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Abstract

Wide bandgap (WBG) semiconductors such as gallium nitride (GaN) and silicon carbide
(5iC) have revolutionized modern power electronics by enabling devices that operate at
higher voltages, temperatures, and switching frequencies than their silicon counterparts.
This paper reviews the material properties, device architectures, fabrication techniques,
and thermal management strategies that underpin the performance of GaN and SiC tech-
nologies. We highlight key trade-offs between GaN and SiC in terms of voltage blocking
capability, switching efficiency, and thermal robustness and discussed their application
in electric vehicles, renewable energy systems, and power converters. Market adoption
trends and manufacturing challenges are also analyzed, with attention to cost-performance
dynamics and packaging innovations. Finally, we address the critical role of thermal bound-
ary resistance and emerging reliability solutions, providing a perspective on the future
trajectory of WBG device research and commercialization.

Keywords: wide bandgap semiconductors; GaN; SiC; gallium nitride; silicon carbide;
power electronics

1. Introduction

Silicon has historically served as the backbone of power electronics, but its physical
limitations in bandgap energy, thermal conductivity, and breakdown field are increasingly
evident in high-performance applications [1]. Wide bandgap semiconductors such as
gallium nitride (GaN) and silicon carbide (SiC) have emerged as leading alternatives
because of their superior intrinsic properties, including larger band gaps, higher electron
mobility, and higher thermal stability [2—4].

GaN devices, most notably high-electron-mobility transistors (HEMTs), operate based
on strong polarization effects in wurtzite structures, which enable the formation of
high-density, two-dimensional electron gases with low on-resistance and high carrier
mobility [5,6]. These attributes make GaN highly suitable for compact, high-frequency
converters, consumer electronics, and fast-charging applications [7]. However, GaN suf-
fers from limited substrate availability and reliability challenges when grown on foreign
substrates such as silicon due to lattice mismatch and thermal expansion differences [8-10].

SiC, by contrast, offers a mature manufacturing base with commercially available
4H-5iC substrates and excellent thermal conductivity [11]. This enables SiC metal-oxide-
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semiconductor field-effect transistors (MOSFETs) to operate reliably at elevated temper-
atures, making them attractive for applications such as electric vehicle traction inverters
and renewable energy converters [12,13]. Nevertheless, defect structures such as basal
plane dislocations and threading screw dislocations remain a concern for long-term reliabil-
ity [14,15].

Beyond their material and device-level differences, both GaN and SiC face system-
level challenges. High-frequency operation can exacerbate electromagnetic interference
and parasitic effects, while thermal boundary resistance at material interfaces has become
a critical factor in determining device lifetime and performance [16-18]. Research into
interface engineering, novel heat spreaders, and advanced packaging continues to push
the boundaries of what WBG devices can achieve and the environments in which they can
achieve it.

This paper reviews the comparative properties of GaN and SiC, their fabrication
and packaging techniques, and their application in key sectors such as electric vehicles,
renewable energy, and power conversion. We also address emerging strategies in thermal
management and reliability, which remain essential to the next phase of wide bandgap
device commercialization. This review integrates the GaN versus SiC landscape for power
electronics across material properties, device topologies, fabrication and packaging con-
straints, and application-driven trade-offs, then connects those fundamentals to adoption
and industry roadmaps. A timeline of the history of GaN and SiC devices is provided in
Figures 1 and 2.
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Figure 1. Timeline of SiC milestones [12,19-32].
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Figure 2. Timeline of GaN milestones [33-52].

2. Material Properties of Wide Bandgap (WBG) Semiconductors, GaN
and SiC

2.1. Gallium Nitride (GaN)
2.1.1. GaN and Alloys

Gallium nitride (GaN) has gained significant popularity in high-power electronics
due to its high bandgap, electron mobility, etc. GaN has formed the basis for high-electron-
mobility transistors (HEMTs). Furthermore, the addition of other elements allows for
tunable material properties and device structures. This section introduces properties of
GaN, including its alloy with Aluminum (AlGaN).

GaN most commonly crystallizes in the wurtzite (hexagonal) structure under typical
growing conditions. While GaN can crystallize in the zincblende (cubic) configuration,
this requires constrained epitaxial conditions, which make it more difficult to grow. Fur-
thermore, it was shown that GaN wurtzite structures have a larger bandgap than their
zincblende counterpart [53,54].

Moreover, wurtzite structures exhibit strong spontaneous and piezoelectric polariza-
tion along the c-axis, as shown in Figure 3.

(b.)

Figure 3. (a) Zincblende (gallium blue and nitrogen green) [55] and (b) wurtzite (gallium yellow and
nitrogen white) GaN [56] structures.

Aluminum gallium nitride (AlGaN) incorporates into the GaN lattice, allowing the
alloy to have an improved bandgap and polarization fields across the heterojunction due
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to the lattice mismatch. Therefore, AlGaN makes a very good barrier layer, creating a
high-density 2D electron gas (2DEG) channel at the junction without intentional doping.

2.1.2. Carrier Mobility and 2D Electron Gas (2DEG)

High carrier mobility in GaN high-electron-mobility-transistors (HEMTs) is largely
due to the formation of 2DEG at the heterojunction of AlIGaN/GaN. Because of strong spon-
taneous and piezoelectric polarization inherent in wurtzite crystals, charge accumulates
at the polarization discontinuity between GalN and AlGaN. This mismatch occurs when
AlGaN is grown on GalN, producing a polarization discontinuity and inducing a fixed
positive sheet charge on the AlGaN [5]. In turn, this creates a strong internal electric field,
attracting electrons to the GaN side. This structure offers high electron mobility with low
on-resistance. The confinement of charges within this channel reduces polar optical phonon
interactions and ionized impurity scattering. This thereby enhances electron mobility
through this channel and increases efficiency [6].

2.1.3. GaN-on-5Si

GaN-on-Si is a cost-effective option when producing WBG devices due to the
abundance of large-diameter silicon wafers and compatibility with CMOS-capable pro-
cesses. However, GaN and Si have significant thermal expansion coefficients (TECs)
(5.59 x 107 K~! for GaN and 2.6 x 10~ K~! for Si) and 17% lattice mismatch. These
inconsistencies during epitaxy lead to high defect densities, stress, and cracking during cool
down, even in films as thin as 4 um [8]. Despite these challenges, progress has been made
in growing up to 20 um-thick layers with lower-density dislocations [8,57]. Additionally,
advanced metal organic chemical vapor deposition (MOCVD) has reduced the thermal
and lattice mismatch [9]. By using an AIN/GaN superlattice buffer layer, GaN crystals
had improved quality [58]. Furthermore, low-temperature AIN interlayer and AlGaN
buffer layers have been shown to reduce dislocation densities [9]. Nevertheless, despite
high-quality GaN crystals [8,10,58,59], device reliability still trails GaN-on-SiC devices.

2.1.4. GaN-on-5iC

GaN-on-SiC offers a significantly better lattice and thermal expansion coefficient match
compared with GaN-on-Si. This compatibility results in lower defect densities, reduced
film stress, and superior thermal performance, making GaN-on-SiC the preferred platform
for high-power and high-frequency WBG devices.

However, during epitaxial growth, thermal resistance at the GaN/SiC interface can
limit heat dissipation, primarily due to the low thermal conductivity of the GaN buffer
layer [60]. To mitigate this issue, several strategies have been explored. These include hot-
wall MOCVD pretreatment of the SiC substrate and thinning the AIN nucleation layer, both
of which improve interface quality and thermal transport [61]. Another promising approach
is surface-activated bonding (SAB), which enables the direct bonding of GaN to SiC without
a transition layer, reducing interfacial resistance and simplifying the stack architecture.

Due to its favorable thermal and electrical properties, GaN-on-5iC remains the domi-
nant platform for commercial GaN power devices, particularly in applications demanding
high efficiency and thermal robustness.

2.2. Silicon Carbide (SiC)
2.2.1. SiC and Polytypes

Silicon carbide (SiC) exists in numerous crystalline structures due to its polymorphic
properties. Due to variations in growth conditions such as temperature, surface orientation,
or supersaturation during physical vapor transport (PVT) or chemical vapor deposition
(CVD) growth, different polytypes can be produced. While there are over 250 polytypes for
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SiC, 3C-5iC, 4H-SiC, and 6H-SiC (See Figure 4) possess higher bandgap energy and electron
mobility, making them better candidates for high-power electronics [4]. Consequently,
these materials have received the most attention from the power electronics industry.

Figure 4. (a) 4H-SiC [62], (b) 6H-SiC [63], and (c) 3C-SiC [64] structures. The colored lines highlight
the stacking sequence of the SiC bilayers.

These polytypes differ primarily in their bilayer stacking sequence, which alters their
band structure and physical properties. The most viable and commercially available poly-
type is 4H-SiC [11]. This is due to its wide band gap (3.28 eV), higher electron mobility
(800 cm?/Vs), and ease of manufacturing [3]. The following figure showcases each poly-
type’s different stacking structure, which directly correlates with its electrical properties.

2.2.2. Electrical and Thermal Properties

The bandgap, Wy, determines the electric field a material can withstand before electri-
cal breakdown, also known as the breakdown voltage, Eit.

As shown in Table 1, 4H-SiC has a much higher bandgap compared with the other
polytypes at 3.28 eV, which means it is more suitable for high voltage and temperature
applications. 3C-SiC features the highest electron mobility, making it more suitable for high-
frequency applications. Lastly, 6H-SiC achieves the best thermal conductivity compared
with 4H-5iC and 3C-SiC. High thermal efficiency allows these materials to disperse heat
faster, preventing a thermal runaway.

Table 1. Electrical and thermal properties of GaN and SiC [2,3].

Semiconductor Band Gap Critical Electric Field Electron Mobility Thermal Conductivity

Material Wg (eV) Ecrit (MV/cm) Hn (cm?/V e 5) A (W/cm o K)
Si 1.12 0.29 1350 1.5
3C-5iC 2.35 1.5 900 3.2
4H-5iC 3.28 2.2 800 3.8
6H-SiC 2.96 32 370 49
GaN 3.4 2.0 1700 2.5
Diamond 5.5 20 2200 20

2.2.3. Substrate Issues

Silicon carbide natively produces lattice-matched single-crystal SiC substrates, which
allow for homoepitaxial growth [65]. This enables the formation of high-quality SiC layers
that improve device performance and reliability by reducing dislocation densities. The
standard substrate material in commercial devices is 4H-SiC due to its thermodynamic
stability and favorable electrical properties. However, producing wafer-scale, high-quality
3C-5iC remains challenging, largely due to its tendency to transform into more stable
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hexagonal polytypes, such as 4H-SiC or 6H-5iC, during high-temperature growth [66,67].
The metastable cubic phase is especially sensitive to thermal processing, and this polytype
conversion leads to a high density of stacking faults and phase inclusions, limiting the
commercial viability of 3C-SiC despite its higher electron mobility.

Several substrate-related challenges still affect device cost, yield, and performance.
SiC substrates are typically grown using the physical vapor transport (PVT) method at
temperatures near 2300 °C [60]. While PVT enables the production of large wafers—now up
to 200 mm in diameter—it can introduce various crystalline defects, including micropipes,
basal plane dislocations (BPDs), threading screw dislocations (TSDs), and threading edge
dislocations (TEDs).

Among these, basal plane dislocations are particularly problematic in 4H-SiC power
devices, where they can cause bipolar degradation and forward voltage drift [14]. BPDs
tend to propagate along the growth direction, increasing defect density in thicker epitaxial
layers [60]. Under high power stress conditions, such as intense ultraviolet irradiation
(>1000 W/cm?), BPDs may also act as nucleation sites for stacking fault (SF) expansion,
potentially reaching the surface and leading to device failure. However, it has been shown
that reducing carrier lifetime in the buffer layer can suppress this expansion and mitigate
performance degradation [4]. Furthermore, high-quality homoepitaxial growth, particu-
larly on on-axis Si-face 4H-SiC substrates, has been shown to reduce BPD propagation
by promoting uniform step-flow growth and minimizing dislocation conversion during
epitaxy [68].

TSDs are crystallographic defects in SiC where the dislocation line and Burgers vector
are both aligned along the crystal’s c-axis, forming a screw-type dislocation. They are
considered among the most harmful defects because they significantly reduce breakdown
voltage in power devices. TSDs can also serve as sites for defect propagation during
epitaxial growth, leading to the formation of basal plane dislocations or stacking faults.
Reducing TSD density is critical for improving SiC device yield and reliability.

TEDs are edge-type dislocations that also thread along the c-axis but have a Burgers
vector perpendicular to the dislocation line. While less harmful than TSDs, TEDs can
degrade electrical performance by acting as scattering centers that reduce carrier mobility.
Under stress or during epitaxial growth, TEDs may glide into the basal plane, contributing
to stacking fault formation [15]. Managing TED density and behavior is important for
maintaining high-performance and long-lifetime SiC devices.

2.3. Availability

SiC substrates are commercially available and widely used in power devices, especially
for 4H-SiC, the most technologically relevant polytype. SiC wafers are typically produced
using physical vapor transport (PVT), which enables bulk, single-crystal growth with good
structural quality. Commercial SiC wafers are now routinely available in 100 mm and
150 mm diameters, with 200 mm wafers entering the market in limited volumes.

Despite these advances, the production of SiC remains complex and expensive.
Growth rates are relatively slow, and wafers often contain defects such as micropipes,
dislocations, and basal plane dislocations (BPDs), which can affect device performance and
yield. Continuous improvements in homoepitaxial growth, defect reduction, and wafer
polishing have significantly improved wafer quality and enabled the production of vertical
devices such as MOSFETs and Schottky diodes.

The availability of SiC substrates has improved substantially in the past decade,
supported by large-scale investments from major semiconductor manufacturers. Nonethe-
less, material cost and yield remain limiting factors, particularly for high-voltage and
large-area devices.
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Unlike SiC, GaN substrates are not yet widely available in large sizes at a reasonable
cost. High-quality bulk GaN wafers (e.g., GaN-on-GaN) are expensive and limited in
size, typically 2—4 inches in diameter, due to difficulties in bulk growth. As a result, most
commercial GaN devices are fabricated on foreign substrates, such as silicon (GaN-on-5i)
or silicon carbide (GaN-on-SiC), using heteroepitaxial growth techniques.

Gallium nitride on silicon (GaN-on-Si) offers low-cost, large-diameter wafers (up to
200 mm) and compatibility with standard CMOS processing, which is due to the previous
infrastructure of Si wafers. However, it suffers from lattice and thermal expansion mismatch,
which can produce high dislocation densities and stress defects. In contrast, Gallium nitride
on silicon carbide (GaN-on-SiC) provides better thermal conductivity and lattice matching
but is more expensive and limited in wafer size (typically up to 150 mm).

2.4. Nanoscale Properties

As WBG devices scale toward the sub-micron range, the behavior of GaN and SiC
begins to deviate from bulk properties to quantum confinement, phono-boundary scat-
tering, and surface-to-volume ratio effects. Hopkins et al. discuss that for device layers
that thin below the phonon mean free path, energy transduction across the heterojunction
(e.g., GaN/SiC) becomes a heat dissipation bottleneck [69]. Adding to this, experimental
work quantified the thermal boundary resistance (TBR) at the GaN/AIN interface. They
showed the TBR was lower than at the GaN/SiC interface and attributed this to better
vibrational matching [70].

Low-dimensional structures such as nanowires and nanosheets are emerging for
their enhanced electronic and mechanical properties. SiC nanowires exhibit superior
mechanical flexibility and strength compared to 4H-SiC due to a reduction in volume
defects; furthermore, they allow for tunable electron mobility [71]. It was shown that
monolayer SiC can be engineered to possess a direct bandgap through carbon vacancies,
opening new pathways for nanoscale optoelectronics that were previously inaccessible
in bulk SiC [72]. Finally, advancements in nanoscale detection, such as nano-FTIR, allow
for non-destructive identification of atomic-scale defects and polytype inclusions with
sub-20 nm resolution [73].

3. Substrate Platforms for GaN Devices

3.1. Device Structure: HEMTs, MOSFETs, and Related Topology
3.1.1. GaN HEMTs

Gallium nitride high-electron-mobility transistors (HEMTs) are built upon a het-
erostructure formed between AlGaN and GaN, which naturally induces 2DEG at the
interface due to strong spontaneous and piezoelectric polarization effects inherent to the
wurtzite crystal structure.

The standard GaN HEMT architecture is lateral (see Figure 5), with current flowing
parallel to the wafer surface. A typical epitaxial stack includes a semi-insulating substrate:
Si, SiC, or even Sapphire. The next layer is the nucleation layer: AIN is used with the Si
substrate, and a thin layer of GaN or AIN is used with an SiC substrate. This is followed
by the buffer layer, GaN channel, a thin AlGaN barrier layer, and the GaN cap. The
source and drain contacts are placed on either side of the gate, which modulates the carrier
concentration in the 2DEG channel. To improve the electric field distribution and increase
the breakdown voltage, field plates are often incorporated into the gate or drain structure.

In the default configuration, GaN HEMTs are depletion-mode (normally-on) devices.
However, for many power applications, enhancement-mode (normally-off) operation is
preferred for fail-safe functionality. This is commonly achieved by modifying the gate
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region using techniques such as gate recessing [74], oxide gate stacks, or the addition of a
p-GaN cap layer.

Gate
GaN Cap

Source AlGaN Barrier Drain

GaN Channel \2DEG

Isolating Buffer

Nucleation Layer

Substrate

Figure 5. GaN HEMT standard device structure.

The GaN HEMT structure is optimized for low on-resistance, high breakdown voltage,
and fast switching performance, making it a key device in wide-bandgap power electronics.

3.1.2. SiC MOSFETs

SiC metal oxide field effect transistors (MOSFETs) are vertical devices (see Figure 6)
designed to handle high voltages (>900 V) and currents with high efficiency. Built on
the wide bandgap material 4H-SiC, these devices benefit from high critical electric field
strength, low on-resistance, and excellent thermal conductivity.

Gate
Source . Source
Oxide
n+ SiC n+ SiC
p SiC p SiC
n- SiC
n+ SiC Substrate
Drain

Figure 6. SiC MOSFET standard device structure.

The typical SiC MOSFET has a vertical structure, where current flows perpendicularly
from the source at the top to the drain at the bottom of the die. This architecture enables
higher breakdown voltages and compact device layouts compared to lateral devices like
GaN HEMTs [75].

The basic structure includes a heavily doped n* source, a p SiC body, and an n™
drift region grown epitaxially on an n* SiC substrate. The gate oxide (typically SiO,) lies
between the gate contact and the channel region formed in the p-body. When a positive
gate voltage is applied, an inversion channel is formed, allowing electrons to flow vertically
through the drift region to the drain.
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To improve performance and electric field distribution, devices incorporate trench
gates [76] or guard rings [77]. Overall, SiC MOSFETs provide a high-performance solution
for applications that demand high voltage blocking, low conduction loss, and robust ther-
mal handling, and are increasingly replacing silicon IGBTs in many modern power systems.

3.1.3. Emerging Topologies

While GaN HEMTs and SiC MOSFETs currently dominate the landscape of WBG
power devices, several emerging device topologies are being developed to address specific
application requirements, such as higher voltage operation and simplified gate control.

The cascade configuration is a hybrid topology that combines a normally on GaN
HEMT with a low-voltage silicon or SiC MOSFET to produce a normally off device. This
approach enables the high-speed, low-loss characteristics of GaN while retaining the
familiar gate drive requirements of conventional MOSFETs. Cascade GaN devices are
commercially available and have proven effective in simplifying gate driver design [78].
SiC JFETs offer a simpler, unipolar structure, making them suitable for high-radiation and
temperature environments [79].

Emerging vertical GaN devices, such as vertical GaN MOSFETs, vertical junction field-
effect transistors (VJFETs), and FInFET-like structures, are under development to extend
GalN’s voltage range beyond the limitations of lateral HEMTs [80]. These devices enable
current to flow vertically through thick GaN drift regions, which allows for significantly
higher breakdown voltages (>1.2 kV), reduced on-resistance, and better scalability for
high-power applications. Additionally, vertical GaN power devices are immune to surface
effects and high thermal dissipation. However, their development is currently limited by
the availability and cost of high-quality bulk GaN substrates [80].

3.2. Fabrication Techniques

The fabrication of GaN and SiC wide-bandgap (WBG) power devices relies on special-
ized processing techniques tailored to their material properties, including high hardness,
chemical inertness, and thermal stability. Core processes include epitaxy, doping, passiva-
tion, chemical vapor deposition (CVD), and lithography. These steps collectively determine
the structural integrity, electrical performance, and reliability of the final device.

3.2.1. Epitaxy

Epitaxial growth establishes the active layers of WBG devices and plays a central
role in controlling defect densities and material quality. For GaN-based devices, MOCVD
is widely used for growing AlGaN/GaN heterostructures, enabling precise control of
thickness and composition. To manage lattice and thermal expansion mismatch, for GaN-
on-Si, buffer architectures such as AIN nucleation layers [61], graded AlGaN [81], and
superlattices [58] are commonly employed.

In SiC devices, CVD is the standard method for homoepitaxial growth on 4H-5iC
substrates. This technique supports high-quality drift layers with controlled doping, which
are essential for vertical device architectures. Advances in epitaxial growth have led to
reductions in dislocation density, improvements in interface quality, and lower stress,
particularly in SiC substrates for GaN-on-SiC devices [82].

3.2.2. Doping

Doping in WBG semiconductors is critical for defining electrical regions such as chan-
nels, drift layers, and source/drain contacts. In GaN devices, traditional ion implantation
is limited due to lattice damage and activation challenges. Instead, polarization-induced
2DEG formation is typically used for HEMTs [83]. For p-type regions in p-GaN devices,
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magnesium doping introduced during hot-wall MOCVD was shown to lower the resistivity
of p-GaN layers and increase free-hole density [84].

Ion implantation in SiC and GaN allows for precise doping to create n-type and p-type
regions. However, it can damage the crystalline structure and lead to amorphization of the
material. High-temperature implantation between 400 °C and 1000 °C is used to limit the
defects [85,86]. Additionally, it requires high-temperature annealing to electrically activate
the dopants [85].

The most common dopants for SiC are nitrogen and phosphorus for n-type and
aluminum for p-type. Post-implantation high-temperature annealing, above 1500 °C, is
required to activate dopants and repair implantation defects. In GaN, the most common
dopant is Si for n-type and Mg for p-type regions. The implantation temperature is at least
1100 °C, and the post-implantation annealing temperature is about 1050 °C to 1100 °C [34].

While ion doping allows for precise adjustments of electrical properties, properly
activating the acceptors has been a source of difficulty [85]. Accurate doping profiles are
essential to achieving low on-resistance and high breakdown voltage.

3.2.3. Passivation

Passivation layers protect the surface of the device from environmental contaminants,
moisture, and corrosion. They play a key role in stabilizing surface states, reducing gate
leakage, and preventing dynamic on-resistance degradation. In GaN HEMTs, materials
such as SiN [87] and AlO [88] are deposited using plasma-enhanced chemical vapor depo-
sition PECVD or atomic layer deposition (ALD), respectively [89]. Advanced passivation
techniques, such as active passivation, have been shown to suppress surface-trapped
induced dynamic RON degradation [90].

In SiC MOSFETs, gate oxide reliability is a major concern due to the high density of
interface states. These defects at the SiC/SiO; interface, known as interface trapped charges,
create energy levels in the forbidden bandgap. Post-oxidation annealing in nitrogen-
containing molecules (NO or N;O) and alternative dielectric stacks are used to improve
channel mobility and enhance long-term reliability [91].

3.2.4. Chemical Vapor Deposition

CVD is the primary deposition technique for both epitaxial and dielectric layers in
WBG devices. In GaN processing, MOCVD is used for heterostructure growth, while ALD
and PECVD are applied for dielectrics and etch-stop layers. In SiC fabrication, chloride-
based CVD is favored for thick, high-purity epitaxial layers with low defect densities [92].

The selection of precursors, gas flow rates, and substrate temperatures is critical for
achieving uniformity and minimizing contaminants, particularly across large-diameter wafers.

3.2.5. Lithography

Lithography defines the physical layout of device structures and remains a precision-
limiting step in WBG device fabrication. Photolithography is used for standard patterning,
while electron-beam lithography or deep ultraviolet (DUV) techniques may be employed
for submicron features.

Etching of GaN and SiC typically requires inductively coupled plasma reactive-ion
etching (ICP-RIE) with various gases (BCls, Cly, SF, etc.) due to their chemical stability [93].
Surface damage and etch uniformity are ongoing challenges, particularly in gate and active
regions, where sidewall roughness and defect introduction can degrade performance [93].

4. Performance Comparison in Power Electronics

By 2040, global energy consumption is expected to rise by 40% with electrical energy
accounting for a 60% share. Efficient power electronics will be crucial in managing this. Si-
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based devices are reaching their theoretical and physical limits, making them impractical for
applications that increasingly demand efficient performance in high-voltage, high-power,
fast switching, and high operating temperature situations. Primary losses of conventional
Si-based systems lie in switching and conduction losses determined by turn-on/turn-off
events and on-state resistance, respectively. Wide band gap semiconductors such as silicon
carbide (S5iC) and gallium nitride (GaN) have become the center of attention in power
electronic applications because they boast superior material properties, such as larger
band gaps, breakdown fields, thermal conductivity, and electron mobility. A summary
of material properties is given in Table 2 [1,75,94]. Higher operating temperatures allow
for reduced weight, size, and cooling systems. Lower on-state resistance and switching
recovery time lead to reduced losses, increased efficiency, and reduced energy consumption.
Higher-frequency operations yield smaller passive components and reduced costs.

Table 2. Properties of Si, SiC, and GaN [1,75,94].

Properties Si 3C-SiC 4H-SiC 6H-SiC GaN

Band Gap (eV) 1.12 24 3.26 3.03 3.45
Breakdown Field (MV /cm) 0.3 4 3 3 3.3
Ther?xl/gﬁnf‘gi"“y 15 3.2 49 49 13

Electron Mobility (cm?/Vs) 1500 800 900 370 2000

Useful Voltage Range (V) <1200 650 to 1200+ <650

4.1. Silicon Carbide

SiC is a more mature wide-band gap material when compared to GaN. This is due to
the existing infrastructure for Si that can be used for SiC. The first devices were introduced
in 1990 [12]. SiC has inherent properties that make it an attractive material for high-voltage
and high-power applications. Most notably, the high breakdown field and wide band gap
of SiC give devices large blocking voltages in the range of 400 to 3.3 kV and SiC IGBTs
going as high as 15 kV. Additionally, the high thermal conductivity of SiC enables its use
in applications involving high operating temperatures; devices continue to function in
temperatures as high as 600 °C [13]. SiC MOSFETs, the most commercially available device,
feature higher breakdown voltages, lower on-resistance, lower switching losses, lower
conduction losses, lower parasitic capacitance, faster switching, and smaller sizes than Si
MOSEFETs. They are normally-off switches with integrated free-wheeling body-diodes [95].
Commercial devices have blocking voltages ranging from 650 V to 3.3 kV and current
ratings of 10 A to 200 A [96]. Present concerns include electromagnetic interference (EMI),
reliability, and heat dissipation issues. Increased switching speeds produce rapid dv/dt
and di/dt changes that cause capacitive and inductive components to generate much higher
peak voltages and currents, which leads to EMI interference that can affect the performance
and stability of the system. At 2 ps, the short-circuit withstand time is 5x lower than
that of Si IGBTs. Smaller die areas equate to higher short-circuit power density and faster
junction temperature rise that can lead to breakdown faults. SiC MOSFETs have higher gate
oxidation defects than Si due to the presence of carbon atoms in the manufacturing process.
Known as bias-temperature instability, this can cause a bidirectional gate threshold voltage
bias at different temperatures. Despite its increased thermal conductivity, SiC MOSFETs
with smaller die areas reach higher temperatures more quickly than Si devices. Lastly, the
cost of SiC MOSFETs is still 2-5x more than Si IGBTs; however, this cost has gone down
heavily as production has ramped up since 2010. Despite these issues, SiC MOSFETs are
still much more efficient and offer greater power density than Si-based devices and will
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find their way into power electronics applications, especially as more research is performed,
processes mature, and cost continues to decline. SiC JFETs are also available. They have
high switching speeds and are able to operate in high temperatures. Unfortunately, these
are normally on devices. Cascode JFETs made from an SiC JFET and a Si MOSEFET fix
this issue. They have low on-state resistance, reverse-recovery charge, and body-diode
threshold voltages. The two-device package causes greater stray inductances and will
require an RC snubber in hard-switching applications [97]. SiC IGBTs are useful in high-
voltage, high-power applications with moderate switching. They feature low conduction
losses at high currents and are highly efficient. SiC-based Schottky diodes are strong
in opposition to leakage current thermal runaway, are capable of blocking up to 3.3 kV
due to the large breakdown field, and have low on-resistance. They have zero reverse
recovery charge and low reverse current. SiC PiN diodes have low specific resistance but
high reverse recovery charge. Junction barrier Schottky diodes combine the benefits of
both aforementioned devices. SiC is most advantageous in applications requiring voltages
greater than 650 V.

4.2. Gallium Nitride

GaN is another wide-band gap material that has garnered great amounts of attention
due to its properties. The larger band gap and breakdown field make it a theoretically su-
perior candidate for high-voltage performance than SiC; however, the lack of good-quality
bulk substrates for vertical devices and lower thermal conductivity keep these assertions
unrealized [7]. Its high electron mobility, smaller parasitic elements, packages, and driving
voltage make GaN the choice for high-frequency applications [98]. GaN devices can switch
at frequencies ranging from 100 s of kHz to 10 s of MHz [99]. Along with the high critical
electric field, this allows for designs with shorter drift regions and lower on-resistance than
Si devices. In general, GaN devices offer lower conduction and switching losses than SiC
devices. Most GaN devices have lower blocking voltages than SiC, mostly under 700 V.
Additionally, GaN is limited in its current-carrying capability and drain-to-source voltage
(650 V) [100]. Like SiC, high-frequency switching in GaN devices triggers effects of capaci-
tive coupling, parasitic inductance, and unusual EMI emissions. Its behavior may prevent
its use on large-scale systems without cooling or shielding capabilities [101]. Additionally,
GaN devices have lower max junction temperatures (~150 °C) and temperature depen-
dence of on-state resistance. GaN high-electron mobility transistors (HEMTs) are the most
common device in use. First introduced in 1993 [102], the electrical benefits and decreased
space requirements of HEMTs make them particularly attractive for compact electronic
equipment. While they have lower blocking voltage, they feature faster switching, small
gate capacitances, and lower Ron X Qg values. The foreign substrate causes some reliability
issues, including a greater chance of warpage, cracks, and defects. For the same voltage
rating, GaN HEMTs offer higher operating efficiencies compared with SiC MOSFETs [103].

5. Application-Specific Use Cases

SiC and GaN are becoming increasingly effective in power electronics as more research
is performed and production costs go down. Wide bandgap devices are used to enhance the
efficiency of electric vehicles (EVs), power converters, grid-connected systems, propulsion,
medical systems, aviation, power supplies, renewable energy, power adapters, wireless
charging, and more. SiC is better suited for high-voltage (>1200 V) applications due to
its high voltage blocking capability and high thermal conductivity. GaN dominates the
low-voltage (<650 V) application areas and areas where fast switching is important. Both
materials are used in medium-voltage (650 V) applications.
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5.1. Electric Vehicles

Electric vehicles have been thrust into the center of attention because they can reduce
carbon emissions by 50-70%. However, one thing holding them back from taking a larger
portion of the automotive market is the driving range. Driving range is directly related
to the weight of the vehicle and its operational efficiency. Motor drives are demanding
increasing power density ratios, case temperatures, and carrier frequencies. Wide band gap
devices can improve all of these aspects when integrated with EVs.

SiC devices are suitable for fast charging high-power on-board chargers, traction
inverters, and DC-DC converters. In order to increase driving range, EVs have adopted
800 V batteries that are charged at >250 kW, replacing the old 400 V batteries. This means
the traction inverter must withstand drain voltages up to 1200 V. SiC MOSFETs work
well and come with lower switching losses, higher switching speeds, and smaller device
footprints than conventional Si IGBTs. Commercial SiC MOSFETs are available with voltage
ratings of 650-3300 V and current ratings of 10-200 A.

GaN devices are also playing an ever-increasing role in EV technology. They can
be utilized in the AC-DC converter, DC-DC converter, inverter motor control unit, bat-
tery management system, and charging system. The high switching frequency of GaN
devices means a size and weight reduction in supporting components, but could bring
increased switching losses. GaN devices are important in increasing the efficiency of
on-board chargers. GaN-based inductor-inductor—capacitor (LLC) resonant converters
are efficiently superior to their Si-based counterparts. Additionally, GaN devices aid in
reducing capacitor and inductor form factors because they can operate at higher switching
frequencies. Reliability is still a concern as foreign substrates can cause warpage, cracks,
and defects. In EV-charging systems, GaN devices are favorable due to their low turn-on
voltage that stems from high electron mobility and low on-resistance. SiC’s turn-on voltage
is slightly higher (about 0.50 V) to achieve equivalent drain currents, but still better than
Si. GaN-based inverters achieve a minimum decrease in voltage and perform better in
switching and conduction losses when compared to SiC and Si [104]. Taylor et al. compared
5iC MOSFET-based and GaN HEMT-based 7.2 kW EV battery chargers and found that at
similar efficiency levels, GaN chargers are more efficient, cheaper, and smaller than the
SiC counterparts that have better thermal performance [105]. Wireless power transfer is
often explored for EV charging. High operating frequency in MHz is necessary. Wang, et al.
tested 3 H-bridge inverters with 650 V SiC MOSFETS and GaN FETs and found that the
SiC system overheats beyond 3 MHz [98]. At 4 MHz, GaN devices achieve 3.8 kW at 500 V
and 2.28 kW at 375 V. GaN devices show greater performance due to smaller parasitic
elements, packages, and driving voltages. Challenges remain in driving power increasing
with switching frequency, conduction and switching losses leading to heat dissipation, and
achieving zero voltage switching. Theoretically, these can be addressed by reducing the
voltage range of driving signals and gate input capacitance.

5.2. Renewable Energy

Power converters in renewable energy systems can take advantage of wide band gap
devices because of their increased efficiency, faster switching, high thermal conductivity,
and greater power density. Research shows that SiC is more suitable for high-power appli-
cations due to its thermal characteristics, while GaN is favorable where fast switching and
small form factors are needed. Additionally, GaN’s EMI behavior may hinder performance
in large-scale systems without cooling or shielding capabilities. For photovoltaic systems,
SiC-based DC-DC converters are used to take an inconsistent 500 V DC and convert it
into a stable 700 V DC, which is compatible with the power grid. SiC is favored over
GaN in high-power DC-DC converters due to its high blocking capability, low conduction
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losses, and thermal characteristics. GaN devices are used in DC-AC inverters for wind
energy systems. They convert a variable AC input to a constant 230 V AC compatible with
the grid. High efficiency in high-frequency operations allows for a reduction in passive
components that more easily meet space limitations. Ref. [101] experimented with a SiC
DC-DC converter that achieved 97.8% efficiency and a power density of 24 W/cm? and
a GaN DC-AC inverter that achieved 96.4% efficiency and a power density of 35 W /cm?3.
For PV inverters, multilevel topologies are explored as the preferred solution thanks to
their improved power quality, reduced voltage stress, higher efficiency, and operational
flexibility [100]. These factors increase modularity and scalability. Multilevel topologies
allow GaN devices to reach voltage levels of 1000 V to 1500 V. This way, the benefits of
GaN can still be realized at high-voltages. GaN converters are reported to reach efficiencies
of 99%.

5.3. Power Converters

Power converters are an area where wide band gap devices can majorly improve
on efficiency, form factor, and losses. In addition to EVs and renewable energy systems,
power converters are used in industrial applications, power supplies, adapters, electronics,
and more. The primary objective in designing a power converter is to enhance efficiency
and minimize losses. Wide bandgap DC-DC converters are reported as more efficient due
to lower conduction losses, especially at higher frequencies [106]. They feature smaller
passive components, reduced energy losses, lower turn-on/turn-off losses, and reduced
switching losses. AC-DC rectifiers have garnered some research. GaN-based converters
are shown to carry increased switching losses at higher powers. SiC rectifiers have been
shown to reduce power loss, weight, and volume. Parallel devices enhance efficiency at
higher loads but decrease at lighter loads due to increased switching losses. In AC-AC
converters, GaN HEMTs provide less power losses than traditional Si-based converters,
with SiC achieving higher efficiency as well. With AC-AC converters, remaining hurdles
include device packaging, cost, high-performance gate drivers, and parasitic effects. As
these areas improve, adoption should increase. Wide bandgap DC-AC converters reduce
thermal losses, power losses, and size by substantial amounts. Achieving higher switching
frequencies also reduces the size of passive components consequently increasing power
density of the system. In many systems, total switch count can be halved compared with
Si-based systems.

Combining conventional Si and wide bandgap devices offers a cost-effective solution
to reducing losses. For example, combining Si IGBTs with SiC Schottky barrier diodes
decreases turn-on losses and enhances efficiency. The hybrid switch of Si IGBTs and SiC
MOSFETs outperforms the previous combination due to lower conduction losses and zero
voltage switching of the IGBT [103]. A low-current MOSFET handles switching while
a high-current Si IGBT handles static conduction. Si IBGTs paired with GaN HEMTs
offer improved conduction and switching performances. This combination has seen less
attention due to thermal challenges and differences in package sizes. Hybrid power
switches have demonstrated acceptable trade-offs in performance and cost between pure
Si and wide bandgap converters and offer a 2-6% efficiency improvement over current
systems. Transitioning to fully wide bandgap systems is practically impossible at the current
time. As costs go down, devices are adapted to traditional packages, availability increases,
and higher-performance gate drivers are developed, and SiC adoption will increase. For
GaN, limited thermal conductivity, parasitic effects, EMI issues, and reliability challenges
remain. Ref. [107] analyzed hybrid switch combinations and reinforced preceding findings
that Si/SiC MOSFETs and Si IGBTs in parallel are great, but are limited in high-frequency
operation. The researchers also analyzed the role of turn-on/turn-off combinations in total
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switching loss for SiC/GaN hybrid switches. The lowest losses were achieved by turning
both devices on simultaneously while turning the SiC device off first. This enables the SiC
device to achieve zero voltage switching, while GaN’s low turn-off losses follow. Since
GaN initiates the switching process sooner, turning both off at the same time will prevent
the SiC device from zero-voltage switching.

6. Current Market Adoption

Gallium nitride (GaN) and silicon carbide (SiC) have made significant steps in the
power electronics market, revolutionizing how energy is managed in high-performance
applications. The enormous growth is demonstrated in Figure 7. GaN is especially preva-
lent in consumer electronics and data center systems, due to its capacity for high-frequency
switching and compact system designs. These characteristics enable manufacturers to
produce smaller, lighter, and more energy-efficient power supplies. See Table 3, below for
a comparison of SiC, GaN and Si properties. Applications such as USB-C fast chargers,
laptop adapters, and server power modules benefit from GaN’s superior switching speed
and thermal performance compared with conventional silicon [4,108-111].

SiC, meanwhile, has seen rapid integration into electric vehicle (EV) platforms and
heavy-duty industrial environments. Tesla’s use of SiC transistors in traction inverters
since 2017 marked a turning point, showcasing SiC’s ability to handle high voltages and
elevated operating temperatures with greater efficiency [112]. These properties make SiC
ideal for applications such as onboard vehicle chargers, high-voltage DC-DC converters,
and renewable energy inverters. Industrial power modules also leverage SiC for high-
power motor drives and grid-interactive converters [108,113,114].

Although GaN and SiC currently occupy a small slice of the overall semicon-
ductor market—estimated at 1-3% and 5-9% respectively—their shares are growing
rapidly [111,115], see also Figures 7 and 8 below. The rise of EVs, increased energy ef-
ficiency mandates, and the expansion of data infrastructure globally are all fueling this
momentum [110,112]. Profit margins on wide-bandgap devices tend to be higher than sili-
con due to their premium performance, but these margins are balanced against the relatively
high production costs and the need for advanced packaging and manufacturing expertise.
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Figure 7. Current and projected SiC, GaN market shares. Modified from [116].

6.1. Cost/Performance Trade-Offs

Despite clear performance benefits, GaN and SiC devices come at a higher manufac-
turing cost compared with silicon-based semiconductors. The reasons are multifaceted:
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both require defect-sensitive fabrication environments, advanced packaging solutions,
and, in GaN'’s case, substrate technologies that mitigate lattice mismatches [117,118]. GaN
often uses silicon or sapphire substrates, which introduce stress due to differing thermal
expansion rates, raising the complexity and cost of wafer production.

It is also important to note that while GaN and SiC devices typically have smaller die
sizes, this does not equate to lower costs per unit. The higher cost per wafer, more advanced
packaging needs, and strict performance validation required for these materials often
outweigh any potential savings from reduced silicon area. For example, GaN devices can
achieve significantly lower figures of merit in switching applications, but the improvements
come with complex manufacturing and higher capital equipment investments [109].

Packaging is a particularly important cost component. Traditional silicon packages
often fail to meet the thermal and electrical demands of WBG semiconductors. As a result,
advanced packaging solutions—such as flip-chip bonding, chip-scale packaging, and
heat spreaders made from high-thermal-conductivity materials—are essential for reliable
operation [119]. These technologies not only improve heat dissipation but also reduce
parasitic inductance and improve switching speed, though they also contribute significantly
to total device cost [119].

Manufacturers are increasingly turning to larger wafer sizes to drive down costs. For
S5iC, the transition from 150 mm to 200 mm wafers is expected to lower the cost-per-die by
increasing the number of chips produced per wafer [111,117]. Larger wafers also improve
fab efficiency by reducing the number of wafer handling steps needed to meet demand,
further optimizing production throughput [114].

Another factor contributing to the economics of WBG semiconductors is their ability
to reduce system-level costs. By operating at higher frequencies and temperatures, GaN
and SiC devices allow designers to use smaller passive components, reduce cooling require-
ments, and shrink overall system size [109,111,113]. In power converters, this translates
to improved power density and longer device lifespans—factors that improve return on
investment over the total cost of ownership [112].

Table 3. Power-frequency capability table comparing silicon carbide (SiC) and gallium nitride (GaN)
devices. GaN dominates high-frequency, low-to-medium power ranges due to its superior switching
performance, while SiC excels in high-power, high-voltage applications. Modified from ref. [120].

Parameter Silicon (Si) — MOSFET/S] + IGBT/GTO Silicon Carbide (SiC) Gallium Nitride (GaN)
Power Range Up to ~10 kW (S] MOSFETs); up to 1 Up to 100 kW+ (scalable to Up to 10 kW+ (scalable to MW in
& MW+ (IGBT/GTO modules) MW in modules) modules)
Switching Up to ~50-200 kHz (S] MOSFETs); up to O N
Frequency ~20-50 kHz (IGBT/GTO) Up to ~100-500 kHz Up to ~1 MHz+
Key High reliability, cost-effective, broad High efficiency, high Extremely high efficiency, superior
Strengths power handling temperature tolerance, high-frequency performance
higher frequency capability
Key Lower ef.f1c1er}cy‘ at hlg.h frequencies, . Higher cost, limited high-power
st automotive, limited high-frequency Higher cost .
Limitations . A handling
high-power combination
Consumer electronics, power supplies, Electric vehicles, renewable Consumer electronics, data centers,
Applications  automotive (traction inverters), industrial energy (inverters), EV wireless power transfer,
high-power converters chargers high-frequency applications

6.2. Industry Players and Roadmaps

Big semiconductor companies are putting serious effort into GaN and SiC to keep up
with the demand for efficient, high-power components. Names like Infineon, Wolfspeed,
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STMicroelectronics, and Navitas are not just ramping up production, they are addressing
several bottlenecks in how the materials are made and delivered [4,108,110].

6.2.1. Packaging

One key area is packaging. GaN and SiC devices operate at higher frequencies and
voltages than traditional Si, which means they often require more expensive packaging
methods to handle heat dissipation and electromagnetic interference. Companies are
experimenting with chip scale packaging, embedded die packaging, and multiple chip
modules to optimize performance and thermal control [119].

6.2.2. Wafer Capabilities

Another focus is on improving the wafer capabilities. GaN and SiC wafers are histori-
cally smaller and harder to manufacture, which limits yields and increases costs. However,
players like Wolfspeed are moving toward larger wafers, which allow for more chips per
wafer, which decreases costs. These larger wafers also help reduce the defect rates [114,117].

6.2.3. Vertically Integrated Supply Chains

Companies, such as Infineon, STMicroelectronics, and Wolfspeed, are shifting to
in-house wafer production to cut reliance on third-party suppliers, such as Taiwan Semi-
conductor Manufacturing Co, and to gain better control over the quality and consistency
of their products. They are also starting to use larger wafers and are forming long-term
partnerships with raw material vendors to support growth and reliability [114].

Looking forward, GaN seems to lead in compact, mid-power systems, think
mobile chargers and telecom gear, while SiC will remain the go-to option for high-
voltage uses like electric vehicles, renewable energy converters, and transportation
infrastructure [4,109,111,115].
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Figure 8. Power SiC component market forecast by segment (2021-2027). Automotive remains the
dominant sector for SiC adoption, driving the majority of growth through 2027. Modified from [121].

6.3. The Semiconductor Manufacturing Cycle

One issue regarding the economics of GaN and SiC is that they are affected by the
broader semiconductor manufacturing cycle. The industry has been known for its Bear and
Bull behavior. When demand surges, manufacturers often find themselves unable to meet
orders quickly enough. However, scaling production isn’t simple or cheap.
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Sometimes companies build new facilities in response to increased demand. However,
when the market cools off, those new factories just sit unused for periods until the next
boom. This cycle leads investors to hesitate, which slows the progress of new technologies.

However, the industry now has companies using predictive analytics to reduce risks.
Some build flexible manufacturing lines that can switch between chip types, or form
partnerships with other companies to share capacity. So even though the cycle is still
apparent, the damages are mitigated more effectively, which is encouraging for the future
of GaN and SiC [118].

7. Thermal Management and Reliability

Thermal management is, from a certain point of view at least, the most important
design factor for semiconductor devices. The reason being is that once greater thermal
management is achieved, one can make the device smaller, increase the power rating, or
both. Thus, the thermal management is usually the wall that power device design runs up
against. Even when this is not the case, temperature is still a sensitive variable in all mean
time to failure models, irrespective of the modeled failure mode—Black’s equation [122],
the Coffin-Manson Model [123], and the Arrhenius Law as it is applied to electronics [124],
all are exponentially dependent on temperature. Thus, improved thermal management
will increase reliability in virtually every failure mode.

7.1. Material Interfaces

It’s no secret that the main impediment to heat flow in virtually any device is the device
material interfaces (e.g., MOSFET, IGBT, diode, SiC/GaN transistor). In GaN HEMT;, it
often takes the form of the hot-electron-self-heating effect [125], especially in the region
between the gate and the drain, as this is where the electric field is strongest. In SiC, this is
usually due to the semiconductor junctions. Either way, the increasing miniaturization of
these devices has led to thermal boundary resistance being the primary cause of thermal
resistance [16], and as such has been studied extensively. It should be noted that this term
(thermal boundary resistance) has many synonyms, including Kapitza resistance, thermal
interfacial resistance and thermal boundary conductance, among others. These are not
always used interchangeably [16], but they will be in this paper.

For these reasons, researchers have often focused on reducing thermal boundary resis-
tance. Advancements in this area have been made, and there are many good reviews of
the research available [16-18,126]. To summarize, though, most of the advances have come
from new methods to calculate Kapitza resistance with simulations, either from first princi-
ples [127-130] or empirical potentials [131]. Machine learning potentials have also been
used; although these are still in their infancy, the results are promising [132]. Methods to
calculate the conductance of individual phonon modes have also been developed [129,133].
Because of these advances, we are now better equipped to design interfaces that minimize
Kapitza resistance. However, very few interface designs have shown improved thermal
conductance, and even fewer have had supporting experimental evidence. Although there
are exceptions [134], and one interface where the defect was thermally transparent [127].
Sadly, though, to our knowledge, none of these designs have been implemented in industry.
The reason behind this is very likely due to the fact that simulations usually have pristine,
perfect interfaces, whereas experiments have interfaces that are sometimes 10’s of nanome-
ters long, with the properties of the interface gradually changing from those of one material
to the other.

So far, the minimal thermal resistance achieved with GaN HEMTs has been with
a diamond heat spreader [135]. Diamond is highly desirable because it has the highest
thermal conductance of any dielectric material. Very often, however, the stiffness of the
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carbon bonds leads to high phonon/vibrational mode frequencies that are difficult to
excite, which leads to high Kapitza resistance [74,75]. In the case of SiC interfaces, the
phonons have been shown to be trapped at the interface [128]. The focus of this paper
is, of course, power and electrical device applications. However, it is often interesting
to remember that the applications of GaN and SiC often extend outside microelectronics.
More broadly, the thermal pathway in GaN and SiC devices is a hierarchical hybrid stack,
spanning epitaxial interfaces, contacts, die attach, and package-level thermal interfaces, so
the effective thermal resistance is set by the cumulative hierarchy rather than any single
idealized boundary [136].

7.2. Current Thermal Management Techniques
7.2.1. Silver Sintering

Silver sintering has the potential to somewhat alleviate this in SiC devices, with
promising results in both power and thermal cycling [137-143]. Sintering has also been
shown to be more reliable in harsh, high-temperature environments, such as when chips are
needed close to brake pads [144]. The success of silver sintering is due in part to the high
melting point of silver (963 °C), leading to greater mechanical strength via reduced creep
failure modes compared with tin-based solders. In addition, Ag has the highest thermal
conductivity of any metal, leading to better thermal management [53]. The primary failure
mechanism of such bonds for SiC devices appears to be diffusion and oxidation [145]. Due
to the nature of SiC devices being used with high voltage and current, Ag sintering is more
useful in SiC devices than in GaN devices, where voltages are usually limited to ~650 V,
and frequency switching is the target performance variable. As such, the failure modes
of GaN are very different, mostly related to hot electron effects, surface traps and gate
reliability. In addition, the external pressure needed for sintering risks cracking the GaN
device, which is more brittle than SiC devices. However, Ag sintering without pressure has
been shown to improve thermal shock reliability on a GaN die-attached module with a DBA
substrate [146]. Furthermore, Abbate and coworkers found in a short-circuit, destructive
test that for commercial 650 V e-mode HEMTs, the primary failure mode was likely to be
the drain exceeding the melting temperature of the contacts [138], indicating that silver
sintering may be very useful for GaN devices as well.

Even with improvement, silver sintering does have failure modes distinct from those
of soft solder [142]. Process optimizations of variables pressure, temperature and time
of the sintering process in order to produce the most reliable die attach bonds have been
studied via finite element analysis [140].

7.2.2. Heat Spreaders

GaN HEMTs have a common failure mode caused by the hot-electron-self-heating
effect [125]. This occurs when the hot electrons in the 2DEG gas between the AlGaN/GaN
layer become hot and give off that heat in the region between the gate and the drain (see
Figure 9). This leads to cracking, pitting, and ultimately device failure. Dissipating heat
from this hotspot is critical for GaN HEMTs to reach their full potential, since failure models
that account for temperature generally reflect the local temperature at the actual point
of failure.

There are several options when manufacturing GaN HEMTs: one could put the GaN
on Si or SiC. In either case, an interlayer of AIN is typically used. The ability to grow
electronic-grade GaN on AIN is what led to the blue (and by extension white) LED [33]. In
order to make this happen, Si is oriented in the (111) direction in order to mimic a hexagonal
structure as closely as possible; see Figure 9, below.

https://doi.org/10.3390 /hardware4010006


https://doi.org/10.3390/hardware4010006

Hardware 2026, 4, 6

20 of 28

Hot Electron Heating in GaN HEMT

Hot electron

GaN Buffer

AIN Nucleation Layer

Substrate: Si / SiC / Diamond

Figure 9. Schematic cross-section of a lateral GaN HEMT structure. The device consists of a substrate
(Si, SiC, sapphire, or diamond) with a thin AIN nucleation layer, a GaN buffer, and an AlGaN
barrier layer that induces a two-dimensional electron gas (2DEG) at the heterointerface. Source, gate,
and drain contacts are shown. The drain-side gate edge is highlighted to indicate the hot electron
heating region, where high electric fields accelerate channel electrons, leading to localized hotspot
formation [2,125].

Furthermore, one might also try to engineer for mechanical stability, for example,
by using materials with the same coefficients of thermal expansion. This is less practical,
partly because materials with these properties might not exist, but also because even if they
could be found, mechanical strain and stress would still be present because the device is
not heated uniformly.

8. Future of Semiconductors

There are various directions and possibilities for the future of semiconductor tech-
nology. A major focus is on reducing energy consumption in data centers that support
Artificial Intelligence (AI), as well as electric vehicles (EVs). Advances in wide-bandgap
semiconductors such as GaN and SiC can significantly improve energy efficiency [119]. In
addition, the development of Al accelerators and custom silicon architectures can better
support the computational demands of large-scale generative Al workloads [147-149].

Research into three-dimensional stacking and advanced packaging techniques can
also offer substantial performance gains by improving integration density and reducing
interconnect delays [150,151]. Transistor size continues to push the limits, moving toward
angstrom-level manufacturing, with process nodes targeting 2.0 nm and 1.4 nm. Though it
should be noted that these labels are largely nominal; for example, IBM’s “2 nm” gate-all-
around field-effect transistor (GAAFET) is roughly 75 nm tall and 50 nm wide, so getting
to the true Angstrom scale is probably still way off [152,153]. Finally, research into cryo-
genic electronic systems and hybrid classical-quantum architectures is expanding, as these
technologies may play a critical role in enabling practical quantum computing [154,155].

9. Conclusions

GaN and SiC have emerged as the most significant wide bandgap semiconductors
driving the evolution of modern power electronics. While SiC offers superior thermal
conductivity and high-voltage blocking capability, GaN provides faster switching speeds
and compact device architectures. Each material has established a distinct application
domain: SiC in high-voltage and high-power environments such as electric vehicles and
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renewable energy, and GaN in medium- and low-voltage systems requiring high-frequency
operation and compactness.

Despite these advances, challenges remain in substrate quality, defect management,
packaging, and especially thermal boundary resistance at critical interfaces. Addressing
these issues will not only improve device performance but also extend operational lifetimes,
reduce costs, and accelerate commercial adoption. As fabrication techniques mature and
new thermal management strategies are implemented, WBG semiconductors will continue
to displace silicon technologies, enabling more efficient and reliable energy systems for the
next generation of applications.
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