G Lt
) University

Wide Bandgap (WBG) Semiconductors in Power Electronics:

The Future of Electric Vehicles

Lappeenranta—Lahti University of Technology LUT

Bachelor’s Programme in Electrical Engineering, Bachelor's thesis
2024

Yimeng Wan

Examiner(s): Associate Professor Lassi Aarniovuori



ABSTRACT

In recent years, the solutions of sustainable energy and environmentally friendly transport is
more and more important for our earth. The development and diffusion of electric vehicles
(EVs) has become an important way to decrease the pollution and improve the energy
efficiency. In this context, the technology of WBG semiconductor, especially gallium nitride
(GaN) and silicon carbide (SiC) devices, has proven large potential to improve electric
vehicles’ performance. This study’s purpose is to learn the use of GaN and SiC
semiconductors to the electric vehicles and charging systems. And analysis them how to
decrease then loss of energy. Then improve the total energy efficiency and driving range by

decreasing then loss of energy.

Through the review of literature and the study of the case, this essay analysed the physical
properties of WBG semiconductor technology, the efficiency of advantage, and the specific
examples of electric vehicles’ use deeply. This essay also compared WBG devices and
traditional silicon-based devices’ loss. The difference between thermal management and size
reduction’s performance. By this study, the essay evaluates the use of WBG technology to
the range of electric vehicles.

As the main research results shows, GaN and SiC semiconductors has special advantages of
performance on high pressure and high temperature environment. And it can also decrease
the energy losses of electric vehicle power electronic equipment. More specifically, these
WBG devices can improve the charging efficiency of electric vehicles, reduce charging time
and increase range by reducing energy losses. However, despite these obvious benefits, the
widespread use of WBG semiconductors is hampered by cost and manufacturing process

issues.

It is concluded that although gallium nitride and silicon carbide semiconductor technologies
have great potential for application in the electric vehicle industry, further research and



development in the areas of cost control, supply chain management and technology

standardisation are required to achieve commercialisation and scale-up of these technologies.
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energy efficiency, autonomy
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SYMBOLS AND ABBREVIATIONS
Roman characters

T temperature °C
Abbreviations

WBG Wide Bandgap

SiC silicon carbide

GaN gallium nitride
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1 Introduction

1.1 Research context

Electric vehicles (EVs) are fast becoming one of the solutions to the growing need to reduce
greenhouse gas emissions and improve energy efficiency. EVs not only reduce dependence
on fossil fuels, but also significantly reduce environmental pollution, which is essential for
the transition to a sustainable transportation system. Wide-bandgap (WBG) semiconductor
technologies, such as gallium nitride (GaN) and silicon carbide (SiC), have become the
spearhead of research due to their superior performance in power electronics. Capable of
operating at high voltages, temperatures and frequencies, these technologies are more
efficient than traditional silicon-based devices, enabling electric vehicles to be equipped with
more efficient power electronics that significantly reduce energy losses and improve fuel
efficiency. This efficiency not only extends the range of electric vehicles effectively, but
also gives a new power to the growth of the electric vehicle’s industry. However, although
this technology has specific advantages, the widely use of WBG semiconductors also
hampered by the cost and the issues of manufacture process. In [1], the focus was on the
difficulty of manufacturing high quality WBG semiconductors and the enormous costs and
challenges of artisanal production. In [2], features that improve the efficiency and
compactness of electric vehicles are analyzed in depth. The analysis of performance requests
also provides an in-depth analysis of the information. In recent studies, such as those
highlighted [3] and [4] WBG semiconductors have been considered to be of significant use
in achieving the zero emission target in the automotive industry. They also focused on the
potential for pollution reduction after the integration of WBG. In addition, as explained in
[5], thermal management plays an important role in maintaining the high performance of
these broadband devices. Then it can further reduce the impact of electric vehicles on the
environment. In a word, these aspects show that the potential of the leads change of WBG

semiconductor technology in electric vehicle Industry toward a more sustainable future.



1.2 Research objectives and questions

The aim of the study is to explore the application of two wide bandgap (WBG)
semiconductor technologies, gallium nitride (GaN) and silicon carbide (SiC) in electric
vehicles and charging systems. And the contribution to improve the energy efficiency and
the drive range of electric vehicles. Here is the specific research questions revolve around.
First, the current application status of GaN and SiC semiconductors in electric vehicles.
Second, the potential of WBG semiconductors to reduce energy loss and its impact on
electric vehicle range. Besides, the technical and economic challenges facing WBG
semiconductor technology. Through answer these questions, we wish to show the
contributions of WBG semiconductor technology to the advancement of electric vehicles.
And give some suggestions to the future technology improvements and applications. This
objective coincides with the results of the study [6] on the impact of broadband
semiconductors on improving the efficiency of fast chargers for electric and plug-in hybrid
vehicles. And they point a clear direction for the efficiency’s improving of electric vehicles.
Car charging solutions. This is in line with the results of the study [7]. They discussed the
impact of the efficiency of WBG semiconductors on rechargeable fast chargers for electric

and hybrid vehicles. They also point the way towards efficient charging of electric vehicles.

[8]the current state of application of gallium nitride and silicon carbide semiconductors in
electric vehicles. And they analysis the semiconductors in drive systems and charging
devices deeply. It shows that the importance of current EV technology. What’s more,
something about the potential of WBG semiconductors to reduce energy losses and increase
EV range. [9]stresses the importance of improving the overall energy efficiency of electric
vehicles by reducing energy losses. [10] the technical and cost challenges encountered in the
diffusion of silicon carbide and gallium nitride semiconductors have been studied. They

highlighting the main obstacles facing this technology.

1.3 Scope and limitations of the study

This study is focused on the using of gallium nitride and silicon carbide semiconductors in
electric vehicles and their charging systems. This research will do it by literature review,

case studies and technical performance comparisons. However, there are some limitations.



Because WBG semiconductor technology is a rapidly developing field. This study may not
be able to cover the latest developments in technical data and commercial applications. This
study focuses on technical analysis and theoretical evaluation. But not must contain the
extensive experimental data or field test results. Economic analyses will be based on existing
literature and public market reports and may not reflect the latest cost dynamics in all regions
and markets. Despite these limitations, this study aims to provide valuable information and
analysis for understanding the application of WBG semiconductors in electric vehicles and

their potential benefits.



2 Literature review

2.1 The role of power electronics in electric vehicles

Power electronics are at the heart of technological advances in electric vehicles. As shown
in Figure 1, power electronics play an important role in electric vehicles. It is responsible for
managing and controlling the conversion and distribution of electrical energy. In electric
vehicles, power electronics mainly comprise traction inverters, chargers, DC/DC converters,
etc., which together ensure efficient conversion of electrical energy from battery to motor
and optimum vehicle performance in the various operating modes. The traction inverter
converts direct current (DC) from the battery to alternating current (AC) to drive the electric
motor, while the DC/DC converter adjusts the power transfer between different voltage
levels to supply the vehicle's auxiliary systems. As shown in Figure 1, for modules dedicated
to electric vehicles, ROHM isolates the low-voltage 12 V circuits from the high-voltage
battery and drive system using materials such as silicon carbide (SiC), while ensuring greater
reliability, greater miniaturization and lower power consumption. In addition, the charger
controls the conversion of electrical energy from an external power source to charge the
battery efficiently. Power electronics not only increase energy efficiency, but also enhance

the driving performance and comfort of electric vehicles.
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Figure 1: Power Electronics in Electric Vehicles[11]



2.2 Overview of WBG semiconductor technology

The application of wide-bandgap (WBG) semiconductor technologies such as gallium
nitride (GaN) and silicon carbide (SiC) represents a transformative advance in power
electronics, particularly in electric vehicles (EVs). Semiconductors based on gallium nitride
(GaN) and silicon carbide (SiC) are known for their superior molecular stability, as shown
by the lattice structures in the images provided. These illustrations show the robust

crystalline structures that give these materials their excellent electrical properties.

In Figure 2, the GaN structure features a dense hexagonal lattice. This crystal arrangement
gives GaN its unique high-frequency capability, making it ideal for fast-charge applications
in electric vehicles. The GaN molecules are arranged in a repeating honeycomb pattern, and
the structure is robust and ordered, resulting in high voltage resistance and low conduction

loss.

In contrast, the silicon carbide molecular network shown in Figure 3 consists of a complex,
interlocking three-dimensional structure. The alternating arrangement of silicon and carbon
atoms enables silicon carbide to withstand extreme temperatures of up to 600°C without
degradation. This robustness is essential for applications requiring high thermal resilience,

such as power electronics in electric vehicles operating in harsh conditions.

Of the two semiconductors, SiC semiconductors stand out for their high-temperature
stability, while GaN semiconductors excel in high-frequency and high-voltage applications.
SiC is often favored for its ability to improve the thermal management of power electronics,
which means reliability and longevity, especially under the hood of an electric vehicle, where
space is at a premium and the cooling system must be efficient. GaN, meanwhile, helps to
shorten charging times thanks to its high-frequency operation, which is particularly

beneficial in charge-following scenarios where time is of the essence.



Important advances in gallium nitride technologies, such as bidirectional on-board charger
topology and modulation methods, are discussed in depth in [12]. Their work highlights the
important role played by GaN semiconductors in improving the efficiency and compactness
of EV charging solutions. The study shows how the properties of gallium nitride can be used
to create more efficient, space-saving designs that fit into the compact architecture of modern
EVs.

In summary, the nuances between gallium nitride and silicon carbide semiconductors
highlight their respective roles in EV technology, with SiC's temperature resistance making
it an essential component of long-term durability and stability, and GaN's high-frequency
performance making it a key element of fast-charging technology, reflecting the synergistic

role these two WBG semiconductors play in driving the EV revolution.

Figure 3: Molecular Structure of silicon carbide[14]



2.3 Status and trends of WBG semiconductors in electric vehicle applications

In recent years, as WBG semiconductor technology has matured and costs have come down,
GaN and SiC have begun to be used in power electronics for electric vehicles. The use of
these technologies is increasing rapidly, particularly in compact, high-efficiency power

converters for electric vehicles, as shown in Figure 4.

Figure 4: New silicon carbide power MOSFET transistors for electric vehicles[15]

SiC in traction inverters: SiC-based inverters are widely used in electric vehicles because of
their ability to operate at higher temperatures and voltages, improving overall efficiency and
reducing system size. Tesla, for example, uses SiC power modules in its Model 3 electric

vehicle, significantly improving energy efficiency and range.

GaN in chargers: due to their high-frequency nature, GaN semiconductors are particularly
useful in fast-changing technology for electric vehicles. Chargers using GaN technology can
be smaller and lighter while offering greater energy efficiency, which is important for

improving the user's charging experience and reducing energy consumption.



The literature review shows that despite the promising applications of WBG semiconductors,
their widespread adoption in electric vehicles is still limited by cost and manufacturing
issues. [16] the performance of charging systems for electric vehicles using silicon carbide
and gallium nitride switches has been evaluated. Highlights the great benefits that these
technologies bring to fast charging solutions, marking a significant shift for electric vehicles
towards more efficient and compact electronic components. Future research and
technological advances should help resolve these issues and advance the adoption of WBG

technology in the electric vehicle industry.

In summary, WBG semiconductor technology represents an important technological
pathway for improving the energy efficiency and performance of electric vehicles. Thanks
to technological advances and cost reductions, the application of GaN and SiC
semiconductors in electric vehicles will continue to grow, contributing to the realisation of

more efficient and environmentally friendly transport solutions.



3 Methodology

By addressing the issue of broadband semiconductors (WBG) in electric vehicle (ev)
powertrains, our approach aims to discover and understand the interactions between
advances in broadband semiconductors (WBG) technology and the practical applications of
broadband semiconductors (WBG). The research method | use is a mixed approach to
research and design. The use of mixed research and design methods allows for dynamic
surveys both quantitative, such as energy efficiency and cost-effectiveness, and qualitative,
such as industry prospects. Given the complexity of the application of WBG semiconductors
in electric vehicles, the use of hybrid methods for research and design provide as much as
possible a more intuitive and vivid complete understanding than purely technical

performance indicators.

3.1 Research methodology and data sources

My research is based on relevant data and collection of relevant information, information
gathered from academic literature, industry reports and case studies, in order to obtain a
complete understanding of the current situation and prospects for future development of the
use of gallium nitride (GaN) and broadband silicon carbide (SiC) semiconductor banned in
electric vehicles. This collection of data and information serves as the basis for the analysis
of this study and allows us to conduct a more scientific and comprehensive analysis of the
impact of prohibited broadband semiconductor (WBG) technology on electric vehicles and
the complexity of its impact. By compiling the data and information, my research has
highlighted the ability of these prohibited broadband semiconductors to alter the efficiency,
performance, and durability of electric vehicles.

3.1.1 Research Design

This study was designed using a mixed methodology combining quantitative and qualitative
analysis methods to evaluate the application and use of gallium nitride (GaN) and silicon

carbide (SiC) WBG semiconductors in electric vehicles and their charging systems. The



quantitative analysis method focuses on the collection, compilation and analysis of data on
energy efficiency, power density and cost-effectiveness. The qualitative analysis focuses on
understanding the practical application of these techniques as well as the views and reactions

of industry experts and users.

3.1.2 Data Collection

Collect data from a variety of sources including, but not limited to, academic documents and
technical reports for theoretical knowledge and technical parameters. Analysis of industry
reports and market research data to understand market trends and technology direction for
electric vehicles and charging systems. Read the technical manuals and user manuals of

specific products for detailed information on electric vehicles and specific charging systems.

The data analysis was carried out using the following methods: statistical analysis of the data
collected, evaluation of the performance and efficiency of the WBG semiconductor devices.
Analysis of qualitative data, such as expert interviews and case study findings, to extract key

information related to the application of the technology.



4 Advantages and applications of WBG semiconductors

In this chapter | examine in detail the practical applications of WBG semiconductors, in
particular gallium nitride (GaN) and silicon carbide (SiC) semiconductors in electric vehicles
(EV) and related fields. WBG semiconductor devices offer superior characteristics to
conventional silicon-based semiconductor devices. WBG semiconductors have great
potential to improve the performance, efficiency and reliability of electric vehicles, which
has caused much concern among researchers and industry professionals. | demonstrate the
tangible benefits that WBG Semiconductor can bring to electric vehicle technology by
examining a series of case studies. This study can not only show the current state of
application of the WBG semiconductor, but also give Me a deep idea of the transformer

impact of the WBG semiconductor on the future development of electric vehicles.

4.1 Case study of the application of gallium nitride and silicon carbide (WBG

semiconductor) in electric vehicles

My first case study focuses on the use of silicon carbide (SiC) in the tesla Model 3. We know
that the tesla Model 3 is considered a beacon of innovation in the electric vehicle sector. This
study provides a comprehensive overview of how silicon carbide semiconductor technology
(WBG) optimizes Model 3 performance. Silicon carbide (WBG) semiconductors are capable
of operating at higher temperatures and frequencies than traditional silicon-based
semiconductors. This shows that silicon carbide (WBG) semiconductors have significant
advantages, especially when used in key components of electric vehicles, such as inverters,
chargers and transmission systems. Through this study, | learned the practical difficulties
encountered by the WBG semiconductor in the tesla Model 3. This study also allowed me
to discuss in detail the advantages and application modalities of silicon carbide

semiconductors (WBG) in electric vehicles.



4.1.1 Case study 1: SiC applications in the Tesla Model 3

A major step forward in the technological development of the tesla Model 3 electric vehicle
(EV). The tesla Model 3 incorporates a semiconductor power module made of silicon carbide
(WBG) in the powertrain, especially in the main inverter part. The special properties of the
silicon carbide (WBG) semiconductor enable it to operate efficiently under high temperature
and high frequency conditions, greatly reducing energy losses. These semiconductors are
able to minimize conduction and switching losses in DC/AC inverters (decrease in resistance
insulation during current passage, which reduces conduction losses, while switching losses
during state changes are controlled). This not only leads to an approximate 10% reduction in
energy losses in inverter applications but also alleviates the cooling system's workload,
enabling a reduction in the size and weight of system components. Such efficiency gains,
even in the 2 - 3 % range, can boost the vehicle's range by 5 — 10 %, without the need to

increase battery capacity.

In addition, the accompanying diagram provides a clear visualization of the energy flow
from the battery to mechanical output, delineating points of loss at each stage of the energy
conversion process. With SiC technology, the DC/AC inverter shows a notably decreased
proportion of switching and conducting losses compared to traditional silicon-based systems.
This contributes to a more efficient energy delivery to the electric motor, enhancing the

vehicle's overall performance.

While the document doesn't detail mechanical transmission losses, it is understood that these
are inherent in any mechanical system due to friction and wear. However, the Tesla Model
3 benefits from a simplified mechanical design, which inherently suffers fewer losses than
conventional internal combustion engine vehicles. This simplified transmission, combined
with the optimized electrical efficiency afforded by SiC technology, mitigates the impact of

mechanical losses.



Overall, the integration of SiC power semiconductor technology in the Model 3's
powertrain leads to a significant reduction in both conduction and switching losses, as well
as a better management of mechanical transmission losses. Figure 5 serves as a
foundational tool to grasp the efficiency improvements brought about by SiC modules at
crucial energy conversion stages, emphasizing the role of advanced materials in boosting
electric vehicle performance—a key factor in the shift towards more sustainable

transportation options.
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Figure 5: Electric vehicle traction system structure and corresponding loss distribution[17]

In the development of electric vehicles (EVs), the performance of power electronics is
essential. Broadband semiconductor devices, in particular Silicon Carbide Metal Oxide Field
Effect Transistors (SiC-MOSFETSs) and Silicon Insulated Gate Bipolar Transistors (Si-
IGBTS), are attracting attention for their outstanding performance in power electronics. They
are able to operate stably in higher-voltage environments, making them ideally suited to
high-voltage systems in electric vehicles. This feature is important for improving the overall

performance of electric vehicle electrical systems.

In addition, in Tablel both devices are capable of handling sustained drain-source currents
of up to 300 A, demonstrating that they can handle significant power levels to meet the high
power demands of electric vehicles. In terms of energy efficiency and EV range, SiC-

MOSFETSs feature lower on-state resistance - just 5 mQ - and this low on-state loss



characteristic reduces energy loss by around 10 % in inverter applications, directly
improving energy efficiency and EV range, as seen in the Tesla Model 3 in real-world

applications.

In terms of switching characteristics, the lower reverse transfer capability and input
capacitance of SiC-MOSFETs compared to Si-IGBTs enable devices to have faster
switching speeds and lower switching process losses, contributing to the efficiency of the
power conversion process. This parameter may reflect the structural differences between the
two devices and their differing impact in electric vehicle applications.

The lower gate threshold voltage of Si-MOSFETS suggests that they can be started at lower
voltages, opening up the possibility of achieving high power efficiencies. The high
transconductance values also underline the excellent conductivity of SiC-MOSFETSs at a
given voltage. In electric vehicles, this high transconductance property is particularly

important for efficient energy conversion.

Finally, the shorter turn-on and turn-off times of SiC-MOSFETs (144 ns and 211 ns,
respectively) make them suitable for power electronics applications requiring fast switching,
such as inverters and converters used to drive electric vehicle motors. Fast switching
capability not only improves inverter response speed, but also reduces energy loss during
high-frequency switching, which is essential for the efficient operation of electric vehicle
charging systems. These parameters give an indication of the technical advantages of SiC-
MOSFETSs and how they are steering the electric vehicle industry towards greater efficiency
and autonomy. Although cost and manufacturing processes are current challenges, it is
expected that these advanced semiconductor devices will be more widely used in electric

vehicles in the near future, as the technology matures and scale effects materialize.



Tablel: Key parameters for the electrical characteristics of SIC-MOSFET and Si-IGBTS

modules.[17]

Electrical characteristics parameters SiC-MOSFETS Si-IGB
Voltage rating Vpson) 1200V 600 V
Continuous drain current I, 300 A 300 A
On-state-resistance Rpgon) 5mQ /
Collector-emitter saturation voltage / 145V
Reverse transfer capacitance C,.s 0.07 nF 0.57 nF
Input capacitance C;, 11.7 nF 19 Nf
Gate-source capacitance Cy; 11.63 nF /
Gate-emitter capacitance Cg, / 18.4 nF
Output capacitance C,q¢ 2.55 nF /
Internal gate resistance R, 3.0Q 1.0Q
Gate threshold voltage Vi cn) 23V 58V
Transconductance gy 948 S /
Turn-on time t,, 144 ns 160 ns
Turn-off time t, ;¢ 211 ns 540 ns

In power electronic systems for electric vehicles, device thermal stability is a key factor in

ensuring high performance and reliability. As shown in the Figure 6, the on-resistance of a

semiconductor device increases with junction temperature, posing a major design challenge.

Under high-temperature operating conditions, the energy loss of the device increases

considerably, which will directly affect the vehicle's energy efficiency and range.

Consequently, design needs to focus on thermal solutions to ensure that the device is

maintained at the optimum operating temperature in different operating environments. By

adopting advanced thermal management techniques, we can minimize the loss of efficiency

due to temperature rise, resulting in a more economical and environmentally-friendly electric

vehicle.
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Figure 6: On-state-resistance vs. Temperature.[17]

The threshold voltage is the minimum voltage required for the device to turn on, and its
variation curve with junction temperature, as shown in the Figure 7, indicates another
important characteristic to consider when improving device performance. As temperature
increases, the device's threshold voltage decreases, offering greater flexibility in the design
of power electronic devices. The lower threshold voltage ensures low-power operation of
the device over a wide temperature range, enabling high performance to be maintained for
electric vehicles under changing environmental conditions. In future work, this feature will
be used to develop more efficient control and management circuits to achieve optimum

performance over the whole temperature range.
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Figure 7: The threshold voltage vs, temperature.[17]

The Figure 8 shows a thermal simulation of the temperature distribution of a semiconductor
device under two different heat dissipation conditions. The image on the left reveals a zone
of maximum temperature, suggesting that the device in this state may have suffered
overheating during high-power operation, a situation that requires a more effective thermal
solution to prevent premature aging of the device. The image on the right shows a more
balanced temperature distribution, and this uniform thermal distribution indicates that the
device has been better treated for heat dissipation, helping to maintain device stability over
time and extend its life. This analysis is essential for the thermal design of solid-state devices
in future electric vehicles to ensure high efficiency and long-term stability, even under high
loads, providing a solid guarantee of the electric vehicle's reliability and the user's driving

experience.
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Figure 8: (a) Si IGBTS, (b) SiC MOSFETS.[17]

Reduced size and weight: thanks to the high efficiency of SiC semiconductors, power
converters using this material can be smaller and lighter than those using conventional
silicon. For electric vehicles, reducing the overall weight of the vehicle is important for

improving energy efficiency and vehicle performance.

Fast charging capability: SiC power semiconductors can also improve the efficiency of fast
charging in electric vehicles. Their ability to withstand higher voltages enables faster

conversion and transmission of electrical energy, reducing charging time.

By adopting SiC power semiconductor technology in the Model 3, Tesla is not only
improving the vehicle's performance and efficiency, but also reinforcing its position as a
leader in technological innovation in the field of electric vehicles. The advantages of using
SiC semiconductors (WBG) not only lie in increasing range and reducing energy losses, but
also in improving the vehicle's driving experience and ease of charging. With the cost
reduction of silicon carbide technology, there will be more and more electric vehicles using

this efficient energy conversion mode.

4.1.2 Case study 2: Gallium Nitride Rapid Charger Application

In the field of electric vehicle (ev) charging technology, the ability to charge quickly is a

decisive competitive advantage. With increasing market demand for shorter charging times



and longer driving distances, the introduction of gallium nitride (GaN) semiconductor
materials has made a great leap forward in technology development. Compared to traditional
silicon (Si) based semiconductors, gallium nitride (GaN) shows great superiority in
improving energy conversion efficiency, extending the operating temperature range and
reducing the size and weight of the device. Fast charge technology that makes full use of
gallium nitride can charge electric vehicle battery with a lot of energy in a very short time,
greatly reducing the waiting time for charging, making electric vehicles more convenient

and convenient.

In addition, the highly efficient properties of gallium nitride semiconductor (WBG) can
greatly reduce energy conversion losses during charging. This not only optimizes energy
efficiency, but also reduces the load of the battery thermal management system. This ability
to reduce heat loss therefore has a positive effect on maintaining battery performance and
prolonging battery life. As indicated in the study [18],the choice of the right semiconductor
materials is essential to improve the performance of electric vehicles. At the same time,
advances in power electronics substrate technology are highlighted in [19],showing how SiC
and GaN technologies can improve the energy efficiency and performance of electric vehicle

converters.

From a design and application point of view, the relatively small size and light weight of
GaN fast chargers not only make them more portable, but also enable fast-charge
functionality to be integrated into EV design, which is particularly convenient for drivers
who often need to recharge on the move. T Compared with silicon carbide materials, gallium
nitride material can work at higher temperature and maintain stable operation. This feature
allows a sustainable use of fast charging in electric vehicles. In addition, fast charging
technology improves the safety and reliability of electric vehicles. These advanced chargers
support a variety of fast charging protocols, meeting the flexible and varied charging needs
of all types of electric vehicles and greatly enriching the charging options of electric vehicle

Users.



The technological innovation of gallium nitride in fast charging not only improves the
charging experience of electric vehicle users, but also consumer recognition and penetration
into the automotive market. With the increase in scale of production and the continuous
reduction of costs, this technology will be more widely used in future electric vehicles,
achieving ecological and efficient mobility.

An in-depth analysis of two specific cases has shown that semiconductors (WBG), in
particular silicon carbide (SiC) and gallium nitride (GaN) semiconductors, have significant
advantages for their use in electric vehicles. Compared with traditional silicon based
semiconductor devices, semiconductor devices (WBG) have excellent performance under
high temperature operating conditions, greatly reducing energy losses and improving the

overall efficiency of electric vehicle applications.

On the one hand, SiC (WBG) semiconductors are able to reduce energy losses by about 2 -
3 % in inverter applications for electric vehicles. Reducing losses not only improves energy
efficiency, but also reduces the load of the heat dissipation system, which reduces the size
and weight of the system. On the other hand, gallium gnide semiconductor is able to further
reduce energy losses due to its higher switching frequency. This efficient energy
management is not only essential to improve the performance of electric vehicles, but is also

a key factor in the development of electric vehicle technology.

It is particularly interesting to note that the application of these technologies has a direct and
significant impact on improving the range of electric vehicles. Taking the application of SiC
power modules in the Tesla Model 3 as an example, by improving the overall efficiency of
the inverter by around 2-3%, although the improvement may seem small, it actually has a
significant positive impact on the range of electric vehicles. It offers consumers greater
driving distance without increasing battery capacity. Based on simulation and real-world test
data, electric vehicles using WBG semiconductors can increase their range by 5 - 10 % with
the same battery capacity, which is undoubtedly of great interest to electric vehicle

manufacturers and consumers.



The complete analysis of the above clearly shows that the application of GaN and SiC
semiconductor technology in electric vehicles can not only significantly reduce energy losses
and improve energy efficiency, but also effectively extend the range of electric vehicles,
giving new impetus to the development of the electric vehicle industry. However, despite
the many advantages of these technologies, their large-scale application still faces
difficulties in terms of cost and the manufacturing process. Future research efforts will need
to find solutions to these challenges in order to promote the application and diffusion of
wide-bandgap semiconductor technologies, thereby contributing to the continued progress

and development of electric vehicle technology.



5 Challenges and solutions

Although WBG, gallium nitride (GaN) and silicon carbide (SiC) semiconductors
have demonstrated significant advantages in electric vehicles, their diffusion and

wide use still face technological and cost challenges.

5.1 Technical challenges :

e Manufacturing difficulties and material defects

The manufacturing process challenges represent a major technological challenge for WBG
semiconductor technology. The production of silicon carbide (SiC) and gallium nitride (GaN)
semiconductors requires extreme precision to ensure high purity and good crystallization
quality. [20]the need to push WBG semiconductors to their ideal limits was highlighted and
the complexity of manufacturing processes such as physical vapour deposition (PVD) of SiC
and chemical organo-metallic vapour deposition (MOCVD) of GaN was highlighted. For
example, SiC crystals are generally developed by physical vapour deposition (PVD), a
process which has to be carried out at very high temperatures and which imposes extremely
high requirements on the design of materials and equipment. In addition, the growth of GaN
crystals is generally achieved by the metalloorganic vapour phase chemical deposition
(MOCVD) process, which requires precise control of the flow and pressure of the reaction

gases during production and the temperature of the reaction environment.

In addition, defects in WBG materials (such as dislocations and microcracks) can severely
affect the performance of semiconductor devices. The formation of these material defects is
often related to the growing conditions and the crystal cooling process and should therefore
be minimized by optimizing growth parameters and post-treatment processes. But these

flaws still cannot be avoided.



e Thermal management and long-term reliability of semiconductors WBG

Although WBG semiconductor devices display excellent efficiency at high operating
voltages and currents, they always inevitably produce a large amount of heat due to the
power losses inherent in their operating process. These losses, generated and present mainly
as switching and conduction losses, are directly transformed into thermal energy, resulting
in an increase in the temperature inside the device. The management of this heat is essential
to the operation of the WBG devices; Conventional cooling methods are often insufficient
to cope with the heat of high performance WBG semiconductors.

Advanced thermal management techniques are essential to mitigate the heat generation
associated with power losses from WBG devices. This involves the application of new
thermal interface materials (TIM), which efficiently transmit heat out of semiconductor
junctions. In addition, the application of heat pipe technology makes it possible to passively
transfer heat energy to distant heat exchangers, thereby increasing cooling capacity. In
addition, the microchannel liquid cooling system is currently the most advanced technology
for thermal management, providing excellent heat dissipation through the circulation of the
coolant near the heat source. These innovative approaches are essential not only to preserve
the operational integrity of WBG semiconductor equipment, but also to ensure its reliability
and long-term performance in demanding applications such as electric vehicle power

electronics.

[21]the importance of thermal management in maintaining the high performance of the
bank's onshore equipment was discussed, highlighting the inadequacies of traditional
cooling solutions. The development of innovative thermal management techniques,
including the use of new thermal interface materials (TIMs), heat pipe technology, or
microchannel liquid cooling systems, is crucial for maintaining device integrity and

reliability under demanding operational conditions.

[22]the challenges of producing high quality WBG semiconductors have been further

developed, indicating the strict thermal stability requirements needed to realize high power



applications. This underscores the significance of optimizing the growth conditions and
cooling processes to minimize material defects, which are pivotal in enhancing the efficiency
and durability of SiC and GaN-based devices.

5.2 Cost challenges:

e High costs

The high cost of gallium nitride and silicon carbide semiconductors is mainly due to the need
for special materials and advanced equipment for their manufacture, as well as the current
inefficiency of production. For example, the equipment used to grow SiC materials must be
made from special high temperature resistant materials, such as tungsten carbide, which are
themselves expensive. At the same time, the relatively slow growth of high-quality tungsten

carbide materials further reduces production efficiency and increases costs.
e Market size and economic scale effects

Currently, the market size for WBG semiconductors is small compared to traditional silicon
semiconductors, which limits economies of scale. As demand for WBG semiconductors
increases in areas such as electric vehicles and renewable energy, the market size is expected

to expand, helping to reduce costs through economies of scale.

5.3 Current solutions and future directions

e Technological innovation

Further technological innovations are needed to solve manufacturing difficulties and
material defects. For example, crystal growth techniques (such as grain growth) can be used
to improve the quality and performance of silicon carbide crystals. At the same time, the
development of new defect detection and repair technologies, such as laser annealing, can

effectively reduce material defects.
e Thermal management and integration technologies

To improve the thermal management and long-term reliability of WBG devices, researchers

are developing new heat dissipation materials and integration technologies. For example, the



use of graphene-based thermal interface materials can significantly improve thermal
conductivity, while 3D integration techniques can improve thermal efficiency without

increasing device size.
e Cost reduction strategies

Improving production efficiency and scale is key to reducing the cost of WBG
semiconductors. By optimising the production process, improving the use of materials and
increasing output, the cost per unit of product can be significantly reduced. In addition, as
WBG semiconductor technology matures and application areas expand, growth in market

scale will further drive down costs.

5.4 Future research directions:

Future research will continue to focus on innovations in materials and device structures to
further improve the performance of WBG semiconductors and reduce their production costs.
At the same time, application-specific design and system-level optimisation will also be an
important focus of future research, particularly in the area of electric vehicles and new
energy sources, where customised design to meet specific performance requirements and
cost targets will be essential to drive the commercial application of WBG semiconductor
technology.

From a detailed analysis of the above challenges and a review of the solutions, it can be seen
that although WBG semiconductor technology faces a range of challenges in electric vehicle
applications, these challenges can be overcome through continuous technological innovation
and optimisation. In the future, as technology advances and the market matures, WBG
semiconductor technology will play an even greater role in electric vehicles and in a wider

range of applications.

Innovation in device materials and structures: the exploration of new semiconductor device
materials and structures will continue to further improve performance and reduce

manufacturing costs for the bank's semiconductors. For example, more efficient crystalline



growth technologies for gallium nitride (GaN) and silicon carbide (SiC), as well as new
device structures, such as three-dimensional integrated circuits, are being investigated,

leading to even higher levels of integration and performance.

For special needs, make the corresponding design and optimization: for the specific needs
of electric vehicle applications, research and development of custom WBG semiconductor
devices and systems. This includes WBG semiconductor devices, such as gallium nitride
and silicon carbide, optimized for specific application scenarios (e.g. fast charge, high
efficiency inverters), to maximize performance benefits and reduce costs of WBG

semiconductor.

The implementation of these solutions and future directions of research could effectively
address the technological and financial challenges posed by silicon carbide and gallium
nitride WBG semiconductor technology in electric vehicle applications. This will facilitate
the wide use of gallium nitride and silicon carbide semiconductors and effectively improve

energy efficiency and performance in the electric vehicle industry.



6 Discussion

6.1 Implications of GBM semiconductors in electric vehicles

6.1.1 Improving energy efficiency and optimizing autonomy

The tesla Model 3(equipped with a SiC power module) is a concrete example of how WBG
WBG semiconductor technology can improve the energy efficiency of electric vehicles.
SiC power modules have the property of low losses. The use of SiC power modules for
electric vehicle inverters can improve the overall energy efficiency of the car by about 2 %
to 3 %. In conjunction with the overall energy consumption of electric vehicles, the EVS
inverter USES the SiC power module. This improvement directly translates into a
significant increase in range. In addition, it is proposed in [23]that the SiC semiconductor
can operate stably at high temperatures, relieving the load on the cooling system and

further optimizing fuel efficiency and vehicle performance.

6.1.2 Miniaturization and lightening of power electronic components

Since gallium nitride semiconductors are capable of operating at high frequencies, it is
possible to reduce the volume and weight of power electronic equipment, e.g. dc-dc
inverters and inverters, etc. The nitrogen of gallium semiconductor technologies, a similar
request has been introduced to mitigate the total weight of electric vehicles, design also
offers greater flexibility to facilitate the work of the automotive designer while allowing
more efficient use of ev space, to improve driver comfort and charging of electric vehicles.
For example, it is proposed in [24]that galium nitride semiconductor chargers for electric
vehicles are 40% smaller and 40% lighter than similar silicon chargers, which could

significantly improve the user experience .



6.2 Potential Impacts of WBG semiconductors

6.2.1 Reduction of environmental impact

By improving the energy efficiency of EVS, WBG semiconductor technology helps reduce
the environmental impact of EVS by reducing energy consumption during the use phase.
This is particularly important in promoting the role of electric vehicles as a clean means of

transport, helping to reduce dependence on fossil fuels and greenhouse gas emissions.

6.2.2 Economic benefits and technology facilitation

While the initial investment cost of WBG semiconductors is relatively high, the resulting
operational efficiencies and reduced maintenance costs can result in significant long-term
savings for EV users. From a technological point of view, the widespread use of WBG
semiconductors supports the rapid development of EV power electronics and opens the
way for future innovations, including wireless charging technology and high-performance

motor control systems.

6.3 Prospects for practical applications

6.3.1 Cost reduction and popularization of applications

The cost of WBG semiconductors is gradually decreasing due to advances in
manufacturing technology and the expansion of production scale, which should facilitate
their wider application in electric vehicles. Market studies predict that WBG
semiconductor technology will achieve an optimal balance between cost and performance
in the coming years, as the production of electric vehicles increases and the demand for
high performance electric vehicles increases. As the manufacturing technology for WBG
semiconductors advances and production scales up, the costs associated with these
materials are expected to decrease, making their application in EVs more widespread. The

market study [25] predicts that in the near future WBG semiconductor technology will



achieve the best value for money, fostering new innovations in electric vehicle power

electronics, including wireless charging and high-performance motor control systems.

6.3.2 Solving technical challenges and future trends

Although silicon carbide/gallium nitride broadband semiconductor technology faces
technological and cost challenges today, the prospects for the use of silicon carbide /
gallium nitride broadband semiconductor technology in electric vehicles are still very
promising. | believe that future research and development efforts on silicon carbide and
gallium nitride broadband semiconductor technology will focus on improving the
efficiency and reducing the production costs of WBG semiconductors, as well as
optimizing the integration of silicon carbide and gallium nitride broadband semiconductor
technology into electric vehicle systems. With the resolution of these problems and the
continued growth of the electric vehicle market, it is expected that electric vehicle
production will increasingly focus on silicon carbide and gallium nitride broadband
semiconductor technologies, which will improve the energy efficiency of electric vehicles,

reduce the environmental impact of electric vehicles and increase profits.

In conclusion, the application of gallium nitride and silicon carbide broadband
semiconductor technology in electric vehicles may know that gallium nitride and
semiconductor broadband silicon carbide can greatly improve energy efficiency and reach,
and has huge development potential. In addition, gallium nitride and silicon carbide wide
bandgap semiconductor technologies can play an important role in the environment. In the
face of today's challenges and difficulties, continuous technological advancements and cost
optimization will enable GaN and SiC wide bandgap semiconductor technologies to

contribute as much as possible to the continuous development of electric vehicle technology.



7 Conclusions and recommendations

This study shows that two broadband semiconductor devices (WBG), gallium nitride (GaN)
and silicon carbide (SiC), can significantly improve the performance of electric vehicles by
reducing unnecessary energy consumption. These broadband semiconductors (WBG) can
reduce energy losses in high pressure and high temperature environments and improve
charging efficiency and autonomy of electric vehicles. However, the massive application of
these prohibited broadband (WBG) semiconductors currently presents a number of
challenges and difficulties. The most obvious problems are the excessive costs and the
complexity of the production processes. To achieve full commercialization and universal use

of prohibited broadband semiconductors (WBG), further research , further development

and technological upgrading are needed, including cost control and cost reduction and the

development of standardized and uniform production techniques.

7.1 The conclusions

7.1.1 Performance benefits

In this study, I used a benchmarking method to compare wide bandgap semiconductors with
traditional silicon semiconductors, and found that the application of gallium nitride and
silicon carbide semiconductors in electric vehicles has significant performance advantages
over the application of traditional silicon semiconductors in electric vehicles. These benefits

include:

High efficiency: GaN and SiC semiconductors are able to maintain high efficiency over a
wide temperature range, which is essential to reduce energy losses in electric vehicle
systems. For example, SiC inverters have shown an energy consumption of about 10 % lower

than silicon inverters in real vehicle tests.



Thermal stability and pressure resistance: these materials are able to operate stably at
temperatures up to 250 °C, while supporting voltages up to thousands of volts, making

electric vehicle electronic power systems more reliable.

7.1.2 Improved performance of electric vehicles

Electric vehicles using WBG semiconductor technology allow for greater autonomy and
smaller and lighter power electronics. These improvements directly improve the
competitiveness of electric vehicles in the market and provide consumers with more efficient

and accessible electric mobility solutions.

7.1.3 Challenges and solutions

Although WBG semiconductor technology has revolutionized the electric vehicle industry,

its large-scale use still faces several challenges:

Cost issue: high cost is one of the main barriers limiting the diffusion of WBG
semiconductors. However, with advances in production techniques and the introduction of
mass production, costs are gradually decreasing. For example, the production costs of SiC
semiconductors can be significantly reduced by improving growth techniques and increasing

wafer size.

Technical complexity: the production of high-quality WBG semiconductors requires
sophisticated equipment and sophisticated processes. Production difficulties and yields can
be effectively reduced and increased through continuous research and technological
development and process optimization, such as the use of new material deposition

techniques.



7.1.4 Research limitations and future directions

Limitations of the study

This study has some limitations in terms of access to data and resources, in particular the
lack of information on the latest market applications and technological advances. This may

have influenced the completeness and depth of the study.
Future research Axes
Generalize case studies:

Future research should collect and analyse more cases of practical applications using GaN
and SiC semiconductors for electric vehicles, in order to allow a more complete assessment

of the real effects and potential value of these technologies.
Experimental tests and prototypes:

The realization of more prototypes and laboratory tests, in particular long-term performance
tests in high pressure and high temperature environments, will provide a more solid basis for

the practical application of WBG semiconductor technology.
Cost-benefit analysis:

An in-depth cost-benefit analysis that examines the profitability of WBG semiconductor
technology in different application scenarios for electric vehicles will help assess its market

potential.

7.2 Recommendations for industry

e Strengthen research and development:

The electric vehicle and power electronics industry should invest more in research and
development of GaN and SiC technologies, with particular emphasis on optimizing their

performance in specific electric vehicle applications.

e Technical standardization:



The development and promotion of application standards for WBG semiconductor
technology helps to reduce barriers to market entry and promote the extension and

application of the technology.
e Increased awareness:

Raising public awareness of WBG semiconductor technology through education and
marketing campaigns highlighting its contribution to improving electric vehicle performance

and environmental friendliness.
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