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Abstract

This review analyzes the transition from silicon to wide-bandgap (WBG) and ultrawide-bandgap
(UWBG) semiconductor materials for power electronics, focusing on Silicon Carbide (S5iC) and Gallium
Nitride (GaN) technologies. Following a PRISMA-based systematic review methodology, we ana-
lyzed 116 peer-reviewed publications spanning device technology, converter architectures, and system
applications. We employ a bottom-up approach, progressing from fundamental material properties
through device architectures and converter topologies to system-level implications. We examine how
intrinsic material properties enable operation at elevated temperatures, voltages, and frequencies
while minimizing losses. Through analysis of Figures of Merit and system-level Key Performance
Indicators, we quantify WBG benefits across automotive, industrial, renewable energy, and consumer
electronics sectors, demonstrating 3-5x power density improvements and 20-40% cost reductions.
The review presents emerging device technologies including vertical GaN for medium-voltage ap-
plications and monolithic bidirectional switches (BDS) enabling single-stage power conversion. We
provide the first comprehensive topology-level comparison of emerging vertical GaN and monolithic
bidirectional switches against established SiC solutions, identifying specific applications where each
technology offers advantages. A comprehensive topology-by-topology comparison between SiC and
GaN is provided, offering design guidelines for device selection. The review addresses practical
constraints including dynamic on-resistance degradation, threshold voltage instability, and electromag-
netic interference challenges for both SiC and GaN. Finally, we examine emerging UWBG materials
(beta-Ga203, AIN, c-BN, Diamond) and their development status, manufacturing challenges, supply
chain considerations, and commercialization prospects for ultra-high-voltage applications.

Keywords: efficiency; gallium nitride (GaN); power density; silicon carbide (SiC); wide-bandgap
(WBG); ultrawide-bandgap (UWBG); power electronics; electric vehicles; EMI mitigation; vertical GaN;
bidirectional switch (BDS); systematic review; PRISMA methodology

1. Introduction

The global power electronics sector is experiencing a transformative shift driven by increasingly
stringent demands for sustainable energy systems, improved operational efficiency, and reduced
carbon emissions. In 2023, energy-related carbon dioxide (CO,) emissions reached approximately
37.4 Gt, representing an increase of roughly 1.1% compared to 2022 [1]. Although the adoption of clean
energy technologies—including solar photovoltaics, wind power, and electric vehicles—has tempered
the rate of emissions growth, these persistently high emission levels underscore that incremental
improvements alone are insufficient; substantial efficiency gains across the entire energy conversion
chain are essential [2].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1 illustrates the historical trend of global carbon dioxide emissions from energy and
industrial sources (1970-2023), highlighting the urgency of reducing emissions growth through more
efficient power conversion technologies.
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Figure 1. Global energy-related and industrial CO, emissions (1970-2023). a) CO, Emissions in last 40 years, b)
CO, Emissions in last 5 years. Data arranged from: Liu et al. [2].

Central to addressing this challenge is the transition from traditional silicon-based power semi-
conductors to wide-bandgap (WBG) and ultrawide-bandgap (UWBG) materials, most notably Silicon
Carbide (SiC) and Gallium Nitride (GaN) [3,4]. This technological evolution represents far more than
a simple material substitution; it constitutes a paradigm shift in power conversion capability that
enables revolutionary improvements in efficiency, power density, and thermal performance across
virtually all application domains [5-7].

Figure 2 illustrates the cascading benefits of improved power electronics efficiency across different
application sectors, demonstrating how WBG technology contributes to overall system sustainability
through environmental, economic, and technical improvements.

Efficiency Improvements and System Benefits

WBG Devices: +2-5% Efficiency Improvement

i translates to

Environmental Economic Technical
® Reduced CO, emissions ® Reduced operating costs o Higher dpower density
o Lower energy waste o Lower cooling requirements e Increased switching freq.
© Better renewable integration e Extended system lifetime ® Reduced system size

Figure 2. Key benefits of WBG technology across different application sectors

Power converters based on semiconductor switching devices regulate energy flow in nearly
every modern electrical system, from renewable energy installations and electric vehicle drivetrains
to industrial motor drives and data center infrastructure. Even modest improvements in converter
efficiency—on the order of 2-5%—can yield substantial reductions in overall energy consumption and
associated emissions when deployed at scale [8,9]. The cascading benefits of WBG technology extend
beyond raw efficiency improvements to encompass reduced cooling requirements, smaller passive
components, and enhanced system reliability.

The economic case for WBG adoption is equally compelling. In large-scale facilities such as data
centers operating 10 MW of server power supplies, improving efficiency from 94% to 97% can result in
annual energy savings exceeding $450k [10]. For electric vehicles, a 3% efficiency improvement in the
traction inverter translates to approximately 20 km of additional driving range per charge, directly
enhancing user experience while reducing battery degradation and total cost of ownership [11,12].

This review paper provides a comprehensive analysis of the current state and future prospects of
WBG and UWBG power semiconductors using a bottom-up approach. Section 2 presents fundamental
material properties and comparative analysis through various figures of merit. Section 3 provides an in-
depth analysis of emerging UWBG materials including their development status and commercialization
timeline. Section 4 analyzes SiC and GaN device configurations. Section 5 addresses converter
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topologies for both SiC and GaN devices. Section 6 provides a comprehensive SiC vs. GaN comparison
including gate driver requirements. Section 7 discusses system-level implications and quantifies
benefits across multiple performance dimensions. Section 8 examines the application landscape with
detailed case studies. Section 9 covers reliability considerations and practical constraints for SiC and
GaN. Finally, Section 10 provides conclusions and future research directions. The list of acronym:s is
provided at the end of the document.

1.1. Literature Review Methodology

This review follows a systematic approach adapted from the PRISMA (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses) guidelines to ensure transparency, reproducibility, and
comprehensiveness in the literature selection process [13].

1.1.1. Search Strategy and Databases

The literature search was conducted across multiple academic databases including IEEE Xplore,
ScienceDirect, Web of Science, Scopus, and Google Scholar. The search period covered publications
from January 2014 to December 2025, capturing the critical decade of WBG commercialization and
maturation. The primary search keywords and Boolean combinations employed were:

”ou V/a7i

¢  Primary keywords: “wide bandgap semiconductors”, “silicon carbide power devices”, “gallium
nitride HEMT”, “S5iC MOSFET”, “GaN power electronics”

i V7

*  Secondary keywords: “ultrawide bandgap”, “power converter topology”, “electric vehicle in-
verter”, “DC-DC converter”, “gate driver design”
*  Emerging technology keywords: “vertical GaN”, “bidirectional switch”, “gallium oxide power”,

/i

“diamond semiconductor”, “aluminum nitride”
7 ‘" 7 £’

¢ Application keywords: “traction inverter”, “on-board charger”, “solar inverter”, “data center
power supply”

Boolean combinations such as (“SiC” OR “GaN") AND (“power converter” OR “inverter” OR
“DC-DC”) AND (“efficiency” OR “power density” OR “switching frequency”) were employed to
capture the intersection of device technology and converter applications.

1.1.2. Screening and Selection Process

Figure 3 presents the PRISMA flow diagram illustrating the systematic literature selection process.

Additional records from
citations and grey literature
(n=189)

Records identified through
database searching

(n=1,523)
\ /

(Records after duplicates removed}

Identification

(n = 1,204)
[ Records screened Reco(rr?ls: %);Czl;lded
(n =1,204) (off-topic, non-English)

Full-text articles assessed Full-text excluded
for eligibility (n=197)
(n=312) (duplicative, insufficient data)

{ Studies included in }

qualitative synthesis
(n=116)

Included Eligibility Screening

Figure 3. PRISMA flow diagram for systematic literature selection process.

Table 1 summarizes the distribution of selected literature by category.
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Table 1. Distribution of Reviewed Literature by Category.
Category Papers Reviewed Key Focus Areas
SiC Device Technology 2 MOSFET structur'es, reliability,
gate oxide
GaN HEMT Technology 26 Frmode/D-mode, dynamic
Ry, cascode
Converter Topologies 19 DAB, buck, inverters, PFC
. EV, solar, data center,
System Applications 20 industrial, hydrogen
UWBG Materials 17 Gay03, AIN, Diamond, c-BN
EMI & Gate Drivers 9 dv/dt control, layout, filtering
Emerging Technalogies 3 Vertical G.aN, BDS, monolithic
integration
Total 116 —

1.1.3. Inclusion and Exclusion Criteria

Studies were included if they: (1) presented original research or comprehensive reviews on
WBG/UWBG power semiconductor devices; (2) provided quantitative data on device performance,
converter efficiency, or system-level benefits; (3) were published in peer-reviewed journals or major
IEEE conference proceedings; (4) addressed practical implementation aspects including reliability, EMI,
or thermal management.

Studies were excluded if they: (1) focused exclusively on RF/microwave applications without
power electronics relevance; (2) presented only simulation results without experimental validation; (3)
were superseded by more comprehensive studies from the same research group; (4) lacked quantitative
performance metrics for comparison.

1.2. Comparison with Existing Review Literature and Added Value

Table 2 presents a systematic comparison between this review and recent similar publications,
highlighting the unique contributions and gaps addressed by this work.

Table 2. Comparison with Recent WBG Semiconductor Review Papers.

Review Paper Year Scope Strengths Limitations
Buffolo et al. [S] 2024 Industrial SiC/GaN devices Excellent.rehablhty analysis;  Limited topology comparison;
commercial device survey no UWBG coverage
X . Broad material coverage; Limited system-level analysis;
Rafin et al. [14] 2023 WBG/UWBG overview historical context no vertical GaN/BDS
Sustainability perspective; Limited converter topology

Nature Reviews [15] 2025 Carbon neutrality focus

policy implications detail
Kumar et al. [16] 2022 Material properties Comprehensive FOM analysis Dated cor.nmercw}l landscape;
no emerging devices
She et al. [17] 2014 HVDC applications Deep HVDC analysis Pre-dates GaN maturation
This Review 2025 System-level WBG/UWBG See Added Value below —

The work by Wu et al. [18] was considered as not concurrent in this review and it was included
as reference in Section 6.4.2.

1.2.1. Unique Contributions and Added Value

This review addresses several critical gaps in the existing literature:

(1) Comprehensive Topology-by-Topology SiC vs. GaN Comparison: Unlike previous reviews
that focus primarily on device-level characteristics, this work provides detailed design guidelines for
device selection across all major converter topologies (Table 8), enabling practicing engineers to make
informed technology choices based on specific application requirements.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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(2) Emerging Device Technologies: This review provides the first comprehensive coverage of
vertical GaN power devices and monolithic bidirectional switches (BDS) in the context of converter
topologies. While Buffolo et al. [8] acknowledge these technologies, our work provides detailed
analysis of their impact on specific topologies including matrix converters, Vienna rectifiers, and
current-source inverters.

(3) Updated UWBG Materials Assessment: The UWBG section (Section 3) incorporates the latest
developments through 2025, including the 7.3 MV /cm AIN breakthrough [19], the 4.6 kV diamond
SBD demonstration [20], and the first n-channel diamond MOSFET [21]. Previous reviews [3,16] lack
these recent milestones.

(4) Bottom-Up Systematic Approach: This review uniquely employs a bottom-up methodology
(Materials — Devices — Converters — Systems), providing clear traceability from fundamental
material properties through figures of merit to system-level KPIs. This approach enables readers to
understand why specific devices excel in particular applications.

(5) Quantitative System-Level Benefits: Section 7 provides quantified economic analysis with
payback periods for each application sector—data largely absent from device-focused reviews.

(6) Practical Design Constraints: The review addresses real-world implementation challenges
including dynamic R,, degradation mechanisms, threshold voltage instability, and gate driver opti-
mization requirements (Table 9) that are often overlooked in material-focused surveys.

1.2.2. Research Gap Analysis

Figure 4 illustrates the positioning of this review relative to existing literature across two key
dimensions: device technology depth and system integration scope.

Device Technology Depth

A

80

]

=

o0

z 1. .

g his-Review
54}

2

Z . Kumar 2022

= Rafin 2023

[}

2

Z Buffolo 2024

[a]

E Nature 2025
=

93]

=

=

» System Integration Scope

Device Converter ~ Application System
Figure 4. Positioning of this review relative to existing WBG literature. This work uniquely spans from fundamen-
tal device technology through system-level integration while incorporating emerging technologies.
2. Material Properties and Comparative Analysis
The fundamental material properties of semiconductors determine the ultimate performance
limits achievable in power electronic devices. WBG and UWBG materials demonstrate exceptional

versatility across power electronics and Radio Frequency (RF) applications due to their capacity to
operate reliably in high-temperature and harsh environments [4,16].

2.1. Intrinsic Material Characteristics

Table 3 summarizes the key properties of silicon alongside WBG materials (4H-SiC, GaN) and
emerging UWBG materials (3-Gaz0O3, AIN, c-BN, Diamond).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 3. Material Properties of Semiconductors for Power Electronics, data taken from [3].
Parameter Si 4H-SiC GaN B-GayOs3 AIN c-BN Diamond
Eg (eV) 1.12 3.23 3.4 4.9 6.2 6.4 5.5
E.
(MV /cm) 0.3 2.5 3.3 8 15 12 10
Un
(cm2 /Vs) 1440 950 2000 250 850 200 4500
Vsat (10 1.0 2.0 2.4 1.1 14 2.0 2.3
cm/'s)
K
(W/cm-K) 1.5 3.7 2.5 0.1-0.3 2.85 13 23

Figure 5 provides a comprehensive radar chart comparison between silicon and U/WBG devices
across multiple key parameters, visually demonstrating the performance advantages of advanced
semiconductor materials.

Switching
Speed
12
10
Max. E ' On-Resistance
Temperature (inverse)
L ~. e
Thermal ~ : Max.
Conductivity Frequency
Power
Density

Si e SiC « GaN e B-GayO3
e AIN e ¢-BN e Diamond
Figure 5. Radar chart comparison of power semiconductor materials. Normalized performance relative to Si
(adapted from [3,4]).

The bandgap energy E, represents the energy required to excite an electron from the valence band
to the conduction band. Materials with larger bandgaps exhibit higher intrinsic breakdown voltages
and can operate at elevated temperatures without excessive thermally-generated leakage current [5].
The wide bandgap of SiC (3.23 eV) and GaN (3.4 eV) compared to silicon (1.12 eV) fundamentally
enables operation at higher voltages and temperatures.

The critical electric field E; defines the maximum electric field a material can sustain before
avalanche breakdown occurs [17]. SiC and GaN exhibit critical fields approximately 8-11 x higher
than silicon, while UWBG materials such as 8-Ga,O3 and AIN approach 30-50x improvement.

Electron mobility u, quantifies how rapidly charge carriers drift through the material under
an applied electric field [22]. While SiC exhibits somewhat lower mobility than silicon (950 vs.
1440 cm? /Vs), GaN offers superior mobility (2000 cm?/Vs), and diamond presents exceptional mobility
(4500 cm? / Vs) for future applications.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Thermal conductivity x governs the ability to conduct heat away from active device regions,
critically impacting power handling capability and long-term reliability [23]. SiC’s thermal conductivity
(3.7W/cm - K) substantially exceeds that of silicon (1.5 W/cm - K), while diamond’s exceptional value
(23 W/cm - K) positions it as the ultimate material for extreme power density applications.

2.2. Quantitative Performance Metrics: Figures of Merit

Several Figures of Merit (FOMs) have been developed to enable quantitative comparison of

semiconductor technologies [24-27].
Baliga’s Figure of Merit (BFOM) characterizes the trade-off between on-resistance and breakdown
voltage for unipolar power devices [24]:

3
BFOM — @ (1)

Baliga High-Frequency Figure of Merit (BHFFOM) accounts for switching losses [28]:

Hn EZ

BHFFOM =
27

()

Johnson'’s Figure of Merit (JFOM) characterizes the maximum power-frequency product [25]:

_ UsatEc .

Keyes’ Figure of Merit (KFOM) evaluates thermal management and power density limits [26]:

K - Usat

KFOM =
4rrege,

(4)

Combined High-Frequency Figure of Merit (CHFFOM) extends BHFFOM to include thermal
effects [27]:

2
CHFFOM = « - BHFFOM — KP;’fC )
Thermal Figure of Merit (TFOM) [29] specifically addresses heat dissipation capability:
A
TFOM = ¢ (6)

where kp is Boltzmann’s constant and T is absolute temperature.
Table 4 presents normalized FOM values relative to silicon.

Table 4. Normalized Figures of Merit for Power Semiconductor Materials (Si = 1) data taken from [3,24,27].

Material BFOM BHFFOM JFOM KFOM CHFFOM TFOM
Si 1 1 1 1 1 1
4H-SiC 317 13.7 20 4.8 29 3.3
GaN 846 27.5 33 1.4 56 2.2
B-GayO3 3444 10.5 14 0.9 30 0.8
AIN 3360 57.6 68 13.8 562 9.2
Diamond 50000 81.2 163 46.2 2114 33

3. Emerging UWBG Materials: Development Status and Commercialization

While SiC and GaN technologies have achieved commercial maturity, ultrawide-bandgap (UWBG)
materials represent the next frontier in power semiconductor development. These materials, char-
acterized by bandgaps exceeding 4 eV, offer theoretical performance advantages that could enable
applications beyond the capabilities of current WBG devices [3].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3.1. Beta-Gallium Oxide ($-GapOs3)

B-GazO3 has emerged as one of the most promising UWBG materials due to its unique combina-
tion of properties and manufacturing advantages [30]. With a bandgap of 4.9 eV and a critical electric
field of 8 MV /cm, f-GayOs exhibits a Baliga Figure of Merit (BFOM) more than 3000 x that of silicon,
suggesting tremendous potential for high-voltage power devices.

A key advantage of $-GayOj; is its compatibility with melt-growth techniques including the
Floating Zone (FZ), Czochralski (CZ), and Edge-defined Film-fed Growth (EFG) methods. These
methods enable production of large-diameter, high-quality single-crystal substrates at potentially
lower costs than the vapor-phase growth required for SiC and GaN substrates. Currently, 2-inch and
4-inch B-GapOs3 substrates are commercially available, with 6-inch substrates demonstrated in research
laboratories [31].

Significant device milestones have been achieved in recent years. Researchers at the Korea
Electronics and Telecommunications Research Institute (ETRI) demonstrated 3 kV-class -GayO3
MOSFETs in 2024 with breakdown voltages up to 2200 V and power figures of merit exceeding
150 MW /cm? [32]. These devices show power density superior to both SiC and GaN alternatives.

However, -GapOs faces two fundamental challenges. First, its relatively low thermal conductiv-
ity (0.1-0.3 W/cm-K) is approximately 10-30x lower than SiC, necessitating sophisticated thermal
management solutions including heterogeneous integration with high-thermal-conductivity substrates.
Second, the absence of effective p-type doping limits device architectures to unipolar configurations
such as Schottky Barrier Diodes (SBDs) and Field-Effect Transistors (FETs). Recent research has
explored heterostructures with NiO, and other p-type materials to enable bipolar operation [33].

The global market for high-purity -Ga,O3; power devices is projected to grow at a Compound
Annual Growth Rate (CAGR) of approximately 24.5% from 2024 to 2033, with applications initially
targeting the 600 V-3.3 kV range for EV power systems, solar inverters, and grid interface equipment.

3.2. Aluminum Nitride (AIN)

Aluminum nitride possesses the highest critical electric field (15 MV /cm) among practical UWBG
semiconductors, enabling exceptionally thin drift regions and low on-resistance for a given breakdown
voltage [34]. Its bandgap of 6.2 eV and Johnson’s Figure of Merit 5x higher than GaN make it
particularly attractive for both high-power switching and high-frequency applications.

A major breakthrough was reported at the IEEE International Electron Devices Meeting (IEDM) in
December 2023, where researchers from Nagoya University demonstrated AIN-based diodes capable of
withstanding electric fields of 7.3 MV /cm—approximately twice the capability of SiC or GaN [19]. This
achievement utilized the Distributed Polarization Doping (DPD) technique, which enables effective
n-type and p-type doping in AlGaN alloys without conventional impurity dopants, circumventing
AIN’s historically problematic doping challenges.

In 2024, a German research consortium led by Fraunhofer IISB successfully demonstrated a
complete value chain for AIN-based devices in Europe [35]. The consortium grew AIN crystals up to
43 mm diameter, processed them into polished wafers, and fabricated AIN/GaN high-electron-mobility
transistors (HEMTs) with breakdown voltages up to 2200 V and power densities superior to both SiC
and GaN devices. These AIN/GaN HEMTs offer up to 3000 x lower conduction losses than silicon and
are approximately 10x more efficient than SiC transistors.

Crystal IS has achieved production of 100 mm (4-inch) diameter single-crystal AIN substrates
with 99% usable area, a significant milestone toward commercial viability [36]. Researchers at Nagoya
University project commercialization of AIN-based power devices in the 2030s, contingent on resolving
remaining challenges in ohmic contact formation and scaling manufacturing processes.

3.3. Diamond

Diamond represents the ultimate semiconductor material, offering an unparalleled combination
of an ultra-wide bandgap (5.5 eV), the highest thermal conductivity of any material (22-23 W/cm-K),

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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exceptional carrier mobility (4500 cm?/Vs for electrons, 3800 cm?/Vs for holes), and a theoretical
critical electric field of 10-20 MV /cm [37]. These properties yield a BFOM 50,000 x that of silicon,
positioning diamond as the long-term solution for extreme power density applications.

Significant progress has been made in diamond device development. Researchers at the Univer-
sity of Illinois Urbana-Champaign demonstrated diamond Schottky barrier diodes with the highest
reported breakdown voltage (4.6 kV at 0.01 mA/mm) and lowest leakage current among diamond de-
vices [20]. Japan’s National Institute for Materials Science (NIMS) achieved another milestone in 2024
with the world’s first n-channel diamond MOSFET, exhibiting field-effect mobility over 150 cm?/Vs at
573 K—the highest among all n-channel MOSFETs based on wide-bandgap semiconductors [21].

Japanese institutions are leading diamond semiconductor commercialization efforts. Saga Univer-
sity developed the world’s first diamond-based power device in 2023 in collaboration with the Japan
Aerospace Exploration Agency (JAXA) for high-frequency space communication applications. Orbray
has developed mass-production technology for 2-inch diamond wafers and is progressing toward
4-inch substrates, with partnerships including Toyota and Denso supporting onboard power device
development expected in the 2030s [38].

Diamond’s primary challenges include the difficulty of n-type doping due to high activation ener-
gies, the lack of a mature manufacturing ecosystem, and substrate availability limitations. However,
advances in chemical vapor deposition (CVD) growth and recent n-channel MOSFET demonstrations
suggest these barriers are being systematically addressed.

3.4. Cubic Boron Nitride (c-BN)

Cubic boron nitride represents a compelling UWBG semiconductor that combines many of
diamond’s exceptional properties with potentially superior doping characteristics [39,40]. With a
bandgap of 6.4 eV—the highest among practical semiconductors—and a theoretical critical electric
field of 12 MV /cm, c-BN offers extraordinary high-voltage capability. Its thermal conductivity of
13 W/cm-K, while lower than diamond, significantly exceeds that of SiC and GaN.

The key advantage of c-BN over diamond lies in its doping flexibility. Both n-type and p-type
doping have been demonstrated with activation energies lower than those in diamond, potentially
enabling efficient bipolar devices [41]. Silicon substituting on the boron site (Sip) serves as an effec-
tive n-type dopant, while beryllium and magnesium provide p-type conductivity. Recent work at
North Carolina State University demonstrated n-type conductivity with carbon doping concentrations
ranging from 2 x 10" to 7 x 102! em 3, achieving semiconductor-like resistivity profiles [42].

Manufacturing c-BN remains challenging. Conventional High-Pressure, High-Temperature
(HPHT) synthesis at >1,150°C and >2.5 GPa produces only millimeter-scale crystals—far below
the centimeter-scale wafers required for electronics manufacturing [43]. However, breakthrough
fabrication techniques are emerging:

Pulsed Laser Annealing (PLA): Researchers have demonstrated direct conversion of hexagonal
BN (h-BN) into phase-pure single-crystal c-BN using nanosecond laser pulses, achieving conversion in
approximately 200 ns at ambient pressure [44]. This technique can produce epitaxial c-BN thin films
on sapphire substrates with controlled doping.

Solution growth: Texas Tech University, with Department of Energy (DOE) funding, is developing
autoclave-based solution growth methods that could enable scalable production of electronic-grade
c-BN wafers for extreme-temperature electronics [45].

Diamond/c-BN heterostructures: First-principles calculations indicate that diamond/c-BN het-
erojunctions can form high-density two-dimensional carrier gases at the interface, potentially enabling
high-frequency, high-power devices that leverage both materials” advantages [46].

The projected applications for c-BN power devices include ultra-high-voltage (>10 kV) grid
infrastructure, extreme-environment electronics for aerospace and geothermal applications, and next-
generation smart grid transformers. While commercialization remains in the >2035 timeframe, c-BN’s
combination of UWBG properties and doping flexibility positions it as a potential ultimate solution for
extreme power electronics.
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Table 5 summarizes the development status and projected commercialization timeline for UWBG

materials.
Table 5. UWBG Materials Development Status and Commercialization Timeline.
Parameter B-Ga O3 AIN c¢-BN Diamond
Wafer Size 4-inch 4-inch <1 mm 2-inch
(Comm.)
Best Device Vpr 23kV 22kV N/A 4.6 kV
TRL Level 4-5 34 2-3 34
Eg (eV) 49 6.2 6.4 55
x (W/cm-K) 0.1-0.3 2.85 13 22-23
Primary . . .
Challenge Low x Doping/Contacts Substrate size n-type doping
Target
.o, 600V-3.3kV 10kV+, RF >10kV, extreme Extreme power
Applications
Projected 2027-2030 2030s >2035 2030-2035
Commerc.

4. WBG Device Architectures: SiC and GaN

The commercial landscape of WBG semiconductors has matured significantly [47,48]. This section
presents device configurations for both SiC and GaN technologies.

4.1. SiC Device Configurations

Silicon Carbide power devices have evolved into several mature device architectures, each offering
distinct advantages for specific application requirements [5,17]. Figure 6 presents the classification of
commercial SiC power devices.

[SiC Power Devices]

[MOSFET][ JFET ][ SBD ) [ BIT ][Thyristor]

Figure 6. Classification of SiC power devices

4.1.1. SiC MOSFET Structure

The SiC MOSFET is the dominant commercial device, offering normally-off operation with
voltage-controlled switching [49]. The planar MOSFET suffers from the “JFET effect”—the narrow
conduction path between adjacent p-wells increases on-resistance. Trench MOSFETs eliminate this
limitation by orienting the channel vertically, achieving 30-50% lower specific on-resistance [50]. The
on-resistance of a SiC MOSFET can be expressed as:

Rps(on) = Ren + Ryeper + Rarigt + Rsup + Reontact (7)

where R, is channel resistance, Rjrgr is the JFET region resistance (eliminated in trench designs),
Ry ft is drift region resistance, Ry, is substrate resistance, and Reontact Tepresents contact resistances.
Figure 7 illustrates the planar and trench SiC MOSFET structures.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.2280.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 January 2026 d0i:10.20944/preprints202601.2280.v1

11 of 32

Planar SiC MOSFET Trench SiC MOSFET

Gate
£ Poly Gate, < €

N p P NE NI P-well I P-well I
: el g T
N- Driff Region NLri;;;egion

Drain Drain

G Source G Source G

I N+ Region N- Drift P-well [l P+ Region Gate Oxide Jlll  Poly-Si Gate

Figure 7. Planar SiC MOSFET and Trench SiC MOSFET Structures

4.2. GaN Device Configurations
Figure 8 presents the classification of GaN HEMT devices.

Power GaN Devices
GaN on Si [ GNonGN |

E-Mode HEMT D-Mode HEMT V-GaN FET
Discrete: Cascode with Discrete:
External circuitry needed co-packaged External circuitry
Co-packaged with Si Si die needed
die for gate drive, Direct Drive [
sense, protection co-packaged with Si
Monolithic die for drive, sense,
Integration with GaN protection
drive, sense, protection T S R
N R

Figure 8. Classification of GaN HEMTs devices.

Figure 9 illustrates the different types of GaN devices including normally-on and normally-off

configurations.
D D
G
D : D
G G |j
G |k G
s y
50 s s

Figure 9. Different types of GaN devices: Normally-on (d-mode), Normally-off Cascode (d-mode), Direct Drive
(d-mode), Normally off (e-mode)

4.2.1. Depletion-Mode (D-Mode) GaN HEMTs

D-mode devices are inherently normally-on, requiring a negative gate voltage to turn off. The
Two-Dimensional Electron Gas (2DEG) at the AlIGaN/GaN interface provides exceptionally high
electron mobility and carrier density. Figure 10 shows the internal structure of a D-mode GaN HEMT,
as described in detail in [51].
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Schottky
Source Gate
AlGaN barrier

GaN

AlGaN Buffer Layer

AlIN Seed Layer

Figure 10. GaN D-Mode Internal Structure

4.2.2. Enhancement-Mode (E-Mode) GaN HEMTs

E-mode devices achieve normally-off operation through p-doped GaN gate structures [52,53].
This configuration is preferred for power electronics applications due to inherent safety during start-up
and fault conditions. Figure 11 shows the internal structure as described in detail in [51].

Source
AlGaN barrier

GaN

AlGaN Buffer Layer

AlIN Seed Layer

Figure 11. GaN E-Mode Internal Structure

4.2.3. Vertical GaN Power Devices

While lateral GaN HEMTs dominate the commercial market for voltages up to 650 V, vertical GaN
devices are emerging as critical enablers for medium-voltage applications (1.2-10 kV) where they com-
pete directly with SiC [54]. Unlike lateral devices where voltage scaling requires proportionally larger
chip area, vertical GaN conducts current perpendicular to the substrate surface, allowing breakdown
voltage to increase through drift layer thickness while maintaining compact chip dimensions.

Recent advances have demonstrated impressive performance milestones. Onsemi unveiled
vertical GaN (vGaN) technology in December 2024, featuring 1,200 V-class devices capable of reducing
system losses by nearly 50% compared to lateral GaN, while achieving approximately 3 x smaller die
size [55]. Toyoda Gosei demonstrated vertical GaN transistors with operating currents exceeding 50 A—
the highest reported for vertical GaN—enabling MHz-frequency operation in compact packages [56].

Vertical GaN architectures include trench MOSFETs (T-MOSFETs), Current Aperture Vertical
Electron Transistors (CAVETs), and vertical Junction Field-Effect Transistors (JFETs). The 1.2 kV vertical
GaN fin-channel JFET has emerged as a particularly promising device, offering normally-off operation,
avalanche capability, and no dynamic R,, degradation—addressing one of the primary reliability
concerns of lateral GaN HEMTs [57].
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Key challenges for vertical GaN include the limited availability of native GaN substrates (currently
2—4 inch), high substrate costs, and the difficulty of achieving low background doping (< 1.5 x
10'® cm~3) in thick drift layers required for 1.2 kV+ operation. However, advances in GaN-on-
engineered-substrate technology are enabling 200 mm CMOS-compatible fabrication pathways that
could dramatically reduce costs [58].

4.2.4. GaN Bidirectional Switches (BDS)

Monolithic bidirectional switches represent a paradigm shift in power semiconductor technology,
enabling four-quadrant operation—bidirectional current flow and bipolar voltage blocking—from a
single device [59]. While conventional approaches require four discrete transistors in back-to-back
configurations (doubling Rpg,,) and component count), GaN BDS devices leverage the lateral HEMT
structure to integrate two opposing gates sharing a common drift region. An example is provided in
the following Section 5.1.2.

Infineon’s CoolGaN BDS family, announced in 2024, offers devices at 40 V, 650 V, and 850 V
ratings with four operational modes: full conduction, full blocking, and two diode modes (forward
and reverse blocking) [60]. Navitas announced production-released 650 V bidirectional GaNFast ICs
in March 2025, targeting single-stage power conversion topologies [61].

Key applications for GaN BDS include matrix converters (direct AC-AC conversion without
DC-link), Vienna rectifiers (three-level PFC with bidirectional current capability), T-type inverters
(three-level topologies for solar and motor drive applications), Current-Source Inverters (CSI) for
high-power motor drives and High-Voltage Direct Current (HVDC) transmission, and Highly Efficient
and Reliable Inverter Concept (HERIC) inverters for Photovoltaic (PV) applications with reactive
power capability.

Table 6 summarizes the key differences between WBG device technologies.

Table 6. Comparison of WBG and Si Device Characteristics, data taken from [4,47].

Parameter GaN HEMT GaN Cas. SiC MOS Si IGBT
Voltage (V) 600-650 600-900 650-3300 600-6500
Current (A) 1-90 10-60 5-200 10-3600
Rop - A (mQcem?) 1-5 3-8 3-15 —
Max fs (MHz) 1-40 0.5-10 0.1-2 0.02-0.1
dv/dt (V/ns) 50-200 30-100 20-100 1-20
Qg (nC) 1-20 10-50 20-300 100-5000
Max T; (°C) 150-175 150 175-200 175
Rev. Recovery None Limited Moderate V. High
FOM (R - Q) Best Good Good Poor
Cost ($/A) Medium Med-High High Low

5. Converter Topologies for WBG Devices
5.1. SiC Converter Topologies

SiC devices excel in high-power, high-voltage converter applications where their superior break-
down voltage and thermal conductivity provide significant advantages over both Si and GaN alterna-
tives [62].

5.1.1. Three-Phase Traction Inverter

The three-phase voltage source inverter is the dominant topology for electric vehicle traction
drives [63]. Figure 12 shows a SiC-based traction inverter configuration.
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Figure 12. SiC-based three-phase traction inverter for electric vehicle applications, adapted from [64].

The power loss in each SiC MOSFET comprises conduction and switching components:

Pioss = I%ms : RDS(on)(T]') +f5w(E0ﬂ + Eoff) 8)

SiC enables switching frequencies of 10-20 kHz in traction applications (versus 5-10 kHz for
Si IGBTs), reducing motor current ripple and acoustic noise while maintaining >98% inverter effi-
ciency [11].

5.1.2. DC Fast Charging Converter

DC fast charging stations (50-350 kW) leverage SiC’s high-voltage capability and efficiency [65].
Figure 13 shows a typical three-phase Vienna rectifier front-end with isolated DC-DC stage.

AC/DC DC/DC
I Vienna Rectifier I Stage I
| | |
| | be |
A A 4 -
B | - [ -1 DC |
IEINNE 3 T
| =T T | LA
Grid o H - Il Vo= EV
ixl lxl [ Battery
| C 1 1
I — ,E_ rz,—l T DC I
A A A 1
| | |
1 | DC |
| | |

Figure 13. SiC-based DC fast charging architecture: Vienna rectifier PFC front-end with isolated DC-DC converter,
adapted from [66].

The Vienna rectifier achieves near-unity power factor with reduced switch count compared to
conventional Pulse Width Modulation (PWM) rectifiers, while SiC enables operation at 30-50 kHz for
compact magnetic design.

5.1.3. Grid-Tied Solar Inverter

Central and string inverters for photovoltaic applications benefit from SiC’s efficiency at partial
load conditions [67]. Figure 14 shows a three-level T-type inverter topology.
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Figure 14. SiC-based T-type three-level inverter for grid-tied PV applications, adapted from [68]

Three-level topologies reduce the voltage stress on each device to Vpc /2, enabling higher DC-link
voltages (up to 1500 V for utility-scale installations) while maintaining acceptable dv/dt levels. The
output voltage Total Harmonic Distortion (THD) is significantly improved:

THD3L =~

THD,;
. ©)

5.2. GaN Conwverter Topologies

Implementing GaN devices in power converter topologies requires careful consideration of their
unique characteristics [69,70]. Printed Circuit Board (PCB) layout is critical for achieving optimal
performance.

5.2.1. Buck Converters

The synchronous buck converter represents an ideal topology for demonstrating GaN advan-
tages [71]. The inductance value is selected to maintain Continuous Conduction Mode (CCM) opera-

tion [72]:

Vout(‘/in - Vout)
[— 10
Vin 'fsw : AIL ( )

Output voltage ripple is given by:

AIL

AVyy = Al -ESR+ ——
out k stwcout

(11)

5.2.2. Interleaved Buck Converters

Interleaving multiple phases provides significant advantages in high-current applications [73].
The current imbalance between phases is [74]:

AL/L + ARDS /RDS
AIimhalpmce = Iout - N(on) (on) (12)

5.2.3. Dual Active Bridge Converters

The DAB converter has emerged as a leading topology for bidirectional isolated DC-DC conver-
sion [75,76]. Zero Voltage Switching (ZVS) operation is achievable over a wide load range. The average
power transfer is [77]:

nV1V; |(P|
=_124p(1 -1 1
27Tsts¢< T (13)
The inductor current evolution is:
) . 1t
(1) = i1s(0) + - [ o()ar (14)
S
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5.2.4. Multilevel DAB Topologies

For medium-voltage applications (>1 kV), multilevel DAB topologies extend capabilities [78].
The three-level Neutral Point Clamped (NPC) DAB reduces voltage stress on individual switches:

Vi
szitch,BL = TC < szitch,ZL = Vdc (15)

5.3. GaN Technology Evolution: Vertical GaN and BDS for Converter Topologies

While the preceding sections focused on established SiC and lateral GaN technologies, this
section examines how emerging GaN device architectures—specifically vertical GaN and monolithic
bidirectional switches (BDS)—are reshaping converter design possibilities. Table 7 provides a topology-
by-topology analysis of how these emerging technologies compare to established SiC solutions.

5.3.1. Vertical GaN: Challenging SiC in Medium-Voltage Applications

Vertical GaN power devices represent a paradigm shift from traditional lateral GaN-on-Si HEMTs,
enabling operation at 1.2 kV and beyond—voltage classes currently dominated by SiC [54,55]. Unlike
lateral devices where breakdown voltage scales with chip area, vertical GaN conducts current per-
pendicular to the substrate, allowing voltage scaling through drift layer thickness while maintaining
compact die dimensions.

Topology Implications:

Three-Phase Traction Inverters: The traditional domain of SiC MOSFETs, traction inverters are a
prime target for vertical GaN. Onsemi’s 1,200 V vGaN technology demonstrates nearly 50% lower
losses compared to lateral GaN and approximately 3 x smaller die size [55]. The superior switching
figure of merit (R, X Qg) enables switching frequencies of 50-100 kHz while maintaining efficiency
above 99%, compared to 10-20 kHz typical for SiC traction inverters. The reduced Q,ss also simplifies
soft-switching in resonant topologies.

DC Fast Charging (Vienna Rectifier and DAB): For 800 V battery systems, 1.2 kV vertical GaN enables
single-device implementations without series stacking. The absence of dynamic R, degradation—a
key reliability concern in lateral GaN HEMTs [79]—makes vertical GaN particularly attractive for high
duty-cycle applications like DC fast chargers.

Grid-Tied Inverters: Medium-voltage applications (1500 V DC-link for utility-scale PV) require
3.3 kV device ratings. Vertical GaN development is progressing toward this voltage class, with 2.3 kV
demonstrations reported in research [58]. When commercially available, vertical GaN could challenge
SiC in this application through superior switching speed.

Key Advantages over Lateral GaN:

*  Voltage scaling through drift layer thickness rather than lateral area
*  No dynamic R, degradation (no surface traps)
¢ Avalanche capability similar to SiC MOSFETs
¢ Reduced chip area for given voltage/current rating
Current Limitations:
*  Limited substrate availability (2-4 inch GaN-on-GaN)
¢ Higher substrate cost compared to SiC or GaN-on-5i
¢ Manufacturing maturity gap (TRL 4-5 vs. TRL 8-9 for SiC)
¢  Projected commercialization: 2026-2028 for 1.2 kV class

5.3.2. Bidirectional GaN Switches: Enabling Single-Stage Power Conversion

Monolithic bidirectional switches (BDS) represent perhaps the most transformative GaN inno-
vation for power converter topologies [59,61]. By integrating four-quadrant operation (bidirectional
current flow and bipolar voltage blocking) into a single device, GaN BDS enables entirely new converter
architectures previously impractical with discrete devices.
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Revolutionary Topology Enablement:

Single-Stage AC-DC Conversion: Traditional two-stage converters (PFC + isolated DC-DC) require
intermediate DC-link capacitors—often the largest, heaviest, and least reliable components. GaN
BDS enables single-stage isolated conversion through cycloconverter and matrix-type topologies,
eliminating the DC-link entirely [60]. Benefits include:

*  40-50% size reduction in EV on-board chargers

¢  Elimination of electrolytic capacitors (improved reliability)
* Inherent bidirectional power flow (V2G capability)

e Higher efficiency through single-stage conversion

Matrix Converters (Direct AC-AC): Matrix converters provide direct frequency conversion without
DC-link, but historically required complex discrete switch arrays. Each bidirectional switch position
previously needed four discrete transistors in anti-series/anti-parallel configuration, quadrupling
component count and on-resistance. A single GaN BDS replaces this four-device array, making matrix
converters practical for:

®  Variable-frequency motor drives
*  Solid-state transformers
e  Grid frequency conversion

Vienna Rectifiers and T-Type Inverters: These three-level topologies require bidirectional switches
for the neutral-point connection. Replacing back-to-back discrete switches with GaN BDS provides:

*  50% reduction in on-resistance for bidirectional current path

e  Simplified gate drive (two isolated channels vs. four)

*  Higher switching frequency capability (>100 kHz vs. 30-50 kHz)
e  Reduced PCB complexity and parasitic inductance

HERIC Inverters for PV: The HERIC topology uses bidirectional switches to decouple the PV
array from the grid during freewheeling periods, reducing common-mode leakage current. GaN BDS
enables MHz-frequency operation of HERIC inverters while supporting reactive power compensation
for grid support functions.

Current-Source Inverters (CSI): CSI topologies require bidirectional voltage blocking, traditionally
achieved with series diodes that increase losses. GaN BDS provides native bidirectional blocking with
lower on-resistance, enabling CSI adoption for high-power motor drives with improved efficiency and
inherent short-circuit protection [80].

Table 7. GaN Technology Evolution: Impact on Converter Topologies vs. Established SiC.

Topology Current SiC Solu- Vertical GaN Poten- GaN BDS Potential Timeline
tion tial
Traction Inverter 1.2kV SiC MOSFET, 1.2 kV vGaN, 50- Not applicable vGaN: 2027-2029

Vienna Rectifier
DAB Converter
T-Type Inverter
Matrix Converter
HERIC (PV)

CSI Motor Drive

Single-Stage OBC

10-20 kHz

Back-to-back SiC, 30—
50 kHz

SiC for >50 kW, ZVS
operation

Discrete SiC neutral
switches

Complex discrete ar-
rays

Discrete
switches

Si/SiC
SiC + series diodes

Two-stage (PFC +
DC-DC)

100 kHz, 50% lower
losses

Higher frequency,
smaller magnetics

Smaller transformer,

higher frequency

Enhanced switching
speed

N/A

N/A

Native  blocking,
lower losses

N/A

Single-device solu-
tion, 100 kHz+
Single-stage capabil-
ity

50% lower R,;;, sim-
plified drive

Revolutionary:
single-device BDS

MHz operation, grid
support

Native bidirectional
blocking

Eliminates DC-link
capacitor

BDS: 2025-2026

vGaN: 2028+

BDS: Available now

BDS: 2025-2026

BDS: Available now

Both: 2027+

BDS: 2025-2026
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5.3.3. Design Guidelines for Technology Selection

Based on the analysis of current SiC capabilities and emerging GaN technologies, the following
guidelines assist designers in technology selection:
Continue with SiC when:

*  Voltage requirements exceed 1.2 kV (until vertical GaN matures)
¢  High current (>100 A) with established supply chain is required
®  Short-circuit withstand capability is critical

*  Junction temperatures exceeding 175°C are needed

*  Proven reliability and qualification data are mandatory

Consider Vertical GaN when (2027+ timeframe):

*  Maximum switching frequency above 50 kHz is beneficial

¢  Power density is the primary optimization target

¢ Dynamic R,y stability is critical (continuous hard-switching)
¢ Avalanche capability with superior switching FOM is desired
*  Voltage class is 650 V-1.2 kV

Adopt GaN BDS when:

*  Bidirectional current flow and voltage blocking are required

*  Single-stage conversion topology is feasible

. DC-link capacitor elimination is valuable (size, reliability, cost)
*  Vienna, T-type, HERIC, or matrix topologies are employed

*  Switching frequency above 100 kHz is targeted

*  Grid-connected applications require reactive power support

5.3.4. Market and Technology Outlook

The convergence of vertical GaN and BDS technologies is expected to accelerate the displace-
ment of SiC in specific application segments while opening entirely new topology possibilities. Key
milestones include:

e 2025: Commercial 650 V GaN BDS devices (Infineon, Navitas); initial vertical GaN sampling at
700-1200 V

e 2026-2027: Production vertical GaN for EV traction; BDS adoption in solar microinverters

e 2028-2030: Vertical GaN challenging SiC in medium-voltage segments; matrix converters becom-
ing mainstream

e 2030+: Potential vertical GaN extension to 3.3 kV for grid applications

The combination of vertical GaN for high-voltage unidirectional applications and BDS for bidi-
rectional topologies positions GaN technology as a comprehensive competitor to SiC across the
medium-voltage power electronics landscape, rather than remaining confined to the sub-650 V market
segment.

6. SiC vs. GaN: Comprehensive Comparison
6.1. Topology-Specific Comparison

The selection between SiC and GaN devices depends critically on the converter topology, power
level, voltage class, and switching frequency requirements. Table 8 provides a comprehensive compar-
ison for the major power converter topologies.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.2280.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 January 2026 d0i:10.20944/preprints202601.2280.v1

19 of 32
Table 8. SiC vs. GaN Comparison for Major Power Converter Topologies.
Topology SiC Advantages GaN Advantages Recommended
Higher voltage oo
Two-Level VSI (1.2-3.3 kV), better Lower switching losses, SiC (>100 kW)
smaller passives
thermal
Buck (<1 kW) Better thermal margin 10 lower Q.g , MHz GaN
operation
. . Lower switching losses .
Buck (>10 kW) Higher current handling at 100-500 kHz SiC
Better current sharin Phase current
Interleaved arihg, cancellation, smaller Application dependent
thermal stability .
magnetics
DAB (<20 kW) Wide ZVS range >500 kHz, smaller GaN
transformer
DAB (>50 kW) 1.2kV/>100 A devices Lower turn-off losses SiC
Vienna Rectifier Higher voltage margin Lower TH?S;"H}‘ higher GaN ((>< ;(? E‘XV])); SiC
1700 V devices for 1500 V BDS enables . . .
T-Type/NPC PV single-package solution GaN (resid.); SiC (utility)
LLC Resonant Wide input range, stable Very low Cyss, enables GaN
Coss >1MHz

6.2. Efficiency and Loss Comparison

The total losses in a power converter include conduction and switching components. For a given
topology, the device selection significantly impacts both:

Conduction losses: SiC MOSFETS exhibit positive temperature coefficient of Rpg/,,,), improving
current sharing in parallel configurations but increasing losses at elevated temperatures. GaN HEMTs
have flatter temperature dependence and lower specific on-resistance (R, - A) below 650 V, but require
more devices in parallel for high-current applications.

Switching losses: GaN devices achieve 3-10x lower switching energy (Esy) than equivalently-
rated SiC MOSFETs due to smaller gate charge and output capacitance. This advantage enables
proportionally higher switching frequencies, reducing passive component size according to:

1 1

X — C,iy X —
min fsw

Linin f 7 (16)
sw

6.3. Application-Specific Recommendations

Based on the comprehensive analysis, the following guidelines emerge:

EV Traction Inverter (>100 kW, 400-800 V): SiC MOSFET is the clear choice due to 1.2 kV voltage
rating, superior thermal management, and proven reliability. GaN may enter this space with vertical
GaN devices in the 2027-2030 timeframe.

On-Board Charger (3.3-22 kW): GaN preferred for 6.6-11 kW class where MHz switching enables
significant size reduction. SiC competitive at 22 kW and above where thermal management dominates.

DC Fast Charging (>50 kW): SiC dominates due to 800-1000 V DC-link requirements and high
power levels.

Server/Telecom PSU (1-3 kW): GaN preferred for highest power density and efficiency in space-
constrained applications.

Solar String Inverter (5-20 kW): GaN increasingly competitive with SiC, offering efficiency >99%
with smaller EMI filters. BDS-enabled single-stage topologies emerging.

Motor Drives (<10 kW): GaN enables higher PWM frequencies reducing motor losses and
acoustic noise. Current-source inverters with GaN BDS offer EMI advantages.
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6.4. Gate Driver Requirements

The fundamental differences between Si, SiC, and GaN devices necessitate distinct gate driver
designs. The key factor differentiating WBG and Si driving characteristics is the much faster transient
capability of WBG devices, requiring shorter driver rise/fall times and propagation delays [81]. Table 9
provides a comprehensive comparison of gate driver requirements.

Table 9. Gate Driver Requirements Comparison: Si vs. SiC vs. GaN, data taken from [81-83].

Parameter Si MOSFET/IGBT SiC MOSFET GaN HEMT
Vs Turn-on +10to +15V +15to +20V +5to+6 'V
Vs Turn-off ov —3to -5V ov
Gate Charge (Qg) 50-500 nC 20-100 nC 1-10 nC
Peak Drive Current 14 A 4-10 A 1-5A
Propagation Delay 50-200 ns 20-50 ns <20ns
dV /dt Immunity 10-50 V/ns 50-150 V/ns 100-300 V/ns
Negative Bias Req. Optional Required Not Required
Miller Plateau Flat, defined Higher, not flat Low, fast
Vi, Range 2-4V 1.54V 12V

6.4.1. SiC MOSFET Gate Drive Considerations

SiC MOSFETSs require careful gate drive optimization to achieve reliable high-speed switching [82].
The recommended gate-source voltage is typically +18 to +20 V for turn-on to minimize on-resistance,
with —3 to —5 V for turn-off to ensure complete channel depletion and prevent spurious turn-on from
dV /dt-induced Miller current. The non-flat Miller plateau characteristic of SiC MOSFETSs, occurring
at higher Vg than silicon devices, is a consequence of the lower transconductance inherent to SiC.
SiC devices also exhibit higher internal gate resistance (R i,¢), which can limit switching speed if the
external gate driver impedance is not sufficiently low.

Key protection features for SiC gate drivers include desaturation detection with response times
below 200 ns for short-circuit protection, active Miller clamping to prevent false turn-on during high
dV /dt transients, and Under-Voltage Lockout (UVLO) for both positive and negative supply rails.

6.4.2. GaN HEMT Gate Drive Considerations

Enhancement-mode GaN HEMTs present unique gate drive challenges due to their low threshold
voltage (typically 1-2 V), limited gate voltage range (maximum Vs of 6-7 V), and extremely fast
switching capability [18,81]. The gate structure in p-GaN HEMTs is essentially a forward-biased diode,
which can conduct significant gate current if V55 exceeds the forward voltage.

GaN devices benefit significantly from integrated gate drivers that minimize parasitic inductance
in the gate loop. Products such as Navitas GaNSafe and EPC eGaN ICs integrate the gate driver with
the power transistor in a single package, achieving zero gate-source loop inductance and enabling
switching frequencies up to 2 MHz [84]. For discrete GaN implementations, the gate driver should
be placed as close as possible to the device with minimal loop area, and Common-Mode Transient
Immunity (CMTI) exceeding 100 V/ns is essential.

7. System-Level Implications and Benefits

The adoption of WBG devices yields measurable improvements that extend well beyond simple
device-level metrics [8,85].

7.1. Efficiency Improvements and Economic Impact

WBG devices enable efficiency gains of 2-5% in most power conversion applications. Table 10
quantifies the economic advantages across different application sectors.
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Table 10. Economic Benefits of WBG Adoption Across Application Sectors.
Sector Application 7 Impr. Savings Payback
Server PSU o

Data Center (10 MW) 94—97% $450k /yr 1.5yr

EV Traction inverter 96—99% +20km Immed.
String inv. o
Solar PV (1MW) 96—98.5% $35k/yr 2yr
Variable
Industrial Frequency Drive 95—98% $22k/yr 25yr
(VED) (500 kW)

Telecom 5G base station 92—95% $8k/site 1.8yr

Aerospace Aux. power unit 93—97% —15kg Immed.

7.2. Passive Component Reduction

Operating at higher switching frequencies enables proportional reduction in magnetic component

size [86,87]:
P-AB

f sw
Increasing switching frequency from 20-50 kHz to 200-500 kHz (SiC) or MHz ranges (GaN)
enables 5-20x reduction in magnetic component volume [88].

Vmag & (17)

7.3. Key Performance Indicators Comparison

Table 11 provides a comprehensive comparison of Key Performance Indicators (KPIs) between
silicon and WBG systems [8].

Table 11. Key Performance Indicators: Silicon vs. WBG Comparison, data taken from [8].

KPI Silicon WBG
Peak efficiency (1 eqr) 94-97% 98-99.5%
Power density 3-8 kW/L 15-50 kW/L
Specific power 2-5kW/kg 820 kW/kg
Switching frequency (fsw) 20-100 kHz 0.2-2 MHz
Maximum junction temp. 150°C 175-200°C
(Tj,max)
Total harmonic distortion o o
(THD) 3-8% 1-3%
Voltage slew rate (dv/dt) 5-15kV/us 50-200 kV /us
Current slew rate (di/dt) 1-5kA/us 10-50 kA /us

7.4. SiC System Benefits

The adoption of SiC technology delivers quantifiable advantages with respect to Silicon devices
across multiple system dimensions [8]:

Efficiency improvements: S5iC MOSFETs achieve 2-5% higher conversion efficiency compared to
Si IGBTs in high-power applications, primarily due to elimination of tail current losses and reduced
conduction losses at elevated temperatures. In EV traction inverters, this translates to 5-8% extended
driving range [11].

Power density: The combination of reduced losses and higher junction temperature capability
(T} max = 175-200°C vs. 150°C for Si) enables 30-50% reduction in heatsink volume. Wolfspeed’s XM3
power module achieves 3x the power density of equivalent Si IGBT modules [89].

Thermal management simplification: Higher-temperature operation reduces the temperature
differential between junction and ambient, enabling passive cooling solutions in applications previously
requiring active cooling. This eliminates fan maintenance, acoustic noise, and reliability concerns
associated with moving parts.
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System cost reduction: While SiC devices carry a 2-3 x premium over Si equivalents, total system
cost is often reduced by 10-25% when considering smaller passive components (inductors, capacitors,
heatsinks), simplified cooling systems, and reduced enclosure size [8].

8. Application Landscape and Case Studies

The distinct characteristics of SiC and GaN have led to natural market segmentation based on
voltage class, power level, and switching frequency requirements [47,90].

8.1. Automotive and Transportation Applications

SiC transistors are widely implemented in traction inverters for hybrid and electric vehicles—
Tesla, for instance, has utilized SiC technology since 2017, achieving 5-8% improvement in vehicle
range through increased inverter efficiency [11,12]. The transition from Si IGBTs to SiC MOSFETs in
automotive applications has been driven by multiple factors: reduced cooling system requirements
(enabling 30-40% reduction in radiator volume), increased power density (allowing more compact
inverter designs), and improved cold-weather performance due to lower conduction losses [62,63].

Beyond traction inverters, SiC devices are also used in on-board chargers (OBCs) and DC-DC
converters for high-performance vehicles. In OBC applications, SiC enables bidirectional power
flow with efficiencies exceeding 96% across the entire power range, facilitating Vehicle-to-Grid (V2G)
integration [65,91]. However, GaN devices are increasingly competing with SiC in lower-power OBC
segments (typically below 11 kW) and DC-DC converter applications, where their superior switching
speed and lower gate charge offer advantages in high-frequency operation [92].

GaN-based devices becomes particularly preferable over SiC counterparts in several application
scenarios. For low-to-medium power OBCs (3.3-11 kW), GaN’s lower switching losses at frequencies
above 100 kHz enable higher power density and reduced passive component size, while maintaining
competitive costs at these power levels [93]. For isolated DC-DC converters (400 V to 12/48 V), GaN'’s
fast switching enables resonant and quasi-resonant topologies with switching frequencies exceeding
500 kHz, significantly reducing magnetic component volume [94].

Table 12 summarizes the adoption of WBG devices in electric vehicle applications by major
manufacturers [95,96].

Table 12. WBG Device Adoption in Electric Vehicle Applications, data taken from [95,96].

OEM Model Tech Application Perf. Gain Year
Tesla Model 3/Y SiC Traction +8% range 2017

Inverter

. Traction + +5%
BYD Han EV SiC OBC efficiency 2020
Lucid Air SiC 900V Inverter ~ +10% range 2021
. . 800V .

Hyundai IONIQ 5 SiC Charging 18 min charge 2021
Mercedes EQS SiC Iraction +6% range 2022

Inverter
BMW iX GaN OBC 40% size red. 2022
Porsche Taycan SiC 800V System  270kW charge 2019
VW ID.7 SiC APP310 Inv. +5 N 2023

efficiency

8.2. Consumer Electronics and Power Delivery

GaN transistors are commonly used in power supplies and chargers for consumer electronics
like smartphones and laptops. Thanks to their ability to operate at switching frequencies exceeding
1 MHz [78,97], GaN enables the development of more compact and powerful chargers—up to three
times smaller than traditional Si-based AC-DC converters. The high-frequency operation allows for a
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significant reduction in passive component size: at 1 MHz, inductors and capacitors can be reduced to
10-20% of their 100 kHz equivalents [98].

GaN devices are also increasingly used in premium photovoltaic (PV) inverters where efficiency
improvements of 0.5-1% translate to significant lifetime energy gains. For a typical 5 kW residential
system, a 1% efficiency improvement yields approximately 400-500 kWh additional energy annually,
corresponding to €50-80 in extra revenue over a 25-year lifetime [67]. Recent developments include
multi-level topologies (NPC, T-type, Active Neutral Point Clamped (ANPC)) that leverage GaN’s fast
switching to achieve peak efficiencies of 99.2% in the 5-20 kW range [99].

9. Reliability and Practical Constraints

While WBG devices offer superior performance, successful deployment requires careful attention
to specific reliability challenges for both SiC and GaN technologies [100,101]. Hereafter, a comparison
between SiC and GaN devices’ reliability is carried out.

9.1. SiC Technology Challenges

Despite significant progress, SiC technology faces several practical challenges requiring careful
consideration in system design [102,103]:

Gate oxide reliability: The SiC/SiO; interface exhibits higher defect density than Si/SiO;, leading
to threshold voltage instability under bias-temperature stress. Modern devices employ nitrogen
annealing and optimized oxide growth to mitigate this, achieving lifetimes exceeding 107 hours at
rated conditions [102].

Body diode performance: The intrinsic body diode of SiC MOSFETs exhibits significant forward
voltage drop (3—4 V) and associated conduction losses during dead-time intervals. Anti-parallel SiC
Schottky diodes or synchronous rectification techniques address this limitation.

Short-circuit withstand time: SiC MOSFETs typically withstand short-circuit conditions for
2-5 us, compared to 10 us for Si IGBTs. Fast desaturation detection (<200 ns) and active gate clamping
are essential protection features [104].

Cost premium: SiC devices remain 2-3 x more expensive than Si equivalents on a per-amp basis,
though the transition to 200 mm wafer production (operational by 2026) is expected to reduce this
premium to 1.5-2x by 2028 [105].

9.2. GaN Technology Challenges
9.2.1. Dynamic On-Resistance

GaN devices can exhibit increased Rpg,y) after blocking high voltages—a phenomenon known
as dynamic on-resistance or current collapse [79,106]. This occurs due to charge trapping in the AlGaN
barrier or GaN bulffer layers. The magnitude of degradation can reach 2-5x the static value.

The time constants for trap filling and emission range from microseconds to seconds [107].
Mitigation strategies include operating with reduced blocking voltage margins, gate voltage opti-
mization during off-state, using p-GaN gate technology, and selecting devices with optimized buffer
designs [108].

9.2.2. Short Circuit and Overcurrent Protection

GaN HEMTs have limited short-circuit withstand time (<1 us) compared to SiC MOSFETs
(2-5 ps) and Si IGBTs (10 ps) [104]. This necessitates extremely fast protection schemes including
desaturation detection with <100 ns response time, active gate clamping, and fast shutdown protocols
with controlled di/dt.
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9.3. Common Reliability Considerations
9.3.1. Threshold Voltage Instability
Both SiC and GaN devices experience threshold voltage shifts under bias-temperature stress [102,
103]. The shift typically follows:
AVy,(t) = Alog(1+t/71) (18)

where A and T are temperature and field-dependent parameters.
Modern gate drive designs address this through negative gate bias during off-state (Vgs = —2 to
—5 V for SiC), active gate charge monitoring, and temperature-compensated gate drive voltage [70].

9.3.2. Packaging and Thermal Management

Advanced packaging is critical for realizing WBG benefits [109,110]. Table 13 summarizes typical
parasitic values for different packaging technologies.

Table 13. Parasitic Inductance Comparison for Different Packages, data taken from [111,112].

Package Ly (nH) Lpcg (nH) Cpar (pF) Max f;, Range
TO-247 10-15 5-10 5-10 <100 kHz
D2PAK 5-8 3-5 3-5 <500 kHz
SMD (GaN) 0.5-2 1-3 1-2 >1 MHz
Chip-scale 0.1-0.5 0.5-1 0.5-1 >5MHz
DEN (QFN) 1-3 2-4 2-3 200-800 kHz
LGA 0.3-1 0.8-2 1-2 1-3 MHz

Key packaging requirements include low parasitic inductance (<5 nH for GaN, <10 nH for SiC),
low thermal resistance (<0.3 K/W junction-to-case), Coefficient of Thermal Expansion (CTE) matching
between die and substrate, and high-temperature capable material (>200°C) [113,114].

The junction temperature rise is:

ATj = Ploss * (Rth(j—c) + Rth(c—s) + Rth(s—a)) 19)

For transient thermal analysis [115]:

n
T](t> = Tumbient + Ploss 21 Rth,i (1 - eit/T’) (20)
1=

Key developments in power packaging require both to reduce the thermal resistance and capaci-
tance of the device, in order to allow a more effective heat removal.

10. Conclusions and Future Perspectives

Wide-bandgap and ultrawide-bandgap semiconductors represent a strategic enabling technology
for global sustainability initiatives, offering revolutionary improvements in power conversion efficiency
(2-5%), power density (3-5x), and thermal performance across critical applications from electric
vehicles to data centers and renewable energy systems [3,8].

This comprehensive review has employed a bottom-up approach to demonstrate that the transi-
tion from silicon to WBG materials provides measurable benefits at material, device, converter, and
system levels. Through detailed analysis of figures of merit, we showed that SiC and GaN offer
18-850x improvements in key performance metrics compared to silicon [24,27]. Case studies across
automotive, industrial, and consumer sectors quantified economic benefits including payback periods
of 1.5-2.5 years for most applications.

Emerging device technologies are extending WBG capabilities into new application domains.
Vertical GaN devices, with demonstrations of 1.2 kV+ blocking voltage and 50 A current capability,
are poised to challenge SiC in medium-voltage applications during the 2027-2030 timeframe [54,55].
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Monolithic bidirectional GaN switches enable revolutionary single-stage power conversion topologies,
eliminating DC-link capacitors and achieving up to 50% size reductions in EV chargers and solar
inverters [59,61]. The comprehensive topology comparison presented in this review provides design
engineers with practical guidelines for optimal device selection across application domains.

The emergence of UWBG materials represents the next frontier in power semiconductor develop-
ment. -GapOs offers exceptional BFOM (3444 x silicon) and cost-effective melt-growth production,
with 4-inch wafers commercially available and commercialization projected for 2027-2030. AIN has
demonstrated record electric field capability (7.3 MV /cm) through innovative distributed polarization
doping, with European consortia establishing complete value chains and commercialization expected
in the 2030s. Diamond, the ultimate semiconductor material with BFOM 50,000 x silicon, has achieved
breakthrough demonstrations including 4.6 kV devices and the first n-channel MOSFETs, with Japanese
industry targeting vehicle applications by the 2030s. Cubic boron nitride (c-BN), with the highest
bandgap (6.4 eV) among practical semiconductors and superior doping flexibility compared to dia-
mond, offers potential for ultra-high-voltage (>10 kV) applications, though manufacturing scalability
remains a key challenge with commercialization projected beyond 2035 [39,41].

However, successful deployment requires addressing specific challenges including dynamic on-
resistance degradation in GaN devices [79], threshold voltage instability in both SiC and GaN [102,103],
electromagnetic interference from fast switching transitions [116], and limited short-circuit withstand
capability [104]. Advanced gate drive designs optimized for each technology, as detailed in Table 9,
along with optimized PCB layouts and sophisticated control algorithms provide effective mitigation
strategies.

Supply chain considerations have become increasingly important, with geopolitical tensions
creating parallel technological ecosystems and highlighting the need for diversified sourcing strategies.
The concentration of gallium production in China and the strategic importance of WBG semiconductors
for electric vehicles, renewable energy, and defense applications underscore the need for continued
investment in domestic manufacturing capabilities.

Future research directions include development of standardized reliability testing protocols for
WBG devices, integration of on-chip protection and diagnostic functions, advanced packaging solutions
for higher power densities [113], Al-based optimization of converter control and EMI mitigation, and
continued development of UWBG materials toward commercial viability.

As manufacturing yields improve and costs decrease—with approximately 20% year-over-year
cost reductions observed over the past five years [89]—WBG adoption will continue to accelerate. The
emergence of 200 mm (8-inch) SiC wafer production and continued scaling of GaN-on-5i technology
will further improve economics. Within the next decade, WBG devices are expected to dominate
medium and high-power applications, while UWBG materials will enable the next generation of ultra-
high-voltage systems essential for grid infrastructure, space applications, and extreme environments.
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Abbreviations

The following abbreviations are used in this manuscript:

2DEG

BDS

BJT

c-BN
CMTI

CVD
DFN
DPD

E-mode

EV
FzZ
HEMT

HVDC

JAXA
KFOM
MOSFET
OBC
PFC

PSU
QFN
SiC
THD
UWBG
VSI

Two-Dimensional  Electron
Gas
Bidirectional Switch

Bipolar Junction Transistor

Cubic Boron Nitride
Common-Mode Transient Im-
mun.

Chemical Vapor Deposition
Dual Flat No-lead

Distributed Polarization Dop-
ing

Enhancement Mode

Electric Vehicle
Floating Zone
High Electron Mobility Trans.

High-Voltage Direct Current

Japan Aerospace Expl. Agency
Keyes’ Figure of Merit
Metal-Oxide-Semicond. FET
On-Board Charger

Power Factor Correction

Power Supply Unit

Quad Flat No-lead

Silicon Carbide

Total Harmonic Distortion
Ultrawide-Bandgap
Voltage Source Inverter

AIN

BFOM

CAGR

CCM
CSI

Ccz
D-mode
EFG

ESR

FET
GaN
HERIC

IEDM

JFET
KPI
NIMS
OEM
PLA

14
RF
SMD
TRL
V2G
WBG

Aluminum Nitride
Baliga Figure of Merit

Compound Annual Growth
Rate

Continuous Conduction Mode
Current Source Inverter

Czochralski
Depletion Mode
Edge-defined
Growth
Equivalent Series Resistance

Film-fed

Field-Effect Transistor
Gallium Nitride

Highly Eff. & Reliable Inv. Con-
cept

Intl. Electron Devices Meeting

Junction Field-Effect Trans.
Key Performance Indicator
Natl. Inst. for Materials Sci.
Original Equip. Manufacturer
Pulsed Laser Annealing

Photovoltaic

Radio Frequency

Surface Mount Device
Technology Readiness Level
Vehicle-to-Grid
Wide-Bandgap

ANPC

BHFFOM

CAVET

CHFFOM
CTE

DAB
DOE
EMI

ETRI

FOM
h-BN
HPHT

IGBT

JFOM
LGA
NPC
PCB
PRISMA

PWM
SBD
TFOM
UVLO
VFD
ZVS

Active  Neutral Point
Clamped

Baliga High-Frequency
FOM

Current Aperture Vertical
Electron Trans.

Combined High-Freq. FOM
Coeff. of Thermal Expan-
sion

Dual Active Bridge
Department of Energy
Electromagnetic Interfer-
ence

Korea Elec. & Telecom. Res.
Inst.

Figure of Merit

hexagonal Boron Nitride
High-Pressure High-Temp.

Insulated-Gate Bipolar
Trans.

Johnson’s Figure of Merit
Land Grid Array

Neutral Point Clamped
Printed Circuit Board

Pref. Rep. Items for Syst.
Rev.

Pulse Width Modulation
Schottky Barrier Diode
Thermal Figure of Merit
Under-Voltage Lockout
Variable Frequency Drive
Zero Voltage Switching
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