SiC Power Module

R&D 100 Entry

1

SiC Power Module

R&D 100 Entry

Submitting Organization
Sandia National Laboratories
PO Box 5800, MS 1033
Albuquerque, NM 87185-1033
USA
Stanley Atcitty
Phone: 505-284-2701
Fax: 505-844-2890
satcitt@sandia.gov

AFFIRMATION: I affirm that all information submitted as a part of, or supplemental
to, this entry is a fair and accurate representation of this product.

_____________________________________
Stanley Atcitty

Joint Entry

Arkansas Power Electronics International, Inc.; University of Arkansas; Rohm Co.,
LTD.; and the Department of Energy/ Energy Storage Program.

1.

 . Arkansas Power Electronics International, Inc.
1
535 W. Research Center Blvd.
Fayetteville, AR 72701
USA
Alexander B. Lostetter, President & CEO
Phone: 479-443-5759
Fax: 479-575-7446
alostet@apei.net

Cover: The SiC Power Module (above). The images (bottom) are generic depictions of the SiC Power Module’s
various applications.

2

SiC Power Module

R&D 100 Entry

2.

 niversity of Arkansas
U
3217 Bell Engineering Center, Department of Electrical
EngineeringFayetteville, AR 72701
USA
H. Alan Mantooth, Director, National Center for Reliable Electric Power
Transmission (NCREPT)
Phone: 479-575-4838
Fax: 479-575-7967
mantooth@uark.edu

3.

 ohm Co., LTD
R
21 Saiin Mizosaki-cho, Ukyo-ku
Kyoto, Japan 615-8585
Phone:
Fax: 81 75 315 0172
Takukazu Otsuka, Engineer
takukazu.otsuka@dsn.rohm.co.jp

4.

 . S. Department of Energy/ Energy Storage Program
U
OE-10/Forrestal Bldg.
1000 Independence Ave. SW
Washington DC 20585-0270
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Product Name

High-temperature Silicon Carbide (SiC) Power Module

Brief Description

The product is a high-temperature 250°C power module implementing silion carbide
power transistors and integrated high-temperature silicon on insulator (HTSOI) gate
driver to reduce system electrical loss by less than 50 percent.
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Product First Marketed or Available for Order

The High-temperature SiC Power Module was first marketed via a public press
release and floor demonstration at CEATEC 2008 (Combined Exhibition of
Advanced Technologies), Japan’s premiere electronics trade show. CEATEC took
place September 30–October 4, 2008, in Makuhari, Japan.

Inventors or Principal Developers
Stanley Atcitty
Senior Member of Technical Staff
Sandia National Laboratories
PO Box 5800, MS 1033
Albuquerque, NM 87185-1033
USA
Phone: 505-284-2701
Fax: 505-844-2890
satcitt@sandia.gov

Arkansas Power Electronics International, Inc.
535 W. Research Center Blvd.
Fayetteville, AR 72701,
USA
Phone: 479-443-5759
Contact: Alexander B. Lostetter
President and CEO
alostet@apei.net
Edgar Cilio, Lead Engineer
Jared Hornberger, Manager
Alexander B. Lostetter, President and CEO
Brice McPherson, Design Engineer
Gavin Mitchell, Design Engineer
Bradley Reese, Design Engineer
Roberto Schupbach, Chief Technology Officer
Robert Shaw, Design Engineer
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University of Arkansas
3217 Bell Engineering Center
Department of Electrical Engineering
Fayetteville, AR 72701,
USA
Contact: H. Alan Mantooth
Director NCREPT
Phone: 479-575-4838
Fax: 479- 479-575-7967
mantooth@uark.edu
Simon Ang, Professor
Juan Balda, Professor
H. Alan Mantooth, Professor
Brian Rowden, Research Professor

Rohm Co., LTD.
21 Saiin Mizosaki-cho, Ukyo-ku
Kyoto, Japan 615-8585
[need phone]
Fax: 81 75 315 0172
Contact: Takukazu Otsuka
[need job title]
takukazu.otsuka@dsn.rohm.co.jp
Keiji Okumura, Engineer
Takukazu Otsuka, Engineer

Product price

Product pricing depends upon volume and power rating:
(a) Initial low-volume price (maximum power—1200 V / 150 A): $11,500 each
(b) High-volume price target (maximum power—1200 V / 150 A): $2,500 each

Patents Pending
N/A
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Product’s Primary Function

P

ower electronics modules are the core components of all power electronics
systems. In essence, power electronics systems convert electrical energy from
one form (provided by a source) into another form (consumed by a load). They are
required to drive electric motors (such as those for electric and hybrid vehicles),
convert energy from renewable sources (i.e., solar arrays or wind generators), and
provide power for a wide variety of electronics and electronic systems (DC power
supplies and inverters).

W

ith applications in hybrid and electric vehicles, renewable energy interfaces,
and more-electric aircraft, it reduces size and volume of power electronic
systems by an order of magnitude over present state-of-the-art silicon-based
solutions while simultaneously reducing energy loss by greater than 50 percent and
offering the potential to save $100s of millions.

O

ur team’s high-temperature silicon carbide power module is the world’s first
commercial high-temperature (250°C) silicon carbide-based power electronics
module. The 50 kW (kilowatt) (1200 V (volt) /150 A (ampere) peak) silicon carbide
(SiC) power modules are rated up to 250°C junction temperature and integrate
high-temperature gate drivers.

Figure 9.1. Exploded view of the high-temperature SiC half-bridge power module.
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T

he power module functions to 250°C junction temperature, implements a two
position half-bridge power topology (up to eight parallel power transistors
per switch position), integrates a high-temperature silicon-on-insulator (HTSOI)
gate driver board, and is packaged in a high-temperature plastic housing. The
module can be built and is
functional with SiC metaloxide-semiconductor fieldeffect transistor (MOSFET),
junction gate field-effect
transistor (JFET), or
bipolar junction transistor
(BJT) power transistors,
with no changes to the
manufacturing process or
gate driver board.

Figure 9.2. Photograph of the major components of the hightemperature SiC power module and how those components are
integrated into the module (the housing of this display module is
translucent in order to allow visibility into the module).

Silicon-Carbide (SiC)
Power Switches

T

he power module
implements up to
eight parallel SiC power
transistors per switch position (16 power transistors per module) that are capable
of operating to junction temperatures greater than 250°C. The power transistors
mount on the power substrate and are the electronic components that actually
process the electrical energy conversion.

S

ilicon carbide is a relatively new semiconductor material that is currently under
substantial development for the fabrication of power electronic transistors (such
as MOSFETs, JFETs, insulated-gate bipolar transistors (IGBTs), gate-turnoff thryistors
((GTOs), diodes, etc.). Theoretically, SiC can operate to temperatures up to 600°C
(standard silicon transistors are typically limited to 150°C), can block 10-times more
voltage than silicon, has a higher current density, can transition between the onand it off-states 10-times faster than silicon, and has a lower on-resistance (i.e.,
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it is more energy efficient). Figure 9.3 illustrates a comparison of the common,
commercially available silicon MOSFETs and the new SiC vertical junction fieldeffect transistor (VJFET).

T

he power switch turns on and off, either conducting or blocking current. When
the switch is on, it conducts current. When the switch conducts current, there
is a power loss associated with it; often the loss is indicated by the “on-resistance
curve” shown in Figure 9.3. On-resistance (RON) Ron=Vdrop / Iconducted. The
smaller the RON, the smaller the energy loss associated with that switch. This figure
shows the small RON for a silicon carbide switch in comparison with equivalent
standard silicon switches. The on-resistance characteristic of a power transistor is
directly related to the power efficiency of that device. As can be seen from this
measurement, SiC components have a 5-times to 10-times smaller on-resistance in
comparison with equivalent silicon components (even at room temperature), which
correlates directly to a reduction in power loss within the component by 5-times to
10-times.

T

he second important aspect indicated in this measurement is that the SiC VJFET
is operational to greater than 300°C, more than double the silicon component
temperature range. The advantage of this high-temperature operation capability
is two-fold: (1) it allows for the power modules to operate efficiently and reliably
in high-temperature ambient
environments, such us under
the hood of a hybrid-electric
vehicle or in the wing of an
aircraft, and (2) it allows for
a significantly smaller and
lighter power electronics system
through the reduction of the
thermal management system,
by an order of magnitude.

Figure 9.3. Comparison of on-state vs. temperature for Si and
SiC components.
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Figure 9.4. Switching operation of a SiC VJFET at 25°C (left, Ch 2) and 400°C (right, Ch2).

High-Temperature Packaging

I

n order to take advantage of the high-temperature operational capability of the
SiC power transistors, high-temperature electronics packaging is a vital aspect.
Following are the packaging processes developed or utilized for this product:
1.
High-temperature lead-free transient liquid phase (TLP) die attach and
substrate attach
2.
High-temperature wire bonding
3.
Ceramic electronics board
4.
High-temperature epoxy component attach
5.
High-temperature plastic housing and framing components
6.
Advanced, lightweight metal matrix composite (MMC) baseplate

W

e developed a high-temperature, lead-free silvertin TLP die attach process to connect the power
transistors to a nickel-plated direct bond copper (DBC) or
direct bond aluminum (DBA) power substrate (aluminum
nitride or silicon nitride). This die attach process is
capable of operation to temperatures in excess of 400°C.

Figure 9.5. Cross-section of
various layers in the lead-free
400°C Ag-Sn TLP die attach
developed and patented for
the high-temperature SiC
power module.

9

SiC Power Module

R&D 100 Entry

W

e also developed a high-temperature, lead-free nickel-tin TLP attachment
process to connect the nickel-plated DBC or DBA power substrate to
the MMC baseplate. This substrate attach process is capable of operation to
temperatures in excess of 400°C.

Figure 9.7 illustrates the experimental results of
wire bond pull testing of Arkansas Power Electronics International, Inc.’s (APEI, Inc.’s) high-temperature
Aluminum 15 mil and 8 mil diameter (dia.) wire bond
processing. We performed the pull tests according to
military specification 883 (with the exception of exFigure 9.6. Cross-section
tending the temperature range). Military specification
of various layers in the
lead-free 400°C Ni-Sn TLP
883 is the military standard for testing microelectronsubstrate attach developed
ics, and the specs cover everything from wire bonds to
and patented for the hightemperature SiC power
die attaches and environmental survivability requiremodule.
ments. Military specifications require a 15 mil dia.
wire to pass a pull strength
of 250 gram force (gf) after
cycling, and an 8 mil dia.
wire to pass a pull strength
of 75 gf after cycling. As
can be seen from figure
9.7, APEI, Inc.’s 15 mil dia.
wire bond processing passes
400°C cycling requirements,
and the 8 mil dia. wire bond
processing passes 350°C cycling requirements. Typically,
the higher temperature that
the component is cycled to
Figure 9.7. Pull strength of APEI, Inc.’s Al wire bond power inthe more stress it is going to
terconnects (15 mil and 8 mil) at 25°C, 300°C, 350°C, and 400°C
see, and more failure mechacycling.
nisms are introduced into
the wire bond or wire bond
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interface. This results in less force being required to break the bond during testing.
If the measured force is too low, the process fails military specifications.

T

he electronics driver boards are manufactured using low-temperature cofirable ceramics (LTCC) and thick film pastes that can reliably withstand ambient
temperatures greater than 300°C. A high-temperature (300°C) epoxy is utilized for
component attach on the gate driver board. The module housing is manufactured
from a high-temperature Zytel® plastic, capable of reliably surviving ambient
temperatures greater than 300°C. The baseplate of the power module utilizes an
advanced lightweight copper-molly metal matrix composite (CuMo). MMC that has
a coefficient of thermal expansion (CTE) characteristic closely matching that of the
SiC power transistors. This CTE matching reduces thermal-stress mismatches, thus
improving the long-term reliability of the power module.

Gate Driver

T

he power-switch control signals are created via a control board with a
microprocessor or digital signal processor (DSP). Then the control signals are
fed into the high-temperature SiC power module by control signal ports. These
signals are pulse width modulation (PWM) gate control digital signals. The gate
driver board accepts the digital control signals from the control board, amplifies
and modifies the signals, and drives the SiC power switches into the required “on”
and “off” states. WE designed the gate driver board to drive a variety of SiC power
switches, including VJFETs, MOSFETs, and BJTs. The driver board utilizes hightemperature silicon on insulator (HTSOI) active integrated circuits (ICs), ceramic
negative-positive-zero NPO-type capacitors, SiC diodes, and in-house designed/built
high-temperature isolation magnetics. We fabricated the driver board substrate
using LTCC and thick film pastes capable of reliable 300°C operation. We attached
the components using a high-temperature 300°C epoxy. Figure 9.8 (top left) is a
photograph of the LTCC gate driver board, and a thermal image (top right) of the
driver board operating at 250°C. The oscilloscope (bottom) images show the pulsewidth modulation (PWM) control and gate drive outputs of one of the signals at
turn-on, turn-off, and full period (at temperature).
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Figure 9.8. (top left) photograph, (top right)thermal image, and (bottom)scope capture of the hightemperature LTCC gate driver board.

High-Temperature SiC Power Module

F

igure 9.9 are
photographs of the
high-temperature SiC
power module product
and the promotional
translucent promotional
display module. Figure
9.10 is a photograph of
the SiC power module
demonstration at CEATEC
Figure 9.9. Photographs of the high-temperature silicon carbide
2008 in Makahuri, Japan.
power module (left), and the unlidded translucent promotional
display module (right).
The demonstration
operated an unlidded
SiC power module (utilizing Rohm SiCdiffusion metal oxide semiconductor
(DMOS) power transistors) with the gate drive control board in a separate module
(configured so the SiC power switches could be exposed and thermally imaged for
clear illustration of high-temperature operation to the audience and crowds).
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Figure 9.10. Photograph of the high-temperature SiC power
module motor drive demonstration performed at CEATEC 2008.

Figure 9.11. Photograph of the unlidded high-temperature SiC
power module (left) and thermal image (right) of a demonstration
performed at CEATEC 2008.
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F

igure 9.11 illustrates a thermal image of the high-temperature SiC power
module driving the DC motor load at the CEATEC demonstration. As can be seen
by the imaging, maximum junction temperature of operation of the power module
is 250°C, using SiC MOSFETs. In the demonstration, the high-side power switching
position is operating at 80 percent duty cycle (the measurement of how long a
switch is on compared to how long it is off ), while the low-side power switching
position is operating at 20 percent duty cycle. The 250°C steady-state junction
temperature in this demo is reached through the elimination of the heat sink.

A

ll energy loss in an electronics system results in thermal energy, and this
thermal energy
must be removed from
the system in order to
keep the temperature
of the electronics
low. Removal is done
through a heat sink
with a fan, or a thermal
management system
(e.g., liquid cooled
baseplate). These are
heavy and bulky, and
they constitute much
of the size and volume
Figure 9.12. Scope capture of a high-power switching test
of a power system.
of the SiC power module.
SiC operates at high
temperature. So the
heat sink system can be smaller and can operate the module under self-heating
conditions in a room-temperature ambient environment.

F

igure 9.12 illustrates a scope capture of the high-temperature SiC power
module operating under high-power conditions in a switching test. Channel 2
shows the drain to source blocking voltage across the high-side switching position
(approximately 375 V blocking in this case), and Channel 3 shows the module
output current (approximately 72 A rms, 250 A pk to pk is that case).
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T

he high-temperature SiC power module (implementing SiC VJFET power
switches) was inserted into a solar inverter renewable energy system level
application test in a laboratory environment. In this case, the system inputs a 600 V
DC bus emulating a high-voltage solar array, and converts power in a three-phase
inverter configuration (three power modules). Figure 9.13 illustrates the threephase voltage waveforms of the inverter system (left) and the three-phase current
waveforms (right).

Figure 9.13. Scope capture of the SiC power modules operating in a three-phase solar
inverter application.

Figure 9.14. Comparison of SiC vs. Si inverter efficiencies for various control schemes.
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A

s can be seen by Figure 9.14, the SiC power module technology has a very
significant power efficiency improvement over state-of-the-art silicon
technology. Peak efficiency of a state-of-the-art high voltage silicon IGBT solar
inverter system is approximately95 percent, while the SiC system operating under
identical conditions (10 kHz switching) achieves 98 percent efficiency—this is an
energy savings of more than 50 percent ! Implementing space vector control and
8.5 kHz switching, the SiC three-phase inverter system reaches greater than 98.5
percent efficiency.
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Product’s Competitors

A

wide range of potential competitive products exist. The following are the
closest competitive products by the recognizable silicon-based product
manufacturers:

»» IXYS IGBT Modules

MII 150-12 A3
»» PowerEx Dual IGBTMOD
CM150DY-12NF

»» Microsemi Corp. Phase Leg IGBT Power Module
APTGF180A60TG
»» Infineon® HybridPACK™1
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Comparison Matrix
Key characteristics highlighted

Product
Characteristic
Manufacturer
Brand Name
Product Number

APEI, Inc.
SiC Power Module

APEI, Inc.
SiC Power Module

IXYS
IGBT Module
MII‐145‐12 A3

PowerEx
Dual IGBTMOD
CM150DY‐12NF

Microsemi Corp.
IGBT Power Module
APTGF180A60TG

Infineon®
HybridPACK™1

Notes

High power module
for hybrid vehicles

High speed, high
efficiency module

Power Topology

Half‐Bridge

Half‐Bridge

Half‐Bridge

Half‐Bridge

Half‐Bridge

3‐Phase Half‐Bridge

Power Device

SiC DMOSFET

SiC JFET

Si IGBT

Si IGBT

Si IGBT

Si IGBT

Voltage
Current @ 25°C junction
Current @ 80°C junction
Current @ 250°C junction

600 V

1200V

600 V
150 A

600 V

600 V
400 A

180 A

100 A

1200 V
160 A
110 A
Catastrophic Failure

Catastrophic Failure

180 A
Catastrophic Failure

Catastrophic Failure

Maximun Junction Temp

250°C

250°C

150°C

150°C

150°C

150°C

On‐resistance (Ron) @ 25°C
Gate Charge

12.75 mΩ
480 nC

15.5 mΩ
160 nC

25 mΩ
600 nC

15 mΩ
600 nC

RON = 15 mohm
660nC

10 mΩ
4,300 nC

Module Switching Speed
Figure of Merit (FOMs)*

6.1 nΩC

2.5 nΩC

15 nΩC

9 nΩC

9.9 n‐ohm‐c

43 nΩC

Turn‐off delay

300 ns

estimate < 100 ns

600 ns

300 ns

150 ns

490 ns

Max Short Circuit Time

1 ms

1 ms

10 µs

Unknown (10 µs est.)

Unknown (10 µs est.)

Unknown (10 µs est.)

Radiation Resistant

No

Yes

No

No

No

No

Integrated Gate Drive
250°C Gate Drive

Yes
Yes

No
No

No
No

No
No

No
No

No
No

State‐of‐the‐art
hybrid vehicle drive

* FOMs correlate directly to high switching speed capability (Low FOM = Fast Switching)
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How Product Improves upon Competition

T

he SiC Power Module not only improves upon the competition, but it is a
revolutionary step in power electronics systems. The new SiC power module
technology operates at maximum junction temperatures (250°C)—impossible to
achieve with silicon technology (150°C limit)—thus directly resulting in thermal
system-level size reductions of more than 50 percent. Our competitors’ devices
feasibly go into catastrophic failure through thermal run away somewhere
around 175°C. The SiC Power Module’s unique lead-free die attach technology
is operational to temperatures in excess of 400°C; therefore, near-term future
changes will extend the power module temperature of operation to greater
than 300°C. High module switching speeds and short delay times result in highfrequency power electronics systems with significantly reduced magnetic and
filter sizes, again resulting in reduced electronic system sizes by up to 50 percent.
High efficiency, low-loss SiC switches enable the reduction of system-level power
loss by percent or more. All of these attributes, when combined, result in highpower density power systems with size reduction of an order of magnitude, while
simultaneously improving the system-level energy efficiency.

T

he SiC Power Module is capable of withstanding short circuit loads for more
than 1 millisecond (ms), which is more than 100-times the state-of-the-art silicon
systems. This capability results in a highly reliable and rugged power electronics
component that has a significantly increased chance of surviving temporary
control failures or interrupts. This is particularly important high reliability systems
employed in military vehicles and the aerospace industry.

T

he SiC Power Module employs a high temperature (250°C) integrated gate drive
board, which minimizes internal parasitic and allows for increased switching
speeds. Very few silicon modules include integrated gate drivers, and none of the
competitive modules outlined in 10B contain an integrated gate drivers.
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Product’s Principal Applications

P

ower electronics modules are the core component of all power
electronics systems. They drive electric motors (e.g., motors for electric
and hybrid vehicles), convert energy from renewable sources (i.e., solar,
wind, etc.), and provide power for electronic systems (DC power supplies).

T

his power module product can be utilized in any of these applications;
however, the initial primary target system is the hybrid-electric vehicle.
High-energy efficiency saves the automotive owner money through the
reduction of energy losses. High temperature capability improves the longterm reliability of the “under the hood” power electronics and reduces the
thermal management system requirements, both which result in improved
performance and long-term cost savings.

Figure 11.1. The images depicted are a Honda Civic hybrid-electric motor and a fictional
Audi electric vehicle from the movie “I Robot.” These images are meant as generic
depictions of the application for the power module.
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Other Applications
Renewable Energy

A

ll renewable energy sources require power electronic converters in order
to output energy in a form utilized by an end user. The majority of these
conversion systems require a power inverter that outputs power in a single or
three-phase AC (alternating current) configuration, often times tied directly to the
power utility grid. Core to the power inverter is the power module that performs
the actual energy conversion process (such as APEI, Inc.’s SiC power module) and
the energy efficiency of that inverter system. The high-energy efficiency of the SiC
power module reduces power loss by more than 50 percent in comparison to stateof-the-art silicon modules and makes it an excellent choice for all renewable energy
applications.

Figure 11.2. The SiC power module’s high-energy efficiency and lightweight makes it an excellent
choice for use in renewable energy power inverter applications.

More Electrical Aircraft

A

nother important target application area for the SiC power module is in
aerospace systems. In particular, the need to reduce aircraft maintenance costs
and operational weights while improving fuel efficiency has led aircraft system
designers to implement More Electric Aircraft (MEA) solutions. These solutions
aim to replace conventional design methodologies with electric and electronic
replacements. For example, the hydraulic systems typically used to move the flight
control surfaces on the wings and flaps of the F-35 Joint Strike Fighter have been
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replaced with electric motors and electronic motor drives. These drives must be
lightweight and reliably withstand extreme temperatures with minimal cooling.
APEI, Inc. is working the U.S. Air Force to replace the present silicon solutions with
the SiC power module outlined in this document. Another example of the MEA
is the Boeing 787, which is replacing electro-mechanical switches with solid-state
electronic solutions. The top requirement of the Boeing 787 is high fuel efficiency
and lightweight applications; therefore, it is an excellent system to insert SiC power
modules.

Figure 11.3. The future of aviation is the More Electric Aircraft, such as the F-35 Joint Striker Fighter
or the Boeing 787 Dreamliner. These aircraft replace traditional hydraulic and electro-mechanical
systems with electric and electronic solutions—high-energy efficiency, lightweight, and reliability are
all musts for these applications.
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Summary

W

hat is it? The high-temperature silicon carbide power module is the world’s
first commercial high-temperature (250°C) silicon carbide- (SiC) based halfbridge power electronics module, with an integrated gate driver. The 50 kW (1200
V/150 A peak) SiC power modules are rated up to 250°C. They can reduce system
size and weight up to an order of magnitude over present state-of-the-art siliconbased solutions and can reduce energy losses by more than 50 percent.

W

hat does it do? Power electronics modules are the core component of all

W

hat technical, economic, or social problem does it address? Global

power electronics systems. They drive electric motors (e.g., motors for electric
and hybrid vehicles), convert energy from renewable sources (i.e., solar or wind),
and provide power for electronic systems (DC power supplies). This specific SiCbased power module technology is designed for driving electric vehicle motors or
converting DC power supplied by solar arrays.

demand for high-efficiency green energy technologies and products has
placed new emphasis on the use of electric vehicles, the efficient use of renewable
energy sources, and on electric-based solutions for aircraft systems. All of these
applications require ultra-high-efficiency power electronics (to reduce energy loss)
with high-temperature ratings (to reduce size, weight, and volume). Over $300
billion of energy is processed globally by power electronics and motor systems;
cutting system energy losses by more than 50 percent will have tremendous
economic and environmental benefits.
hat is the technological advance? Successful creation of this new
technology required developing, implementing, and integrating many
new technologies including (1) a new high-temperature SiC MOSFET device,
(2) a greater-than 400°C, lead-free die attach, (3) a greater-than 400°C leadfree substrate attach, (4) a greater-than 300°C gate driver, (5) high-temperature
interconnects, and (6) a greater-than 300°C module housing. APEI, Inc.’s power
module operates at over twice the maximum rated temperature of today’s state-ofthe-art silicon technology with half the energy losses.

W
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hat is the social/economic
significance? Currently, the technology

Currently, the technology is licensed
to Rohm Electronics (one of Asia’s
largest providers of electronic
is licensed to Rohm Electronics (one of Asia’s
components), which plans to begin
largest providers of electronic components),
commercial manufacturing in 2010
which plans to begin commercial manufacturing
for use in three-phase motor drives
in 2010 for use in three-phase motor drives for
for Honda’s next-generation hybrid
Honda’s next-generation hybrid and electric
and electric vehicles.
vehicles. The power modules have also been
used in prototype SiC-based solar inverter
systems to improve system efficiency from approximately 95 percent to over 98.5
percent. Widespread use could result in $100s of millions or even billions in energy
savings.

H

ow does this technology compare with the competition? What factors
are crucial to the technology? APEI, Inc.’s SiC power modules outperform

competitor’s modules on every level—they are over 50 percent more energy
efficient, they operate at temperatures greater than 250°C, and they can reduce
system size and weight by 10-times or more. Additionally, the integrated hightemperature gate driver board eliminates the need for the end user to design and
develop interface electronics to take advantage of the SiC capabilities.

W

ow factor! SiC-based power electronics systems will revolutionize the power

electronics industry. For the past decade, large amounts of R&D funding has
been spent on developing SiC-based power switches (diodes and transistors), which
are only now beginning to penetrate the commercial market. This leading-edge
device will be the world’s first full high-temperature SiC power module, and it is
licensed and ready for commercial manufacturing now.
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Contact Person

Robert W. Carling, Director
Sandia National Laboratories
PO Box 969
Mail Stop 9405
Livermore, CA 94551-0969,
USA
Phone: 925-294-2206
Fax: 925- 294-3403
rwcarli@sandia.gov
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Appendix item B
EXCERPT
Thermal Verification of a High-Temperature Power Package Utilizing Silicon
Carbide Devices
R. Shaw, B. McPherson, J. Hornberger, A. Lostetter
Arkansas Power Electronics International, Inc.
535 W. Research Blvd. Suite 209
Fayetteville, AR 72701
Phone: 479-443-5759
Email: rshaw@apei.net
and
K. Okumura, T. Otsuka
ROHM CO., LTD.
21 Saiin Mizosaki-cho
Ukyo-ku, Kyoto 615-8585 Japan
Abstract
The researchers at Arkansas Power Electronics International, Inc. and ROHM CO., LTD. have simulated and tested
high-temperature packaging technologies for SiC devices in an effort to develop more accurate modeling
parameters for future applications. The laboratory test consists of parallel SiC power DMOSFETs, manufactured
by Rohm, and SiC power VJFETs operating under self-regulating current sharing conditions.
To produce accurate thermal simulations, thermal models require numerous design parameters that are constrained
to strict tolerances. Moreover, this presents an interesting challenge at junction temperatures (Tj) over 175 °C as
most individual components have not been previously tested or verified at these temperatures. To extract these
parameters at high-temperatures, the researchers have modeled a complete thermal system (including bare die,
substrate, package, heatsink, and all thermal interfaces between said components) then built and tested an identical
system to characterize the system’s parameters over temperature. Specifically, the advantages between different
types of thermal interfaces, including die attaches, substrate attaches, and thermal greases, were characterized over
temperature. A high resolution thermal imaging camera was used to capture surface temperatures of the system to
compare with simulation results. Due to mismatches in emissivity between components, multiple high-temperature
conformal coatings were tested and characterized over temperature, as well. In this paper, the researchers will
present the results of the laboratory testing that included the characterization of SiC DMOSFETs and SiC VJFETs
operating up to 300 °C, as well as the thermal simulation results.
Key Words: High-temperature packaging, Extreme environment packaging, Thermal model verification
1.0 Introduction
Silicon carbide (SiC) power devices have
long been a very attractive solution to high power
modules due to their ability to operate at hightemperature (upwards of T j = 600 °C) [1]. Thanks to
recent improvements in manufacturing reliability, a
few SiC power devices are readily available in the
commercial market. As these devices become more
prominent in the commercial arena, designers must
adapt to the unique design rules that are required by
operating at junction temperatures (T j) over 175 °C.

By exploiting the high-temperature
operation of SiC power devices, designers are able
to reduce the volumetric and gravimetric impact that
the cooling system can have for a given application
[2-5]. However, this introduces the challenge of
selecting appropriate packaging materials that can
handle high-temperature operation.
This paper will introduce initial thermal
characterization of two high-temperature die and
substrate attach methods, 95Pb/5Sn solder paste and
silver loaded glass epoxy. Also, thermal interface
materials, including high-temperature thermal
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Article announcing collaborative SiC Power Module work with Rohm,
Co., LTD
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Japanese public press release on the CEATEC tradeshow where the SiC
Power Module was first marketed.
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Update on the Development of a 10-kW Silicon Carbide (SiC) Based Inverter for
Renewable Energy Applications
Roberto Marcelo Schupbach (Arkansas Power Electronics International, Inc. (APEI, Inc.)), Edgar Cilio (APEI, Inc.),
Gavin Mitchell (APEI, Inc.), Jared Hornberger (APEI, Inc.), Alexander Lostetter (APEI, Inc.).
Contact Author: Marcelo Schupbach
Email: mschupb@apei.net
Mailing Address: 535 W. Research Center Blvd. Suite 209, Fayetteville, AR 72701
Phone: 479-443-5759 ext. 8210
Fax: 866-515-6604

Introduction
This paper provides an update on the development of a 10-kW three-phase all SiC inverter for
renewable energy applications (see Figure 1). APEI, Inc. researchers achieved an approximate 5
increased gravimetric density over state-of-the-art Si technology, and a reduction in energy loss
by more than 50% has been demonstrated. Figure 2 illustrates a photograph comparing the
natural convection heat-sinks required for a silicon power module (left) and a SiC power module
(right) operating under the identical three-phase power conditions in this project. Table 1 below
summarizes the performance characteristics of the silicon three-phase power module in
comparison with SiC, under various conditions and according to a variety of international
efficiency standards. The results in the table show that even at high power density and high
temperature of operation, the SiC inverter system reduces power loss by ~ 50% (97.5% peak
efficiency in comparison to silicon’s 95% peak efficiency). Utilizing identical thermal
management systems, the SiC inverter reduces power loss by more than 66% !
Table 1. Comparison of Si vs. SiC three-phase inverter operational characteristics.

The paper will present detailed information on the design, fabrication and testing of this inverter.
The authors will also provide electrical and thermal characterization data as well as preventative
operating waveforms. In addition, the paper will discuss a new generation of intelligent SiC
power modules presently under development. These new 1200 V / 150 A SiC power modules,
depicted in Figure 3, include high temperature gate drivers and are rated to a maximum junction
temperature of 250 °C. The power module implements up to 8 parallel SiC power transistors per
switch position (16 power transistors per module) that are capable of operating to junction
temperatures greater than 250 °C. In this paper, the authors will present electrical and thermal
characterization data for the new intelligent SiC power modules as well as preventative operating
waveforms.
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ETDP

High Temperature Silicon Carbide Power Modules

250 °C Operation Silicon Carbide
Inverter Modules
September 2008 Press Release
ARKANSAS POWER ELECTRONICS INTERNATIONAL, INC.
ROHM
UNIVERSITY OF ARKANSAS
OSAKA UNIVERSITY
Alexander B. Lostetter, Ph.D.
President and CEO
Email: alostet@apei.net

September 2008
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1. Title & Summary, 2. Speaker’s Profile, 3. Biography
1. Presentation Title & Summary
High-Temperature 250 °C SiC Power Modules with Integrated Gate
Presentation Title
Drive Boards
This paper will present the development, build, and testing of a high temperature (250 °C), high
power (600 V / 180 A peak) half-bridge power module utilizing silicon carbide DMOS power
transistors. The half-bridge power module implements up to 8 parallel SiC DMOS per switch
position (16 SiC DMOS per module), a module integrated half-bridge gate driver board built from a
Summary abstract

low temperature cofirable ceramic (LTCC) capable of operating to 300 °C, a high-temperature

(Around 150 words)

lead-free die attach and substrate attach that can withstand greater than 400 °C, a lightweight
metal matrix composite (MMC) baseplate material, and a high temperature plastic housing. The
power module has been built and experimentally tested to 600V and 180 A peak at 250 °C junction
temperature. These results will be presented in the paper.

* Please note your presentation title given to us would be on the all printed matters, which related to the symposium even
though you change the presentation title later.
* Presentation is to be original and non-commercial in that it focuses on the technical merits of a process rather than on
the Individual company’s product benefits.
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