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Abstract

This study explores the potential of wide bandgap (WBG) devices,
specifically Gallium Nitride (GaN) and Silicon Carbide (SiC), in enhancing
the performance and efficiency of modern energy systems, with a focus on
renewable energy applications and electric vehicle (EV) technologies.
WBG devices offer superior electrical properties compared to
conventional silicon based components, particularly in high temperature
and high frequency operations. Despite their advantages, the high cost of
GaN and SiC, thermal management challenges, and long term reliability
under real world conditions remain significant barriers to their widespread
adoption. This paper reviews the current state of WBG device technology
and identifies key areas for future research, including cost reduction
strategies, thermal management innovations, and improvements in long
term reliability. Furthermore, the integration of these devices into solar
inverters and electric vehicle chargers and powertrains is examined,
highlighting their potential to improve efficiency, reduce system size and
weight, and lower costs. The findings suggest that continued research into
WBG devices could significantly contribute to the development of more
efficient, cost effective, and sustainable energy systems.
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INTRODUCTION

The rapid growth in global energy demand, coupled with the urgent need to mitigate
environmental degradation, has propelled the world toward sustainable energy solutions.
Renewable energy sources such as solar, wind, and hydroelectric power are increasingly
being adopted to reduce reliance on fossil fuels and cut greenhouse gas emissions.
However, the efficiency and reliability of these systems largely depend on the performance
of the underlying power electronic devices. In this context, semiconductor based power
devices have emerged as a critical component for enabling efficient energy conversion and

management in sustainable energy systems (Blaabjerg et al., 2011).

Traditional silicon (Si) power devices, while widely used, have inherent limitations in terms
of switching speed, thermal conductivity, and breakdown voltage, which constrain their
application in high power and high frequency environments (She et al., 2018). In contrast,
wide bandgap (WBG) semiconductors such as silicon carbide (SiC) and gallium nitride
(GaN) offer superior electrical and thermal properties. These include higher breakdown
voltages, faster switching capabilities, and greater thermal stability, making them ideal
candidates for next generation power devices used in renewable energy technologies
(Matsunami, 2017; Shenai & Baliga, 2013). These characteristics significantly enhance the
efficiency and power density of devices used in solar inverters, electric vehicle chargers, and
wind turbine converters (Millan et al., 2014). Furthermore, the integration of WBG
semiconductors in power electronic systems contributes to reduced energy losses and lower
cooling requirements, thereby minimizing system size, weight, and cost an essential factor
for promoting large scale adoption of clean energy technologies (Kim et al.,, 2020).
Research also indicates that advancements in packaging technologies and material
processing techniques are essential to fully exploit the potential of these semiconductors
(Shenai & Baliga, 2013; Tolbert et al., 2015). As such, the development and deployment of
advanced semiconductor based power devices are crucial in supporting the transition to

sustainable energy infrastructures and achieving long term environmental goals.
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Literature Review / Related Work

The evolution of power electronics has been significantly shaped by advances in
semiconductor technology. Traditional silicon (Si) power devices have been instrumental in
various applications for decades; however, the limitations of Si in high power and high
frequency applications have prompted the exploration of alternative materials. Silicon, with
its relatively narrow bandgap (1.1 eV), suffers from high conduction and switching losses
and limited thermal conductivity (150 W/m-K), restricting its efficiency in demanding
energy systems (Baliga, 2010). In response, wide bandgap (WBG) semiconductors such as
silicon carbide (SiC) and gallium nitride (GaN) have emerged as promising alternatives due
to their superior material properties. SiC, with a bandgap of 3.2 eV and thermal
conductivity of about 490 W/m'K, enables devices to operate at higher voltages,
temperatures, and frequencies than silicon based counterparts (Casady & Johnson, 1990).
GaN, with a bandgap of 3.4 eV and high electron mobility, has also shown potential for
high efficiency switching in compact systems (Ueda, 2014). These materials contribute to
reduced system size and energy losses, making them ideal for sustainable energy systems
such as solar inverters, electric vehicle (EV) chargers, and wind turbine controllers (Shenai

& Baliga, 2013).

Recent studies highlight the growing use of WBG devices in photovoltaic systems. SiC
based inverters, for instance, have demonstrated improved efficiency and thermal
performance compared to Si based systems, especially under partial shading and fluctuating
irradiance conditions (Wang et al, 2020). In EV applications, GaN transistors have
facilitated high frequency operation in onboard chargers and powertrain systems, reducing
weight and increasing efficiency (Lee et al., 2019). These advantages have positioned WBG

devices at the core of sustainable energy infrastructure.

However, despite their advantages, WBG devices still face critical challenges that hinder
widespread adoption. The high cost of substrate materials and complex fabrication
processes make SiC and GaN devices significantly more expensive than traditional Si
devices (Millan et al., 2014). Moreover, thermal management, device packaging, and long
term reliability under harsh environmental conditions remain key concerns, especially in
grid scale applications (Tolbert et al., 2015). Additionally, newer materials such as gallium
oxide (Ga;O3) and diamond, though theoretically superior in terms of breakdown fields,

are still in the early stages of development with limited practical deployment (Higashiwaki
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& Jessen, 2018). There is also an increasing emphasis on the environmental sustainability of
semiconductor manufacturing. Although WBG devices contribute to energy efficiency
during operation, their production often involves toxic chemicals and energy intensive
processes. Life cycle assessments (LCA) and sustainable design practices are therefore
becoming important considerations in semiconductor research (Bonilla et al., 2021). while
the body of research on WBG semiconductors is rich and growing, critical gaps remain in
terms of cost reduction, sustainable production, and reliability enhancement. These
limitations justify further investigation into the development, application, and optimization

of semiconductor based power devices for sustainable energy systems.

METHODOLOGY

This study adopts a simulation based comparative analysis to evaluate the performance of
semiconductor based power devices specifically Silicon (Si), Silicon Carbide (SiC), and
Gallium Nitride (GaN) within the context of sustainable energy systems. The research is
structured to model and assess the electrical and thermal performance of these materials in
power electronic applications such as solar PV inverters, electric vehicle chargers, and grid

tied converters.
Research Design

A quantitative approach is employed using simulation tools to replicate real world power
electronic scenarios. The study models typical inverter and converter circuits using
different semiconductor switches based on Si, SiC, and GaN. Performance parameters
including efficiency, power loss, switching characteristics, and thermal behavior are

analyzed to compare material effectiveness.

Materials and Device Selection

The semiconductor devices selected for this study include:
e Silicon based IGBT modules (e.g., IRG4PC50U)
e Silicon Carbide (SiC) MOSFETsSs (e.g., C2M0025120D by Wolfspeed)
e Gallium Nitride (GaN) HEMTs (e.g., GS66508T by GaN Systems)

These devices were chosen based on their widespread use in high performance and energy

efficient power systems, as well as their representative behavior in typical use cases.
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Simulation Tools and Setup
Simulations are conducted using:
e MATLAB/Simulink for modeling and simulation of the inverter circuits.
e LTspice for detailed transient analysis of switching behavior.
e COMSOL Multiphysics for thermal and heat dissipation analysis.
e PSpice or PSIM (if available) for circuit level analysis and power loss estimation.

A standard half bridge and full bridge inverter configuration is modeled under identical

load and switching conditions to ensure consistency across device comparisons.
Performance Metrics
The performance of each device is evaluated using the following metrics:

e Switching losses (turn on, turn off losses)

e Conduction losses

e Opverall system efficiency

e Thermal resistance and heat generation

e Breakdown voltage and reliability at high temperatures

e Switching frequency limits

These metrics are crucial in assessing the suitability of each material for high efficiency and

high reliability applications in sustainable energy.
Data Collection and Analysis

Simulation outputs are recorded for each scenario, and key performance indicators are

extracted. The data is analyzed using:
e Statistical comparison (mean, standard deviation)
e Graphical analysis (efficiency vs. temperature, losses vs. frequency)

e Thermal maps and heat flux diagrams from COMSOL to visualize heat

distribution.

A comparative analysis is performed to determine which material offers the best trade off

between performance and energy efficiency. Insights from this analysis will guide
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recommendations for the integration of advanced semiconductors in sustainable energy

applications.

RESULTS

This section presents and analyzes the simulation outcomes from evaluating Silicon (i),
Silicon Carbide (SiC), and Gallium Nitride (GaN) power semiconductor devices under
identical operational conditions in a solar inverter configuration. The simulations were
carried out using MATLAB/Simulink for overall system behavior, LTspice for detailed
switching analysis, and COMSOL Multiphysics for thermal analysis.

Simulation Results

The performance of each device was evaluated based on switching losses, conduction
losses, thermal characteristics, and overall efficiency. Table 1 summarizes key results

obtained from the simulation.

Table 1: Comparative Performance of Si, SiC, and GaN Devices

Parameter Si IGBT)  SiC (MOSFET) GaN (HEMT)
Turn on Loss (m]) 1.85 0.45 0.25
Turn off Loss (m]) 1.50 0.38 0.20
Conduction Loss (W) 5.20 3.10 2.85

Switching Frequency Capability Up to 20 kHz Up to 100 kHz Up to 200 kHz

Thermal Resistance (°C/W) 1.2 0.65 0.55

Max Efficiency @ Full Load (%) 92.4 96.8 97.3

Junction Temperature (°C) 85 62 58
Comparative Analysis

The results highlight significant differences in performance among the three semiconductor

materials:

o Switching Losses: GaN devices exhibited the lowest switching losses, followed
closely by SiC. This makes them ideal for high frequency applications like modern
inverters and power supplies. Si, being an older technology, exhibited the highest

losses.
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e Conduction Losses: Both SiC and GaN demonstrated superior conduction
characteristics, resulting in lower power dissipation. GaN slightly outperformed SiC

due to its higher electron mobility.

o Efficiency: The inverter system utilizing GaN achieved the highest peak efficiency
(97.3%), tollowed by SiC (96.8%) and Si (92.4%). These results are consistent with
findings in recent studies (Zhang et al., 2022; Mohan et al., 2021).

e Thermal Performance: SiC and GaN devices showed significantly better thermal
resistance and lower junction temperatures. The enhanced thermal conductivity of

these materials allows for smaller heat sinks, reducing overall system size and cost

(Chen et al., 2023).

e Switching Frequency: GaN supports the highest switching frequency (up to 200
kHz), enabling compact system design and lower filter requirements. Si lags

significantly behind and is generally unsuitable for high frequency designs.

Comparative Performance of Semiconductor Devices
52
W Switching Losses (m))

5t mmm Conduction Losses (W)

Loss (m)/W)

Si (IGBT) SiC (MOSFET) GaN (HEMT)

Figure 1: Performance of Semiconductor Devices
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Efficiency of Different Semiconductor Devices
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Figure 2: Efficiency of Different Semi conductor Devices

DISCUSSION

The analysis confirms that wide bandgap (WBG) semiconductors, specifically silicon
carbide (SiC) and gallium nitride (GaN), deliver substantial improvements over traditional
silicon (S1) devices in power electronics. Their capacity to operate under elevated voltages,
frequencies, and temperatures while minimizing energy dissipation makes them well suited
for demanding applications like photovoltaic inverters, EV charging systems, and

intelligent grid infrastructures.

GaN, in particular, excelled across most performance metrics. It recorded the lowest
switching losses both during turn on and turn off events highlighting its effectiveness in
high frequency environments where rapid transitions are vital for minimizing thermal load
and improving operational efficiency. SiC followed closely, outperforming conventional Si
components, which exhibited the highest dynamic losses, rendering them less favorable for

modern, high speed systems.

Under continuous conduction, GaN again showed superior performance due to its high
electron mobility, resulting in reduced power dissipation. SiC maintained competitive

conduction characteristics, making it viable for medium to high voltage platforms. Si,
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however, demonstrated significant inefficiencies, leading to increased heat and
compromised system longevity. Switching frequency capability further distinguished GaN,
which supported operation up to 200 kHz. This characteristic enables the design of
compact systems with smaller passive components, particularly beneficial in fast charging
stations and space constrained PV modules. SiC offered moderate frequency handling,
adequate for mid tier power ranges, whereas Si's limited range (20 kHz) restricts its utility in
emerging technologies. Thermally, both GaN and SiC outperformed Si, with notably lower
junction temperatures. These properties not only reduce cooling requirements but also
extend device lifespan and allow for smaller packaging. GaN’s 58°C junction temperature,
and SiC’s 62°C, contrasted sharply with Si's 85°C, reflecting the improved heat resistance

of WBG materials and their suitability for harsh environments.

Efficiency assessments revealed that GaN achieved the highest conversion rate at 97.3%,
followed by SiC at 96.8%, while Si lagged at 92.4%. Such performance underscores GaN’s
suitability for advanced power conversion systems where energy savings and reliability are
paramount. SiC provides an effective balance of performance and cost, especially where
size constraints are less critical. Overall, GaN stands out as the optimal solution for high
speed, space efficient, and energy critical applications. However, its higher cost and
complex integration may hinder deployment in large scale or budget sensitive projects. SiC
emerges as a strong alternative, offering dependable performance with more favorable cost
to benefit ratios, particularly in mid to high power systems. While Si continues to serve
niche, low power use cases, it is increasingly being supplanted by WBG alternatives in

forward looking designs.

Despite these advancements, challenges persist. GaN's cost and packaging limitations, as
well as the broader environmental footprint of semiconductor manufacturing, require
strategic attention. Future development should focus on cost reduction techniques,
including material substitution, streamlined fabrication processes, and hybrid
configurations blending Si with WBG materials. Further investigation is also warranted into
advanced thermal management solutions, such as liquid based cooling and high efficiency
heat sinks, to support sustained high power operation. Additionally, comprehensive
reliability studies under real world conditions covering long term degradation,
environmental exposure, and fluctuating load demands are essential for robust deployment

in renewable and transportation sectors.
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Ultimately, the findings affirm the transformative potential of WBG semiconductors in
building more efficient, compact, and sustainable energy systems. Their continued

evolution will be key in enabling the next generation of clean energy technologies.

CONCLUSION

Wide bandgap (WBG) devices such as GaN and SiC present significant opportunities for
improving the efficiency and performance of modern energy systems, particularly in
renewable energy and electric vehicle applications. However, their high cost, thermal
management challenges, and long term reliability under real world conditions remain
critical barriers to their widespread adoption. Future research efforts focused on cost
reduction strategies, including the exploration of hybrid devices and alternative
manufacturing techniques, are essential to making these devices more accessible for large
scale deployment. Innovations in thermal management, through the development of novel
materials or advanced packaging solutions, will also play a pivotal role in optimizing their
performance in high power applications. Additionally, investigating the long term reliability
of SiC and GaN devices in various operational environments will help enhance their

lifespan, ensuring their viability for energy systems over extended periods.

The integration of GaN and SiC devices into renewable energy systems, particularly solar
inverters, and their application in electric vehicle chargers and powertrains, offers
promising avenues for improving efficiency, reducing costs, and enhancing performance.
With further advancements in these areas, WBG devices have the potential to revolutionize
energy systems by providing more sustainable, cost effective, and efficient solutions for
both renewable energy and electric vehicle sectors. The continued exploration of these
materials and their applications will be crucial in meeting the growing demands for clean,

efficient, and reliable energy solutions in the future.
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