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ABSTRACT
Wide-bandgap (WBG) power semiconductor devices such as Gallium Nitride
(GaN) and Silicon Carbide (SiC) have emerged as strong alternatives to
conventional silicon-based devices in modern power electronics. Due to their
superior material properties including high critical electric field, wide bandgap
energy, and high thermal conductivity, these materials enable high-efficiency,
high-frequency, and high-temperature operation. In recent years, the demand
for compact power converters, electric vehicles, renewable energy systems and
fast charging infrastructures has significantly increased, and WBG devices are
playing an important role in meeting these requirements. This paper presents a
comprehensive review of GaN and SiC power devices, discussing their material
characteristics, device structures, fabrication aspects, switching behavior,
thermal performance and practical applications. A comparison between Si, SiC
and GaN devices is also provided through tables and discussion. Although these
devices offer many advantages, there are still some challenges related to cost,
reliability, packaging and gate driving techniques. The study concludes that
WBG semiconductors are not only replacing silicon in many medium- and high-
power applications but also enabling new system-level innovations which was

not possible earlier.

KEYWORDS: Wide-bandgap semiconductors, Gallium Nitride, Silicon
Carbide, Power MOSFET, HEMT, Power electronics, Electric vehicles, High-

frequency converters.
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INTRODUCTION

Power semiconductor devices are the backbone of modern power electronic systems. For
several decades, silicon (Si) has been the dominant material used in diodes, MOSFETSs, IGBTs
and thyristors. However, with the rapid development of electric vehicles (EVs), renewable
energy systems, aerospace electronics and data centers, silicon devices are approaching their
theoretical performance limits. The demand for higher switching frequency, improved

efficiency and higher temperature operation is difficult to achieve using silicon alone.

Wide-bandgap semiconductors, especially Silicon Carbide (SiC) and Gallium Nitride (GaN),
have attracted considerable attention over the last two decades. These materials possess
bandgap energies significantly higher than that of silicon, leading to superior breakdown
voltage, lower on-resistance and reduced switching losses. As a result, converters can operate
at higher frequencies and temperatures while maintaining higher efficiency.

This paper reviews the fundamental properties and device technologies of SiC and GaN power
devices. It also discuss their applications, benefits and current challenges. The goal is to provide
a detailed yet understandable overview for researchers and engineers working in power

electronics.

MATERIAL PROPERTIES OF WIDE-BANDGAP SEMICONDUCTORS

The term wide-bandgap (WBG) semiconductor refers to materials whose bandgap energy is
significantly larger than that of conventional silicon (1.12 eV at room temperature). Bandgap
energy is the energy difference between the valence band and the conduction band, and it
directly influences electrical conductivity, intrinsic carrier concentration, breakdown strength

and thermal behavior of the semiconductor.

In power electronics, the choice of semiconductor material determines the maximum voltage
blocking capability, switching speed, conduction loss and operating temperature of the device.
Silicon Carbide (SiC) and Gallium Nitride (GaN), with bandgap energies of approximately
3.26 eV (4H-SiC) and 3.4 eV respectively, provide substantial advantages over silicon. These
advantages mainly originate from five fundamental material parameters:

e Wide bandgap energy

« High critical electric field
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« High electron saturation velocity
e Good thermal conductivity

e Reasonable carrier mobility

Each of these parameters plays an important role in defining the performance of power devices.

BANDGAP ENERGY AND ITS IMPACT

The bandgap energy (Eg) determines how easily electrons can be excited from the valence band
to the conduction band. A larger bandgap means:

1. Lower intrinsic carrier concentration (ni):

Wide-bandgap materials have extremely low intrinsic carrier concentration at room

temperature compared to silicon. This reduces leakage currents in reverse-biased devices.

2. Higher temperature capability:

Since intrinsic carrier concentration increases exponentially with temperature, silicon devices
become unstable at elevated temperatures (above ~150°C). In contrast, SiC and GaN can
operate above 200°C because their intrinsic carrier generation remains low even at high

temperature.

3. Improved breakdown behavior:
A wider bandgap contributes to higher critical electric field strength, which directly affects

blocking voltage capability.

Mathematically, intrinsic carrier concentration is approximately:
nice—Eg/(2kT)n_i \propto e™{-E_g/(2KT)}nixe—Eg/(2KT)
Where:

« Eg = bandgap energy

e k= Boltzmann constant

e T =temperature

Since Eg for SiC and GaN is nearly three times that of silicon, the intrinsic carrier concentration

is dramatically reduced.
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CRITICAL ELECTRIC FIELD (BREAKDOWN FIELD)

One of the most important advantages of WBG semiconductors is their high critical electric
field (Ec). This parameter defines the maximum electric field the material can withstand before
avalanche breakdown occurs.

Typical values:

« Silicon: ~0.3 MV/cm

e SiC:~2.8-3.0 MV/cm

e GaN:~3.3MV/cm

This means SiC and GaN can withstand nearly 8-10 times higher electric field compared to

silicon.

Why Is This Important?
The breakdown voltage (\VVbr) of a power device is proportional to:
VbrocEc2V_{br} \propto E_c"2Vbr«Ec2

Because of high Ec, WBG devices can use a much thinner drift region to support the same
blocking voltage. A thinner drift region leads to:

e Lower on-resistance

« Reduced conduction losses

o Smaller chip size

This is one of the main reasons why SiC MOSFETSs have significantly lower specific on-

resistance compared to silicon MOSFETSs of the same voltage rating.

THERMAL CONDUCTIVITY

Thermal conductivity determines how effectively heat can be removed from the device. High
thermal conductivity improves heat dissipation and reduces thermal stress.

Typical values:

e Silicon: ~1.5 W/cm-K

e SiC:~4.9 W/cm-K

e GaN:~1.3W/cm-K
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SiC has approximately three times higher thermal conductivity than silicon, making it very
suitable for high-power and high-temperature applications such as traction inverters and

industrial drives.

GaN has slightly lower thermal conductivity compared to silicon. However, GaN devices often
generate less heat due to lower switching losses and smaller chip area, so practical thermal

performance remains good.

ELECTRON MOBILITY

Electron mobility (un) measures how quickly electrons can move through the material when
an electric field is applied.

o Silicon: ~1400 cm?/V-s

e SiC: ~1000 cm?/V-s

e GaN: ~2000 cm?/V-s

GaN has higher electron mobility than both silicon and SiC. In GaN HEMTs, a two-
dimensional electron gas (2DEG) forms at the heterojunction interface, which provides
extremely high mobility without heavy doping. This results in:

e Low channel resistance

o Fast switching

« High-frequency operation

SiC has slightly lower mobility than silicon, but its superior breakdown field compensates for

this in high-voltage applications.

Table 1: Comparison of Semiconductor Material Properties

Silicon Silicon Carbide Gallium Nitride
Property ) )
(Si) (SiC) (GaN)
Bandgap Energy (eV) 1.12 3.26 3.4
Critical Electric Field (MV/cm) 0.3 2.8-3.0 3.3
Thermal Conductivity (W/cm-K) 1.5 4.9 1.3
Electron Mobility (cm?/V:s) 1400 1000 2000
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Silicon Silicon Carbide Gallium Nitride
Property ] ]
(Si) (SiC) (GaN)
Saturation Velocity (X107 cm/s) 1.0 2.0 2.5

Maximum Junction Temperature
(°C)

~150 >200 ~200

From Table 1, it is clear that both SiC and GaN have much higher critical electric field
compared to silicon. This allows thinner drift regions in power devices, leading to lower
specific on-resistance. SiC also offers high thermal conductivity, which makes it suitable for

high-temperature and high-power applications.

SILICON CARBIDE (SIC) POWER DEVICES

Silicon Carbide (SiC) has become one of the most important wide-bandgap materials for high-
power and high-voltage applications. Over the last decade, significant improvements in crystal
growth, wafer processing and device fabrication have enabled commercial production of
reliable SiC power devices. Compared to conventional silicon devices, SiC devices offer

superior efficiency, higher temperature capability and better high-voltage performance.

Overview of Sic Material

Silicon Carbide is a compound semiconductor formed by silicon (Si) and carbon (C) atoms
arranged in a tetrahedral crystal structure. One of the unique features of SiC is that it exists in
more than 200 different crystal structures, known as polytypes. Among them, 4H-SiC is the
most widely used polytype in power electronics due to its favorable electrical properties such
as higher electron mobility and strong breakdown field.

Other polytypes like 6H-SIiC and 3C-SiC exist, but 4H-SiC provides the best compromise
between mobility and reliability for high-voltage switching devices.

Key Material Benefits of SiC:
1. Wide Bandgap (3.26 eV):
The large bandgap leads to extremely low intrinsic carrier concentration. This means leakage

current remains very small even at elevated temperature.
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2. High Critical Electric Field (~3 MV/cm):
SiC can withstand almost ten times higher electric field than silicon before breakdown occurs.

This allows thinner and more heavily doped drift regions.

3. High Thermal Conductivity (~4.9 W/cm-K):
SiC can dissipate heat more efficiently than silicon. This reduces thermal stress and enables

compact cooling systems.

4. Chemical and Mechanical Stability:
SiC is physically hard and chemically stable, making it suitable for harsh environments such

as aerospace, oil drilling, and automotive under-hood applications.

Because of these properties, SiC devices can operate at junction temperatures above 200°C,
while silicon devices are typically limited to around 150°C. This higher temperature capability

reduces cooling requirements and improves system reliability.

However, SiC material growth is more complex than silicon. Crystal defects such as micropipes
and basal plane dislocations were major issues in early development, but modern

manufacturing techniques have significantly reduced defect density.

Types Of Sic Power Devices

Several types of SiC power devices have been developed, but only some of them are widely
commercialized.

1. Sic Schottky Barrier Diodes (Sbds)

SiC Schottky diodes were the first commercially successful SiC devices. They are widely used
in power factor correction (PFC) circuits and freewheeling diode applications.

Key features:

o Negligible reverse recovery charge
e Very fast switching

o Low forward voltage drop

o High temperature operation
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Unlike silicon PiN diodes, SiC Schottky diodes do not suffer from significant reverse recovery

current. This greatly reduces switching losses in high-frequency converters.

2. Sic MOSFETS
SiC MOSFETSs are currently the most important SiC switching devices. They are available in

voltage ratings ranging from 650 V to 1700 V, and even higher for specialized applications.

Advantages over silicon igbts:

e Lower conduction losses

o Faster switching speed

e No tail current during turn-off

« Higher efficiency at light load

SiC MOSFETSs are gradually replacing silicon IGBTs in many medium- and high-power

applications.

3. SicJFETS

SiC Junction Field-Effect Transistors (JFETS) were introduced before MOSFETs became
mature. They offer:

e Normally-on operation (in many designs)

e Low on-resistance

e High ruggedness

However, normally-on behavior complicates gate driving and safety, which limited widespread

commercial adoption.

4. Sic Igbts (Limited Usage)
SiC IGBTs have been researched for ultra-high voltage (>10 kV) applications. While they show
promising blocking capability, their complexity and competition from SiC MOSFETSs limit

their commercial presence.

Structure of SIC MOSFET
The most commonly used SiC MOSFET structure is the vertical double-diffused MOSFET
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(VDMOS). A simplified cross-sectional view is shown below:

Source | N+ | Source

N+ Substrate (Drain)

Figure: 1

Explanation Of Each Region:

e Gate Oxide:

Usually silicon dioxide (SiO2). It controls channel formation when positive gate voltage is
applied.

e P-body Region:

Forms the channel when gate voltage exceeds threshold voltage.

e N+ Source:

Provides low-resistance current injection.

e N- Drift Region:

Responsible for blocking high voltage in off-state. In SiC devices, this region can be much
thinner than in silicon devices due to higher critical electric field.

e N+ Substrate (Drain):

Provides mechanical support and drain contact.
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Reduced Drift Region Thickness

Because of the high critical electric field of SiC, the N- drift region required to block a given
voltage is much thinner and more heavily doped compared to silicon. This leads to significantly
lower specific on-resistance (Rds(on)).

For example:

e A 1200 V silicon MOSFET would have extremely high on-resistance.

e A 1200V SiC MOSFET can achieve very low Rds(on) with reasonable chip size.

This is one of the major reasons why SiC is preferred in 800 V EV battery systems.

Advantages Of Sic Devices (Expanded Discussion)

1. Low Conduction Losses

Due to thinner drift region and high doping, SiC MOSFETSs exhibit much lower on-resistance
for high voltage ratings. This reduces I12R losses significantly, especially in high-current

systems.

2. High Temperature Operation

SiC devices can operate at junction temperatures exceeding 200°C. This improves:
e Reliability in harsh conditions

e Reduction in cooling system size

e Higher power density

3. Fast Switching Performance
SiC devices switch much faster than silicon IGBTSs. Also, SiC diodes have negligible reverse

recovery charge, reducing switching stress on companion switches.

4. High Voltage Capability
Commercial SiIC MOSFETSs are available from 650 V up to 1700 V, and research devices

exceed 10 kV. This makes them suitable for medium-voltage grid and traction applications.

5. Improved Efficiency
In many real systems, replacing silicon IGBT with SiC MOSFET can improve efficiency by
2—-4%. Although this number seems small, in EVs and renewable energy systems it results in

significant energy savings.
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Applications Of Sic Devices (Detailed)

Because of their superior high-voltage and high-temperature performance, SiC devices are
widely used in the following areas:

1. Electric Vehicle (Ev) Traction Inverters

SiC MOSFETSs are heavily used in modern EVs. In traction inverters:

e Switching frequency can be increased

e Switching losses are reduced

e Cooling system size is reduced

Higher efficiency directly improves driving range. For example, even 3% efficiency

improvement in inverter can extend battery range noticeably.

2. Solar Inverters

In photovoltaic systems:

e High efficiency improves energy harvest

e High switching frequency reduces transformer size

e Better thermal performance improves lifetime

SiC devices help achieving compact and efficient solar converters.

3. Industrial Motor Drives
Motor drives benefit from:
e Lower switching losses
¢ Reduced heat generation

e Higher reliability
SiC MOSFETS also reduce acoustic noise due to higher switching frequency capability.
4. High-Voltage Dc (Hvdc) Systems

In grid applications, high-voltage blocking capability of SiC devices allows efficient power

transmission and reduced losses in converter stations.
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5. On-Board Chargers (Obc)

In EV on-board chargers:

e High efficiency reduces charging time

e Smaller passive components reduce system size

e Better thermal performance improves reliability

GALLIUM NITRIDE (GAN) POWER DEVICES

Overview Of Gan Material

Gallium Nitride is a 111-V compound semiconductor with wide bandgap and high electron
mobility. Unlike SiC, GaN devices are typically fabricated on silicon substrates to reduce cost,
though GaN-on-SiC structures also exist.

The most common GaN power device is the High Electron Mobility Transistor (HEMT).

Gan Hemt Structure
GaN devices rely on a two-dimensional electron gas (2DEG) formed at the heterojunction

between AlGaN and GaN layers.

| GaN | « 2DEG channel

| Substrate (Si/SiC)
Figure: 2

The 2DEG channel enables very high electron mobility without heavy doping, leading to
extremely low on-resistance and high switching speed.

ENHANCEMENT-MODE VS DEPLETION-MODE

e Depletion-mode (Normally-ON): Conducts without gate voltage.
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¢ Enhancement-mode (Normally-OFF): Requires positive gate voltage to conduct.

For safety reasons, enhancement-mode GaN devices are preferred in commercial power

converters.

Advantages of Gan Devices

1. Very High Switching Frequency: Up to MHz range.

2. Low Gate Charge: Reduces switching losses.

3. Compact Size: Suitable for high power density designs.
4

Low Output Capacitance: Improves efficiency in high-frequency converters.

Applications of Gan Devices

o Fast chargers for smartphones and laptops
o Data center power supplies

o DC-DC converters

e Wireless power transfer

e Low- to medium-power EV converters

GaN is particularly useful in applications below 650 V where high frequency and compact

design are important.
PERFORMANCE COMPARISON: SIC VS GAN
Although both materials are wide-bandgap semiconductors, their applications differ based on

their characteristics.

Table 2: Comparison between SiC and GaN Devices

Parameter SiC GaN
Voltage Range 600 V — 10 kV Up to 650 V (commercial)
Switching Frequency Medium to High Very High (MHz)
Thermal Conductivity High Moderate
Typical Applications EVs, Grid, Industrial Chargers, SMPS, DC-DC
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Parameter SiC GaN
Substrate Native SiC Mostly Silicon
Cost Higher Moderate (decreasing)

SiC is more suitable for high-voltage and high-power applications, while GaN excels in high-

frequency and compact systems.

Switching Characteristics And Loss Analysis
Switching losses are critical in power devices. The total power loss consists of conduction loss

and switching loss.

Conduction Loss

Pcond=I12RDS(on)P_{cond} = 1"2 R_{DS(on)}Pcond=12RDS(on)

Since SiC and GaN have lower RDS(on) for same voltage rating, conduction losses are
reduced.

Switching Loss
Psw=12VI(Ton+toff)fP_{sw} = \frac{1}{2} V I (t_{on} + t_{off}) fPsw=21VI(ton+toff)f
Due to shorter switching times (ton and toff), GaN devices show very low switching losses at

high frequencies. SiC also shows significant improvement over silicon IGBTS.

THERMAL PERFORMANCE
Thermal management is a key issue in power electronics. SiC devices can operate at higher
temperatures due to high thermal conductivity and wide bandgap. This reduces cooling

requirements and allows smaller heat sinks.

GaN devices, although having lower thermal conductivity compared to SiC, benefit from high

efficiency and low losses, which reduce heat generation.

Reliability And Challenges

Despite many advantages, WBG devices face certain challenges.
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Gate Driving Complexity
o GaN devices require precise gate voltage control.

e SiC MOSFETSs are sensitive to gate oxide reliability.

Cost
Although prices are decreasing, WBG devices are still costlier than silicon devices in many

applications.

Packaging Issues

High switching speed causes:
e \oltage overshoot

o EMI problems

« Layout sensitivity

Advanced packaging techniques like low-inductance modules are required.

Reliability Concerns
Long-term reliability data is still developing. Issues like threshold voltage instability and

dynamic RDS(on) need further research.

Emerging Trends and Future Scope
Research is ongoing in the following areas:

o Vertical GaN devices for higher voltage
e Improved gate oxide reliability in SiC

« Monolithic integration of GaN power ICs
e Advanced cooling methods

e Hybrid modules combining SiC and GaN

In future, WBG devices may dominate electric mobility, smart grids, aerospace systems and

high-efficiency computing infrastructure.

DISCUSSION

Wide-bandgap semiconductors are not just replacing silicon devices but also transforming
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converter topologies. For example, higher switching frequency enables smaller passive
components, reducing overall system size. Designers can now achieve higher power density

which was not possible earlier.

However, careful design considerations are required. High dv/dt and di/dt can cause
electromagnetic interference and stress on insulation materials. Therefore, system-level

optimization is very important.

Although GaN is dominating in consumer electronics and compact chargers, SiC is becoming
standard in electric vehicle traction systems. In many cases, a hybrid approach using both

technologies can provide optimal results.

CONCLUSION

Wide-bandgap semiconductor devices based on Silicon Carbide and Gallium Nitride are
significantly advancing the field of power electronics. Their superior material properties such
as high breakdown field, wide bandgap energy and high switching capability allow improved
efficiency, compact size and high temperature operation. SiC devices are well suited for high-
voltage and high-power applications like electric vehicles and grid systems, whereas GaN

devices are ideal for high-frequency and low- to medium-power converters.

Even though cost and reliability concerns still exist, continuous research and mass production
are reducing these barriers. It can be said that WBG technology is not just an incremental
improvement but a major shift in power electronics engineering. In coming years, these devices

will become more common and may replace silicon in many mainstream applications.
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