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ABSTRACT The drive inverter represents a central component of an electric vehicle (EV) drive train,
being responsible for the DC/AC power conversion between the battery and the electrical machine. In this
context, novel converter topologies adopting modern 600/650 V wide bandgap (WBG) semiconductor
devices will play a crucial role in improving the performance of next-generation drive inverters. In fact,
WBG devices theoretically allow to achieve both higher inverter power density and higher conversion
efficiency with respect to conventional silicon (Si) IGBT based solutions. Even though silicon carbide (SiC)
devices are already well established in the automotive industry, high-voltage gallium nitride (GaN) devices
are rapidly entering the market, promising higher theoretical performance but featuring a lower degree
of maturity. As a consequence, it is currently not clear which semiconductor technology is most suited
for future EV drive inverters. Therefore, this paper aims to address this gap providing a comparative
performance evaluation of state-of-the-art SiC and GaN 600/650 V active switches. In particular, a novel
figure-of-merit (FOM) representing the minimum theoretical semiconductor losses under hard-switching
operation is introduced. Remarkably, this FOM enables a fair and accurate performance comparison among
semiconductor devices, allowing to clearly determine the best performing technology for a given set of
application-specific conditions. The results of the comparative assessment show that currently available SiC
and GaN active switch technologies can outperform each other depending on the semiconductor operating
temperature and the converter switching frequency.
INDEX TERMS Wide bandgap (WBG) devices, silicon carbide (SiC), gallium nitride (GaN), high electron
mobility transistors (HEMTs), figure-of-merit (FOM), hard-switching, electric vehicles (EVs).

I. INTRODUCTION

As a result of both government policies and consumer
demand, the electrification of the transportation sector is
rapidly gaining momentum. The automotive industry is
increasingly pushing for cheaper, lighter and more efficient
electric vehicle (EV) powertrains, leading to considerable
technological development challenges.
The drive inverter is a crucial component of an EV
traction line, since it performs the AC/DC power conversion between the battery and the electrical machine
(cf. Fig. 1). As a consequence, this power electronic converter
is subject to great pressure for improvement [1], [2] and
The associate editor coordinating the review of this manuscript and
approving it for publication was Francesco G. Della Corte
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FIGURE 1. Simplified schematic overview of an electric vehicle (EV) drive
train, including the battery, the drive inverter and the electric motor.

simultaneously requires high power density (both volumetric
and gravimetric), high efficiency over a wide load range
(especially at light load [3]), high temperature operation
capability, and high switching frequency. In particular, this
last requirement is necessary to provide sufficient control
margin and limit PWM-induced losses in low-inductance,
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FIGURE 2. Equivalent circuit schematic of various promising converter topologies for next-generation electric vehicle drives exploiting 600/650 V
semiconductor devices [9], [10]: (a) two-level inverter (2LI), (b) double bridge inverter (DBI), (c) three-level flying capacitor inverter (3LFCI), (d) current
source inverter (CSI).

high-speed machines with several pole pairs typically
adopted in automotive [3]–[7]. High switching frequencies
also enable the size reduction of the inverter energy storage
components (e.g., the DC-link capacitor in voltage-source
inverters, the DC-link inductor in current-source inverters) [1]
and potentially allow for the addition of a full-sinewave
filter between the inverter and the electrical machine
(i.e., eliminating the machine losses and wearing induced by
PWM and high dv/dt values) [8]–[10].
In the near future, two key enabling technologies will play a
significant role in addressing these challenging requirements:
novel drive inverter topologies (i.e., different from the
conventional two-level voltage-source inverter) [10]–[13]
and modern wide bandgap (WBG) semiconductor devices
[14]–[18]. Fig. 2 shows some of the most promising candidate
inverter topologies for next-generation EV drives [11], [12],
either based on a 400 V battery architecture in (a), (b) and (d),
or designed for a 800 V battery supply in (c). In this work,
all considered drive inverter topologies only adopt semiconductor devices rated at 600/650 V. Both the multi-level
approach in (b), (c) and the current-source approach in
(d) allow to significantly reduce the high-frequency voltage/current stress on the supplied machine [10]–[13], thus
limiting the PWM-induced losses [7]. To best exploit these
new inverter architectures, modern 600/650 V silicon carbide (SiC) and gallium nitride (GaN) semiconductor devices
are excellent candidates, as they significantly outperform
traditional silicon (Si) devices of the same voltage class
[14]–[18]. Even though WBG devices currently pose
many practical challenges, including PCB layout, gate
driving, increased EMI, cable reflections, machine bearing currents and motor insulation stress [3], they feature outstanding properties such as low specific on-state
51694

resistance, fast switching and high-temperature operation
capability, which unlock unprecedented performance at the
converter level [3]. As a consequence, advanced topologies and WBG devices enable a significant increase of
the drive inverter switching frequency, which may reach
≈ 20–200 kHz and above [19]–[23], depending on the
power level, the adopted semiconductor devices and the
characteristics of the driven electrical machine.
At present, 650 V SiC devices are well established in
the automotive industry, being already employed in EV
drive inverters, battery chargers and DC/DC converters.
Meanwhile, 600/650 V GaN devices are rapidly entering
the market, promising higher theoretical performance that
are yet to be proven. Therefore, determining the most
suitable semiconductor technology for next-generation EV
drive inverters is currently a central research topic for both
industry and academia.
In this context, this paper aims to comparatively assess the
characteristics and performance of state-of-the-art 600/650 V
SiC and GaN semiconductor devices for future EV drives.
To this end, a novel and straightforward tool to compare
the device-level performance of different semiconductor
technologies in hard-switching applications is proposed,
featuring simple use and wide applicability (e.g., drive
inverters and battery chargers for electrified transportation,
grid-connected converters for renewable energy generation,
datacenter power supplies, etc.). The main contributions of
this work can be summarized in:
• a comprehensive review of the most significant devicelevel figures-of-merit (FOMs) for benchmarking semiconductor technologies;
• the proposal of a novel device-level semiconductor FOM representing the minimum theoretical
VOLUME 10, 2022
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losses of a hard-switching bridge-leg, including the
reverse-recovery loss (when present);
• a comparative performance assessment among commercially available 600/650 V SiC and GaN active
power switches, highlighting the prominent effects of
switching frequency and operating temperature on the
semiconductor performance.
This paper is structured as follows. In Section II the material properties of WBG materials are recalled, highlighting
their promising performance with respect to Si, and the
most established SiC and GaN active switch technologies
are described. In Section III a detailed review of existing
device-level semiconductor FOMs is performed and a novel
hard-switching FOM is proposed. Therefore, a comparative
performance evaluation among existing SiC and GaN devices
is carried out and the results are discussed. Finally, Section IV
summarizes and concludes this work.

TABLE 1. Key material properties of Si, 4H-SiC and GaN at 25◦ C and
atmospheric pressure [18], [24], [25].

II. SiC AND GaN SEMICONDUCTOR TECHNOLOGIES

During the last decades, the development of Si semiconductor
technology for power electronic applications has been
rapidly approaching the theoretical performance limits of
the material itself [14]–[18]. To overcome these limits, new
wide-bandgap (WBG) semiconductor materials have been
developed and are rapidly replacing Si in several applications,
due to their superior performance in terms of blocking
voltage, conduction characteristics, switching speed, operating temperature and overall footprint per conducted current
[14]–[18]. At present, the most developed and established
WBG materials in power electronics are silicon carbide (SiC)
and gallium nitride (GaN).
This section aims to provide a background on state-ofthe-art WBG technologies, highlighting their main positive
and/or negative features and providing an insight on their
different level of maturity. In Section II-A the key WBG
material properties enabling their superior performance with
respect to Si are described. Moreover, a detailed overview
of the currently available SiC and GaN active power switch
technologies is provided in Section II-B.
A. MATERIAL PROPERTIES

To better understand the reasons behind the superior performance of WBG power devices, a comparison of the key
material properties of Si, SiC and GaN is reported in Table 1
and is graphically illustrated in Fig. 3. In particular 4H-SiC
is considered herein, as it represents the only SiC polytype
practically adopted by manufacturers due to its isotropic
structure, as opposed to 6H-SiC [24].
The first key property of a semiconductor material is its
energy gap (also referred to as band gap), expressed in eV.
WBG materials have a ≈ 3 times larger energy gap with
respect to Si, which leads to a higher breakdown electric field
and consequently higher device-level breakdown voltages.
In particular, the high breakdown field allows to significantly
increase the semiconductor doping levels, thus enabling
thinner drift regions (i.e., lower on-state resistance and faster
VOLUME 10, 2022

FIGURE 3. Radar chart of the key material properties of Si, 4H-SiC and
GaN at 25◦ C and atmospheric pressure [18], [24], [25].

switching speed) for a constant breakdown voltage target. The
large band gap also allows for higher temperature operation,
as the thermal energy required for the electrons to jump
from the valence band to the conduction band increases. The
higher operating temperature primarily unlocks increased
device-level current and power densities for a given cooling
system performance. While GaN has a slightly lower thermal
conductivity with respect to Si, the conductivity of SiC
is ≈ 2.5 times higher than Si, allowing for a better heat
transfer from the semiconductor device junction to its
case and thus enabling even higher current/power densities.
Furthermore, the high values of electron saturation velocity
and electron mobility of WBG materials lead to faster
switching and improved conduction properties, for both
unipolar devices (e.g., MOSFETs) and bipolar devices (e.g.,
diodes). For instance, a higher value of electron saturation
velocity directly translates into a faster removal of the charge
stored in the depletion region of a diode, thus reducing the
reverse-recovery charge and the related losses.
Therefore, it is clear that the material properties of SiC
and GaN inherently provide the foundation for semiconductor
devices characterized by far superior performance than
Si. In particular, this preliminary material-level analysis
highlights that GaN features the best properties, theoretically
promising best-in-class breakdown voltage, specific on-state
resistance and switching speed. Nevertheless, SiC appears a
better candidate for high-current density, high-temperature
applications.
51695
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B. SEMICONDUCTOR POWER SWITCHES

Even though GaN features superior theoretical performance
with respect to SiC, both WBG technologies are currently
competing in the high-voltage 600/650 V class, due to
the lower maturity level of GaN devices and processes
[15], [17]. In fact, while GaN is already the undisputed
leader in low-voltage applications (i.e., up to ≈ 200 V) [26],
and SiC dominates the high-voltage market (i.e., ≥ 1200 V)
due to the lack of available GaN devices, at present no
clear winner has been identified in the 600/650 V class,
where most-recent GaN semiconductors are increasingly
challenging SiC devices. In this section, a detailed overview
of the currently available 600/650 V WBG semiconductor
power switches and their manufacturers is provided.
C. SILICON CARBIDE (SiC) [27]–[30]

The latest achievements in both SiC material growth and
processing have led to SiC wafers with larger size and
higher quality, enabling a simultaneous cost reduction and
production increase of SiC power devices. The following SiC
active power switch technologies are commercially available
at the time of writing:
•

•

MOSFET (normally-off) [31]–[34]; it is the most common SiC semiconductor structure, as it simultaneously
provides a normally-off switch with an integrated freewheeling body-diode. The gate voltage is typically
driven between −4 V/+15 V or −5 V/+18 V, depending on the device generation, and the gate threshold voltage lies around ≈ 2 . . . 4 V. The intrinsic pn
body-diode shows a relatively high ≈ 2 . . . 3 V voltage
drop, nevertheless it features lower reverse-recovery
charge and losses with respect to Si. Furthermore, 650 V
SiC MOSFETs are characterized by a very limited
temperature dependence of both on-state resistance and
reverse-recovery charge, making them suitable for hightemperature operation. At present, the main manufacturers of 650 V SiC MOSFETs include Wolfspeed [35],
Infineon [36], STMicroelectronics [37], ROHM Semiconductor [38] and ON Semiconductor [39]. The
MOSFET symbol is reported in Fig. 4(a).
JFET (normally-on) [40]; it is the first SiC device
that has been developed and commercialized, due
to the simplicity of its structure, the low value of
specific on-state resistance and the absence of a gate
oxide. SiC JFETs also feature high switching speed
and high operating temperature capability, requiring a
typical unipolar driving voltage between −18 V/0 V
(i.e., the gate threshold voltage is ≈ −12 V). Unfortunately, SiC JFETs are normally-on switches (i.e.,
depletion-mode JFETs) and do not feature an intrinsic
reverse-conduction mechanism when turned off, therefore they are unsuited for direct use in power electronic
applications. At present, the only manufacturer of 650 V
SiC JFETs is UnitedSiC [41]. The JFET symbol is
reported in Fig. 4(b).
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FIGURE 4. Equivalent circuit schematic symbols of (a) SiC MOSFET
(normally-off), (b) SiC JFET (normally-on), (c) SiC cascode JFET
(normally-off), (d) GaN e-mode HEMT (normally-off), (e) GaN d-mode
HEMT (normally-on), (f) GaN cascode d-mode HEMT (normally-off),
(g) GaN direct-drive d-mode HEMT.

•

Cascode JFET (normally-off) [42]; this structure features a depletion-mode SiC JFET in cascode configuration with a low-voltage (i.e., ≈ 30 V) Si MOSFET. This
approach allows to leverage the superior performance
of the SiC JFET by turning it into a normally-off
device with free-wheeling capability by means of a
simple Si MOSFET. The combined switch features
low on-state resistance, low reverse-recovery charge,
low body-diode threshold voltage (i.e., < 1 V) and
limited footprint. When the Si MOSFET is turned on,
the gate and source of the JFET are shorted and the
device conducts. Instead, when the Si MOSFET is
turned off, the JFET source voltage rises to the point
where its gate threshold voltage is exceeded, turning
off the JFET itself. Since the Si MOSFET controls
the switching process, the gate of a cascode JFET
is typically supplied with a unipolar driving voltage
between 0 V/+15 V, being the gate threshold voltage
around ≈ 5 V. The main drawbacks of this device
include the physical cascode connection of the two
semiconductor chips inside the same package, leading
to higher stray inductance, and the quasi-uncontrolled
switching of the JFET (i.e., due to the indirect control
of its gate-source voltage), typically requiring external
RC snubbers in hard-switching applications. At present,
the only manufacturer of 650 V SiC cascode JFETs is
UnitedSiC [41]. The symbol of the cascode JFET is
reported in Fig. 4(c).

D. GALLIUM NITRIDE (GaN) [43]–[49]

Even though less mature than SiC, GaN semiconductor technology is progressing rapidly and several highvoltage 600/650 V semiconductor devices have already been
commercialized. Notably, most manufacturers still exploit
established large-size Si substrates for the GaN epitaxial layer
growth, to leverage the existing knowledge/facilities and
reduce production costs [44]. This practice however forces
GaN semiconductor manufacturers to realize power devices
with lateral structure, known as high electron mobility
transistors (HEMTs), preventing the realization of vertical
power devices with superior theoretical performance. In particular, HEMTs consist of an AlGaN/GaN heterojunction
featuring a layer of high-mobility electrons, referred to as
two-dimensional electron gas (2DEG), which operates as a
current conduction channel between the drain and source
terminals of the device modulated by the applied gate voltage
VOLUME 10, 2022
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(i.e., electric field). Unfortunately, due to the natural presence
of the 2DEG, the simplest HEMT structure operates in
depletion-mode and is thus normally-on. At the time of
writing, the following GaN active power switch technologies
are commercially available:
• E-mode HEMT (normally-off) [50]–[56]; although the
2DEG makes the basic HEMT natively depletionmode (d-mode), the gate structure can be modified to
shift the threshold voltage positively and thus realize
an enhancement-mode (e-mode) device. The overall
behavior is similar to the one of a MOSFET, however
the gate voltage is typically driven in a narrower
range ≈ 0 V/+6 V (with a gate threshold voltage of
≈ 1 . . . 2 V) and the reverse conduction mechanism is of
different nature. In particular, the device structure does
not include an intrinsic body-diode, however HEMTs
feature a self-commutated reverse conduction (SCRC)
mechanism that resembles the operation of a freewheeling diode. In fact, because of the structural gatesource/gate-drain symmetry, HEMTs are inherently
bidirectional, starting to conduct as soon as one between
the gate-source and gate-drain voltages exceeds the gate
threshold voltage. Therefore, in order for the HEMT to
conduct in the reverse direction when driven in the offstate, the negative voltage across the device needs to
exceed the sum of the gate threshold voltage and the
negative gate bias voltage (if any), yielding a diode-like
reverse conduction characteristic with a relatively large
voltage drop. Overall, the main advantages of this
device are its simple architecture and packaging, due
to its normally-off nature, and the zero reverse-recovery
charge, due to the absence of a physical (i.e., bipolar)
body-diode. Conversely, the main drawbacks of e-mode
HEMTs are the large voltage drop in off-state reverse
conduction (i.e., during dead-times), the low gate threshold voltage, making the device operation susceptible to
ringing, and the limited maximum gate voltage of ≈ 7 V,
which may require to reduce the driving dynamics in
order to avoid the device failure. It is worth noting
that the e-mode HEMT category also includes the gate
injection transistor (GIT) [57], which trades superior
conduction/switching performance (i.e., it is not affected
by the well known HEMT dynamic on-state resistance
issue [58]) for an increased driving complexity [59].
At present, the main manufacturers of 600/650 V GaN
e-mode HEMTs include Panasonic [60], Infineon [36],
GaN Systems [61] and Navitas [62]. The symbol of the
e-mode HEMT is reported in Fig. 4(d).
• D-mode HEMT (normally-on) [63]–[66]; it represents
the basic depletion-mode HEMT device, featuring
the lowest specific on-state resistance values due
to the simplicity of its structure. The gate is typically
driven between 0 V, with the device fully in the
on-state, and −15 V for complete turn-off, being the
gate threshold voltage around ≈ −6 . . . −8 V. Same
as the e-mode HEMT, this device features intrinsic
VOLUME 10, 2022

•

•

bidirectional capabilities (i.e., SCRC) and no reverserecovery charge. At present no manufacturer produces
purely d-mode GaN HEMTs, because of their normallyon nature. Nevertheless these devices are utilized in
other configurations. The symbol of the d-mode HEMT
is reported in Fig. 4(e).
Cascode d-mode HEMT (normally-off) [67]–[69]; the
cascode configuration allows to turn a d-mode HEMT
into a normally-off device with the simple addition of
a low voltage Si MOSFET, connected in the same way
as in the cascode SiC JFET structure. This approach
allows to combine the superior conduction/switching
performance of the d-mode HEMT with the driving
simplicity and robustness of a Si MOSFET (i.e.,
0 V/+15 V). Moreover, the reverse-conduction mechanism is provided by the MOSFET body-diode, which
turns on the HEMT gate as soon as it gets reverse
biased, thus leading to a lower off-state reverse voltage
drop (i.e., < 1 V) during dead times. Nevertheless,
the cascode configuration leads to higher packaging
complexity, additional stray inductance in the power
loop, non-zero reverse-recovery charge (i.e., due to
the Si MOSFET body-diode) and quasi-uncontrolled
switching transitions, due to the indirect control of
the HEMT gate. At present, the main manufacturers
of 600/650 V GaN cascode d-mode HEMTs include
Transphorm [70] and Nexperia [71]. The symbol of the
cascode d-mode HEMT is reported in Fig. 4(f).
Direct-drive d-mode HEMT [45], [46]; it represents
a modification of the cascode structure, aimed at
addressing its main drawbacks. In particular, in the
direct-drive configuration the source of the low-voltage
Si MOSFET is not connected to the gate of the dmode HEMT. In fact, the Si MOSFET is only exploited
as protection device to avoid power-up shoot-through
(i.e., requiring an enable gate signal after the converter
start-up), while the d-mode HEMT is directly driven
at the switching frequency with a negative unipolar
voltage (i.e., −15 V/0 V). If the converter is turned-off
and/or the auxiliary supply is missing, the Si MOSFET
is automatically turned-off and the complete device
behaves similarly to a cascode, turning off safely. The
main advantage of this approach resides in the direct
exploitation of the switching properties of the d-mode
HEMT, avoiding the uncontrolled commutation and the
reverse-recovery charge of the conventional cascode
implementation. Nevertheless, the series connection
of two semiconductor devices still leads to higher
device-level parasitic inductance with respect to e-mode
HEMTs and, differently from the cascode structure,
the off-state reverse voltage drop is determined by
the d-mode HEMT (i.e., ≈ 6 . . . 8 V). At present, the
main manufacturers of 600/650 V GaN direct-drive
d-mode HEMTs include Texas Instruments [72] and
VisIC Technologies [73]. The symbol of the direct-drive
d-mode HEMT is reported in Fig. 4(g).
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FIGURE 5. Qualitative overview of the conduction characteristics of (a) SiC MOSFET, (b) GaN e-mode HEMT, (c) SiC cascode JFET or GaN cascode
d-mode HEMT, (d) GaN direct-drive d-mode HEMT. The blue lines represent the on-state conduction characteristics, while the pink lines represent the
off-state conduction characteristics. Rds,on is the on-state resistance, Vd is the diode voltage threshold, Vg,off is the turn-off gate voltage (i.e., ≤ 0).

A qualitative overview of the on-state and off-state
conduction characteristics of the SiC MOSFET, the SiC
cascode JFET, the GaN e-mode HEMT, the GaN cascode
e-mode HEMT and the GaN direct-drive d-mode HEMT is
provided in Fig. 5.
As a final remark, it is worth highlighting that all currently
available GaN devices are characterized by a relatively low
maximum junction temperature of 150 ◦C and feature a
large temperature dependence of the on-state resistance (i.e.,
≈ 2.5x increase between 25 ◦C and 150 ◦C), as opposed
to SiC devices. These aspects may favor the adoption of
SiC in high-temperature environments and/or in applications
trading lower conversion efficiency for higher power density,
as shown in Section III.
III. FOM-BASED PERFORMANCE EVALUATION

The goal of this section is to propose a novel performance
metric to compare different semiconductor devices and
technologies under hard-switching operation. In particular,
the semiconductor loss mechanisms in a generic twolevel bridge-leg are described and expressed analytically in
Section III-A, highlighting the most relevant loss contributions in high-voltage fast-switching devices. In Section III-B,
a review of existing semiconductor device figures-of-merit
(FOMs) is carried out, identifying their major limits and
leading to the proposal of a novel hard-switching figure-ofmerit (HSFOM) for fast-switching devices in Section III-C
(i.e., formally derived in Appendix A). Therefore, a comparative performance evaluation among the currently available
600/650 V SiC and GaN active power switch technologies
is performed in Section III-D. For the first time, the semiconductor operating temperature and the converter switching
frequency are considered in the analysis, substantially
affecting the results of the comparison. Remarkably, the
presented comparative performance assessment has broad
applicability, since it can be extended to all hard-switching
power converter topologies employing identical transistors,
as shown in Fig. 6.
A. HALF-BRIDGE HARD-SWITCHING LOSS

The total semiconductor losses Psemi generated by the hardswitching two-level bridge-leg illustrated in Fig. 6(a) can
51698

FIGURE 6. Simplified graphical representation of the hard-switching
commutations taking place in (a) two-level inverter (2LI) and double
bridge inverter (DBI), (b) three-level flying capacitor inverter (3LFCI),
(c) current-source inverter (CSI). The blue and pink lines indicate the
current path before and after the switching event, respectively. It is
observed that the switching events in (b) and (c) can be reconducted to
the commutation of the conventional two-level bridge-leg in (a).

be divided into a conduction loss contribution Pcond and a
switching loss contribution Psw , as
Psemi = Pcond + Psw .
(1)
1) CONDUCTION LOSS

Due to the resistive nature of both FETs and HEMTs, the
bridge-leg conduction losses can be expressed as
2
Pcond = Rds,on IRMS
,
(2)
where Rds,on is the on-state resistance of the employed
transistor and IRMS is the RMS value of the total current
flowing through the bridge-leg.
VOLUME 10, 2022
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2) SWITCHING LOSS

For reasons of convenience, all those loss mechanisms that
are proportional to the switching frequency fsw are here
included within the switching loss contribution, namely
Psw = Pg + Pdt + Poss + Prr + Pvi ,

(3)

where Pg is the gate driving loss, Pdt is the dead-time reverse
conduction loss, Poss is the transistor output capacitance
charge/discharge loss, Prr is the reverse-recovery loss and Pvi
is the loss generated by the overlap of voltage and current
(i.e., V-I overlap) during the switching transition.
The gate driving loss can be expressed as
Pg = fsw |Vg,on −Vg,off | Qg ,

(4)

where Vg,on and Vg,off are the turn-on and turn-off driving
voltages, respectively, and Qg is the total gate charge. In highvoltage hard-switching applications Pg is typically negligible
with respect to the other switching loss components and can
thus be neglected (i.e., Pg ≈ 0).
The dead-time loss arises from the body-diode conduction
(or SCRC for HEMTs) during the interval between the
turn-off of one device and the successive turn-on of the
complementary device. This loss is proportional to the diode
voltage drop Vd and the difference between the dead-time
tdt and the time to achieve complete zero-voltage switching
(ZVS) tzvs [74], as


Pdt = fsw Isw Vd tdt − tzvs (Isw ) ,
(5)
where Isw is the switched current. Being tzvs dependent
on the switched current, an adaptive dead-time control
strategy can be typically implemented, with the goal of minimizing/eliminating the dead-time loss [75]–[77]. Therefore
Pdt ≈ 0 will be considered here.
One major loss mechanism in hard-switching applications
is the charging/discharging of the output capacitance Coss of
the transistors. The total loss arising from this process can be
quantified as [78]
Poss = fsw Vsw Qoss (Vsw ),

(6)

where Vsw is the switched voltage (e.g., the DC-link voltage
in a two-level inverter) and Qoss is the charge stored in Coss
at Vsw .
A similar charge-related loss mechanism is the reverserecovery loss, arising from the dynamics of the stored charge
in bipolar diodes. Notably, this mechanism only affects SiC
MOSFETs, cascode SiC JFETs and cascode GaN d-mode
HEMTs, which all feature intrinsic pn diodes. The reverserecovery loss can be expressed as a function of the currentdependent reverse-recovery charge Qrr :
Prr = fsw Vsw Qrr (Isw ).

(7)

Finally, the V-I overlap loss is generated by the simultaneous presence of high voltage and high current across
the device channel during the turn-on transition (i.e., the
turn-off transition is assumed to be soft/lossless for unipolar
VOLUME 10, 2022

devices) [79]. In particular, the V-I overlap produces two loss
contributions inversely proportional to the time derivatives of
voltage and current (i.e., dv/dt and di/dt, respectively) as


2
2
1 Isw
1 Vsw
Isw +
Vsw .
(8)
Pvi = fsw
2 dv/dt
2 di/dt
Since the aim of this section is to identify a useful performance index to compare different semiconductor devices and
technologies, the minimum theoretical switching loss (i.e.,
unaffected by driving, packaging or parasitic parameters) is
of interest here. As the overlap losses progressively decrease
with increasing switching speeds, the hypothesis of infinitely
fast switching transitions (i.e., dv/dt ≈ ∞, di/dt ≈ ∞)
allows to identify the lowest theoretical limit of Psw ,
completely defined by the charge-related loss contributions
(i.e., Pvi ≈ 0). Interestingly, this hypothesis also allows to
express the diode reverse-recovery charge as a linear function
of the switched current, since the condition di/dt ≈ ∞ forces
the complete diode forward-bias injected charge to be swept
away as Qrr , as there is no time for the charge recombination
process to take place [80]:
Qrr ≈ τrr Isw ,

(9)

where τrr represents the charge carrier recombination lifetime.
Overall, the minimum theoretical hard-switching loss of a
two-level bridge-leg can be expressed as [81]


Psw ≈ fsw Vsw Qoss (Vsw ) + Qrr (Isw ) ,
(10)
which is linear with respect to the switched current.
B. REVIEW OF EXISTING FOMs

Figures-of-merit (FOMs) are defined and exploited to evaluate the properties of materials and technologies, providing
common performance indices to carry out comparative
assessments. Several FOMs have been defined in the
power electronics field over the years, in order to best
express the performance of semiconductor technologies
at the material-level [82]–[85], device-level [85]–[94] and
converter-level [94]. In particular, various device-level FOMs
have been introduced to compare the performance of power
transistors under hard-switching operation, namely:
• Baliga high-frequency figure-of-merit (BHFFOM) [86];
considering the resistive conduction characteristic of
FETs and assuming that hard-switching losses are
dominated by the charging/discharging of the transistor
gate input capacitance Ciss , the following FOM is
defined:
1
.
(11)
BHFFOM =
Rds,on Ciss
Notably, (11) is obtained inverting the performance
factor introduced in [95]. Since the switching loss
assumption is only valid for low-voltage devices (i.e.,
2 ), the BHFFOM loses signifiwhere Ciss Vg2  Coss Vds
cance in the present case [96].
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•

New high-frequency figure-of-merit (NHFFOM) [87];
this FOM is defined under the assumption that
hard-switching losses are dominated by the charging/discharging of the transistor output capacitance Coss :
NHFFOM =

•

•

1
.
Rds,on Coss

2  C V 2,
This assumption corresponds to Coss Vds
iss g
particularly valid in high-voltage applications [96].
Nevertheless, Coss is defined in [87] as the high-voltage
differential value of the non-linear output capacitance,
which does not represent the semiconductor capacitive
losses [74].
Huang device figure-of-merit (HDFOM) [85]; a different hard-switching loss model with respect to [86]
and [87] is considered, assuming that the V-I overlap
contribution (i.e., neglected in the previous two FOMs)
dominates the total switching losses. In particular, since
the gate charge supplied during the Miller-plateau time
interval is directly proportional to the voltage transition
time (i.e., under the assumption of fixed driving voltage
and gate resistance), the following FOM is defined:
p
(13)
HDFOM = Rds,on Qgd ,

where Qgd is the gate-drain charge (i.e., stored in Cgd
or Crss during the voltage transition period). The main
deficiency of this FOM is that it neglects the current
transition time in the estimation of the hard-switching
losses [96].
Switching figure-of-merit (SFOM) [47], [88]; to improve
the definition in (13), the current transition time is taken
into account by adding another gate charge component
to the FOM:
SFOM = Rds,on (Qgd + Qgs,i ),

•

(12)

(14)

where Qgs,i is the charge stored in Ciss during the current
transition period. However, the direct addition of Qgd
and Qgs,i no longer represents the V-I overlap time,
as the gate current during the current transition is higher
than during the voltage (Miller) transition [90].
New switching figure-of-merit (NSFOM) [90]; this FOM
adresses the main drawback of (14), by considering a
charge term effectively proportional to the V-I overlap
time:
NSFOM = Rds,on (Qgd + kgs,i Qgs,i ),

(15)

where kgs,i is a coefficient dependent on the gate driving
voltage, gate resistance, FET transconductance and load
current defined in [90]. This is the most complete FOM
that expresses the V-I overlap loss, nevertheless kgs,i
introduces a large amount of complexity in the FOM
definition, since detailed information on both the device
and its operating conditions is required. Furthermore,
like all FOMs that focus on the V-I overlap, the NSFOM
does not represent the minimum theoretical loss limit
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•

of fast-switching devices, as explained in Section III-A.
In fact, this FOM considers finite (and loss-dominant)
voltage/current derivatives, under the assumption of
fixed gate driving conditions (i.e., gate voltage and gate
resistance). It is worth noting that no specific name is
given to (15) in [90]: the expression NSFOM is proposed
here as extension of the SFOM in (14).
Device figure-of-merit (DFOM) [94]; this FOM includes
the correct capacitive loss contribution in hard-switching
bridge-legs, leveraging the charge-equivalent output
capacitance Coss,Q defined in [74], as opposed to the
energy-equivalent one used in [91]–[93]:
1
.
DFOM = p
Rds,on Coss,Q

(16)

As demonstrated in [94], one major benefit of the
DFOM is that it is inversely proportional to the
minimum theoretical hard-switching losses in a twolevel bridge-leg, therefore it allows a quantitative performance comparison among semiconductor technologies.
However, this FOM only holds significance for those
semiconductor devices featuring no reverse-recovery
charge (e.g., GaN d-mode and e-mode HEMTs), as the
Qrr term present in (10) is not taken into account in (16).
It is worth noting that, even though all presented FOMs can
be easily evaluated with available datasheet information, their
values are chip size (Asemi ) independent, as the on-state resistance of the device is ∝ 1/Asemi and all charge/capacitance
terms are ∝ Asemi , leaving their product unaffected by the
typically unknown semiconductor chip area. Therefore, all
FOMs uniquely depend on the chip area specific properties,
which are directly related to the considered semiconductor
technology.
Interestingly, the most widespread performance index
exploited to compare GaN devices with more conventional
Si and SiC power switches is the product Rds,on Qg [16],
[17], [43], [48], which resembles the definition of the SFOM
in (14) and is practically easier to evaluate from available
datasheet information. However, this performance index
is ill-defined, since it does not provide a direct relation
with the semiconductor hard-switching losses [97], [98],
therefore it should not be used to comparatively assess
high-voltage fast-switching power devices. The product
Rds,on Qg is in fact better suited for low-voltage and/or softswitching applications [99], where the switching losses are
mostly defined by the gate charge contribution, as for the
BHFFOM in (11). Even in this case, however, the gate voltage
information should be included to achieve a fair comparative
index among different semiconductor technologies (e.g.,
Rds,on Qg |Vg,on −Vg,off |).
C. NEW HARD-SWITCHING FOM

Sharing the same goal of the DFOM in (16) of providing
a device-level performance index related to the minimum
theoretical hard-switching losses in a two-level bridgeleg, a novel comprehensive hard-switching figure-of-merit
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(HSFOM) is proposed here:
1
.
HSFOM = p
√
Rds,on Qoss + ki fsw Vsw τrr

(17)

This FOM is derived in Appendix A and takes into account
both capacitive and reverse-recovery losses, addressing the
main
p (16). It can be observed that when
√ limitation of
ki fsw Vsw τrr  Rds,on Qoss (e.g., for low values of fsw
or when GaN HEMTs with τrr = 0 are adopted), the
proposed HSFOM reduces to the DFOM in (16) (i.e., where
the charge-equivalent capacitance is used instead of Qoss ).
Remarkably, being the HSFOM inversely proportional to the
minimum theoretical amount of hard-switching semiconductor losses (i.e., unaffected by driving, packaging or parasitic
parameters), as demonstrated in (22)–(23), it can be exploited
to quantitatively and comparatively assess the performance of
different semiconductor technologies. Although the HSFOM
expression does not account for the unavoidable V-I overlap
switching loss component (8), it becomes an increasingly
accurate indicator of the total semiconductor losses of a
two-level bridge-leg for faster switching transitions (i.e.,
WBG devices, improved gate driving conditions, reduced
parasitics, etc.) and/or for lighter load levels (i.e., highefficiency applications, such as EV drive inverters).
For a given switched voltage Vsw defined by the application, the HSFOM value is mainly influenced by two
operating conditions, namely the switching frequency fsw and
the semiconductor junction temperature Tj , being Rds,on (Tj )
and τrr (Tj ). In particular, higher fsw values negatively affect
the HSFOM of those devices characterized by τrr 6 = 0 (i.e.,
SiC MOSFETs, SiC cascode JFETs, GaN cascode d-mode
HEMTs), inevitably favoring semiconductor technologies
featuring zero Qrr in high-frequency applications. Moreover,
Tj strongly affects both the semiconductor on-state resistance
and the diode reverse-recovery charge (if any). Interestingly,
the Tj dependence is rarely considered when comparing
FOMs of different semiconductor technologies, even though
different operating values of Tj can lead to very different
comparative outcomes.
D. SEMICONDUCTOR PERFORMANCE EVALUATION

In this section, a comparative performance assessment
among the commercially available SiC and GaN active
power switch technologies is carried out. The Rds,on Qoss
product is firstly considered as comparative index, as it
provides a preliminary insight on the achievable conduction
and switching performance of high-voltage semiconductor
switches, similarly to the DFOM in (16). For a given switched
voltage Vsw set by the application, the Rds,on Qoss product
allows to rapidly compare several different technologies,
as its value only depends on the operating temperature Tj .
Nevertheless, the Rds,on Qoss product does not fully represent
the semiconductor performance in hard-switching applications, especially for those active power switch technologies
featuring non-zero reverse-recovery charge. Therefore, the
HSFOM is exploited to address this gap and provide a more
VOLUME 10, 2022

accurate comparative analysis, taking into account both the
semiconductor operating temperature Tj and the converter
switching frequency fsw . Due to the higher complexity of the
HSFOM, two SiC and GaN semiconductor technologies are
selected for comparison purposes, highlighting the benefits
of using such FOM in a one-to-one comparative assessment.
1) Rds,on Qoss COMPARISON

To provide a broad overview of the commercially available
600/650 V SiC and GaN active power switch technologies, all
major semiconductor manufacturers are considered herein.
In this section, a first performance assessment is carried out
by evaluating the chip-size independent Rds,on Qoss product,
which holds the same meaning as the DFOM in (16) but
avoids the introduction of the less-known charge-equivalent
output capacitance Coss,Q .
While the Rds,on value is always provided in the manufacturer’s datasheet (i.e., typically for several values of Tj ),
the Qoss value is normally not given. Nevertheless, Qoss can
be obtained by integrating the available non-linear output
capacitance Coss as
Vsw

Z

Coss (v) dv,

Qoss =

(18)

0

where v is the transistor drain-source voltage and
Vsw = 400 V is the considered switched voltage. Once the
values of Rds,on and Qoss are available for all semiconductor devices belonging to the same manufacturer, the
Rds,on Qoss product is averaged among all devices, yielding
a performance index uniquely related to the manufacturer’s
technology. The results of this process are graphically
illustrated in Fig. 7 and Fig. 8 for Tj = 25 ◦C and Tj = 150 ◦C,
respectively. Furthermore, the same results are numerically
reported in Table 2 and Table 3 for SiC and GaN, respectively.
Since a lower Rds,on Qoss value corresponds to better
semiconductor conduction and switching performance, it is
observed from Fig. 7 that SiC devices are outperformed
by most GaN devices at 25 ◦C. In particular, the best
semiconductor switches appear to be GaN e-mode HEMTs,
among which GaN GITs from Infineon and Panasonic have
the lowest Rds,on Qoss . On the contrary, cascode devices (i.e.,
SiC cascode JFETs and GaN cascode d-mode HEMTs) show
the worst overall performance, even without considering
the reverse-recovery charge contribution. Interestingly, GaN
direct-drive d-mode HEMTs from VisIC achieve similar
performance to GaN e-mode HEMTs, strongly outperforming cascode devices. Fig. 7 shows the comparative
results assuming Tj = 150 ◦C. Notably, in this case SiC
MOSFETs appear to outperform the majority of GaN devices,
highlighting the fundamental need to consider Tj when
comparing different semiconductor technologies. In fact,
as pointed out in Section II, GaN HEMTs feature a much
larger temperature dependence of the on-state resistance with
respect to SiC devices. This is best highlighted in Fig. 9,
where the Rds,on Qoss values for Wolfspeed SiC MOSFETs
51701
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Even though Rds,on Qoss does not fully characterize the
semiconductor performance in hard-switching applications,
this preliminary analysis suggests that the operating conditions can substantially affect the performance of a semiconductor device, possibly leading to very different outcomes
when different technologies are compared. As a consequence,
typical FOM-based semiconductor device comparisons performed at ambient temperature have very limited validity and
are thus worth reconsidering (i.e., for different temperature
values).
2) HSFOM COMPARISON

FIGURE 7. Comparative performance evaluation of 600/650 V (a) SiC and
(b) GaN semiconductor technologies, based on the Rds,on Qoss product at
Vsw = 400 V and Tj = 25◦ C. On the left, the dots represent single
semiconductor devices and the lines are the Rds,on Qoss = const curves
representing the average performance of each semiconductor technology.
Lower lines correspond to lower Rds,on Qoss products and thus better
performance.

FIGURE 8. Comparative performance evaluation of 600/650 V (a) SiC and
(b) GaN semiconductor technologies, based on the Rds,on Qoss product at
Vsw = 400 V and Tj = 150◦ C. On the left, the dots represent single
semiconductor devices and the lines are the Rds,on Qoss = const curves
representing the average performance of each semiconductor technology.
Lower lines correspond to lower Rds,on Qoss products and thus better
performance.

and GaN Systems GaN HEMTs are shown as functions of
the operating temperature.
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A technology performance comparison with broader applicability and higher accuracy can be carried out leveraging
the newly introduced HSFOM. To reduce and simplify
the analysis, one manufacturer of SiC devices and one
manufacturer of GaN devices are selected, performing a oneto-one comparative assessment. In particular, Wolfspeed SiC
MOSFETs and GaN Systems GaN HEMTs are the considered semiconductor technologies, strictly because of their
higher data availability. For instance, Wolfspeed is the only
SiC device manufacturer providing accurate reverse-recovery
charge Qrr information at 25 ◦C–175 ◦C and very high values
of di/dt (i.e., ≈ 5000 A/µs). In fact, other manufacturers
typically provide Qrr data only at ambient temperature (i.e.,
preventing temperature-dependent evaluations) and/or for
relatively low values of di/dt (i.e., ≈ 1000 A/µs), which
poorly reflect the assumption made in (9).
To evaluate the charge carrier recombination lifetime τrr ,
the real value of Qrr (Isw ) must be obtained by subtracting Qoss
to the Qrr value given in the manufacturer’s datasheet, since
the capacitive charge component is typically included in the
total reverse-recovery charge. Once Qrr (Isw ) is available, τrr
is calculated by inverting (9) as τrr = Qrr /Isw . Same as for the
Rds,on Qoss product, the τrr values of all devices belonging to
the same manufacturer are averaged, obtaining a performance
index uniquely related to the manufacturer’s technology. The
results are reported in Table 2 and Table 3 for SiC and
GaN devices, respectively. It is worth noting that, while SiC
MOSFETs feature a positive temperature dependence of τrr ,
as attested by Wolfspeed devices, SiC cascode JFETs from
UnitedSiC are characterized by an opposite behavior.
Once the technology-related values of Rds,on Qoss and τrr
are extracted, the HSFOM can be calculated according to (17)
for given values of fsw and Tj . In particular, since Rds,on Qoss
and τrr are available for a limited number of temperature
values, linear interpolation is performed for different values
of Tj√
. Therefore, assuming sinusoidal AC operation (i.e.,
ki = 2/π, cf. Appendix A) and constant switched voltage
Vsw = 400 V, the HSFOM is evaluated for both Wolfspeed
SiC MOSFETs and GaN Systems GaN HEMTs as function of
fsw and Tj . The results are shown in Fig. 10 from two different
perspectives.
In Fig. 10(a), the HSFOM values are reported as function
of the switching frequency and they are compared at different
temperature levels. It is observed that only the HSFOM
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TABLE 2. Performance comparison among commercially available 650 V SiC active power switch technologies, considering Vsw = 400 V and Tj = 25◦ C,
150◦ C. The reported results are obtained by averaging the Rds,on Qoss and τrr values of all devices belonging to the same manufacturer, exploiting the
information provided in the respective datasheets. The abbreviation ‘n.a.’ refers to ‘not available.’

TABLE 3. Performance comparison among commercially available 600/650 V GaN active power switch technologies, considering Vsw = 400 V and
Tj = 25◦ C, 150◦ C. The reported results are obtained by averaging the Rds,on Qoss and τrr values of all devices belonging to the same manufacturer,
exploiting the information provided in the respective datasheets. The abbreviation ‘n.a.’ refers to ‘not available.’

FIGURE 9. Semiconductor junction temperature Tj dependence of the
Rds,on Qoss = const curves for (a) 650 V SiC MOSFETs from Wolfspeed and
(b) 650 V GaN e-mode HEMTs from GaN Systems, considering
Vsw = 400 V and Tj = 25, 50, . . . , 150◦ C.

of SiC MOSFETs is affected by fsw , as GaN HEMTs are
characterized by τrr = 0. Furthermore, the fast performance
drop of GaN HEMTs with increasing temperature is clearly
seen. Due to these different features, an intersection between
the SiC and GaN HSFOM curves is obtained for several
temperature values. When this is the case, there exists a
boundary switching frequency that separates a low-frequency
region where SiC MOSFETs outperform GaN HEMTs
from a high-frequency region where the opposite takes
place, as highlighted in Fig. 10(a). In the case at hand
VOLUME 10, 2022

this region-delimiting frequency varies within 0. . . 100 kHz,
depending on the value of Tj .
Similar considerations can be made by analyzing
Fig. 10(b), where the HSFOM values are reported as function
of the junction temperature and are compared at different
switching frequency levels. It is immediately observed that
an intersection point between the HSFOM characteristics of
the two semiconductor technologies exists up to a certain fsw
value, above which SiC MOSFETs always perform worse
than GaN HEMTs. When present, the intersection point
between the HSFOM curves defines a boundary temperature
that separates a low-temperature region where GaN HEMTs
outperform SiC MOSFETs from a high-temperature region
where the opposite takes place.
To better highlight the region-delimiting boundary, the
HSFOM value of the best performing technology is reported
in Fig. 11 as function of both fsw and Tj . The contour plot
clearly shows the two separate regions where Wolfspeed
SiC MOSFETs outperform GaN Systems GaN HEMTs and
viceversa. While GaN HEMTs appear to perform best in
low-temperature high-frequency applications, where they can
fully leverage their superior switching performance, SiC
MOSFETs still prove to be unmatched for lower frequency
high-temperature operation, due to their limited Rds,on (Tj )
dependence.
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FIGURE 10. Comparative HSFOM-based performance evaluation between Wolfspeed 650 V SiC MOSFETs and GaN Systems 650 V GaN e-mode HEMTs
considering Vsw = 400 V: (a) HSFOM as function of the switching frequency (fsw ) for different junction temperature (Tj ) values, (b) HSFOM as function
of Tj for different fsw values. In (a), the boundary frequency above which GaN devices outperform SiC devices is indicated for Tj = 50◦ C. In (b), the
boundary frequency above which SiC devices outperform GaN devices is indicated for fsw = 10 kHz.

FIGURE 11. HSFOM contour plot of the best performing semiconductor
devices between Wolfspeed 650 V SiC MOSFETs and GaN Systems 650 V
GaN e-mode HEMTs considering Vsw = 400 V, 1 kHz ≤ fsw ≤ 1 MHz and
25◦ C ≤ Tj ≤ 150◦ C. The region-delimiting boundary, indicating the
intersection between the two HSFOM surfaces, is highlighted.

IV. CONCLUSION

This paper has presented a comparative performance
evaluation of state-of-the-art 600/650 V SiC and GaN
semiconductor devices in hard-switching applications,
mainly targeting next-generation electric vehicle (EV) drives.
The material properties of wide bandgap (WBG) semiconductor devices, enabling their superior performance
with respect to Si, have been recalled and a survey of
the most established silicon carbide (SiC) and gallium
nitride (GaN) active switch technologies has been presented
in detail. In order to derive a performance metric to quantitatively compare such technologies, the semiconductor loss
mechanisms in a generic hard-switching two-level bridgeleg have been described. Moreover, a review of existing
device-level figures-of-merit (FOMs) has been performed,
highlighting their inability to fully represent the performance
of high-voltage semiconductor devices under hard-switching
operation. Therefore, a novel hard-switching FOM (HSFOM)
directly related (i.e., inversely proportional) to the minimum
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theoretical loss of semiconductor devices in a bridge-leg
configuration has been proposed.
Finally, a comparative assessment of commercially available 600/650 V SiC and GaN active power switch technologies has been carried out. A conventional performance
index (i.e., the Rds,on Qoss product) has been first exploited to
provide a simplified preliminary overview of the performance
of each semiconductor technology. To achieve more accurate
results, the newly defined HSFOM has been then employed,
assessing the performance of two selected SiC MOSFET
and GaN HEMT technologies. For the first time, the semiconductor operating temperature and the converter switching
frequency have been considered in the analysis. In particular,
it has been demonstrated that these factors strongly affect the
results of the comparison, showing that different technologies
may outperform each other depending on their operating
conditions (i.e., their application).
Remarkably, the newly proposed FOM is widely applicable (e.g., drive inverters and battery chargers for electrified transportation, grid-connected converters for renewable
energy generation, datacenter power supplies, etc.) and
allows to clearly determine the best performing technology
for a given set of application-specific conditions, providing
a straightforward tool to assess SiC and GaN active power
switches of arbitrary voltage levels (e.g., 100 V, 200 V,
600/650 V, 1200 V, etc.). Furthermore, the results have suggested that 600/650 V GaN HEMTs are currently more suited
for low-temperature high-frequency applications, where they
can fully leverage their superior switching performance,
while 650 V SiC MOSFETs still prove to be unmatched
for lower frequency high-temperature operation, due to their
limited on-state resistance increase with temperature.
APPENDIX A
HSFOM DERIVATION

The proposed FOM is derived from the semiconductor loss
expression of a two-level hard-switching bridge-leg, similarly
to [94], substituting (2) and (10) into (1):

rds,on 2
Psemi =
IRMS + fsw Vsw qoss Asemi + τrr Iavg , (19)
Asemi
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where rds,on = Rds,on Asemi and qoss = Qoss /Asemi are the
semiconductor specific on-state resistance and output capacitance charge, respectively, Asemi is the semiconductor
chip area of a single transistor and Iavg is the average
bridge-leg current over a fundamental cycle. It is worth
noting that, to properly extend the analysis to the CSI
bridge-leg illustrated in Fig. 6(c), an equivalent switch must
be considered, featuring two times the on-state resistance,
two times the semiconductor chip area and same output
capacitance charge as the single transistor.
The optimal semiconductor chip size that minimizes the
total bridge-leg losses is found by solving dPsemi /dAsemi = 0,
obtaining
r
rds,on
IRMS
,
(20)
A∗semi = √
fsw Vsw qoss
which shows that the reverse-recovery loss, being chip-size
independent, does not play a role in defining the optimal
semiconductor chip area. Therefore, by substituting (20) into
(19), the minimum semiconductor loss expression is derived:
p
P∗semi = 2 IRMS fsw Vsw rds,on qoss + fsw Vsw Iavg τrr . (21)
This expression highlights that the minimum bridge-leg
loss depends on both the semiconductor device technology
(i.e., rds,on , qoss , τrr ) and the bridge-leg operating conditions
(i.e., fsw , Vsw , IRMS , Iavg ).
In order to derive a performance index directly related to
the semiconductor hard-switching loss, (21) is rearranged by
expressing IRMS and Iavg as functions of the bridge-leg peak
current I , obtaining:
p
√
P∗semi ∝ rds,on qoss + ki fsw Vsw τrr
(22)
where ki is a coefficient taking into account the bridge-leg
current waveform, namely ki = 1/2 for DC (e.g.,
buck
√
2/π for
converter, boost converter, CSI) and ki =
sinusoidal AC (e.g., VSI topologies). Therefore, a hardswitching figure-of-merit (HSFOM) taking into account
both semiconductor technology (i.e., rds,on , qoss , τrr ) and
application (i.e., fsw , Vsw ) can be defined as
HSFOM = √

1
.
√
rds,on qoss + ki fsw Vsw τrr

(23)

It is worth noting that qoss is a non-linear function of Vsw and
thus depends on the constant DC-link capacitor voltage in
VSI topologies and on the variable AC-side capacitor voltage
in the CSI. Therefore, to obtain a unique HSFOM value
√ for
√
the CSI, the Vsw -dependent terms in (23) (i.e., qoss , Vsw )
must be averaged within a fundamental AC period, assuming
Vsw as the rectified line-to-line output voltage. Notably, the
√
averaging of qoss can be only performed numerically.
REFERENCES
[1] T. M. Jahns and H. Dai, ‘‘The past, present, and future of power electronics
integration technology in motor drives,’’ CPSS Trans. Power Electron.
Appl., vol. 2, no. 3, pp. 197–216, Sep. 2017.
VOLUME 10, 2022

[2] J. Reimers, L. Dorn-Gomba, C. Mak, and A. Emadi, ‘‘Automotive traction
inverters: Current status and future trends,’’ IEEE Trans. Veh. Technol.,
vol. 68, no. 4, pp. 3337–3350, Apr. 2019.
[3] A. K. Morya, M. C. Gardner, B. Anvari, L. Liu, A. G. Yepes,
J. Doval-Gandoy, and H. A. Toliyat, ‘‘Wide bandgap devices in AC electric
drives: Opportunities and challenges,’’ IEEE Trans. Transport. Electrific.,
vol. 5, no. 1, pp. 3–20, Mar. 2019.
[4] D. Gerada, A. Mebarki, N. L. Brown, C. Gerada, A. Cavagnino, and
A. Boglietti, ‘‘High-speed electrical machines: Technologies, trends, and
developments,’’ IEEE Trans. Ind. Electron., vol. 61, no. 6, pp. 2946–2959,
Jun. 2014.
[5] D. Han, Y. Li, and B. Sarlioglu, ‘‘Analysis of SiC based power electronic
inverters for high speed machines,’’ in Proc. IEEE Appl. Power Electron.
Conf. Expo., Mar. 2015, pp. 304–310.
[6] F. Savi, D. Barater, M. D. Nardo, M. Degano, C. Gerada, P. Wheeler, and
G. Buticchi, ‘‘High-speed electric drives: A step towards system design,’’
IEEE Open J. Ind. Electron. Soc., vol. 1, pp. 10–21, 2020.
[7] D. Cittanti, V. Mallemaci, F. Mandrile, S. Rubino, R. Bojoi, and
A. Boglietti, ‘‘PWM-induced losses in electrical machines: An impedancebased estimation method,’’ in Proc. 24th Int. Conf. Electr. Mach. Syst.
(ICEMS), Oct. 2021, pp. 548–553.
[8] K. Shirabe, M. M. Swamy, J.-K. Kang, M. Hisatsune, Y. Wu, D. Kebort,
and J. Honea, ‘‘Efficiency comparison between Si-IGBT-based drive and
GaN-based drive,’’ IEEE Trans. Ind. Appl., vol. 50, no. 1, pp. 566–572,
Feb. 2014.
[9] F. Maislinger, H. Ertl, G. Stojcic, and F. Holzner, ‘‘Efficiency and
motor-performance improvement using WBG-inverters with observerbased actively damped LC-sine wave filters,’’ in Proc. Int. Exhib. Conf.
Power Electron., Intell. Motion, Renew. Energy Energy Manage. (PCIM),
Nuremberg, Germany, May 2019, pp. 1–9.
[10] D. Cittanti, M. Guacci, S. Miric, R. Bojoi, and J. W. Kolar, ‘‘Comparative
evaluation of 800 V DC-link three-phase two/three-level SiC inverter
concepts for next-generation variable speed drives,’’ in Proc. 23rd Int.
Conf. Electr. Mach. Syst. (ICEMS), Nov. 2020, pp. 1699–1704.
[11] J. W. Kolar, J. A. Anderson, S. Mirić, M. Haider, M. Guacci,
M. Antivachis, G. Zulauf, D. Menzi, P. S. Niklaus, J. Miniböck, and
P. Papamanolis, ‘‘Application of WBG power devices in future 3-φ variable
speed drive inverter systems ‘how to handle a double-edged sword,’’’ in
IEDM Tech. Dig., Dec. 2020, pp. 27.7.1–27.7.4.
[12] J. W. Kolar and J. Huber, ‘‘Next-generation SiC/GaN three-phase variablespeed drive inverter concepts,’’ in Proc. Int. Exhib. Conf. Power Electron.,
Intell. Motion, Renew. Energy Energy Manage. (PCIM), May 2021,
pp. 1–5.
[13] A. Poorfakhraei, M. Narimani, and A. Emadi, ‘‘A review of multilevel
inverter topologies in electric vehicles: Current status and future trends,’’
IEEE Open J. Power Electron., vol. 2, pp. 155–170, 2021.
[14] J. Millan, P. Godignon, X. Perpiñà, A. Perez-Tomas, and J. Rebollo,
‘‘A survey of wide bandgap power semiconductor devices,’’ IEEE Trans.
Power Electron., vol. 29, no. 5, pp. 2155–2163, May 2014.
[15] A. Bindra, ‘‘Wide-bandgap-based power devices: Reshaping the power
electronics landscape,’’ IEEE Power Electron. Mag., vol. 2, no. 1,
pp. 42–47, Mar. 2015.
[16] D. Han, S. Li, W. Lee, and B. Sarlioglu, ‘‘Adoption of wide bandgap
technology in hybrid/electric vehicles-opportunities and challenges,’’ in
Proc. IEEE Transp. Electrific. Conf. Expo (ITEC), Jun. 2017, pp. 561–566.
[17] N. Keshmiri, D. Wang, B. Agrawal, R. Hou, and A. Emadi, ‘‘Current
status and future trends of GaN HEMTs in electrified transportation,’’ IEEE
Access, vol. 8, pp. 70553–70571, 2020.
[18] G. Iannaccone, C. Sbrana, I. Morelli, and S. Strangio, ‘‘Power electronics
based on wide-bandgap semiconductors: Opportunities and challenges,’’
IEEE Access, vol. 9, pp. 139446–139456, 2021.
[19] M. Antivachis, N. Kleynhans, and J. W. Kolar, ‘‘Three-phase sinusoidal
output buck-boost GaN Y-inverter for advanced variable speed AC drives,’’
IEEE J. Emerg. Sel. Topics Power Electron., early access, Sep. 25, 2020.
[20] M. Antivachis, D. Wu, D. Bortis, and J. W. Kolar, ‘‘Analysis of doublebridge inverters for drive systems with open-end winding motors,’’ IEEE
J. Emerg. Sel. Topics Power Electron., early access, Sep. 17, 2020.
[21] N. Pallo, S. Coday, J. Schaadt, P. Assem, and R. C. N. Pilawa-Podgurski,
‘‘A 10-level flying capacitor multi-level dual-interleaved power module
for scalable and power-dense electric drives,’’ in Proc. IEEE Appl. Power
Electron. Conf. Expo. (APEC), Mar. 2020, pp. 893–898.
[22] M. Guacci, D. Zhang, M. Tatic, D. Bortis, J. W. Kolar, Y. Kinoshita,
and H. Ishida, ‘‘Three-phase two-third-PWM buck-boost current source
inverter system employing dual-gate monolithic bidirectional GaN eFETs,’’ CPSS Trans. Power Electron. Appl., vol. 4, no. 4, pp. 339–354,
Dec. 2019.
51705

D. Cittanti et al.: New FOM-Based Performance Evaluation of 600/650 V SiC and GaN Semiconductors

[23] R. A. Torres, H. Dai, W. Lee, B. Sarlioglu, and T. Jahns, ‘‘Currentsource inverter integrated motor drives using dual-gate four-quadrant
wide-bandgap power switches,’’ IEEE Trans. Ind. Appl., vol. 57, no. 5,
pp. 5183–5198, Sep. 2021.
[24] B. Ozpineci, ‘‘Comparison of wide-bandgap semiconductors for power
electronics applications,’’ Oak Ridge Nat. Lab., Oak Ridge, Tennessee,
USA, Tech. Rep. ORNL/TM-2003/257, Jan. 2004.
[25] J. Hornberger, A. B. Lostetter, K. J. Olejniczak, T. McNutt, S. M. Lal, and
A. Mantooth, ‘‘Silicon-carbide (SiC) semiconductor power electronics for
extreme high-temperature environments,’’ in Proc. IEEE Aerosp. Conf.,
vol. 4, Mar. 2004, pp. 2538–2555.
[26] S. Musumeci, F. Mandrile, V. Barba, and M. Palma, ‘‘Low-voltage GaN
FETs in motor control application; issues and advantages: A review,’’
Energies, vol. 14, no. 19, p. 6378, Oct. 2021.
[27] J. Biela, M. Schweizer, S. Waffler, and J. W. Kolar, ‘‘SiC versus Si—Evaluation of potentials for performance improvement of
inverter and DC–DC converter systems by SiC power semiconductors,’’ IEEE Trans. Ind. Electron., vol. 58, no. 7, pp. 2872–2882,
Jul. 2011.
[28] S. Jahdi, O. Alatise, C. Fisher, L. Ran, and P. Mawby, ‘‘An evaluation
of silicon carbide unipolar technologies for electric vehicle drive-trains,’’
IEEE J. Emerg. Sel. Topics Power Electron., vol. 2, no. 3, pp. 517–528,
Sep. 2014.
[29] L. F. S. Alves, R. C. M. Gomes, P. Lefranc, R. D. A. Pegado, P.-O. Jeannin,
B. A. Luciano, and F. V. Rocha, ‘‘SiC power devices in power electronics:
An overview,’’ in Proc. Brazilian Power Electron. Conf. (COBEP),
Nov. 2017, pp. 1–8.
[30] X. She, A. Q. Huang, Ó. Lucía, and B. Ozpineci, ‘‘Review of silicon
carbide power devices and their applications,’’ IEEE Trans. Ind. Electron.,
vol. 64, no. 10, pp. 8193–8205, Oct. 2017.
[31] J. B. Casady, A. K. Agarwal, L. B. Rowland, S. Seshadri, R. R. Siergiej,
D. C. Sheridan, S. Mani, P. A. Sanger, and C. D. Brandt, ‘‘Silicon
carbide power MOSFET technology,’’ in Proc. 24th Int. Symp. Compound
Semiconductors, Sep. 1997, pp. 359–362.
[32] A. K. Agarwal, J. B. Casady, L. B. Rowland, W. F. Valek, M. H. White,
and C. D. Brandt, ‘‘1.1 kV 4H-SiC power UMOSFETs,’’ IEEE Electron
Device Lett., vol. 18, no. 12, pp. 586–588, Dec. 1997.
[33] S. H. Ryu, S. Krishnaswami, M. K. Das, J. Richmond, A. K. Agarwal,
J. W. Palmour, and J. D. Scofield, ‘‘4H-SiC DMOSFETs for high speed
switching applications,’’ Mater. Sci. Forum, vols. 483–485, pp. 797–800,
May 2005.
[34] S. Harada, M. Kato, K. Suzuki, M. Okamoto, T. Yatsuo, K. Fukuda, and
K. Arai, ‘‘1.8 mcm2 , 10 a power MOSFET in 4H-SiC,’’ in IEDM Tech.
Dig., Dec. 2006, pp. 1–4.
[35] Wolfspeed. Accessed: Oct. 18, 2021. [Online]. Available:
https://www.wolfspeed.com/
[36] Infineon Technologies. Accessed: Oct. 18, 2021. [Online]. Available:
https://www.infineon.com/
[37] STMicroelectronics. Accessed: Oct. 18, 2021. [Online]. Available:
https://www.st.com/
[38] ROHM Semiconductor. Accessed: Oct. 18, 2021. [Online]. Available:
https://www.rohm.com/
[39] ON Semiconductor. Accessed: Oct. 18, 2021. [Online]. Available:
https://www.onsemi.com/
[40] P. Friedrichs, H. Mitlehner, R. Kaltschmidt, U. Weinert, W. Bartsch,
C. Hecht, K. O. Dohnke, B. Weis, and D. Stephani, ‘‘Static and
dynamic characteristics of 4H-SiC JFETs designed for different blocking
categories,’’ Mater. Sci. Forum, vols. 338–342, pp. 1243–1246, May 2000.
[41] UnitedSiC. Accessed: Oct. 18, 2021. [Online]. Available:
https://unitedsic.com/
[42] H. Mitlehner, W. Bartsch, K. O. Dohnke, P. Friedrichs, R. Kaltschmidt,
U. Weinert, B. Weis, and D. Stephani, ‘‘Dynamic characteristics of
high voltage 4H-SiC vertical JFETs,’’ in Proc. 11th Int. Symp. Power
Semiconductor Devices, 1999, pp. 339–342.
[43] E. A. Jones, F. F. Wang, and D. Costinett, ‘‘Review of commercial GaN
power devices and GaN-based converter design challenges,’’ IEEE J.
Emerg. Sel. Topics Power Electron., vol. 4, no. 3, pp. 707–719, Sep. 2016.
[44] K. J. Chen, O. Häberlen, A. Lidow, C. L. Tsai, T. Ueda, Y. Uemoto, and
Y. Wu, ‘‘GaN-on-Si power technology: Devices and applications,’’ IEEE
Trans. Electron Devices, vol. 64, no. 3, pp. 779–795, Mar. 2017.
[45] S. Chellappan, ‘‘Design considerations of GaN devices for improving
power converter efficiency,’’ Texas Instrum., Dallas, TX, USA, Tech. Rep.
SLYY124, 2017.
51706

[46] P. L. Brohlin, Y. K. Ramadass, and C. Kaya, ‘‘Direct-drive configuration
for GaN devices,’’ Texas Instrum., Dallas, TX, USA, Tech. Rep.
SLPY008A, 2018.
[47] A. Lidow, M. De Rooij, J. Strydom, D. Reusch, and J. Glaser, GaN
Transistors for Efficient Power Conversion, 3rd ed. Hoboken, NJ, USA:
Wiley, 2019.
[48] M. Dalla Vecchia, S. Ravyts, G. Van den Broeck, and J. Driesen, ‘‘Galliumnitride semiconductor technology and its practical design challenges in
power electronics applications: An overview,’’ Energies, vol. 12, no. 14,
p. 2663, Jul. 2019.
[49] X. Ding, Y. Zhou, and J. Cheng, ‘‘A review of gallium nitride power device
and its applications in motor drive,’’ CES Trans. Electr. Mach. Syst., vol. 3,
no. 1, pp. 54–64, Mar. 2019.
[50] X. Hu, G. Simin, J. Yang, M. A. Khan, R. Gaska, and M. S. Shur,
‘‘Enhancement mode AlGaN/GaN HFET with selectively grown pn
junction gate,’’ Electron. Lett., vol. 36, no. 8, pp. 753–754, Apr. 2000.
[51] N. Ikeda, J. Li, and S. Yoshida, ‘‘Normally-off operation power
AlGaN/GaN HFET,’’ in Proc. 16th Int. Symp. Power Semiconductor
Devices ICs (ISPSD), May 2004, pp. 369–372.
[52] W. B. Lanford, T. Tanaka, Y. Otoki, and I. Adesida, ‘‘Recessed-gate
enhancement-mode GaN HEMT with high threshold voltage,’’ Electron.
Lett., vol. 41, no. 7, pp. 449–450, Mar. 2005.
[53] W. Saito, Y. Takada, M. Kuraguchi, K. Tsuda, and I. Omura, ‘‘Recessedgate structure approach toward normally off high-voltage AlGaN/GaN
HEMT for power electronics applications,’’ IEEE Trans. Electron Devices,
vol. 53, no. 2, pp. 356–362, Feb. 2006.
[54] T. Palacios, C. S. Suh, A. Chakraborty, S. Keller, S. P. DenBaars, and
U. K. Mishra, ‘‘High-performance E-mode AlGaN/GaN HEMTs,’’ IEEE
Electron Device Lett., vol. 27, no. 6, pp. 428–430, Jun. 2006.
[55] Y. Cai, Y. Zhou, K. M. Lau, and K. J. Chen, ‘‘Control of threshold voltage of
AlGaN/GaN HEMTs by fluoride-based plasma treatment: From depletion
mode to enhancement mode,’’ IEEE Trans. Electron Devices, vol. 53, no. 9,
pp. 2207–2215, Sep. 2006.
[56] S. Maroldt, C. Haupt, W. Pletschen, S. Müller, R. Quay, O. Ambacher,
C. Schippel, and F. Schwierz, ‘‘Gate-recessed AlGaN/GaN based
enhancement-mode high electron mobility transistors for high frequency
operation,’’ Jpn. J. Appl. Phys., vol. 48, no. 4S, Apr. 2009, Art. no. 04C083.
[57] Y. Uemoto, M. Hikita, H. Ueno, H. Matsuo, H. Ishida, M. Yanagihara,
T. Ueda, T. Tanaka, and D. Ueda, ‘‘Gate injection transistor (GIT)—
A normally-off AlGaN/GaN power transistor using conductivity modulation,’’ IEEE Trans. Electron Devices, vol. 54, no. 12, pp. 3393–3399,
Dec. 2007.
[58] G. Zulauf, M. Guacci, and J. W. Kolar, ‘‘Dynamic on-resistance in
GaN-on-Si HEMTs: Origins, dependencies, and future characterization
frameworks,’’ IEEE Trans. Power Electron., vol. 35, no. 6, pp. 5581–5588,
Jun. 2020.
[59] D. Bortis, O. Knecht, D. Neumayr, and J. W. Kolar, ‘‘Comprehensive evaluation of GaN GIT in low- and high-frequency bridge leg applications,’’ in
Proc. IEEE 8th Int. Power Electron. Motion Control Conf. (IPEMC-ECCE
Asia), May 2016, pp. 21–30.
[60] Panasonic. Accessed: Oct. 18, 2021. [Online]. Available:
https://industrial.panasonic.com/
[61] GaN Systems. Accessed: Oct. 18, 2021. [Online]. Available:
https://gansystems.com/
[62] Navitas.
Accessed:
Oct.
18,
2021.
[Online].
Available:
https://navitassemi.com/
[63] M. Asif Khan, A. Bhattarai, J. N. Kuznia, and D. T. Olson, ‘‘High electron
mobility transistor based on a GaN-AlxGa1-xN heterojunction,’’ Appl.
Phys. Lett., vol. 63, no. 9, pp. 1214–1215, Aug. 1993.
[64] N.-Q. Zhang, S. Keller, G. Parish, S. Heikman, S. P. DenBaars, and
U. K. Mishra, ‘‘High breakdown GaN HEMT with overlapping gate
structure,’’ IEEE Electron Device Lett., vol. 21, no. 9, pp. 421–423,
Sep. 2000.
[65] Y.-F. Wu, D. Kapolnek, J. P. Ibbetson, P. Parikh, B. P. Keller, and
U. K. Mishra, ‘‘Very-high power density AlGaN/GaN HEMTs,’’ IEEE
Trans. Electron Devices, vol. 48, no. 3, pp. 586–590, Mar. 2001.
[66] W. Saito, Y. Takada, M. Kuraguchi, K. Tsuda, I. Omura, T. Ogura, and
H. Ohashi, ‘‘High breakdown voltage AlGaN-GaN power-HEMT design
and high current density switching behavior,’’ IEEE Trans. Electron
Devices, vol. 50, no. 12, pp. 2528–2531, Dec. 2003.
[67] T. Hirose, M. Imai, K. Joshin, K. Watanabe, T. Ogino, Y. Miyazaki,
K. Shono, T. Hosoda, and Y. Asai, ‘‘Dynamic performances of GaNHEMT on Si in cascode configuration,’’ in Proc. IEEE Appl. Power
Electron. Conf. Expo. (APEC), Mar. 2014, pp. 174–181.
VOLUME 10, 2022

D. Cittanti et al.: New FOM-Based Performance Evaluation of 600/650 V SiC and GaN Semiconductors

[68] X. Huang, Z. Liu, Q. Li, and F. C. Lee, ‘‘Evaluation and application of
600 V GaN HEMT in cascode structure,’’ IEEE Trans. Power Electron.,
vol. 29, no. 5, pp. 2453–2461, May 2014.
[69] W. Zhang, X. Huang, Z. Liu, F. C. Lee, S. She, W. Du, and Q. Li, ‘‘A new
package of high-voltage cascode gallium nitride device for megahertz
operation,’’ IEEE Trans. Power Electron., vol. 31, no. 2, pp. 1344–1353,
Feb. 2016.
[70] Transphorm. Accessed: Oct. 18, 2021. [Online]. Available:
https://www.transphormusa.com/
[71] Nexperia. Accessed: Oct. 18, 2021. [Online]. Available:
http://www.nexperia.com/
[72] Texas Instruments. Accessed: Oct. 18, 2021. [Online]. Available:
https://www.ti.com/
[73] VisIC Technologies. Accessed: Oct. 18, 2021. [Online]. Available:
https://visic-tech.com/
[74] M. Kasper, R. M. Burkart, G. Deboy, and J. W. Kolar, ‘‘ZVS of power
MOSFETs revisited,’’ IEEE Trans. Power Electron., vol. 31, no. 12,
pp. 8063–8067, Dec. 2016.
[75] P. Williford, E. A. Jones, Z. Yang, J. Chen, F. Wang, S. Bala, and J. Xu,
‘‘Optimal dead-time setting and loss analysis for GaN-based voltage
source converter,’’ in Proc. IEEE Energy Convers. Congr. Expo. (ECCE),
Sep. 2018, pp. 898–905.
[76] L. Zhang, X. Yuan, J. Zhang, X. Wu, Y. Zhang, and C. Wei, ‘‘Modeling
and implementation of optimal asymmetric variable dead-time setting for
SiC MOSFET-based three-phase two-level inverters,’’ IEEE Trans. Power
Electron., vol. 34, no. 12, pp. 11645–11660, Dec. 2019.
[77] Y. Zhang, C. Chen, Y. Xie, T. Liu, Y. Kang, and H. Peng, ‘‘A high-efficiency
dynamic inverter dead-time adjustment method based on an improved GaN
HEMTs switching model,’’ IEEE Trans. Power Electron., vol. 37, no. 3,
pp. 2667–2683, Mar. 2022.
[78] N. Perera, A. Jafari, R. Soleimanzadeh, N. Bollier, S. G. Abeyratne, and
E. Matioli, ‘‘Hard-switching losses in power FETs: The role of output
capacitance,’’ IEEE Trans. Power Electron., vol. 37, no. 7, pp. 7604–7616,
Jul. 2022.
[79] G. Deboy, O. Häberlen, and M. Treu, ‘‘Perspective of loss mechanisms for
silicon and wide band-gap power devices,’’ CPSS Trans. Power Electron.
Appl., vol. 2, no. 2, pp. 89–100, 2017.
[80] P. O. Lauritzen and C. L. Ma, ‘‘A simple diode model with reverse
recovery,’’ IEEE Trans. Power Electron., vol. 6, no. 2, pp. 188–191,
Apr. 1991.
[81] J. A. Anderson, L. Schrittwieser, M. Leibl, and J. W. Kolar, ‘‘Multilevel topology evaluation for ultra-efficient three-phase inverters,’’ in Proc.
IEEE Int. Telecommun. Energy Conf. (INTELEC), Oct. 2017, pp. 456–463.
[82] E. Johnson, ‘‘Physical limitations on frequency and power parameters of
transistors,’’ in Proc. IRE Int. Conv. Rec., vol. 13, Mar. 1965, pp. 27–34.
[83] R. W. Keyes, ‘‘Figure of merit for semiconductors for high-speed
switches,’’ Proc. IEEE, vol. 60, no. 2, p. 225, Feb. 1972.
[84] B. J. Baliga, ‘‘Semiconductors for high-voltage, vertical channel fieldeffect transistors,’’ J. Appl. Phys., vol. 53, no. 3, p. 1759, Jun. 1998.
[85] A. Q. Huang, ‘‘New unipolar switching power device figures of merit,’’
IEEE Electron Device Lett., vol. 25, no. 5, pp. 298–301, May 2004.
[86] B. J. Baliga, ‘‘Power semiconductor device figure of merit for highfrequency applications,’’ IEEE Electron Device Lett., vol. 10, no. 10,
pp. 455–457, Oct. 1989.
[87] I.-J. Kim, S. Matsumoto, T. Sakai, and T. Yachi, ‘‘New power device
figure of merit for high-frequency applications,’’ in Proc. Int. Symp.
Power Semiconductor Devices (ISPSD), Yokohama, Japan, May 1995,
pp. 309–314.
[88] J. Ejury, ‘‘How to compare the figure of merit (FOM) of MOSFETs,’’
Infineon Technol., San Jose, CA, USA, Tech. Rep., 2003.
[89] H. Wang, F. Wang, and J. Zhang, ‘‘Power semiconductor device figure of
merit for high-power-density converter design applications,’’ IEEE Trans.
Electron Devices, vol. 55, no. 1, pp. 466–470, Jan. 2008.
[90] Y. Ying, ‘‘Device selection criteria based on loss modeling and figure of
merit,’’ Master’s thesis, Dept. Elec. Eng., Virginia Tech, Blacksburg, VA,
USA, Mar. 2008.
[91] A. Nakajima, M. Shimizu, and H. Ohashi, ‘‘Power loss limit in unipolar
switching devices: Comparison between Si superjunction devices and
wide-bandgap devices,’’ IEEE Trans. Electron Devices, vol. 56, no. 11,
pp. 2652–2656, Nov. 2009.
[92] J. W. Kolar, F. Krismer, Y. Lobsiger, J. Muhlethaler, T. Nussbaumer, and
J. Minibock, ‘‘Extreme efficiency power electronics,’’ in Proc. Int. Conf.
Integr. Power Electron. Syst. (CIPS), Mar. 2012, pp. 1–22.
VOLUME 10, 2022

[93] T. Heckel, C. Rettner, and M. Marz, ‘‘Fundamental efficiency limits in
power electronic systems,’’ in Proc. IEEE Int. Telecommun. Energy Conf.
(INTELEC), Oct. 201, pp. 1–6.
[94] J. A. Anderson, G. Zulauf, J. W. Kolar, and G. Deboy, ‘‘New figureof-merit combining semiconductor and multi-level converter properties,’’
IEEE Open J. Power Electron., vol. 1, pp. 322–338, 2020.
[95] K. Shenai, P. Piacente, R. Saia, W. Hennessy, C. Korman, and B. Baliga,
‘‘A novel high-frequency power FET structure fabricated using LPCVD
WSi2 gate and LCPVD w source contact technology,’’ in IEDM Tech. Dig.,
Dec. 1988, pp. 804–808.
[96] K. Shenai, ‘‘The figure of merit of a semiconductor power electronics
switch,’’ IEEE Trans. Electron Devices, vol. 65, no. 10, pp. 4216–4224,
Oct. 2018.
[97] S. Havanur and P. Zuk, ‘‘Application-specific FOM: Key to choosing the
right MOSFET,’’ How2Power Today, Apr. 2015.
[98] S. Havanur, ‘‘Rethinking the power MOSFET figure of merit,’’ Bodo’s
Power Syst., pp. 52–55, Mar. 2017.
[99] D. Reusch and J. Strydom, ‘‘Evaluation of gallium nitride transistors in
high frequency resonant and soft-switching DC–DC converters,’’ IEEE
Trans. Power Electron., vol. 30, no. 9, pp. 5151–5158, Sep. 2015.

DAVIDE CITTANTI (Graduate Student Member,
IEEE) received the M.Sc. degree in electrical
engineering from the Politecnico di Torino, Italy,
in March 2018, where he is currently pursuing
the Ph.D. degree with the Power Electronics
Innovation Center (PEIC), focusing on advanced
converter solutions for EV traction and ultra-fast
battery charging. In 2017, he was with BRUSA
Elektronik AG, Switzerland, working on advanced
drive solutions for e-mobility. In 2020, he was a
Visiting Researcher at the Power Electronic Systems Laboratory (PES),
Swiss Federal Institute of Technology (ETH), Zürich, Switzerland, investigating two and three-level inverters for next-generation variable speed drives.
His main research interests include drive inverters, high-power AC/DC and
DC/DC converters, WBG devices, and high-frequency magnetics.

ENRICO VICO (Graduate Student Member, IEEE)
received the M.Sc. degree in electrical engineering
from the Politecnico di Torino, Italy, in December
2019, where he is currently pursuing the Ph.D.
degree with the Power Electronics Innovation
Center (PEIC), working on multilevel converter
solutions for variable speed drives and high-power
battery chargers. His main research interests
include high-frequency AC/DC and DC/DC converters, drive inverters, and SiC/GaN devices.

IUSTIN RADU BOJOI (Fellow, IEEE) received
the M.Sc. degree in electrical engineering from the
Technical University of Iasi, Romania, in 1993,
and the Ph.D. degree in electrical engineering from
the Politecnico di Torino, Italy, in 2002. He is
currently a Full Professor of power electronics and
electrical drives with the Energy Department ‘‘G.
Ferraris’’ and the Chair of the Power Electronics
Innovation Center (PEIC), Politecnico di Torino.
He has published more than 200 papers covering
electrical drives and power electronics for industrial applications, transportation electrification, power quality, and home appliances. He was involved in
many research projects with industry for direct technology transfer aiming
at obtaining new products. He was a co-recipient of six IEEE prize paper
awards. He is the Co-Editor-in-Chief of the IEEE TRANSACTIONS ON INDUSTRIAL
ELECTRONICS.

51707

