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and Burak Ozpineci, Senior Member, IEEE

Abstract—Silicon carbide (SiC) power devices have been
investigated extensively in the past two decades, and there
are many devices commercially available now. Owing to the
intrinsic material advantages of SiC over silicon (Si), SiC
power devices can operate at higher voltage, higher switch-
ing frequency, and higher temperature. This paper reviews
the technology progress of SiC power devices and their
emerging applications. The design challenges and future
trends are summarized at the end of the paper.

Index Terms—Power converter, power device, review, sil-
icon carbide (SiC).

I. INTRODUCTION

THE evolution of power electronics technology has always
moved toward higher efficiency, higher power density,

and more integrated systems [1], [2]. Power semiconductor
devices play a critical role in this nonstop evolution. To date,
the advancements have been primarily driven by various Si
power devices developed and matured over the last 50 years.
In applications below 600 V, Si metal−oxide−semiconductor
field-effect transistors (MOSFETs) based on trench gate struc-
ture dominate the market, whereas Si super junction MOSFETs
and Si-insulated gate bipolar transistors (IGBTs) based on field
stop and injection enhancement concepts dominate the market
from 600 to 6.5 kV. Despite these advancements, Si power
devices are approaching their performance limitations. The
maximum blocking voltage of the IGBT is lower than 6.5 kV,
and the practical operating temperature is lower than 175 °C
[3]. Because of the bipolar current conduction mechanism in
IGBTs, their switching speeds are also relatively slow, limiting
them to lower switching-frequency applications. Future devel-
opment in Si power device technologies will continue, but it
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Fig. 1. Material properties comparison between Si and SiC (ranges
1−5 are marked for all five properties) [3].

will be incremental in nature. A revolutionary development in
recent entry years has been the introduction of power devices
based on wide bandgap (WBG) materials such as silicon
carbide (SiC). As a WBG material, SiC has several superior
material properties that are attractive for power device design;
these are summarized in Fig. 1 in comparison with Si [3]–[5].

Owing to the much wider energy bandgap of a 4H-SiC ma-
terial compared with Si, its intrinsic carrier density is much
smaller, which enables a high-temperature operation capabil-
ity from a blocking stability point of view. The 10× critical
electric field in SiC makes ultra–high-voltage (>10 kV) power
devices practically achievable. The ideal specific conduction re-
sistance (Ron,sp ) of a SiC unipolar device can be much smaller
than that of its Si counterpart. The smaller Ron,sp enables SiC
chips to be smaller, leading to lower parasitic capacitance and
higher switching speed. Therefore, it is possible to achieve both
low switching loss and low conduction loss for a wide range
of blocking voltages and frequencies. The lower loss enables
simpler power converter structures because simple two-level
topologies can be used in most applications. So SiC power
devices will enable further rapid evolution of power electron-
ics systems toward even higher efficiency and power density.
Although SiC dies can operate at higher temperatures, the pe-
ripheral components—such as the package materials, housings,
and capacitors—are not yet mature. Therefore, the exploration
of these components lags behind the progress in reaching higher
voltages and higher frequencies.

Since the introduction of the first commercial SiC Schottky
diode by Infineon in 2001, there has been a strong momentum
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Fig. 2. SiC devices development milestones [6].

Fig. 3. Commercially available SiC discrete diode ratings @25 °C.

Fig. 4. Commercially available SiC discrete switch ratings @25 °C.

in SiC technology development and market growth. Fig. 2
summarizes some key SiC development milestones [6]. Fig. 3
shows ratings of the discrete SiC diodes available from the ma-
jor market players. Until now, the unipolar SiC diode is the only
commercially available diode on the market; its typical voltage
ratings are 600 V, 650 V, 1.2 kV, and 1.7 kV. These devices
are significantly faster than Si PIN diodes because there is no
minority carrier storage in the SiC diode. Some 3.3 and 8 kV
products also are available, as shown in Fig. 3; however, their
current rating is limited by the thick drift layer. For instance, the
current rating for 8 kV SiC diode is only 50 mA. Fig. 4 shows
the rating plot of SiC active switches available in the market in
discrete packages. These include SiC MOSFETs, junction gate

Fig. 5. SiC device application roadmap predicted by Yole [7].

field-effect transistors (JFETs), and bipolar junction transistors
(BJTs). Previously, the SiC JFET was more favorable because
of its easy implementation and because it does not exhibit
the gate-oxide reliability issue observed in the SiC MOSFET.
Although its “normally on” characteristic makes it less
attractive in some applications, a JFET with a cascode structure
could eliminate this issue. The commercial SiC MOSFET
was first released in 2011 by Cree. For the SiC MOSFET,
the 1.2 kV class became the entry and dominant point in the
market, as this is the breaking point between Si MOSFETs
(including the super junction MOSFET) and the Si IGBT. The
SiC MOSFET provides excellent balance between conduction
loss and switching loss at blocking voltages of less than
2.5−3.3 kV. The SiC BJT’s switching speed is similar to that
of the MOSFET owing to the absence of any sizable minority
carrier storage in the drift region. Since the BJT does not
have a channel region, its on resistance is lower than that of
the SiC MOSFET (see Fig. 4). However, the current driving
characteristic makes it less attractive for various applications.

Fig. 5 shows the SiC device application roadmap predicted
by Yole development [7]. SiC has found commercial applica-
tions in power factor correction, lighting, solar, railway traction,
and uninterrupted power supply (UPS) and will enter into drive,
wind, and electric vehicle (EV) applications soon. Aside from
the technical design challenges, balancing the higher cost of SiC
devices with improved system performance is the most critical
issue. The cost per watt is one of the most concerning figures
of merit from a user perspective. Depending on the application,
a higher device cost does not necessary lead to a higher system
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Fig. 6. Three basic SiC diode structures.

cost, and this will be explained in later section. As can be seen,
SiC devices and power conversion systems have entered the
commercialization stage. The major focuses of industry depend
on the application demand, cost, and process maturity. From
the technology development point of view, the potential of SiC
materials is not fully explored and much more efforts are ongo-
ing. The following sections of this paper review the technology
advancements of SiC power devices and the critical applications
and present the future challenges and development trends.

II. SIC POWER DEVICE REVIEW

This section reviews the most promising commercial SiC
power devices, including diode and MOSFET. Some other types
of devices that have been commercialized, such as the SiC JFET
and the BJT, also provide excellent performance; however, they
are less attractive from industry application perspective. There-
fore, they are not covered in this section. In addition, the state-
of-the-art research developments in the high-voltage portfolio
are reviewed, such as high-voltage IGBT, gate turn-off (GTO)
thyristor, and emitter turn-off (ETO) thyristor.

A. SiC Diodes

There are three main types of SiC diodes: the SiC Schottky
diode, the SiC junction barrier Schottky (JBS) diode, and the
SiC PIN diode. The basic structures are shown in Fig. 6 [8].

Its combination of a Schottky diode structure and SiC ma-
terial makes the SiC Schottky barrier diode (SBD) an ideal
replacement for the Si PIN diode. In the forward state, current
conduction is by the majority carrier electron current flowing
from the anode to the cathode. The voltage drop is determined
by the N-layer resistance plus that of the Schottky barrier height,
which is typically 0.7–0.9 V. The device switches rapidly from
ON to OFF, and there is virtually no reverse recovery current as
result of the majority carrier conduction mechanism. The only
current required to flow in the reverse direction is to charge the
junction capacitance. This extremely fast reverse recovery char-
acteristic is its most significant advantage over the Si PIN diode.
In addition to enabling potential efficiency improvements, the
low reverse recovery current also significantly reduces the con-
verter oscillation and the related electromagnetic interference
(EMI) problem during diode turn-off.

In the SBD, the leakage current at higher temperatures in-
creases quickly as result of the Schottky barrier lowering ef-
fect; hence, the blocking voltage of commercially available
SiC SBDs is limited to 600 V. Most of the commercialized
SiC diodes shown in Fig. 3 use the JBS structure. In the SiC
JBS diode, multiple P+ regions are integrated to surround the

Fig. 7. (a) Ten-kilovolt SiC JBS diode and PIN diode I−V curves at
room temperature with the same chip size. (b) Reverse recovery current
tested at VR = 7 kV for a 15-kV SiC PIN diode (T = 25 °C).

Schottky region. They push the maximum electrical field away
from the Schottky barrier toward the bottom of the P+ region.
Therefore, the off-state leakage current is reduced even at the
rated junction temperature, which is typically below 175 °C.
Because the device conduction is still via majority carrier elec-
trons, the speed of the JBS is not compromised. The JBS diode
therefore provides excellent performance over a wide range of
voltages, e.g., 600 V–3.3 kV. A 15-kV JBS diode has also been
designed and tested for high-frequency applications [9]. How-
ever, the reliable voltage blocking capability still must be proved
as the blocking voltage were shown to be around 13 kV in
the tested samples. Another operating mode of this structure is
called the merged PIN Schottky (MPS) diode; the internal PIN
junction diode is turned on only under a large forward bias,
thereby increasing the current handling capability. Progress has
been made toward multiple generations of the SiC JBS/MPS
diode in the power semiconductor industry [10]. Infineon has
announced its fifth-generation SiC MPS diode produced in a
thinner wafer. The thinner form provides a higher inrush current
capability and lower thermal impedance. The trench structure
SiC Schottky diode is also demonstrated to further reduce the
leakage current [11]. A recent study also shows that modern
SiC Schottky diodes have proved to be extremely robust against
leakage current thermal runaway, as the required temperature
rise for doubling the leakage current is higher than in the Si PIN
diode [12].

The bipolar SiC PIN diode can effectively reduce the drift
region resistance via conductivity modulation. This makes it
promising in ultra–high-voltage ranges such as 10–20 kV [13].
In Fig. 7(a), the I−V curves of a 10-kV SiC JBS diode and of a
10-kV PIN diode with same chip size are compared. Although it
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Fig. 8. Edge termination methods for high-voltage SiC devices.
(a) Multizone JTE termination. (b) FFR termination.

has a higher knee voltage, the differential resistance of the SiC
PIN diode is much smaller than that of the JBS diode owing to
the conductivity modulation. Another advantage of the SiC PIN
diode is its much lower leakage current compared with the JBS
or SBD, making it an ideal candidate for higher temperature
operation. However, the ∼3 V PN junction knee voltage, which
is determined by the SiC material, makes the SiC PIN ineffective
from the conduction point of view when the blocking voltages
are below 3.3 kV. SiC JBS diodes are preferred in these voltage
ranges. Because of the minority carrier stored in the device,
there is also a sizeable reverse recovery current in the SiC PIN
diode, as clearly shown in Fig. 7(b), resulting in large reverse
recovery loss in converter applications.

For high-voltage SiC devices, one of the critical technical
challenges that must be addressed is the surface electrical field
reduction at the edge of the device. Numerous planar edge
termination techniques have been demonstrated in SiC diodes,
most of them based on similar concepts used in Si power de-
vices. The most fundamental ones include junction termination
extension (JTE) [14]–[16], floating field ring (FFR) [17]–[19],
field plates [20], [21], mesa structure [22], bevel structure [23],
[24], and hybrid solution methods [25]–[28]. The JTE and FFR
are regarded as the most effective methods for high-voltage SiC
devices [29]. The idea for the JTE is to extend the junction in
the lateral direction and reduce the electric field crowding at the
edge of the extension. Although a single-zone JTE conceptually
works, it shows a narrow window of dose optimization range to
achieve the desired voltage. As an improvement, Fig. 8(a) shows
the case of a multiple-zone JTE concept, in which the dose is
gradually decreased toward the JTE edge [15]. Doing so makes
the shape of the electrical field distribution more rectangular
instead of triangular, thereby increasing the breakdown voltage.
The challenge for a multiple-zone JTE is the process complexity
due to the multiple implant processes needed. Several single-
implant multizone JTE methods are proposed that involve cre-
ating unsymmetrical shapes and/or distances among the zones
[31]–[33]. In [31], the vertical depth of the JTE zone is gradually
decreased toward the edge of the extension. In [32] and [33], the
width of the zone, as well as the spacing, is controlled to smooth
out the electrical field. Fig. 8(b) shows a cross-section diagram
of the FFR termination method [17]–[19]. A single implant
can be used for both the ring and the main junctions, thereby
reducing the processing steps. However, the optimization of the
spacing between the floating zones is complex and challenging.

Fig. 9. Two typical SiC MOSFET structures: (a) planar and (b) trench.

B. SiC Switches

The most popular SiC switch is the MOSFET, as it nicely fits
into the 1.2–3.3 kV blocking voltage requirement for many
industrial applications. Compared with Si IGBTs, it signifi-
cantly reduces the switching loss via its majority carrier con-
duction mechanism. Under certain conditions, zero switching
loss can also be achieved, and operation at 3.38 MHz was re-
cently demonstrated for a 1.2 kV SiC MOSFET module [34].
In addition, MOSFET can operate in the third quadrant as a
synchronous rectifier, significantly reducing the third-quadrant
conduction loss while offering almost zero reverse recovery
losses. This also eliminates the need for an anti-parallel JBS
diode. The body PIN diode conducts only during the dead time.
One of the key challenges is to trade off the gate-oxide reliability
for low specific on resistance. The previous gate−oxide stability
issue has been solved and excellent reliability performance is
achieved [35]. The industry’s first reliable SiC MOSFET with
a 200 °C junction temperature was also demonstrated by Gen-
eral Electric (GE) [36], [37]. There are two basic types of SiC
MOSFET structures—the planar SiC MOSFET and the trench
SiC MOSFET, as shown in Fig. 9 [38]. Fig. 9(a) shows a typical
cross-section view of the planar SiC MOSFET structure. The on
resistance of the SiC MOSFET has three main aspects—channel
resistance, JFET region resistance, and drift region resistance
[39]. For lower voltage devices (<1.2 kV), the substrate resis-
tance is also substantial and cannot be ignored. A wafer-thinning
technique can be used to reduce it. Another longstanding issue
for the SiC MOSFET is its low channel mobility, which results
in a higher percentage of resistance coming from this part of
the device. Improving channel density can alleviate this prob-
lem. Fig. 9(b) shows the SiC trench MOSFET structure, which
eliminates the JFET region and improves the channel density.
Therefore, the specific on resistance can be reduced.

The first commercial trench MOSFET was released by Rohm
in 2010. A novel double trench structure has been proposed to
solve the oxide breakdown at the bottom of the trench [39].
Another consideration in applying SiC MOSFETs is the higher
required gate voltage (18–20 V), which makes the traditional
gate driver incompatible with the SiC MOSFET. This is espe-
cially challenging for some hybrid switch concepts [40], [41].
To solve this problem, Infineon has announced its newest SiC
trench MOSFET with a 15/−5 V gate voltage and very low
specific on resistance (3.5 mΩ�cm2) [42].
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Fig. 10. SiC MOSFET with total active area of 7.2 cm2, room tempera-
ture, and sea level [45]. (a) Failure caused by terrestrial cosmic radiation;
(b) voltage derating guideline for failure rate of 100.

In addition to improved electrical performance, another major
driver for SiC MOSFET innovation is reliability, one of the most
critical concerns of end-users. High-temperature gate bias, high-
temperature reverse bias, and high-humidity, high-temperature
reverse bias are the three major criteria for evaluating relia-
bility [43]. Highly reliable SiC devices have been successfully
demonstrated in some commercialized products [35], [36], [44].
For instance, the reliability of the industry-leading 200 °C-rated
SiC MOSFET was reported by GE in 2014 [36]. Another im-
portant parameter for power semiconductors is immunity to
cosmic rays. This is especially important in applications such as
aerospace and nuclear plant. In [45], 1.2–3.3 kV SiC MOSFETs
with fewer than ten failures in time (FIT) were demonstrated,
as shown in Fig. 10(a). This FIT rate is similar to that of the Si
IGBT. The recommended derating curve is also provided as a
guideline [see Fig. 10(b)]. A higher derating factor is needed for
SiC devices with higher blocking voltages. Additional studies
are needed to explain the physics behind this characteristic.

High-voltage SiC MOSFETs have also been reported to re-
place high-voltage Si devices from 3.3 to 6.5 kV and even higher
voltages [46]–[49]. The highest blocking voltage reported for
SiC MOSFET is 15 kV [47]. The high-voltage SiC MOSFET
can simplify the circuit topology for high-voltage and high-
frequency applications, such as solid-state transformers [50].
Although the high-voltage SiC MOSFET shows much reduced
switching losses compared with the Si IGBT, the voltage drop
becomes unacceptable, especially for voltage levels higher than
10 kV. In this condition, the combination of the SiC and bipolar
device structure, such as SiC IGBT, would be desirable. Fig. 11

Fig. 11. Cross-section structure of SiC IGBT.

Fig. 12. Summary of high-voltage SiC IGBTs in the literature.

shows typical cross-section diagrams of N-type and P-type high-
voltage SiC IGBTs. Normally, a buffer layer, or field-stop layer,
is needed to prevent field punch-through and to achieve high in-
jection efficiency from the substrate. Since electrons have 10×
higher mobility than holes in 4H-SiC, the N-IGBT has a faster
switching speed than the P-IGBT. However, the P-IGBT has
several potential benefits, such as higher transconductance and
easier manufacture of the N+ substrate.

Several high-voltage SiC IGBT designs have been reported
[51]–[62]. Fig. 12 plots some of the reported SiC IGBTs with
different blocking voltages and differential specific on resis-
tance. The highest blocking voltage reported so far for an
N-IGBT is 27 kV, obtained by using a 230 µm drift layer [57].
The design also incorporated a lifetime enhancement process to
reduce the voltage drop. The highest blocking voltage reported
for a P-IGBT is 15 kV, as shown in [54]. The differential specific
on resistance for most of the reported SiC IGBTs is in the range
of tens of milliohms.

The SiC GTO transistor has also been investigated. It achieves
the best current-handling capability with a very low forward
drop among all reported high-voltage SiC power devices, thanks
to the double-side carrier injection and strong conductivity mod-
ulation [63]. This is clearly illustrated in Fig. 13, where the for-
ward conduction characteristics of the 15 kV P-GTO, IGBT, and
MOSFET are measured and compared. All these high-voltage
devices are based on 4H-SiC material and fabricated by Cree. To
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Fig. 13. I−V curve comparison of 15 kV SiC P-GTO, IGBT, and
MOSFET at 25 °C and 125 °C.

Fig. 14. Turn-off waveform of the 15 kV SiC P-ETO at 6.2 kV
and 123 A.

minimize the effects of different chip sizes, the active chip areas
are normalized to 0.32 cm2 in Fig. 13. The SiC P-GTO shows
the smallest voltage drop among all three types of devices, fol-
lowed by the SiC IGBT and SiC MOSFET. In addition, instead
of positive temperature coefficient shown in SiC MOSFET and
IGBT, the SiC GTO transistor has a slight negative temperature
coefficient of voltage drop. Based on SiC P-GTO technology,
a 15-kV SiC ETO transistor has also been demonstrated [64].
Fig. 14 shows the turn-off waveform of the 15-kV SiC P-ETO.
It is noted that the voltage and current are plotted in the negative
region due to the P-type device. The peak power density reached
1.13 MW/cm2, indicating a very large reverse bias safe oper-
ation area for SiC bipolar devices. This characteristic is very
important for converter and circuit breaker applications.

III. SIC SYSTEM APPLICATIONS REVIEW

As discussed earlier, SiC MOSFETs and JBS diodes pro-
vide superior dynamic performance compared with Si IGBTs
and PIN diodes; therefore they can clearly improve power ef-
ficiency and power density. SiC MOSFET/IGBT/GTO/PIN de-
vices also clearly have the capability to significantly expand
the voltage range over the range available in Si power devices.
Doing so will clearly increase the ability to develop new power
electronics systems that were not practical before. However,
widespread adoption of SiC power conversion systems is still
challenging. One reason is that SiC is by no means a plug-and-

Fig. 15. Potential system cost benefit from SiC devices.

play technology. Integrating SiC technology into the electrical
system requires a deep understanding of system design, includ-
ing EMI and thermal issues. Moreover, the relatively higher cost
of SiC devices is a concern for end users. In fact, cost issues
for SiC devices should be looked at from two aspects. First, the
cost of SiC MOSFETs decreases with volume production [44].
With larger volumes, better manufacturing processes with larger
wafers, and improved device performance, the cost per amp of
SiC devices will drop. Second, it is known that the absolute cost
of SiC devices is higher than the cost of Si devices because of
intrinsic higher material costs. However, the per-watt cost of
the overall system could potentially be reduced with a better
balance-of-plant system design. Fig. 15 shows the potential sys-
tem cost savings from using SiC power conversion systems. The
savings may come from developments such as a smaller passive
component, lower cooling requirements, and a higher absolute
power rating. It is demonstrated in [65] that the cost of a 17
kW solar inverter could be reduced by 20% with SiC JFETs and
SiC diodes. Additionally, the operational cost reduction gained
from efficiency improvements could justify the higher capital
cost, e.g., in UPS applications [66].

This section reviews some of the latest and representative
developments of SiC devices in some critical and emerging
industrial applications, such as solar, UPS, traction, EVs, and
induction heating (IH).

A. SiC Solar Inverter

In the past decade, the solar inverter has progressed toward
higher efficiency, higher density, and lower cost. SiC devices
have been investigated in different types of solar inverters. In
[67] and [68], SiC Schottky diode–based solar microinverters
were demonstrated with reduced reverse recovery losses and im-
proved efficiency. For rooftop applications, a desirable weight
density is necessary, e.g., 1 kW/kg. Most commercialized prod-
ucts with Si IGBTs cannot fulfill this requirement; their weight
density is less than 0.38 kW/kg. To address this challenge,
Mookken et al. [69] present a 50-kW SiC MOSFET-based pho-
tovoltaic string inverter with significantly increased switching
frequency and reduced weight, which achieves the design target.
High-power centralized inverters based on SiC devices have also
been developed. A 1 MW solar converter system consisting of
a boost converter with an all-SiC power module and a Si-based
three-level, T-type, neutral point–clamped structure is presented
in [70]. The maximum achieved efficiency is 98.8% at 850 V,
which is the upper maximum power point range limit. The total
efficiency is about 0.5% higher than that of a traditional Si-based
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Fig. 16. GE 1MW SiC inverter installed in Berlin.

Fig. 17. Efficiency curve of GE SiC megawatt photovoltaic inverter [71].

single-stage-inverter. Recently, GE made another breakthrough
with a full-SiC single-stage megawatt-level photovoltaic in-
verter (see Fig. 16) [71]. With an industry-leading SiC MOSFET
module and innovative system engineering design, the reported
California energy commission (CEC) efficiency is close to 99%
at 900 V dc input (see Fig. 17).

B. Uninterrupted Power Supply

High efficiency, high power quality, and high power density
are some of the main drivers for innovation in UPS systems,
especially for the online double-conversion UPS. A UPS is lo-
cated at the user (power purchaser) end. This means that the
cost of electrical losses in the power conversion stage (e.g., the
electricity bill) is two to three times higher than the capitalized
loss cost at the generation end—a big advantage for highly effi-
cient SiC converters. The higher efficiency means lower electric
usage and cooling effort. In addition, the total cost of ownership
is lower. The other factor that differentiates a UPS is that the
system is typically housed in an office building, factory build-
ing, or data center, where floor space is at a premium and a
compact, high-power-density system is highly desirable. For a
250 kVA UPS system using a Si-based three-level converter
structure, 96% efficiency can be achieved at 50% load (the nor-
mal operating point) [66]. With SiC devices, a high-efficiency
two-level solution becomes feasible [66], [72]–[74]. In [66],

TABLE I
COMPARISON OF SI AND SIC 500 kVA UPS FROM TOSHIBA

Si UPS (G9000) SiC UPS (G2020)

Dimensions (inch) 70.9 × 32.7 × 80.7 59.1 × 33.5 × 80.67
Weight (lb) 3360 2756
Efficiency 97% 98.2%

Fig. 18. Toshiba SiC 500 kW G2020 UPS efficiency curve [74].

it is shown that 97.6% efficiency could be obtained in a two-
level SiC UPS with 32 kHz switching frequency, compared with
96% efficiency in a three-level Si UPS with 16 kHz switching
frequency. Toshiba released its full-SiC UPS G2020 in 2015.
The comparisons between the Si- and SiC-based UPS system,
including size, weight, and efficiency, are shown in Table I. It
shows the G2020 has a 17% smaller footprint and is 18% lighter
than the predecessor G9000 series [74]. Fig. 18 shows an effi-
ciency plot for the G2020 UPS under different load conditions.
This design achieves 98.2% maximum efficiency, the highest
in the industry for a double-conversion UPS. The conversion
loss is reduced by nearly 50%, delivering 98% efficiency over a
wide load range from 30 to 75%. Mitsubishi has also launched
its 500 kVA UPS (SUMMIT Series) with similar performance.
Series with higher power ratings, such as 750 kVA, are under
development as well.

C. Railway Traction Inverter

For railway traction applications, low power loss, light
weight, high voltage rating, and high temperature resistance
are preferred [75]. Reducing the weight and size of the trac-
tion system leaves more space for passengers. Depending on
the voltage level and device adopted, a railway traction inverter
could be configured as either a three-level or two-level struc-
ture. Traditionally, a three-level structure is preferable because
of the limited switching frequency capability of Si IGBTs. A
two-level traction drive system based on a 3.3 kV/1200 A Si
IGBT/SiC JBS diode was developed by Hitachi [76]. It can
reduce total losses by 35%, resulting in a 40% reduction in sys-
tem weight and volume. Mitsubishi has successfully developed
a 3.3 kV/1500 A module for all-SiC traction inverters, including
a two-level inverter for a 1.5 kV input dc system for the Odakyu
Electric Railway and a three-level inverter for 2.5 kV ac input
for the central Japan railway [77]. Fig. 19 shows the world’s first
full-SiC traction system developed for N700 Shinkansen bullet
trains on the central Japan railway. Compared with the existing
design, it reduces the inverter size by 55% and weight by 35%.
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Fig. 19. Mitsubishi all-SiC modules based traction converter [77].

Fig. 20. Toyota SiC power control unit [81].

D. Electric Vehicle

SiC devices are enablers for high power density, which is
the most important requirement for power electronics circuits in
EVs, almost comparable in importance to cost. The EV Every-
where Challenge announced in 2013 requires a 35% reduction
in size and 40% reduction in weight and loss, which can be
achieved with a transition to SiC power devices [78]. As the
cost of these devices drops, more and more EV manufacturers
will be using SiC devices. Toyota has already demonstrated an
all-SiC power control unit (PCU) that might be in vehicles by
2020 [79]–[81]. The goal is to reduce the PCU size by 80%.
Fig. 20 shows a prototype of a highly compact SiC PCU from
Toyota [81]. Ford Motor Company’s results in [82] show that
switching losses can be reduced by 40% when SiC MOSFETs
are used, with an overall 5% improvement in fuel efficiency.

The power electronics circuits in electric drive systems typi-
cally include a buck/boost dc–dc converter (currently used only
in hybrid EVs) that increases the battery voltage (currently up to
700 V), a traction inverter, a dc–dc converter for auxiliary loads
(high-voltage bus to 14 and 42 V conversion), and an onboard
charger (OBC).

1) The buck/boost converter requires higher voltage-rated
devices (1.2 kV) that can run at high frequencies in the
tens of kilohertz, e.g., a 20-kW buck/boost converter run-
ning at 100 kHz. The ideal device for this application
today would be SiC based. Running at high frequencies
allows the filter components to be much smaller, result-

Fig. 21. Double-sided package with pin fin cooling.

ing in higher power density. To achieve these high fre-
quencies, power device packages must be designed with
minimum parasitic inductance on the order of less than
10 nH. Toyota, in [83], shows a 30% reduction in losses
in a boost converter just by replacing the Si PIN diodes
with SiC SBD, resulting in a 0.5% efficiency increase for
the boost converter.

2) The traction inverter does not need higher switching oper-
ation, but lower loss switching and conduction will result
in lower losses and less need for thermal management.
SiC-based devices rated at 900 and 1200 V are ideal as
traction inverter power devices. There is talk about going
higher than the current 700 V dc bus voltages for lower
losses and higher efficiencies. This would mean that trac-
tion motors would be more compact for the same power
levels.

3) The dc–dc converter for auxiliary loads has a high-voltage
interface and low-voltage interface (14 or 42 V, or both),
which require high-voltage and low-voltage devices. The
best candidates for the high-voltage side are SiC-based
power switches. High-frequency operation of the devices
allows the dc–dc converter to be much smaller than the
devices available presently.

4) Present-day OBCs are designed for wired operation, but
future versions will have wired and wireless options or
both. Typical OBCs will require high-frequency switch-
ing devices. In [84], Toyota and APEI show a 6 kW SiC
OBC system switching at 250 kHz at 95% efficiency
with a ten times improvement in power density. In [85], a
6.8 kW SiC-based integrated charger with a 2% improve-
ment in efficiency and 50% reduction in component count
was demonstrated.

Since SiC devices are much smaller than their Si counterparts,
it is difficult to reliably package them and cool them as needed.
In electric drivetrain technology, the trend is toward double-
sided packaging, as shown in Fig. 21, to eliminate wire bonds,
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Fig. 22. 6-kW dual-output boost resonant inverter featuring SiC JFET
devices for IH applications [90].

enhance cooling efficiency, and reduce parasitic inductances
[86]. The most recent versions of Toyota hybrid EVs [87] and
the second-generation Chevy Volt [88] use double-sided pack-
ages. The reliability and repeatability issues associated with the
manufacturing of double-sided packages are a concern.

E. Induction Heating

IH is a relevant example of a technology that is boosting its
performance and application range by using SiC devices [89].
Resonant power converters usually operate at several tens of
kilohertz to the megahertz range, and the power range varies
from kilowatts in domestic and medical applications to sev-
eral megawatts in industrial applications. These designs imply
challenges regarding blocking voltages, switching losses, and
operation in harsh environments that perfectly match the fea-
tures of SiC devices, opening the design window to high-
performance converters and innovative IH applications. Re-
cently, several IH designs taking advantage of WBG devices
have been reported, including the use of SiC devices for boost
inverters (see Fig. 22) [90], ac−ac converters [91], and dual-
frequency IH systems [92]. Different technologies, including
BJTs, JFETs, and MOSFETs, are compared in [93], proving the
potential benefits for IH applications. Future challenges for IH
systems include the design of reliable systems with increased
ratings in terms of voltage and current for SiC devices.

F. High-Voltage SiC Device Applications

High-voltage SiC devices provide significantly higher
voltage–frequency capability, which enables medium-voltage
and high-frequency power conversion. One such application is
the solid state transformer [9], [50], [94]. Fig. 23 shows a 1 MVA
solid state transformer based on a 15 kV/120 A SiC MOSFET
module. Compared with a traditional transformer with the same
rating, it facilitates a 50% reduction in size and 75% reduction
in weight while achieving 98% efficiency. Another potential ap-
plication of high-voltage SiC devices is the circuit breaker. The
SiC ETO has been applied to both circuit breakers and hybrid
circuit breakers for the medium-voltage grid [64]. In addition,
a high-voltage SiC power electronics building block (PEBB)
concept is being investigated for general-purpose medium- to
high-voltage applications [49].

Fig. 23. Solid-state transformer based on 15 kV SiC MOSFET [95].

IV. CHALLENGES AND TRENDS

Although SiC devices show promising advantages, many
challenges exist from both the device and application perspec-
tives. These guide future research and development trends.

1) The field reliability of SiC devices must be demonstrated
for various applications, and a voltage-derating design
guideline needs to be established. This is especially im-
portant for applications in which reliability is extremely
critical, such as aviation systems [45]. On the one hand,
a power conversion system with SiC device potentially
provides a higher current rating than one with a Si de-
vice, which leads to a larger thermal ripple. On the other
hand, the higher temperature operation of the SiC de-
vice indicates more stringent requirement for the package
materials.

2) Manufacturing processes need to be improved for better
yields to make the costs of SiC devices more justifiable
for system applications [44]. Most major SiC manufac-
turers are making a transition to 150 mm SiC epitaxial
wafers. In addition, there are discussions about going to
a fabless manufacturing process, in which SiC power de-
vices can be manufactured in Si fabs. Such a move would
lower costs, because the existing facilities and mature
manufacturing infrastructure would guarantee the qual-
ity. However, the lack of flexibility in processes and SiC
tools is challenging.

3) SiC devices switch much faster than Si devices, which
poses challenges to the gate driver design [95], [96]. First,
the higher dv/dt of the SiC device injects a higher common
mode current to the gate loop through a miller capacitor
and thus induces a positive spurious gate voltage. An
advanced gate driver with active dv/dt and di/dt control
is a trend. Additionally, the higher dv/dt injects a higher
common mode current to the primary side of the gate
driver through the isolation barrier, which sets the limits
of the coupling capacitance. Second, SiC devices have a
faster current rise during the fault condition in addition to
a smaller die size. Therefore, the short circuit protection
response requirement of the gate driver is higher. Finally,
the parallel or series connection of the SiC device is also
more sensitive to the timing mismatch.



8202 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 64, NO. 10, OCTOBER 2017

4) The innovative EMI filter design needs to be investi-
gated [97]. The faster switching transient combined with
a higher switching frequency contributes to EMI noise
that is from 10 to 100 times higher. This becomes espe-
cially challenging for high-voltage and high-power ap-
plications. On the one hand, the modeling and prediction
methodology of EMI noise for SiC power converters is
indispensable. On the other hand, innovative shielding
techniques and filter designs are needed.

5) Novel system layouts with a minimized commutation
loop are critical, including both the SiC device package
and system busbar layout [71]. Although it is acknowl-
edged that a SiC power converter can deliver higher cur-
rent, this statement is true only when the device voltage
stress during the transition is less than its breakdown volt-
age. In other words, the current rating of the system may
be limited by the voltage overshoot instead of the ther-
mal. For some emerging applications, such as the 1.5 kV
DC photovoltaic system, this issue is critically important.
Laminated and multilayer laminated busbar structures are
the solution of choice so far. In addition, a low-inductance
capacitor needs to be investigated.

6) The smaller die size of SiC chips and the corresponding
higher loss density open new design challenges for ther-
mal management strategies [86]. In addition, the smaller
thermal capacitance of the SiC chips may result in higher
temperature ripple, raising challenge from the reliabil-
ity perspective. Some efficient cooling methods—such
as double-sided cooling, liquid jet impingement cooling,
and phase change cooling—are potential promising solu-
tions [98]. Furthermore, the emerging three-dimensional
(3-D)-printed technologies can be potentially used to en-
able creative solutions.

7) The high-temperature operation capability of SiC power
devices requires innovations in peripheral components,
such as high-temperature capacitors, packages, control
electronics, gate drivers, and sensors [99]. Capacitors are
particularly challenging, since the bus bars connecting
the high-temperature devices to the capacitors further
increase the capacitor temperature. Cooling of the ca-
pacitors might be needed to enable their use with high-
temperature switches. In addition, high-temperature-
rated gate drivers based on Si-on-insulator (SOI) or SiC
are needed. SOI technology is typically limited to 225 °C
or lower. SiC-based integrated circuit design is challeng-
ing since the SiC has a lower channel mobility, which
makes it not suitable for very low-voltage applications.

8) For many potential SiC users, the high nonrecurring
engineering cost is also a concern because of limited
knowledge of these new devices. Similar to the Si PEBB,
the standard SiC PEBB can significantly reduce engi-
neering effort and development costs, paving the way
for commercialization of SiC applications [100]. The
low-inductance busbar, high-bandwidth and noise-free
controller, and robust gate driver, as well as the heat sink,
could be integrated. The whole system could then be
built directly around this PEBB for various applications.

V. CONCLUSION

SiC devices and power electronics systems have received
tremendous attention from both academia and industry in the
past decade. This paper presented a systematic review of major
emerging SiC technologies applications. In addition, the design
challenges and future development trends are summarized. It is
evident that the performance SiC devices have improved signif-
icantly and SiC power conversion systems are being accepted
by industry and demonstrated in many critical applications such
as solar, traction, UPS, and EVs. It can be concluded that SiC
will revolutionize the whole energy conversion industry.
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