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Abstract. This paper provides an in-depth exploration of the advancements, applications, and future
prospects of third-generation semiconductor materials, focusing primarily on Silicon Carbide (SiC)
and Gallium Nitride (GaN). It begins with a detailed discussion on the theoretical basis of
semiconductor materials, highlighting the limitations of silicon semiconductors and the emergence
of wide bandgap semiconductors as a superior alternative. The paper then delves into the diverse
application scenarios of SiC and GaN, underscoring their significant roles in fields ranging from
automotive and photovoltaics to high-frequency telecommunications and military technologies.
Subsequent sections address the inherent challenges and ongoing improvements in the field,
particularly in terms of defect management, cost reduction, and technological enhancements in
device fabrication. The paper concludes with an optimistic outlook on the future of these materials,
envisioning their pivotal role in transforming power electronics through improved efficiency and
performance. This comprehensive review not only elucidates the current state of third-generation
semiconductors but also anticipates their impact on future technological developments.
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1. Introduction

Semiconductors constitute the foundational elements of electronic products and serve as vital
components in the modern industrial framework. The unique physical characteristics of
semiconductors render them indispensable in the fabrication of integrated circuits, optoelectronic
devices, discrete devices, and sensors. In the global context, semiconductor materials with a bandgap
width equal to or exceeding 2.3 electron volts (eV) are classified as third-generation semiconductor
materials [1]. This category encompasses materials such as silicon carbide, gallium nitride, diamond,
zinc oxide, and aluminum nitride. These third-generation semiconductors are characterized by
superior thermal conductivity, elevated breakdown field strength, high saturated electron drift rates,
and robust bonding energy. These properties are crucial in fulfilling the rigorous demands of
contemporary electronic technologies, which include high-temperature endurance, high power, high
voltage, high frequency, and resistance to radiation [2]. Such materials are pivotal in various emerging
'new infrastructure' sectors, including 5G, artificial intelligence, and the industrial Internet.
Concurrently, they represent a focal area within global semiconductor research, demonstrating
significant utility in defense, aviation, aerospace, petroleum exploration, optical storage, and other
domains. In strategic industries like broadband communications, solar energy, automotive
manufacturing, semiconductor lighting, and smart grids, these materials have been shown to reduce
energy losses by over 50% and decrease equipment volume by more than 75% [3]. This represents a
seminal advancement in the evolution of human scientific and technological development.

This paper offers a comprehensive review of the progression of third-generation semiconductor
materials, with a particular emphasis on silicon carbide (SiC) and gallium nitride (GaN). We
commence with an introductory analysis of the theoretical underpinnings of semiconductor materials.
Special attention is given to two prominent types of semiconductor devices: SiC Metal-Oxide-
Semiconductor Field-Effect Transistors (MOSFETs) and GaN High Electron Mobility Transistors
(HEMTs). Subsequently, we delve into the specific application scenarios and developmental
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trajectory of these two devices. The paper concludes with a forward-looking perspective on the
potential future prospects and challenges in this rapidly evolving field.

2. Theoretical Basis of Semiconductor Materials

In the realm of power electronics, the 21st century has witnessed a global shift towards enhanced
energy efficiency and minimized energy consumption. This shift has particularly underscored the
limitations of silicon semiconductors, as their application in power electronics progressively nears
the theoretical boundaries of silicon-based materials. Consequently, the emergence of third-
generation wide bandgap semiconductors, notably Silicon Carbide (SiC) and Gallium Nitride (GaN),
has garnered increasing attention. These semiconductors, boasting a bandgap width nearly triple that
of their first and second-generation counterparts, exhibit augmented capabilities in handling high-
voltage and high-power applications. This makes them exceptionally suited for fabricating devices
that operate under conditions of high temperature, high frequency, radiation resistance, and high
power.

2.1. Silicon Carbide MOSFET

The Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET) stands as a fundamental
component with four terminals: the source, gate, drain, and body. Commonly, the body terminal is
connected to the source, effectively creating a three-terminal configuration in the field-effect
transistor design. MOSFETs primarily function by controlling the voltage and current that flows
between the source and drain terminals.

SiC MOSFETs predominantly follow two technological pathways, delineated into planar
MOSFET (VDMOS) and trench MOSFET (TMOS), based on the gate process employed. These
divergent structures are illustrated in Figure 1 [4].
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Fig. 1 Comparative Structure of Planar MOSFET (left) and Trench MOSFET (right) [4]

The majority of SiC MOSFETs utilize the VDMOS architecture, characterized by a simpler
manufacturing process and robust blocking capabilities, albeit at the expense of increased on-
resistance. Conversely, SiC TMOS, a current research focal point, offers enhanced channel mobility
but involves a more intricate fabrication process [5]. The gate oxide's reliability in TMOS influences
its blocking capabilities, often resulting in reduced performance in this regard.

2.2. Gallium Nitride HEMT

Diverging from traditional silicon-based power semiconductors, GaN transistors facilitate
electrical conduction through a two-dimensional electron gas (2DEG) generated at the interface of
materials with varying band widths (typically AIGaN and GaN) via the piezoelectric effect. This
phenomenon is depicted in the subsequent figure. Due to the high electron concentration in the 2DEG,
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GaN transistors circumvent the minority carrier recombination issues (i.e., reverse recovery of body
diode) prevalent in silicon MOSFETs [5].

GaN HEMTs represent a leading category of wide bandgap (WBG) power semiconductor devices,
displaying significant potential in high-frequency power applications. Compared to Si and SiC
materials, GaN excels in electron mobility, saturation electron velocity, and the capacity to withstand
high electric fields, detailed in Figure 2 [6].

@,
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Fig. 2 Schematic Representation of GaN HEMT Structure [6]

The inherent properties of GaN contribute to its power devices' lower on-resistance and reduced
gate charge, leading to improved conduction and switching abilities. As a result, GaN-based devices
are gaining preference in high-frequency scenarios, markedly boosting the efficiency and power
density in converters. Currently, GaN power devices are widely implemented in various applications
such as power adapters, automotive chargers, and data centers, and are steadily becoming the
technology of choice for the power requirements of 5G base stations.

Distinct from silicon's doping induced PN junction, GaN devices establish a heterojunction
between two different semiconductor materials, mirroring the characteristics of a PN junction. The
GaN/AlGaN heterojunction is exemplary in HEMTs. In contrast to silicon-based MOSFETSs, which
conduct electricity via channel electrons controlled by gate-source voltage, GaN devices are designed
for horizontal electrical conduction through their two-dimensional electron gas [7]. The subsequent
diagram illustrates a GaN device die, with color coding indicating the current's directional flow and
highlighting the device's horizontal conduction orientation.

2.3. Comparative Analysis

Although there are overlaps in performance and application between GaN and SiC materials,
comprehensive evaluations from a systems perspective are crucial for assessing their application
potential. Different manufacturers may have varying viewpoints depending on their product focus,
but assessments should invariably consider trends, material costs, performance, and design
opportunities. The primary distinction between GaN and SiC lies in their applicable voltage ranges.
SiC, with its longer research history and relative technical maturity, excels in thermal conductivity,
thus dominating high-power applications in sectors like high-speed rail, power transmission, new
energy vehicles, and industrial control. In contrast, GaN's higher electron mobility confers it with
superior switching speeds compared to SiC and pure silicon, making it more suitable for high-
frequency applications and offering promising prospects in microwave RF fields and data centers.
Table 1 below presents a comprehensive comparison of these two materials.

Table 1. Comparation of Two Semiconductor Devices.

Item SiC MOSFET | GaN HEMT
Price Expensive Cheap
Power Density Low High

Operating Voltage 600V-1700V | 15V~600V
Operating Frequency | 60kHz-300kHz | >500kHz
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3. Analysis of Application Scenarios for Advanced Semiconductor Materials

3.1. Applications of Silicon Carbide MOSFETSs

Silicon Carbide (SiC) devices, operating efficiently in the 600-1700V voltage range, are renowned
for their robust current-carrying capabilities. These attributes render SiC MOSFETs particularly
suitable for applications in automotive and locomotive traction inverters, high-capacity solar farms,
and sizable three-phase grid converters.

(1) In the automotive sector, traction inverters form a crucial component, bridging the high-voltage
battery and the electric motor in electric vehicles (EVs). These inverters are responsible for converting
the DC power from the battery to AC power for the motor. The efficiency of EV inverters,
traditionally reliant on silicon (Si) MOSFETs and Insulated-Gate Bipolar Transistors (IGBTs), tends
to decline at elevated voltages. This challenge has prompted automotive manufacturers to transition
towards SiC-based power devices, which offer superior switching speeds and can operate at higher
temperatures. SiC devices are more compact and can endure higher operational voltages. Notable
advancements include Mitsubishi Electric's development of the world's most compact motor utilizing
SiC for inverters and Toyota Motor's experimentation with SiC MOSFETs in the Camry, resulting in
a 30% reduction in inverter switch loss [8]. In military applications, SiC devices are instrumental in
high-temperature and high-pressure environments, including jet engines, tank engines, ship engines,
wind tunnels, and spacecraft exteriors.

(2) Photovoltaic (PV) inverters, integral in converting the direct current generated by solar panels
into alternating current for grid power generation, have witnessed a trend towards "larger size, higher
power, and greater density." Traditional silicon-based devices have struggled to meet the efficiency
and thermal management requirements of modern PV inverters. In contrast, silicon carbide devices,
with their comprehensive performance superiority, enable PV inverters to attain higher power output,
enhanced efficiency, reduced size, and lower costs [9]. These benefits are especially pronounced in
large-scale applications where string inverters are becoming the norm. The widespread adoption of
silicon carbide components in this domain facilitates more flexible configurations and simpler
installation processes.

3.2. Applications of Gallium Nitride Devices

Gallium Nitride (GaN) devices, primarily used in the 15-600V range, are highly effective as high-
power density converters in applications exceeding 10kW. These applications span a diverse array of
sectors including consumer electronics, server infrastructure, telecommunications, industrial power
supplies, servo drives, grid converters, electric vehicle onboard chargers, and DC/DC converters.

(1) In the telecommunications sector, GaN power amplifiers play a pivotal role in 5G high-capacity
base stations. These amplifiers are instrumental in addressing the spatial limitations and dense
business demands inherent in 5G wireless communication systems. For instance, the GaN power
amplifier unit in Multiple Input Multiple Output (MIMO) base stations significantly expands channel
capacity from 4-8 channels in 4G to 64 channels in 5G, while only doubling the overall system size
[10].

(2) Military applications of GaN have been transformative, particularly in the manufacturing of
advanced military equipment, such as active phased array systems in next-generation fighter aircratft.
GaN semiconductor devices are often the choice for critical systems like missile warning systems,
where meeting stringent performance criteria is paramount [11]. This adoption highlights the
material's suitability for high-performance, high-reliability military applications.

4. Challenges and Prospects in Third-Generation Semiconductor Materials

The advancement of third-generation semiconductor materials, while promising, is not without its
challenges. The primary obstacle lies in the high production costs associated with these materials,
which currently impede their widespread commercial adoption. Furthermore, the intricate fabrication
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processes required for these materials, encompassing material growth, doping, and interface
processing, present significant technical hurdles. Additionally, the intrinsic differences between third
generation and traditional semiconductor materials necessitate a thorough redesign and optimization
of device structures and process flows to fully harness their potential.

4.1. Defect Management in SiC Devices

The efficacy of Silicon Carbide (SiC) devices is heavily dependent on the quality of the epitaxial
layer material and technology. The prevalent method for epitaxial growth, Chemical Vapor
Deposition (CVD), is prone to generating point defects and allowing substrate defects like micro-
tubes and stacking faults to penetrate the epitaxial layer, thus adversely impacting layer quality and
chip yield. Studies suggest that substrate surface treatments, such as hydrogen etching, can effectively
mitigate surface damage and defects. Enhancements in hot wall CVD reactor design could also
elevate the epitaxial layer's quality and uniformity [12]. Addressing these challenges requires further
empirical research and refinement of process conditions to control epitaxial defects and mitigate
substrate defect impacts.

SiC MOSFET devices face several technological and structural bottlenecks. These include: 1)
increasing on-resistance in the device's drift region with voltage escalation, compounded by
additional structures (e.g., channel, JFET region); 2) the need for efficient terminal protection at high
voltage levels, juxtaposed with the limitations in terminal area; 3) device reliability concerns, where
process technology and structural design critically influence long-term operational stability. These
issues form substantial barriers to the further development and application of high-voltage SiC
MOSFET devices.

4.2. Pathways for Improvement

The Baliga's Figure of Merit (BFOM) is a critical metric for assessing the static characteristics of
high-voltage SiC MOSFETs. It encapsulates the trade-off between breakdown voltage and specific
on-resistance, as well as the conductive quality. Optimizing device cell structure parameters can
decrease specific on-resistance while maintaining voltage levels, thereby enhancing the BFOM.
Nevertheless, challenges such as channel breakdown, gate oxide reliability, and substrate and
electrode metal influences prevent achieving theoretical on-resistance values [13]. To advance the
BFOM, novel approaches like external charge introduction, JFET doping structures, and
superjunction (SJ) configurations are being explored to further reduce on-resistance in SIC VDMOS
and SiCTMOS structures.

Additionally, the High-Frequency Figure of Merit (HF-FOM) is pivotal in evaluating a device's
dynamic characteristics, with the gate leakage charge primarily influenced by transfer capacitance
size. Several technological advancements and structural modifications can augment the HF-FOM,
including center injection technology and split gate (SP) structures. These enhancements are integral
to realizing the full potential of high-voltage SiC MOSFETSs and overcoming the existing limitations
in their application and development.

5. Conclusion

In conclusion, despite the existing challenges, third-generation semiconductor materials exhibit
considerable promise for future development. This optimism is grounded in several key factors:
Firstly, the ongoing advancement and maturation of fabrication technologies for these materials are
anticipated to lead to a gradual reduction in costs. This cost-effectiveness will enhance their
competitiveness in commercial applications, broadening their market reach. Secondly, the superior
performance characteristics of third-generation semiconductor materials align well with the evolving
demands of high-speed electronic and efficient energy devices. Their enhanced capabilities are
expected to fulfill the requirements of future technological innovations. Furthermore, these materials
exhibit exceptional photoelectric properties, positioning them as prime candidates for applications in
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the optoelectronic domain. Fields such as LED lighting and photovoltaic power generation are likely
to benefit significantly, potentially catalyzing the sustainable development of energy resources.

It is envisaged that, with continual improvements in epitaxial growth quality and device design,
Silicon Carbide (SiC) power devices will unlock greater potential. High-voltage SiC MOSFET
devices, in particular, are poised to assume a more pivotal role in the power electronics sector. Their
impact is expected to be transformative, steering the conversion of electrical energy towards realms
of higher voltage, increased frequency, and greater power density. This evolution signifies a
substantial leap forward in the field of semiconductor technology, marking a new era of efficiency
and innovation in power electronics.
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