-Ga;0s3, as well as achieving high doping concentrations, particularly for
p-type doping. However, the design guidelines provided here could be adapted for other p-type
materials that can be used as guard rings, such as p-NiO, which has already been demonstrated.
This methodology is also applicable to other wide bandgap materials, such as SiC or GaN, to
achieve high breakdown voltages.

As discussed in this chapter, mitigating electric field crowding at the device edges is
essential for the efficient and reliable realization of power devices. The next chapter presents
a demonstration of field-plated SBDs that employ extreme permittivity dielectric materials as

field plate dielectrics to significantly reduce electric field crowding at the device edges.
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Chapter 3

B-Ga,0; Extreme Permittivity Dielectric

Field-Plated Schottky Barrier Diodes

3.1 Introduction

In the previous chapter, a design guideline for Schottky Barrier Diode (SBD) design was
presented, based on electrostatic analysis. It demonstrated that the field plate dimensions,
dielectric thickness, and dielectric constant of the dielectric material are critical parameters for
minimizing electric field crowding at the device edges.

In conventional field-plated SBDs, low-x dielectrics such as SiO, or Al,O3 are more
commonly used [1], [2]. Lateral field spreading within the semiconductor drift region is a
crucial aspect of field-plated designs, and low-x dielectrics are typically inefficient at spreading
the electric field laterally beyond the field plate edge. This results in significant electric field
crowding at the field-plate edge, particularly at the metal/dielectric interface. While this issue is
less impactful for narrow-bandgap materials (where the dielectric breakdown field is typically
orders of magnitude higher than that of the semiconductor), it becomes a significant challenge
for ultra-wide bandgap materials. In these materials, dielectric breakdown fields are often

comparable to those of the semiconductor. Consequently, the electric field at the field plate
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edge can sometimes surpass the dielectric’s breakdown field before the electric field in the
semiconductor reaches the semiconductor’s critical field. This can lead to premature dielectric
failure and, ultimately, device breakdown.

This chapter introduces an alternative strategy that utilizes high-permittivity dielectrics as the
field plate dielectric. An experimental demonstration of high-permittivity dielectric field plates
on various f3-Ga, O3 drift layers is presented, showcasing their superior field plate efficiency.
Additionally, this chapter includes an analysis of area normalization and its effect on the specific

on-resistance of vertical power devices, along with calculations of power losses.

3.2 high-x vs low-x Dielectric for Field Plates

The use of high-permittivity dielectrics as field plate dielectrics reduces the electric field at field
plate edges due to the lateral distribution of electric fields [3], [4]. This effect is illustrated in Fig.
3.1. As discussed in Chapter 1, charge build-up at the metal corners results in a corresponding
accumulation of negative charges at the field plate edge within the depletion region. For low-k
dielectrics, the low dielectric constant causes a significant potential drop within the dielectric,
which weakens the fringing electric field and limits the lateral spread of the depletion region.
Consequently, substantial charge buildup occurs near the field plate edge within the depletion
region, as shown in Fig. 3.1 (a). As the charge density increases in this area, the electric field
near the metal edges also rises (Fig. 3.1 (¢)), according to Poisson’s equation:

JE() p
dx _85

3.1

where E(x) is the x-component of the electric field, p is the charge density, and &g is the
semiconductor’s permittivity.

In contrast, high-k dielectric field plates experience minimal electric field drop across the
dielectric due to their higher dielectric constant. This results in a stronger fringing electric field

between the metal and semiconductor, promoting the lateral spread of the depletion region, as
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Figure 3.1: Anillustration of the depletion region and electric field (along x direction) profile for (a) (c) low-k
field-plated and (b) (d) high-«x field-plated SBDs at reverse bias.

depicted in Fig. 3.1 (c). Consequently, the charge density near the field plate edge is reduced,
and according to (3.1), the electric field at the edges is also lowered, as shown in Fig. 3.1 (d).
Thus, using a high-k dielectric material as the field plate oxide effectively reduces electric field

crowding at the device edges, which helps to prevent premature breakdown of the device.

3.3 High permittivity Dielectric Materials

The question now becomes which material offers a sufficiently high relative permittivity to be
effective in edge terminations for power electronics. HfO,, with a dielectric constant of ~25,
has been widely studied as a high-«k dielectric material for gate oxides in Si and Ge CMOS
technology [5]-[7]. Other high-permittivity dielectrics include ZrO; (g, = 25), Ta;Os (&, = 22),
Lay03 (& = 30), and TiO; (& = 80) [8]. While these materials are effective for increasing gate

capacitance in low-power electronics, their dielectric constants are not high enough to provide
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sufficient lateral electric field distribution in high-power electronics.

Among these materials, TiO; has relatively higher dielectric constant of 80 (theoretical),
making it a potential choice for high-voltage applications. However, in practical settings, the
dielectric constant of TiO; is often closer to 50 [9], [10]. Our own experiments with TiO;
deposited on 3-Ga, 03 have indicated a dielectric constant in the range of 35 to 50, which may
limit its effectiveness for high-power applications.

In contrast, complex oxides such as BaTiO3 and SrTiO3 stand out for their extremely high
permittivities, with stoichiometric films exhibiting dielectric constants exceeding 1000 [11]—
[13]. SrTiOs3, in particular, has been reported to reach dielectric constants as high as 25,000 at
low temperatures [14]. These exceptionally high permittivities make them highly effective for
managing electric field crowding and other field control challenges in power devices. Xia et al.
demonstrated a BaTiO3/f-Ga; 03 heterojunction diode achieving a reverse breakdown field of
5.7 MV/cm, with a BaTiO3 dielectric constant of 260. Additional studies have also explored
the use of high-k dielectric materials for field management in 3-Ga;O3 and GaN-based power
devices [4], [15].

Additionally, superlattices composed of medium- or low-k dielectrics can exhibit even
higher effective permittivities due to Maxwell-Wagner relaxation effects [16]. By layering
BaTiO3 and SrTiO3 in a superlattice structure, dielectric constants of 800 to 900 have been
achieved, compared to 300 to 400 in individual films [17], even at 1 MHz frequencies, which
is well above the operating frequencies of modern power converters. These high permittivity
values are sufficient for field management in power electronic applications. In the following
section, a 3-GayOs-based Schottky Barrier Diode utilizing this type of extreme permittivity

dielectric as a field-plate oxide for edge termination will be presented.
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3.4 [-Ga,0; Schottky Barrier Diode with high-x Dielectric

Field Plates

In this section, we demonstrate a 3-Ga, O3 field-plated vertical Schottky Barrier Diode (SBD)
utilizing a BaTiO3/SrTiO3 superlattice dielectric layer. Two devices were fabricated on -Ga, O3
drift layers grown using Halide Vapor Phase Epitaxy (HVPE): one with a thickness of 1.7 um
with a doping concentration of 9x10'® ¢m™3 and the other with a thickness of 10 wm with
a doping concentration of 8x 10" ¢m™3. Under high reverse bias, both field-plated devices
operated beyond the punch-through regime, whereas the non-field-plated devices exhibited
breakdown before reaching punch-through. The performance characteristics of punch-through

and non-punch-through devices are discussed in the following subsection.

3.4.1 Non-Punch-through vs Punch-through Designs

The analysis provided in Chapter 1 on BFOM and field plate designs assumes a non-punch-
through scenario, where the electric field profile is triangular. In a punch-through scenario,
however, the depletion region depth reaches the drift layer thickness, resulting in the electric
field profile shifting from a triangular to a trapezoidal shape, as illustrated in Fig. 3.2.

In the non-punch-through case, the relationship between R)"”  and V)™ is as described

RNPT

on—sp and VIPT are the specific on-resistance and breakdown voltage for

in Chapter 1, where

non-punch-through device respectively.

NPT\2
RNPT 4(VBR )
on—sp —
EstnEc

As illustrated in Fig. 3.2 (b), the electric field does not reach zero at the bottom of the drift layer

(3.2)

in a punch-through scenario. The electric field at the drift layer’s bottom end can be expressed

as:
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Figure 3.2: Anillustration of the electric field profile for (a) non-punch-through and (b) punch-through scenarios
at reverse bias.

gNp tPT
E (1ffy) = Bo— ==, (33)

The device’s breakdown voltage, represented by the area under the trapezoidal field profile,

can be formulated as:

2
PT
gNp (tdri ft)

265 3.4)

P
VB =Ec tdrzfl

PT
RPT _ drift

For the punch-through case, using R,,, _,, = ZiND

and substituting for 17 d” 1 the relationship
between specific on resistance and breakdown voltage for the punch-through case can be written
as,

3
¢N3u? 2
Vi = aNpEnEc Ronp = =0 (Ron-sp) (3.5)
It can be seen from (3.5) that unlike non-punch-through case, Vggr-R,,—sp relationship
depends on Np. In addition, the punch-through condition imposes a maximum limit on the

breakdown voltage, determined by the real root of the quadratic equation (3.5), which can be

expressed as:

85E2
vEr ¢ 3.6
BR < 20N, (3.6)
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Figure 3.3: Breakdown voltage vs specific on-resistance plot for punch-through conditions for three different
doping concentrations.
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where, Vpr = holds true exclusively for non-punch-through case as established by the
BFOM (Eq. 1.1). The Vgg-R,—sp relationship is plotted in Fig. 3.3 (b) for f-GayO3 assuming
a doping independent Ec of 8 MV/cm.

Fig. 3.3 (a) presents the breakdown voltage versus doping concentration for various drift
layer thicknesses under punch-through conditions, based on equation (3.4). Due to the truncation
of the electric field at the end of the drift layer, the breakdown voltage of a punch-through diode
is reduced for any given doping concentration and drift layer thickness. As illustrated in Fig.
3.3 (b), punch-through devices demonstrate a performance advantage over non-punch-through
devices only within a narrow range. Consequently, punch-through devices generally exhibit
inferior performance compared to non-punch-through devices, which have a one-dimensional
field distribution.

In the following subsection, we present a demonstration of 3-Ga; O3 punch-through diodes
utilizing high-x dielectric field plates. The devices operate in the punch-through regime due to
the combination of thin drift layers and the chosen doping concentrations. This approach aims

to leverage the high-x dielectric material to enhance field distribution, even in a punch-through

configuration.
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Figure 3.4: Schematic of Ga,O3 SBD with high-k dielectric field plate, where S1 is the (BTO/STO);5 dielectric
field oxide for (BTO/STO),5 FP SBD and S2 is the BTO dielectric field oxide for BTO FP SBD. The expanded

region shows the TEM image of the anode edge of the (BTO/STO)5 FP SBD. Reprinted from Roy et al. [18] ©
2021 IEEE.

3.4.2 Device Fabrication of 3-Ga,; high-k Field-plated SBD with Thin

Drift Layer

The fabrication of the field-plated SBD, as illustrated in Fig. 3.4, began with the growth of (001)
B-Gay03 epilayers. These layers were deposited using a custom-designed, subatmospheric
vertical Halide Vapor Phase Epitaxy (HVPE) reactor with GaCl and O, precursors [19]. The
GaCl was produced in situ by flowing Cl, over high-purity (7N) liquid Ga and was transported
to the wafer surface through a quartz injector. By controlling the GaCl molar flow rates, a
growth rate of approximately 5 um/hr was achieved.

Following the growth, the as-grown samples were dipped in HF and HCI for 5 minutes
to remove any residual oxides. Fifteen alternating layers of 10 nm BaTiO3z and SrTiOj3
[(BTO/STO);5] were then deposited via RF sputtering at room temperature in an oxygen/argon
ambient (1:10 O,/Ar ratio). The deposition was conducted at a sputtering power of 140 W
and a chamber pressure of 5 mTorr, resulting in a total measured thickness of ~285 nm. After
deposition, the sample underwent annealing at 700 °C in an oxygen environment for 30 minutes

to enhance the dielectric constant.
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Figure 3.5: (a) EDS map of Ba and Sr in the (BTO/STO), 5 superlattice stack. (b) A high resolution TEM image
of the B-Ga,03/(BTO/STO); 5 stack interface.

Next, the sample was patterned through standard photolithography, and the active regions
were exposed using SF¢/Ar dry etching. To ensure complete removal of the dielectric, overetch-
ing of 50 nm was performed, confirmed via transmission electron microscopy (TEM) imaging
(Fig. 3.4). Energy-dispersive X-ray spectroscopy (EDS) mapping of the (BTO/STO);5 layer indi-
cated some intermixing of Sr and Ba as shown in Fig. 3.5, possibly due to the high-temperature
annealing step. A high resolution TEM image of the 3-Ga;O3/(BTO/STO);5 stack is also
provided in Fig. 3.5.

Subsequent to etching, Ni/Au (20/40 nm) metal stacks were deposited on the sample using
electron-beam evaporation. Finally, Ti/Au (50/100 nm) ohmic contacts were sputter-deposited
on the back side of the sample. For comparison, additional samples were fabricated with only
BaTiO3 (BTO) as the field plate oxide and a reference SBD without any field plate using the

same process flow.

3.4.3 Dielectric Constant Extraction of high-x Dielectrics

The dielectric constants of the (BTO/STO);s and BaTiO3 layers were determined by depositing
them on an MOCVD-grown (010) B-Ga,03 substrate with a 0-doped layer, following the
approach outlined by Xia et al. [20]. Capacitance measurements were taken by comparing
the capacitance corresponding to the peak of the d-doped layer, both with and without the

74



Ni/Au

Ni/Au 2
(a ) € ( b)E I 10 ,(BTO/S'i'O)‘S Stalck Leakalge charalcteristics.
H H |
X X 3 102 ] Forward Bias ]
90 nm > b ]
- 16 ran-3 ) 10-4 E /
Ns:} 2.9x10%cm? N =9x10%¢m T A/’(/;T
HVPE Epilayer 0 10 %‘V 1
UID MOCVD Epilayer < F
2 10°%
(010) conducting B-Ga,0, Substrate| (001) conducting B-Ga,0, Substrate 8 1 0_10 Egcv
" " -12 . . . . i
Ti/Au Ti/Au 10 0 5 4 6 8 10
Voltage (V)
Schottky
—— BTO MOSCAP Schottky -6 . : .
& 150 I (BTO/STO)lS MOSCAP ?120 f——— BTO MOSCAP /) -~ 10 HBTO/STO),5 stack leakage characteristics;
(BTO/STO),; MOSCAP S
§ 120 §100 7 108 g 107t Reverse Bias (d)
c c 80§ -
S— S~ ‘;1017 ol ‘%
S R £ 10%
o 16|
& 8 40/ 04 oz a
= = Depth (mm) c
o =} o 10
g g 20 5
2 o f = 500 kHz 3 5
o . - - ; o 10710 S o
-10 -8 6 4 -2 0 -20 -15 -10 -5 O -800 -600 -400 -200 O
Voltage (V) Voltage (V) Voltage (V)

Figure 3.6: (a) CV characteristics for an MOCVD grown delta-doped sample with and without the dielectrics.
(b) CV characteristics for the actual samples with and without the dielectrics. The inset of (a) and (b) shows
the apparent charge density for the two samples. (c¢) Forward and (d) reverse leakage characteristics for the
(BTO/STO),5/B-Ga; O3 MOSCAP. Reprinted from Roy et al. [18] © 2021 IEEE.
dielectric layers, as illustrated in Fig. 3.6 (a). This method was chosen since 3-Ga;Os3 lacks a
conduction band offset with either BaTiO3 or SrTiO3, making it impossible to extract C,, under
accumulation due to current conduction before the accumulation state is achieved, as depicted
in Fig. 3.6 (c). This results in substantial conduction loss during capacitance-voltage (C-V)
measurements at forward bias.

For the 6-doped films, where the precise location of the §-doping is known from reverse-
bias C-V characterization on d-doped [-Ga,Os3 film with Schottky contact, the dielectric
capacitance can be extracted under reverse bias by considering the series combination of the

dielectric capacitance and the d-doped layer capacitance. The capacitance per unit area of the

dielectric, Cyielectric, for the MOSCAP on the §-doped film can be expressed as follows:

CasCam
C ielectric — 3.7
dielect Coo—Cunt (3.7
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where Cy; is the capacitance per unit area corresponding to the peak of the d-doping without
the dielectric layer, and Cgy, is the capacitance per unit area at the peak with the dielectric layer.
Using Cgjeiectric, the dielectric constant &, of the materials can be calculated as:

g = Cdielectric X Ldielectric (38)
&

where tg;01ectric 18 the dielectric layer thickness, and & is the permittivity of free space. Using
(3.8), the dielectric constants were determined to be ~325 for the (BTO/STO);5 layer and ~142

for the BTO layer alone.

3.4.4 Current-Voltage and breakdown characteristics of -Ga;03 high-x

Field-plated SBD with Thin Drift Layer

To examine the influence of dielectric deposition and thermal annealing on the apparent charge
density, capacitance-voltage (C-V) measurements were conducted on the fabricated samples, uti-
lizing the previously extracted dielectric constants. The results, as shown in Fig. ?? (b), display
the C-V profiles for the Schottky diode, the BaTiO3 (BTO) MOSCAP, and the (BTO/STO);5
MOSCAP. The inset in Fig. 3.6 (b) reveals a net doping concentration of approximately
8-9x10'® cm™3.

The current-voltage characteristics are presented in both logarithmic and linear scales in
Fig. 3.7 (a) and Fig. 3.7 (b), respectively. The ideality factors (1) were calculated as 1.04 for
the non-field-plated SBD, 1.1 for the BTO field-plated SBD, and 1.07 for the (BTO/STO);s
field-plated SBD. The current was normalized by considering the area of the anode’s active
region for both the non-field-plated and field-plated SBDs, as the current through the dielectric
was negligible across the operational voltage range (0-2 V) in the MOSCAP structures.

The specific on-resistance (R,,—sp) was determined from the linear fit of the I-V data,
yielding values of 0.33, 0.34, and 0.35 mQ-cm? for the non-field-plated, BTO field-plated, and
(BTO/STO) 5 SBDs, respectively. The lowest differential on-resistance was 0.32, 0.34, and

0.32 mQ-cm? for the non-field-plated, BTO field-plated, and (BTO/STO);5 SBDs, respectively.
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Roy et al. [18] © 2021 IEEE.

These nominally similar values of ideality factors and on-resistances across the samples suggest
that neither the dielectric deposition nor the subsequent dry etching process degraded the drift
layer or the metal/semiconductor interface.

The reverse breakdown characteristics of the SBDs, measured using the Keysight BI5S05A,
are shown in Fig. 3.7 (¢) for devices with no field plate, a BTO field plate, and a (BTO/STO);5
field plate. The extracted breakdown voltages for the three devices are 148 V, 486 V, and 687 V,
respectively. Optical microscope images, displayed in Fig. 3.7 (d), show breakdown craters at
the anode edges for both the FP and non-FP SBDs, indicating the locations where breakdown
occurred. The significant increase in breakdown voltages for the high permittivity dielectric
field plate oxide suggests enhanced edge termination and reduced field crowding at the device
edges, attributable to the high permittivity of the FP dielectric.

Electric field simulations for these three SBD structures were conducted using Sentaurus

TCAD software [21]. The resulting field profiles are plotted in Fig. 3.8(a), (b), and (c). Except
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etal. [18] © 2021 IEEE.

for the non-field-plated SBD, the other two devices reach punch-through (PT) conditions at
breakdown, as evidenced by the vertical electric field distribution in Fig. 3.8(c). The surface

electric field Eg,, s for the non-punch-through (NPT) and punch-through (PT) conditions can be

2aNAV,
Es”ﬁ}:\/—q f br (3.9)

pr _ Vor +qNDtdrift
UL i fe 2e

calculated as follows:

(3.10)

where ¢ is the electron charge, Np is the donor concentration, € is the dielectric permittivity,
and 14,7, 1s the drift layer thickness. Using these expressions, the surface electric fields are
calculated as 2.2 MV/cm for the non-FP SBD, 4.2 MV/cm for the BTO FP SBD, and 5.42
MV/cm for the (BTO/STO);s FP SBD. These calculated values closely match the simulation

values shown in Fig. 3.8 (b).
78



10° — € 8 .
, . I\O/fnrt;z'disBDs . § = Vertical SBDs
107 . =
o~ © Lateral SBDs " . = 6} This Work (BT/ST FP)
E0t@ . 4 1 3 o)
d} ol m " . L | - * -
g 10 ThisWork BTOER © g4 This Work (BTO FP)
o 1 This Work (BT/ST FP)~ [&]
<:10 3 S Q2 ] =
3\'\((\\\,?; ;\6\,\\ w 2 [ ] ]
O e &)
102} ox v 0t P 8 " .
S ©
10-3 .——"O' , %Q ) E 0 )
10" 102 10° 10+ @ 10?2 10° 10*
Breakdown Voltage (V) Breakdown Voltage (V)

Figure 3.9: Benchmark plot for (a) R,— sp Vs Vi and (b) Surface electric field vs Vj,. comparing our device with
other reported vertical and lateral diodes.

The SBD with the (BTO/STO),5 FP exhibits the highest surface electric field at catastrophic
breakdown, reaching 5.45 MV/cm—one of the highest reported values for any Schottky barrier
diode. Additionally, the peak electric field at the anode edges is estimated to be between 8-9
MV/cm, consistent with the observed breakdown locations in the microscope images (Fig. 3.7
(d)), which highlight weak points across the different device types. If perfect etching control
is achieved, simulations of an identical structure with no 50 nm over-etching predict a peak
electric field of 6.1 MV/cm at the anode edge for the (BTO/STO);s FP under an anode bias
of -687 V. This represents a 32% reduction compared to the structure with over-etched Ga,0s3,
illustrating the impact of precise etching control on field distribution.

The edge termination efficiency, calculated as [m—yf‘;‘;] % 100%, increases from 43.2% for
the BTO FP to 61% for the (BTO/STO)5 FP. Here, the ideal breakdown voltage Vgg 14¢a1 18
determined by the equation (3.4), where E¢ is taken to be the predicted critical electric field
for B-Gay0s, estimated at 8 MV/cm. This increase in edge termination efficiency with the
(BTO/STO),5 FP highlights the effectiveness of the high-x dielectric stack in mitigating field
crowding and enhancing the breakdown voltage closer to the theoretical ideal.

The (BTO/STO),5 field-plated Schottky barrier diode (SBD) demonstrates an extremely low

specific on-resistance (Rop-sp) of 0.32 mQ-cm? (0.35 mQ-cm? from the linear fit) alongside a
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breakdown voltage of 687 V, resulting in a record high figure of merit (FOM) of 1.47 GW/cm?
(1.34 GW/cm? based on the linear fit of Rop-sp = 0.35mQ-cm?). Fig. 3.9 (a) presents benchmark
plots comparing the Ry,.sp and breakdown voltage of the (BTO/STO);s FP SBD with existing
literature, clearly indicating superior performance metrics for our device relative to others
reported. The achieved surface breakdown electric field of 5.45 MV/cm ranks among the highest
recorded for B-Ga,03 based SBDs, as illustrated in Fig. 3.9 (b). It is important to note that the
extraction of Eg, is dependent on the precise doping profile; for a uniform doping range of
6 x 10'%cm™3 to 1 x 107 cm™3, the calculated Eq falls between 4.96 and 5.57 MV/cm, with
simulated values ranging from 4.97 to 5.6 MV/cm.

The demonstrated device structure can be engineered for high-voltage applications by
carefully selecting the drift layer thickness and doping concentration. If the surface breakdown
electric field of 5.45 MV/cm is maintained as observed in the high-k FP SBD, a drift layer
thickness of 36 wm combined with a doping concentration of 8.2 x 10" cm™ could extend
the breakdown voltage to 10 kV. In this voltage range, $-Gay;O3 devices exhibit significant
advantages over SiC-based devices, which require drift layer thicknesses exceeding 100 um to
achieve 10 kV breakdown voltages [22], [23], thereby resulting in increased on-resistance for

SiC devices.

3.4.5 [-Ga,0; high-x Field-plated SBD with Thick Drift Layer

The previous device with high-k field plates utilized a thin drift layer. While this device achieved
a high parallel surface field, its absolute breakdown voltage was relatively low. To enhance
the absolute breakdown voltage, another series of SBDs, as illustrated in Fig. 3.10(a), with
high-k field plates using barium titanate (BTO) as the dielectric material, was fabricated on
an 11 pum thick drift layer grown by halide vapor phase epitaxy (HVPE) on (001) conductive
substrates from Novel Crystal Technologies, Japan (NCT Japan). Additionally, a device area-
dependent analysis of Ro,.sp Was conducted, along with switching calculations based on device
characteristics and dimensions. The device fabrication steps followed the same process as those
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Figure 3.10: (a) Schematic diagram of the 3-GaO3 high-k field-plated SBD. (b) Capacitance-voltage charac-
teristics of the regular SBDs and MOSCAPs. The inset of Fig. 3.10(b) shows the apparent charge profile in the
drift region for both the MOSCAP and the SBD. Reprinted from Roy et al. [24], with the permission from AIP
Publishing.

used for the previous devices with thin drift layers.

Using capacitance-voltage (CV) measurements on the regular SBDs, as shown in Fig. 3.10
(b), a net doping concentration (Np - Ny) of approximately 8 x 10> cm™3 was determined.
The dielectric constant of the sputtered BaTiO3 layer was then estimated by comparing the
capacitance values at zero bias, as indicated in Fig. 3.10 (b) [4], [25]. This analysis revealed a
dielectric constant of 248. Since the band offset between BaTiO3 and $-Ga;0j3 is very small
[20], we refrained from estimating the dielectric constant using accumulation capacitance. In
fact, the MOSCAPs begin conducting current before achieving accumulation, as illustrated
in Fig. 3.11 (d), which is similar to observations with a thin drift layer. In this instance,
however, the dielectric constant was derived from reverse bias capacitance on the actual device,
complemented by zero-bias depletion depth fitting based on the doping vs. depth profile shown
in the inset of Fig. 3.10 (b). It is assumed that there is no potential drop within the dielectric
and that the dielectric induces no additional depletion. These assumptions are reasonable given

the high dielectric constant of BaTiO3.

The current-voltage (IV) characteristics for the field-plated SBDs with varying diameters,
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Figure 3.11: Forward current-voltage characteristics for the field-plated SBDs for different diode diameters in (a)
linear and (b) log scale. (c) Ryn—sp vs diode diameter for the field-plated SBD with and without current spreading
(d) Current-voltage characteristics for the BTO MOSCAP showing negligible current density in diode operating
voltage (0-2V). Reprinted from Roy et al. [24], with the permission from AIP Publishing.

presented in both logarithmic and linear scales, are shown in Fig. 3.11 (a) and (b). Using the
thermionic emission model, a Schottky barrier height of 1.3 eV and an ideality factor (n) of
1.03 were extracted, indicating minimal damage to the Schottky interface from dry etching.
The specific on-resistance (R,,—sp) without accounting for current spreading was determined
by normalizing the forward current (/,,) with the anode diameter (Dy4) as <J0n = 7%’%) , where
Jon represents the current density. Subsequently, the differential specific on-resistance was

~1
calculated as Ry, —sp = (ﬁ&”) , where V' denotes the applied voltage, resulting in a range of

6.9-8.7 mQ-cm? for the field-plated SBDs. An increase in R, s, with larger anode diameter
(D4) suggests significant current spreading in smaller diameter diodes.

Fig. 3.11 (c¢) illustrates the dependence of R,, s, on diode diameter, with and without
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Reprinted from Roy ef al. [24], with the permission from AIP Publishing.

current spreading (a 45° spreading angle [26] was assumed, presuming isotropic mobility within
the material as depicted in the inset of Fig. 3.11 (c)). The upper bound of the specific on-
resistance, taking current spreading into account, was calculated by normalizing the absolute
current with the total spreading area (Ay,) [27], where Ay, = (nD%_ Sp> /4and Dy sp Tepresents
the total spreading diameter. Assuming a 45° current spreading angle, Dy 5, = Dj + (2Lpyi ﬂ),
with Lp,; s denoting the drift layer thickness. When accounting for current spreading, Ry,
becomes independent of the anode diameter. Additionally, the current through the BaTiOj3 layer
is negligible at the operating voltage range (0-2V), as demonstrated in Fig. 3.11 (d), where
measurements were taken on MOS capacitors.

The reverse IV characteristics for both the field-plated and non-field-plated SBDs are shown

in Fig. 3.12 (a). The breakdown voltage for the non-field-plated diodes was extracted to be
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Figure 3.13: Electric field contour plot of the high-k FP SBD. Simulated electric field profile for the field-plated
and non-field-plated SBDs for cutlines along (b) AB and (c) CD. Reprinted from Roy et al. [24], with the
permission from AIP Publishing.
approximately 771-816V, while the field-plated SBDs exhibit significantly higher breakdown
voltages of around 2134-2186V, with minimal variation across diode diameters. In both cases,
breakdown was catastrophic. The leakage current density at breakdown decreased with increas-
ing diode diameter, indicating that leakage current primarily flows along the device periphery.
By normalizing the currents to the device perimeter (rDy) instead of the total area, it becomes
evident that the leakage current is relatively uniform across diode diameters, as shown in Fig.
3.12 (b). This observation confirms that a significant portion of the leakage current originates
from the device edges rather than the entire device area. The high periphery current at break-
down is attributed to the fact that the electric fields near the edges reach very high values ( 8
MV/cm) at breakdown for -GayO3, in contrast to GaN (~3 MV/cm) or SiC (~2.5 MV/cm).
Negligible current was observed through the high-«k dielectric layer up to 2 kV, as shown in Fig.
3.12 (o).

Electric field simulations for both non-field-plated and field-plated SBD structures were

performed using Sentaurus TCAD software [21], with results plotted in Fig. 3.13 (a) and (b).
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Both diodes reach a punch-through field profile under breakdown conditions, with the punch-
through voltage estimated at approximately 729V. At breakdown voltage, the surface electric
field reaches 1.5 MV/cm for the non-field-plated SBD and 2.6 MV/cm for the field-plated
SBD. Peak electric fields of 8-9 MV/cm were estimated at the anode edges, suggesting that this
is where breakdown occurs. The reduction in parallel plane breakdown field observed here,
compared to the SBD with thin drift layer, may be due to differences in the epitaxial drift layer
quality and thickness.

We have also analyzed the power losses in these field-plated and non-field-plated SBDs.
The total power loss in a diode is a combination of static and switching power losses, which can

be estimated using Eq. (6.6) [28]:

PLOSXZDXPOn—F(l—D)XPOff—{—ESWXfSW 3.11)

where Py, Pon, and Ppyr represent the total, on-state, and off-state power losses, respec-
tively, and D is the duty cycle. Here, Ej,, and f;,, denote the switching energy loss and switching
frequency, respectively.

First, the static power losses were estimated using Py, = Vo,Jo, and Posr = VrJpr. The
on-state voltage Vp,, is defined at Jp,, = 100 A/cm?, which is approximately 1.7V for the non-
field-plated and 1.73V for the field-plated SBDs. The breakdown voltage Vg is considered to
be ~816V for both types of SBDs for a fair comparison, with Jpg values of ~8.9 mA/cm? for
the non-field-plated SBD and ~0.51 pA/cm? for the field-plated SBD.

The on-state power loss for the field-plated and non-field-plated SBDs is approximately
equal, as shown in Fig. 3.14(a) and (b), respectively. However, the off-state power loss is
significantly higher for the non-field-plated SBDs, primarily due to the increased leakage current
associated with these devices. Despite this, the total power loss remains similar for both the
non-field-plated and field-plated SBDs, as it is predominantly influenced by the on-state power
loss. Consequently, the total static power loss for both types of SBDs is nearly identical.

One major concern regarding the addition of high-k material is the potential increase in
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Figure 3.14: Static power loss for the (a) field-plated and (b) non-field-plated SBD as a function of duty
cycle showing different components of the total loss (c) Estimated switching power loss for the field-plated and
non-field-plated SBD as a function of switching frequency. Inset of (c) shows the expanded version of the marked
region. Vg is the applied reverse bias. Reprinted from Roy ef al. [24], with the permission from AIP Publishing.
switching power loss due to the elevated capacitance. To address this, we estimated the switching
power losses analytically to compare the field-plated and non-field-plated SBDs evaluated by
considering the total amount of charge that needs to be removed or added during the switching
process, with only capacitive charge storage taken into account for the SBDs. It is important
to note that the switching power loss calculations presented here are preliminary and entirely
analytical; a more detailed analysis of the switching losses will be discussed in the next chapter.

Since both the non-field-plated and field-plated SBDs operate under punch-through condi-

tions at breakdown (with Vp = —729 V, where Vp is the punch-through voltage), the energy loss

for the non-field-plated SBD during switching (Ej,,—,rp) can be estimated using (3.12),

1
Esy—nrp = EC (VE%R _Vlg) = ﬁ”ﬂ (VI%R - Vg) (312)
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where C is the capacitance per unit area, € is the dielectric constant of $-Ga;0Os3, and
Lpyif: is the thickness of the drift layer. In contrast, the field-plated SBD consists of both a
Schottky region and a MOS region, as depicted in the inset of Fig. 3.14(b). Therefore, the total
capacitance can be described as the combination of the Schottky depletion capacitance and the
MOS depletion capacitance. The MOS depletion capacitance per unit area can be approximated

as

£ n(R* —1?)
Lprif: nr?

where R is the outer circle radius and r is the inner circle radius. It is assumed that no
voltage is dropped across the high-k dielectric, and lateral depletion is ignored. Thus, the total

switching energy loss for the field-plated SBDs (E;,,—fp) can be estimated using (3.13).

1 R?
ESW_szi{ © (—2)] (Var— Vi) (3.13)

The estimated switching power losses are presented as a function of switching frequency
in Fig. 3.14 (c). When the field-plated SBDs are switched at 2.1 kV, compared to 816 V for
the non-field-plated SBDs, the switching power loss for the field-plated SBDs is significantly
higher, approximately 26 times greater than that of the non-field-plated SBDs. However, when
both types of devices are switched at the same voltage, the switching power losses are nearly
identical. Additionally, it is evident that switching power loss decreases with an increase in
diode diameter, as the contribution of the MOS region to the total stored charge diminishes.
Thus, the inclusion of the high-x layer does not significantly increase the power loss compared

to the bare Schottky devices.

3.5 Summary

The design and efficacy of extreme permittivity dielectrics as field plate oxides is discussed in

this chapter. The lateral spread of the depletion region for high-k dielectric field plates, driven by
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fringing electric fields, results in reduced electric field crowding at the device edges compared
to low-k dielectrics. The chapter also addresses key differences and design considerations for
punch-through and non-punch-through architectures. Two demonstrations of high-permittivity
dielectric field-plated Schottky barrier diodes (SBDs) are presented: one utilizing a thin drift
layer and the other a thick drift layer.

The first device is fabricated on a vertical (001) oriented B-Ga;Os drift layer, grown using
halide vapor phase epitaxy (HVPE) on a (001) conducting substrate. This drift layer, with a
thickness of 1.7 um, features a high permittivity dielectric field plate oxide, resulting in an
extremely low specific on-resistance (R, —sp) of 0.32 mQ-cm? and a high breakdown voltage of
687 V, yielding a figure of merit (BFOM) value of 1.47 GW/cm?. By creating a superlattice
of BaTiO3 and SrTiO3 followed by high-temperature annealing, a dielectric constant of 325 is
achieved. The extracted surface breakdown electric field of 5.45 MV/cm is among the highest
reported for f-Gap;O3 SBDs. The devices demonstrate marked differences in edge termination
efficiencies, with higher dielectric constants leading to higher breakdown voltages. However,
due to the thin drift layer, the absolute breakdown voltage remains below 1000 V.

The second device employs a thick, low-doped (Np = 8 x 101> cm™3) 10 um thick HVPE
drift layer, commercially procured from a Sn-doped substrate oriented along (001). BaTiO3
serves as the dielectric material for the field plate. This device achieves a breakdown voltage of
2.1 kV for the high-« field-plated B-Ga,O3 planar Schottky diodes with large diameters. The
deposition of the high-k dielectric and subsequent dry etching have negligible effects on the
forward characteristics of the diode. The breakdown voltage for the field-plated SBDs increases
by approximately 2.7 times compared to the non-field-plated SBDs, and this voltage remains
uniform across various Schottky diameters. Static and switching power losses for the SBDs
are analyzed, revealing that static power loss is nearly identical for both non-field-plated and
field-plated devices. The switching power loss is comparable for both types of SBDs when
operated at the same reverse blocking voltage, with total switching power loss decreasing as

diode diameter increases. Thus, the addition of the high-k dielectric has a negligible effect on
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switching losses. Consequently, high-k field-plated devices can operate effectively at both high
reverse voltages (2.1 kV) with low switching frequencies (10 kHz) and low reverse voltages
(800 V) with high switching frequencies (greater than 100 kHz). This high-k dielectric usage
can effectively leverage the high breakdown fields in ultra-wide bandgap materials through
improved electric field management, enabling the true potential of these materials to be realized
for next-generation power electronics.

These demonstrations indicate that the use of high-k dielectric field-plated structures en-
hances edge field termination efficiency and facilitates the investigation of intrinsic critical field
limits in ultra-wide bandgap semiconductors. While these field plate techniques effectively
reduce edge electric field crowding, thereby preventing premature breakdown, they do not
significantly alleviate the parallel plane electric field at the bulk of the metal/semiconductor
interface. The high electric field at this interface, especially under high reverse bias, can lead to
various detrimental effects on the operation of the Schottky barrier diodes (SBDs). In the next
chapter, we will explore methods to mitigate these high electric fields even at very high reverse

bias, aiming to improve the overall performance of these devices.
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Chapter 4

B-Ga,0; Extreme Permittivity Dielectric

RESURF Trench Schottky Barrier Diodes

4.1 Introduction

To recap, vertical devices offer superior performance over lateral devices in high-voltage
applications, thanks to their inherent ability to handle higher currents. For these applications,
thick, high-quality, low-doped drift layers are essential. These layers must withstand substantial
reverse blocking voltages while ensuring high carrier mobility to minimize on-state resistance.
Notably, commercially available 10 um thick (001)--Ga, O3 epitaxial layers, grown via halide
vapor phase epitaxy (HVPE) [1], exhibit a doping concentration of less than 106 cm™3. This
characteristic makes them a highly promising option for developing vertical devices capable of
operating in the multi-kilovolt range.

However, as reverse voltage increases in power diodes, the electric field at the junction
interface (whether the p/n junction in p/n diodes or the metal/semiconductor junction in Schottky
diodes) also intensifies. Wide and ultra-wide bandgap semiconductor-based devices, typically
designed to operate at high reverse voltages, are therefore exposed to extremely high electric

fields. These intense fields can lead to unwanted reverse leakage currents, which must be
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minimized to reduce off-state power loss.

In p/n diodes, such reverse leakage currents are generally negligible due to the larger junction
barrier. However, in Schottky barrier diodes, thermionic field emission at high reverse bias can
lead to significantly higher reverse leakage currents. This issue is exacerbated by a reduction in
Schottky barrier height due to image force lowering. Therefore, device engineering efforts must
focus on reducing the electric field at the metal/semiconductor interface to minimize reverse
leakage currents. The next section will discuss the impact of Schottky barrier height on reverse

leakage mechanisms and the limitations of planar 3-Ga;03-based Schottky barrier diodes.

4.2 Thermionic Emission and Tunneling in Schottky Barrier
Diodes at High Reverse Bias

In this section, we briefly summarize the analysis of reverse leakage currents due to thermionic
and field emission, as described by Li et al. [2]. In ideal Schottky barrier diodes, reverse leakage
current (Jrey) is composed of contributions from both thermionic emission (TE), where current
flows over the Schottky barrier, and barrier tunneling (BT), where current flows through the
barrier, as illustrated in Fig. 4.1. Therefore, the reverse leakage current, Ji.y, is the sum of the
leakage current density due to thermionic emission (Jrg) and the leakage current density due to

barrier tunneling (JgT), as shown in Equation 4.1:

Jrev = JEE +JBT 4.1)

To analyze these leakage currents, it is crucial to consider the shape of the Schottky barrier.
This shape is influenced by image force lowering (IFL) of the barrier height and the doping
concentration in the semiconductor. Illustrations of the Schottky barrier shape are provided in
Fig. 4.1(a) and (b). The conduction band minimum (&;) can be expressed, taking into account

both IFL and doping, as follows:
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Figure 4.1: Schematic band diagram of a metal/semiconductor junction at (a) Low E-field and (b) high E-field
with image force lowering and different leakage current components.

e ¢ Npx>
16megx 2¢&

be(x) = qp — qEx — 4.2)

where ¢, is the Schottky barrier height, E is the surface electric field, Np is the doping
concentration in the semiconductor, € is the permittivity of the semiconductor, and g is the

electron charge. Now the Jrg considering IFL can be written as,

—qA
Jrp = A*T?exp (19— 4A9 4.3)
kT
*7,2
where A* = 4‘]%]{3 is the Richardson constant, m* is the electron effective mass, kp is the
Boltzman constant, and 4 is the Planck’s constant. A¢ = % is the reduction in Schottky barrier

height and 7 is the temperature.

Now the barrier tunneling current can be expressed as,

*2 pgmax _
Jpr = AT / T(&)In {1 +exp (—%>] “4.4)
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Figure 4.2: (a) Temperature-dependent reverse leakage current density as a function of the surface electric field
for B-Ga; O3 SBDs. (b) Calculated practical maximum electric field (Ejuqy) in f-Ga;O3 SBDs defined at fixed
maximum reverse leakage current density levels (Jyax=1 mA /cm?, 100 mA /cm?), as a function of the barrier height.
Reprinted from Li et al. [2], with the permission from AIP Publishing.

where &' is the maxima of the conduction band at the metal/semiconductor interface, &7,

is the Fermi level in the metal, and .7 (&) is the transmission probability which is written as,

o (<317 plo)] it 6 < g
L if &> &nar

T(&) = (4.5)

where p(x) = —iy/2m*(&c(x) — &), x1 and x, are the classical turning points and 7 is the
reduced Planck’s constant.

The current density versus surface electric field, as calculated by Li et al., is shown in Fig.
4.2(a). It is evident that as the electric field increases, the leakage current rises sharply. Fig.
4.2(b) illustrates the practical maximum surface electric field as a function of Schottky barrier
height, also based on Li et al.’s calculations. Here, the practical maximum electric field is
defined as the field at which the reverse leakage current density reaches 1 mA/cm? (typical) or
100 mA/cm? (relaxed). From Fig. 4.2(b), it can be observed that for B-Ga,Os, the practical
maximum applicable surface electric field is approximately 1.5-2 MV/cm for a Schottky barrier
height of 1 eV. Beyond this field strength, the leakage current exceeds acceptable limits, despite

the theoretical critical electric field being 8 MV/cm.
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Figure 4.3: Schematic band diagram of a metal/semiconductor junction with (a) Low work-function and (b) high
work-function anode contacts showing different leakage current components.

4.3 Methods of Reducing Leakage Current in Schottky Bar-

rier Diodes

4.3.1 Increasing the Schottky Barrier in SBDs

Since both thermionic emission and barrier tunneling decrease as the energy barrier height
increases, using a high work-function metal contact with an n-type semiconductor can effectively
reduce reverse leakage current, as illustrated in Fig. 4.3. According to Fig. 4.2 (b) from Li et al.,
for B-Gay 03, a Schottky barrier height of 2.5 eV can support a practical maximum electric field
(Emax) of up to 6 MV/cm. This value far exceeds the theoretical critical electric field of other
wide-bandgap semiconductors, such as SiC or GaN. However, conventional high work-function
metals like Ni (¢,, = 5.1 eV) and Pt (¢,, = 5.3 eV) yield a Schottky barrier height of only 1.1-1.3

eV, which is insufficient to effectively block leakage currents.
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One approach to enhance the barrier height involves using oxidized metal contacts. For
instance, Hou et al. [3] demonstrated that oxidized metal contacts on 3-GayOs, such as PdOy,
PtOy,, and AgO,, can achieve Schottky barrier heights of 2-2.5 eV. Additionally, Saraswat et al.
showed that PtO, Schottky contacts with a barrier height of 2.2 eV can sustain electric fields up
to 4.3 MV/cm while maintaining a leakage current below 100 A/cm?.

However, a drawback of increasing the Schottky barrier height is a corresponding rise in
the diode’s turn-on voltage, which increases the forward voltage drop (V¢) and leads to higher
on-state power losses. Since minimizing Vr is crucial for achieving high efficiency in power
applications, alternative strategies to reduce leakage current while minimizing forward voltage
drop must be explored. Consequently, further investigation into innovative materials and device
architectures is essential for optimizing Schottky barrier diode performance across a range of

high-efficiency applications.

4.3.2 High-Permittivity Interlayer Dielectric Schottky Barrier Diode

An alternative method to minimize barrier tunneling under reverse bias is to incorporate a thin
high-permittivity (high-x) interlayer dielectric between the Schottky metal and the semicon-
ductor, with no conduction band offset between the dielectric and the semiconductor. This
dielectric layer acts as a tunneling barrier during reverse bias, while allowing current to flow
via thermionic emission during forward bias, thanks to the absence of a conduction band offset.
The use of a high-k dielectric is critical for maintaining a consistent tunneling width under high
reverse bias. If any portion of the applied potential is dropped across the dielectric, a triangular
potential barrier will form, reducing the tunneling distance in the dielectric, which could lead to
ineffective suppression of tunneling currents, as depicted in Fig. 4.4(a).

High-«x dielectrics are advantageous because they sustain a lower electric field within the
dielectric itself, ensuring most of the electric field is dropped across the semiconductor. This

effect is described by:
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Figure 4.4: Schematic band diagram of a metal/semiconductor junction with (a) Low-k and (b) high-x dielectric
interlayers showing different leakage current components.

Eq= 5 x Eg (4.6)
&d

where Ej is the electric field within the dielectric, and Eg is the electric field at the dielec-
tric/semiconductor interface on the semiconductor side. As a result, when a high-x dielectric is
employed, a rectangular potential barrier is maintained, effectively suppressing barrier tunneling,
as illustrated in Fig. 4.4(b). The first demonstration of such a dielectric interlayer-based Schottky
diode on 3-Ga;03 was performed by Xia er al. [4], who used a BaTiO3 dielectric, achieving
a breakdown field of 5.7 MV/cm. However, the relatively thick interlayer (30 nm of BaTiO3)
significantly increased the forward voltage drop, making the approach less efficient for practical
applications. Later, Hendricks et al. [S]improved upon this design by incorporating a much
thinner high-x dielectric interlayer of only 4 nm of TiO;, achieving a breakdown field of 2.8
MV/cm with a leakage current below 100 mA/cm?. This thinner dielectric reduced the forward

voltage drop, making it a more practical solution for high-efficiency devices.
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4.3.3 Trench Schottky Barrier Diode

In all the previously discussed strategies, the electric field is controlled in only one dimension.
When the electric field is applied solely in one direction at the metal/semiconductor junction,
it must deplete sufficient charge in the semiconductor to sustain the potential. This results
in the development of a very high electric field at the metal/semiconductor junction in the
one-dimensional case.

In a trench Schottky Barrier Diode (SBD), fins are etched into the top region of the drift
layer, with metal contacts surrounding the fins both laterally and vertically. The sidewalls of the
semiconductor are isolated from the metal by a dielectric material, as illustrated in Fig. 4.5. The
two-dimensional electric field in this design allows charge depletion horizontally from the sides
of the drift region, significantly reducing the net electric field stress at the metal/semiconductor
junction. Consequently, the leakage current is minimized due to the REduced SURface Field
(RESUREF) effect at the junction.

The first demonstration of a trench SBD on -Ga,;03 was reported by Sasaki et al. [6],

utilizing HfO; as the dielectric material. These devices exhibited an improved breakdown field
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compared to planar SBDs and demonstrated lower leakage currents at high fields. Li et al. [7]
later developed a field-plated B-Ga,O3 trench SBD, achieving a breakdown voltage above 2.8
kV with extremely low reverse leakage currents. However, the use of low-k dielectrics on the
sidewalls led to potential drops within the dielectric, limiting the full impact of the RESURF
effect. The following section explores how high-permittivity dielectrics can further enhance the

RESUREF effect.

4.4 High-k Dielectric Trench Schottky Barrier Diode

As demonstrated in Eq. 4.6, a high-permittivity dielectric reduces the voltage drop across
the dielectric, allowing most of the electric field to be applied within the semiconductor in a
MOS structure. In the case of trench SBDs, using a high-x dielectric similarly ensures that
less potential is dropped within the dielectric, thereby increasing the lateral electric field in
the semiconductor and enhancing the RESURF effect. Consequently, the electric field at the
metal/semiconductor junction is significantly lowered, as illustrated in Fig. 4.6(b). A simplified
analytical model outlining the influence of the dielectric constant on the RESUREF effect in
trench SBDs is presented below.

In the fin region, the two-dimensional Poisson equation can be approximated as:

aEs(x) 8E5(y) . C[ND
dx + dy & “.7)

where Eg(x) is the x-component of the electric field, Eg(y) is the y-component, ¢ is the
electron charge, Np is the doping concentration in the semiconductor, and &g is the dielectric
constant of the semiconductor. In this approximation, the x and y components of the electric
field are decoupled for simplicity, which is sufficient to demonstrate the effect of the dielectric
constant on the RESURF mechanism. Using a Taylor expansion, the gradient of the electric

field in the x-direction is expressed as:
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reverse bias for (b) low-x dielectric and (c) high-« dielectric. (d) Electric field profile for the trench SBD in vertical
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oEs(y) Es(r="4") - Es(x=0")
ax Wi “48)

where Eg <x = %) = 0 due to symmetry at the midpoint of the fin. From (4.6), the electric

field at x = 0" can be written as:

Es(x=0") = <— ><ED(x=0_)> (4.9)

where Ep(x = 07) = Ep(x). Substituting Eq. 4.9 into (4.8), the gradient of the electric field

in the x-direction becomes:

aEs(x) . _28dED(x)
T W (4.10)
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Now, Ep(x) can be written as:

Vi — Ws(VR)

T, (4.11)

ED()C) =

where y,, is the potential at the metal, ys(Vg) is the surface potential at the semiconductor
sidewall, and T} is the dielectric thickness. Under reverse bias conditions, y;,, = 0 and the
surface potential yg(Vg) depends on the reverse bias voltage Vg. Therefore, the gradient of the

electric field in the x-direction can be expressed as:

dEs(x) _ 2ys(Vr) (& 4.12)
dx Wfin Ty & |

Now, using (4.7), the gradient of the electric field in the y-direction can be expressed as:

JEs(y) _ gNp JEs(x)

= 4.13
dy & dx (4.13)
Substituting (4.12) into (4.13), we get:
E 2
JEs(y) _ gNp _ 2¥s(Vr) (g_d) (4.14)
dy & Weinlp \ Es

From (4.14), it can be observed that the gradient of the electric field in the y-direction
is reduced by a factor that depends on the ratio of the dielectric constant of the dielectric to
the semiconductor permittivity, as well as the dielectric thickness and fin width. Compared

ID(y) — gNp

to the Poisson equation in one dimension (%—y & ), it appears as though the doping

concentration in the fin region is effectively reduced.

It is evident from (4.14) that as the dielectric constant of the dielectric increases, aEaLy(y)
decreases, enhancing the RESUREF effect. Additionally, it can also be seen that as the fin width
decreases, the RESUREF effect becomes more pronounced.

Another significant advantage of employing high-permittivity dielectrics in trench structures
is the ability to use a thicker dielectric layer while still maintaining the effectiveness of the

RESUREF effect due to the reduced potential drop across the dielectric. As shown in Fig. 4.6,

the high-field regions are concentrated at the MOS interface at the bottom of the trench. The
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use of a thicker high-«x dielectric helps increase the breakdown voltage significantly compared
to trench SBDs utilizing low-k dielectrics.

Dielectric leakage is another critical concern in trench SBDs employing low-k dielectrics.
Under high reverse bias, the electric field in the dielectric layer can become quite strong, leading
to substantial leakage currents that may cause premature breakdown of the device. The reduced
electric field within high-x dielectrics under reverse bias mitigates this issue, allowing for
improved device reliability.

These combined benefits—higher breakdown voltage and reduced dielectric leakage—make
high-k dielectrics a more attractive and practical option for trench SBDs, offering significant

advantages over traditional low-x dielectric approaches.

4.5 Power Losses in Power Diodes

A key consideration when using high-permittivity dielectrics in power applications is the
associated increase in device capacitance, which can limit the switching frequency. High
capacitance leads to greater energy storage and dissipation during switching events, directly
impacting efficiency, especially at high frequencies. In this section, we provide an in-depth
analysis of power losses in power diodes, examining both static and switching losses to assess
the trade-offs introduced by high-k materials in practical applications.

Static power losses primarily occur during the on-state of the diode, when conduction losses
dominate. These losses are dependent on the forward voltage drop (Vr) and the current through
the diode. However, switching losses, which occur during the transition between the on-state
and off-state, are significantly influenced by the junction capacitance. As the capacitance
increases, more energy is required to charge and discharge the junction during each switching
cycle, leading to higher switching losses, especially at elevated frequencies.

In the context of high-«x dielectric-based diodes, if the device capacitances increase compared

to the high-«x dielectric-based diodes that may also result in higher switching losses, limiting
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Figure 4.7: Schematic representation of current-voltage characteristics of Schottky barrier diodes under forward
and reverse bias.

the device’s operational frequency range. Thus, optimizing the balance between capacitance,
breakdown voltage, and switching losses is crucial for ensuring high-efficiency operation in
power applications. In the following subsections, we will quantify these losses and analyze the

capacitances in the case of trench Schottky barrier diodes.

4.5.1 Static Power Loss

Static power loss in a power diode can be broken down into two main components: conduction
loss and reverse leakage loss. Conduction loss arises from the finite forward voltage drop when
the diode is in forward conduction mode. This loss depends on the diode’s turn-on voltage and
its on-state resistance, as illustrated in Fig. 4.7.

In contrast, reverse leakage loss results from the finite reverse leakage current that flows
when the diode operates in reverse blocking mode. The overall static power loss of the diode is

given by:

PAC — [pVp§ + IgVr(1 — 8) (4.15)
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In this equation, Vr = V,,, + IR, represents the forward voltage drop, where V,,, is the turn-
on voltage, Ir is the forward current, and R, is the on-state resistance of the diode. Meanwhile,
I denotes the reverse leakage current, Vi is the reverse blocking voltage, and 6 represents the
duty cycle. The first term on the right-hand side of (4.15) corresponds to the conduction loss,
while the second term accounts for the reverse leakage loss.

It is clear from (4.15) that reducing conduction loss can be achieved by lowering V,,.
However, a decrease in V,,, typically results in an increase in Ig, which leads to higher reverse
leakage loss. This trade-off can be effectively mitigated by using trench Schottky barrier diodes

(SBDs), which help reduce the electric field at the dielectric/semiconductor interface.

4.5.2 Switching Power Loss

To analyze switching power loss in a power diode, a double-pulse test circuit is employed, where
a MOSFET drives an inductive load, and the diode serves as a freewheeling diode, as depicted
in Fig. 4.8. A gate driver circuit typically controls the MOSFET’s gate, and for this analysis,
the MOSFET is assumed to be ideal. The current direction is indicated by arrows in the figure.

In steady-state operation, when the MOSFET is off, the inductor current (/7)) flows through
the diode, as shown in Fig. 4.8(a). This represents the diode’s on-state, during which it dissipates
the on-state power, as previously discussed and illustrated in Fig. 4.9(a).

When the MOSFET turns on, as illustrated in Fig. 4.8(b), part of the inductor current (/1)
starts flowing through the MOSFET, causing the forward current through the diode to decrease.
Once the diode current reaches zero, the entire inductor current flows through the MOSFET. A
reverse current then flows through the diode to charge its junction capacitance from #3 to #4, as
shown in Fig. 4.9(a), while the diode’s reverse voltage rises to the supply voltage (Vpp). The

switching power loss during this period can be expressed as:

' I, —13
loss = g LswVDD (4.16)

The magnitude of reverse current through a Schottky diode depends on the diode’s junction
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Figure 4.8: Circuit schematic of a double-pulse test circuit and current pathways during the diode’s a) on-state,
b) turn-off transient, c) off-state, and d) turn-on transient.

capacitance (C;), while the switching time is governed by the RgC; time constant, where Rg is
the series resistance. This series resistance includes the undepleted drift layer resistance and
other parasitic resistances present in the circuit. The switching loss can also be estimated from

the energy stored in the junction capacitance and the switching frequency (f;,) as:

1
Toes = §CJV5Dfsw 4.17)

During the turn-on transient, no power is lost in the diode, as the junction capacitance is

discharged by the load current (1), as shown in Fig. 4.9(b). Therefore, the stored energy is
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Figure 4.9: (a) Off-state and (b) on-state current, voltage, and power switching transient for a power diode

effectively delivered to the load. Consequently, the total power loss (including both static and

switching losses) in a power diode can be written as:

1
Figw! = 1rVe 8+ IkVa(1 = 8) + 5CVhp for (4.18)

loss

Thus, the switching power loss in Schottky barrier diodes primarily depends on the diode’s
junction capacitance. Hence it is important to minimize these junction capacitances in the case
of power diodes to minimize the switching losses. In the next section, a capacitance model for

the trench SBD is provided.
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Figure 4.10: Parasitic capacitive components of a trench Schottky barrier diode.
4.6 Capacitance Model for Trench Schottky Barrier Diodes

In the case of trench Schottky barrier diodes, the junction capacitance is composed of MOS
capacitance at the trench bottom and sidewall and depletion capacitance, as illustrated in Fig.
4.10.

In Fig. 4.10, Cgep—trench and Cyep— in represent the drift layer depletion capacitance per unit
width in the trench and fin regions of the trench SBD, respectively. Cysos denotes the dielectric
capacitance per unit width in the trench region, while Cy;ps—s,, corresponds to the dielectric
capacitance per unit width along the fin sidewalls. Additionally, C;, g, refers to the depletion
capacitance per unit width at the fin sidewalls, and Cy;, represents the depletion capacitance per
unit width in the fin region due to the metal/semiconductor contact in the trench SBD. Thus, the

total capacitance of the trench SBD can be expressed as:

CTotal = (CMOS + Cdep—trench) | | [((CMOstw + Cfinfsw) | |Cfin) + Cdep—fin] (4.19)
where
Cros = gd@rench
d
€L+
Cmos—sw = Tfm
d
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Here, W, ench» Wrin, and Ly, represent the width of the trench region, the width of the fin
region, and the depth of the fins, respectively. V, is the voltage drop across the dielectric, and
Vin 1s the voltage drop in the fin region. The depletion capacitances are calculated at low
voltages, before punch-through occurs in both the drift and fin regions. In Eq. (4.19), || denotes
parallel capacitances.

After punch-through, the depletion capacitances can be expressed as

8S‘/Vtrench
Cdep—trench = 2L, »
ri
EsWrin
Cron in =
depsiin 2Larift
2&5Lyin
Crin—sw =
fin—sw me
EsWrin
Cin =
fin Lfin

At high reverse bias, Cgep—trench and Cyep— fin Will reach their lowest values. Consequently,
from Eq. (4.19), it is clear that under high reverse bias, the depletion capacitances in the fin
regions will dominate due to the series connection of the dielectric and depletion capacitances.
As aresult, using high-k dielectrics will not significantly affect the total capacitance of the trench
SBDs, and the overall capacitance will primarily be determined by the depletion capacitance of
the drift region. Thus, the switching performance of trench SBDs will not degrade with the use
of high-x dielectrics.

The following section presents a demonstration of the vertical trench Schottky barrier
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diode utilizing a high-permittivity dielectric, which is designed to enhance the RESUREF effect.
This exploration aims to illustrate the advantages of this configuration in achieving improved

performance characteristics in power applications.

4.7 Vertical Trench Schottky Barrier Diode with High-x Di-

electric RESURF featuring Pt Contact

This section presents a demonstration of trench Schottky barrier diodes (SBDs) based on f3-
Ga,03, featuring a high-permittivity dielectric RESURF with a platinum contact. For the
RESUREF dielectric, barium titanate (BaTiO3, BTO) was utilized, exhibiting a dielectric constant
of 248 [8]. In industrial applications, large-area power switching devices are crucial as they
must handle substantial loads. These industrial power devices are designed to manage currents
in the order of several amperes during the on-state while withstanding off-state voltages of
several hundred volts. Such operations often occur at frequencies reaching tens to hundreds of
kilohertz.

However, a significant challenge arises with increasing device area: the concomitant rise
in reverse leakage currents, which leads to heightened off-state power loss. Despite intensive
research efforts, all demonstrated large-area 3-Ga,O3-based SBDs exhibit reverse leakage
currents exceeding 1 mA/cm?. While pn-heterojunction diodes utilizing nickel oxide (NiO)
[9]-[11] have shown lower reverse leakage currents, they are burdened by excessively high turn-
on voltages, resulting in increased on-state power loss. Thus, large-area devices with reduced
turn-on voltage and lower off-state reverse leakage currents are critical for the successful
commercialization of -Ga;03-based devices.

To address these challenges, the fabrication process involved creating both small-scale
(200x200 um?) and larger-scale devices (1x1 mm? and 2x2 mm?), which are capable of
supporting ampere-level currents. The 1 mm? and 4 mm? devices demonstrated maximum
forward currents of 3.5 A and 15 A, respectively, while also achieving substantial breakdown
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Figure 4.11: Fabrication steps of the trench Schottky barrier diode.

voltages of 1.8 kV and 1.4 kV. In contrast, the smaller devices exhibited even higher breakdown
voltages, surpassing 3 kV. To comprehensively assess the performance characteristics of these
devices, capacitance-voltage measurements were conducted on the larger-area devices. This
analysis enabled the estimation of stored charge and switching energies, providing valuable

insights into their operational behavior and confirming their potential for industrial applications.

4.7.1 Device Fabrication

The fabrication process for the trench Schottky barrier diode (SBD), as shown in Fig. 4.11, was
carried out on an 11 um thick epilayer, grown via Halide Vapor Phase Epitaxy (HVPE) on a
conducting substrate provided by NCT Japan. The final structure, with all relevant dimensions,
is illustrated in Fig. 4.12(a), while top-view microscope images of both small-area and large-area
devices are presented in Fig. 4.12(b). The 1 um deep fins were fabricated using BClz-based

Inductively Coupled Plasma (ICP) Reactive Ion Etching (RIE), with a Ni/SiO; hard mask, as
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Figure 4.12: (a) Schematic diagram of the 3-Ga, O3 high-k RESURF trench SBD. (b) The top-view microscope
image of the fabricated small area (200x200 um?) and large area (1x 1 mm?) SBDs. (c) Cross-sectional SEM
image of the fabricated high-k RESUREF trench SBD showing single fin. Reprinted from Roy et al. [16], with the
permission from AIP Publishing.
described in references [12], [13]. After the dry etching, the samples were immersed in HCI for
15 minutes to remove damage induced by the etching process [14], followed by a 5-minute dip
in HF [7]. A 300 nm layer of BaTiO3 (BTO) was sputter-deposited at room temperature and
subsequently annealed at 700 °C in an O; environment to enhance its dielectric constant [15].
To enable contact deposition, the tops of the fins were exposed by selectively etching the
BTO layer using SF¢/Ar-based ICP RIE with a Ni hard mask. Pt/Au (50/150 nm) was then
deposited via electron beam evaporation, with planetary rotation to ensure a conformal coating.
A passivation layer of SiN, was applied using plasma-enhanced chemical vapor deposition

(PECVD). Vias were etched into the SiN,, after which Ni/Au (50/200 nm) probe pads were

deposited. Lastly, Ti/Au (50/200 nm) ohmic contacts were deposited on the backside of the
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sample via electron beam evaporation.

A cross-sectional scanning electron microscope (SEM) image, shown in Fig. 4.12 (c¢),
reveals the rounding of the trench corners, with a radius of curvature of approximately 250 nm,
resulting from the dry etching process. This rounding mitigates the concentration of electric
fields at the trench corners.

For this structure, an aspect ratio (fin height to fin width) and area ratio (fin width to pitch
size) of 1 were selected due to the limitations of optical lithography. Although a higher aspect
ratio could improve RESURF performance, it would require the more complex process of
electron beam lithography to produce sub-micron fins. To ensure reliable, high-yield fabrication
with optical lithography, a fin width of 1 um was used. Similarly, increasing the area ratio would
reduce the on-state specific resistance (R,,—sp), but would necessitate a trench width narrower
than the fin width. Given that the minimum achievable fin width with optical lithography is 1

um, a narrower trench width would again demand more intricate lithography techniques.

4.7.2 Forward Current Voltage Characteristics of the high-x RESURF

Trench SBD

Fig. 4.13 (a) compares the linear current-voltage characteristics of the small-area high-k
RESUREF trench SBD, a standard SBD [8], and a BTO field-plated SBD [8]. The differential
specific on-resistance values are 6.8 mQ-cm?, 7.1 mQ-cm?, and 10.8 mQ-cm? for the simple,
field-plated, and trench SBDs, respectively. The higher specific on-resistance of the trench SBD
is likely due to damage induced on the fin sidewalls during the dry etching process, suggesting
that the HF/HCI treatment did not fully recover the etch-induced damage. Such damage could
potentially be mitigated by employing low-damage etching techniques, such as wet etching with
hot phosphoric acid [17] or gallium etching [18].

Figs. 4.13 (b) and 4.13 (c) show the current-voltage characteristics for larger-area SBD
devices. For the 1 mm? SBD, a peak current of 3.7 A is achieved at 5 V with a 10% duty

cycle, while a current of 1.9 A is attained with a 95% duty cycle. The reduction in current at
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Figure 4.13: Current-voltage (I-V) plots for the -Ga, 03 based (a) simple SBD, BTO field plated SBD and small
area trench SBD, (b) 1mm? large-area trench SBD (c) 4mm? large-area trench SBD. (d) Temperature-dependent
I-V characteristics for the 1mm? trench SBD. The inset of (d) shows the temperature dependence of the differential
on-resistance. Reprinted from Roy ef al. [16], with the permission from AIP Publishing.

higher duty cycles is attributed to self-heating effects within the SBD. The 95% duty cycle
measurement closely approximates a DC measurement due to its prolonged operation periods.
In the case of the 4 mm?* SBD, it delivers a peak current of 15 A at 5 V under a 10% duty cycle
and 9 A under a 95% duty cycle. To minimize the impact of self-heating on device performance,
effective cooling and advanced packaging technologies should be employed [19]-[21].

Fig. 4.13 (d) presents the temperature-dependent I-V characteristics for the 1 mm? trench
SBD. The turn-on voltage decreases from approximately 0.9 V at room temperature to about
0.6 V at 150 °C. The inset in Fig. 4.13 (d) shows the temperature dependence of the differ-
ential on-resistance (R,,). By fitting the R,, values using the power law expression R, =
Ron 300k (T /300)%, the temperature coefficient of resistance () for the trench SBD is found to

be 0.87. This value is consistent with previously reported data (0.73 [19]) for f-Ga,O3-based

SBDs and is significantly lower than that of SiC SBDs (2.95 [22]), indicating superior thermal

115



Electric Field

(MV/cm)
14
12
10
8 B
6
4 7
s 2 Egp
8 -6 -4 -2 o 2
X (um) 25
10 ‘ : g
— 0 i —— BTO MISCAP 2 4
E 103} SiN, MISCAP _— i 5
5 L E (C) | 8
Z 10" L ] o 2
z 105{ Bl § 3 [\ @
g = w1
Q A i . .
o 107¢ |2 2 Drift Region
S i 0
£, 9 2 1r
310 13 ep=8.5
101 juwo £p=248
0 0 1000 2000 3000 2 4 6 8 10
Reverse Voltage (V) Y (um)

Figure 4.14: (a) Electric field contour plot of the low-k and high-k RESURF trench SBD extracted using
SILVACO ATLAS simulation (Dielectric boundaries are marked with yellow dashed lines). (b) Experimentally
measured /-V characteristics of the BTO (high-k) and SiN,, (low-k) MISCAPs and the electric field profile for the
low-k and high-k RESURF trench SBD along (c) AA’ cutline and (d) BB’ cutline. Reprinted from Roy et al. [16],
with the permission from AIP Publishing.

stability for the -Ga,O3-based devices.

4.7.3 Electric Field Simulations and Reverse Current Voltage Character-

istics of the high-x RESURF Trench SBD

Addressing the reverse characteristics, Fig. 4.14 (a) displays the contour plot of the electric
field, simulated using SILVACO ATLAS, for the trench Schottky Barrier Diode (SBD) with
low-k (¢, = 8.5) and high-k (&, = 248) RESURF techniques. The simulation was conducted,
incorporating rounded corners with a radius of curvature measuring 250 nm, as validated by the
cross-sectional SEM image. It is evident that the low-k dielectric exhibits a significantly higher
electric field within it compared to the high-k dielectric counterpart. This higher electric field for
the low-k dielectric structure results in dielectric leakage and eventual breakdown, as evidenced

by the fabricated Metal Insulator Semiconductor Capacitor (MISCAP) structure illustrated in
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Figure 4.15: (a) Reverse I-V characteristics for the simple, BTO field plated, and small area high-k RESURF
trench SBD. (b) Reverse I-V characteristics for the large area Imm?* and 4mm? high-k RESURF trench SBD.
Reprinted from Roy ef al. [16], with the permission from AIP Publishing.

Fig. 4.14 (b) (Pt/Au and Ti/Au were used as the anode and cathode contacts, respectively).
Specifically, the planar MISCAP utilizing low-k 300 nm thick SiN, succumbs to breakdown at
2.1 kV with substantial dielectric leakage. Conversely, the BTO-based MISCAP, utilizing ~300
nm thick BTO, surpasses a 3 kV breakdown voltage with negligible leakage current (< 10~
Alcm?).

Fig. 4.14 (c) demonstrates the electric field profile along the AA’ cutline for both the
low-k and high-k RESURF trench SBDs. In the case of the low-k RESUREF structure with a
dielectric thickness of 300 nm, the electric field at the metal-semiconductor junction reaches
approximately ~1.5 MV/cm. Conversely, for the high-k RESUREF structure with the same
thickness, the electric field at the metal-semiconductor interface remains below 0.5 MV/cm,
indicating superior RESURF efficiency when employing a high-k dielectric. The electric field
profiles along the BB’ cutline for both low-k and high-k RESUREF trench SBDs are depicted in
Fig. 4.14 (d). Due to a greater potential drop in the low-k dielectric, the electric field in the drift
layer is lower for the low-k RESUREF trench SBD compared to its high-k counterpart. However,
the electric field within the low-k dielectric exceeds approximately 15 MV/cm at 3 kV, which

could result in dielectric breakdown in the low-k RESURF trench SBD. In applications where
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higher doping is preferred, the electric field will scale in tandem with the doping concentration.
Nonetheless, the trench SBD with high-k RESUREF still offers advantages over conventional
planar Schottky Barrier Diodes (SBDs), whether with or without a field plate [8].

The reverse characteristics of the fabricated devices are presented in Fig. 4.15. Fig. 4.15 (a)
illustrates the reverse current-voltage (I-V) plot for the simple, BTO field-plated, and high-k
RESUREF trench SBDs. The breakdown voltages are determined as 816 V, 2.1 kV, and >3 kV
for the simple, BTO field-plated, and high-k RESURF trench SBDs, respectively. At breakdown,
the extracted leakage current densities are 2 mA/cm? for the simple SBD, 4 mA/cm? for the
BTO field-plated SBD, while for the trench SBD, the reverse leakage current at 3 kV is 1
uA/cm?, owing to the reduced electric field at the metal-semiconductor junction due to the
trench structure. The reverse I-V characteristics for the larger-area devices are displayed in
Fig. 4.15 (b). The 1 mm? device demonstrates a breakdown voltage of approximately ~1.8
kV, and the 4 mm? device exhibits a similar breakdown voltage of approximately ~1.4 kV.
At these breakdown voltages, the extracted leakage currents are 4 and 5 A for the 1 mm?
and 4 mm? trench SBDs, respectively. This decline in breakdown voltage and simultaneous
increase in leakage current with device area can be attributed to the presence of killer defects
in the material [23], highlighting the need for further material development to unlock the full
potential of $-Ga;03. Nevertheless, it is noteworthy that the extracted leakage currents for the
larger-area devices are one of the lowest among all ampere-class 3-Ga, O3 based devices with

similar dimensions.

4.7.4 High Voltage Capacitance-Voltage Characteristics of the high-x
RESUREF Trench SBD

The switching losses for the large-area devices were evaluated using high-voltage capacitance-
voltage (C-V) measurements conducted at 1 MHz, with the results shown in Fig. 4.16(a-c).
At a bias of —1kV, the capacitance values for the 1mm? and 4 mm? Schottky Barrier Diodes

(SBDs) were measured to be 8.4 pF and 35 pF, respectively. The capacitive stored charge (Qc¢)
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Figure 4.16: (a) Measured capacitance-voltage, (b) calculated capacitive stored charge, and (c) capacitive stored

energy for the 1mm? and 4mm? high-k RESURF trench SBD with Pt anode contact. Reprinted from Roy et al.
[16], with the permission from AIP Publishing.

is determined using the integral:

Vr
Oc = /0 C(vg)dvg (4.20)

Additionally, the stored energy (Ec¢) is calculated by:

Vr
EC = C(VR)VRdVR (421)
0

where C(vg) is the capacitance as a function of the reverse voltage (V). The extracted stored
charge amounts to 12nC and 44 nC, while the stored energies are 4.4 uJ and 17.5 uJ for the
1 mm? and 4mm? SBDs, respectively. Notably, the B-Ga>O3 trench SBDs exhibit significantly
lower capacitance, stored charge, and stored energy compared to commercial SiC devices. The
only drawback is the higher forward voltage drop in the -Ga,O3 SBDs, primarily due to
the higher on-resistance, which includes contributions from the thick doped substrates (650
um). However, the leakage currents of the trench SBDs are notably lower than those of SiC
SBDs. Further reduction in the on-resistance of the -Ga,O3 trench SBDs could be achieved
by employing low-damage etching techniques for fin formation and by thinning down the
substrates. Additionally, accessing higher electric fields would allow for thinner drift regions,

thereby further reducing the on-resistance.
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4.7.5 Benchmarking and Summary

Figure 4.17 (a) and (b) present a comparative benchmark plot of leakage current at break-
down versus turn-on voltage, and R,,—s, versus Vg for f-Ga,03 diodes. Notably, the pn-
heterojunction diodes exhibit lower leakage currents (I eakage) but higher turn-on voltages (Von),
while Schottky Barrier Diodes (SBDs) display lower V,, values but higher leakage currents.
The high-k RESURF trench SBDs highlighted in this study show the most favorable Vonlp eakage
product among 3-Ga,O3 power devices, with a current exceeding 1A and a breakdown volt-
age above 1kV. The small-area trench SBD, with an Ry, of 10.8 mQ-cm? and an estimated
breakdown voltage of 3kV, achieves a PFOM of 0.83 GW /cm?. In comparison, the large-area
SBD exhibits a PFOM of 305 MW /cm? for the 1 mm? trench SBD, and 185 MW /cm? for the
4 mm? trench SBD. Further improvements in PFOM can be realized by reducing the specific

on-resistance, either through low-damage etching techniques or substrate thinning.
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4.8 Vertical Trench Schottky Barrier Diode with High-x Di-
electric RESURF Featuring Low Work-function Ru Con-
tact

The performance of power rectifiers is critically dependent on both the forward voltage drop and
reverse leakage currents [5], [16]. In Schottky rectifiers, the forward voltage drop is determined
by the Schottky barrier height (SBH) and the on-resistance of the drift region. While a lower
SBH reduces the forward voltage drop, it tends to increase reverse leakage currents due to
enhanced thermionic field emission in regions with high surface electric fields. The trench
architecture, by leveraging the RESURF (Reduced Surface Field) effect, mitigates these surface
electric fields at the metal/semiconductor junction, enabling the use of lower work-function
metals for the anode contact. As shown in the previous section, employing a high-xk RESURF
dielectric further decreases the surface electric field at the Schottky interface [16]. This allows
the implementation of low work-function anode metals, reducing both the turn-on voltage and
forward voltage drop. Additionally, the use of high-k dielectrics reduces electric fields within
the dielectric layer at the trench bottom, minimizing dielectric leakage [16].

In this section, we demonstrate a high-performance 3-Ga,Oj3 trench Schottky barrier diode
that incorporates a high-k dielectric RESURF and a low work-function ruthenium (Ru) anode
contact. To minimize sputter-induced damage during the deposition of the high-x dielectric, a
thin 20 nm Al, O3 interfacial layer was applied using atomic layer deposition (ALD) between
the high-k dielectric and the Ga;Os fins. By using a low work-function metal for the Schottky
contact, we achieved a turn-on voltage of just 0.5V, a significant reduction compared to the 1V
observed with platinum (Pt) contacts. The 1 mm? and 4 mm? devices demonstrated maximum
forward currents of 6A and 20A, respectively, at a forward voltage of 5V. Additionally, the
smaller devices exhibited breakdown voltages exceeding 3kV, while the larger | mm? and 4

mm? devices achieved breakdown voltages of 1.74kV and 1.42kV, respectively.
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Figure 4.18: Structure of the $-Ga, O3 high-k RESURF trench SBD with Ru anode contact and cross-sectional
SEM image of a fabricated device. Reprinted from Roy er al. [24] © 2024 IEEE.

4.8.1 Device Fabrication

The fabrication process for the trench Schottky barrier diode (SBD) illustrated in Fig. 4.18
closely follows the methodology used for the high-k RESURF trench SBD with Pt contact, as
detailed in Section 4.7.1, with some minor modifications. The device fabrication commenced
with an 11 um thick B-Ga,03 epilayer, which was grown on a conducting substrate (NCT
Japan) using Halide Vapor Phase Epitaxy (HVPE). To create the 1 um deep fins, BClz-based
Inductively Coupled Plasma (ICP) Reactive Ion Etching (RIE) was employed, utilizing a
sputtered Ru/PECVD-Si0, hard mask. After the dry etching process, the samples underwent
a 15-minute immersion in HCI to remove any dry etch-induced damage [14], followed by a
S-minute dip in HF.

Subsequently, a 20 nm thick layer of Al,O3 was deposited using atomic layer deposition
(ALD) to passivate the sidewalls. This was followed by sputter deposition of a 150 nm thick
layer of BaTiO3 (BTO) at room temperature, which was then annealed at 700 °C in an O,
atmosphere to enhance the dielectric constant [8], [15]. The BTO atop the fin regions was etched
away using SF¢/Ar-based dry etching, employing a Ni hard mask, with the etching process
monitored in situ using a LASER etch monitor on a control sample. The Al,O3 layer on the fin

regions was subsequently wet etched using AZ 300MIF (TMAH-based) developer, with an etch
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rate of approximately 1.3—1.5 nm/min measured on a control sample.

Next, 800 cycles of ALD Ru (approximately 100 nm) were deposited using (ethylbenzene)
(1,3-cyclohexadiene)ruthenium (EBCHDRu) and O; cycles at 300 °C, achieving a deposition
rate of 1.2 A/cycle. The SBDs were isolated by selectively etching the ALD Ru metal using
0, /Cl,-based ICP-RIE. This was followed by the deposition of Ni/Au probe pads via electron
beam evaporation. Finally, Ti/Au ohmic contacts were deposited on the backside of the sample,
also using electron beam evaporation, with no contact annealing performed after the deposition
of the cathode ohmic contacts. The cross-sectional scanning electron microscope (SEM) image

of the fabricated device is shown in Fig. 4.18.

4.8.2 Device Simulation and Current-Voltage Characteristics

Fig. 4.19 (a) presents a contour plot of the electric field for a simulated high-k RESURF
trench Schottky barrier diode (SBD) with a Ru contact under reverse bias conditions, generated
using SILVACO ATLAS. The work function of the Schottky metal is specified as 4.71 eV.
Within the dielectric, the electric field remains negligible due to its high permittivity. The field
profile along the A-A’ cutline, illustrated in Fig. 4.19(a) for various fin widths, reveals that
as the fin width decreases—resulting in a higher aspect ratio—the surface electric field at the
metal-semiconductor junction diminishes, a phenomenon attributed to the enhanced RESURF
effect.

Reverse leakage currents were simulated using thermionic and tunneling models in SIL-
VACO, with the results presented in Fig. 4.19 (c). Notably, the reverse leakage currents also
decrease as the fin width reduces, correlating with the lowered surface electric field. This
approach demonstrates that by achieving a sufficiently high aspect ratio, it is possible to mitigate
the surface electric field, thereby facilitating the use of low-workfunction metals as anode
contacts, which in turn helps reduce the turn-on voltage.

Fig. 4.20 (a) illustrates the typical current-voltage characteristics in linear scale for the
fabricated small-area (200 x200 ,umz) high-k RESUREF trench Schottky barrier diodes (SBDs)
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Figure 4.19: (a) Electric field contour plot of the high-k RESURF trench SBD with Ru contact under a reverse
bias of 4 kV extracted using SILVACO ATLAS simulation (Dielectric boundaries are marked with yellow dashed
lines). (b) Electric field profile for the high-k RESURF trench SBD along AA’ cutline for different fin widths.
(c) Simulated reverse leakage current densities for the high-k RESURF trench SBDs with different fin widths.
Reprinted from Roy et al. [24] © 2024 IEEE.
with both Pt and Ru contacts. Normalization is performed by considering the entire device
footprints. The built-in potential for the devices is extracted from the IV characteristics, as
shown in Fig. 4.20 (a). The Schottky barrier heights are determined to be 0.74 eV for the trench
SBD with Ru contact and 1.2 eV for the one with Pt contact. Notably, the trench SBD featuring
the Ru contact exhibits a significantly lower turn-on voltage (X-intercept of the linear I-V curve)
of 0.5 V, compared to the 1 V turn-on voltage observed in the trench SBD with Pt contact.
The differential specific on-resistance (R,,—sp) values are calculated to be 10.8 mQ-cm? for the
trench SBD with Pt contact and 8.9 mQ-cm? for the one with Ru contact, accounting for current
spreading.

Fig. 4.20 (b) presents the current-voltage characteristics of the large-area SBDs. The devices
achieve a maximum forward current of 6 A and approximately 20 A at 5 V with a 10% duty

cycle for the 1 mm? and 4 mm? trench SBDs with Ru contact. In comparison, the trench

SBDs with Pt contact reach forward currents of 3.5 A and 15 A for the 1 mm? and 4 mm?>
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Figure 4.20: Current-voltage (I-V) plots for the 3-Gap O3 based (a) small area (200x200 pm?) trench SBD with
Pt and Ru contact, (b) Large area (1mm? and 4mm?) trench SBD with Pt and Ru anode contacts. (c) Reverse I-V
characteristics of small area trench SBD with Pt and Ru contact. (d) Reverse I-V characteristics for the large area
trench SBDs with Pt and Ru anode contact. Reprinted from Roy et al. [24] © 2024 IEEE.
devices, respectively. By considering a 45° current spreading angle, the extracted R, g, for the
large-area SBD with Ru contact is 7.3 mQ-cm? (4 mm?) and 6.9 mQ-cm? (1 mm?), whereas the
Ron—sp for the large-area SBD with Pt contact is 9.5 mQ-cm?* (4 mm?) and 9.4 mQ-cm? (1 mm?).
The variations in extracted R,, s, values for the 4 mm?, 1 mm?2, and 0.04 mm? devices may be
attributed to device-to-device variation and the non-uniformity of the epitaxial layer across the
wafer. Additionally, in the case of the large-area SBDs, the turn-on voltage remains at 0.5 V for
the trench SBDs with Ru contact, in contrast to the 1 V turn-on voltage for the trench SBD with
Pt contact.

Fig. 4.20(c) presents the reverse current-voltage (/-V) characteristics for the small-area
devices. Both trench SBDs with Pt and Ru contacts exhibit breakdown voltages exceeding 3

kV. However, the extracted reverse leakage current density at 3 kV for the trench SBD with Pt

contact is measured at 1 uA/cm?, while the leakage current density for the trench SBD with
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Ru contact rises significantly to 5 mA/cm?. This increase is attributed to the reduced Schottky
barrier height (SBH) associated with the low work-function metal.

The reverse 1-V characteristics for the larger-area devices are shown in Fig. 4.20(d). For the
trench SBD with Pt contact, the 1 mm? device demonstrates a catastrophic breakdown voltage
of approximately 1.8 kV, while the 4mm? device exhibits a breakdown voltage of around 1.4 kV.
In contrast, the trench SBD with Ru contact shows a breakdown voltage of approximately 1.74
kV for the 1 mm? device and approximately 1.42 kV for the 4mm? device. At the respective
breakdown voltages, the leakage currents for the trench SBD with Pt contact are 4 uA and 5 uA
for the 1 mm? and 4 mm? diodes, respectively. Meanwhile, the leakage currents for the trench
SBD with Ru contact increase to 100 ttA and 2 mA for the 1 mm? and 4 mm? diodes, respectively.
This decline in breakdown voltage and the simultaneous increase in leakage current with device
area can be attributed to the presence of killer defects in the material [23], underscoring the

necessity for further material development to fully realize the potential of 3-Ga;03.

4.8.3 High-Voltage Capacitance-Voltage Characteristics and Benchmark-
ing

To evaluate the switching performance, high-voltage capacitance measurements were conducted
on the large-area high-x RESURF trench SBDs with Ru contacts, as illustrated in Fig. 4.21,
following the methodology described in Section 4.7.4. The capacitive stored charge and stored
energies were calculated using (4.20) and (4.21), respectively. For comparison, bare die SiC
SBDs were selected to eliminate any additional parasitic capacitances associated with packaging.

Table 4.1 presents the performance metrics of power diodes based on both static and switch-
ing characteristics. The extracted stored charges amount to 16,7C and 58, nC, while the stored
energies are 6.2, uJ and 26, uJ for the 1,mm? and 4, mm? SBDs at 1200 V, respectively. Notably,
the B-Ga; 03 trench SBDs demonstrate significantly lower capacitance, stored charge, and stored
energy compared to commercial bare die SiC devices. This indicates the potential for f-Ga;O3

to offer superior performance in high-speed switching, paving the way for advancements in
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Figure 4.21: (a) Measured capacitance-voltage, (b) calculated capacitive stored charge, and (c) capacitive
stored energy for the 1mm? and 4mm?> high-k RESURF trench SBD with Ru anode contact and comparison with
commercial bare die SiC JBS diodes.

power electronics technology.

In Fig. 4.22(a), a comparative benchmark plot illustrates the trade-off between leakage
current at 1200 V (/r¢qkage) and forward voltage drop (Vr) in f-GayOs-based diodes. The
pn-heterojunction diodes (pn-HJDs) exhibit lower leakage currents but higher turn-on voltages,
leading to an increased forward voltage drop. In contrast, Schottky Barrier Diodes (SBDs)
display lower Vi values but suffer from higher leakage currents. The high-k RESURF trench
SBDs stand out with the most favorable Vr/lreuqge product among f3-Ga,O3z-based power
devices, meeting the criteria of exceeding 1A in current and surpassing 1kV in breakdown
voltage.

Another important metric used to characterize the trade-off between conduction and switch-
ing power loss in power devices is QcVF, the product of the capacitive stored charge (Qc¢) in the
diodes and the forward voltage drop (Vr). The forward voltage is measured at the voltage where
the current density reaches 250 A/ cm?. The Ga,03 SBDs and HIDs considered for comparison
from the literature all experience punch-through at 1200 V. For these punch-through devices, Q¢
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Table 4.1: Performance metric comparison of power diodes

a
Device Ref Area Vp JrR@1200V  Qc@1200V

(mm?) (V) (Alem?) (nC)

251 1 2.6 10 ~95

SBD [26] 0.78 2.8 5% 1074 ~9.2

[16] 1,4 35,3 5,12.5 %1078 14, 52

[10] 9 7 1.11 x 107 ~95

HID 27] 9 7.35 7x107 ~95

SiC JBS? — 51 175 49x1073 ~68
SiCJBS ¢ — 497 15 5%1073 ~45

. — 1 237 2.64x1074 16
This work Rw) -, 57 45104 58

@Vp=Forward voltage drop @ 250 A/cm?
hWolfspeed, CPW4-1200-S010B, Gen 4 Silicon Carbide Schottky Diode
‘ROHM, S6602, SiC Schottky Barrier Diode Bare Die

is calculated using Qc = CVpg, where C = &5A /1y, 1 represents the capacitance of the device;
&g is the permittivity of the semiconductor, A is the device area, Vpg is the breakdown voltage,
and 74,; 7, 1s the thickness of the drift layer. High-voltage capacitance-voltage characterization of
the trench SBDs with Ru contact reveals a very low QcVFr product, as shown in Table 6.2 and
Fig. 4.22 (b). However, it is important to note that the QcVF switching figure of merit (FOM)
may not be directly comparable for devices with differing current ratings. Overall, these findings
highlight the promise of 3-Ga;O3 high-k RESURF trench SBDs with low work-function anode

contact in enhancing power electronics efficiency and performance.

4.9 Summary

In summary, this chapter emphasizes the critical role of managing reverse leakage currents in
achieving high-efficiency power electronic devices. By exploring various strategies to minimize
leakage currents caused by barrier tunneling at high reverse bias, the chapter outlines both

the advantages and limitations of these approaches. The significance of two-dimensional field
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Figure 4.22: Benchmark plot showing (a) leakage at 1.2kV voltage vs. the forward voltage drop for the state-of-
the-art $-GayO3 based diodes. [Reprinted from Roy et al. [24] © 2024 1EEE.] (b) Extracted Q¢ Vy product for
different B-Ga; O3 diodes and comparison with commercial bare die SiC JBS diodes.

engineering is highlighted, particularly through trench Schottky barrier diodes, which effectively
reduce electric fields at the metal/semiconductor junction, thereby mitigating thermionic field
emission. An analytical examination reveals how the high dielectric constant of the RESURF
dielectric enhances the RESUREF effect while concurrently minimizing dielectric leakage.

Furthermore, two device architectures featuring high-x RESURF are presented—one em-
ploying a high work-function anode contact and the other utilizing a low work-function anode
contact—illustrating the potential of these designs in improving device performance.

The -Gay03 high-xk RESURF trench SBD with Pt contact demonstrates significant ad-
vancements in both small and large-area devices. The larger devices, spanning 1 mm? and
4 mm?, showcase impressive forward currents reaching 3.5 A and 15 A, respectively, accom-
panied by breakdown voltages of 1.8 kV and 1.4 kV. The extracted temperature coefficient of
resistance (a = 0.87) for B-Ga,O3 SBDs is lower than that of SiC, underlining the superior
thermal stability of this technology. The small-area devices exhibit a remarkable breakdown
voltage exceeding 3 kV with minimal reverse leakage current, demonstrating their robustness.
Importantly, the analysis of capacitance, stored charge, and switching energies underscores the

superior switching capabilities of f-GayO3-based SBDs, positioning them as a viable alternative
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to commercially available SiC SBDs.

The introduction of a low work-function Schottky contact in the second 3-Ga; O3 vertical
high-x RESUREF trench SBD further enhances performance. Key features include a low turn-on
voltage of 0.5V, a high breakdown voltage exceeding 1 kV, and forward currents of up to 6 A and
20 A for larger devices, with smaller area devices maintaining a high breakdown voltage of over
3 kV. A low QcVFr product indicates an excellent trade-off between switching and conduction
power loss. Potential improvements may include further reducing turn-on voltage by employing
lower work-function metals and increasing the aspect ratio of the fins. Additionally, substrate
thinning could lower Ron — sp and forward voltage drop.

These achievements represent significant progress, yet further enhancements through mate-
rial refinement, the implementation of low-damage etching techniques, substrate thinning, and
improved thermal management hold the potential to unlock even greater performance. Overall,
this work sets the stage for future advancements in power electronics, focusing on optimizing
leakage current management through innovative diode structures.

However, all these field engineering strategies described in this chapter and previous chapters
are ultimately constrained by Baliga’s figure of merit (FOM) for the materials discussed in
Chapter 1. This limitation arises from the formation of triangular electric fields in the drift region
of power devices, which is not the most effective field profile for achieving high breakdown
voltage. The next chapter will explore the engineering of the electric field throughout the entire
drift region and discuss methods to surpass the theoretical unipolar figure of merit of wide and

ultra-wide bandgap materials.
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Chapter 5

B-Ga,0; Extreme Permittivity Dielectric

Superjunction Schottky Barrier Diodes

5.1 Introduction

Unipolar (majority carrier) devices are highly attractive for power applications due to their
inherently fast switching speeds. In contrast to bipolar devices, where minority carrier storage
in the drift region during conduction severely slows down switching, unipolar devices avoid this
limitation. In majority carrier devices, no minority carriers are stored in the drift region, and
switching speed is determined only by the charging of intrinsic and parasitic device capacitances.
This makes unipolar devices particularly favorable for high-speed switching applications.
However, the primary drawback of unipolar devices is their high on-resistance. The device
doping concentration must be kept low to support high breakdown voltages, which limits the
overall performance. Bipolar devices based on high carrier lifetime indirect bandgap semicon-
ductors, on the other hand, benefit from conductivity modulation—under high-level injection
conditions, the minority carrier concentration in the drift region can surpass the background
doping level, leading to an influx of majority carriers to maintain charge neutrality. This signif-

icantly reduces the on-resistance of the drift region. Since conductivity modulation does not
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occur in unipolar devices, the on-resistance is constrained by the low doping concentrations
required to achieve high breakdown voltages.

As a result, Baliga’s Figure of Merit (FOM) or the Unipolar Figure of Merit imposes a
fundamental trade-off between breakdown voltage and specific on-resistance in unipolar devices.
This FOM establishes an upper bound, dictated by the intrinsic material properties, beyond
which device performance cannot be pushed without compromising either on-resistance or
breakdown voltage. While extensive device engineering can help minimize non-idealities, as
discussed in previous chapters, unipolar devices remain confined by this theoretical limit.

In this chapter, strategies to overcome the limitations imposed by Baliga’s Figure of Merit
are explored, including advanced techniques in device design and material engineering that
have the potential to push performance beyond this boundary. These methods aim to address the
inherent challenges of unipolar devices and pave the way for next-generation power electronics

capable of breaking through the constraints of the unipolar FOM.

5.2 Surpassing the Unipolar FOM: Superjunctions

In a Schottky barrier diode (SBD), the application of a reverse bias voltage causes the electric
field within the device to take on a triangular profile, as illustrated in Fig. 5.1 (a). This profile

results from the charge distribution in the semiconductor, governed by Poisson’s equation:

8ES(X) . qND
x (5.1)

Here, Ej is the electric field in the semiconductor, Np represents the doping concentration in
the semiconductor, ¢ is the elementary charge, and &g is the permittivity of the semiconductor
material. From this relationship, it becomes clear that the slope of the electric field is proportional
to the doping concentration Np and inversely proportional to the permittivity &g, yielding a
linear field profile.

Device breakdown occurs when the peak electric field at the metal/semiconductor interface
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Figure 5.1: Electric field profile of Schottky barrier diode with (a) doping concentration Np and (b) for un-doped
device.

reaches the material’s critical electric field, E¢. The breakdown voltage, V},,., which is determined
by the voltage required to reach this critical field, can be calculated by integrating the electric
field over the drift region. Therefore, the breakdown voltage is related to the drift region length

Lgyif: and critical electric field Ec by the following equation:

1
Vir = EECLdri 1t (5.2)

According to (5.1), increasing the doping concentration in the drift region leads to a steeper
slope in the electric field profile, causing the device to reach the critical electric field, E¢, at a
lower voltage. Conversely, if the semiconductor is fully undoped (i.e., no charge is present or
equal concentrations of ionized acceptors and ionized donors are present), the gradient of the
electric field becomes zero:

8E5(x)
ox

=0 (5.3)

In this case, the electric field takes on a rectangular profile, and the breakdown voltage can
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be derived as:

Vior = EcLayif: (5.4)

Thus, the breakdown voltage doubles when a rectangular field profile is achieved compared
to the triangular one. However, the absence of charge in the semiconductor also implies the lack
of free carriers, leading to infinite on-resistance during the forward conduction mode.

If, however, the dependency of charge during forward conduction and reverse bias is
decoupled—such that the device maintains finite on-resistance under forward conduction due
to doping concentration while, under reverse bias, if the device can be engineered to exhibit
zero net charge, it would enable the formation of a rectangular electric field profile. This design
would allow for the significant advantage of a higher breakdown voltage without sacrificing the
conductivity in the forward mode, thus providing the best of both worlds: reduced on-resistance
and enhanced breakdown performance.

A charge-balanced periodic p- and n-doped layer, as illustrated in Fig. 5.2, can effectively
emulate this scenario. In forward bias, current flows through the n-doped drift layer, ensuring
standard device operation with finite on-resistance. During reverse bias, the p/n junctions within
the drift region deplete, relieving electric field stress at the metal/semiconductor junction. Once
the drift region is fully depleted, the n- and p-regions supply charges of opposite signs, resulting
in their electric fields canceling each other out for the most part—this is known as the charge
balance principle. Consequently, a rectangular electric field profile forms in the drift region,
which significantly enhances the breakdown voltage without degrading forward conduction
performance.

Moreover, the lateral depletion of the drift region enables the use of higher doping concen-
trations without raising the electric field at the metal/semiconductor junction, leading to lower
on-resistance in unipolar devices. This method presents a promising strategy for advancing
power device performance by integrating the advantages of reduced on-resistance and increased

breakdown voltage, all while maintaining device reliability and operational efficiency.
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Figure 5.2: Schematic representation of a superjunction SBD showing x and y directional electric field.

5.2.1 Power Figure of Merit of Superjunction Devices

To evaluate the performance benefits of superjunction devices over conventional unipolar
devices, the relationship between breakdown voltage (V},,) and specific on-resistance (Ry,—sp) in
superjunction devices must be compared to that in traditional unipolar devices. The R, sp-V,
relationship for conventional one dimensional unipolar devices, according to Baliga’s Figure of
Merit (FOM), is given by:

4Vb2r
EstnER

Superjunction devices, however, offer performance benefits only when the charge in the

RID

on—sp —

(5.5)
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n-doped region precisely matches that in the p-doped region, i.e., NpWy = NgWp, where Np is

the donor concentration of the n-drift region and Ny is the acceptor concentration of the p-pillar

and Wy and Wp are the width of the n- and p- pillars respectively. Under ideal conditions,

breakdown occurs when the electric field at the p/n junction reaches the material’s critical

electric field (E¢). From Fig. 5.2, the electric field at the p/n junction can be expressed as:
aNp (@) _4Na (%) _ £, (5.6)

& 2 & 2
Thus, the optimal charge to achieve the maximum breakdown voltage in superjunction

devices is:

Qoptimum = (]NDWN = qNAWP = 2¢&5Ec (57)

Equation (5.7) provides the design criterion to select the doping concentration and the
widths of the n- and p-pillars in superjunction devices, ensuring that they operate at their highest
potential breakdown voltage. Now specific on resistance for the superjunction devices can be

written as,

Ly, Wi
RSy = (14 (5.8)

qu,Np Wn

SJ

Using the expression of gNpWy from (5.6) in (5.8), R can be written as,

on—sp

Layift(Wn +W,
R, = Lari (Vo + Wr) (5.9)
P 2egnEc
where Lg,f; 18 the thickness of the n-drift layer. In an ideal charge-balanced structure, the
electric field will take on rectangular profile as shown in Fig. 5.2, then the drift layer thickness

can be expressed as,

V
Layifr = Eicr (5.10)

Using the expression of Ly, f; from (5.10) in (5.9), R%, sp can be expressed as,
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Figure 5.3: Comparison between the 1-D non-punchthrough limit and the superjunction (SJ) limit in the case of
(a) 4H-SiC and (b) GaN. The SJ limit is a function of the cell-pitch (Wy + Wp).

Vi
R = (Wy+Wp (5.11)
on—sp 285[,LnE%( )

Hence a power figure of merit for superjunction devices can be defined as,

Vr _ ZSSHnEg‘
RS Wy +Wp

on—sp

PFOMg; = (5.12)

The relationship derived in (5.11) reveals that the specific on-resistance (R, —sp) of super-
junction devices exhibits a linear dependence on the breakdown voltage (V},), as opposed to the
rapid quadratic dependence seen in conventional 1-D unipolar devices. This linear relationship
offers a significant performance advantage, particularly for high-voltage applications. Further-
more, unlike the 1-D case, the Vj,,-R,, s, relationship in superjunction devices is influenced by
device dimensions, specifically the cell-pitch (i.e., the sum of the widths of the n- and p-pillars,
Wy + Wp).

A comparative analysis of the V,,-R,, s, characteristics for conventional unipolar devices
and superjunction devices, for both 4H-SiC and GaN materials, is presented in Fig. 5.3. The
data clearly show that the trade-off between R,, s, and V},, improves as the cell pitch decreases.

This improvement occurs because a reduction in cell pitch necessitates an increase in doping
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concentration in the drift region to maintain the same optimum charge balance. The increased
doping concentration reduces the resistivity of the drift region, thereby lowering the specific on-
resistance (R, —sp). In 2018 however, H.Kang and F.Udera modified the theory and discovered
that there is a limitation on cell pitch, below which the specific on-resistance could not be further
decreased

This comparison underscores the superior performance of superjunction devices, particularly
for high-voltage, low-loss power electronics applications, where minimizing on-resistance
without compromising breakdown voltage is critical. The ability to decouple the forward and
reverse performance characteristics through optimized cell-pitch design is a key advantage of

superjunction technology.

5.2.2 Brief History of Superjunction Devices

The concept of superjunction devices was first introduced in a patent by D.J. Coe [1]. In
this design, the inclusion of a p-type region promotes the depletion of the entire drift region,
enabling higher breakdown voltages compared to conventional unipolar devices. Over time,
the development of superjunction technology branched into two main approaches. The first
approach expanded on Coe’s original idea by incorporating buried or floating opposite-doped
regions within the drift layer [2], [3]. The second approach utilized alternating layers of p- and
n-doped regions or multi-RESURF (Reduced Surface Field) superjunction regions as the drift
layer [4]-[9]. One of the earliest vertical devices using a superjunction concept was proposed in
1980 [10], leading to the introduction of commercial products such as CoolMOS [5], [8] and
MDMESH [11] in the late 1990s.

Although these early works successfully implemented superjunction structures, the term
”superjunction” gained widespread recognition when T. Fujihira formally introduced it in 1997
[12]. Fujihira’s paper provided a comprehensive review of various superjunction architectures
and derived the first generalized equation for their operation. Subsequent research offered
variations of this equation, consistently demonstrating a linear or near-linear relationship
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between specific on-resistance (R,,—sp) and breakdown voltage (V) [2], [9]. This represented
a significant breakthrough, surpassing the quadratic relationship characteristic of conventional
unipolar devices, and overcoming the “’silicon limit” for power device performance.

The first SiC superjunction (SJ) structure was demonstrated by Kosugi et al. in 2014 using a
multi-epitaxial (ME) growth method [13], [14]. This milestone showcased the experimental
benefits of SiC SJ structures in enhancing both breakdown voltage (Vj,) and specific on-
resistance (R,,—sp). However, these initial SJ structures did not yet represent fully functional
devices. In 2017 and 2018, Masuda et al. demonstrated 4H-SiC superjunction V-groove
trench MOSFETSs with remarkable performance, achieving 0.97 mQ — cm?/820V and 0.63
mQ — cm?/1170V, respectively [15], [16].

The implementation of superjunction devices in GaN has proven to be much more chal-
lenging compared to Si and SiC, primarily due to the difficulty in achieving effective p-type
doping in GaN. Moreover, ion implantation, a common method used for doping in Si and SiC
devices, causes significant damage in wide-bandgap semiconductors like GaN. Consequently,
researchers have explored alternative concepts such as AIGaN/GaN “natural superjunction”
designs, which leverage polarization effects in GaN and AlGaN layers. The first such natural
superjunction diode was reported by Ishida et al. [17], employing a multi-junction structure.
Nakajima et al. [18] later demonstrated a transistor based on the polarization junction concept.
In 2013, Li et al. [19] explored the design space for GaN p/n superjunction devices through
TCAD simulations, targeting voltage ranges from 5 to 20 kV. In 2023, Qin et al. introduced a
charge-balanced lateral Schottky rectifier using p-NiO, achieving a breakdown voltage of 10
kV. Subsequently, Xiao et al. demonstrated the first vertical GaN super heterojunction using
p-NiO [20], which was further improved by Ma et al. in 2024 through a self-aligned process,

surpassing the GaN 1-D theoretical limit [21].
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5.2.3 Challenges Associated with Superjunction Devices

Despite the superior performance of superjunction devices compared to conventional 1-D
structures, several practical challenges hinder their widespread adoption in high-voltage power
applications. One of the most critical challenges is achieving precise charge balancing between
the p- and n-doped layers, which is necessary for surpassing the performance of traditional 1-D
devices. Studies have shown that even a 20% charge imbalance can result in a more than 30%
reduction in breakdown voltage [22]. Achieving this charge balance is particularly difficult in
wide and ultra-wide bandgap semiconductors, due to their material properties and complexities
in doping control.

Another significant issue is the lack of avalanche ruggedness in ideal superjunction devices.
In theory, superjunction structures require approximately equal doping levels in both the n-
and p-regions, but this configuration can lead to critical reliability issues under real-world
operating conditions. During avalanche events—often triggered by switching of unclamped load
currents—the voltage can rise rapidly, causing the electric field to reach its maximum strength.
At this point, electron-hole pair generation occurs, with electrons moving toward the drain and
holes toward the source. The presence of these mobile charges alters the net doping profile of the
drift region and distorts the electric field. In cases where the electric field is flat, the additional
charge from the avalanche process can lower the breakdown voltage, leading to a negative
differential breakdown characteristic. This can cause the avalanche current to form a localized
filament, which could destroy the device at very low current levels. As a result, superjunction
devices may fail catastrophically during avalanche events, posing a serious limitation to their
reliability in high-voltage power applications.

Finally, achieving charge balancing using p/n-homojunctions in 3-GaOj3 is nearly impossi-
ble due to the absence of shallow acceptors. Although p/n homojunctions with deep acceptors
theoretically could be field-ionized under high reverse bias, the extremely slow response time
of holes in the deep acceptor levels of -Ga,O3 introduces excessive delays, rendering such
devices impractical for high-speed switching applications. To address this challenge, several
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approaches have explored the use of p-NiO/n-f3-Ga, O3 super heterojunction diodes, which have
shown promising results.

For example, Qin et al. demonstrated a charge-balanced lateral p-NiO/n-f3-Ga,O3 Schottky
rectifier with an impressive breakdown voltage of 10 kV [23]. This group later reported a vertical
p-NiO/n--Gay O3 super heterojunction Schottky rectifier, showcasing dynamic robustness [24].
Despite these advancements, charge balancing remains a significant challenge in superjunction
devices based on these materials. One major issue is the difficulty in achieving consistent and
repeatable doping concentrations when depositing p-NiO, typically done through sputtering.
Furthermore, the low reported hole mobility in p-NiO ( 0.1 cm?V~!s~!) exacerbates the problem,
as it introduces delays in hole removal, further limiting the device’s performance in high-speed
applications.

Thus, while heterojunction approaches provide some relief, the charge balancing issue
continues to hinder the full realization of 3-Ga;O3 superjunction devices for practical use in
power electronics. In the next section, an alternative strategy to achieve superjunction-like effects
in power devices is discussed. This method eliminates the need for precise charge balancing,
which has been a critical obstacle in the realization of superjunction structures, particularly in
materials like $-Ga;03. By leveraging device dimensions and electrostatic engineering, these
designs aim to retain the benefits of high breakdown voltage and low on-resistance without the
complexities associated with doping uniformity and charge compensation. This opens up new
pathways for advancing high-performance power devices that are better suited for ultra-wide

bandgap materials and their associated challenges.

5.3 Mimicking Superjunction Effects in f-Ga,O; Power De-
vices: High-«k Dielectric Superjunction

Dielectric polarization charge, induced by an applied electric field, provides an alternative
method for charge balancing in superjunction-like devices. When a dielectric is exposed to
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Figure 5.4: (Left) A capacitor with applied potential showing polarization charges and (Right) Schematic
representation of dielectric superjunction device showing the depletion of the drift layer due to the induced
polarization charges.

an external electric field, the internal dipoles in the material respond to the electric field and
polarizes the medium. The polarization P is defined as the dipole moment per unit volume. As
a macroscopic quantity, polarization results from averaging the dipole moments over a large

enough volume that contains many dipoles. In an isotropic medium, the induced polarization

due to an electric field E can be described by the equation:

P=¢gyxE (5.13)

Here, g is the permittivity of free space, and y = (g; — 1) is the dielectric susceptibility,
where g; represents the relative permittivity of the dielectric. This polarization generates an
effective charge that can be interpreted as a macroscopic bound or polarization charge.

There are two contributions to this bound charge: bulk charge and surface charge. The

volume charge density p due to the polarization is expressed as:

p=-V.P (5.14)

Meanwhile, the surface charge density o is given by:
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c=P=¢gl(g;—1)E (5.15)

In isotropic dielectrics with uniform polarization, the average polarization charge within the
bulk is effectively zero. This occurs because, on a macroscopic scale, a sufficiently large volume
contains equal amounts of positive and negative charges, which cancel each other out, resulting
in no net charge. However, at boundaries perpendicular to the direction of polarization, there
exists a net surface charge—either positive or negative—due to the uncompensated charges at
the dielectric surface, as shown in Fig. 5.4 (a). This surface polarization charge plays a key
role in enabling charge balancing, mimicking the effects of a superjunction without the need
for precise doping control, which is a major challenge in semiconductor-based approaches. A
schematic of the dielectric superjunction structure is presented in Fig. 5.4 (b) where the drift
layer is sandwiched between two high-permittivity dielectric [25], [26] layers.

Fig. 5.4 (b) also illustrates how the fringing electric field induces surface polarization charge
at the dielectric/semiconductor interface. This, in turn, depletes the channel from the sides in
a manner similar to conventional superjunction devices. Importantly, the amount of surface
polarization charge generated is highly dependent on the dielectric constant of the material, as
described in (5.15). In lower-x dielectrics, the potential drop increases, which diminishes the
strength of the fringing electric field within the dielectric. Consequently, the surface charge at
the dielectric/semiconductor interface is reduced, particularly in deeper regions of the structure

far from the anode contact, leading to increased charge imbalance.

5.4 Design and Performance Analysis of Dielectric Super-
junction Structures

While dielectric superjunctions can offer superior performance compared to conventional
1-D structures, achieving these improvements requires careful design optimization, as the

performance is highly sensitive to the dimensions of the structure. In this section, we develop a
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simplified analytical model for dielectric superjunction structures by solving Poisson’s equation
in both the drift layer and the dielectric. The model is validated through comparisons with
numerical TCAD simulations.

The motivation behind this work is to provide a clear, intuitive understanding of dielectric
superjunction behavior and offer design guidelines that enable optimal configurations. The
device’s performance is discussed in terms of a modified doping concentration modulated by the
dielectric constant of the high-permittivity material and the structural dimensions. Furthermore,
we extend our analysis to estimate the switching energy losses in dielectric superjunction
Schottky Barrier Diodes (SBDs) and compare them to conventional SBDs. Finally, we provide
design guidelines that balance switching losses with conduction loss, optimizing the Power

Figure of Merit (PFOM).

5.4.1 Analytical modeling: Static Characteristics

The 2-D Poisson equation of a dielectric superjunction structure with doped n-type semiconduc-

tor drift region as shown in Fig. 5.5, can be written as,

I?y(x,y)  w(xy)  p
o 57 = ¢ (5.16)

where,

_ JgNp, x>0
p= 0, x<0

where, y(x,y) is the electrostatic potential, q represents the electron charge, Np is the
ionized donor concentration inside the drift region.

The boundary conditions at top and bottom contacts are considered as,
Ws(x,0) =0 (5.17)
l//S(x,L) =Vz (5.18)

where Vg is the applied reverse bias voltage. For the dielectric side, the Poisson’s equation

148



x=0
X Anode

Semiconductor

L Dielectric

Metal

Cathode

Figure 5.5: Schematic diagram of an ideal vertical dielectric superjunction SBD with co-ordinates used for the
analytical modeling.

becomes Laplace’s equation due to the absence of charge in the dielectric, which can be solved
using the following boundary conditions.

dyp(y=1L) -0 (5.19)
dy
dl[/D()C: —WD/2)

=0 5.20
Ix (5.20)

The first boundary condition (5.19) is derived from the requirement that the electric field
at the cathode terminal must be zero. The second boundary condition (5.20) is a consequence
of the symmetry of the device around the midpoint of the dielectric. Similarly, the potential

boundary conditions for y = 0 and y = L can be written as,

Yp(x,0) =0 (5.21)

and,

149



Wp(x,L) = Vg (5.22)
Solution for the x-directional electric field (Ep) at x = 0~ can be derived using the above
mentioned boundary conditions as,

dl[/D(x = 07)

I (5.23)

= Ep(x=0") =

Now in the semiconductor side, Neumann boundary condition of continuity of electric

displacement can be applied at the dielectric/semiconductor interface as,

Iys(x=07)| _ _ dyp(x=0")
&g ox , = &p ox , (5.24)
or
gsEs(x=0") \y = epEp(x=07) }y (5.25)

&g and &p are the dielectric constant of the semiconductor and the dielectric and Ejy is the
electric field in the semiconductor. Now, employing a Taylor series expansion and approximating
it to first order, we can express the gradient of the electric field on the semiconductor side as
follows,

8E5(x) ~ Es(x = W5/2) - Es(x = O+)

dx Ws/2 (5.26)

where, Eg(x = Ws/2) = 0 due to the symmetry of the device along the semiconductor
half-width. Now, using the values of Es(x = Wg/2) and Es(x = 07) from (5.23), (5.25), and
(5.26), the gradient of electric field in the x-direction for the semiconductor side from (5.26) can
be written as,

aEs(x) . 2VrWpép
ox B LZWSSS

(5.27)

Now the 2-D Poisson equation (6.6) for the semiconductor side can be alternatively written

as,
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dEs(y) _gNp JEs(x) _ Ny’ (5.28)
8y & ox €s '

where, Ngf Tis the effective doping concentration in the dielectric superjunction SBD. Fig.
5.6(b) presents a comparison between the distribution of the electric field magnitude obtained
from the analytical model for -Ga;O3 and the 2D numerical simulation of a dielectric SJ
Schottky diode using Sentaurus TCAD [27]. The figure shows that as the dielectric constant of
the dielectric material increases, the electric field profile changes from a triangular shape to a
rectangular shape for L/Wg = 10 and W /Ws = 1. Although we have considered hypothetical
dielectric materials in this study, there are several potential high-k material options available,
particularly perovskites that offer high dielectric constants [28]. Some discrepancy between
the model and the simulation can be observed, especially near the electrodes. This discrepancy
arises due to the absence of lateral depletion effects close to the metal electrodes in the model.
This issue could be addressed by introducing a correction factor into the electric field expression
[29], [30]. However, for the sake of preserving the model’s simplicity and intuitiveness, we have
chosen not to incorporate such correction factors. Now integrating (5.28) along y-direction and

applying the boundary condition (5.18), we can express Vi as,

Voo o172 aNy’ (5.29)
2es 14y 28
Thus, the effective doping concentration (Ngf f ) can be expressed as,
Np
Ny = —— (5.30)
1+ e

Therefore, when comparing the dielectric superjunction Schottky Barrier Diode (SBD) to

the conventional SBD, the effective doping concentration in the dielectric superjunction SBD is

Wpép
Wses *

reduced by a factor of 1 + Consequently, the breakdown voltage for the dielectric SJ SBD
can be derived in a manner similar to the conventional case, with the only difference being the
substitution of Np with Ngf ! Furthermore, in the scenario where Wpep > Wseg, the dielectric

SJ SBD approaches the limits of a conventional p/n superjunction structures.
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Figure 5.6: (a) Schematic diagram of conventional SBD and dielectric SJ SBD structure showing cutlines for the
electric field profiles. (b) Electric field profile inside the dielectric SJ SBD along the cutlines shown for aspect ratio
greater than 1. (¢) Rpy—sp Vs Vpg for the dielctric ST SBD for different ep

The breakdown voltage (Vpg) for the dielectric SJ SBD can be expressed as,

NeffLZ
Vg = EcL — qg—gs (5.31)
NpL?
— EoL—— 2P (5.32)
2¢g (1 + _VV[:/LS)E?)

Now the specific on-resistance (R,,—sp) for the dielectric SJ SBD considering the entire
footprint of the device can be expressed as,

L W
Ronsp= —— (142 .
e CllinND( +Ws) -39

The optimum doping concentration (Np ;) to achieve the maximum breakdown voltage

can be derived by differentiating (5.31) and equating it to zero as,
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Np opt = (5.34)

5.4.2 Design Guidelines for Static Operations

In Fig. 5.6(c), we illustrate the impact of the dielectric constant of the dielectric column
on the trade-off between Vpr (breakdown voltage) and R,,—s, for f-Ga,O3, considering an
aspect ratio (L/Wy) of 10 and a width ratio (Wp/Ws) of 1 (The rationale behind selecting these
dimensional ratios will be elucidated in the subsequent paragraphs). Notably, as the dielectric
constant increases, the Vpg-Ron — sp trade-off surpasses the unipolar figure of merit for -
Gay03. However, it’s important to highlight that achieving these benefits requires precise and

deliberate design considerations compared to conventional unipolar devices.
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To gain insights into the impact of device dimensions, we have plotted breakdown voltage
against aspect ratio and width ratio in Fig. 5.7 (a) and (b), respectively. Fig. 5.7(a) clearly
indicates that achieving an enhancement in breakdown voltage compared to the conventional
case is feasible only when the aspect ratio exceeds one (L/Ws > 1). Consequently, the length
of the device drift layer (L) must surpass the width of the semiconductor column (Wy) to
achieve performance beyond the unipolar figure of merit. Moving on to Fig. 5.7(b), we observe
that, for a specific aspect ratio, the breakdown voltage increases with an increase in the width
ratio (Wp/Ws). However, it’s important to note that, as per Equation (5.33), as the width ratio
increases, the R,, ), also increases due to a reduction in the current conducting area relative
to the total device area. Therefore, it is not advantageous to have a width ratio exceeding 1.
Furthermore, Fig. 5.7(b) reveals that the breakdown voltage saturates beyond a width ratio of
0.5 for most of the high-permittivity dielectric. Hence, to minimize R,, s, while achieving an
optimal breakdown voltage, it is advisable to maintain the width ratio within the range of 0.5 to
1.

In Fig. 5.7(c), we can observe how the width ratio affects the effective doping concentration
(Ngf ! ) to achieve the optimal trade-off between Vg and R, ;) for a specific aspect ratio and
dielectric constant. A minimum Nf)f / leads to a constant field profile and hence a minimal Nf)f f
is desired. Notably, an increase in the dielectric constant of the column leads to a reduction in the
effective doping concentration, primarily due to the higher lateral depletion effect. Furthermore,
it becomes apparent that for a device with a specific dielectric material, the effective doping
concentration ceases to be sensitive to the width ratio (Wp/Ws) when the dielectric constant
reaches a sufficiently high value, affording more flexibility in selecting the appropriate widths
for the dielectric and semiconductor columns to attain the desired Figure of Merit (FOM).

Using all the design constraints mentioned above, i.e.,
* Constraint 1: L/Ws > 1

* Constraint 2: 0.5 < Wp/Ws < 1
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the design of a 10kV B-Gay;O3 SBD is outlined as follows:

Step 1: Begin by specifying the breakdown voltage (Vpr=10 kV), specific on-resistance
(Ron—sp =2 mQ — cm?) and the critical breakdown field (Ec=8 MV/cm).

Step 2: Select an appropriate dielectric material with a known dielectric constant (Assume
ep=300).

Step 3: If the chosen dielectric material has a lower breakdown field than 3-Ga;Os, then set
L > Vpg/Epr—p, where Egg_p represents the breakdown field of the dielectric. In this scenario,
assume Epg_p > Ec, resulting in L > Vg /Ec = 12.5um.

Step 4: Calculate Np using equation (5.34) by assuming a width ratio based on constraint 2.
Assuming Wp /Ws = 0.5, find Np = 3 x 106 cm =3,

Step 4: Determine an appropriate L/Wg using (5.31). In this case L/Ws = 6.5. Since L = 13
um, calculate Wy =2 um.

Step 5: Calculate Wp based on constraint 2. Assuming Wp /Ws = 0.5, find Wp = 1 um.

By following the above design approach, considering an ideal case, a power figure of merit
(Viar/Ron—sp) of approximately 50 GW /cm? can be achieved. These dimensions and doping
levels are practical and realizable. In contrast, the conventional unipolar figure of merit for
B-Ga,0; stands at about 34 GW /cm?. This proposed approach can be extended to other wide
bandgap materials such as GaN, SiC, and ultra-wide bandgap materials like AIN and Diamond,
providing an alternative to pn superjunction structures. This approach allows to avoid the
complexities of achieving charge balance in p and n regions in these material systems. This
approach can also be a solution in achieving high performance in UWBG semiconductors where
only one type of doping is available.

For instance, applying the design rule mentioned above, a 1.2kV dielectric superjunction
device for GaN (E¢c =3 MV /cm, W, = 1000 cm? /V's) can be designed using a dielectric material
with a dielectric constant of 300. The design parameters would include a drift layer thickness
(L) of 33 um, semiconductor column width (Ws) of 3.3 um, dielectric column width (W) of

1.65 wm, and drift layer doping concentration (Np) of 4.66 x 10'> ¢m™3. This designed GaN
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high-k superjunction diode would yield a power figure of merit of approximately 17.2 GW /cm?,

a significant improvement compared to the 5.97 GW /cm? unipolar figure of merit for GaN.

5.4.3 Switching Performance

A significant concern when using high-k superjunction SBDs is the potential increase in capac-
itance due to the high dielectric constant of the dielectric column. This elevated capacitance
can lead to higher switching losses, making it crucial to optimize these losses for real device
applications. Switching losses can be estimated by considering the total charge that needs to
be either removed or added during switching events. For SBDs, we focus solely on capacitive
charge storage, as there is no minority carrier storage in these unipolar devices.

Because high-k superjunction SBDs always operate at the punch-through voltage near
breakdown, caused by lateral depletion, we can derive the switching losses by considering the
parallel combination of the dielectric capacitance and the semiconductor depletion capacitance.

Consequently, the total capacitance for the device can be expressed as follows:

esWs +epWp

L(Ws+Wp) (5-35)

CTotal = CDielectric + CSemiconductor -

where, Cpielectric ad Csemiconductor are the dielectric and semiconductor capacitance respec-

tively. The switching energy for the dielectric superjunction SBD can be written as,

VBr

Esw—DSJ = OTotalVRAVR (5.36)

Ver—pss

Where, Q7,4 1s the total charge in the device and can be written as Cryq; X Vr. Vpr—_psy 18

the punch-through voltage for the dielectric superjunction SBD and can be written as,

gNp L?
Vpr-pSI = —— - (5.37)
& 1+ e

Now, Using (5.35) and (5.37) in (5.36), &%, _psys can be written as,

esWs + epWp

= e (Vi — Vi 5.38

Esw—DS] =
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Figure 5.8: (a) Switching energy vs breakdown voltage for dielectric SJ SBDs with &p = 300, L/Ws = 10, and
Wp/Ws = 1. (b) Variation of switching energy with aspect ratio for different &p

For conventional SBDs, the switching energy loss after punch-through can be expressed as,

£
éaSW—COHV = ZS (VI%R - VIgT—conv) (539)

And the punch-through voltage (Vpr_cony) for the conventional SBDs can be written as,

gNpL?
2&g

VPchonv - (5 40)

The switching energy for one cycle of full charge and discharge for optimally designed
dielectric superjunction SBDs, with breakdown voltage (Vpgr) ranging from 200V to 10kV and
utilizing a dielectric constant of 300 for the dielectric column, is illustrated in Fig. 5.8 (a). It is
evident that these dielectric superjunction SBDs exhibit significantly higher switching energy
(over 20 times) when compared to conventional SBDs. Therefore, it becomes imperative to
redesign the dielectric ST SBDs to minimize these switching energy losses and trade it off with
increased conduction loss, towards a minimized total loss.

In Fig. 5.8 (b), the switching energy is depicted as a function of drift layer length (L) for
different dielectric constants (€p). The results indicate that the switching energy decreases
with an increase in drift layer length and a decrease in the dielectric constant of the dielectric

column (€p). This trend is due to the total capacitance of the drift layer and the dielectric
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column decreasing with the increase in L and decrease in €p. However, it’s important to note
that analytical solutions for a minimum &;,,_psy cannot be obtained, as (5.40) is a monotonic
function. Consequently, specific values of €p must be manually selected based on allowable
&sw—psy and practical constraints.

To redesign the -Ga,O3 dielectric ST SBD for a specific power figure of merit and an
allowable switching energy, the following design rules can be employed:

Step 1: Begin by specifying the breakdown voltage (Vpr=10kV'), the desired power figure of
merit (50 GW /cm?), and the acceptable switching energy (&y,_psy < 0.05 J/cm?).

Step 2: Select a dielectric material with a sufficiently low dielectric constant (€p) while
considering practical dimensions to achieve the desired power figure of merit. From Fig. 4(b), it
can be observed that €p=80 and L > 30 um can provide an &y,,_psy < 0.05J/ cm?

Step 3: Calculate the value of R,, s, based on PFOM = 1%' In this case, Rpp—s5p =2
mQ-cm?.

Step 4: Determine the value of Wy using (5.37). In this case, Wg =2 um to yield a &,,—psy
=0.05J/cm?.

Step 5: Choose Wp based on constraint 2. Assuming Wp/Wg = 0.5, Wp =1 um.

Step 6: Obtain Np using (5.33) to get desired R,,—p. In this case, Np = 9.3 x 1016 em—3.

Fig. 5.9 presents a plot depicting the relationship between R,,—s, and Vg for B-Ga,03
at various switching energies. It becomes evident that as the power figure of merit (PFOM)
increases, the switching energy loss for the dielectric SJ SBDs also increases. By adhering
to the design guidelines outlined earlier, it becomes feasible to optimally configure dielectric
SJ SBDs to achieve a specific power figure of merit within an acceptable range of switching
energies. Importantly, these dielectric SJ SBDs will exhibit lower on-state static power losses
compared to conventional SBDs with a similar breakdown voltage. This reduction in specific
on-resistance is a key advantage of the dielectric superjunction SBD design, contributing to its
overall efficiency.

In summary, it is feasible to design practical dielectric superjunction Schottky Barrier Diodes
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Figure 5.9: Ron—sp vs Vpg plot for different switching energy losses showing the dependence of Ej,, on PFOM
(SBDs) using B-Ga, O3 that deliver exceptionally high power figures of merit (PFOM). Critical
design parameters, such as the aspect ratio and the semiconductor-to-dielectric width ratio, have
proven to be pivotal in determining device performance. A high aspect ratio is particularly
important; if the aspect ratio falls below one, the advantages of dielectric superjunction SBDs
diminish compared to conventional SBDs. While dielectric superjunction SBDs offer superior
PFOM over their conventional counterparts, they tend to exhibit higher switching energy losses
due to increased capacitive charge storage. However, with careful design optimization, these
losses can be minimized, maximizing the overall PFOM.

This design approach can also be extended beyond 3-Ga;Os3 to other wide and ultra-wide
bandgap materials, providing a promising alternative to traditional pn superjunction devices,
which often pose fabrication challenges. In the next section, a demonstration of a 3-Ga;O3-
based high-k dielectric superjunction Schottky rectifier using BaTiOs in a lateral geometry is

presented.
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5.5 p-Ga,0; Lateral High-Permittivity Dielectric Superjunc-

tion Schottky Barrier Diode

The realization of a vertical dielectric superjunction structure presents several fabrication
challenges. Achieving a high aspect ratio requires either deep etching of 3-Ga,O3 or high-
resolution lithography for shallower structures. Furthermore, the process of void-free gap-filling
in the etched trenches with high-k dielectric is critical, as any voids can significantly reduce
the breakdown voltage and compromise the device’s reliability. To demonstrate dielectric
superjunction action while avoiding these fabrication complexities, a lateral geometry has been
employed, as illustrated in Fig. 5.10(a).

In this lateral structure, trenches are used to surround the drift layer on three sides with
high-x dielectric, facilitating enhanced depletion of charge from the drift region and resulting
in a higher breakdown voltage compared to conventional planar SBDs. A cross-sectional view
along the C-D cutline of Fig. 5.10(a) closely resembles that of a vertical structure, as depicted
in Fig. 5.10(c). The evolution of the space charge region within the 3-Ga,0O3 drift layer for
the lateral dielectric superjunction SBD is shown in Fig. 5.10(d). This design enables the
incorporation of a higher charge density without compromising the breakdown voltage, which
also leads to a lower on-resistance.

The device demonstrated an impressive breakdown voltage of 1487 V, coupled with a
low specific on-resistance (R, —p) of 1.65 mQ-cm? for a dielectric superjunction SBD with
an anode-to-cathode distance of 5 um, resulting in a power figure of merit (PFOM) of 1.34

GW/cm?.

5.5.1 Device Fabrication

The fabrication steps of the lateral dielectric SJ SBDs are illustrated in Fig. 5.11 Lateral trench
SJ SBDs as shown in Fig. 5.10(a) were fabricated on a ~500 nm thick 3-Ga,0s3 epitaxial layer
on Fe doped (010) oriented substrate. After the standard solvent cleaning (Acetone/Methanol/DI
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Figure 5.10: (a) 3D schematic of the Ga;Oj3 lateral trenched SBD with high-k dielectric superjunction. (b)
Cut-plane along AB of Fig. 1(a) showing different layers. (c) Cut-plane along CD of Fig. 1(a) showing the
depletion of the drift layer due to fringing electric field. (d) Representative simulation of dielectric SJ structure
showing the evolution of the depletion region with applied reverse bias in the drift layer. (e) Top view scanning
electron microscope (SEM) image of the lateral trenched SBD with high-k superjunction. Reprinted from Roy et
al. [31] © 2022 IEEE.
water), the substrate was treated with HF followed by DI water. The growth of epilayer was
performed in an Agnitron MOVPE reactor using Triethyl-Gallium (TEGa), O, and Silane (SiHy)
as precursors and Argon as carrier gas [32]-[34]. Hall measurements were performed on the
samples and room temperature channel charge and mobility was extracted to be 1.5x10'3 cm—2
(~3x10'7 cm™3) and 135 cm?V~!sec™! respectively.
After the growth of the epilayer, 500 nm deep rectangular trenches of different lengths and
widths were patterned using photolithography followed by BCI; based Inductively coupled
plasma (ICP) reactive ion etching (RIE) with an etch rate of ~12 nm/min. After the trench

definition, ohmic contact recess etching was performed using BCl3 based ICP RIE and n™ ohmic
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Figure 5.11: Fabrication process steps of lateral high-k dielectric superjunction Schottky barrier diodes.

contact with doping concentration of approximately 1.4x10%° cm—3

was then regrown using
MOVPE [35], [36] using a SiO, regrowth mask. 300 nm thick BaTiO3 was then deposited
on the sample using RF sputtering at room temperature in oxygen ambient with O,/Ar ratio
of 1:10 and at a sputter power of 140 W and chamber pressure of SmTorr [37]. After the
dielectric deposition, the samples were annealed at 700 °C in oxygen ambient for 30 minutes to
enhance the dielectric constant. Following the dielectric deposition and annealing, the ohmic
and schottky contact regions were opened up using BCI3/Ar based ICP RIE. Finally ohmic
(Ti/Au) was deposited on the regrown n* contact regions using electron beam evaporation
(annealed at 470 °C for 1 min) followed by schottky (Pt/Au) metal deposition on the sidewall
of the trenches.Using capacitance voltage characteristics, the dielectric constant of the BaTiO3

layer was extracted to be ~220 using MOSCAP structures. A top view SEM image of the

fabricated device is shown in Fig. 5.10(e).

5.5.2 Forward and Reverse Current-Voltage Characteristics

The typical current voltage plots in log and linear scale for the high-k SJ SBDs are shown in Fig.

5.12(a) and 5.12(b) respectively. The normalization is done by considering the entire device
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Figure 5.12: (a) Log scale, & (b) linear scale IV characteristics of the high-k SJ SBD with Lac/Wi, = Sum/2um,
10um/2um, and 20um/2um (c) Breakdown characteristics of the SJ SBDs with the three different Lsc/Wg,, and

(d) Variation of Vg with aspect ratio (Lyc/WF;y,) for the high-k SJ SBDs. Reprinted from Roy et al. [31] © 2022
IEEE.

width (Nzi,(Wgin+Wp)), where Wg;, and Wp are the 3-Ga,Oj3 fin width and high-k dielectric
width respectively as shown in Fig. 1 and Ng;, is the number of fins. The moderately high
ideality factor (n) of ~1.3-1.4 is probably due to the sidewall etching damage, which can be
improved using sidewall treatment [38]. Schottky barrier height of ~1.4 eV is extracted from
both IV and CV characteristics for all the SJ SBDs. The R, for the high-k SJ structures
are extracted to be 1.65, 4.72, and 17.8 mQ-cm? for Lyc/Wg;, of Sum/2um, 10um/2um, and
20um/2um respectively.

The reverse IV characteristics for the high-k SJ SBDs for three different Ls¢ are shown
in Fig.5.12(c). The devices were measured while submerged in FC-40 Fluorinert dielectric

liquid using B1505A parameter analyzer. Catastrophic breakdown voltages of 1487 V, 1972
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Figure 5.13: (a) 3D TCAD electric field simulation for the high-k lateral SJ SBD at and applied voltage of
-1487YV, (b) simulated electric field contour plot along the XY cut-plane of Fig. 3(a). Simulated electric field profile
for the high-k SBDs (c) with and without Lg,, and (d) with different Wg;, for cut-lines along the lateral direction
(A-B). Reprinted from Roy et al. [31] © 2022 IEEE.

V, and 2359 V were observed for the SJ SBDs with Lyc/Wgj, = Sum/2um, 10um/2um, and
20um/2um respectively. The low leakage current at high reverse bias is due to the RESURF
effect by the anode extension length (L.,;) which reduces the electric field at the schottky
metal/semiconductor interface. It can be seen in Fig. 5.12(d) that as the aspect ratio (Lsc/WFin)

increases for SBDs with same L4¢, the breakdown voltage also increases. Thus, proper device

dimensions need to be maintained to achieve optimum performance for the SJ SBDs [39].

5.5.3 Electric Field Simulation and Benchmarking

The three-dimensional electric field simulations at an applied reverse bias (Vg) of -1487V for
the high-k dielectric SJ SBD structures are also performed using Sentaurus TCAD software and
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results for the Lyc =5 um and Wpg;, =2 um are plotted in Fig. 5.13(a),(b). In Fig. 5.13(c),
electric fields are plotted for the dielectric SJ SBD with and without the anode extension length
(Lex). It can be seen that the electric field at the Schottky contact exceeds 4 MV/cm at the
breakdown voltage without L.,;, which would result in a significant amount of reverse leakage
current. Due to the anode extension, the electric field at the schottky metal/semiconductor
interface reduces to less than 2 MV/cm, which results in significantly less leakage currents as
shown in Fig. 5.12(c). In Fig. 5.13(d), electric fields are plotted along the length of the diode
for three different aspect ratios and for a planar lateral SBD. It can be seen that the high-k SJ
SBDs have rectangular field profile and the planar regular SBD has triangular field profile. This
is due to the fact that, in the SJ SBDs, the fringing electric field through the high-k dielectric
depletes the lateral drift layer from the sides whereas for planar regular SBD, the depletion
happens only due to the parallel anode surface electric field. Due to the anode extensions, the
electric field at the anode interface is also significantly lower than the bulk, which reduces the
leakage current in reverse bias [40]. It can also be seen that, for SBD with aspect ratio greater
than 1, the electric field profile along L4¢ is more uniform compared to the SBDs with aspect
ratio less than 1. Hence, SBD with higher L4¢/WF;, can block larger voltage compared to the
SBDs with smaller L4c/WF;,. The average electric field for the SBD with Lyc/Wg;, = 5/2 um
is about ~4 MV/cm at Vg=-1487V and electric field at point A of Fig 5.13(c) is ~2 MV/cm.
A benchmark plot of Ry, vs V}, for state of the art f-Ga,03 based vertical and lateral
SBDs from literature are shown in fig. 5.14. The high-k SJ SBD with Lsc/Wg;,,=5um/2um
with an R,,_;, of 1.65 mQ-cm? and breakdown voltage of -1487V has a power figure of
merit (Vgr/Ron—sp) of 1.34 GW/cm? which is the highest among all lateral 3-Ga;O3 SBDs.
The PFOM of 10 and 20 um devices are 824 MW/cm? and 312 MW/cm? respectively. We
hypothesize that the reduction in PFOM for larger Lsc could be due to non-ideal effects such as
etched fin sidewall related damage and fixed charge at the high-k/Ga; O3 interfaces. The use of
dielectric superjunction structures also enables the implementation of heavily doped epilayer

to achieve low R,, s, while simultaneously supporting high blocking voltage. It should be
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Figure 5.14: Benchmark plot for R,y vs Vj,» comparing our devices with other reported state-of-the-art vertical
and lateral diodes.

noted that the R,, s, was calculated by normalizing to the entire device footprint. If only the
current conducting regions are considered in normalization, the resulting PFOM would be ~2.7
GW/cm?, which crosses the SiC unipolar figure of merit.

The demonstrated device is the first report of a high-k lateral trench SJ Schottky barrier diode
implemented in B-GayO3. Due to the difficulty in implementing conventional pn-superjunction
structures, the proposed device architecture can be extended to other WBG and UWBG materials
to push the device performance towards their material limit or potentially beyond their unipolar
FOM. The lack of requirement of charge balancing as needed in superjunction devices makes
the design and fabrication of high-k SJ device less taxing. In the ideal case, such structures
should provide performance benefit beyond a material’s unipolar figure of merit. Non-idealities
such as sidewall etching damage can be minimized by performing wet treatments [38] after dry

etching, which will improve the performance of such devices.
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5.6 Summary

This chapter provides comprehensive design guidelines aimed at surpassing the unipolar power
figure of merit (PFOM) of wide and ultra-wide bandgap materials through the innovative use
of dielectric superjunction Schottky Barrier Diodes (SBDs). The integration of a dielectric
superjunction addresses a fundamental challenge inherent to gallium oxide technology—the
limitation imposed by the absence of viable p-type doping. This challenge has historically
constrained the performance and application range of 3-Ga, O3 devices. By implementing a
dielectric superjunction, we can effectively manipulate the electric field profile within the drift
region of the diode. This manipulation leads to the formation of a rectangular electric field
distribution, significantly enhancing the breakdown voltage (Vgg).

Through meticulous optimization of the device structure, it is feasible to extend the already
impressive Vpgr-Ron—sp trade-off of B-Ga,O3 beyond its conventional unipolar limits. This
optimization is critical for applications demanding high voltage and low resistance, thus making
B-Gay03 a compelling candidate for future power electronics.

While initial observations indicate that the switching energy losses in these devices are
somewhat elevated compared to traditional SBDs, it is essential to recognize that with rigorous
design optimization, these energy losses can be effectively minimized. This optimization ensures
that the desired PFOM is not only achievable but also sustainable in practical applications. The
significant advantages presented by this innovative device architecture—such as improved
voltage handling and efficiency—clearly outweigh the relatively minor drawbacks associated
with increased switching energy losses. Furthermore, it is important to highlight that ongoing
research into the high-k dielectric/$-Ga, O3 interface is crucial for fully realizing the potential
of superjunction structures.

In addition to these theoretical advancements, we have successfully demonstrated a novel
B-Gay 03 lateral trenched Schottky barrier diode featuring a high-k dielectric superjunction
structure, serving as a proof of concept for the proposed design strategies. This device has

achieved a remarkably low specific on-resistance of 1.65 mQ-cm? through the strategic growth
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of an epilayer characterized by a higher sheet charge density. The superjunction effect plays a
pivotal role in reducing the electric field within the lateral drift region by effectively distributing
the depletion region across the entire length of the diode. As a result of this design innovation,
the diode exhibits an impressive breakdown voltage of -1487 V, which makes this architecture
particularly attractive for low to medium-voltage applications, where minimizing conduction
losses is critical for overall efficiency.

Moreover, this device has achieved a record figure of merit of 1.34 GW/cm? among all
B-GayO3-based lateral SBDs, highlighting the significant progress and potential of this first-
generation demonstration of superjunction devices. This achievement underscores the capability
of the proposed design to set new benchmarks in power electronics, reinforcing the notion
that dielectric superjunction SBDs represent a transformative step forward in the pursuit of

high-performance, energy-efficient power devices.
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Chapter 6

In-situ Dielectric on 3-Ga,0; using

Metal-Organic Chemical Vapor Deposition

6.1 Introduction

The emergence of -Ga, O3 as a leading material for power electronics, due to its exceptionally
high breakdown field (8§ MV/cm) and superior Baliga’s figure of merit (BFOM), has prompted
significant research into identifying suitable insulator materials for gate dielectrics in device
applications. For transistors, an ideal gate dielectric must exhibit low leakage current, minimal
interface trap densities to ensure a stable threshold voltage (Vr), and a breakdown field higher
than that of the underlying semiconductor. Several dielectric materials, including SiO; [1]-[4],
AlLO3 [5], [6], SiN [7], and HfO, [7], [8], have been extensively studied as gate oxides and
passivation layers for Ga;O3 devices. Additionally, high-permittivity materials like Barium
Titanate (BaTiO3) have been explored for use in -Ga, O3 transistors and heterojunction Schot-
tky barrier diodes [9]—[11]. Furthermore, complex oxides such as the ternary rare-earth alloy
(Y0.6Sc0.4),03 have been investigated as gate dielectrics for 3-Ga;O3 MOS structures by
Masten et al. [12].

Among these options, Al,O3 has emerged as the most extensively researched and widely

174



adopted dielectric for B-GayO3 devices due to its compatibility with the semiconductor. Chabak
et al. demonstrated lateral MOSFETs utilizing Al, O3 as the gate dielectric, achieving remarkable
field strength [13]-[15]. Similarly, Li et al. developed vertical FinFET structures based on
B-Gay0s3, achieving exceptional figures of merit (FOM) with Al,O3 as the gate dielectric
[16]-[18]. Jian et al. also examined the impact of post-deposition annealing on interface trap
density in ALD-grown Al,O3 on (001) 3-Ga,03 [19].

Most studies have employed ex-situ deposition techniques, such as atomic layer deposition
(ALD), where the Ga; O3 substrate or epilayer is transferred to a different reactor for dielectric
deposition. However, during this transfer, complete removal of interface contamination is
challenging. In contrast, in-situ deposition of Al,O3 within the same reactor preserves the
pristine surface of Ga;O3, preventing exposure to ambient contamination. Moreover, in-situ
deposition via metal-organic chemical vapor deposition (MOCVD) at higher growth tempera-
tures (500-1000°C) enhances dielectric and interface quality compared to lower-temperature
ALD (100-300°C). MOCVD also offers significantly higher deposition rates and allows for
high-temperature in-situ annealing, which can further reduce interface state densities and im-
prove bulk dielectric quality. The in-situ growth of Al,O3 on both Ga-face and N-face GaN
using MOCVD has been extensively studied [20]—[24]. In this chapter, the in-situ growth of
Al,O3 using MOCVD, as well as the electrical characterization of metal/in-situ Al,O3/B-Ga;03

vertical MOS capacitors (MOSCAPs) is presented.

6.2 600 °C Insitu-Dielectric Growth and Characterization

6.2.1 Dielectric Growth and Structural Characterization

The growth of the in-situ Al,O3 layer, following the epitaxial deposition of a 500 nm -Ga;Os
layer on Sn-doped (010) 3-Gay O3 substrates (NCT Japan), and the subsequent fabrication of
metal-oxide-semiconductor capacitors (MOSCAPs), as shown in Figure 6.1(a), began with

substrate preparation. The substrates were cleaned using acetone, methanol, and deionized

175



n-type B-Ga, 0,

N, =10 cm*

500 nm

et
Ld e 2
% *“““‘.‘2"*’*' “
"" Q’ &

Seaely!

Sn Doped -Ga,0, Substrate

Ti/Au

g)

N OB O ©
© O O ©
E’>

Atomic Fraction (%)

0

0 10 20 30 40 50 60 70
MAG: 1250000 x HV: 200.0 kV b Line scan Length (nm)

Figure 6.1: (a) Schematic diagram of the fabricated MOSCAP structures and the cross-sectional TEM image of
the expanded region showing different layers. (b) High-resolution HAADF-STEM image of the Al O3/3-Ga;03
in the [101] direction. (c) low magnification HAADF-STEM image of the same region with its corresponding
EDS maps of (d) Ga, (e) Al, and (f) O. (g) HAADF-STEM image of the Al,O3/-Ga,03 interface within the
direction of the EDS line scan indicated by the yellow arrow. (h) Atomic fraction extracted from the EDS line scan.
Horizontal orange and blue full lines are plotted at 38% and 62% respectively and their widths are equal to 4%
which corresponds absolute value of the &= 2% errors of the XEDS quantitative analysis. Reprinted from Roy et al.
[25], with permission from John Wiley and Sons.
water, followed by a 15-minute dip in HF solution. The epitaxial growth was performed using
an Agnitron metal-organic vapor-phase epitaxy (MOVPE) reactor equipped with a far-injection
showerhead design. Triethylgallium (TEGa) and O, served as precursors, while argon was used
as the carrier gas, and diluted silane acted as the dopant source. Growth was conducted at 600
°C under a chamber pressure of 60 Torr, consistent with previously reported low-temperature
growth processes for f-Ga, O3 [26], [27].

The gas flow rates for TEGa and O, were set at 65 and 800 sccm, respectively, with an argon
flow rate of 1100 sccm. A silane flow rate of 0.06 nmol/min was maintained to achieve a silicon

doping concentration of approximately 1017 cm—3. After the f-Ga,O3 growth, a 30-second

purge was employed to remove unreacted precursors from the reactor. During this step, the
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reactor pressure was lowered from 60 Torr to 15 Torr while maintaining the temperature at 600
°C, and the O, flow rate was reduced from 800 to 500 sccm.

The in-situ growth of the Al,O3 dielectric layer followed, with growth times varied to
achieve thicknesses of 14, 24, and 55 nm on three different substrates. The Al,O3 was grown at
a rate of 1.2 nm/min using trimethylaluminum (TMALI) as the precursor, with a flow rate of 5.33
pmol/min and an O, flow rate of 500 sccm. The dielectric thickness was measured by etching
the Al,O3 layer using buffered oxide etch (BOE) after photolithography patterning, with the
etch depth confirmed by atomic force microscopy, as detailed in the supporting information.

Following Al,O3 deposition, ohmic Ti (50 nm)/Au (100 nm) contacts were sputtered on the
backside of the MOSCAPs. Circular Ni (10 nm)/Au (50 nm) gate contacts were patterned on
the Al,O3 surface using standard photolithography and deposited via E-beam evaporation.

The MOSCAPs were fabricated to assess the interface quality between the in-situ Al O3
and $-Ga;03. To evaluate the abruptness of the Al,O3/B-Ga,Os5 interface and verify the
stoichiometry of the Al,O3 layer, a combination of scanning transmission electron microscopy
(STEM) using a high-angle annular dark field detector (HAADF-STEM) and energy-dispersive
X-ray spectroscopy (EDS) was employed. Cross-sectional samples of the interface were
prepared using a focused ion beam (FEI Helios 660).

The HAADF-STEM imaging was carried out on a FEI Titan G2 60-300 STEM with an
acceleration voltage of 300 kV, a condenser lens aperture of 70 um, and a probe current of
approximately 100 pA. Figure 6.1(b) presents a HAADF-STEM image of the Al,03/B-Ga,03
interface along the [101] crystallographic direction. The 3-Ga; O3 substrate appears brighter
than the Al,Oj3 film due to the higher atomic number of Ga compared to Al. The interface is
observed to be abrupt, with a transition region of about 2 nm, where the contrast from Ga atoms
diminishes, and the high-resolution imaging degrades.

The sharpness of the Al,03/B-Ga, O3 interface was further corroborated by EDS mapping
(using a Bruker system) performed on the same region. Figure 6.1(c) shows a HAADF-STEM

image of the interface alongside the corresponding EDS elemental maps for (d) Ga, (e) Al, and
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(f) O. A smooth transition between the two materials is visible, with minimal diffusion of Al
atoms into the top of the -Ga;0s5 epilayer.

Additionally, the composition of the Al,O3 film was determined using the Cliff-Lorimer
ratio technique from the EDS mapping analysis, as outlined in the supporting information
[28]. The results show that the film has a uniform composition of 38+2% Al and 62+% O,
maintaining homogeneity throughout the Al,O3 layer, as evidenced by the EDS linescan in

Figure 6.1(h).

6.2.2 Characterization of Trap Densities

To characterize the trap densities, the fabricated MOSCAPs with different thicknesses were
subjected to a series of CV measurements using Keithley 4200, shown in Figure 6.2. The
alternating current (AC) bias and frequency used were 30 mV and 1 MHz respectively and
the MOSCAPs were swept at a rate of 200 mV/sec. The dielectric constant was extracted to
be 8.2-8.5 from the accumulation capacitance on all three samples. The methodology used to
extract the trap densities is same as the technique developed by Liu et al. [21] and presented
briefly here. The MOSCAPs were first taken from depletion (D) to accumulation (A) and kept
at accumulation for 10 minutes to fill all the empty electron traps. After 10 minutes, they
were again swept back to depletion (1st sweep). Another CV curve is measured by sweeping
the MOSCAP from depletion to accumulation and immediately back from accumulation to
depletion (2nd sweep). The total charge (Q;) within the MOSCAPs is calculated from the

equation (6.6),

qOrTox Ideal
— +V
€€ FB

Vip = 6.1

where, Vrp is the flat band voltage, T,y is the oxide thickness, VIng“l is the ideal flat band
voltage, ¢ is the electron charge, € is the relative permittivity of the Al,O3 layer, and & is the
absolute permittivity. Assuming all the charges are located at or near the oxide/semiconductor
interface, Q; can be determined from the linear fit of the Vg vs oxide thickness plot. The
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Figure 6.2: Flat band voltage vs oxide thickness for (c) first & (d) second capacitance-voltage sweeps for
MOSCAPs with three different dielectric thicknesses. The inset of (a) and (b) shows the corresponding first and
second sweep of the CV hysteresis. Reprinted from Roy et al. [25], with permission from John Wiley and Sons.
change in Vgp for D to A and A to D sweeps of the hysteresis plot can be attributed to the total
amount of initially empty trapped charge within the MOSCAPs as described by the equation
(6.2),

N qAQT Tox
E&

AVpp = (6.2)

where, AVpp is the flat band voltage difference between the D to A and A to D sweeps
and AQr is the trapped electron density. Inset of Figure 6.2 (a) and (b) shows the 1st and 2nd
sweeps of the CV hysteresis plots respectively for the MOSCAPs with three different Al,O3
thicknesses. The CV measurements were repeatable after the 2nd sweep, overlapping with the
2nd sweep measurements. Different forward bias voltages were applied for MOSCAPs with
different Al,O3 thicknesses to maintain approximately same electric field through the oxide (~
2 MV/cm). The electric field of ~2 MV/cm was chosen so that the applied electric field remains

below the breakdown field of the Al,O3, and also be sufficient enough to cause accumulation.

179



At this field, the leakage current through the oxide is also found to be negligible and hence it is
reasonable to assume that additional traps are not created at such fields. Figure 6.2 (a) and (b)
shows the corresponding Vgp and AVEp for the 1st and second sweeps. Flat band voltages were
extracted from the deflection point of the capacitance-voltage plot [29]. Vg and Vp, are the
flat band voltages calculated from the D to A sweeps of the 1st and 2nd sweep, respectively.
Fixed charges (Q;; & Qpy) are determined from the slope of the flat band voltage vs oxide
thickness plot. Qy; is the fixed charge of the MOSCAP without any bias history. So, Qp; is the
total fixed near interface charge in the same MOSCAP, but also contains trapped electrons due
to the measurement sweeps and 10 minutes of accumulation stress. Now, AVgp; and AVpp,
are the flat band voltage differences, between each pair of D to A and A to D sweeps of the 1st
and 2nd sweep respectively. During the 10 minutes of accumulation stress of the first hysteresis
measurement electrons fill the empty slow near interface states and due to the high emission
time of the slow traps these electrons remain trapped afterwards. However, electron will fill the
fast near interface states also during the 10 min accumulation time. So, AVgp; can be attributed
to the initially empty fast and slow near interface states (AQr1). Only the fast traps will respond
during the second hysteresis and subsequent measurements since the slow traps were filled
during the first sweep. So AVgp, can be attributed to only the fast near interface states(AQ72).
Density of the initially empty slow near interface traps can be evaluated from the difference
between AQ71 and AQr> (JAQ7r1 — AQr2|). However, during the first D to A and A to D sweeps,
there could be electron emission from some of the slow near interface states due to the applied
reverse bias. So, the difference in flat band voltage for the D to A sweeps of 1st and 2nd sweep
can be attributed to the more stably filled slow near interface states (AQ7gs). All the fixed and
trapped charges described here are summarized in Table 1. The positive fixed charge observed
in this work is similar to the previous report of ALD Al,O3/ (-201) GayO3 interface [5].

Very little is known about the origin of the fixed charges and trap states in case of wide
band-gap semiconductor/oxide interfaces. The positive fixed charge density at the semiconduc-

tor/oxide interface could arise from ionized donor-like traps located in the oxide/semiconductor

180



Table 6.1: Fixed charge and trap densities at the 600 °C Al,O3/-Ga,0j3 interface

Qn Qn AQr AQry  |AQr1 —AQr2|  AQrs
(cm’z) (cm’z) (cm’z) (cm’z) (cm’z) (cm’z)

23 x 1012 2 x 10?2 -1.7 x 10'2 -1.2 x 1012 5 x 101! 3 x 101!

interface above the conduction band of the semiconductor. According to the first principle
calculations for the Al,03/GaN interface, reported by Choi et al. [30], the origin of the positive
fixed charges can be attributed to the native defects such as Al vacancies, Al interstitials, and
Oxygen interstitials if such defects are present near the interfaces and the fast near interface
traps could be attributed to the Al dangling bonds. GaN and 3-Ga, O3 have similar electron
affinity (~4 eV) and, the location of the trap states above the conduction band minima of Ga;0O3
at the Ga,03/Al1,03 interface could have a similar origin related to native defects in Al,Os.
However, further detailed experimentation is necessary for an accurate understanding of the

origin of fixed charges.

The conduction band offset at the Al,O3/B-GayO3 heterostructure can be evaluated using

equation (6.7) as Vgp can be written as [5],

qVFB = _quxTox + <¢b - AEC - (PS) (63)

where, E,, is the electric field in the oxide at flat band condition due to the fixed charge at
the Al,03/B-Gay 03 interface, ¢, is Ni/Al,O3 conduction band barrier height, ¢ the difference
between the conduction band and fermi level in $-Ga;0s3, and AE¢ is the conduction band
offset between 3-Ga, O3 and Al,O3. ¢, was considered to be 3 eV as evaluated by Zhang et al.
using internal photoemission spectroscopy [31]. From Figure 6.2 (c) and (d), (¢, — AEc — @s) is
extracted to be 1.23 eV. Using equation 6.7, the value of AE( is calculated to be 1.7 eV which
matches well with the previous reports on the ALD Al,03/B-Ga; O3 heterostructure.

Now, to find the density of all the initially filled slow near interface states and the trap
distribution as a function of energy dependence near the f-Ga,O3 band edge, we use UV-

assisted CV technique developed by Swenson et al. [32] and later modified by Liu et al. [33]
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Figure 6.3: Representative energy band diagram for the UV-assisted CV measurements showing (a) generation
of electron-hole pairs when excited by UV rays, (b) generated holes recombining with the trapped electrons at the

interface, and (c) trap states became positively charged after the electron-hole recombination process. Reprinted
from Roy et al. [25], with permission from John Wiley and Sons.

This technique was also used by Jian ez al. [19] for ALD Al,03/(001) -Ga,O3 MOSCAPs and
briefly summarized here. The MOSCAPs were first taken from D to A and kept at accumulation
for 10 minutes to fill all the interface states. After 10 minutes, the MOSCAPs were again swept
back to depletion without any optical excitation. This dark curve is considered as the ideal
CV curve, assuming all the states are filled with electrons. Next the MOSCAPs were held at
depletion and were exposed to UV light using a Deep ultra-violet (DUV) light emitting diode
(LED) with 254 nm wavelength for 5 minutes. After 5 minutes the UV light is turned off and
the MOSCAPs were held at depletion for 15 minutes followed by another sweep from D to
A. The dark curve is then shifted horizontally to match the post-DUV CV curve and obtained
as the reference CV curve. The total density of all the interface states is calculated from the
difference between the post-DUV and the reference CV curve (AV) and their energy dependence
is calculated from the amount of band bending (dielectric/semiconductor surface potential) that
occurs during the bias sweep.

Fig. 6.3 (a) to (c¢) shows energy band diagrams of the MOSCAPs under applied bias and

UV illumination. During the UV exposure, electron-hole pairs are generated and the photo-
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Figure 6.4: Trap density vs energy distribution plots for MOSCAPs with (a) 55 nm, (b) 24 nm, and (c) 14 nm
Al, O3 thickness. The inset of (a), (b), and (c) shows the UV-assisted CV characteristics of the three MOSCAPs.
(d) Average trap density vs oxide thickness plot and the corresponding linear fit. Reprinted from Roy ez al. [25],
with permission from John Wiley and Sons.

generated holes either recombine with the electrons trapped in the interface or gets self-trapped,
which results in the ledge observed in the post-DUV curve. Due to the recombination of photo-
generated holes with the trapped electrons at the Al,O3/B-Ga, O3 interface, the trapped states
become positively charged, which changes the width of the depletion region. Some of the extra
holes also get trapped in the dielectric bulk hole traps inside the Al,O3 layer. Inset of Figure
6.4 (a) to (c) shows CV plots for the MOSCAPs with three different oxide thicknesses. The
black curve (Dark) is the A to D sweep after the 10 minutes of accumulation stress. The purple
curve is the D to A sweep after DUV exposure and the dashed black curve is the reference
curve obtained after shifting the dark curve to match deep depletion part of the post-DUV plot
[32]. AV in the CV plot of Figure 6.4 (a) to (c) includes the effects of both interface traps at the
Al,03/B-Ga, 03 interface and bulk hole traps inside the Al,O3 layer. Density of all the initially

filled interface and bulk dielectric traps is calculated using the equation (6.4) [32],
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where, Yy is the surface potential at the Al,O3/B-Ga;Os interface, given by yg = %IQJDAZ.
dep

Np is the doping density, A is the area of the contacts, Cy,), is the depletion capacitance and C,y
is the oxide capacitance.

Figure 6.4 (a) to (c) shows the D, vs the trap energy distribution for the MOSCAPs with
three different oxide thicknesses. Due to the existence of a positive valence band offset, the extra
holes (which did not recombine with the interface traps) get accumulated at the Al,O3/-Gay O3
interface (some holes also get self-trapped). The rise in the D; near the conduction band edge
can be attributed to the accumulated holes, either at the Al,O3/B-Ga, O3 interface or possibly
also due to the self-trapped holes in the depletion region [34]. The average D; for each of the
MOSCAPs are obtained after eliminating the contribution from holes by neglecting the rise in
D;.

We can also see from Figure 6.4 (a) to (c) that the average D; reduces as the thickness of the
Al,O3 layer decreases. There would not be any dielectric thickness dependence if all the traps
were located at the Al,03/B-Ga;0j3 interface. Instead, due to the presence of bulk hole traps
inside the Al,O3 layer, some of the holes get captured inside the Al,O3 layer. So, the density
of the interface states (D;;) without the contribution from the bulk hole traps in the Al,O3 is

calculated from the equation (6.5 [33]

dnht
D, = Dy + T — 1" 6.5
t ¢t OXZdV/S (6.5)

where, ny, is the amount of bulk hole traps inside the Al,O3. So, average D;; is obtained
to be 6.4 x 10! cm™2 eV~! by extrapolating the linear fit of average D; vs oxide thickness
for T, = 0 as shown in Figure 6.4(d). The amount of bulk hole traps (ny,) is estimated from
the equation 6.5 to be 2.1 x 10'7 cm™3 eV~!. The fact that we see a linear relationship of D,
vs oxide thickness clearly indicates that not all the holes are self-trapped in the -Ga;0O3 and

in-fact can move and get inside the Al,O3 layer and get trapped. The mobility of holes could
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Figure 6.5: (a) Reverse and (b) forward current-voltage characteristics for MOSCAPs with three different
dielectric thicknesses. Reprinted from Roy et al. [25], with permission from John Wiley and Sons.

be significant enough to cause bulk hole trapping in the dielectric as also extracted by Akyol
[35] for B-Gay O3 Schottky barrier diode based photodetector. The value of D;; obtained for the
in-situ Al,O3 MOSCAPs are significantly lower than the previous reports of ALD Al,O3/ (001)
B-Gay 03 interface and may have resulted from the O vacancies and Al dangling bonds at the
interface. However, the average D;; obtained for ALD Al,03/(010) B-Ga,O3 as reported by
Kamimura ef al. was found to be lower than the present work (5.9 x 101 cm=2eV~'-9.3 x
10" cm™2 eV~! [36]. We should mention here that the high-low CV method used for extracting
the trap densities by Kamimura et al. underestimates the total D;; as it cannot keep track of deep

level traps.

6.2.3 Current-Voltage Characterization

To determine leakage currents and breakdown voltages of the MOSCAPs, reverse and forward
current voltage (IV) characteristics is measured and shown in Figure 6.5 (a) and (b) respectively.
The measurement is performed at a sweep rate of 200 mV/sec. Breakdown voltages with positive
bias on the gate metal (accumulation) for MOSCAPs with 14, 24 and 55 nm Al,O3 thicknesses

are 9, 14, and 32 V, respectively. The breakdown field for all the MOSCAPs were determined
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using Sentaurus device simulator [37] and the field profile is shown in Figure 6.6 (a). For the
accumulation case with positive potential on the gate, the entire voltage is dropped across the
Al,O3 layer and so the breakdown can be attributed to the breakdown of the dielectric. The
average breakdown field at the center of the gate metal region and peak field at the edges of the
metal for the Al,O3 dielectric are estimated to be ~ 5.8 MV/cm and 15 MV/cm respectively
from electric field simulations as shown in Figure 6.6 (a). Electric fields were shown only in
the Al,O3 region during forward bias as the entire bias voltage is dropped across the oxide
layer. Breakdown voltage of the in-situ MOCVD-grown oxide is lower compared to previous
reports based on ALD deposition, and the breakdown voltage could be improved using in-situ
O, annealing as demonstrated in MOCVD-grown Al,O3 on III-Nitrides [38]. The barrier
to tunneling for the MOSCAPs were also estimated using trap assisted tunneling model and
extracted to be 1.1 eV and presented in the supporting information. The reduced barrier to
tunneling compared to the actual band-offset extracted using CV method suggests that the
leakage current is mostly dominated by the positive fixed charge state at the interface which
exists in between the conduction band minima of the Al,O3 and $-Ga;0O3 possibly due to
the presence of Aluminum or Oxygen interstitials. However, other traps states such as border
traps which may originate from Oxygen vacancies cannot be ruled out and requires further
investigation. If the leakage is dominated by the border traps due to oxygen vacancies, then
annealing in oxygen may passivate these traps and can lead to reduced leakage currents. The
reverse breakdown voltage from the IV characteristics in Figure 6.5 (a) for MOSCAPs with
14, 24 and 55 nm Al, O3 thicknesses are approximately 40, 80, and 200 V, respectively. From
the electric field distribution in Figure 6.6 (b), a peak field of ~ 15 MV/cm is observed at the
metal edges but the center of the gate metal, the electric field is less than the observed field in
case of forward bias (~3.5 MV/cm as compared to 5.8 MV/cm). This is due to the fact that, at
reverse bias, the total applied voltage is dropped across both Al;O3 and Ga; O3 region and a
significant amount of electric field is present in the Ga;O3 (~2.6 MV/cm) as also shown by the

dashed curves in Figure 6.6 (b). At reverse bias, all the three MOSCAPs (T, = 14, 24 and 55
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Figure 6.6: Simulated electric field profiles for the MOSCAPs with three different Al,O3 thicknesses at (a)
forward breakdown voltage along A-A’(9, 14, and 32 V for T,, = 14, 24, and 55 nm respectively) and (b) reverse
breakdown voltage along A-A’ (solid line) and B-B’ (dashed line) (-40, -80, and -200 V for T,, = 14, 24, and 55
nm respectively). Electric field is plotted only at the Al,O3 region at forward bias because entire bias voltage is
dropped across the oxide layer during accumulation. Reprinted from Roy et al. [25], with permission from John
Wiley and Sons.
nm) have a peak electric field of around ~15 MV/cm, indicating that the breakdown is probably
happening at the metal edges. These high edge electric fields can be reduced by creating a field
plate structure using the same in-situ Al,O3 material showing the versatility of this technique.
The in-situ Al;O3 grown using MOCVD, in this work, is found to have reduced fixed charges
and interface traps (D;;) compared to the more commonly used ALD technique. A lower fixed
charge concentration of +2 x 10'> cm~? is found when compared to ALD Al,O3 on (-201)
B-Gay0O3 (+3.6 x 102 cm—2) reported by Hung et al. [5]. A lower interface trap density (Dj;)
of 6.4 x 10" cm™2eV~! is also extracted using UV-assisted CV method. It is to be noted that
no high temperature post deposition annealing (PDA) or post metallization annealing (PMA) is
performed on these MOSCAPs, which is expected to further improve the interface quality [38].
Further experiments to understand the effect of growth parameters such as growth temperature,
chamber pressure and precursor ratios and also higher temperature PDA will be necessary to
improve the dielectric constant, fixed charge, interface traps and critical breakdown fields of the
Al O3 layers in these fully MOCVD-grown Al,O3/3-Ga;O3 MOSCAPs. Also, detailed work is

necessary to investigate the origin of the interface traps which may have resulted from native

defects and impurities at the interface and can be performed using structural and spectroscopic
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techniques.

6.3 High-temperature Growth of Insitu-Dielectric and Char-
acterization

In this section, the MOCVD growth of in-situ dielectric at high temperature and capacitance-
voltage (C-V) characterization of Al,O3 on (010) oriented 3-Ga,O3 metal-oxide-semiconductor
capacitors (MOSCAPs) is presented. Two different dielectrics are grown, one at 800 °C (Fig. 6.7
(a)) and another with 800 °C interfacial layer and the bulk grown at 600 °C (Hybrid) (Fig. 6.7
(b)). Additionally, we present findings on the quality, reliability, and lifetime analysis of in-situ
MOCVD-grown Al,O3 dielectrics grown at various temperatures. This includes evaluations
of interface-state density, leakage current, breakdown strength, and time-dependent dielectric

breakdown.

6.3.1 Dielectric Growth and Structural Characterization

The growth of a 500 nm B-Ga,O3 epilayer on Sn-doped bulk (010) 3-Ga, O3 substrates (NCT
Japan) was conducted using an Agnitron MOVPE reactor with a far injection showerhead design
[27]. Prior to loading the sample into the growth chamber, the substrates were cleaned with
acetone, methanol, and deionized (DI) water, followed by a 15-minute dip in hydrofluoric acid
(HF). Triethylgallium (TEGa) and O, were used as precursors, argon (Ar) as the carrier gas, and
diluted silane as the dopant. The growth process was performed at a low temperature of 600 °C
and a chamber pressure of 60 Torr. The gas flow rates for TEGa and O, were set at 65 sccm and
800 sccm, respectively, with an Ar flow rate of 1100 sccm. A silane flow rate of 0.06 nmol/min
was used to achieve a silicon doping concentration of 10'7 cm™3. Under these conditions, a
B-Gay O3 growth rate of 6.3 nm/min was achieved.

After the B-GayO3 growth, a 90-second purge step was implemented to remove all unreacted

precursors from the reactor. During this step, the reactor pressure was reduced from 60 to 15
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Figure 6.7: Schematic diagram of the fabricated MOSCAP structures with (a) Sample A (800 °C) and (b) Sample
B (800/600 °C). (c) X-ray reflectivity plot and (d) GIXRD spectra for Sample A and Sample B.

Torr while the substrate temperature was increased from 600 °C to 800 °C. Additionally, the
O, flow rate was decreased from 800 to 500 sccm. Following this purge step, an in-situ Al,O3
layer was grown at a rate of 1.2 nm/min using the trimethylaluminum (TMALI) precursor at a
flow rate of 5.33 yumol/min and O; at a flow rate of 500 sccm. The growth rate of the Al,O3
layer was determined to be 4.7 nm/min. This is referred to as sample A.

To grow the hybrid dielectric (800 °C thin interfacial layer/600 °C bulk), a 5 nm thin
interfacial layer was first grown at 800 °C. After this, the growth temperature was ramped down
from 800 °C to 600 °C over the course of 5 minutes. Following this temperature ramp, the bulk
of the dielectric was grown at 600 °C, using the same gas flow rates and chamber conditions as
for the 800 °C dielectric. The growth rate of the dielectric at 600 °C was determined to be 1.2
nm/min. This is referred to as sample B. The thicknesses of the dielectric layers were measured
using X-ray reflectivity (XRR) as shown in Fig. 6.7 (c), resulting in values of 23.6 nm for the

800°C dielectric and 21.8 nm for the hybrid dielectric.
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Figure 6.8: |dC/dV|'/3 vs capacitance plot for Sample A and Sample B, which is used to extract the oxide
capacitance from the x-intercept of the linear fit in the accumulation region.

Grazing incident X-ray measurements (GIXRD) were conducted on the dielectrics grown
using metal-organic chemical vapor deposition (MOCVD) to analyze the crystallinity of the
MOCVD grown Al,O3 layers. The measurements were performed at a fixed incident angle of
0.7°, as depicted in Fig. 6.7 (d). The resulting GIXRD spectra were then compared against
the International Centre for Diffraction Data (ICDD) Powder Diffraction File (PDF) database
to determine the phase of Al,O3. Dielectrics in sample A and B exhibited some degree of
crystallinity, possibly in the 8 or y phase. However, the presence of the 6 phase cannot be
entirely ruled out as the major diffraction peaks of the & phase closely resemble those of the
Y or 6 phase. Further microstructure analysis using transmission electron microscopy will be
reported elsewhere.

After the growth of the Al,O3 layer, Ti (50 nm)/Au (100 nm) ohmic contacts were sputter-
deposited on the backside of the MOSCAPs. Finally, circular Ni (10 nm)/Au (50 nm) gate

contacts were patterned using standard photolithography and deposited on the Al,O3 surface

190



via E-beam evaporation.

6.3.2 Extraction of Trap-Densities and dielectric constant

The dielectric constant of the dielectrics are extracted based on the method described by Islam et
al. [39]. C,, is calculated from the x-intercept of the linear fit at the accumulation region of the
}% ‘ 173 vs Capacitance plot as shown in Fig. 6.8. The applied method considers a distribution
of electrons in the accumulation layer and electron wave function penetration into the dielectric
and is more accurate than the dielectric constant extraction from accumulation capacitance. The
extracted dielectric constant for the sample A and sample B are 8.32 and 9.35 respectively.

The detailed C-V measurement techniques and the extraction of trap densities are described
elsewhere [21], [25]. Using a direct-current (DC) bias range of (-10 V, 5 V) and a sweep rate of
200 mV/s, a MOSCAP was initially swept from depletion to accumulation (D to A) and held in
accumulation for 10 minutes before being swept back to depletion (A to D). It was then swept
from D to A and immediately back from A to D for a second time. The alternating-current (AC)
measurement bias and frequency were set at 30 mV and 1 MHz, respectively. Fig. 6.9(a) and
6.9(b) present the first and second pairs of D to A and A to D sweeps measured on MOSCAPs
with sample A and sample B, respectively.

In this study, only interface traps and border traps are considered, which can be identified
by the hysteresis they induce in the C-V curve. However, distinguishing between interface
states and border traps using only C-V measurements is not straightforward, so we treat them
collectively as near-interface states. We also differentiate trap states based on their electron
emission characteristics. Fast trap states, which have relatively short emission responses, always
induce hysteresis. In contrast, slow trap states, with longer emission responses, behave like fixed
charges [21] once filled and no longer induce hysteresis. This behavior is due to the scarcity of
holes available to recombine with the trapped electrons, as the minority carrier generation rate
in B-Ga, O3 at room temperature is very low. Slow trap states may also exhibit long emission

time constants. Fixed charges, which cause a permanent shift in the flat band voltage without
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Figure 6.9: First and second sweep of capacitance vs voltage characteristics for (a) Sample A and (b) Sample B.
In each case, during the first D-A sweep, MOSCAPs were subjected to a 10 minutes of accumulation stress.

inducing hysteresis, are typically identified through a dielectric thickness-dependent flat band
voltage analysis. However, this aspect is not considered in our current work. The hysteresis
(AVEp) is quantified as the difference in flat band voltage between each pair of depletion-to-
accumulation (D to A, V]?B_A) and accumulation-to-depletion (A to D, V;‘B_ b ) sweeps as shown
in Fig. 6.9(a) and (b). After the first D to A sweep, the MOSCAPs are held in accumulation
for 10 minutes, allowing electrons to fill all the empty near-interface states and remain trapped.
During any D to A sweep, electrons can also fill the fast near-interface states, but these electrons
are not released at the same rate during the subsequent A to D sweep. Consequently, the first
hysteresis (AVgp1) 1s influenced by both fast and initially empty slow near-interface states, while
the second hysteresis (AVrpy) is influenced only by the fast near-interface states [23]. Without
the presence of any additional charge components, both AVrp and AVEp; should be positive

due to electron trapping, with AVgp; being larger than AVrp,. The trapped electron density

(AQr) associated with AVgp can be estimated from,

CoxAV,
AQr = _OXTFB (6.6)

Using (6.6), we can determine the amount of fast and initially empty slow near-interface
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Table 6.2: Near-interface trap densities of the MOSCAPs

a b c d
Dielectric Type  &,x Qr1 AQ7> AQ71 —AQm2 Avg. Dy
(cm’z) (cm’z) (cmfz) (ecm™2eVh
600 °C 83 —1.7x10% —1.2x10" —5x 10! 3.2 x 1012
[25]
Sample A 832 —83x10!" —15x10"" —6.8x10' 6.1 x 10!
(800 °C)

Sample B 935 —1.64x10"% —274x10""  —1.36x10" 1.02x10"?
(800/600 °C)

“AQr1 = Amount of fast and initially empty slow near-interface states
bAQ7r, = Amount of fast near-interface states

‘AQ71 — AQ72 = Amount of initially empty slow near-interface states
dAvg. D, extracted from deep UV CV measurements.

states (AQr1) as well as the fast interface states (AQ72). Also, the difference, AQr; — AQr2,
represents the densities of the fast and initially empty slow near-interface states. From these
measurements, trap densities and dielectric constants are extracted and summarized in Table 6.2.
For comparison, the trap densities of the 600 °C dielectrics from our previous work [25] are
also included in Table 6.2.

The MOSCAP with the sample A exhibits fewer fast and initially empty slow near in-
terface states (AQ71=—8.3 x 10'! ¢m~2) and also the lower amount of fast interface states
(AQr2=—1.5 x 1011 cm™2) compared to the 600 °C dielectric as can be seen from Table 6.2.
This improvement is likely due to the enhanced interface crystallization at 800 °C, which reduces
the number of Al dangling bonds at the dielectric/semiconductor interface. However, dielectric
growth at higher temperatures can also lead to bulk nanocrystalline inclusions, raising long-term
reliability concerns. To mitigate these issues, a hybrid dielectric structure with a Snm interfacial
layer grown at 800 °C (5nm) and bulk dielectric grown at 600 °C (sample B) is more favorable.
AQr1 and AQ7; of the sample B is also found to be lower than 600 °C dielectric as shown in
Table 6.2. Higher values of AQ7| and AQ7; for the sample B compared to the sample A is
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Figure 6.10: UV-assisted CV characteristics and Trap density vs energy distribution plots respectively of the
MOSCAPs on (a) (c) Sample A and (b) (d) Sample B.
likely due to the near interface states at the 800/600 °C dielectric interface.

The density of all (slow and initially filled) interface trap states are extracted using UV-
assisted CV method as described in section 6.2.2 and shown in Fig. Fig. 6.10(a-b). Fig.
6.10(c) to (d) depicts the relationship between trap density (D;) and the trap energy distribution
for the MOSCAPs with sample A and sample B. The presence of a positive valence band
offset at the Al,O3/B-Ga,Oj3 results in the accumulation of additional holes at the Al,O3/f3-
Ga, 03 interface, which do not recombine with the interface traps. Notably, the increase in
D; near the conduction band edge can be attributed to these accumulated holes. To obtain the
average D, for the MOSCAPs, we exclude the contribution from holes by disregarding the
rise in D;. The average D; values for the different MOSCAPs are listed in Table 6.2. The
MOSCAP with sample A exhibits the lowest average D; density (6.1 x 10! cm™2eV~!) among
the three MOSCAPs. Additionally, the MOSCAP with sample B also shows a lower average

D; (1.02 x 10'2 cm—2eV~!) compared to the MOSCAP grown at 600°C dielectric (3.2 x 10'2
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Figure 6.11: (a) Forward and (b) reverse current-voltage characteristics for MOSCAPs on Sample A and Sample
B.
cm~2eV~!). Notably, the D, values for both sample A and sample B are lower than the AQ7;

and AQr; values, which likely indicates a different origin for the fast and initially empty slow

interface states.

6.3.3 Current-Voltage Characterization

To determine the breakdown voltages of the MOSCAPs under forward and reverse bias, current-
voltage (IV) measurements were performed, as shown in Fig. 6.11. Sample A exhibits a
breakdown voltage of 25V, corresponding to an impressive breakdown field of approximately 10
MV/cm under forward bias, as illustrated in Fig. 6.11(a). For sample B, the breakdown voltage
is around 17V, translating to a breakdown field of about 7.8 MV/cm.

The reverse breakdown voltage, derived from the IV characteristics in Fig. 6.11(b), is
approximately 120V for MOSCAPs with both sample A and sample B. In the accumulation case,
with a positive potential applied to the dielectric, the entire voltage drop occurs across the Al,O3
layer, thus the breakdown can be attributed to the dielectric. However, under reverse bias, the
total applied voltage is distributed across both the Al,O3 and Ga;O3 regions. Consequently, a

significant electric field is present in the Ga;Os3, indicating that the reverse breakdown cannot be
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Figure 6.12: Constant-voltage-stress current density vs time plot performed at three different voltages on the
MOSCAPs on (a) 600 °C [25] (b) Sample A, and (c) Sample B.
solely attributed to the dielectric breakdown. Hence, the forward breakdown is a good indication

of the dielectric material quality.

6.3.4 Dielectric Reliability and Lifetime Characterization

To characterize the reliability of the in-situ dielectrics, time-dependent dielectric breakdown
tests [40], [41] were performed under constant voltage stress. The currents in the 600°C, 800°C
(sample A), and hybrid dielectric (sample B) MOSCAPs under constant stressing voltages at
room temperature are displayed in Fig. 6.12(a)-(c). For each dielectric sample, the MOSCAPs
were stressed at three different voltages close to the breakdown voltage of the devices, with

10 devices for each sample stressed at the same voltage to obtain sufficiently good statistics.
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The 600°C and sample B exhibit hard breakdown during stress, indicated by a sudden rise in
current marking the breakdown. However, sample A exhibits some pre-breakdown current
increases in many devices, indicating soft breakdown, which likely results from leakage through

grain boundaries of polycrystalline regions. The time-to-breakdown for dielectrics can be well

approximated using a Weibull function given by (6.7).

tstress B
F(tsress) = 1 —exp | — ( 0 ) 6.7)

where F (fyress) is the cumulative probability of breakdowns, s is the stress time, 7 is
the scale parameter (often referred to as the characteristic lifetime or the time at which 63.2% of
the sample population fails), and f is the shape parameter. The Weibull plots for the time to
breakdown for the three different dielectrics are shown in Fig. 6.13 (a)-(c). For all three cases,

the breakdown is found to be intrinsic, as indicated by B > 1 for all dielectrics. However, the
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600°C and hybrid dielectrics exhibit much tighter distributions (8 > 4) compared to the 800°C
dielectric, suggesting higher oxide uniformity.

We define the lifetime of the in-situ Al,O3 films as the time to breakdown when the
cumulative probability of breakdowns reaches 63%, satisfying In[—In(1 — F (fges5))] = 0 [42].
Assuming Egg ~ Vpg/tox, the extracted f639, as a function of Epg for the three different dielectrics
is plotted in Fig. 6.13 (d). Lifetime predictions under typical operating conditions are made
based on the commonly used E-model [43], which states that the breakdown time (zpg) in the
log scale is inversely proportional to the oxide electric fields (In(tgg) o< —YEpg). The slope
parameter Y is often referred to as the electric field acceleration factor, describing the rate at
which tgg changes with Epg.

For sample A, the estimated time to breakdown (zgg) is 10 years if the oxide electric field
(E,x) remains below 1.5 MV/cm (E,, < 1.5 MV/cm). Although the lifetime of the 600 °C
dielectric is shorter than that of the 800 °C dielectric (sample A) at the same stressing electric
field, the acceleration factor (y) for the 600 °C dielectric is higher, as evident in Fig. 7(d). This
higher acceleration factor is expected due to the higher 8 value of the 600 °C dielectric. On the
other hand, sample B exhibits a 7z of 10 years, with a stressing electric field of 3.5 MV/cm.
The longer #pg for the hybrid dielectrics results from reduced polycrystalline features within the
bulk of the dielectric compared to the sample A, as well as a pristine dielectric/semiconductor
interface compared to the 600 °C dielectric.

The in-situ Al,O3 grown using MOCVD at a temperature of 800 °C (sample A) exhibits
fewer near-interface trap states compared to Al,O3 grown at 600 °C. Additionally, the breakdown
field for sample A (10 MV/cm) is higher than that of the 600 °C dielectric (5.6 MV/cm).
However, the time-to-breakdown of the 600 °C dielectric is more uniform compared to sample
A. Sample B combines the best features of both materials, with reduced interface traps and
higher breakdown strength compared to the 600 °C dielectric. Furthermore, the uniformity
of the time-to-breakdown is also higher for the sample B compared to both the 600 °C and

800 °C dielectrics. Consequently, sample B is a more suitable choice as gate dielectrics in
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B-Ga;03-based high-voltage transistor applications.

6.4 Summary

In summary, this chapter investigates the potential of in-situ Al,O3 growth using Metal-Organic
Chemical Vapor Deposition (MOCVD) as a superior alternative to Atomic Layer Deposition
(ALD). The quality of the interface has been thoroughly characterized through capacitance-
voltage (C-V) measurements. Our analysis identified and quantified the presence of near-
interface fixed charges in the metal-oxide-semiconductor capacitors (MOSCAPs), revealing a
stable positive fixed charge density of +2 x 10'> cm~2. Additionally, we determined the sheet
density of trap states with both fast and slow emission times by examining the linear relationship
between C-V hysteresis and Al,O3 thickness.

The density of near-interface traps, along with their energy dependence, was further quanti-
fied using the ultraviolet (UV)-assisted C-V technique, yielding a value as low as +6.4 x 10'!
cm 2. We also calculated the conduction band offset, deriving a value of 1.7 eV from the linear
correlation between flat band voltage and oxide thickness. Moreover, the average breakdown
field for the MOCVD-grown Al,O3 material was found to be approximately 5.8 MV/cm.

Additionally, this chapter explores in-situ Al;O3 growth at elevated temperature, and further
employs a hybrid dielectric growth method that combines an 800 °C interfacial layer with
bulk dielectric deposition at 600 °C. To evaluate interface quality, we conducted a comparative
study of different dielectric materials using capacitance-voltage measurements. The density of
near-interface states was characterized using both conventional and UV-assisted C-V techniques
across the three dielectric materials.

The results indicate that the 800 °C dielectric demonstrates superior performance in terms
of near-interface trap states and breakdown field strength compared to the other two dielectric
materials. However, the hybrid dielectric (Sample B) exhibited significantly improved uni-

formity, leading to enhanced dielectric lifetime and better interface quality than the 600 °C
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dielectric. Consequently, the hybrid dielectric represents a more suitable compromise among

the three options examined. This in-situ dielectric deposition approach on $-Ga;O3 holds

great promise for the development of future high-performance MOSFETs, providing improved

interface and bulk quality, as well as greater uniformity compared to conventional dielectric

deposition techniques.

This approach of in-situ dielectric deposition on $-GayO3 can pave the way as gate di-

electrics for future B-Ga; O3 based high performance MOSFETs due to its promise of improved

interface and bulk quality compared to other conventional dielectric deposition techniques.
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Chapter 7

-Ga,0; Vertical Power Transistors

7.1 Introduction

The lack of p-type doping in 3-Ga, O3 presents a significant obstacle to transistor development.
In traditional Si and SiC-based power transistors, a conducting channel is typically formed
by inverting a semiconductor with carriers of the opposite type through an electric field, the
principle behind Field Effect Transistors (FETs). However, due to the unavailability of p-type
doping in 3-Ga;03, new architectures based on unipolar operation must be devised to realize
power transistors in this material system.

Before exploring the technical specifics of Ga;O3 vertical fin transistors, it is essential to
review the core requirements of vertical power transistors, which help clarify whether p-type
doping is indeed necessary. At the heart of any power transistor lies a junction capable of
blocking voltage. This function can be served by a p-n junction, a Schottky junction, or a MOS
structure, each with distinct advantages, as discussed in Chapter 1. In the absence of p-type
doping, only the latter two structures—Schottky and MOS—are viable, with MOS structures
typically offering superior performance in terms of reducing reverse leakage current, making
them a strong candidate.

Another critical requirement is the confinement of carriers within a channel to enable
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effective gate control. This can be achieved through three different mechanisms: (i) geometric
confinement through patterning techniques such as etching, (ii) potential barriers, which are
formed at abrupt heterojunction interfaces or inversion channels, and (iii) conductivity contrast,
often seen in lateral transistors fabricated on semi-insulating substrates. Crucially, none of these
methods necessitates p-type doping. For example, AlGaN/GaN HEMTs utilize potential barriers,
while most lateral transistors in 3-Ga, O3 rely on conductivity contrast. The first method, which
uses etched fin channels, is a defining feature of vertical fin transistors.

In terms of gate control, the structure itself plays a vital role in transistor performance.
The primary device configurations—junction gates, Schottky gates, and MOS structures—each
lend their characteristics to different transistor types: junction-gate FETs (JFETSs) [1], metal-
semiconductor FETs (MESFETs) [2], and MOSFETs [3]. Even without p-type doping, Schottky
and MOS structures remain highly effective, with MOS gates being particularly advantageous
for achieving normally-off operations due to their lower gate leakage current.

Lastly, establishing efficient ohmic contacts for the source and drain is crucial in most
vertical power transistors. For devices other than insulated-gate bipolar transistors (IGBTSs)
[4], only n-type ohmic contacts are typically required, simplifying fabrication. While p-body
contacts also play a role in certain designs, they are not pertinent to this discussion.

Thus, the absence of p-type doping does not preclude the realization of vertical transistors.
In fact, by leveraging MOS structures, vertical transistors, such as the vertical fin MOS-gate

transistors, can be successfully implemented, providing a path forward for power electronics in

ﬁ-Ga203.

7.2 History of 3-Ga,0; Vertical Transistors

Despite remarkable advancements in -Ga,Oj3 electronics, the development of vertical transis-
tors has faced persistent challenges. Sasaki et al. [5] pioneered the field with a depletion-mode

vertical trench MOSFET, though its behavior resembled that of a static induction transistor
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(SIT) rather than a conventional MOSFET. Subsequently, Hu et al. [6] introduced a depletion-
mode vertical FinFET, achieving a breakdown voltage of 185 V, albeit with similar SI'T-like
characteristics. Wong et al. [7]-[9] later demonstrated the first current aperture vertical electron
transistor (CAVET), which exhibited transistor-like behavior but was hindered by significant
off-state leakage due to a diffused current-blocking layer.

The field saw a transformative milestone in 2018 when Hu ef al. [10] presented the first
enhancement-mode single-fin vertical FinFET, achieving a breakdown voltage exceeding 1 kV.
This marked a shift toward true transistor-like operation with robust high-voltage performance.
Li et al. [3] subsequently advanced the technology with an enhancement-mode multi-fin vertical
FinFET, achieving an impressive breakdown voltage of 2.6 kV, underscoring the potential of
B-Ga; 03 for high-power applications.

Since then, various research groups have proposed and demonstrated innovative vertical
transistor designs [11]-[19]. These developments continue to push the boundaries of 3-Ga,O3
technology, promising breakthroughs for applications requiring both high voltage and high

current capabilities.

7.3 Charge Control to Achieve Normally off Operation in
Unipolar Power FinFETs

For power transistors, normally-off (or enhancement-mode) operation is highly favored to ensure
fail-safe performance. In the event of gate control failure, such as a malfunction in the gate
driver, the transistor must block the high supply voltage to prevent catastrophic damage. If the
transistor lacks normally-off operation, the failure to block the supply voltage would lead to the
destruction of the entire circuit and potentially cause severe damage to the connected load, often
large-scale utilities. Hence, ensuring normally-off behavior is critical for the reliable and safe
operation of power systems.

To ensure this behavior, a vertical FinFET structure is employed in this work, as illustrated
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Figure 7.1: Schematic diagram of a unipolar vertical FinFET structure

in Fig. 7.1, where the gate controls the channel through the sidewalls of the fins. A high-quality
gate insulator is essential to minimize gate leakage and avoid threshold voltage instability due
to interface traps. In this structure, the work function difference between the gate metal and
B-Ga,03 depletes the channel region at zero gate bias. This causes the energy band of $-Ga,03
to bend upward, creating a dipole charge across the insulator, resulting in a built-in potential. If
the channel width (Wy;,) is sufficiently small, the channel becomes fully depleted, ensuring that
no current flows at zero bias.

As the gate-source voltage (Vs) increases, the depletion region shrinks, and the channel
begins to open. When the potential across the structure reaches zero, the energy bands become

flat, and the flat-band voltage (Vrp) is defined by the following equation:

qVFB = Om — 0Ga,0; = —qVii (7.1)

where ¢, and ¢c,,0, represent the work functions of the gate metal and 8-Ga,O3, respec-

tively and Vj; is the built-in potential. Beyond the flat-band voltage, increasing Vg further
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causes electrons to accumulate at the dielectric interface.

Power FinFETSs operate in three distinct regimes during the on-state:

1. Subthreshold regime: Vg < Vi,

2. Depletion regime: V;;, < Vgs < Vrp

3. Accumulation regime: Vgs > Vpp

The electrostatics of the power FInFET, similar to that of a MOS structure, is governed by

the following relationship:

VGS =Vpp+ (PS + Vox
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where @s is the surface potential and V, is the potential drop across the gate dielectric. The

value of V,, can be calculated as:

0Q6a,0;  qNDX4
Vox = 2 = 7.3
o= T C. (7.3)
Here, QGa,0, = gNpx, represents the charge in the fin region, where Np is the doping
concentration in the channel region, x, is the depletion depth, which is a function of the surface

potential, and C,, is the oxide capacitance. The next subsection provides a detailed explanation

of the transistor’s operation within each regime.

7.3.1 Depletion Regime

In the depletion regime, as the gate-source voltage (Vs) increases, the depletion region contracts,
and the channel begins to open. The depletion width (x,;) can be determined from the surface
potential (@s) using the following equation:

2€Ga,0,0s

xg =y | 2522078 (7.4)
¢ qNp

where £G4,0, is the permittivity of B-Ga,03. From (7.3), the oxide voltage (V,,) can be

expressed as:

_ \/2€6a,0,9NpPs 75)

ox —
C()X

Using the value of V,,, from equations (7.2) and (7.5), the depletion width x; can be derived

from equation (7.4) as:

a 2 z - |
xg = 2600 (\/ 1 4 2CoclVrs — Vas) —1) (7.6)

Cox 94€Ga,0; Np

We can define a body factor (y), similar to a MOSFET, as:

_ 2q8Ga2 03 ND

C.. (7.7)
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Now, the depletion width x; can be expressed in terms of :

|

€Ga,04 4(Vrp — Vis)
= —= 14+ —-— 1 7.8
M Cox (\/ Ty 7o

For a typical power FinFET, the body factor 7y is usually very small, meaning % > 1.

Therefore, x; can be approximated as:

Cox Y qNp
Equation (7.9) establishes the relationship between the depletion width (x;) and the gate

|
. €Gar03 (2\/ Vip — Vs ) _ \/ 2€G4,0,(VrB — VGs) (7.9)

voltage (Vgs), which can be used to estimate the one-sided depletion width. For enhancement-
mode operation, the channel width must satisfy Wy;, < 2x,.
The gate bias required to fully pinch off the channel (Vp) in a power FinFET with channel

width Wy, is given by:

o,

— (7.10)
8€Ga,04

Vp

The depletion width in the fin region is usually uniform at zero drain bias and some positive
gate bias. As the gate bias decreases, the depletion region extends until the channel is completely
depleted. When a positive drain bias is applied, the depletion region grows larger near the drain
side due to the increased potential difference between the gate and drain, similar to a MOSFET.
The channel begins to pinch off at the drain side once the drain voltage reaches Vpyg s, after
which the drain current remains constant, even as the drain voltage continues to increase. This
is known as the saturation region.

Assuming the gradual channel approximation, the current-voltage relationship for the power

FinFET can be expressed as:

S
95
_|_
S

|
S
N

[S1[9%}

Ip

_ aaNDNinZ Wi (V 4 [2eamoy
Lg

—(vb,-—vcsﬁ)) 7.11)



where Lg is the length of the fin-channel, Ny;, is the number of fins, and Z represents the
width of the device. Using the expression for Vp from (7.10), equation (7.11) can be rewritten

as:

q,unNDNfinZWfin
Ip =

2
Ve — ———
LG ( bs 3\/ Vp

When Vpg < (Vi — Vis), applying Taylor’s expansion simplifies (7.12) to:

(Vs + Vi = Vas)? = (Vi - vc;sﬁ)) (7.12)

(7.13)

_ qUaNDNfinZWyin Vi — Vs
Ip = 1=/ —~— | Vbs

Lg Vp
Equation (7.13) describes the drain current in the linear regime of the power FinFET. The

on-resistance (R,,) of the device can be derived by taking (%) , resulting in:

~1
L Vii — Vi
R(m:—G(l_ u> (7.14)
q.unNDZWfin Vp
At saturation, the drain voltage is given by:
Vps.sat = Vas — Vin (7.15)

where V;;, = Vj; — Vp. Substituting this into (7.13), the saturation drain current becomes:

N[O

NpNinZWiin [ 1 2(Vi — Vi
qHnNDNfinZWin —V;ﬁ%g-%ﬁu (7.16)
Lg 3 3Vv;2

P

ID,sat =

7.3.2 Accumulation Regime

When Vg exceeds Vrp, accumulation occurs as an electron layer forms near the oxide interface.
The resulting current has two primary components: the accumulation electron current and the
channel current, which can be modeled using equations (7.13) and (7.14). The accumulation

electron density, which directly impacts the current flow, is expressed as:

Ngce = Cox(VGS - VFB) (7-17)
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This behavior closely mirrors the MOSFET’s operation above the threshold voltage. As such,
the IV characteristics typically used for MOSFETs can be applied to estimate the accumulation
current. In the linear regime, the total current, considering both the accumulation and channel

components, is given by:

3
V32 NpN i, ZW ;i 2V2
DS) | HNDNginZWyin [, 2Vis

Un CoxN f inZWf in
Lg

Ip.ace = <(VGS —V5pi)Vps —

(7.18)

As the drain voltage increases, the accumulation current saturates when Vpg > Vg — Vy;,
and the saturated accumulation current is expressed as:

.unCoxN f inl Wf in
Lg

NpN inZW in
(VGS_Vbi)2+QHn DINf f
3Lg

Vp (7.19)

ID,accfsat =

This analysis provides a comprehensive understanding of how the accumulation and channel
currents contribute to the overall current flow in power FinFETs, particularly in the accumulation
regime. The derived relationships allow for an approximate prediction of device performance

under varying gate and drain voltages.

Channel Length Modulation

Once Vpg exceeds Vpg g4, the drain side of the channel becomes fully depleted. Any further
increase in Vpg no longer contributes to a potential rise across the channel. Instead, it extends the
pinch-off region toward the source, effectively reducing the channel length. This phenomenon,
known as channel length modulation, results in a finite output conductance, which can be

expressed as:

Ips (Wfin )
= (7.20)
8= 7 (Vbs — Vs.sar)
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7.3.3 Subthreshold Regime

In the subthreshold regime, the channel remains fully depleted due to the work-function differ-
ence between the gate metal and the semiconductor. This regime is critical for power transistors,
as the leakage current at Vg = 0 directly impacts power loss. Carrier transport in this region is
primarily governed by electron density in the depletion region, where the electron density within
the channel is determined by the shape of the conduction energy band. The volumetric electron
density at height y (in the vertical direction) in the channel follows an exponential relationship

with the surface potential ¢5(y), as given by:

(7.21)

n(y) = exp (cﬂl’s(y))

kgT
where kp is the Boltzmann constant and 7 is the temperature. The surface potential at the

source side, @s source, 18 derived from the oxide and body capacitor model:

s source < (Vg — Vis) (7.22)

Similarly, the surface potential at the drain side, @s drain, 1S €xpressed as:

5. drain < (Vps + Vrp — Vis) (7.23)

The difference in electron density between the drain and source sides of the channel drives

electron diffusion, resulting in subthreshold current. This current can be described by:

dn (y ) Nsource — Mdrain q (Vbi — Vs ) qVDS
Ip o< - ocexp | — LB ZYGS) ) [ _oxp [ —LXDS 7.24
b dy LG exp kBT cxp kBT ( )

As a result, power FInFETs with narrower fin widths exhibit a smaller subthreshold slope.
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Figure 7.3: Fabrication process flow of vertical §-Ga,O3 power FinFET.
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7.4 Fabrication of 3-Ga,0; Vertical Power FinFETs

The fabrication of power FinFETs presents several key challenges: fin etching, gate metal
formation, and source-gate isolation. Achieving vertical or near-vertical sidewalls during the
etching process is crucial to ensure that the effective channel width at the base of the fin matches
the design specifications, while minimizing sidewall etch damage is essential for maintaining
device performance. The gate metal must adequately cover the channel region without extending
over the highly doped cap layer. Additionally, given the sub-micron scale of the channel width,
precise control is required to prevent the source contact from making any contact with the gate
metal.

The overall process flow for fabricating the f-Gay O3 power FinFET is illustrated in Fig. 7.3.

Each step is explained in detail in the following subsections.

7.4.1 Si Ion Implantation

The fabrication process began with silicon (Si) implantation at Kroko Inc. on the 3-Ga;Os
HVPE wafer’s top surface, featuring a doping concentration of Np = 10'® cm™3 on a (001)
Sn-doped conductive substrate sourced from NCT Japan. A 25 nm SiO, layer served as the
implantation mask. To achieve a box profile with a Si concentration ~ 5 x 10'” cm—3, SRIM
simulations were conducted using five distinct Si doses and energies, as shown in Fig. 7.4(a).
Following implantation, activation annealing of the implanted layer was carried out at 925
°C in an Nj environment under two different pressure conditions. One annealing process was
conducted in a rapid thermal annealing (RTA) chamber at atmospheric pressure (760 Torr), while
the other was performed in a MOCVD chamber at a reduced pressure of 100 Torr. Secondary
Ion Mass Spectroscopy (SIMS) results showed that Si diffused up to 800 nm into the drift
layer under atmospheric pressure annealing, diluting the n* concentration to approximately
1.5 x 10! cm ™3, as illustrated in Fig. 7.4(b). In contrast, the 100 Torr annealed sample retained

a more defined box profile, with Si diffusion limited to 300 nm and the n™ region concentration
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Figure 7.4: (a) SRIM simulation of the Si-implanted profile on 3-Ga,Os at five different Si doses and implant
energies. (b) SIMS profile of the implant activation annealed samples under two different pressure conditions.

maintained at approximately 7 x 10!° cm™3. Consequently, the low-pressure annealed sample

was selected for all vertical FInFET devices.

7.4.2 Fin Etching

Hard Mask Formation

After Si implantation and the SiO, mask removal, the creation of fins through dry etching
is performed. Given the sub-micron channel length, Electron-Beam Lithography (EBL) is
employed for precision patterning. To achieve a sufficient aspect ratio (L /Wyin), a deep etch of
approximately one micron is necessary. An aspect ratio greater than 2 is critical for ensuring
transistor-like behavior and avoiding triode-like characteristics. For such deep etching, the
use of a hard mask is essential to achieve the required etch selectivity between the mask and
B-Ga,03, as EBL photoresists are typically thin and exhibit poor etch resistance.
The hard mask can be fabricated through either lift-off of metals using the EBL resist or
by directly etching a hard mask with the EBL resist. However, the lift-off process introduces
significant challenges, particularly for densely packed submicron fins, and often results in low

yield. To address this, a multilayered hard-mask approach is developed, utilizing the latter
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technique to effectively create the submicron fins with higher precision and better process
reliability.

In this approach, a multilayer hard mask comprising SiO,/Ru/SiO; is employed. The
process begins with the deposition of a 700 nm thick SiO layer on top of 3-Ga;O3 using
plasma-enhanced chemical vapor deposition (PECVD). Next, a 20 nm layer of ruthenium (Ru)
is deposited via DC sputtering, with a thin interfacial layer of titanium (Ti) to enhance adhesion
between Ru and SiO». Finally, a 5 nm SiO; layer is added using atomic layer deposition (ALD),
completing the hard-mask structure. This multilayered approach provides robust etch resistance,
essential for accurately patterning the submicron fins with improved precision and process

reliability.

Proximity Effect Correction (PEC)

When electrons in the electron-beam lithography (EBL) system interact with the e-beam resist,

they undergo various scattering events, including backscattering from the substrate and the
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resist surface. This phenomenon, known as the proximity effect, limits the ultimate resolution
of e-beam writing. The proximity effect becomes more pronounced when dealing with dense
patterns like transistor fins, as the scattered electrons can expose unintended areas, leading to
distortions in the pattern. To mitigate this, proximity effect correction (PEC) is applied using the
Beamer software, as illustrated in Fig. 7.5 (a). The backscattering proximity effect is modeled
as a Gaussian distribution, shown in Fig. 7.5 (b), to accurately predict and correct the exposure

dosage across the pattern.

Electron Beam Lithography

After depositing the SiO,(700 nm)/Ru(20 nm)/SiO,(5 nm) hard mask, a layer of negative-tone
ma-N 2403 resist is spin-coated onto the sample, followed by a soft bake at 100 °C for 1 minute.
The sample is then exposed using the JEOL JBX 6300FS electron beam lithography system,
operating at an acceleration voltage of 100 kV to create 200 nm wide fins. To ensure precise
pattern transfer, Proximity Effect Correction (PEC) is applied during the exposure process. The
base exposure dose used for the lithography was 500 uC/cm?, optimized for the given resist

and pattern density.

Hard Mask Etching

The patterned sample is subsequently transferred to a Panasonic ICP etching system for the
precise etching of the hard mask layers. First, the 5 nm SiO; layer is etched using a CHF3/CF4
plasma. Following this, the 20 nm Ru layer is etched using an O,/Cl, plasma, with the 5 nm
Si0; serving as a protective mask during this step. A laser etch monitor is employed during the
Ru etch to track the etch rate and ensure precise termination of the etching process. Finally, the
700 nm SiO, layer is etched using the Ru layer as a hard mask in a CHF3/CF4 plasma as shown

in Fig. 7.6.
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Figure 7.6: Hard mask deposition and etching of §-Ga, O3 for fin formation.

B-Ga,03 Etching

The patterned 3-Ga, O3 sample is etched using the previously deposited and patterned hard
mask in a BCl3 plasma, with an etch duration of 20 minutes and an etch rate of approximately
50 nm/min. After completing the fin etching, the samples are immersed in HF for 20 minutes
to remove the hard mask and mitigate any dry etch-induced damage. This is followed by a
15-minute dip in HCI to further cleanse the surface. The complete etching process including the
hard mask etching is illustrated in Fig. 7.6 The specific etching parameters for each step are

detailed in Table 7.1.
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Table 7.1: Etching Parameters for Different Layers

Layer Etch Gas Flow Rate ICP Power Bias Power Pressure Etch Duration

(scem) (W) (W) (mT) (sec)
SiO, (5 nm) CHF3/CF,  10/30 900 50 3.75 15
Ru(20nm) Oy/Cl,  49.5/5.5 500 50 18.7 Monitored
SiO, (5 nm) CHF3/CF,  10/30 900 50 3.75 300
B-Gaz05 BCl; 30 300 50 3 1200
(I um)

7.4.3 Gate Oxide and Gate Metal Deposition

Following fin formation, a 35 nm layer of Al,Os3 is deposited as the gate oxide using an
Oxford FlexAL atomic layer deposition (ALD) system. The ALD process utilizes H,O and
Trimethylaluminum (TMA) as precursors, with the reaction occurring at 300°C without a plasma
precleaning step. Due to the self-limiting nature of ALD, the gate dielectric exhibits excellent
conformality, achieving uniform thickness both on the fin sidewalls and on flat surfaces.

The gate metal is deposited immediately after the gate dielectric. To ensure adequate sidewall
coverage on the fins, sputtering is preferred over e-beam evaporation. The threshold voltage of
the FinFET is influenced by the work function of the gate metal, as expressed in Equation (7.1).
The selected metal must have a high work function to achieve the desired threshold voltage and
must also be compatible with dry-etching processes. Suitable options include Molybdenum
(Mo), Chromium (Cr), Ruthenium (Ru), and Tungsten (W). Although metals with higher work
functions, like Nickel (Ni) and Platinum (Pt), could further increase the threshold voltage, they
are not dry-etchable due to poor selectivity with most photoresists. For the first-generation
device, Chromium (Cr) was selected as the gate metal, offering a work function of 4.5 eV while

meeting the process requirements.
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Figure 7.7: SEM images of fins (a) after planarization etchback and Cr etch, (b) after planarization etchback and
Cr etch with PR removed, and (d) after spacer dielectric etch to open source contacts.

7.4.4 Gate Formation

At this stage, the gate metal (Cr) covers the entire fin structure, including both the sidewalls
and the n" source regions. The gate metal over the n™ source region must be etched away to
prevent shorting between the source and gate electrodes. Given the 200 nm width of the fins,
conventional aligned lithography is impractical for this purpose; instead, a self-aligned process
is employed. A 2.2 um thick layer of photoresist is spun onto the wafer, followed by a timed
dry etch in an O, plasma to expose the fin top and sidewalls of the n™ source region of the fins.
This approach allows for precise control of the gate-fin overlap L,, determined by the remaining
thickness of the photoresist. After the photoresist is selectively etched to reveal the tops of the
fins, the Cr is etched from the fin heads and the n™ sidewalls using a Cl,/O; plasma as shown in

the SEM images of Fig. 7.7 (a) and (b).
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Figure 7.8: (a) Final Fabricated Structure of the 3-Ga,O3 Vertical Power FinFET (b) Top view microscope

image and (c) cross-sectional SEM image of the fabricated $-Ga, O3 vertical FinFET.

7.4.5 Dielectric Spacer

With the fin width less than 0.3 pum, precise placement of the source metal solely on top of the
fin using aligned lithography is impractical. Instead, a “self-aligned” process is employed to
form the source contact without requiring fine alignment, necessitating isolation between the
gate and source metal. Following gate formation, a 150 nm layer of SiO; is deposited on the
wafer using plasma-enhanced chemical vapor deposition (PECVD), creating a dielectric spacer

that isolates the gate from the source. The gate is now fully encapsulated in SiO,.

7.4.6 Source and Drain Formation

Following the deposition of the spacer dielectric, a similar etch process is performed to expose
the fin tops, as previously done for the gate. A 2.2 um thick layer of photoresist is spun onto
the wafer, followed by a timed dry etch in an O, plasma to selectively reveal only the tops of
the fins. Once the photoresist has been etched back to expose the fin heads, the S10; spacer and

Al,Oj3 gate dielectric are etched sequentially from the fin tops using a CF4/CHF3 plasma and a
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Figure 7.9: (a) Transfer and (b) output characteristics of the fabricated 3-GayO3 vertical FinFET.

BCl; plasma, respectively, exposing the n™ region at the fin tops as shown in the SEM image of
Fig. 7.7 (c).

To establish the source contact, 50/200 nm of Ti/Au is then deposited on the exposed fin tops
through a lift-off process using e-beam evaporation with planetary rotation to ensure uniform
sidewall coverage. Following this, another 50/200 nm of Ti/Au is blanket-deposited on the
backside of the wafer to form the drain contact. No annealing of either the source or drain
contact is performed.

The final structure with top view microscope image and a cross-sectional SEM image is

shown in Fig. 7.8.

7.5 Current-Voltage Characteristics

The on-wafer transfer and output behavior characterization was performed using a Keithley
4200A-SCS Parameter Analyzer. The tested transistor was designed with fins of 100 um in
length, a fin width of 200 nm, and a gate length (Ls) of 800 nm. Current density and on-
resistance values were calculated based on the total area of the transistor, covering both the fin
and trench regions.

The transfer characteristics of the fabricated FinFET are shown in Fig. 7.9 at Vpg =5 V.
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Figure 7.10: Off-state breakdown characteristics of the the fabricated $-GayO3 vertical FinFET (100 x 100
2
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These measurements indicate an I,,/1, ratio exceeding 10'° and a gate leakage current below
1070 A/em? at Vg = 5 V. Gate leakage could be further reduced by improving the quality of the
gate dielectric and minimizing the overlap between the gate and the n™ region. The threshold
voltage (V;;,), determined by linearly extrapolating the Jp-Vgg plot in linear scale, is 0.2 V. A
positive shift in V;;, could be achieved by reducing the channel doping density, further narrowing
the channel width, or using gate metals with a higher work function.

The output characteristics depicted in Fig. 7.9 reveal a specific on-resistance (Rop_sp) of
7.5 mQ-cm? based on the total device area, excluding the pad regions. When normalized to
the active fin area alone, an impressive Rop_sp of 1.2 mQ-cm? is achieved, highlighting the
efficiency of the design. The Jp versus Vpg curve in the linear regime exhibits a perfectly linear
response, confirming the formation of excellent source/drain contacts without the necessity
for high-temperature contact annealing, which is often a critical step in achieving optimal

performance.
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Figure 7.11: (a) Electric field contour plot of the 3-Ga, O3 vertical power FinFET (b) Electric field profile
along the cutline shown in Fig. 7.11 in 3-Ga;03 and in AlO3. The simulation is performed at Vgg = —5 V and
Vps = 1.2 kV.

In Fig. 7.10, the off-state breakdown characteristics of the fabricated 3-Ga,;O3 FinFET are
presented, measured at a gate-source voltage (Vis) of -5 V using the Keysight BIS05A Power
Device Parameter Analyzer. The device achieves a breakdown voltage of 1.1 kV, accompanied
by an impressively low leakage current of less than 10~% A/cm?, which aligns with the noise
floor of the measurement tool. Furthermore, the TCAD simulation depicted in Fig. 7.11 reveals
a peak electric field of 2.5 MV/cm within the 3-Ga,;O3 material. Notably, the peak electric
field exceeds 6 MV/cm in the Al,O3 dielectric layer, indicating the potential onset of dielectric
breakdown, a critical consideration for ensuring device reliability and long-term performance.

In conclusion, these results highlight the effectiveness of the fabricated $-GayO3 FinFET
structure in achieving high I, /Ios ratios, low gate leakage, stable threshold voltage, and
minimal on-resistance. However, the observed breakdown voltage is constrained by the thin
gate dielectric employed in this first-generation device. In the following section, we will discuss

and demonstrate more advanced designs aimed at mitigating this limitation.
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Figure 7.12: Schematic diagram of a vertical FinFET with Field Oxide layer.
7.6 Electric Field Engineering by Field Oxide Layer

As illustrated in Fig. 7.11 (a) and (b), the electric field exhibits significant peaks at the fin bases,
which represent critical bottlenecks for the performance of power FinFETs. High electric field
strengths at these locations can lead to premature breakdown of the device. To address this
challenge, a 120 nm Al,Oj3 field oxide layer is strategically incorporated onto the trench regions,
as depicted in the structural diagram shown in Fig. 7.12 (a). The introduction of this insulating
layer is anticipated to alter the electric field distribution within the device. In this modified
structure, the peak electric field at the transistor edge is expected to remain comparable to the
value presented in Fig. 7.11. However, a notable reduction in the electric field peak near the fin
base is anticipated, which indicates that the thicker Al,O3 insulating layer effectively mitigates
the electric stress concentrated at this critical region, thereby enhancing device breakdown
voltage.

The fabrication process for the Al,O3 field oxide layer is very carefully performed prior to
the gate formation step. This step employs a technique analogous to that used for the source/gate

spacer oxide, as illustrated in Fig. 7.3. Initially, the Al,O3 layer is deposited onto the drift layer
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Figure 7.13: (a) Transfer and (b) output characteristics of the fabricated $-Ga,O3 vertical FinFET with field
oxide.

using Atomic Layer Deposition (ALD), which guarantees uniform coverage over the trench
regions. Following the deposition, photoresist planarization is performed and subsequently dry
etched to selectively expose the sidewalls of the fins. After the etching of the photoresist, the
sample undergoes a dip in Buffered Oxide Etch (BOE), effectively removing the oxide from
the sidewalls of the fins. This step is essential to ensure that the fin sidewalls remain free from
unwanted oxide residues, which could otherwise adversely affect the electrical performance of
the devices.

The fins, following the etching process of the Al,O3 layer, are depicted in Fig. 7.12 (b).
These images showcase the refined structures, which are now prepared for the subsequent
processing steps similar to those illustrated in Fig. 7.3. However, it is noteworthy that the
etching of the fins did not proceed as intended for the second-generation devices. As a result,
the electrical performance of these devices exhibited degradation, highlighting the importance

of meticulous fabrication techniques in achieving high-performance outcomes.

7.6.1 Current-Voltage Characteristics

The transfer characteristics of the fabricated 1 x I mm? FinFET with a field oxide layer, illustrated

in Fig. 7.13 (a), were measured under a drain-source voltage (Vpg) of 15 V. These devices
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Figure 7.14: Off-state breakdown characteristics of the fabricated second generation 3-Ga,Oj3 vertical FinFET
with and without field oxide.

demonstrate a low on-current, below 1 mA, which can be attributed to fabrication challenges
encountered during the fin etching process. Notably, the isotropic component of dry etching
introduced structural irregularities, resulting in an hourglass-shaped profile of the fins and,
in some cases, their complete breakage. Nevertheless, the devices exhibit a relatively high
threshold voltage of approximately 4 V, which is likely a consequence of the reduced fin width
achieved during etching.

The output characteristics, shown in Fig. 7.13 (b), further highlight the limitations of the
current fabrication process. A substantial amount of contact resistance is evident, as indicated by
the pronounced non-linear behavior near Vpg = 0 V. This observation underscores the importance
of optimizing contact interfaces to enhance device performance. Furthermore, improving the
dry etching process to produce uniformly vertical fins is crucial for realizing the full potential of
these FinFET structures in practical applications.

The off-state breakdown characteristics for power FinFETs incorporating a field oxide
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layer are depicted in Fig. 7.14. Notably, the breakdown voltage has improved to 1.7 kV,
a significant enhancement compared to the 700 V observed in the devices without the field
oxide. It is essential to highlight that these power FinFETs are of a larger area, measuring

2, in contrast to the earlier generation devices that measured only 100x 100 pum?.

Ix1 mm
This size difference plays a critical role in the observed performance metrics. In fact, the
breakdown voltage of the vertical FinFETs without the field oxide has degraded from 1.1 kV in
the first-generation devices to 700 V in the second-generation devices, which can be attributed
to the killer defects in the HVPE epitaxial layer. Nevertheless, the substantial improvement in
breakdown voltage—exceeding twofold—for the second-generation devices with the field oxide,
when compared to their counterparts without it, demonstrates the effectiveness of the proposed
method. This advancement indicates that the integration of the field oxide layer significantly

contributes to the reliability and robustness of the power FinFET structure in high-voltage

applications.

7.7 Switching Performance of Power FinFETs

A power switch requires both time and energy to transition between states. During the transition
period 77, there is an overlap between Vpg and Ip. The energy dissipated during this on/off
transition is referred to as switching loss, which is directly proportional to the switching time
and the switching frequency, f,.

The switching performance of a power transistor is primarily influenced by its intrinsic
capacitances, which determine the amount of charge required to change the switch state. For a

field-effect transistor (FET), the three critical capacitances are:
* Gate-to-source capacitance (Cgs),
* Gate-to-drain capacitance (Cgp), and

* Drain-to-source capacitance (Cpg).
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Circuit designers often work with terminal-specific capacitances, which aggregate these

intrinsic values for practical use:

* Input capacitance (Cjg):

Ciss = Cgs +Cop

* Reverse transfer capacitance (C,):

Crss = CGD

* Output capacitance (C,):

Coss - CGD + CDS

Among these, Cgp is particularly significant due to its highly nonlinear nature. As Vpg
increases, Cgp decreases because the depletion region widens, reducing the number of available
charge carriers. To simplify design and analysis, power electronics engineers frequently use
gate charge (Q¢) to characterize switching performance. Q¢ represents the total charge that
must be supplied to the gate terminal to fully turn on the power switch. Before defining Qg in

detail, it is essential to understand the concept of hard switching in power devices.

7.7.1 Hard Switching

Gate charge is measured by applying a constant gate current to transition a switch from its off
state to the on state [20]. As illustrated in Fig. 7.15 (a), the inductor current Ip flows through the
freewheeling diode D, while the drain voltage of the power switch is Vpgs. The vgs(¢) waveform

during turn-on is depicted in Fig. 7.15 (b).
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Figure 7.15: (a) Double pulsed test circuit to measure the switching performance of power transistor with a
freewheeling diode where the transistor drives an inductive load. (a) Schematic diagram of transistor switching
waveforms during hard switching.

Before 71, the capacitance experienced by the gate drive circuit is the parallel combination

of Cgs and Cgp(vps). During this period, the drain voltage remains constant because the switch

is still in the off state. The gate-source voltage, vgs, increases linearly at a constant rate:

dVGs(t) _ IG
dt Ces+Csp(vps)

(7.25)

where, I is the gate drive current. Vg will reach the threshold voltage V;;, at time #;:

Vin (C C
7 (Css +Cap(vps)) (7.26)
Ig
After t; , the drain current begins to increase according to:
Ip = k(ves(t) = Vin)® (7.27)

A quadratic /-V relationship is employed for simplicity, where & is a coefficient dependent
on the gate oxide capacitance (C,y), channel mobility (i), and the device geometry. The

drain current increases up to Ip by time #,. Prior to t,, the freewheeling diode remains active,
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maintaining the drain voltage at Vpg. The value of #, can be derived using the preceding

equations:

Y (CGS+CGD(vDs))< /Ip +Vm> (7.28)
Ig k

The gate voltage at 7, is Vgp:
Ip
Vor =Vt (7.29)

After 1, the drain voltage Vpg begins to decrease, while the drain current remains constant
at Ip. Consequently, the gate voltage stabilizes at Vgp, known as the gate plateau voltage or
Miller plateau voltage. During this phase, Cgp is discharged by the gate drive current /5, and

no part of I flows into Cgg, as Vs remains constant. The rate of change of vpg(7) is given by:

d t I
vostt) _ ___ I (7.30)
dt CGD (VD_g)
It is to be noted that Cgp is a function of vpg(r). At time 73, vpg(t) decreases to V,,:
Vbs
Cop(vps(t))dvps(t
bt — Jor Cap(vps(1))dvps(t) _ Qep (7.31)

Ig Ig
Beyond 13, vpg(t) stabilizes and becomes constant at V,,,. At this stage, the gate drive current
begins to charge a larger capacitance (Cgs). Eventually, the gate voltage reaches its supply

value, Vg, at time 4.

Cis+C:op(Von)) (7.32)

Ves —Vep
t—13 = I—(

G

The total gate charge, Qg, represents the amount of charge required for the power switch to
reach its gate supply voltage, Vgs. Fig. 7.15 (b) illustrates the distribution of gate charge across
various time intervals. The majority of the switching power loss occurs during the interval
13 —tp, a phase dominated by the discharge of Qgp. To mitigate these losses, it is crucial to
minimize Qgp, which can be achieved by reducing the gate-to-drain capacitance, Cgp.

In addition to power loss during the transition period, switching losses also include gate
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Figure 7.16: Switching trajectories of ZVS turn-on (left) and ZCS turn-off (right) transitions.

charge losses. Gate charge loss refers to the energy required by the gate drive circuit to charge
and discharge the gate capacitances. This type of loss becomes significant at higher switching
frequencies and lower power output levels.

In Si MOSFETs, another critical contributor to power loss is reverse recovery loss. This
occurs when the body diode, typically connected anti-parallel to the switch, transitions from
the on state to the off state. However, unlike Si power MOSFETS, 3-Ga, O3 power FinFETs do
not suffer from reverse recovery losses, as they lack minority carriers that would otherwise be
stored in a junction.

To summarize:

Von
Qo = / Cap(vps)dvps (7.33)
Vps
Qcs1 = Vin(Cgs +Cop(vps)) (7.34)
Ion
Qcs2 = (Cgs +Csp(vps)) 7 (7.35)

7.7.2 Soft Switching

Soft switching techniques are designed to ensure that a power switch does not simultaneously

experience high voltage and high current during commutation [21], [22], thereby reducing
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Figure 7.17: Parasitic capacitances of a vertical power FinFET with field oxide.

switching losses. Two commonly used methods are zero-voltage switching (ZVS) and zero-
current switching (ZCS) [23]. The switching trajectories for hard switching, ZVS turn-on, and
ZCS turn-off are illustrated in Fig. 7.16.

In soft switching, a passive network is integrated into the power circuit to alter the transition
trajectories of the transistor’s voltage and current. For ZVS, the drain voltage decreases to zero
before the current increases to the load current. Conversely, for ZCS, the current reduces to zero
before the switch turns off. Unlike hard switching, soft switching prevents simultaneous high
voltage and current during commutation, significantly reducing switching losses.

However, soft switching introduces power losses associated with the output capacitance,
Coss- The energy stored in the output capacitance, proportional to Q,,;, is dissipated within the

transistor [24].
Vps
Qoss = /0 (Cop(vps) +Cps)dvps (7.36)
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7.8 Capacitances of Power FinFET

The parasitic capacitances of the power FINFET are depicted in Fig. 7.17. The dominant

capacitances include:

1. The gate-to-source capacitance of the fin region (C{;iS"), comprising the gate oxide capaci-

tance and the fin depletion capacitance.

2. The gate-to-source vertical sidewall oxide capacitance (CiG"g ver)» formed between the gate

metal and the source metal in the interfin region.

3. The gate-to-source lateral oxide capacitance (Cg'g 1a1)» @lso located between the gate metal

and the source metal in the interfin region.

4. The gate-to-drain oxide capacitance (CZ’I’) o)» Which arises between the gate metal and

the semiconductor in the interfin region.

5. The gate-to-drain semiconductor depletion capacitance (ngt) ) in the interfin region.

Consequently, the dominant gate-to-source and gate-to-drain capacitances can be expressed

as:
CGS = C{;l;*l‘ | (ng',lat + Cé%',ver) (737)

Cop = Cgllt),ox| |CgltD,S (738)

In vertical power FinFETs, the interfin region occupies a significantly larger area compared
to the fin region (200 nm fin width versus 1 um interfin gap). As a result, the gate-to-drain
capacitance is predominantly influenced by the interfin region. Given that most of the switching
power loss occurs during the Miller plateau—where the gate current is primarily used to charge
or discharge the gate-to-drain capacitance—minimizing this capacitance is crucial for enhancing

switching speed and reducing switching power loss.
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Figure 7.18: (a) Schematic diagram and (b) parasitic capacitances of a split gate vertical power FinFET.
7.9 [B-Ga,0; Split Gate Vertical Power FinFET

As discussed in the previous section, the majority of the switching loss arises from the gate-
to-drain charge during the Miller plateau. In the vertical FinFET structure shown in Fig.
7.17, it can be observed that the gate metal in the interfin region does not contribute to the
transistor’s operation. However, this interfin gate metal significantly contributes to the gate-
to-drain capacitance (Cglltx 1) @nd also accounts for a substantial portion of the gate-to-source
lateral spacer oxide capacitance (Cf% 1a)- Removing this gate metal from the interfin region
would allow the stored charge in the semiconductor depletion region to be added or removed
through both the source and gate currents during switching [25]. This modification could
dramatically enhance the switching speed by reducing the parasitic capacitances.

To reduce the gate-to-drain capacitances, a split-gate transistor is designed and fabricated,

as illustrated in Fig. 7.18 (a), with the corresponding capacitive components shown in Fig. 7.18

(b). In this structure, the gate metal in the interfin region is removed and retained only along
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Figure 7.19: (a) Transfer and (b) output characteristics of the fabricated $-Ga, O3 split-gate vertical FinFET
with field oxide.
the sidewalls. As a result, the entire lateral gate-to-source capacitance (Cglg 1a) 18 replaced by
lateral drain-to-source capacitance (C g‘g 1q)- In this configuration, the charge stored in the drift
region is managed through both the gate and source currents, thereby reducing the current drive
load on the gate driver circuit.

The fabrication process for the split-gate vertical FinFET follows a similar procedure to that
of the vertical FinFET with a field oxide layer, with one key modification. After the deposition
of the field oxide layer, a blanket etching of the gate metal (Mo) is performed to remove the
metal from the interfin region, leaving the gate metal only on the gate pads. During this step,
the gate metal is also etched from the top of the fins. Following this, the process continues as

outlined in steps 4 to 9 of the flow described in Fig. 7.3.

7.9.1 Current Voltage Characteristics

The transfer and output characteristics of the fabricated 1x 1 mm? split-gate FinFET are shown
in Fig. 7.19 (a) and (b), respectively. These devices were fabricated alongside the non-split-gate
FinFETs discussed in Section 7.6.1, and as a result, they exhibit similar fabrication challenges,

particularly those associated with the dry etching process. Consequently, the transfer and output
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Figure 7.20: Off-state breakdown characteristics of the fabricated second generation 3-Ga,Oj3 vertical FinFET
without field oxide, with field oxide, and split-gate vertical FinFET with field oxide.
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characteristics of the split-gate devices closely resemble those of the non-split-gate devices with
a field oxide layer.

The reverse characteristics of the split-gate power FInFETSs incorporating a field oxide layer
are illustrated in Fig. 7.20. A breakdown voltage of approximately 1.5 kV is observed, which
is comparable to the performance of the non-split-gate counterparts with a field oxide layer.
Similar to the non-split-gate devices with field-oxide layer, these devices are large-area devices,
due to which the breakdown voltage is reduced compared to the smaller-area first-generation

devices.

7.9.2 Capacitance Voltage Characteristics

The Keysight BIS05A employs HVSMU and MFCMU units to facilitate direct capacitance
measurement of power transistors. As depicted in Fig. 7.21 (a), (b), and (c), the capacitance

measurement unit features high and low outputs along with an AC guard, which serves as the
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Figure 7.21: (a) Csp, (b) Cps, and (c) Cgs measurement setup for a vertical power FinFET using Keysight
B1505A parameter analyzer with MFCMU, HVSMU and high voltage bias-T.

ground reference for the unit. To ensure accurate measurements, the AC guard must be connected
to the unused terminal when measuring transistor capacitances. Without this connection, floating
currents could flow through the other two capacitors, leading to erroneous results.

In Fig. 7.21 (a), the source terminal, being unused, is connected to the AC guard for Cgp
measurement. Similarly, in Fig. 7.21 (b), the gate terminal is connected to the AC guard for Cpg
measurement. In both cases, the high bias (HVSMU) is applied to the drain terminal.

Measuring Cgs poses additional challenges. For this measurement, the drain terminal must
be connected to the AC guard, as shown in Fig. 7.21 (c), while simultaneously applying the
high bias to the drain. At AC frequencies above 1 MHz, an additional RC bias network is
required to divert the AC current to the AC guard terminal instead of the HVSMU. However,
for measurements conducted at lower frequencies, such as 1 kHz, the HVSMU can function
effectively as the AC ground.

The capacitance versus drain voltage characteristics for the fabricated vertical FinFET
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Figure 7.22: Measured three terminal capacitance-voltage plots for the fabricated vertical FinFET with field
oxide and (a) without split-gate and (b) with split-gate design.

without split-gate and with split-gate structures are shown in Fig. 7.22 (a) and (b), respectively.

Drain-to-Source Capacitance (Cpy)

For the vertical FinFET without a split-gate, Cpg is minimal, as illustrated in Fig. 7.22 (a). This
is because the fin regions are fully depleted in the off state, and the source metal in the inter-fin
region is screened by the gate metal.

In contrast, for the split-gate device, the gate metal is removed from the inter-fin region,
allowing the entire inter-fin region to contribute to Cpg. Consequently, the drain-to-source
capacitance increases, as shown in Fig. 7.22 (b). The Cpg in the inter-fin region comprises two

components:
1. A source metal-insulator-semiconductor (MIS) capacitance.

2. A semiconductor depletion capacitance, both connected in series.

Gate-to-Source Capacitance (Cggs)

In a vertical FinFET without a split-gate, Cgg consists of three components:
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1. The intrinsic capacitance of the fin region (Cgs, fin)-

2. The vertical gate-source parasitic capacitance (ng‘,v .) in the inter-fin region.

3. The lateral gate-source parasitic capacitance (C"G”g 1q¢) 10 the inter-fin region, as depicted

in Fig. 7.17.

As observed in Fig. 7.22 (a), Cgs remains mostly constant in vertical FinFETs, since it
predominantly arises from the MIS capacitances and the depletion capacitance in the narrow
fins.

In the split-gate vertical FinFET, however, the vertical parasitic gate-to-source capacitance
in the inter-fin region is eliminated due to the absence of gate metal. Consequently, Cggs is
significantly reduced compared to the non-split-gate device, as observed in Fig. 7.22 (b). This

reduction in Cgg is a critical advantage of the split-gate design.

Gate-to-Drain Capacitance (Cgp)

For the vertical FinFET without a split-gate, Cgp is composed of:

1. A gate metal-insulator-semiconductor (MIS) capacitance (CiG’l’D ver)-

2. A semiconductor depletion capacitance (C"G"I"). ¢) connected in series.

As shown in Fig. 7.22 (a), Cgp is a highly non-linear capacitance that decreases with
increasing drain voltage due to the expansion of the semiconductor depletion width.

In the split-gate device, the removal of the gate metal from the inter-fin region eliminates the
inter-fin component of Cgp, resulting in a significantly lower Cp compared to the non-split-gate

transistor.

Impact on Switching Performance

The reduction in both Cgg and Cgp for the split-gate device results in:
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1. A decrease in the overall input capacitance (Ciss = Cgs + Cgp)-
2. A reduction in the reverse transfer capacitance (Crss = Cgp).

This reduction shortens the rise and fall times of the power transistor, as the stored charge in
the semiconductor depletion region is added or removed by both the gate current (/) and the
drain-source current (Ipg). Consequently, the total switching power loss is significantly reduced,
enhancing overall performance.

While the increase in the output capacitance (Cpg) leads to a higher capacitive power loss
due to the stored charge in Cpg, this loss remains substantially lower compared to the power
loss from voltage-current crossover during the Miller plateau in low switching speed devices.

Thus, the net effect still favors the split-gate device for improved efficiency.

7.10 Summary

In this chapter, we explored the development of multifin 3-Ga,;O3 normally-off vertical power
transistors. The first-generation device achieved a significant milestone, demonstrating kilo-
volt-class breakdown voltage alongside a record-low specific on-resistance of 7.5 mQ - cm?, the
lowest reported for any kilo-volt-class 3-GayO3 transistor. However, its breakdown voltage was
constrained by the dielectric strength of the thin gate oxide, which also functioned as the voltage-
blocking layer. To address this limitation, we introduced and demonstrated a second-generation
vertical FinFET featuring a thick field oxide layer in the inter-fin region. This modification
significantly improved the breakdown voltage compared to conventional vertical power FinFET
designs.

Additionally, the switching characteristics of the power FinFETs were analyzed, culminating
in the development of a split-gate architecture. This innovative design effectively reduces the
gate-to-drain capacitance, enhancing the overall switching speed and lowering switching power

losses without compromising breakdown voltage.
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Despite these advancements, the second-generation devices with field oxide and split-gate

architectures encountered fabrication challenges, particularly during the fin etching process.

These issues led to reduced current conduction and increased resistance, limiting the devices’

performance. Consequently, the figure of merit (FOM) of these devices remains below the

theoretical limit for 3-GayO3. To fully unlock the potential of -Ga,O3 power transistors,

further improvements in device design, fabrication processes, and advances in doping and

material science are imperative.
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Chapter 8

Conclusion and Future Directions

8.1 Denouement

In the initial section of this dissertation, we undertake a comprehensive exploration into the
design, fabrication, and in-depth analysis of three advanced Schottky barrier diode (SBD) archi-
tectures that utilize high-«x dielectric materials to push the boundaries of performance in power
electronics. This study focuses on three distinct SBD configurations, each of which employs
high-k dielectric materials to achieve specific device performance enhancements: (1) SBDs
integrated with high-«k dielectric field plates, (2) trench SBDs based on -Ga;03 equipped
with high-k dielectric reduced surface field (RESURF) structures, and (3) superjunction SBDs,
also based on 3-Ga;O3, which incorporate high-x dielectrics to achieve high field manage-
ment and power handling. Each of these configurations represents an innovative approach to
controlling electric field distribution within the device, ultimately improving device efficiency
and performance under high-voltage operating conditions. These designs not only highlight
advancements in material applications but also pave the way for next-generation SBDs with
enhanced power-handling capabilities.

To thoroughly understand and quantify the advantages of these architectures, this work

presents a blend of analytical modeling and simulation studies, offering insights into the
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electrostatic behavior and operational benefits of each device design. The simulations delve into
critical parameters such as breakdown voltage, leakage current, and electric field distribution,
providing a structured analysis framework that reveals the impact of high-x dielectric properties
and structural modifications on device performance. By establishing a clear connection between
material choices, structural innovations, and device characteristics, these findings present a
robust framework that underpins the design principles of SBDs intended for high-voltage
applications. The groundwork laid here will serve as a foundation for future research in this
area, with potential implications for enhancing the power efficiency and reliability of SBDs and
other power electronic devices.

A key element in this research is the application of high-permittivity (high-x) dielectrics,
particularly in edge termination structures, RESURF mechanisms, and superjunction devices.
High-k dielectrics are integral to effective electric field management, especially at the edges
and corners of devices, where electric field crowding often leads to premature breakdown. Edge
termination, in this context, is a vital design feature that mitigates electric field concentrations,
enhancing the durability and reliability of the device under stress. The use of high-x dielectrics
in edge termination outperforms traditional low-k dielectrics by reducing peak electric fields
and spreading depletion charges over a larger surface area. Both analytical and experimental
evidence in this study demonstrate that high-« dielectric field plates, when applied in $-Ga,O3
SBDs, achieve significantly improved parallel-plane electric fields, thereby increasing the
power figure of merit and enhancing overall device performance. This approach showcases
how material innovations can be harnessed to overcome critical limitations in electric field
management for high-voltage SBDs.

One of the major design challenges addressed in this dissertation is the mitigation of
reverse leakage current in SBDs, which is especially sensitive to high surface electric fields.
In wide bandgap (WBG) and ultra-wide bandgap (UWBG) semiconductor materials, realizing
electric fields close to the material’s theoretical breakdown field is crucial to fully leverage the

unique material properties and unlock the maximum potential of these devices. However, this
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requirement poses a specific challenge for SBDs: numerical studies, such as those conducted
by Li et al. [1], indicate that the practical limit for surface electric fields is approximately
2 MV/cm for a Schottky barrier height of 1 eV. Exceeding this threshold leads to a drastic
increase in reverse leakage current, which diminishes device efficiency and reliability. This
discrepancy necessitates novel electrostatic engineering solutions that go beyond conventional
design approaches, addressing the limitations imposed by high electric fields and the associated
leakage currents.

To address the challenges associated with reverse leakage currents and voltage performance
in Schottky barrier diodes (SBDs), this dissertation introduces high-k dielectric RESUREF struc-
tures meticulously designed to optimize electric field modulation near the metal/ semiconductor
interface of the diode. By incorporating high-x dielectrics in these RESURF-enhanced archi-
tectures, along with a low work-function anode metal contact, this dissertation contributes to
the development of SBDs that aim to effectively reduce reverse leakage currents while simul-
taneously lowering turn-on voltage and increasing breakdown voltage. These enhancements
contribute to the creation of devices that minimize power loss in power rectifiers, thereby estab-
lishing a pathway toward high-voltage, low-loss, and energy-efficient power devices tailored
for modern power electronics applications. This work not only emphasizes the significance
of material selection and interface engineering but also highlights the potential for high-x
dielectrics to revolutionize the performance of SBDs in demanding operational environments.

Another notable achievement of this research is the successful realization of high-k dielectric
superjunction structures within 3-Ga; 3. The inherent lack of p-type doping in $-GaO3 poses
significant challenges for the development of conventional superjunction structures, which rely
on balanced p-n doping to function effectively. However, by leveraging dielectric polarization
charge and engineering device dimensions, we propose and demonstrate superjunction-like
devices utilizing high-x dielectrics. These innovative structures offer distinct advantages
over traditional p-n superjunction devices, primarily due to the elimination of the charge

balancing requirement—a significant hurdle in the advancement of wide and ultra-wide bandgap
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semiconductors. With continued improvements in material quality and the application of
advanced edge termination techniques, these high-k dielectric superjunction structures possess
the potential to exceed the already impressive unipolar power figure of merit associated with
B-Gay03. This achievement underscores the transformative possibilities that high-x dielectrics
present for the future of high-performance power devices, paving the way for enhanced efficiency
and reliability in power electronics applications.

In the second part of this dissertation, we explore selected topics related to 3-GayOs-
based vertical power transistors, beginning with an innovative approach to dielectric deposition.
The Prologue to this part introduces the development of the first in-situ dielectric deposition
technique specifically tailored for f-Ga, O3 applications, aimed at establishing reliable gate
dielectrics for transistors. This novel technique involves growing the dielectric material in the
same chamber as the semiconductor without breaking the vacuum, ensuring an exceptionally
pristine dielectric/semiconductor interface.

The high-temperature conditions employed during the metal-organic chemical vapor de-
position (MOCVD) process not only contribute to the formation of denser dielectrics but also
significantly enhance the breakdown voltage of the dielectric layer. This elevated temperature
environment further improves the crystallinity of the dielectrics, resulting in a low interface
state densisty dielectric/semiconductor interface that is vital for optimal device operation. The
incorporation of both medium and high-temperature dielectrics as distinct layers within the
transistor structure demonstrates a marked improvement in the reliability and lifetime of the
dielectric material. Remarkably, this enhancement is achieved without degrading the break-
down voltage, underscoring the effectiveness of the in-situ deposition technique in optimizing
dielectric performance.

By focusing on the interface quality and the characteristics of the gate dielectrics, we aim
to contribute to the broader field of power electronics, where the performance and longevity
of transistors are paramount. The innovative in-situ dielectric deposition technique not only

addresses existing challenges in the fabrication of 3-Ga,Oj3 transistors but also sets the stage for
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future developments in high-performance, reliable power devices. Through these investigations,
the dissertation not only highlights the potential of S-Ga, O3 in next-generation power electronics
but also emphasizes the importance of interface engineering in achieving high-performing
semiconductor devices.

This thesis culminates in the demonstration of vertical transistors based on -Ga,03. Given
the current limitations in achieving native p-type doping in 3-Ga, 03, the vertical fin transistor
structure emerges as the most viable option for high-performance applications. While alternative
architectures, such as CAVETs and UMOSFETs, have been explored in the literature, they are
often hindered by excessive leakage current through the deep acceptor-doped current-blocking
regions. This leakage current presents a critical barrier to achieving the high-voltage operation
required for efficient power devices.

In our research, we successfully demonstrated normally-off 3-Ga; O3 fin transistors with a
commendable breakdown voltage exceeding 1 kV, highlighting the immense potential of the
vertical fin architecture in addressing the limitations of conventional designs. This milestone
showcases the efficacy of the vertical fin structure in achieving robust high-voltage performance.
Furthermore, we present advanced and optimized designs aimed at further enhancing breakdown
voltage while minimizing switching losses, demonstrating the transformative impact of strategic
design innovations on overall device performance. Additionally, we explore the implementa-
tion of cutting-edge edge termination techniques, which promise to significantly elevate the
operational capabilities of vertical transistors.

Despite these advances, the intricate fabrication processes required for these devices pose
substantial challenges, often risking material integrity. Overcoming these hurdles is critical for
realizing the full potential of vertical B-Ga,Oj fin transistors. Future efforts must focus on miti-
gating fabrication-induced damage, such as by employing post-dry-etch wet etching techniques
[2] or completely avoiding dry etching by using heated wet etching [3]. Improving material
quality will also be essential to ensure the successful integration of these advanced devices into

practical applications. By addressing these challenges, vertical B-Ga,Oj3 fin transistors can lead
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the next wave of high-voltage, energy-efficient power electronics, cementing 3-Ga,O3 as a

cornerstone material in the evolution of modern power semiconductor technologies.

8.2 Benchmarking of 3-Ga,0;-based Power Devices

The primary accomplishments of this work include the development of 3-Ga,O3-based high-k
field-plated Schottky barrier diodes (SBDs), high-k RESUREF trench SBDs, high-k dielectric
superjunction SBDs, and -GayOs-based vertical FinFETs. The high-x field-plated SBD
marked a significant milestone as the first $-Ga,O3 diode to surpass a power figure of merit
(FOM) of 1 GW/cm?. Subsequently, the high-k dielectric superjunction SBD achieved a record-
breaking unipolar FOM that exceeded the theoretical limits of 4H-SiC. Additionally, the trench
SBD demonstrated the lowest reverse leakage current reported for any f3-Ga,O3-based SBD,
while maintaining a breakdown voltage exceeding 1 kV. Furthermore, the $-Ga;03 vertical
FinFET exhibited normally-off operation and achieved the lowest specific on-resistance among
all kilovolt-class 3-Ga,Oj3 vertical transistors.

Benchmark comparisons of 3-Ga,O3 diodes and power transistors are presented in Fig. 8.1
(a) and (b). For diodes, state-of-the-art SiC and GaN devices are included as references. While
B-Ga,03-based devices demonstrate competitive performance relative to SiC and GaN, there
remains a considerable gap between their current performance and the theoretical limits of the
material. Continued advancements in 3-Ga; O3 device design and fabrication are essential to

fully realize the material’s immense potential.

8.3 Paths Yet to Explore: Journey Ahead

8.3.1 Breakdown Mechanisms in 3-Ga;0;

Currently, there is no conclusive study or consensus regarding the mechanisms behind device

breakdown in $-Ga;O3. Some research indicates that breakdown occurs intrinsically due to
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Figure 8.1: (a) Benchmark plots of $-Ga,O3 based diodes, SiC JBS diodes, and GaN vertical diodes. (b)
Benchmark plots of §-Ga, O3 vertical power transistors.

excessive heating of the material caused by high power densities [4], while other studies suggest
that breakdown is primarily related to defect-mediated processes [5], [6]. It is plausible that
these two mechanisms are interconnected, each contributing to the overall breakdown behavior
of the device.

Moreover, a systematic study investigating the correlations between breakdown voltage and
dislocation density in the epitaxial drift layer is notably lacking. Establishing a clear understand-
ing of what level of dislocation density is acceptable for power electronics applications would
be highly beneficial. Such insights could guide the optimization of material quality and device
design, ultimately leading to improved performance in power semiconductor technologies.
Additionally, the precise breakdown mechanisms remain elusive, complicating efforts to address
device failures effectively.

Understanding the mechanisms underlying breakdown phenomena is crucial for the devel-
opment of high-performance power devices. By elucidating these mechanisms and the role of
dislocation density, researchers can better predict device behavior and enhance the reliability
and efficiency of f-GayO3-based power electronics. This knowledge will not only advance the

field but also facilitate the realization of next-generation power devices capable of operating at
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high voltages and power densities.

8.3.2 Impact Ionization Co-efficients in 3-Ga,0;

It has been over a decade since the realization of the first 3-Ga,O3 device, yet there remains a
significant gap in our understanding of the impact ionization coefficients within this material
[7]. It should be noted that there is no experimental evidence of avalanche or impact ionization
in B-Ga03. While some studies have attempted to extract these coefficients using unclamped
Inductor Switching (UIS) tests in $-GayO3 heterojunction diodes and using Electron Beam
Induced Current (EBIC) characterization[8], the results are often inconclusive due to the
involvement of multiple materials, complicating the analysis. Most devices presented in this
work, as well as those documented in the literature, rely on a theoretical critical electric field of
B-Gay03 as a standard for comparing breakdown strength. However, it is crucial to recognize
that the critical electric field of a semiconductor is not a constant; it varies significantly with
factors such as doping concentration, defect density, and temperature [9].

This lack of knowledge regarding the impact ionization coefficients in 3-Ga,O3 poses a
substantial challenge, as it hinders the ability to optimize device designs. Consequently, many
demonstrated devices tend to underperform, failing to reach their full potential. Understanding
the impact-ionization coefficients and their dependencies on various factors is essential for the
accurate design and implementation of high-performance power devices.

By establishing a clearer understanding of these coefficients, researchers can develop more
effective models for predicting device behavior under various operating conditions. This
knowledge will ultimately facilitate the optimization of 3-Ga,O3 device designs, leading to

enhanced performance and reliability in power electronics applications.

8.3.3 Development of Thick 3-Ga;0; Epitaxial Layers

The development of low point- and extended-defect density thick epitaxial layers is crucial for

realizing high-voltage vertical devices. To achieve a 10 kV vertical device, a drift layer thickness
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of over 25 um is necessary, given the highest breakdown field reported to date. Some studies,
particularly from NCT Japan, have demonstrated devices with 40 um thick drift layers [10].
However, these thicker epitaxial layers often exhibit an increased density of killer defects, which
compromises the breakdown fields and ultimately limits device performance [11]. Therefore,
advancing material research aimed at growing thick, high-quality drift layers on conducting

substrates is of paramount importance.

8.3.4 Vertical High-k Dielectric Superjunctions Devices

In this work, we successfully demonstrate a lateral dielectric superjunction device as a proof-
of-concept for high-k dielectric superjunctions. While this achievement marks a significant
step forward, the demonstration of a vertical dielectric superjunction device remains pending.
Vertical devices are generally preferred over their lateral counterparts due to their superior
current scaling capabilities and enhanced reliability, which is attributed to their non-surface
transport characteristics.

Throughout this thesis, we discuss numerous challenges associated with the implementation
of high-«x dielectric superjunctions, primarily stemming from existing technological limitations.
These challenges underscore the need for innovative fabrication processes that can facilitate the
realization of vertical structures [12], [13]. By overcoming these obstacles, we anticipate that
vertical dielectric superjunction devices can be developed, leading to substantial improvements
in overall device performance.

Ultimately, the pursuit of vertical high-k dielectric superjunction devices holds great promise
for advancing power semiconductor technology. As we continue to refine fabrication techniques
and address the associated challenges, we move closer to unlocking the full potential of these
advanced structures, paving the way for enhanced efficiency in future power electronics applica-

tions.
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8.3.5 Cooling Strategies and Packaging of 3-Ga,03; Devices

Despite the numerous advantages of -Ga;O3-based devices, the material’s low thermal con-
ductivity remains a significant challenge for their deployment in real-world applications. For -
Gay 03 to operate efficiently compared to other materials—whether narrow or wide bandgap—it
must function at much higher power densities [14], [15]. However, this increase in power
density results in greater heat generation, necessitating effective thermal management to prevent
thermal failure.

The inherent low thermal conductivity of B-GayOs [16] exacerbates the issue of heat
dissipation, making it imperative to employ extrinsic cooling methods for high-power density
devices. Some preliminary work has been conducted on double-side cooling strategies, which
involve managing thermal output from both the junction and the bottom side of B-Ga; O3 vertical
devices [4], showing promising potential for improved thermal management.

Moreover, any commercial power device must be packaged appropriately to ensure reliability
and performance. Therefore, research into the packaging of -Ga;Os-based devices that can
handle high power densities is critically important. Such efforts will help prevent device
performance from being limited by packaging constraints, enabling 3-Ga,O3 to reach its full
potential in practical applications. The body of work on thermal management does indicate that
the low bulk thermal conductivity is not a show stopper and heat dissipation can be managed.
Through innovative cooling and packaging solutions with electro-thermal co-design approaches,

the viability of -Ga,Oj3 for next-generation power electronics can be enhanced.
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