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Abstract: Power electronic systems have a great impact on modern society. Their applications target a
more sustainable future by minimizing the negative impacts of industrialization on the environment,
such as global warming effects and greenhouse gas emission. Power devices based on wide band
gap (WBG) material have the potential to deliver a paradigm shift in regard to energy efficiency
and working with respect to the devices based on mature silicon (Si). Gallium nitride (GaN) and
silicon carbide (SiC) have been treated as one of the most promising WBG materials that allow the
performance limits of matured Si switching devices to be significantly exceeded. WBG-based power
devices enable fast switching with lower power losses at higher switching frequency and hence, allow
the development of high power density and high efficiency power converters. This paper reviews
popular SiC and GaN power devices, discusses the associated merits and challenges, and finally their
applications in power electronics.
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1. Introduction

An indispensable advancement towards an energy-adequate world lies in the use
of innovative materials, such as wide band gap (WBG) semiconductors. The energy
consumptions and energy management of buildings mainly depend on the power electronic
converters and monitoring in-door conditions [1]. Remarkably, more than 60% of energy
utilized for electricity reproduction is lost during the conversion process [2]. A major
allocation of generated electricity is used only after a series of transformations that are
highly inefficient and are carried out by power electronics converters [3]. Semiconductors
are the basis towards development of numerous key technologies such as electronics [4],
optoelectronics, communications, computing, and sensing [5–7]. The efficiency of power
converters are based on the selection of semiconductor devices and switching frequency [8].
In power electronic converter systems, the semiconductor devices considerably contribute
to power losses, which can be associated with conducting and switching high currents [9].
The WBG semiconducting materials should operate at high switch frequency to reduce the
switching loss and increase the power density of the converters [10]. Therefore, innovations
in power electronics become essential to cut-down power losses occurring during the
power conversion processes [11]. In such a situation, utilization of WBG semiconductor
power devices can allow expanding the electrical energy conversion ability along with
extraordinary progress in scope and vigor of power converters [12]. Devices made from
WBG materials can reduce power electronics component size and likely cut down system
or component-level costs, while bettering their performance and reliability [13].
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A decisive property that regulates semiconductor’s electrical and optical properties is
the band gap, which is an important physical parameter for designating a WBG semicon-
ductor, and is defined as the energy needed for electrons to transition to the conduction
band from the valence band. The magnetic property of the semiconducting materials also
plays an important role for choosing of power devices in terms of energy efficiency with
hysteresis and eddy current losses [14]. The WBG semiconductor materials exhibit larger
band gaps (2–4 eV) than their silicon (1–1.5 eV) counterparts and offer greater power effi-
ciency, lower overall cost, smaller size, lighter weight, and lower energy consumption [15].
WBG-based components in semiconductor devices permit its operation at high temper-
atures, which can be problematic when using conventional silicon semiconductors with
smaller band gaps [16]. The wider the bandgap, the higher the temperature at which the
semiconductor power devices can function [17]. By virtue of WBG, electronic devices built
with WBG semiconductors can tolerate more heat and radiation without compromising
their electrical properties. Furthermore, they display fast switching speed, low specific
on-state resistance, and high operating temperature and voltage capabilities [18,19]. The
capability of faster switching with lower switching losses directly implies a volume re-
duction of passive components and heat sinks and hence, higher power density. Overall,
WBG semiconductor power devices with their exceptional trait, offer greater working
improvements and operation in extreme contexts, where silicon power devices cannot be
used. The importance pertaining to WBG semiconductor solutions is also evident in energy
storage applications, among them semiconducting materials like ZnO and CuO have the
drawback of safety issues at high temperatures [20]. The capabilities of the storage systems
can be amply utilized when suitable power converters are employed to manage energy
flow in both charging and consuming. Therefore, high-performance semiconductor power
electronics is imperative for an effective usage of the stored energy [21].

Previously, semiconductor devices like ZnO, ZnSe have been analyzed for power
converter applications. It was noted that ZnO gives better current-voltage (I–V) drain
characteristics only at low switching frequency (less than 10 KHz) and low operating
voltage [22]. Compared to ZnO and ZnSe, the WBG materials SiC and GaN display high
thermomechanical stability at 1200 ◦C [23].

The review is arranged as follows. WBG power devices and models of WBG devices
in terms of performance and efficiency are presented in Sections 2 and 3 of the paper. In
Section 4, WBG semiconductor power devices based on silicon carbide (SiC) and gallium
nitride (GaN), and a comparison with Si-based devices, are detailed. Section 5 overviews
the merits and challenges of using WBG semiconductor power devices. Finally, Section 6
presents several applications of WBG devices in power electronics.

2. Why WBG Semiconductor Power Devices?

By the virtue of several decades of improvement in fabrication and optimization, a
great amount of material supply, an immense manufacturing facility, and an exceptionally
low cost, Si remains the most exploited element for production of power semiconductor
devices due to the technology availability and materials accessibility [3]. Where there is a
requirement for high power density, or high-voltage devices working at high frequencies
and temperatures greater than 150 ◦C, Si-based devices are not able to meet the demand
for advanced power electronics [24]. According to the current scenario, WBG-based power
devices are used mostly because of their performances and efficiency [2]. In recent years
several semiconductor devices, along with GaN and SiC power devices have been advanced
and investigated. At present, SiC and GaN are seen as more promising semiconductors
materials because of their efficiency, the market availability of basic materials, and the ma-
turity of their technologies. Thus, WBG materials such as SiC and GaN have attracted huge
attention as they represent a good alternative to silicon owing to their superior physical and
electrical properties. Overall, amongst WBC semiconductor materials, SiC and GaN are
the leading ones and are also attractive for high-power electronics, from the device maker
perspective [25]. It is valuable to note that WBG power devices show better productivity for
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power applications and likewise have a capacity of high-temperature resilience [26]. WBG
power semiconductor devices show an ordinary expansion in impeding the voltage and
transmission current appraisals and works likewise on higher frequencies, power levels,
and higher voltages. In the power conversion industry, GaN-based power devices play a
key role within smart phones, computers, battery chargers, automotive, lighting systems
and photovoltaics [27,28].

In power electronics systems, the usage of WBG power devices can lead to optimized
design solutions in terms of passive components, converter topologies, and thermal man-
agement. WBG-based power devices play an important role in different applications [29],
and because of their properties, these materials have become suitable for reducing the
volume, weight, and costs. In order to accommodate the high power and frequencies,
several manufacturers are using WBG materials for electric vehicles, and other applications
since it outperforms the limits of silicon and guarantees excellent performance in critical
operating environments. SiC and GaN are ideal representatives of the WBG semiconductor
materials, and are widely used as technology materials to make things simpler, faster, and
smaller and have great efficiency in performance.

The first WBG power devices that reached the highest technology readiness levels [30]
are n-type SiC power metal oxide semiconductor field effect transistors (MOSFET), SiC-
based Schottky-barrier diodes and GaN high electron mobility transistors (HEMT). With
the aim to target power electronics applications, these devices have been in high volume
production for a few years. For commercial applications, the main advantage of SiC is
seen in the applications requiring voltages above 650 V such as electrical vehicle chargers
and solar power inverters. At the same time, GaN devices are a preferable choice for
replacing Si devices in applications at voltages below 650 V. With the maturing of these new
semiconductor technologies, the market for SiC and GaN will only grow further. Significant
improvements in future renewable energy distribution can be supported from fabrication
of SiC Insulated Gate Bipolar Transistor (IGBT) and super junction (SJ) MOSFET. On the
other hand, the potential of GaN power devices can be mainly foreseen for high frequency
power electronics [3].

3. Models of Semiconductor Power Devices

Modeling of power semiconductor devices is essential to estimate their impact on
cost, efficiency, weight, volume, and reliability, which are important performance indices of
power electronic systems. These indices are mutually coupled to each other; for instance,
high power densities imply high switching frequencies, which can lead to a reduction
in efficiency. Prior to the fabrication of new device structures, they can be accurately
investigated by modelling. It is essential to consider several physical effects with high
priority for the development of power semiconductor device models, since they dominate
the static and dynamic device characteristics [31,32]. In particular, the models for new
devices must be able to mimic the device behavior in both static and dynamic conditions.
However, if a new device shares certain related characteristics with a prevalent device, then
it can be modelled by adjusting the approach of the known device [33].

A compact device modelling approach aims to predict details of the current flow across
the device as a function of the applied currents and voltages, physical characteristics (geom-
etry, doping levels), and environmental conditions (temperature and radiation) [34]. These
models are based on an equivalent electrical circuit consisting of lumped circuit elements
(resistors, inductors, capacitors and controlled current or voltage sources). The approach
includes relations of current–voltage (I–V) and charge/capacitance–voltage (Q/C-V) for
nonlinear lumped elements defined by closed-form expressions with parameter values that
are based on underlying physics or extracted from experimental measurements [35]. It is
paramount to achieve a good estimate to the existing association of the electrical variables.
Moreover, to achieve fast simulation time, a compromise between computational speed and
model accuracy is usually involved that can affect the prediction of dynamic performance of
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the device. Thus, the simulation time and accuracy become pivotal factors to be examined
by device model engineers when considering this accord [34].

In the literature, modeling of power semiconductor devices has been reported to be
performed using behavioral, semi-physics, physics-based, semi-numerical, and numeri-
cal/analytical models [34]. Behavioral models are used to represent the device behavior
rather than the device physics based on functions, and are considered a good trade-off
between accuracy and simulation time [36]. Using mathematical techniques and correspon-
dent circuits, a relatively high simulation speed can be achieved by behavioral models,
but physics-based understanding into the device behavior is lost [37,38]. Semi-physics
models are somewhat based on device physics, wherein standard low voltage device mod-
els available from circuit simulation tools (SABER, SPICE) are remodeled to focus on the
high-voltage power device design. As a consequence, the physical meaning of a few device
model parameters can be lost. On the other hand, physics-based modeling tools are more
accurate, but time-consuming and require many fabrication parameters.

The outline of the physics-based model approach is shown in Figure 1. In the first
phase, device characterization is performed by experiments and numerical simulations
on the model device structure. By analyzing the results, model equations are formulated
using physics assumptions of depleted regions, field effects, charge transport, etc. The
equations are parameterized using measured data as a basis and a large signal topology is
built. The model is then validated by implementing for the target simulator and comparing
the measured data with the simulated one. The model is considered completed only if it is
able to capture the necessary effects; if not, the model should be improved and the process
is repeated again [34].
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Semi-numerical models can be seen as in-between physics and numerical models. In
this approach, external electrical characteristics, internal physical and electrical information,
carrier distribution and junction temperature in various regions of the device can be
realized by applying numerical algorithms such as Laplace transformation, Fourier series,
difference methods, and internal approximation to solve the ambipolar diffusion equation
(ADE). Due to high level injection, the ADE is assumed to be one-dimensional, which
is valid for the power semiconductor devices [39]. The numerical models provide very
accurate results and can significantly contribute to the development of power devices,
but are computationally intensive, complicated, and require exhaustive information on
device geometry and material properties. Popular numerical simulation tools available
for power devices and circuit simulation are TCAD [40,41], MEDICI [42], SILVACO [43],
Sentaurus [44], etc.
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Analytical models, on the other hand, are relatively quick for data processing, but
have issues with improvement in accuracy. This approach is dedicated primarily for a quick
evaluation of switching losses, and is based on datasheet information [38] such as input
capacitances, transconductance, switching delay times and rise/fall switching times [45],
or empirical formulas derived from measurements [46,47]. Langmaack et al. [48] presented
a low calculation time effort approach that incorporated the use of analytical description of
loss terms with numerical circuit simulations. This method has been successfully adopted
for comparison of different modulation schemes and device technologies of semiconductor
devices such as Si IGBT, SiC MOSFET and GaN HEMT. However, developing analytical
models for switching power losses that are valid for a wide range of operating points based
on datasheets or measurements is not feasible, since these losses highly depend on the
parasitics associated with the circuit and package layouts.

4. SiC and GaN Power Devices

Amongst WBG semiconductor materials, SiC and GaN are more appealing for high-
power applications. Some SiC devices like Schottky diodes are now battling with their
Si partners. The superior advantage of SiC in contrast with Si diodes permits devices to
work at higher current density ratings and minimizes the size of cooling systems. By virtue
of wide band gap property, devices assembled with GaN or SiC can sustain to a greater
extent heat and radiation and still preserve their electrical properties. SiC has a much
wider bandgap than Si and can handle higher voltages, faster switching, and display better
efficiency [49]. On the other hand, GaN is especially attractive for high pressure, high
temperature, and high voltage applications because of its higher electric field breakdown
capability, good thermal conductivity, and high electron mobility [50,51] (Table 1).

Table 1. Comparison of wide bandgap materials properties with Si [12].

Properties Si 6H-SiC 4H-SiC GaN Diamond

Thermal conductivity (W/cm K) 1.5 4.9 4.9 1.3 22
Band gap (eV) 1.12 3.03 3.26 3.45 5.5

Breakdown field (MV/cm) 0.3 2.5 2.2 3.3 20
Dielectric constant 11.9 9.66 9.7 8.5–10.4 5.5

Electron mobility (cm2/Vs) 1500 400 800 2000 1060
Drift velocity (107 cm/s) 1.02 2.0 2.0 2.2 2.5

Intrinsic carrier concentration (cm−3) 0.1 10−9 10−6 10−10 10−27

The authors in [52] compared the performances between GaN and SiC family of power
switching devices, and noted GaN to be modestly superior in providing higher power
density for devices [53]. Compared to Si, the high critical field of both SiC and GaN devices
is a vital feature that permits them to have reduced currents leakage and function at higher
voltages [54].

SiC devices are the most prized and efficient for the next generation. Electron mobility
is a feature that describes how quickly electrons can move through the semiconductor mate-
rial. A significant difference can be noticed between GaN and SiC in their electron mobility
(Table 1), which suggests GaN to be more suitable for high-frequency applications [55]. On
the flip side, SiC has higher thermal conductivity than GaN, thus theoretically suggesting
the SiC devices to operate at higher power densities than GaN. The intrinsic high tempera-
ture capabilities of SiC power devices enable better thermal management and a reduction
of the volume of heat sinks and cooling systems. The capability of faster switching with
lower switching losses directly implies a volume reduction of passive components and
heatsinks and hence, higher power density. When high power is a key desirable device
feature, SiC semiconductors have an advantage over GaN [50]. Moreover, SiC devices use
fewer components and provide extensive WBG with large electric field strength, which
makes it possible to achieve higher voltages with extremely low resistance per unit area
and reduce the power loss extensively [56].
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The focus of this paper is on WBG materials (SiC, GaN), and the material properties of
diamond are briefly presented here only for comparison. Diamond has a band gap of 5.5 eV
that is significantly larger than that of GaN, and hence it is termed as ultra-wide band
gap (UWBG) material. Compared to WBG materials (SiC, GaN), it displays high thermal
conductivity and a high breakdown field (Table 1). A comparative case study between WBG
materials (SiC, GaN) and diamond for the same applications reported smaller total losses
and heat sink volume, and more current density. For example, diamond devices operating
at 450 K displayed 28% less losses and heatsink volume compared to 4H-SiC, and 19%
lower losses and heatsink volume compared to GaN. In summary, when compared to GaN
and 4H-SiC commercial devices’, the superior performance of diamond devices is primarily
confined to medium-high frequency (>20 kHz), high junction temperatures (>450 K) and
high-voltage (>3 kV). High cost is an obvious challenge for the commercialization of
diamond as a semiconductor power device, compared to Si and other WBG material-based
devices [57].

Classification of Semiconductor Power Devices

From the structure point of view, semiconductor power devices can be classified as
diodes, transistors, and thyristors. For the sake of comparison between Si, SiC and GaN
power devices (Table 2), we confine the discussion to diodes and transistors.

Table 2. WBG semiconductor power devices, comparison with Si [3].

Power Devices Si SiC GaN

Diodes
Schottky Schottky Schottky
Epitaxial Epitaxial Epitaxial

Double diffusion

Transistors

BJT (npn, pnp) BJT HEMT
MOSFET MOSFET MOSFET

IGBT IGBT -
- JFET JFET

Schottky diodes are unipolar devices with low ON-state voltage drop, extremely high
switching frequencies, have approximately zero reverse recovery charge and are rated at
low breakdown voltage (BV < 100 V, for Si). In comparison, epitaxial Si PiN diodes are
rated at BV values between 600–1200 V, and double-diffused PiN diodes at even higher
BV > 1000 V [3].

SiC-based Schottky diodes are reported to be exceptionally strong in opposition to
leakage current thermal runaway, since the requisite temperature leap for increasing leakage
current is well overcompared to the Si PiN diode [58]. SiC power diodes can be classified
primarily into three kinds: (i) SiC Schottky diode; (ii) junction barrier Schottky (JBS) diode
or SiC merged PN-Schottky diode; and (iii) SiC PiN diode (Figure 2). Schottky barrier
diodes (SBDs) are capable of blocking thousands of volts thanks to the larger electric field
breakdown value of SiC material (Table 1). JBSdiodes are hybrid devices that integrate
the engaging perquisites of high BV of PiN diodes and meager voltage of ON-state of
Schottky contact. JBS diode displays Schottky-like ON-state switching characteristics and
PiN-like OFF-state simultaneously. Moreover, JBS diode displays an increased surge current
capability due to conduction of PiN regions at superior forward voltages. SiC JBS diodes
are preferred when the blocking voltages are below 3.3 kV. SiC PiN diode is preferred over
bipolar Si PiN diode because of a meager ON-state voltage dip in conditions of high current
that results in conductivity modulation [34], which makes it favorable in ultrahigh voltage
ranges (10–20 kV) [59].
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The first SiC power switch to be marketed was SiC JFET, as its structure is simple and
easy to implement. The gate terminal of SiC JFET is not isolated from the device body
and there is no reliability problem of the gate oxide as observed in SiC MOSFETs. SiC
JFET devices have a primarily vertical structure and, therefore, to increment the blocking
voltage, the width of the drift region of the device needs to be expanded. They have normal
behavior, and once the conduction channel is established, the current circulates in both
directions. To achieve an adequate blocking voltage of 1.2 kV, usually the applied reverse
bias gate-source voltage (VGS) ranges from −15 V to −20 V [60], allowing formation of
a drain-source potential barrier by depletion of the channel region. The SiC JFET device
blocks the applied high drain voltage by depleting the drift region.

The first SiC power double diffusion MOSFET was introduced in 1996 [61]. Thereafter,
several SiC MOSFETs devices have been designed, characterized, and studied to improve
their performance. The low resistance value between the drain and source (RDS-ON) of
SiC-MOSFETs during ON mode, and no tail current during the switch off process allows it
to compete with Si-IGBTs in real power applications [62].The blocking voltages reported for
SiC MOSFETs are suitable for industrial operation (1200–3300 V), and the highest reported
value of 15 kV [63], and display considerably reduced switching losses (over six-times)
compared with the Si IGBT. SiC MOSFET structure can be classified as: (i) planar SiC
MOSFET; and (ii) trench SiC MOSFET (Figure 3).
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The SiC MOSFET displays a ~10-times higher electric field compared to Si MOSFET,
thus a major problem is to compromise the gate-oxide reliability for low distinct RDS-ON
value. For the planar structure case (Figure 3A), the peak electric field near the oxide
is reduced since the gate oxide is protected by the P regions and excellent reliability
performance can be achieved [64]. For the SiC MOSFET, the RDS-ON bears three primary
features of resistance: (i) channel, (ii) drift region, and (iii) JFET region. The resistance of
the substrate is considerable and cannot be ignored for lower voltage devices (<1.2 kV),
which can be, however, minimized by using a wafer-thinning technique. For the trench
structure, the low channel mobility can be upgraded, since by eliminating the JFET region,
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it betters the channel density of the SiC MOSFET (Figure 3B), and also the specific ON
resistance is decreased.

A larger part of GaN-based power device advancement work was directed towards
lateral devices, namely HEMTs (high-electron mobility transistors) (Figure 4A). This is
mainly due to technological assistance of GaN HEMTs, which favor simultaneous high
current, voltage, high voltage, and low ON-state resistance, thus yielding in high efficiency
and high power operation. Moreover, the WBG presents a reliable and robust technology
that is capable of operating at high frequency and high temperature [65]. The 2DEG (two-
dimensional electron-gas junction) present in the GaN-HEMT forms an inherent channel
between the drain and source of the device (Figure 4A).
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In general, devices with lateral heterostructures are natively normally ON; that is,
even when no gate voltage is applied, the device conducts current. This can bring up safety
issues, particularly when malfunctioning of the gate driver occurs, and since the transistor
is not naturally switched-off, the device could be damaged due to the uncontrolled flow of
current. Moreover, circuit designs of normally ON transistors are relatively more complex
due to the requirement of a negative voltage supply. Therefore, a cascode structure has
been proposed to realize a normally OFF GaN HEMT, where to control a depletion-mode
GaN HEMT a low-power Si MOSFET is employed. The OFF and ON state of GaN HEMT
is controlled by the Si MOSFET (Figure 4B). The authors reported the cascode structure to
reduce switching power loss under zero voltage switching, and addition of a low-power
MOSFET would inevitably sacrifice switching speed [66]. In the lateral GaN devices, the
maximum blocking voltage achievable is generally considered to be less than 1200 V, and
issues related with their lateral current flow near the overlying dielectric layers and buffer
layers have been reported. Moreover, due to limitations for high power applications from
their lateral structures, it becomes quite challenging to achieve simultaneously very high
voltages and currents for GaN HEMTs. Therefore, due to the shortcomings in performance
and reliability of lateral GaN devices and to achieve the true potential of GaN, vertical
devices using structures similar to their Si and SiC counterparts have been developed [67].

Novel approaches in both device engineering and materials processing have been
developed for vertical GaN power devices [68]. Figure 5 shows schematic drawings of
vertical GaN SBDs and PN diodes built for 600 V and 1200 V minimum BV, respectively.
SBDs are built by the patterning and deposition of palladium on the epitaxial layer of
GaN, and the PN diodes via in-place development of a magnesium-doped epitaxial layer
of P+ GaN on top epitaxial drift region of the N-type GaN, followed by patterning and
deposition of palladium to connect the P-type GaN. SBD displays a forward knee voltage of
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about 0.9 V, and the PN diode displays knee voltage of about 3.0 V. The two power diodes
have an active area ~0.005 cm2, and are capable of managing pulsed currents in excess of
10 A [67].

Energies 2022, 15, 9172 9 of 27 
 

 

and to achieve the true potential of GaN, vertical devices using structures similar to their 
Si and SiC counterparts have been developed [67]. 

Novel approaches in both device engineering and materials processing have been 
developed for vertical GaN power devices [68]. Figure 5 shows schematic drawings of 
vertical GaN SBDs and PN diodes built for 600 V and 1200 V minimum BV, respectively. 
SBDs are built by the patterning and deposition of palladium on the epitaxial layer of 
GaN, and the PN diodes via in-place development of a magnesium-doped epitaxial layer 
of P+ GaN on top epitaxial drift region of the N-type GaN, followed by patterning and 
deposition of palladium to connect the P-type GaN. SBD displays a forward knee voltage 
of about 0.9 V, and the PN diode displays knee voltage of about 3.0 V. The two power 
diodes have an active area ~0.005 cm2, and are capable of managing pulsed currents in 
excess of 10 A [67]. 

 
Figure 5. Schematic representation of vertical GaN power diodes: (A) Schottky (B) PN junction. 

Vertical GaN MOSFETs present a favorable operation by providing a normally off 
solution, thus surmounting an important drawback of any GaN HEMT-based construc-
tion. The structure of a vertical GaN MOSFET is shown in Figure 6. 

 
Figure 6. Schematic representation of vertical GaN-MOSFET. 

Figure 5. Schematic representation of vertical GaN power diodes: (A) Schottky (B) PN junction.

Vertical GaN MOSFETs present a favorable operation by providing a normally off
solution, thus surmounting an important drawback of any GaN HEMT-based construction.
The structure of a vertical GaN MOSFET is shown in Figure 6.
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The junction P–Nis formed amidst drain and source by p-base and n-drift regions.
The reverse characteristics of the main P–N junction determines the device breakdown
voltage. To better the breakdown voltage by removing the open base effect of N–P–N, the
junction amidst the p-base and the n+ source region is connected to the source contact. Due
to the inversion layer of the MOS structure, the channel is formed (located at the etched
sidewall) [69].

5. Merits and Challenges of Using WBG Semiconductor Devices

Along with the silicon-based semiconductor, WBG semiconductors have the capability
for compact, robust, and efficient power conversion systems [70]. WBG semiconductor
materials in electrical power switching devices enable a transformative influence on a wide
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range of energy conversion applications. WBG semiconductor-based devices are thinner
and display lower on-resistances, which implies lower conduction losses and an overall
superior converter efficiency. From a technological point of view, SiC is the most advanced
form among the current WBG power device materials. SiC has a clear advantage on higher
blocking voltage, better switching speeds, and low conduction loss compared to Si [71].
WBG semiconductors are also thermally stable and their use in power switching devices
permit to reduce volume, weight, and life cycle costs [72].

WBG provides many advantages like handling higher voltages and power, faster
switching, better efficiency, and higher operating temperatures [73]. Power devices with
semiconductor material SiC have less effect on functionality, and continue to work even
when the temperature rises up to 600 ◦C [74]. WBG semiconductor-based power devices are
more reliable as with temperature and time only slight fluctuation is noted in its forward
and reverse characteristics. WBG power devices are smaller, faster, and more reliable and
operate on higher frequencies, power levels, and higher voltages [75]. WBG semiconductor
devices have better efficiency and enable high-power density converters, exhibit superior
power operating speeds, and an improved efficiency for power conversions [70,76,77].

For high-power applications, SiC MOSFETs display superior switching speed, and
thus operate at higher switching frequencies than Si IGBTs [78]. GaN-based HEMTs func-
tion at switching frequencies higher than that of Si MOSFETs, considering low-power
applications [79–81]. The extremely fast switching and the material properties of WBG
devices have posed new challenges to their applications. The major challenges include
switching frequencies in the hundreds of kHz to MHz range, rapid current and voltage
slopes triggering the effects of capacitive couplings and parasitic inductive, and unusual
electromagnetic interference (EMI) emission. By virtue of high switching frequency, WBG
power devices are more susceptible to EMI, a phenomenon that occurs when an elec-
tronic device is exposed to an electromagnetic (EM) field [82,83]. Despite the fact that for
applications requiring high-power, the switching frequencies are not as high compared
to applications requiring low-power, EMI still remains notable since the amplitude of
switching voltages and currents are high. On the contrary, for low-power applications, the
magnitude of switching currents and voltages can be smaller than those in high-power,
however, since the devices operate at a high frequency EMI’s presence is significant [84].
EMI propagation paths and EMI noise source characteristics are key to compare the EMI
performance of Si devices and WBG devices. Tretin et al. [85] compared conductive EMI
between matrix converters with Si IGBTs (switching speed 6.6 kV/µs) and SiC MOSFETs
(11 kV/µs) at 10 KHz switching frequency. The EMI noise of SiC MOSFET was found to
be 20 dB higher compared to Si IGBT from 10–30 MHz [85]. For a 1kW 400 V GaN HEMT
device, the conducted EMI measured was found to be 20 dB higher at 500 KHz switching
frequency compared to EMI at 50 kHz switching frequency. Thus, the conductive EMI
is the most severe when WBG devices function at higher switching frequency and speed
compared to Si-devices [86].

To reduce the noise-levels generated by the power converters, most devices contain an
EMI passive filter whose use remains a challenge towards enabling high power density [87].
EMI shielding is a process that involves preventing the penetration of the harmful EM
radiations into the electronic devices [88]. It is one of the best methods to protect the health
of living beings as well as the environment from the negative impacts of EM waves [89].
The passive filter occupies nearly 30% of the power electronics converter system’s volume
and its use is inevitable to guarantee compliance with conducted EMI standards. To reduce
the submissive EMI filter volume is a big task for the power generator designers [90].
Active EMI filters (AEF) in this context display great promise in minimizing the volume
of the passive component (with reductions higher than 50%) in power converters [91–93].
In [94], the authors provided an overview of several works in the area of AEFs and their
implementations for different power converters in the past three decades. The topology of
AEFs [95] are built on rating of sensing and cancellation components and kind of source and
load impedances. Other techniques such as using small propagation paths and by using
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small passive components have also been suggested to reduce the system’s volume [96].
However, the most common EMI problems are power disturbances because of different
filters [97], due to which units, circuits, and wires can never contain complete electricity,
and EMI shielding currently has a bigger concern. Moreover, an EMI filter’s performance
at high frequency is restricted by the filter’s parasitic parameters and the magnetic material,
thus making it challenging to reduce high frequency EMI noise [98].

6. Applications of WBG Devices

In this section, four applications of WBG devices are reviewed. In the first application,
the Si and the WBG devices are employed at the same time, in a device or in a circuit level,
to gain the superior figure of merit (FOM) of the WBG devices, and solve their drawbacks
such as higher cost, limited current rating, etc., thanks to the presence of the Si devices.
Such a combination of devices with different semiconductor technologies is titled as the
hybrid application. Electric vehicles are the second application, where WBG devices can
play an important role to promote this developing industry, in accordance with the growing
demand and the global politic of replacing conventional combustion engine vehicles with
electric ones. As the efficiency and the power density of the power electronics interfaces in
the electric vehicles are crucial, WBG devices have a great chance to increase their share in
this market. Same as the application of the electric vehicles, the employment of the WBG
devices is increasing in the motor drive application. That is also because of this fact, that the
voltage/current ratings of the available commercial WBG devices are in the same range of
those of motor drive applications. Therefore, the application of a WBG device in the motor
drive is studied as the third application in this section. The fourth application is devoted
to the renewable energy systems, where because of higher range of voltage/current, the
employment of the WBG devices is more challenging, especially in the case of GaN. This is
reviewed in the last part of this section.

6.1. Hybrid Application of WBG and Si Devices

Figure of merit (FOM) superiority of WBG devices over Si devices results in higher
efficiency and higher power density in different applications. Still one of the main draw-
backs of current WBG devices in the market is their higher cost with respect to that of Si
devices. It arouses the idea of hybrid utilization of WBG and Si devices in device, module,
and circuit levels [99].

In device level, there are three examples as follows:

(i) The use of a SiC Schottky Barrier Diode (SBD) as the anti-parallel diode of a Si IGBT
(Figure 7A). It is because of better reverse recovery performance of SBD with respect
to that of Si diodes [100].

(ii) Device paralleling of a Si IGBT and a SiC MOSFET (Figure 7B). In this way, Si IGBT’s
low conduction loss characteristics and SiC MOSFET’s low switching loss characteris-
tics are combined in high current application with a compromised cost [101].

(iii) Similar to the previous example, GaN HEMT can be paralleled to both Si IGBT [102]
and Si MOSFET [103]. The achievements (better conduction/switching performance
with a reasonable cost) are the same as the previous example as well.

In the module level, WBG and Si devices are manufactured in a module. This results in
the module being less sensitive to the junction temperature. Since the SiC SBD removes the
temperature-dependency during the turn-ON, there is a significant loss reduction at high
temperature [104]. Moreover, hybrid modules have less parasitic packaging inductances,
higher power level, and lower power losses compared to Si-based modules. The most
common configuration for hybrid modules is the integration of Si IGBT and SiC SBD, as it
can be seen in Figure 8 [105].
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A commercial example of such a hybrid module is F3L400R10W3S7F by Infineon,
where Si IGBTs are integrated with SiC diodes, for high power (950 V 400 A) active three-
level neutral point clamping (ANPC) inverter applications. When using SiC MOSFETs
instead of Si IGBTs, an important improvement arises from the different forward character-
istics. The unipolar structure of the MOSFET gives a linear (ohmic) characteristic, which is
beneficial especially for low and partial load conditions [106–108].

In the circuit level, there are examples in different applications such as multilevel
inverter for motor drive and dc-dc converter for power management in electric vehicles
(EVs). In [109], a single-phase five-level ANPC inverter is proposed where Si and SiC
MOSFET (Figure 9A) are employed in order to improve both efficiency and power density.
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In [110], a hybrid configuration, using SiC MOSFET and GaN FET, is proposed as the
power management dc-dc converter of EVs. GaN FET has one of the lowest switching
losses among all devices. Therefore, it is the best candidate for hard-switching applications.
However, due to the lateral structure of the commercially available GaN devices, their
power level is limited to 15 kW. As a large sedan will need a power level of 150 kW, SiC
MOSFET and GaN FET can be employed as it is shown in Figure 9B. In this way, for
low load, only GaN will conduct, while in high load, both SiC and GaN will share the
current unequally.

6.2. WBG Devices in Electric Vehicles (EVs)

It is a good idea to study the application of WBG devices in EVs, based on power
ratings of different power electronic interfaces in an EV. In Figure 10, it can be seen that
SiC competes with Si in a higher range of power, but lower range of frequency, while GaN
competes with Si in a lower range of power, but high range of frequency applications [111].
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Therefore, if we study the power electronic interfaces in an EV, then we can realize
the right place for SiC and GaN there. In Figure 11, an overview of the EV ecosystem
with the three main subsystems is shown. The traction drive inverter (Figure 11B) and
the power management DC-DC converter (Figure 11C), the interface between the battery
package and the inverter, are considered as high-power applications with the power range
of 60 to 150 kW depending on the model [112]. For the on-board battery charger (OBC)
(Figure 11D), including the dc-dc converter and ac-dc rectifier, the trend of fast charging
leads to the designs up to 22 kW [113]. In the case of AC charging, the power level is up to
43.5 kW [114]. The power range of the air conditioner is in the range of 5 kW as well. Both
the battery charger and the air conditioner are considered as medium power applications
in an EV. In addition, there are auxiliary loads in an EV with a low range of voltage (12 to
40 V) and low range of power (up to 3 kW). It can be concluded that SiC devices are suitable
for the traction inverter, the power management DC-DC converter, and the fast-charging
OBCs (high power/voltage) and GaN devices are suitable for the low-to-medium charging
speed OBCs, the air conditioner, and the auxiliary loads (low-to-medium power/voltage)
(Figure 10B).
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Thus far, there are some commercial examples of the WBG-based EVs such as: (i) Full-
SiC power module in Model 3 by Tesla (Figure 12A) [115]; (ii) SiC-based traction inverter
and power management dc-dc converter in Camry by Toyota as a road test prototype in
2015; (iii) an All-GaN inverter buggy vehicle by Nagoya University and Toyota as a road
test prototype [116]; and (iv) an integrated SiC EV drive system by Mitsubishi Electric
(14.1 L 60 kW) [117], shown in Figure 12B, with thermal resistance improvement between
the motor drive system and the cooling system.
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In Table 3, a comparison between WBG- and Si-based devices for different EV subsys-
tems is shown [116]. It is evident from the parameters presented in Table 3 that WBG-based
devices display superior characteristics compared to Si-based devices in the EV subsystem.

Table 3. Comparison in EV subsystems between Si-based and WBG-based devices [116].

Devices
Power Density

(kW/L)
Efficiency

(%)
Switching Frequency

(kHz)

Si WBG Si WBG Si WBG

Motor Drive 3.45–11.1 12.1–34 93–96.4 97–99 10–20 10–20
Onboard converter 3.9–6 22–42 91–98 94–98.5 10–20 100–240

Charger 2–3.9 3.3–10.5 93–96.5 96–98 40–100 100–500

6.3. WBG Devices in Motor Drive Applications

WBG devices provide various improvements in motor drive applications. The primary
three advantages are: (i) high switching frequency ability of WBG devices, resulting in low
current ripple, which is a requirement for low-inductance machines, (ii) high switching
frequency ability of WBG devices, resulting in high fundamental frequency of output
current, which is a requirement for high-speed machines, and (iii) high junction temperature
capability of WBG devices, resulting in high junction temperature operation, and a reduced-
size cooling system, which is a requirement for motor drive systems operating in high
ambient temperatures. In Table 4, the three categories, low inductance, high speed, and
operation at high ambient temperature, are listed [118].
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Table 4. WBG-based device applications in motor drives [118].

WBG Devices Low Inductance High Speed High Ambient Temperature

Applications

Motors with large effective
airgap;
Slotless motors;
Low leakage induction
machines for high traction

High power density motors fueled
by electrification of vehicle;
High pole count high speed motors
with high torque density;
Megawatts level high speed motor

Integrated motor drives;
Hybrid electric vehicle;
Sub-sea and downhole applications;
NASA probes and landers for space
exploration

Requirements
Pulse width modulation
switching frequency of
50–100 kHz

Fundamental frequency of
multiple kHz

High junction temperature
operations and low losses to reduce
cooling requirement

However, the general advantages of WBG devices are valid also for motor drive
systems, which are: (1) higher efficiency, because of lower conduction and switching losses
of WBG devices, and (2) higher power density, because of the smaller size of passive
components, due to the higher switching frequency capability of WBG devices. One of the
main challenges in motor drives is motor terminal overvoltage, caused by reflected wave
phenomena (RWP), especially when the motor is fed from the inverter, connected by long
cables. The overvoltage appears at motor terminal and damages the motor insulation. The
amount of the overvoltage depends on switching time of the invert devices and the cable
impedance. The RWP is depicted in Figure 13, where in a typical cable-fed AC drive, the
motor terminal voltage VRWP has overvoltage compared to the inverter voltage Vinv. In the
case of WBG devices, as the switching time is much faster with respect to that of Si devices,
the high dv/dt is more crucial. Therefore, particular care should be considered [119].
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Figure 13. Typical cable-fed AC motor drive.

As filtering is a bulky and costly solution, a software-based intelligent solution is
preferred. For instance, a modified PWM method is proposed in [120] to combat the RWP,
caused by high switching speed of SiC-based inverters. In a conventional single-phase
PWM inverter, the inverter voltage is modulated only between two level: +VDC and −VDC.
In [120], the inverter voltage is also modulated at a third level (Vinv = 0) for a time period
called dwell time (td) equal to two times of the propagation time (tp). The propagation time
is the time when Vinv travels through the cable and arrives at the motor terminal (VRWP).
In this way, the reflected voltage can be counterbalanced, instead of being doubled, at the
motor terminal. There are some industrial examples of the application of WBG devices in
motor drives. The KSB group introduced an integrated motor drive (IMD) in 2017, which
is a 22 kW ultra-compact high-efficiency system, consisting of a synchronous reluctance
motor and a SiC-based inverter. In integrated motor drives, the power electronic interface
is in the same housing with the motor. As a result, the compactness is the key factor for
the design. It is more challenging when it comes to WBG-based drives. An example of a
compact high-efficiency SiC-based IMD is a distributed servo drive system by Beckhoff in
2017 [121].
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Recently, Langmaack et al. examined the use of wide band gap devices for an electrical
turbo compressor unit for fuel cell applications [122]. A detailed analysis in terms of
efficiency, frequency, and power density for different circuit topologies and device tech-
nologies was performed to identify a high performance drive inverter for a fuel cell turbo
compressor [123]. Their analysis suggested that adopting SiC MOSFET power modules
with simple topology in inverter design resulted in high power density and good efficiency
compared to the silicon-based solution with a complex circuit topology [124].

6.4. WBG Devices in Renewable Energy Systems

In photovoltaic (PV) systems [125–127], wind turbine systems [128], and battery energy
storage systems (BESS), WBG devices can play an advantageous role to increase efficiency
and power density. The main challenges, however, are electromagnetic compatibility (EMC)
issues, high transient voltage/current (dv/dt and di/dt), and system cost [128]. Another
important matter in this context, is the power rating of renewable energy systems (RESs)
and corresponding voltage/current rating of WBG devices. PV systems can be classified by
their power rating, as is shown in Table 5.

Table 5. PV systems classification by power rating [128].

Inverter Power Ratings Grid Connection Type Application DC Bus Voltage

<10 kW Single-phase Residential 200–400 VDC
10–100 kW Three-phase 208 VAC Small commercial 300–600 VDC

100–250 kW Three-phase 480/600 VAC Large commercial 600 VDC
250 kW–1 MW Three-phase 300–600 VAC Utility 1000 VDC

The configuration of BEES (or simply energy storage systems, ESS) is also shown in
Figure 14, based on their power rating, by ABB [129]. By studying Figure 14, the potential
employment of WBG devices can be investigated, based on their power/voltage ratings.
The configuration of BEES (or simply energy storage systems, ESS) is shown in Figure 14,
based on their power rating, by ABB [112].
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Considering the power rating of RESs and voltage/current rating of WBG devices,
the advantage of WBG devices can be obtained more easily in the low-to-medium power
range (1 to 100 kW), such as that of the residential/small commercial RES application, that
is shown in Figure 14.

In [130], a 50 kW SiC-based inverter is proposed for rooftop PV systems, where a
desirable power density of 1 kW/kg is achieved. In [131], 650 V GaN devices are discussed
for 400 VDC microgrid BESS. However, there are efforts in order to employ WBG devices
for high power applications as well. For example, in [132], an all-SiC boost converter is
used in a 1 MW solar inverter, where the inverter itself has a three-level T-type neutral-
point-clamped structure, which is Si-based. In [133] also, a SiC device is applied in a BEES
with a multi-level converter for a MW power 13.8 kV voltage distribution system. There are
also industrial examples of the application of WBG devices for RES. General Electric has
installed the first prototype all-SiC 1 MW solar inverter in Berlin [134], already switching
solar electricity from DC to AC, and shows the best-in-class efficiency using an air cooled
design with simpler topology and controls (Figure 15).
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Due to higher switching frequency, the filter size is reduced and the overall megawatt-
scale solar inverter system optimization resulted in a lower cost solution [135]. There are
solutions in order to deal with the challenges and the limitations of using WBG in RES.
In [136], the hybrid use of SiC MOSFET and Si IGBTs is proposed, where a SiC MOSFET is
in parallel with three Si IGBTs, all of 100 A/1.2 kV current/voltage ratings, for a 250 kW
solar/wind inverter, in order to take advantage of the high efficiency SiC in low to medium
loads, and keep the overall cost of the system low, at the same time. GaN devices have the
lowest switching losses for the hard-switched applications; however, their current/voltage
ratings (100 A/650 V) are even lower than those of SiC. To achieve the high efficiency
of GaN devices and cope with their low current/voltage ratings, device paralleling and
device series stack structure are proposed in [137,138], for the application of single-phase
and three-phase residential BEES, respectively.

Figure 16A shows device paralleling for a single-phase RES application with two
power stages: a bidirectional DC-DC converter and a single-phase two-level inverter,
where the latest one employs GaN device paralleling. Figure 16B shows a series-stacked
structure for a three-phase RES application with two power stages: a bidirectional DC-DC
converter and a neutral-point-clamped (NPC) three-phase inverter, where in the first power
stage, series-stacked GaN devices are employed.
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7. Conclusions

This paper provides a detailed review on the potential of wide band gap semicon-
ductor devices in power electronics. WBG materials such as GaN and SiC have seen an
upsurge and are projected to be widely adopted in the semiconductor device market. These
materials find their use across many industries depending on their device power ratings.
In semiconductor devices rated from 15 V to 650 V, Si remains a strong candidate, while
being also reliable and economical. SiC is more suitable for high power applications (e.g.,
dc-dc converters in electric vehicles), and GaN for low power applications (e.g., mobile
device chargers). They are being studied as an alternative to silicon primarily due to their
interesting electrical properties, such as three times higher band gap and around ten-fold
higher critical electric field compared to that of Si. WBG-based devices are smaller in
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size by virtue of ten times thinner drift layers compared to Si devices of a specific volt-
age capability. Moreover, the higher switching frequency of SiC and GaN devices allows
reducing the size of passive components that leads to an overall decrease in the size of
the system. The reduction in the size would imply requiring fewer materials that will
make WBG devices more sustainable. The cost of WBG materials remains a challenge as
the devices are 2–3 times more expensive than Si-based devices. Therefore, to make them
cost-competitive against Si counterparts, the demand and manufacturing of WBG devices
need to start to gather pace. Indeed, the WBG semiconductor devices market size, which is
valued at $1.35 billion in 2022, is expected to become around $6.3 billion by 2028. In the
near future, WBG devices will continue to make progress into the predominant position of
the Si-based devices and unleash innovative solutions for power electronics systems that
are unattainable with silicon technology.
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