1] POWER SEMICONDUCTORS

Some Key Researches on SIC
Device Technologies and their
Predicted Advantages

SiC has proven to be a good candidate as a material for next generation power semiconductors. To analyse
the advantages of SiC based power devices over their silicon counterparts, a high volume and standard
application segment such as the 400 to 480VAC line rated motor drives is considered to be ideal. From this
viewpoint, the present research work has focussed on 1200V class device technologies. 4H-SiC based
MOSFET and SBD structures have been considered to be the best fit device configurations for the targeted
application category. New SiC-MOSFET/SBD structures have been developed aiming at high power density
applications. Performance details of such newly fabricated SiC devices, along with their evaluation under
actual operating conditions, are also introduced. Gourab Majumdar, Power Device Works, and Tatsuo
Oomori, Advanced Technology R&D Centre, Mitsubishi Electric Corporation, Japan
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yet to be made available in volume. There
are several key reasons for it. One is the
problem of reducing the high cost
involved in making the base SiC material
and processing it for device

and have exhibited adequate technologies
for device fabrication and characterisation
(see Figure 1). However, practical devices
that can aptly meet requirements from

various power electronics applications are

Silicon Carbide has been the focus of
choice for advanced researches on post-
silicon power semiconductor materials. In
the last couple of decades, many of such
researches have given promising results
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Figure 1: Comparison of important physical properties of Si, GaN and three poly-types of SiC
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Features of SiC material effective for power
semiconductor performance improvement

| High temp operation capability (Band gap Eg = 3x Si) |

| Low Ron & High BV (Critical breakdown field Ec = 10x Si) |

| Fast operation (Electron velocity saturation vsat = 2x Si) |

] High thermal conductivity (= 3x Si)

System benefits of applying SiC power
semiconductors

/ System Merits

Higher power density, Downsizing,
High voltage & high power designs
becomes easier,

Lower loss and higher efficiency,
Higher switching frequency and faster
response improving accuracy and
precision of machineries,

Operation in high temp environment
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Figure 7: Power loss
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doped drift layer for such high voltage
structures using SiC, stacking faults
originated from the so called basal-plane-
dislocations are considered to cause a
forward voltage drop drifting over time
due to their recombination driven
movements.

In the case of transistor like controllable
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switching structures, JFET type devices have
exhibited fairly low on-resistance, even with
a high breakdown voltage capability.
However, JFET is a normally-on type power
switch and, due to that functional feature, it
faces many restrictions in power control
circuit applications.

For voltage classes up to about 3kV

range, SICMOSFETs are expected to
play a key role due to its normally-off
feature and simplicity in control
requirement attributed to the virtues of
its insulated gate structure, sufficient
ruggedness and comparatively easier
manufacturability. However, the on-
resistance of experimental SiC MOSFETs
has often shown much higher than the
theoretical value predictable from SiC's
physical properties. This is primarily
attributed to a large amount of defect
density generated at SiC/SiO2
interfaces around the three-channel
region. The density of defects (trap
density) thus generated, causes the
carrier mobility to go down, decreasing
current conduction capability and
increasing on-resistance. Considering an
n-channel 1200V SiC MOSFET, a
channel mobility of 50cm2/Vs for
electrons would be essential to reduce
the on-resistance of the device to a
sufficiently low value.

Improved static performance of SiC
devices

In our research, we have focused on
developing 1200 to 1700V range SiC
device technologies that can also realise
sufficiently large current output type
power chips. For this purpose, the two
aforementioned key device structures,
namely the power MOSFET and the SBD,
have been chosen as these are
considered to provide optimum
functionality in all power circuit topologies
applied in the targeted application zone,
although there have been several process
and structure related issues. Concerning
SiC-MOSFET, the problem of low channel
mobility has been thoroughly
investigated.

A remarkable channel mobility
improvement has been made by
developing an appropriate cell structure
and an advanced channel implantation
process step. With the result, a substantial
gain in terms of specific on-resistance (Ror-
) versus breakdown (blocking) voltage,
BV trade-off performance has been
achieved for both 1200 and 1700V rating
categories, as shown in Figure 4. Each
theoretical limit shown is applicable for a
low doped drift layer with one-sided
junction designed for punch-through
operation in blocking mode and majority
carrier current in conduction mode, using
either Si or 4H-SiC.

Concerning SiC SBD structures, many
efforts have gone in to optimising barrier
metal formation and metallisation
processes for obtaining low forward
voltage characteristic, active area and
electrode designs for sufficiently high
current density operation, and chip edge
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Figure 8: 3.7kW/400V
three-phase full SiC
inverter and
operational
waveforms
demonstrating its
capability to operate
at a very high power
density (9W/cm3)
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design for sustaining electric field at any
high voltage bias condition. The latest
SBD structures obtained through our
present work exhibit low differential on-
resistances at both 1200 and 1700V
categories. Thus, the trade-off points in
terms of specific on-resistance and
breakdown voltage are remarkably close
to the theoretical limit for 4H-SiC shown
in Figure 4.

Improved dynamic performance of SiC
devices

These experimental SBD chips have also
been stressed to very high current density
in dynamic mode and are found to have
ruggedness higher than 1700A/cm2.For
forming a standard arm switch suitable for
hard-switched inverters, the fabricated
1200V SiC MOSFET and SiC SBD chips
were tested in a inductive load bridge
circuit topology. Figures 5 and 6 exhibit the
combined performance at a high current
density condition in the test set-up. The
transient energies per pulse of switching
operation are found to be independent of
channel/junction temperature variation
due to both devices being free of
conductivity modulation and thus, the
combination is considered to be a very
effective

choice for high frequency operated
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inverter bridge circuits, where switching
losses dominates conduction losses. In
order to confirm this observation, loss
simulation for actual inverter operation has
been carried out and the results are shown
in Figure 7.

As expected, the power loss value for
the combination using Si IGBT and Si
PiN diode increases more rapidly than
the combination using 4H-SiC MOSFET
and 4H-SiC SBD. Also, the power losses
of SiC devices do not vary significantly
with channel temperature, particularly at
high carrier frequency range. This also
emphasises the predicted effectiveness
of using SiC power devices where a
high switching frequency is
advantageous for designing the whole
system.

Using these new high current density
type 4HSiC-based MOSFET and SBD
chips, power conversion modules and
inverter units have been built for
experimental purposes. Figure 8 shows
one of such units designed to drive a
3.7kW/400V three-phase AC motor. With
the SiC-based output the inverter switches
at 15kHz, the power density achieved at
full load is typically 9W/cm3, which is
considerably high for this class of
application system investigated under the
present work.

Conclusion

Possible benefits from use of SiC power
devices have been analysed and choices of
device configurations for hard-switched
power conversion systems have been
discussed.

Both in terms of static and dynamic
performances, the latest 4H-SiC-based
MOSFET and SBD power chips have
demonstrated high power handling
capability, even at high temperature and
high switching frequency operating
conditions. All these outcomes imply that
SiC power devices are promising
candidates for power electronics
applications where higher power density
and energy saving designs are increasingly
demanded.
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