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Importance of power electronics

Developments in electronics have thus far been propelled espe-
cially by the field of information technology (IT). Improvements
in energy savings and efficient usage of electric power are
urgent issues for future sustainable development across technol-
ogy areas. In the near future, a significant amount of renewable
energy is anticipated to become available, and more efficient
usage of motor-drives and other power-intensive applications is
strongly desired. High-performance electric power converters
for more efficient motor drives are in demand. Power electron-
ics is a technology for the conversion and control of electric
power for energy generation, transmission, storage, and con-
sumption and is a promising technology for future electrical
energy management.! Moreover, electric energy networks are
being developed in conjunction with information networks.
Much more functionality can be expected for the sophisticated
operation of electric energy in many of these areas, which will
be increasingly important to society. Power electronics is
expected to play an important role for these purposes.

This article presents a technology roadmap for power elec-
tronics utilizing wide bandgap semiconductors.” Based on this
roadmap, recent progress in silicon carbide (SiC) semiconductor
power electronics is reviewed, and future prospects are discussed.

Approaches to next-generation power
electronics for the future

Power electronics can be applied to a wide range of
fields, from IT equipment power supplies to electric power

A roadmap for future wide bandgap
semiconductor power electronics

Energy savings and efficient usage of electric power are some of the most urgent issues for
future sustainable development of human society. Power electronics is recognized as a key
technology in this regard, and the innovation of power electronics is increasingly required. The
important role of power electronics innovations in the future human society and a technology
roadmap of power electronics utilizing wide bandgap semiconductors, which are typically
represented by silicon carbide, are presented. This roadmap consists of several different
domains in technology, from the materials side to the applications side. On this roadmap, three
generations are defined as technological streams. Based on this roadmap, recent progress in
silicon carbide power electronics is reviewed, and future prospects are discussed.

transmission systems. The semiconductor devices and circuits
used exhibit a large variety in capacity, size, and function. In
addition, special research and development (R&D) needs exist
due to the extreme conditions specific to power electronics
equipment, such as high reliability, high tolerance, as well as
low loss compared with conventional information electronics
primarily composed of Si devices. However, the performance
of Si power devices, which is at present primarily used in the
field, is now approaching the fundamental material property
limits. Since wide-gap semiconductors have superior materi-
als properties highly suitable for high-power switching devices,
which is critical for power electronics equipment, these emerg-
ing semiconductor devices are drawing increased attention for
radical innovations in power electronics.

The key components of power electronics are high-power
semiconductor devices (transistors and diodes) and electric
power converters using these semiconductor devices. In a
converter unit, these semiconductor power devices are used as
an electrical rectifier or switch, and various electricity speci-
fications (voltage, frequency) are controlled by their complex
operation together with passive elements such as capacitors.!
Thus, arbitrary electric power wave forms are generated.
Low-loss characteristics, high-speed switching capability, and
high-blocking voltage capability of the semiconductor power
devices are essential factors in the electric power conversion
function. The requirements for semiconductor power devices
are summarized in Table I from the viewpoint of electric
power converter performance.
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Table I. Corresponding relations between power switching device specifications and
requirements for electric power converters from power electronics application systems.

Device Specification

1. High blocking voltage

2. Low loss

3. Large current capacity

4. High operation frequency

5. High tolerance Safety

6. High-temperature operation

7. Low reactance

When thinking about future technological innovations
for semiconductor power devices, two approaches can be
assumed. One improves convenience of use and is typically
represented by low-loss characteristics and miniaturization of
electric power equipment. The other expands application fields
of power electronics represented by the breakdown voltage
extension (Figure 1). Si power devices originated as bipolar
junction transistors (BJTs); they were then developed into the
metal oxide semiconductor field-effect transistor (MOSFET)
with improvements for usage convenience through its voltage-
controlled feature; and then developed into the gate turn-
off thyristor (GTO) and the insulated gate bipolar transistor
(IGBT) with expansion to the higher blocking voltage region.
Although some performance improvements may be achieved
henceforth, major improvements are regarded as difficult
because of the materials property limits. There will thus be a
limit for future applications for Si-based power electronics.
Thus, an R&D approach using wide-gap semiconductors such
as SiC or GaN has attracted much attention. In Si-IGBT, which
is a bipolar device, the conduction modulation

Requirements for Electric Power Converters
Broadening of application fields, reliability
Reduction of conduction loss
Increase of conversion capacity

Reduction of size and weight, precision of control

Improvement of heat dissipation, ease of cooling

Reduction of switching loss, increase of operation frequency

Technological aspects of next-
generation power electronics
and related R&D roadmap

In next-generation power electronics using
wide-gap semiconductors, the concept
for device development is quite differ-
ent from the information electronics field
where conventional semiconductor mate-
rials such as Si and GaAs are used. The
differences between these two fields are
highlighted in Table II. For information
electronics, the focus is on the fabrica-
tion of a large number of submicron-size
device tips and their integration required
from the need of high-speed large-capacity processing.
In contrast to information electronics, large-area device tips
(several mm?) are required from the specific features of elec-
tric power applications for power electronics, while microfabri-
cation technology is necessary for the fabrication of transistor
gate structures. In addition, the fabrication processes of SiC
wafers and devices are much different from Si technology,
especially in process temperature, due to the differences in
materials properties.

In power electronics, technology developments using SiC
and GaN, cooperative development activities across the var-
ied technological domains, such as wafer, device, and circuit/
package/module, in addition to the final equipment/applica-
tion system domain, are essential. In consideration of this sit-
uation, an R&D roadmap of wide-gap semiconductor power
electronics technology can be derived (see Figure 2).? Such
a roadmap could be beneficial as a guideline for future tech-
nology development. In this roadmap, three different streams
across technological domains can be defined as “generations.”

effect by hole injection is utilized in order
to reduce ON-resistance and maintain high- h
blocking voltage capability. Therefore, switch- '
ing speed is sacrificed in inverter applications '
compared with the Si-MOSFET, which is a !
unipolar device. A wide-gap semiconductor :
power device realizes high-blocking volt-

age/low ON-resistance/high switching speed LZ’:&'ILET“:
performance using MOSFET, junction field- !
effect transistor (JFET), and heterojunction
field-effect transistor (HFET) structures, owing
to a high breakdown electric field and satu-
rated drift velocity. When thinking about the
status of wide-gap semiconductors from the
viewpoint of Figure 1, GaN-HFETs and SiC-
MOSFETs will replace Si-MOSFETs and
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Figure 1. Next-generation power electronics research and development evolution into

) Material Change to SiC

Si-IGBTs, respectively, in terms of high-
speed switching, low loss characteristics.
Also, SiC-IGBTs correspond to the applica-
tions field expansion (high-blocking voltage)
of Si-IGBTs.

two directions. One is the direction of high voltage application, the other is energy-saving/
small size/lightweight. Red arrows indicate future evolutionary paths, and their meanings
are written in red letters. Note: IGBT, insulated gate bipolar transistor; MOS, metal oxide
semiconductor; HFET, heterojunction field-effect transistor; SiC, silicon carbide; 2DEG,
two-dimensional electron gas.
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Table Il. Comparison between information electronics (Si, GaAs) and power electronics

(SiC, GaN).
Information Electronics Power Electronics
Materials Si, GaAs SiC, GaN
Material Prop. & Processing Near IR uv
Hardness Medium High
Crystal/polarity Cubic/x Hexagonal/o
Polytype x o
Liquid phase o x (except under high-pressure)
Oxidation Easy Difficult
Impurity diffusion Diffusion Const.: High Diffusion Const.: Low
Diffusion Process: AV Diffusion Process: NA
Process temp. Medium High
Bulk: ~1500°C Bulk: ~2200°C
Epitaxy: ~1100°C, Epitaxy: 1600~1800°C,
~700°C ~1200°C
lon Imp.: RT lon Imp.: 500~900°C

A ROADMAP FOR FUTURE WIDE BANDGAP SEMICONDUCTOR POWER ELECTRONICS

RTA: 900~1000°C

RTA: 1500~1800°C

with high-reliability/high-temperature
operation capability/high functionality,
and the corresponding epitaxial growth
technology is thick, high-speed, high-
purity epitaxial growth. The assumed
application fields are infrastructure/
transportation systems such as electric
vehicles/hybrid electric vehicles, rail-
road, and heavy industrial machinery.
High-temperature packaging, high power
density, and low electromagnetic inter-
ference will be the key phrases for this
application domain.

The third generation is defined as a
more advanced technology development
flow. This flow includes the development
of eight-inch wafers and the solution
growth method aiming at further price
reduction for the wafer domain. For the
device domain, bipolar devices with a
blocking voltage of greater than 10 kV,

Device Concept Logic, memory (bit)

Value High-speed, large-capacity

Device chip Small device chip
Monolithic

Integration LSI

Power device (watt)
High-voltage, large-current

Large device chip
Discrete device

such as IGBT, are aimed at, where “high
voltage” is a key phrase. For the appli-
cation domain of this generation, the
electric power network infrastructure with
high functionality, such as the smart grid,
Module or high-voltage medical accelerator power
supplies, such as an x-ray generator and

The comparison is in respect to processing and materials properties, as well as device-centered utility. 3 heavy jon accelerator, are assumed as

Note: IR, infrared; UV, ultraviolet; o, exists; x, nonexistent; AV, available; NA, not available; RT, room
temperature; RTA, rapid thermal anneal; LSI, large-scale integration; lon Imp. = ion implantation.

These generations can be easily identified by the blocking
voltage requirements of the semiconductor power devices,
with several technological keywords as shown in the figure,
such as “low cost” and “high voltage.”

The first generation is a flow based on 1 kV-class block-
ing voltage power device technology using four-inch SiC
sublimation wafers or GaN/Si wafers, which are already
commercially available. Household appliances and light-
ing, IT server power supplies, and general-purpose inverters
are assumed as its primary applications. In this generation,
various practical-use electric power converters have been
recently demonstrated. As a result, the probability of indus-
trialization of wide-gap semiconductor power electronics
has increased; however, uncertainty about wafer size, qual-
ity, and supply stability remain concerns from a business
point of view.

In such situations, interest in second generation wafer
technology has increased. The key phrase for this flow is
“price reduction.” The enlargement of the wafer diameter
to six inches and improvement of wafer quality, particularly
dislocation density, are its primary R&D targets. In addition,
the bulk crystal growth of GaN and diamond are included in
this generation. The R&D targets of device technology in the
second generation are 5 kV-class blocking voltage devices

https://doi.org/10.1557/mrs.2015.97 Published online by Cambridge University Press

R&D application targets.

For a long time, the technologi-
cal development level to practical application of wide-gap
semiconductor materials, typically represented by SiC, has
lagged behind that of conventional semiconductors such as
Si and GaAs. This is primarily due to the difficulty in crystal
growth and device fabrication. However, remarkable prog-
ress has been achieved in recent years in this regard.>® As a
result, first-generation wide bandgap semiconductor power
electronics technology is well established, and superior per-
formance of various types of electric power equipment using
these first-generation power devices have been demonstrated
successively.

In Japan, second- and third-generation technologies for
wide bandgap semiconductor materials have been inves-
tigated in several national projects. Following these proj-
ects, a new R&D scheme, “Cross-Ministerial Strategic
Innovation Promotion Program (SIP)/Next-Generation Power
Electronics,” has started in Japan.* Similar R&D schemes
concerning power electronics using wide bandgap semi-
conductors have also launched around the globe, such as
“Next-Generation Power Electronics Innovation Institute,”
“New York Power Electronics Manufacturing Consortium”®
in the United States, and the “Silicon Carbide Power
Electronics Technology for Energy Efficient Devices™ in
Europe.
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Performance

Figure 2. Research and development roadmap of wide-gap semiconductor power
electronics. The year axis indicates the practical industrialization of each proto-type
product. Blue, green, purple, and gray lines express the developments in specific
technological domains, such as wafers and devices. Red arrows indicate the third-
generation streams. Note: HT, high temperature; EMI, electromagnetic interference; EV,
electric vehicle; HEV, hybrid electric vehicle; IT, information technology; PV, photovoltaic.
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both in the United States and Japan,'*'* and the
commercial fabrication of six-inch wafers is
expected in the near term. It should be noted
that a dislocation density of less than 5000/cm?
for a six-inch wafer has also been reported.'
At present, the most successful process for
growing SiC crystals is the sublimation method,
but several concerns have arisen because it is
a closed, nonequilibrium system. Thus, solu-
tion growth and gas phase growth are being
explored for the third-generation technology to
pursue low-cost and high-quality growth pro-
cesses, and a 4H-SiC (four-layered hexagonal
SiC) crystal several cm in thickness has been
fabricated by solution growth,'® which is one
of the promising non-sublimation methods. On
the other hand, epitaxial growth technology to
make a device active layer has gone into the
market based on four-inch multi-wafer growth

2005 2010 2015 2020
Year

(around 10 wafers) technology, and a unifor-
mity sufficient for practical fabrication has
been realized in terms of the film thickness and
doping density required for the first generation.

In recent years, it has been identified that
surface defects on SiC epitaxial films greatly
influence device performance. A reduction in

Present status and future prospect of SiC power
electronics

The R&D status of wafers, devices, and applications is pre-
sented from the viewpoint of the wide bandgap semiconductor
power electronics roadmap in Figure 2 and focuses on SiC.
Referring to Figure 2, the wafer domain, the devices domain,
and the equipment/application domain, including the circuit/
package/module, will be explained.

Four-inch SiC wafers are already commercially available.
The existence of “micropipe” defects, which are micrometer-
sized holes penetrating the wafers, have long been recognized
as a critical problem peculiar to SiC;® however, this “micropipe”
problem has been almost solved. Instead, various dislocations/
stacking faults have been recognized as main defects to be
solved in the SiC crystal. It is well known that threading screw
dislocations cause reverse-bias current leakage®!* and oxide
reliability deterioration,!" and basal plane dislocations cause
forward degradation of the p-n junction, which is a phenom-
enon where the ON-resistance increases under forward-bias
operation.'? Commercial SiC wafers typically show a disloca-
tion density of approximately 10,000/cm? or a little less, and
more improvements in dislocation density are expected from
the viewpoint of reliability of SiC MOSFETs.

The price reduction of SiC wafers is a big barrier to expand-
ing practical applications of SiC-related technology, and an
urgent issue is the realization of six-inch wafers as the second
generation wafer technology. This has been recently achieved
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surface defect density is urgently required for
the epitaxial growth technology, although uni-
formity in thickness and doping density is also important. As for
second-generation technology, efforts toward high speed (more
than 100 pm/h) and thick film growth (several tens or sev-
eral hundreds of microns thickness)'”'® as well as high-purity
growth are in progress aiming at high-blocking voltage de-
vices. In particular, fast epitaxial growth using chloride pre-
cursors has attracted attention.”” When bipolar operation of
power semiconductor devices is pursued, point defect reduction
and carrier lifetime improvement of thick epitaxial layers are
needed. The carrier lifetime was revealed to be governed by
the concentration of the deep level named Z,,,”® and values
more than 10 ps have been realized using ion implantation
or oxidation processing to the epilayers.?!??

In the device domain, 1 kV-class SiC Schottky barrier
diodes have already gone into the market as first-generation
technology, and they are implemented in high-end IT server
power supplies and home electric appliances. The state of
the art of power switching devices is shown in Figure 3 as a
relation between specific ON-resistance and blocking volt-
age. Regarding SiC transistors, technology development aiming
at 1 kV/1 mQem?-class has been continuously carried out, and
blocking voltage/ON-resistance values exceeding those of Si
power transistors have been reported, such as 660 V/1.8 mQcm?
for a planar-type MOS structure,” 790 V/1.7 mQcm? for a
trench-type MOS structure,? and 1000 V/1.5 mQcm? for a
JFET,” as a normally-OFF device. Much better characteristics
of 700 V/1.01 mQcm? for a JFET,?® and 630 V/0.79 mQcm?
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Figure 3. State-of-the-art specific ON-resistance and blocking
voltage for various power switching devices reported so far.
Specific ON-resistances on bipolar structures are differential
values. The three straight lines indicate the unipolar limit of
each semiconductor material. Specific ON-resistance of actual
switching devices is also governed by channel mobility i,

as indicated by dashed lines. It is found that switching device
performance by wide bandgap semiconductors has already far
surpassed that by Si; however, it has not reached the materials
limits yet. Note: SiC, silicon carbide; MOS, metal oxide
semiconductor; JFET, junction field-effect transistor; IGBT,
insulated gate bipolar transistor; GTO, gate turn-off thyristor;
MOSFET, metal oxide semiconductor field-effect transistor;
SJ, super junction; HFET, heterojunction field-effect transistor.

and 1200 V/1.41 mQcm? for a trench MOSFET? have also
been reported if the threshold voltage and normally-OFF fea-
tures are neglected.

Thus, it seems that R&D efforts to improve the blocking
voltage/ON-resistance characteristics have completed the
first phase for the first generation. Related R&D activity has
shifted to improvements in current capacity and reliability
for the construction of electric power conversion modules.
Instead, the recent R&D trends are expanding to the higher
voltage regions. Concerning the second-generation device
technology, several fabrication trials have been conducted,
as shown by the reports of high-blocking voltage MOSFETs
with 3 kV/45 mQcm?,® 4.2 kV/23 mQcm?.? Following these
preliminary reports, 5 kV-class large-capacity PiN diodes
(p-type/intrinsic/n-type) and a 3.3 kV-class high-blocking
voltage MOSFET have recently been developed, aiming
at railroad applications. In this case, an ON-resistance of
15 mQcm? has been demonstrated. !

Most recently, 3.3 kV/10 mQcm? characteristics have
been demonstrated using a trench MOSFET structure.’ R&D
of a super junction structure using SiC is also in progress,
and its blocking capability surpassing a normal structure
has already been demonstrated.** The technology develop-
ment trends in the device/package domains are directed to
“higher voltage,” a voltage region of more than 10 kV that
is assumed as third-generation technology. In this regime,
ON-resistance reduction by conductivity modulation is
necessary even for SiC transistors. Bipolar operation devices
such as GTO and IGBT become the development targets,
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different from MOSFETs in the second generation. The first
demonstration of SiC IGBT was 12.5 kV/5.3 mQcm? for an
n-channel structure.** Interest in electric power transmis-
sion and distribution network has increased rapidly, and
the development of SiC bipolar devices has attracted more
attention as the most advanced technology driver of SiC
device technology. As a result, previously mentioned high-
quality thick SiC films, BJTs with 20 kV blocking voltage,*
13 kV/6 A SiC-PiN diode,*® 16.5 kV/11 mQcm? N-channel
SiC-IGBT, and 6.5 kV switching using a 20 A chip (8 mm
square)’” have been recently demonstrated.

In the equipment/application domain, practical demonstra-
tions of various electric power equipment have been reported
using SiC 1 kV-class low-loss power transistors, including a
general-purpose inverter,*® an inverter-implemented motor,*
and a power conditioner for photovoltaic power generation.*’
A motor drive and power supply are two types of primary
applications of electric power equipment. Superiority of
SiC to Si device-based equipment has been demonstrated
in terms of efficiency and size/weight, owing to the low-
loss characteristics and high-speed switching performance
of wide-gap semiconductor devices. Compared with Si, the
usage of SiC power devices allows for the output power
density one or two orders of magnitude higher as an elec-
tric power converter,*'*> which is recognized as a large in-
centive for the actual introduction of SiC-based equipment
to various application systems used in society.

Performance improvement of the total system is enabled
by adoption of low-loss high-power switching device com-
ponents, where electric power loss across the application
system can be reduced dramatically, and is demonstrated
by the installation of SiC hybrid inverters in Tokyo Metro
trains.* Such a demonstration will be a future target for
second-/third-generation technology. Corresponding SiC tran-
sistors are now under development, while there has been
demonstration of a high-speed 5 kV single-phase three-
level converter using SiC PiN diodes.** For the next stage,
several technical issues remain, such as total design technol-
ogy aiming at high output power density, high-temperature/
high-voltage/high-frequency packaging technology, and low
electromagnetic interference technology for noise reduction.

Summary

Owing to recent successive breakthroughs in wafer and
device technologies, superior characteristics such as a SiC
single power device tip surpassing Si power devices have
been demonstrated. On the other hand, many challenges
remain, especially in the backend process. Such problems
cannot be solved by simple extension of conventional Si
technology, because the newly revealed problematic aspects
of high-temperature, high-speed switching, high-voltage,
and large-current capacity are beyond the conventional tech-
nology in Si power electronics. Energetic efforts for more
advanced technology development are still necessary in the
future.
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