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Abstract. Wide bandgap semiconductor materials, such as silicon carbide (SiC) and gallium
nitride (GaN), have attracted significant attention due to their exceptional electronic and thermal
properties, making them ideal for high-power and high-frequency applications. This study
provides a comprehensive review of SiC and GaN materials and recent developments in power
electronics, radio frequency (RF) devices. The study focuses on the unique properties of these
materials, which enable them to outperform traditional silicon-based devices in terms of
efficiency, power density, and overall performance. The objectives include examining material
properties, assessing SiC and GaN-based device performance, comparing electron mobility, on-
resistance, and temperature dependence, and identifying areas for future research. The content
covers a range of devices, including SiC MOSFETSs, IGBTs, GaN HEMTS, and their applications,
with a focus on recent advances in material quality and device reliability. The research
contribution of the paper lies in its comprehensive analysis, which serves as a valuable reference
for researchers, manufacturers, and policymakers working to accelerate the development of
advanced materials and technologies. The successful implementation of SiC and GaN-based
devices will lead to more energy-efficient systems, enhanced performance across various sectors,
and a reduction in global energy consumption and environmental impact, revolutionizing the
electronics industry.
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1. Introduction

Semiconductor devices have revolutionized modern technology, enabling high-speed data processing,
efficient power management, and advanced communication systems. Wide bandgap semiconductor
materials, with larger bandgaps than silicon (1.1 eV), have become research focal points due to their
exceptional electronic and thermal properties that suit harsh environments.

There are two common wide bandgap materials, SiC and GaN, SiC boasts higher thermal
conductivity and mechanical strength, while GaN has superior electron mobility and saturation velocity.
These subtle differences result in distinct applications for each material. SiC-based devices are
developed for various applications, including power electronics, RF devices, and optoelectronics [1,2]
Devices based on SiC confront constraints, such as elevated manufacturing expenses and difficulties in
attaining superior epitaxial growth, restricting their extensive utilization. GaN-based devices have made
significant contributions to the power electronics domain and radio frequency applications [3,4]. GaN
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HEMTSs, when compared to Si MOSFETS, demonstrate lower on-resistance and higher switching speed,
resulting in less power losses and higher effectiveness. However, GaN-based devices have certain
limitations such as complications with high-quality epitaxial growth, thermal management issues, and
higher production costs compared to Si-based devices. Furthermore, they are more vulnerable to gate
leakage currents.

Recent advances in wide bandgap semiconductor technology focus on enhancing material quality
utilization and device reliability. For instance, the use of hybrid SiC-GaN structures, such as GaN-on-
SiC HEMTSs [5], has demonstrated improved performance. Likewise, advanced packaging techniques
and thermal management strategies have enhanced reliability of wide bandgap devices. A more
comprehensive model of thermal characteristics for GaN devices on different substrates has been
developed, potentially guiding new GaN HEMTSs thermal management strategies [6].

Wide bandgap semiconductor devices have the potential to revolutionize various electronic industries.
However, their further commercialization and widespread adoption still depend on overcoming
fabrication and reliability challenges.

2. Wide band gap materials

2.1. SiC properties

SiC consists of three polymorphs: 6H-SiC, 4H-SiC, & 3C-SiC, with the second variant being the favored
choice for device creation. SiC offers numerous appealing traits, like a vast indirect bandgap (3.2 eV),
high electric field breakdown, & remarkable thermal conductivity. In comparison to other sophisticated
semiconductor materials, SiC is more easily obtainable and thoroughly investigated. These attributes
render SiC appropriate for applications requiring elevated voltage, frequency, and temperature levels.
SiC-based devices are more sensitive to crystal defects and interface states than conventional Si-based
devices, potentially impacting their reliability and longevity. SiC material also introduces more surface
defects. Researchers have investigated the physical nature of SiC interface defects, and understanding
their formation may inspire new ways to address material limitations [7].

2.2. GaN properties

GaN, a semiconductor material, belongs to the category of wide-bandgap materials. With a direct
bandgap of 3.4 eV, it outperforms Si and GaAs, allowing GaN to assimilate or radiate higher energy
photons. This property makes GaN suitable for optoelectronic components such as LEDs and laser
diodes.

GaN has one of the highest electron mobilities among semiconductor materials. Typical mobility
values range from 100 to 200 cm?/Vs. This property makes GaN suitable for high-speed electronic
devices, including FETs and HEMTs where high electron mobility is crucial for achieving fast switching
speeds and low power dissipation. GaN also has high thermal conductivity, helping reduce device heat
emissions.

A juxtaposition of wide bandgap materials and silicon properties is shown in Table 1.

Table 1. Basic properties of different semiconductors [8].

. Bandga Mobilit o Vsat Critical Field
Material (e\/g) P (cm? )V _ys) Permittivity (cm/s) (V/em)
Si 1.10 1400 11.8 1.0x107 3.0x10°
GaAs 1.42 8500 12.8 2.0x107 4.0x10°
4H-SiC 3.23 260 9.7 2.0x107 2.9x10°
GaN(Bulk) 3.40 900 9.0 2.5x107 3.3x10°
GaN(HEMT) 3.40 1800 9.0 2.5x107 3.3x10°
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In addition to its electrical and thermal properties, GaN also has high mechanical strength and
chemical stability. Researchers [8] note that GaN's hardness and chemical stability make it challenging
to polish effectively using CMP. GaN's resistance to oxidation by oxide slurry and the greater propensity
for water dissociation on kinked spots than stepped spots suggest strong bonding power and low
reactivity with other substances. These characteristics make GaN suitable for harsh environments.

3. Wide band gap devices

Since Infineon's introduction of the first SiC-based diode in 2001, significant strides have been made in
SiC-based devices. Multiple SiC-based devices, such as MOSFETs, JFETs, and IGBTs, have
demonstrated exceptional performance.

GaN-based devices include MMICs, diodes, and HEMTs. GaN's high electron mobility and
saturation current density enable the production of HEMT devices for extreme condition. MMICs and
diodes using GaN substrates are also utilized [9]. GaN is typically used for manufacturing high-power
devices. It is also widely employed in LED, sapphire laser [10], GaN's exceptional thermal conductivity
and high carrier concentration also make it suitable for power device manufacturing.

3.1. SiC based MOSFETs

MOSFET, among diverse devices, is among the most utilized power devices presently. SiC MOSFETs
hold the capability to surpass Si & GaAs MOSFETs due to material benefits. SIC MOSFETSs can be
sorted into three classes. Their structure, merits, and demerits are illustrated in Table 2.

3.1.1. On-resistance. New structured planar SiC MOSFETs have successfully minimized the adverse
effects and improved performance. Zhenfeng Peng [11] developed an HJD-MOSFET based on
conventional 4H-SiC CON-DTMOSFET, achieving an R,y s, of 2.6 m(} - cm? in simulation. Zhu, S et
al. used dodecagonal cell topology to decrease planar MOSFET on-resistance by 2.2x [12]. H. Yu et al.
introduced an SP-structure, forming a JBS-MOSFET for better SC quality [13], reaching an on-
resistance of 2.0 ma2 - cm?.

Researchers also worked on SiC UMOSFETs to reduce electric field at trench corners and improve
on-resistance. Wenchi Yang designed a deep p+ SiC UMOSFET, lowering R, 5 t0 2.04 m{2 - cm?[14].
In 2020, Lizhi Tang designed a 1.2kV SiC trench MOSFET with optimized structural parameters [15],
achieving an on-resistance of 2.35 mf2 - cm?. Xiaojie Xu introduced JP-MOSFET in 2021 [16]. The
new structure used a depletion mode P-channel MOSFET with adjustable voltage to overcome the trench
breakdown. It maintained the reliability of the device and reduced Ry, s, to 1.54 mi2 - cm?.

Table 2. Structure, advantages, and shortcomings of SiC MOSFET.

SiC MOSFET Structure Advantage Shortcoming

Source

Manufacturing

P r L Low channel
process is simple. electron mobility.
Planar MOSFET : High avalanche ’
N- Drif Layer g JFET effect.
breakdown .. )
Parasitic capacity.
energy.

Drain

254



Proceedings of the 2023 International Conference on Functional Materials and Civil Engineering
DOI: 10.54254/2755-2721/23/20230663

Table 2. (continued)

N+ w I
e, B Removal of JFET
effect. Electric breakdown
Trench MOSFET N- Drift Layer Improved electron at the bottom of gate.
_ mobility.
Drain
Source -
p p B Complex structure.
eter Ron,sp- Complicated
SJ MOSFET oL Channel mobility p 1cate
- yer o manufacturing
is high.
Drain

SJ MOSFETs can hold more dopant in the drift layer and offer better on-resistance. In recent years,
modifying the doping process and structure has led to significant improvements. P. Vudumula and S.
Kotamraju designed a SiC Super-junction MOSFET [17] with vertical dopant variation, improving on-
state resistance from 13 mf - cm? to 6 m2 - cm?. W. Cao, M. Li, Y. Ou and D. Liu came up with a
dual-channel ST MOSFET [18] and compared it with a normal dual-channel MOSFET. The S] MOSFET
shows superiorly low on-resistance at 1.09 mQ - cm? at room temperature. These endeavors have
brought the on-resistance of SiC MOSFETs to a more advanced level.

3.1.2. electron mobility. Electron mobility in SiC MOSFETs is primarily affected by the transverse
electric field, carbon clusters, and substrate doping [19]. Approaches to address this issue include
nitridation, high-k material utilization, and phosphorous doping. Recent work has elevated the electron
mobility of the devices.

Residual carbon clusters at the gate oxygen and interface traps result in low electron mobility.
Depositing high-k materials instead of the conventional SiO2 layer has been proved effective in
addressing mobility degradation. F. Arith et al. used thin SiO2 stack and a 40nm thick high-k dielectric
Al203 layer by ALD to form a 4H-SiC MOSFET, achieving a field effect electron mobility of 125
cm?/V - s [20]. This design offers high electron mobility while maintaining minimal mobility
degradation. Nitridation is another alternative for mobility improvement. A 2016 study improved SiC
MOSFET mobility to 90 cm?/V - s [21]. In addition to introducing nitrides gas during oxide layer
deposition, other procedures have been explored. M. Noguchi et al [22]. compared the mobility in the
reversion layer of a nitride SiC MOSFET and a phosphorus-doped one. The peak mobility results were
22 ¢cm?/V - s. for nitridation and 87 cm?/V - s. for phosphorus doping. Therefore, phosphorus doping
can also be a viable method for improving electron mobility. The researchers concluded that reducing
Coulomb scattering may be a hopeful solution to the channel mobility problem.

3.1.3. Temperature dependency. SiC MOSFETs are known for their ability to withstand high

temperatures. Investigating how their properties change with temperature is crucial for developing
accurate thermal models and maximizing the temperature-tolerance of these devices.
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On-resistance increases with temperature within a certain range. Research has shown a positive
correlation between on-resistance and junction temperature from 350K to 77K due to an increase in
carrier concentration [23]. The thermal property of drain current is more complex. Saturation current
and mobility initially increase with temperature and then decrease [8,24]. This occurrence can be
ascribed to the release of electrons from energy levels of traps and a shift in the principal scattering
mechanism. In addition, as the temperature increases, the threshold voltage of SiC MOSFETs decreases
[25].

3.2. SiCJFET

3.2.1. Structure and recent development. A JFET is a semiconductor device with three terminals,
including a source, drain, and gate, which controls current flow by modulating the conductivity of a
narrow semiconductor channel. The gate is crafted using a semiconductor material featuring a reverse
doping type in comparison to the channel, and voltage application to the gate creates a depletion zone
around the pn-junction linking the gate and channel. Consequently, this diminishes the quantity of free
charge carriers within the channel, leading to a decline in current flow from the source to drain terminals.

3.2.2. Recent studies on properties of SiC JFET. SiC JFETs exhibit high electron mobility which enables
faster switching speeds and improved overall performance. High electron mobility allows SiC JFETs to
operate efficiently at high frequencies and maintain low R,,,.

The on-resistance (R,;,) can be affected by JFET width (W;), JFET doping (N)), and cell pitch (P).
Narrower JFETs and lower doping result in higher resistance in vertical current flow, increasing on-
resistance. Tighter cell pitch reduces on-resistance by increasing the number of parallel current paths in
the horizontal direction. R, 5, is used to quantify performance, where a lower R,y ¢, indicates better
performance. A study has achieved a record-low Ry, g, of 2.06 m() - cm? for 650 V SiC JFETs with
optimized region design, highlighting their potential for superior performance and efficiency in power
electronics applications [26,27].

As temperature increases, drain current also increases due to rise in channel mobility and decrease
in threshold voltage, while transconductance decreases because of the reduction in gate-to-channel
capacitance and increase in channel resistance. With temperature elevation, GaN's on-state resistance
and forward voltage drop incline, attributable to the decrease in carrier concentration and the growth in
contact resistance. In contrast, the reverse recovery charge and duration lessen due to the contracted
minority carrier lifetime and diffusion length. There is no relation between Vg (breakdown voltage) and
temperature due to SiC's high bandgap and low intrinsic carrier concentration. The leakage current is
also independent of temperature for the same reason. Capacitance between gate and drain and Miller
charge decrease with temperature because of the reduction in depletion layer width and electric field
[28].

3.3. SiC IGBT
Emitter Gate Emitter
P- (N
= P-

N- epitaxial layer

P+ substrate

Collector

Figure 1. Structure of SiC IGBT.
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3.3.1. Structure and recent development. SiC Insulated Gate Bipolar Transistor (IGBT) has a special
structure innovated by SiC MOSFET and BJT. Its structure is shown in Figure 1. It integrates the
advantages of both devices. Due to poor quality of p-type substrate SiC material, p-channel IGBT is
better developed. As a relatively new and almost all-around device, SiC IGBT shows great prospect in
high-power application.

3.3.2. Recent studies on properties of SiC IGBT. The conductivity modulation effect and CSL in SiC
IGBT can aid in augmenting the device's electron mobility. For enhanced conduction properties, electron
mobility is a crucial aspect for researchers to concentrate on. Carbon clusters' interference, fixed charges
on the Si02/SiC interface, and ion implantation result in unsatisfactory electron mobility. Additionally,
n-channel SiC IGBT is deemed more promising compared to the p-channel variant due to the superior
electron mobility in n-type SiC substrate. Although, however, there has been little research presenting
specific statistics of electron mobility improvement in recent years, the advance of on-resistance can
reflect the progress of electron mobility to some degree.

The on-resistance of a SiC IGBT is far beyond the limit of SiC MOSFET thanks to conductivity
modulation effect in drifting region. With the introduction of CSL, the on-resistance is further reduced.
In recent years, by improving the layout and structure of IGBT, on-resistance continues being improved.

In 2019, Zheng-Xin Wen et al. deigned a SiC IGBT in a hexagonal-cell layout with a differential
Ron,sp 0of 56.92 mQ) - cm? [29]. The new structure demonstrated 21.3% improvement of on-resistance
comparing with the conventional layout. More recent research using box cell layout by Naoki Watanabe
et al. in 2022 successfully reduced the specific differential on-resistance to 13 mQ - cm?. [30] These
improvements indicate the effective role of cell layout in optimizing the conduction performance of SiC
IGBT. Innovation of channel structure can also modify on-resistance. Xiao-Chuan Deng et al. in 2022
published a hybrid-channel injection enhanced modulation IGBT and showed improvement of Ry, ;, as

well [31].
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Figure 2. Switching current of a SiC IGBT under different temperature.
The influence of temperature on conduction characteristics and voltage endurance of SiC IGBT is

crucial since the ideal application environment of SiC IGBT is under harsh condition. The carrier
mobility of SiC is positively dependent with temperature, resulting in a similar trend of temperature
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dependency of SiC IGBT on-state characteristics. The output current increases as temperature rises.
Switching performance of SiC IGBT also has a close relationship with temperature. It has been
investigated by Kai Matsuura et al. that the main factor of highly temperature dependent switching
performance is the SiO2/SiC interface trap density [32]. The switching performance (I-V characteristic)
of a SiC IGBT at a range of temperature is shown in figure 2.

SiC IGBT is a relatively new device. Although there have been certain improvements of its properties,
the potential of it is not sufficiently discovered yet. As a device combining advantages of MOSFET and
BJT, it has potentiality to be a better alternative than other existing devices in the future. Therefore, the
device still requires further exploration.

3.4. GaN HEMT

3.4.1. On Resistance. Dynamic on-resistance (dR,,) impacts GaN HEMTs' performance and reliability,
with trapped charge causing unpredictable conduction loss. Researchers [33] found that interface and
surface traps are primary dR,, contributors, with temperature-independent tunneling and thermally
activated electron de-trapping processes as the main mechanisms. To reduce dR,, and enhance
performance, they recommend controlling trap numbers by increasing buffer thickness, reducing gate
length, using heterogeneous structures, and new materials [34].

3.4.2. Mobility. The mobility of electrons in GaN is usually higher than that of holes because of material
quality, doping concentration and temperature. GaN's high mobility allows it to develop efficient and
reliable high-speed electronic devices.

Due to its high electron mobility, GaN has become a compelling substitute. The presence of two-
dimensional electron gas (2DEG) at the GaN and AlGaN interface leads its electron mobility to a rather
high level. Proper control of 2DEG interactions can optimize GaN-based device’s performance. Despite
its high channel mobility and high breakdown voltage, GaN MOSFET suffers from lower interface
quality and higher interface trap density than silicon MOSFET, which degrades electron mobility due
to Coulomb scattering [35]. Meanwhile, GaN MOSFET can achieve normally-off operation without
current collapse problems by using suitable gate dielectrics and mobility enhancement layers [36].

3.4.3. Temperature Dependence. An important consideration when using GaN in electronic devices is
its temperature dependence.

The temperature dependence of GaN is evident in the fluctuation of its electrical, optical, and
mechanical features. The electron mobility, one of the most crucial parameters, is affected by
temperature. The electron mobility in GaN has an inverse relationship with temperature, and research
[37]has revealed that the mixed influence from increase and degeneration of phonons as temperature
rises comprehensively result in the negative temperature dependency.

The temperature dependence of GaN also affects its electrical performance. The conductivity of GaN
increases with temperature due to the increased ionization of impurities and defects, which produces
free carriers. Researchers [38] also found that the high-temperature p-GaN HEMT devices threshold
voltage fluctuations are minor and mainly impacted by GaN's bandgap and interface states or obstacles.
The decline in transconductance and rise in on-resistance primarily originate from the reduction in
carrier mobility. The rise in drain current might result from the decline in barriers' trap and the surge in
intrinsic carrier concentration.

To mitigate the effects of temperature on GaN-based devices, researchers explored various strategies.
For example, researchers [39] are etching microgrooves on the substrate and filling them with high
thermal conductivity material copper to improve the device’s thermal performance. The investigators
established that using current-voltage traits, pulse experiments, and Raman thermometry techniques,
this configuration could effectively mitigate the device's self-heating impact, amplify the saturated drain
current and transconductance, and prolong the device's longevity.
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4. Comparison and evaluation between SiC and GaN devices
SiC and GaN devices both have lower on-resistance than traditional silicon-based ones. However, SiC
MOSFETs typically have lower on-resistance than GaN HEMTs due to their higher electron mobility.

As mentioned earlier, a 1200 V SiC planar MOSFET designed by Zhenfeng Peng has a Ry, s, 0f 2.6
mQ - cm? at a drain current density of 100 A/cm2 [11]. In comparison, a 650V GaN HEMT designed
by Wenzhong Lu and colleagues has R, 5, of 4.7 m - cm? at a drain current density of 50A/cm2.

Similarly, in the research by Xiaojie Xu mentioned earlier, a new trench SiC MOSFET structure
called JP-MOSFET was proposed [14], which achieved an Ry, 5, of 1.54 mQ) - cm?. In comparison, a
650V GaN HEMT designed by Jian Zhang and colleagues has an R, 5, of 2.16 m(Q - cm?, which is
quite similar to the Ron, sp of SiC JP-MOSFET in Xu's work, at a drain current density of 50 A/cm2.

These examples suggest that SiC MOSFETs generally have a lower on-resistance than GaN HEMTs
at comparable voltage and current levels. However, it's worth noting that both SiC and GaN devices
have been improved significantly in recent years. They have both achieved extremely low on-resistance,
indicating a promising future for building ideal electron devices and getting better output qualities.
Ron,sp can vary widely depending on the specific device design and manufacturing process.

SiC has a high electron mobility of up to 2000 cm?/Vs at room temperature, which is significantly
higher than that of GaN. GaN typically has an electron mobility of around 1000 cm?/Vs at room
temperature, though it can be improved through doping, strain engineering, and device structure
optimization. The high electron mobility of SiC is one of the key factors that can lead to more efficient
and compact devices.

GaN also has some advantages in terms of electron mobility. For example, it has a higher saturation
velocity than SiC. It can sustain higher electric fields and achieve higher output power. Additionally,
GaN has a wider bandgap than SiC. This can reduce the impact of parasitic capacitances and improve
device performance at high frequencies.

While there has been plenty of study to improve the electron mobility of the two materials, the
solutions may head toward different directions. SiC has more problems to do with the interference from
carbon and trap electronic energy levels, which is more correlative with the material properties. GaN is
limited by the two-dimensional electron layer at the interface between GaN and AlGaN layers, which is,
in fact, a result of the interaction between the two layers. This comparison provides a clearer picture of
essence of mobility of SiC and GaN, it also implies difference in physical and chemical structures of the
two materials.

Overall, while SiC has a higher electron mobility than GaN, GaN is better in other qualities like
frequency property. Which one should be used in certain application depends on the specific application
demands.

SiC and GaN have different temperature dependence characteristics. SiC has a smaller negative
temperature coefficient of resistance (TCR) compared to GaN. This is due to SiC's wider bandgap and
higher thermal conductivity. As temperature increases, the mobility of charge carriers decreases, then
the conductivity drops and an increase appears in on-resistance for both SiC and GaN devices.

However, the severer temperature dependence of GaN can limit their performance in high-
temperature applications. GaN devices typically have a higher TCR and lower thermal conductivity,
which can lead to self-heating and temperature-dependent device characteristics. This means that GaN
devices may require additional thermal management solutions to maintain their performance at high
temperatures.

In contrast, SiC devices have a more stable performance over a wider temperature range due to their
lower TCR and higher thermal conductivity. SiC devices maintain high performance quality under
extreme condition. Therefore, they are ideal for high-temperature use such as power electronics in
electric vehicles and aerospace systems.

Overall, comparing with GaN devices, SiC devices have a more favorable temperature coefficient of
resistance and thermal conductivity. GaN devices have more high-frequency application, whereas SiC
is applied more at high temperature and high voltage for its steadiness and favorable thermal qualities.
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5. Conclusion

SiC and GaN are two wide bandgap semiconductor materials that have unique electronic and thermal
properties that make them suitable for harsh environments. SiC-based devices have been developed for
applications including power electronic facilities, RF devices, and optoelectronics. Many types of SiC
power devices have been developed and they are providing a hopeful picture of an electronic system
with lower power losses and higher efficiency compared to conventional Si-based devices. Similarly,
GaN-based devices have also been developed for power electronics and RF applications. GaN HEMTs
have emerged as a promising alternative to conventional Si MOSFETs. GaN HEMTs have better
conduction characteristic and higher switching speed compared to Si MOSFETs, which results in lower
power losses and higher efficiency. With recent advances in wide bandgap semiconductor technology
focused on improving material quality and increasing device reliability, these devices have the potential
to revolutionize a range of industries, including power electronics, RF applications, and optoelectronics.
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