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Outline

* Why Silicon Carbide?
— SIiC vs. S

» High Voltage (complexity reduction)
» High Frequency (weight reduction)

« WBG-HPST Program Obijectives

 Materials
* Devices

« Solid State Power Substation (SSPS) Shipboard
Advantages
— Weight/Volume
— Design
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Wide Band Gap Semiconductors
Silicon Carbide



Periodic Table of the Elements
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Band Diagrams of Common

Semiconductors
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SiC High Voltage Capabillity

SiC critical electric field

10x Si

35
S
S 25
s amsic |
©
£ 15 /
< GaAs
o 1
505 %/

0 . . .

1 2 3 4

energy gap (eV)

10x reduction in

thickness for equivalent
performance

Improved Performance
1kV Silicon Devices to 10kV Silicon Carbide Device
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High Switching Frequency

Current

time
Stored
charge

Si vs SiC diode switching

« SiC Power Transistors
— Lower on-resistance
— Lower switching loss
— Higher switching frequency
— High temperature operation
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Silicon vs. Silicon Carbide

Power Devices

SiC wide bandgap material enables better electrical and thermal
performance than Si power devices

Semi- Energy Breakdown Thermal Saturated
Conductor Bandgap  Electric Field Conductivity Electron Drift
Material (eV) (V/cm) (W/m-K) Velocity

(cm/sec)
4H-SiC 3.26 2.2 - 106 380 2.0 - 107
Si 1.12 25-10° 150 1.0 - 107

» Handles higher temperature: larger bandgap

» Higher voltage, current and speed: larger breakdown field

» Fault tolerance, Pulsed: intrinsic-temperature, saturation-velocity
and thermal-conductivity

Sharon Beermann-Curtin Approved for Public Release, Distribution Unlimited Page 8



- Switching speed decreases with voltage
« SiC enables higher speed and voltage

HVDC and FACTS
Power Transmission
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Benefits of SiIC Power Devices

BV (kV)
lon (A)
Si Speed
SiC Speed
SiC

Benefits

SiC Barrier
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Voltage and Current Range

0.3-1KkV 2 6KV <0—15K\D

1-500A 50 — 3000 A 3—-1000 A
20ns PIN <1k - 15kHz -—-
Ons Schottky  >20kHz  ((50ns, 20 kHz )
Efficiency Efficiency Control
*High Temp Control Functionality
HT Coolant Weight
Cost Cost Vf degradation
*HT Package Large Area/ HV-HF package
*MOS mobility/ Full-wafer- *Large area
oxide reliability device Yield
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20 — 40 kV
200 A

> 1 kHz

Control
Functionality
Part Count

HV substrate
Vf degradation
Series Package

Page 10



DARPA HPE MOSFET:

High Speed at High Voltage

SiC MOSFET: 10 kV, 30 ns Silicon IGBT: 4.5 kV, 2us

N | 4500

N
o

i ‘ 1
0k

oo : —n
it bbb

N —
o (@) ]

3000
}/l\ Area=0.15 cm?
T=25°C

— 1500

Drain Current (A)

N

o

Drain-Source Voltage (V)

1500 INTRTEUUR TOTOL PUUPTTRUN DURUL OO TSN OO O,

C 15nsidiv. 1us /div

Sharon Beermann-Curtin Approved for Public Release, Distribution Unlimited Page 11




Status
Materials, Devices, Modules
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Servers

HVAC
Robotics

Power Transmission

SiC Product Family

Schottky & PIN Diodes Future Military

Transistors Propulsion Drives
Radar Power Supplies
Schottky diodes are commercially available: High Power Converters

300, 600, 1200, 1700 V
1, 4,10, 25 Amps
Hybrid Si MOSFET/SiC Diode Cascode
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HPE Objectives & Goals

10-20 kV IGBT 10 kV MOSFET
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0.22 ppl/cm?

Critical Challenge:

Material Quality for Large Area Devices

O (‘:i F

core dislocation propagating

Micropipe: open

75 mm 4H SiC n-type wafer
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Ongoing Improvement in

4H-N SiC Substrate Quality

* Monthly Median Micropipe Density (MPD) of 4H n-type SiC Wafers at Cree
+ 3-inch SiC wafer monthly median Micro Pipe Defects (MPD)< 2 cm
* 4-inch SiC wafer monthly median Micro Pipe Defects (MPD)< 20 cm™
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Yield Prediction

Based on a Uniform Defect Density

B 0.5 cm? die As device area
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MOSFET

Continuous Current: Extremely Fast Switching:
30 Alcm?2 @ 200 C 30 ns @ 120 A/cm?
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MOSFET Voltage Capability

Voltage Capability > 12 kV
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Drain Current (A)
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SiC PIN Diode

Continuous Current: Optimizing Speed @ 200 C:
80 A/cm? 500 ns = 300 ns ...
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Diode Voltage Capability

Voltage Capability > 10 kV
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Half Bridge Module Package

10-kV, 110-A, 20 kHz

 Normal flow heatsink for high heatflux
« 15-kV voltage isolation
 High-temperature, high-field potting compound

-~
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 Heat dissipation goal
is 500 W/cm?

 Thermal expansion
match to SiC
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Application:
Solid State Power Substation
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Memorandum of Agreement

Director, DARPA / Chief of Naval Research / PEO-Aircraft Carrier

Approved by: Program Technical Milestones
RADM Dennis M. Dwyer _ Estimated
Program Executive Officer, Aircraft Carriers Completion Date
Phase 11 3Q FYO06
RADM Jay M. Cohen Develop 10-20kV switches
Chief of Naval Research (IGBT’s, MOSFETS) and PiN
U.S. Department of Navy diodes. Packaging.
Phase Il 3Q FYO08
Integrate devices and 20kHz
Dr. Anthony J. Tether transformer into SSPS 2.7 MVA
Director, Defense Advanced Research Projects Agency | transformer prototype.
U.S. Department of Defense Phase 1V 1Q FY11
Demonstrate 2.7 MVVA SSPS

Sharon Beermann-Curtin Approved for Public Release, Distribution Unlimited Page 26



Higher Frequency Positive

Ship Impact

- Smaller transformer - size and weight (presently >40% of
weight, 15% of the cost of State-of-the-Art PCMs)
* Solid State Power Substation
* Precise voltage regulation
* Unity Power Factor (20% increase in power)
» Fast fault detection, protection, restoration
« DC Distribution

10 ] T S
\ ! é 25 .
1 PN ; S <07
10 = I s 2| .
10 | \ I = Savings
i N ! = >2 Tons / MW
% 10 : AN ' _'511 O 4 o
g I \ ! o
3w ’ T — =
I N s 1
105 i £
' N 5 0.5-
10—6 1 ; \ E .
: ' £ o —
3 I 5 - I T T
’ 60-H2100 Frequelr(:cy (Hz) 10;0 kHz K " 0 . . ) 10 15 20
1 Switching Frequency (KHz)
CoreSize ~
Frequency Silicon Carbide Reduces Transformer Weight

by ~ 2 Tons per Megawatt of Power
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Transformer Application Specifics:

13.8 kV — 450 V Solid State Power Substation (SSPS)

SiC-based Solid State

Conventional Approach: Power Substation (digital)

Low Frequency Transformer (analog)

Transformer (~40 on CVN):
« 2.7TMVA

» 13.8kV/450V (A/Y) 60Hz

* 6 tons/each

* 10 m3/each Solid State Power Substation (estimated):
- fixed, single output « 2.7 MVA

» 13.8kV/450V (A/Y) 20 kHz

* 1.7 tons/each

« 2.7 m3/each

* multiple taps/outputs

Additional performance features of SiC SSPS
* Precise voltage regulation (sag, flicker, harmonics)
« Operates at Unity Power Factor to source (effective 20% increase in useable power)
« Fast fault detection, protection and restoration (potential to eliminate circuit breaker)
« Easy energy storage
« Enables DC distribution

Total estimated weight and volume savings: 172 tons, 292 m3
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SSPS Inputs and Outputs

13.8 kVac,
3¢, 60Hz

13.8 kVac,
3¢, 60Hz

Sharon Beermann-Curtin
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Type |
(450 Vac,
3¢, 60Hz)

Type |

Type Il

Vdc (270Vdc)
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13.8 kVac,
3¢, 60Hz

Front End Rectifier

Sharon Beermann-Curtin

I Type |

High Frequency Transformer

Front End Inverter
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Output Converter

Output Rectifier
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13.8 kVac,
3¢, 60Hz

Type Il

|
| Vdc (270Vdc)

Front End Rectifier High Frequency Transformer
Output Converters
Front End Inverter Output Rectifier
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Snaron Beermann-Gurtn Approved for Public Release, Distribution Unlimited NATIONAL LARCLGE SL



3 level 1 phase inverter 1 phase rectifier

3 level 1 phase rectifier \{L 1 phase Eransformer// |
) I Type |
13.8 kVac, = - = i ||
3¢, 60Hz " C Type il
| Vdc (270Vdc)

Another good thing — redundancy
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3 level 1 phase inverter 1 phase rectifier
4/5 level 3 phase rectifier™ _ 1 phase Eransformer//

- -
I Type |
13.8 kVac, ~ - = ) ||
3¢, 60Hz o Tyeell
| Vdc (270Vdc)

? 1x3@ or 3x1@ ?

Balanced load to source
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Core Designs Higher

Efficiency & Simplicity

Los Alames Neutron Science Center ° Los Ala mos
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Program Timeline

Phase | Phase Il Phase lll Phase IV
FYO03 FYO04 FYO05 FY06 FYO07 FYO08 FY09 FY10-11

SiC materials

Wafer and epi yield enhancements

SiC components
10 kV MOSFET/IGBT/diode demo

materials packaged modules

Manufacturability,
Producibility

110 ea parts build
20 kHz transformer,
SSPS preliminary

design
SS Power Substation BAA Release TRL6
* Prototype build 1 May 2006 2.7 MVA SSPS lab demo
* Land Test

System Analysis. D
Business Plan, Ship Full Power Testing Prep
Design, Integration Plan — > —

EDM (SCN)
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