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Abstract: Wide-bandgap (WBG) semiconductors, including Silicon Carbide (SiC) and Gallium Nitride (GaN), are
revolutionizing the field of electric vehicle (EV) power electronics. Such materials have more favourable electrical,
thermal, and mechanical properties than typical silicon devices, allowing for improvements in the powertrain system,
charging system, and vehicle performance. The auto industry today has well-established materials, probably the next big
success. This mini-review examines the current situation of WBG materials in the world of EVs, whose integration with
power electronics (e.g., inverters, motor drives, DC-DC converters, and onboard chargers) has been significant. As well,
the recent advanced materials of WBG (such as diamond and Gallium Oxide (Ga2O3)) are mentioned as having a future
to improve the functionality of EV power systems even further. Significant technological innovation in material scaling,
device performance/reliability and scale of manufacture capability is also noted, illustrating the prospect of WBG
semiconductors to deliver cost reductions to the EV system and increase its efficiency. The WBG technologies are also
likely to form the future of electric mobility as they facilitate quicker charging, better range, and the efficient conversion
of power.
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1. Introduction

There is a major change in the auto industry, which is precipitated by the rising popularity of electric vehicles
(EVs). The key component of the success of EVs is the advancement of power electronics that is capable of
enhancing the efficiency, minimizing energy demand and managing high power and thermal loads of the
modern electric powertrains. Long-relied-upon traditional silicon (Si) semiconductors that formed the heart of
power electronic devices of the past are now being phased out in favour of wide-bandgap (WBG)
semiconductors, including Silicon Carbide (SiC) and Gallium Nitride (GaN). These materials are also being
studied because of their higher electrical qualities and are found to be adequate to accommodate high power and
high temperature within EVs [1].
Power electronic systems are essential in electric vehicles in the control and conversion between electric energy,
the battery, the electric motor and other vehicle subsystems. The inverters, the DC-DC converter, on onboard
charger, and the motor controllers must be designed to operate efficiently so as to save energy as much as
possible, extend the vehicle range, and provide a desirable experience to the vehicle driver. Such systems even
have to endure a harsh automotive environment with high temperatures and sharp changes in power flows [2,3].
Si-based Traditional semiconductors, which have long been popular in earlier power electronics applications,
now have performance limits when applied in EV applications. Silicon is not such a good thermal conductor; it
lacks the breakdown voltage required and has a low switching speed in comparison with WBG materials such as
SiC and GaN. Therefore, greater switching losses, reduced efficiency and insufficient power density may be
found in Si-based devices under higher voltages and temperatures. This is especially problematic in EVs, in
which range and power, and power output and thermal management are paramount [4].
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The wide-bandgap semiconductors have larger band gaps than silicon, hence have a rapid switching speed,
voltage tolerance, and excellent performance under high temperature conditions. It is due to these characteristics
that SiC and GaN become good candidates in power electronics implemented in EVs, since these properties
allow the creation of smaller, even more efficient, and reliable devices. Also, reacting to higher temperatures
allows simplicity of coolers, thus increasing the efficiency of the system and also minimising the weight of the
entire vehicle [5].
There has been a revolution in the use of WBG materials in automobiles, with SiC and GaN at the lead.
Especially, SiC is prominently used in power electronics in EVs because of its outstanding thermal conductivity,
high breakdown voltage, and capability of high switching frequencies. The properties allow the SiC-based
devices to operate at higher power density and temperatures, which results in increased energy efficiency, less
energy loss, as well as smaller system size. The SiC power devices are already deployed in inverters of electric
vehicles, motor drives, and DC-DC converters, which have a crucial part to play in enabling the optimal
conversion of power between an electrically powered car battery and the electric motor [6].
However, GaN, which has a more rapidly switching frequency and less form factor, provides an advantage
associated with power density and thermal management on the other hand. Whereas SiC is subject to high-
power applications, GaN is gaining increased application in low to medium power designs, including charging
systems in EV systems, along with power converters. The high efficiency of GaN enables the use of smaller,
lighter components with reduced response time: this is especially advantageous to those systems that need
controlled operation, like onboard chargers [4].
The SiC and GaN devices are also under consideration to be implemented in the new charging integration. Due
to the increasing popularity of electric vehicles in the world market, it is essential to have a quicker and effective
charging infrastructure. Ultra-fast charging overall can be made possible with WBG materials, activating the
ability to charge over a greater current range and minimizing heat production. Moreover, due to the higher
efficiency of WBG semiconductors, these rapid-charging systems will be higher energy-efficient, relieving load
on the grid, and decreasing the carbon footprint of the EV charging infrastructure [5,6].
Although both SiC and GaN are now the main WBG materials with applications in the sample of EV power
electronics, research on new materials is now, exciting opportunity to increase EV systems performance and
capabilities. The promise of new materials can be found at the other end of the technological spectrum, where
the diamond-based semiconductors bring extraordinary thermal conductivity, a high breakdown voltage, and
potentially transform high-power applications in cars. Another newer material of interest is gallium oxide
(Ga2O3), due to its capability to deal with high voltages, which brings the possibilities of future EV powertrains
that need extreme voltages [7,8].
Moreover, material growth processes, reduction of crystal defects, and substrates are also improving innovations
to the point that high-quality WBG semiconductors can be cost-effectively made in higher quantities. These
innovations will be essential to bringing up the use of WBG materials in EVs and realizing cost reductions that
would enable the material to find mass production in consumer vehicles. These new materials, plus the
continued advancement of SiC and GaN technologies, should in the future lead to changes in the performance
boundaries of EV power electronics. The emergence of new materials together with the improved methods in
the manufacturing process will aid in circumventing the existing difficulties in the field of reduction of prices,
reliability of materials, and how to integrate them into the current EV powertrain systems [9].
Power electronics of electric vehicles is being changed by the development of materials with wide bandgaps that
are semiconductors. With the increasing demand for better, trustworthy, and high-performance EVs, SiC and
GaN are leading to a technological revolution, which is evolving the powertrain system, battery management,
and charging infrastructure. Moreover, the current research on new materials and the newest developments in
the production of semiconductors have the potential to redefine the industry once again, introducing the new
generation of electric cars. This paper will discuss such future perspectives and understand the most important
developments, issues and prospects of WBG materials in EV power electronics [10].

2. Emerging WBGMaterials Beyond SiC and GaN

The most prominent WBG materials in the EV space are already SiC (Silicon Carbide) and GaN (Gallium
Nitride), but new materials are under development to explore the upper limit on the high-power, high-
temperature potential. The new materials are already advantageous in their own ways and might supplement or
even substitute SiC and GaN in some applications [11].
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2.1 Semiconductors based on diamonds
The most promising emerging WBG material is Diamond, which is an exceptional thermal conductor with a
high breakdown voltage. Its high-power handling capability and high heat dissipation also make it an
exceptional application in the high-power, high-voltage, and efficient thermal management areas [7, 10].

 Strengths: The Thermal conductivity of diamond is one of the highest known of all materials, thereby
much higher than that of SiC or GaN. This property enables efficient heat dissipation, which is very
essential, especially in power electronics where heat generation is a key concern. Moreover, the high
bandgap of diamond enables it to work with high voltages and hence can be used in high-power
applications.

 Difficulties: Even though there are several benefits of diamond-based semiconductors, there are also
several challenges involved, especially regarding cost and scalability. The manufacturing of high-grade
diamond substrates for semiconductors is now costly, and large-scale manufacturing is still in the
process of development. Consequently, diamond devices are currently commercially inapplicable to the
majority of conventional applications, yet current studies can change the process of production and cost-
cost-effectiveness [12].

2.2 Gallium Oxide
Another material that has recently been considered and which could have high-voltage potential is gallium oxide
(Ga2O3). It even has a broader bandgap as compared to SiC and GaN, and hence is suitable to withstand extreme
voltages [13].

 Strengths: Ga2O3 has the potential to work with higher breakdown voltages than GaN, so it can serve
as a basis for next-generation EVs, which would need ultra-high-voltage power conversion. Its high
bandgap and capability of withstanding large electric fields make the material a good candidate in future
power electronics where low switching losses and high voltages are essential.

 Drawbacks: Ga2O3 is at a nascent development level compared to SiC and GaN. There is a problem
with manufacturing high-quality substrates, as well as the concern regarding the efficiency and
reliability of the devices which are created utilizing Ga2O3. Nevertheless, studies are ongoing, and
Ga2O3 devices may become commercially valuable in the future because of the opportunities in
technology that will overcome these problems [13].

2.3 Novel Materials Other
Other possible WBG materials are being studied that can be used in EVs in high-power and high-temperature
applications in addition to diamond and Ga2O3. These are some of the materials that include Aluminium Nitride
(AlN), 2D materials and compound semiconductors [14].

 Aluminium Nitride (AlN): AlN is another material with high thermal conductivity combined with a
large bandgap, that have the potential to improve the performance of power electronics, especially in
those applications that need a high-quality thermal management. AlN has a comparable bandgap with
GaN and is currently under investigation as a so-called high-performance material: it is used to create a
high-performance and heat-dissipation-efficient power design.

 2D Materials: Graphene and transition metal dichalcogenides (TMDs) are among the materials under
study due to their unusual electronic properties. The materials have the potential to serve as even faster
switching speed and power density materials compared to the WBG material available today. Although
they are still in an experimental phase in power electronics, their potential in the future is huge since
they may lead to smaller, lighter, and faster devices [6, 9,13].

 Compound Semiconductors: Several compound semiconductors are under exploration, including
silicon carbide-gallium nitride heterostructures, which have the potential to provide the advantages of
both silicon carbide and gallium nitride, coupled to provide hybrid materials with better performance in
particular EV applications. Such materials can be beneficial compared to their cost, efficiency, and
scalability.

This section points out the fact that even though SiC and GaN are taking the lead in WBG semiconductor
materials used in EV power electronics, some up-and-coming materials might disrupt the status quo. Diamond,
Ga2O3, AlN, 2D materials, and compound semiconductors all have their features that may deliver an advantage
in terms of thermal management, breakdown voltage, power density, and switching speed. Nonetheless, material
synthesis, scalability, cost, and reliability are other challenges that should be addressed before these materials
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can prove a competitive alternative or addition to SiC and GaN in the automotive sector. These emergent
materials can become more significant in determining the future of EV power electronics as research continues
[14].

3. Technological Advancements in WBG Semiconductor Fabrication

Manufacturing and processes of Silicon Carbide (SiC), Gallium Nitride (GaN) and emerging materials have
recently developed in a significant way, as do their wide-bandgap (WBG) semiconductor production processes
and techniques. These materials are important to be adopted in electric vehicles (EVs) and other high-power
applications during development. In this section, salient advancements within the materials growth, crystal
defects, cost lowering and the dependability of the WBG devices are denoted. Such technological developments
are important in the progress made in increasing the performance of WBG materials, large-scale manufacture of
such materials, and the commercial viability of these materials, as they can be used in EV power electronics [15].

3.1. Manufacturing Technology and Advancement of Materials
Among the most significant features of pushing forward WBG semiconductors is enhancing the field of growing
and making high-quality crystals. The quality of material has a significant influence on the effectiveness of the
resulting gadgets. In order to achieve commercially ready WBG devices to be used in the automotive market,
research efforts are underway to improve the manufacturing of SiC, GaN and new materials such as Ga2O3 and
diamond [15].

3.1.1 Enhanced Crystal Growth Methods
The characteristic defects and dislocations, as well as polytype variations, have historically been major
bottlenecks in the production of high-quality SiC and GaN wafers. Scientists have come up with more effective
ways of producing high-quality crystals that usually have minimal defects, necessary to ensure the reliability
and efficiency of subsequent devices. As an illustration, SiC can now be grown in the form of crystals
containing fewer defects and having higher electrical behaviour owing to the invention of the High Temperature
Chemical Vapour Deposition (HTCVD) technique, which eliminated one of the most severe drawbacks of the
production of SiC material [16].

3.1.2 Size of wafer, material quality
The second innovation is the production of larger wafers, which will allow lowering the manufacturing cost.
Conventional SiC wafers were small (2-inch or 3-inch diameter), and with recent improvement by use of crystal
growth methods, much bigger wafers have been produced (e.g. 6-inch, 8-inch). The bigger the wafer, the more
the number of devices are produced per wafer, and the production cost goes down. The bigger wafers also allow
the making of more powerful, high-performance devices that could be used on EVs [15, 16].

3.1.3 Less Defects
Crystal quality is important for better performance and reliability of WBG devices through minimizing defects
that make up the crystal lattice. The defects may cause electrical failure, reduced efficiency, and reduced life
span of the devices. Research is underway to limit these defects by such techniques as post-growth annealing,
surface passivation and defect-selective etching. The ever-increasing quality of wafers, as well as a decrease in
defects, guarantees high-stress-high-temperature reliability of WBG devices on EVs [16, 17].

3.2. Lifetime Improvements and Reliability
One major issue in the development of automotive semiconductors is the reliability that the devices will reach as
high temperatures, vibrations, and a long lifespan will have to be handled. Current materials in the WBG family,
especially SiC and GaN, have already advanced the thermal and electrical properties of traditional silicon.
Nevertheless, the challenge is how to make these devices work in a rough automobile environment and under
sustainability [16-18].

3.2.1 High temperature operation
Among the key benefits of WBG semiconductors, it is possible to note that the devices can work at considerably
higher temperatures than Si-based products. An example is SiC, which can work at temperatures of up to 600 oC,
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unlike silicon, which can only handle temperatures of up to about 150 oC. This use in high temperatures helps to
minimize the large and complicated cooling mechanisms in the overall EV system. Nevertheless, the stability of
WBG devices to operate at high temperatures should be studied further. Improvements of materials used in
encapsulation and encapsulation methods are under discussion in order to guarantee the devices are reliable and
perform for a long period of their period [18].

3.2.2 Mechanism of failure and ageing
Ageing and failure processes of WBG materials are a key area of work. These semiconductor materials are
prone to wear and tear through prolonged exposure to high current/high voltage and thermal cycling, which can
result in failure or a decrease in efficiency. Researchers are trying to increase the life of WBG devices by
understanding how these materials are affected by power cycling, cycling temperature and electrical stress.
Accelerated lifetime testing, failure analysis, and stress testing techniques are necessary in realizing how WBG
materials will behave across the length of life of an EV [19].

3.2.3 Better Packages and Integration
WBG devices' packaging is a significant robustness factor and functionality. Packaging efficiently can help
handle the heat dumps, minimize parasitic inductances, and make sure that the gadgets work at the highest level
of efficiency. As an illustration, improved thermal management and mechanical robustness in power electronic
modules will be provided by the development of direct bond copper (DBC) and metal-insulator-metal (MIM)
packaging technologies. Such packaging advancements are essential in making sure that WBG devices can
support the harsh requirements of EVs [10].

3.3. Scalability and Reduction of Costs
Although WBG materials have a much performance advantage compared to traditional silicon, one of the
reasons why its ramp-up into EV power electronics has been slow is due to increased cost. High-quality SiC and
GaN devices are still costly, mainly because of the complexity and time consumed in the manufacturing
procedures. To make the WBG semiconductors commercially feasible to be used in the mainstream,
encompassing mass-market products, the manufacturers have been emphasizing developing cost-cutting
measures. Scalability of production is crucial in making costs cheaper. Scaling up production of WBG devices
requires developing low-cost, high-yield processes to grow high-quality wafers and manufacture high-yielding
devices and integrate them with large systems. Continued research is improving the material growth process and
device fabrication methods, so it can be expected that the overall cost of WBG semiconductors will fall. The
production line will also be standardized with production techniques being optimised to make use of economies
of scale, thus reducing the cost of production further [12].
The substrate selection is another influencer of the cost in the case of materials such as GaN and Ga2O3. Today,
GaN-based devices are usually fabricated on flip-chip sapphire substrates that are very costly, whereas SiC
wafers are relatively more expensive than common silicon wafers. Traditional substrates are more expensive
and require a substitute that is cheaper and could be used so that WBG semiconductors can be affordable and
not affect their functionalities. An example is the use of silicon substrates in place of III-nitrides to grow the
epitaxy of GaN, which can reduce the overall fabrication cost of GaN devices dramatically [14-17].
Cost reduction can also be achieved through automation and optimization in the process of manufacturing WBG
devices. Through better yields in the processes being carried out, better device testing, and smaller amounts of
material wasted, the manufacturers can lower the cost of production as well as make the manufacturing process
more efficient [21].
Development of WBG semiconductor fabrication technologies will be essential to enhance the power, reliability,
and scalability of those materials in EV power electronics. Techniques of materials growth, minimization of
crystal defects, and packaging are being developed to allow cheaper, quality devices using superior methods to
be manufactured. Also, the current attempts to enhance the resilience of WBG devices in high-stress and high-
temperature road vehicle settings will contribute to the growing presence of WBG in personal vehicles. The
presence of WBG semiconductors in the new generation of electric cars will also increase faster as these
technologies evolve and disperse, contributing to a more efficient, more dependable, and less expensive power
electronics [20-22].
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4. Integration of WBGMaterials in EV Powertrain Systems

Electric vehicles (EVs) are integrating wide-bandgap (WBG) semiconductors Silicon carbide (SiC) or Gallium
Nitride (GaN), in several powertrain systems. The powertrain has the role of converting and regulating the
electrical energy between the battery, the electric motor of the vehicle and other major parts. High-performance,
efficient, and reliable power electronics are critical to optimizing the overall performance of the EVs, whereas
WBG semiconductors play a central of enhancing several qualities of these systems. This part caters to the
incorporation of WBG elements in the main power electronic parts in the EV powertrain, like the inverters,
motor drives, DC-DC converters and onboard chargers, and the effects that the same are having on the design
and the performance of major power electronic parts [22].

4.1. Power Electronics (Motors, Inverters, and Converters) WBG
Among the most significant are the tasks of WBG materials in the sphere of electric cars to contribute to the
efficiency of power electronics manufactured in motor drives, inverters, and DC-DC converters. These
subsystems are keystones to the performance of EVs and directly affect vehicle range, energy efficiency, as well
as performance [23-25].

 Inverters:
They have inverters that change the direct current (DC) of the battery to alternating current (AC), which charges
the electric motor. They form an important part of the EV powertrain. The SiC-based inverters have numerous
benefits in comparison with silicon-based inverters. The extent of energy loss and heat generation because of
efficiency and faster switching trends of SiC gadgets is low; this enhances the overall efficiency of power
conversion. The result is increased range, increased performance, and possibly reduced and lighter-weight
inverter designs [23].
The high temperature capability of SiC also eliminates large cooling systems required with traditional
technologies, thus saving weight as well as improving the reliability of the system. That is why SiC-based
inverters are especially useful in EVs, where weight loss is essential to boosting range and overall performance
of the vehicle.

 Motor Drives:
The motor drive system regulates the electric motor of the vehicle, and a proper level of power is provided to
the motor to provide the desired performance. Semiconductors (GaN and SiC) are being incorporated in motor
driver systems to increase switching speed and power density. Specifically, enabling higher frequency operation,
SiC power devices allow motor controllers to deliver more power density, giving rise to smaller motor drive
sizes. This helps especially when considering the number of lbs/mass and size of the powertrain, which is a
critical analyzing aspect during the development of the EV [24].
In addition, the high thermal conductivity of SiC assists in heat conduction in the motor drive so that the system
becomes very efficient even when operated under heavy loads or over a consistent period of time. This feature
minimises the use of large thermal management facilities and makes the motor drive smaller.

 DC-DC Converters:
DC-DC converters help control the power flow among the various components within the EV, such as the
battery, motor or auxiliary. These converters will use WBG semiconductors, specifically SiC and GaN, which
are perfect for high efficiency and high speed. This enables the converters to deal with more power densities and
minimize power loss. SiC-based converters are especially beneficial in high-performance applications like fast
charging due to a combination of high-performance benefits: they permit conversion of energy faster with less
generation of heat.
Also, due to switching frequencies enabled by WBG materials, DC-DC converters may be smaller, lightweight,
and very efficient. That is why they are especially helpful when space and weight are of priority, like in electric
cars [23-25].

4.2. Charging Infrastructure
Charging systems play a sensitive role in the adoption of electric vehicles since they determine the speed and
effectiveness thereof. Charging infrastructure is increasingly starting to accommodate WBG materials that can
lead to faster charging time, energy efficiency and compact forms [26-27].

 Onboard Chargers:
The charging stations supply the AC power needed to recharge the EV battery by converting the power to DC in
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the onboard charger system. In this regard, WBG materials such as SiC and GaN are quite suited to such
applications based on the capability to transmit more power and adapting well to higher operating temperatures.
Onboard chargers incorporate the use of SiC, which becomes high-speed chargers with less energy loss than
those using silicon. The increased power density and thermal capability of SiC makes it more compact and
lightweight the onboard charger thereby making the EV be able to be made compact without decreasing
performance. Also, through the usage of WBG semiconductors in onboard chargers, it lowers the usage of
complicated cooling systems, in turn, enhancing the end vehicle efficiency. This will be especially significant in
the case of consumers who need to renew their vehicles within a short period of time without compromising the
effectiveness of the battery power [26,27].

 Quick Charging points:
Charging ports implemented using WBG semiconductors have the capability of inputting very high currents in
comparison to the conventional systems, and this will enable drastic reductions in the charging time [28]. These
charging systems can be effective in high-power operation using WBG materials because their energy loss is
minimal in the conversion of energies. This not only saves operational cost, but also increases the product usage
experience, owing to faster charging time. The need to consume fast and reliable charging infrastructure will
rise with EVs. WBG materials possess higher switching frequencies and better thermal conductivity, which
qualify them as an imperative part in the future of the fast-charging option, to ensure the charging stations will
be able to fill the above-average expectations of EV users, and maintain an energy-efficient and cost-effective
future [29].
Silicon carbide (SiC) and gallium nitride (GaN) are WBG materials whose use is transforming the design and
functionality of primary power electronics in EV powertrains. The materials are being adopted in inverters,
motor drives, DC-DC converters, and charging infrastructure, where they increase five times the energy
efficiency, which is smaller and lighter and improves performance. They are more efficient, have higher power
densities and switch at faster speeds compared to traditional silicon devices and therefore would make good
representatives in EVs where the efficiency, power and small size considerations matter. Inclusion of WBG
material in EV powertrain systems is not only enhancing the performance of vehicles, but it is also accelerating
charging and increasing efficiency. Since the field is still the subject of research and development, the number
of innovations that will make EVs more effective, reliable, and cost-efficient is likely to increase, contributing
to the increased pace of adoption of electric mobility [30,31].

5. Conclusions

Finally, among the latest developments, the potential of wide-bandgap (WBG) semiconductor materials, Silicon
Carbide (SiC) and Gallium Nitride (GaN), is gaining increasing importance, insofar as power electronics in
electric vehicles (EVs) is concerned. Their excellent electrical, thermal and mechanical characteristics provide
definite benefits compared to previous silicon-based devices allowing the realisation of more efficient, compact
and reliable power electronics systems. Improving the performance of inverters and motor drives, increasing
efficiency and fast charging infrastructure speeds, and improving the efficiency and speed of charging
infrastructure, WBG materials are the key drivers in the next generation of electric vehicles. With the advances
of the automotive industry to greater power densities, enhanced energy efficiency, and fast charging solutions,
the use of WBG semiconductors is increasingly frequent. Advances in the development of material growth
processes, fabrication techniques, and packaging of products are enhancing the WBG technologies to become
commercially practical and affordable, enabling their application in a wider scope in the automotive industry. In
addition, there is active research on new WBG materials like diamond and Ga2O3, which will bring even more
exciting news shortly to make the impossible possible in EV power electronics.
As both new materials and existing technologies continue to advance and evolve, it is clear that WBG
semiconductors will play a pivotal role in the future of electric vehicles. These materials will also allow the
further improvement of efficient, reliable, and sustainable transportation options as they mature, playing their
role in making the global switch towards clean and green mobility.
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