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General Electric:

— 127 years legacy = Global Reach
- Multi-disciplinary = Key Player in the Global Economy
—> Continuously Innovating

GE ... unmatched innovation legacy & scale

Discovery... world'’s ﬁr_sts Portfolio .. differentiated IP Prosperlty ecosystem lmpact
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GE Global Research Center:

—>Two locations — Niskayuna, NY & Bangalore, India, > Research Hub
—1,100 Scientists and Engineers, 600+ PhDs =~3,000 patents per year across GE
=11 technical disciplines —=>~60,000 visitors globally/year
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My SiC Credentials

15,5 «— 35mm Wafers.

= Started thinking about SiC in 1996:

o My PhD Thesis conclusion hailed SiC
power devices as the future of
Power Conversion.

o Led modeling & testing task of GE
DARPA Megawatt Program on SiC SiC GTO Wafer: 50um Epi.
Power Devices (1998-2000).

= Worked on (1998-2019):
1. Materials — Epitaxy.
2. Device Structures- Design & Fab.
i. Diodes, Thyristors, FETs, BJTs.
3. Packaging.
4. Applications. it

5. Commercialization SiC PiN Mask Layout
. . Three Sizes: 4000umx4000um,

800pmx800pum, 250pumx250pum.
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Wafers, Material, & Device
Evolution Over the Past 20 Years

*1”3/8 to 6” > 400% / Few microns of Epi = 100-

150microns.

* Few $1000s per wafer = Less than $S1000 (in volumes).

* Too many killer defects = Fewer defects.

* 100s of upipes per cm2 =2 Less than 1MP per cm2 — ZMP
available.

* One commercial part > At least 5 commercial parts.

* Handful of manufacturers = Over 10 manufacturers.

* Small area devices (less than Immx1mm) =2 1cmxlcm.

* Few 100s of Vs blocking voltages —>10s of kV = JTE

Improvement.

GE Public Iﬂ!_,ﬁp 6



GE SiC Timeline — Photodiodes & MOSFETs
GE: 20+ Years of SiC Experience

First SiC SiC Flame Tracker 1.2kV, normally Fully capable 4" AEC-Q101 qual. NYS, SUNY & GE
phatodiode (UV combustion off, SiC DMOS SiC fabin place, 1.2KV SiC MOSFET announced Utica
studies for UV, monitor] enters power devices demao’'d MOSFET w/industry leading g packaging fab
combustion production demonstrated Vry stable @200°C performance =
First SiC product =
® 9 'y 'y ® n
nQa
e — ”» - »- ———
10GE . 5019 201 2016
1995 2005 2005 40 el Py
] L ] ] . o ® ]
1991 1993 2006 2011 2018 2015

[ ] L ®
World's first SiC Initiation of Energy Transition SiC line to Aerospace GE achieves .
op amp with Conversion Advanced 4"wafers, best-in- converter with 1S09001:2008 World’s first
high temp. Technology program class MOSFET 98.5% @ 75kw, QMS for 4” fab MW-scale SiC
operation to develop SiC power performance, early 20KHz PV inverter
MOSFETs inverter prototypes NYS, SUNY & GE
with GE Aviation announced 6"

SiC Albany fab

*%*2015-2017: Power Electronic Manufacturing Center 6” Fab. Commissioning.
*2018-19 — Exploring Licensing Options and Partnerships for GE MOSFET Technology.
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GE SiC Timeline — Schottky Diodes & T

DARPA SiC Megawatt: GE R&D,

RPI, Powerex: Made PiN . Explored
' . First additional
Diodes, GTOs: .
v Built first Hybrid modules (Si Started successful opportunities for
Started . .y . working on 3kV SiC SiC Thyristors —

. IGBT/SiC PiN diodes). ) ;
working v Performed first full 3kV Pulse Thyristors on partnered with
with Cree. . . . Power SiC 4" wafers. TPS to test GE

comparison of Si and SiC .
Thyristors. Parts.

diode.

hyristors

Still exploring
opportunities for
further
commercializing SiC
Thyristors, TVSs with
commercial partners.

First SiC Photodiodes First successful

from GE’s SiC installed in Built first 3kV SiC Corr.1p'leted over

an Electric Power Plant. 600V, 2*60A Thyristors on 1 million pulses
SiC Schottky 3” wafers. at 2kV and 800A

pulse current.

diode module.

*https://www.gemeasurement.com/sites/gemc.
dev/files/flame_tracker_factsheet_r1_0.pdf 600V, 2x60A

SiC Schottky Diode

GE Public

Completed Phase 1 of
SBIR with TPS and
successfully
demonstrated ns pulse
capabilities of SiC
Thyristors.




SiC Diodes: Schottky and PiN Diodes

Powerex - ISOTOP™

ELIEN ™y DBCu AIN an-. Cathode
48 { et Substrate 49 T

Cathode
Terminal

SN 007 e B
SiC DIODE 60A 600V ¥ |

Anode
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A Blast From The Past — Circa 1998

Contrast with a SiC PiN Diode GE Corporate R&D
Trr=161ns, Irr=37.6A, : 7 5 Trr=16ns, Irr=3.5A
e ) A T , .150 ¢ Vrr=808V
: ¢ : I 5 DUT : Fast Si Diode, 40EPFO6 | RELES i : 5 s = 5 SR
LR SN T g kil ' diods, 5 Avdiv ' : : : 33'2” o
 wodetoaay ot SOms/div . ] | ol 50ns/dlv
b vawemovay 3 P/ F N0 0 | vesemoww |0
“Jua ‘ A - 3.,-, — N

- Vigbt, 200 V/div

Vb 70V /\wwwm,‘ﬁ S i e
WL RLLT B e B m R P
di/dt=480A/ps
Fast Silicon Diodes SpumSilicon Carblde Dlodes
Diodes made in CRD
DARPA/GE SiC Megawatt 6

* “sSwitching Characteristics of Silicon Carbide Power PiN Diodes, “Journal of Solid State
Electronics, Special Issue on Wide Bandgap Materials, 2000, A. Elasser et al.
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Been There, Done That

Tek Run: 250MS/s Sample [FE
k. =+ +
15

i

600V, Made | % « ]
2x60A From a 2”7 b
SiC Wafer - .
Schottky Infineon o e
.~ Diode. Gen. 1 i
Circa 2001- diodes. Coo ]
2002 =000 beneneidein
600V, 20A SiC 600V, 75A f%%gow - R O 172002
Si IGBTs. G : ns

PiN Diodes.

Hybrid Si/SiC Modules From The Late 90s.
v@r

GE Public
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6.5kV SiC PiN Diodes Circa 2010

Diode Off #1070 200ASIIGBT vs 200ASi diode |= 216 U= 3687

Diode Off #1080 SCTB2 Inf 6 5kV 200A vs GE SIC 656V PIN 1004 125°C run3 I= 208 U= 3980 4000
4000 T N - - - _
Vd: 1000V/div 2000 Vd: 1000V/div
3000 xos
1
2000 .
2000 |
[ 1000
I x 138 [——10dad]
| . — UK
1000 —10xd || 0 - Id:100A/div [ —

Id:100A/div

X 4692
¥:-9.888
Xx:2428 {
Y3207 1000
0

- [ ]
| a0 ) Si
~1000 o { x 1388

UdAK

it Sic 8 3000 1 Lmaz' 3 4 5 ]
Turn-off, at 125°C Turn-off, at 125°C
T Bipolar Degradation and Current Sharing
1 000“ Forward Voltage Drift at Forward Current of 100 A
o Spot 2150>
M eokoge burrehtatkr || - ST
ediRddge Lurreptd £
— 60.0p 9 oo ?:.”—”’ 1503
Sﬂ §:: ——Samp
2 40.0p il
20,0 @
s p i o
0 2000 4000 6000 8000 10000 2 samples run for Open Module run at 100A
Vr (V) 10 hours- slight increase showing current sharing
in forward drop amongst the 4 chips

GE Public Iﬂi?P 12




SiC GTOs (1999) & Thyristors (2003)

3kV SiC Thyristor Jumbo TO 247 Powerex QIS HV Packages

GE Public Iﬂ!?P 13



Cathode (K) Anode (A)

Gate (G)

Gate (G)

Anode (A)

Cathode (K)

A
6mmx6mm Chips- 4” Wafer
K K 6mmx6mm Forward Blocking Characteristics
A Imeas (A)
1 2uiA at 4.6kV, RT
G ‘ Three orders of magnitude
— o lower than Si Devices
<
E 0.0000015 : ; :
L 153V/um with new termination
8 0.000001 / (Al
()
o
E 0.0000005
A K & J
- ‘ 1000 1300 2000 2500 3000 35p0 4000 4500
Si SiC
e Vak (V)
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GE SiC MOSFETs: 1.2kV, 1.7kV, 2.5kV,
3.3kV; Discrete and Modules

Chip

GE Public Iﬂ!?P 15



GE SiC MOSFETs

4.5mm

A

e Graded Junction Terminations.

 Low Rdson.

e 200°C Tj max.

 AECQ101 Qualified.

e 1.2kV, 1.7kV, 2.5kV, and 3.3kV.

e 1.2kV and 1.7kV Modules up to
1200A.

* Less than 5nH Module package
inductance.

JHENI

p-well

n-type

n-type substrate < sub
S

Drain

High Avalanche Energy (3J for 1.2kV
and 1.7kV devices- 9J to 15J/cm?).
High Short Circuit capability (up to
10us - recently improved*®).
Optimized process for 4” and 6”
wafers.

High Oxide Reliability.

Small voltage threshold drift.
Tested for NBTI and PBTI.

* “Optimization of 1700V SiC MOSFET for Short Circuit Ruggedness,” A. Bolotnikov et al. ECSCRM 2018.

GE Public

wiibp
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GE SiC MOSFETs: Device Structure,
Terminations, Reliability Data, Qualification.

e A
i E‘“
P-Well Region PR
N-Type Drift Region ;
e
Drain Contact
. ISO 9001 Certified
Device Structure. Graded JTE. .
in 2014.
HTGB: 1000 hr, 200°C, Vc=23V: HTRB: 1000 hr, 200°C, V,s=960V:
o/ passed o/ passed

1000 temp. cycles (-55 to +200°C):
o/ passed

GE Public lﬂi?P 17




Drain current, I, [A]

1.7KV, 70A @ 25°C, 29mQ.

120 /
S 75
- // . /
N A“‘AL‘: T=175°C ¢
20 / 65 /
E |
60 Z/ - 'é 0 T=150°C /
...-""‘-_'glﬂ“' I_'.E‘ 55 /
40 / = / = Z so _/ Tr12sTe
o
20 4 ,/ g a — T=100°C _L="
% 40 _-//
=5V, 0V 2
n “ =
0 2 4 1] 2 10 12 © 35 o
Drain-source voltage, V. [V] 30 Ti=25°C
Chip size: 4.5mm x 4.5mm (20.25mm?) * 0 50 100
70A Rated @ TC:ZSOC Drain curent, I [A]
T, max = 175°C (package limited)
Rpson=29mQ @(70A, T,=25°C), 54mQ @150°C Rdson vs. Temperature =
Normally-off w/ avalanche limited BV @2150V Positive Temp. Coefficient >
Ease of paralleling.
GE Public lﬂz?P
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Silicon Carbide Modules

108 112
102 . 144 ." - . -

10.6 122 148

©J[o]. n

120 118 . 114126 116

A\ L N,

150 158

152

Low Inductance Package

. ) US Patent#: 9,972,569
T / .
§ . ,//, e 1.2kV & 1.7kV, up to 600A, Tj-max =175°C.
f ) Tﬂlsc// e Compatible with E3-style footprint.
< —E"C/ e 12 MOSFET chips per switch.
S . = P . .
g ok | e Designed for low inductance: 4.5nH.
f s =T — e Body diode + 3Q MOSFET for low cond.
R e e Losses.
D o current, LAl Embedded temperature sensors (NTC).
GE Public Iﬂj:?P
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1.7kV Modules Switching (Phase Leg)

Tum On Danfoss-E3XL-A++_Sample SBE4-low side Ls21nH 125°C 1350V Diode RR Danfoss-E3XL-A++_Sample SBE4-low side Ls21nH 125°C 1350V
T T T T T T T T T T T T T T T

1600 T T 1600 : : :
— 100 . i : : — 100
=55 : i L a0

1400 - 298 | 1400_ 8 .| ZBBi

R 396 396
S m— 0 1200~ —— 493 ||

1200 - : AR / ——— 590 [] 590
-\‘ — 688 : i : .| —— 888
\ X 788: L7170 ) NSRS SRSRURURS SURRS R 5 ' SRR SO0 SOSSSSUSS SR SA 788 H

1000~ \ I)\\\ — 877 || — 877
\ A0 W —— o987 |

\ 1060

N\ i Sl
400"

\ ——— 987 H 8001 :
800 - \ , = 1080 % k
K\\-\»_‘ . 600 N\

NN |\ S S U —
200

200} > *\‘\ 2
\ \{‘ | 0
0k ) ,\« - -200
2005 005 01 015 02 0 03 03 04 04 05 4005 tl,é)ﬁ 0 015 0z 0% nis 0% 0?4 045 05
Vgs=20V, Rgon=5.58Q), Rgoff=4.6Q.
100 EondmJ) 100 EoffdmJ)
80 80
1200V
60 60 1200V
——1000V —=—1000V
40 40
——800V ——800V
20 600V 20 ——600V
0 0
0 200 400 600 800 0 200 400 600 800

ID (A) GE Public
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2.5kV, 3.3kV SiC MOSFETs

3.3kV, 120A SiC MOSFET
Module.

3.3kV, 120A SiC MOSFET Mddule
Turn-off Switching Losses @
125°C, Rg =5Q.
3.3kV, 120A SiC

Energy mJ

Turn-off Switching Energy @ 125C

25.000

= Turn-off @ 600V,
20.000 125C

— Turn-off @ 800V,

15.000 125C
, ——Turn-off @ 1KV, 125C

e Turn-off @1.25KV,
125C

e TUrn-off @ 1.5KV,
125C

Turn-off @ 2KV, 125C

5.000

0.000
20 40 60 80 100
Ids, current (A)

MOSFET Module Turn-on
switching losses @ 125°C, Rg
=5Q.

GE Public

v

Turn-on Switching Energy @ 125C

25.000
= Turn-on @ 600V, 125C
20.000
——Turn-on @ 800V, 125C
£ 15.000
2 ——turn-on @ 1KV, 125C
'™
£ 10.000
—TUrn-on @1.25KV,
125C
5.000
——=Turn-on @ 15KV,
/ 125C
0.000 Turn-on @ 2KV, 125C
20 40 60 80 100

Ids, current (A)

m?
SuEE”
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Next Generation
Packaging & High
Voltage SiC MOSFETs
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GE POL Packaging Technology

Power Overlay (POL) technology

* Unique packaging technology Combining flex, PCB and
wafer level processes to improve device miniaturization
and performance

* Wire bondless and Solderless Direct pad interconnect
High quality / control in microvia and patterning

* Ideal for high power density applications

Low Inductance, capacitance & resistance:
Low transients, high efficienc

° Polyimide e Adhesive

POL-kW =} @
— pm
Structure e No wire-bonds and solder-bumps:
High reliability
i ° Ability to array multiple die:
e\',}‘re A Lowers system complexity & cost

>2000 pm
WII’EbOI\d Die o Compact package:
Structure System size and cost reduction

Metallization

@ GE Public Iﬂ!,?P 23



GE POL Products Portfolio
GEAS SiC MOSFET POL Module Portfolio

400A - ¥ bridge 200A, 1200V Dual

s

s o

250A, 1700V - 6 pack

600A, 1200V
Y bridge HTMP

250A, 1700V - Dual

1600A, 1200V

Y2 bridge ...I. 'i|.
K - ‘..,‘? I -
o —Ju| o
300A, 1200V

NPI offerings from GEAS using POL
Higher power density

Higher operation temp.

Less loss and voltage overshoot
Less weight

200C Junction temp operation

3 Channel SSPC

https://www.geaviation.com/sites/default/files/Silicon-Carbide-Power-Modules.pdf
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Charge Balance JBS Diodes

JBS Anode
_ 250
=
S
& 200
(=]
: £ 150
g <
g - 100
: Q
2
“ 50
0

Ve (V)
0 900 1800 2700 3600
' ' : ' 1.E-03
)50 : '/ "’ i /
seanwssne J50C "
N /7 7
= o == 1250C RS 2 4 - 8.E-04
D , i .
. rd -
.!. 4
’4:,’_ - 6.E-04
Y 4
Y4
“ - 4.E-04
- 2.E-04
J - 0.E+00
0 1 2 4
Ve (V)

lr (A)

Schematic of SiC CB-JBS diode
depicting p-Charge Balance and p-
Connecting regions.

of 3kV SiC CB-JBS diode.

Forward and Blocking I-V characteristics

* A. Bolotnikov et al. “SiC Charge-Balanced Devices Offering Breakthrough Performance Surpassing the 1-D Ron versus BV Limit,” ECSCRM 2018.

m?
SuEE”
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GE Silicon Carbide Applications

1MW, 1500V Solar PV
Inverter.

* IMW Wind Converter
for 3AMW DFIG
Machines.

« 1MW NASA Hybrid
Flight Converter.

* Numerous Aviation
Applications.

* 3MVA MR Gradient
Amplifiers.

* Energy Storage DC/DC
Buck Boost Converters.

GE Public




1MW SiC Solar Inverter
World's First MW-scale all-SiC PV Inverter

2Xx 1 MW units with SiC MOSFET modules

Operating in utility scale solar plant since Nov. 9, 2016

Up to: 10MWh daily energy production, ~100kWh incremental vs. Si
Risk reduction for the high volume 2.5MW all-SiC product

*1.7kV, SiC MOSFET Power Devices.
» 2-level topology, air cooled.

e 3x parallel modules sharing single gate
drive unit.

GE Public Iﬂ!?P




1MW SiC Wind DFIG Converter
For 3MW DFIG Machines

Solid-State Transformer For Wind Power Conversion

High Frequency Conversion

690 Vac, Var. Freq.
3- M
SG SG, o 4.
t 1 Mt
LV Cable - HV Cable

3~

N -

$ 35 kVac, 60 Hz 35 kVac, 60 Hz

Current Configuration Improved Configuration
* Down-tower converters + transformer * Up-tower converters with integrated HF step up
* Heavy/expensive LV cables * Lighter/ cheaper HV cables

** Funded by the US the Department of Energy - DOE Grant No. DE-EE0007252 for the work presented

in this paper.

GE Public Iﬂ!,?P 78



Solid-State Transformer SiC Wind
Power Electronics Building Block

B O <t =t ¢
z—_ L AN gg A L | 42
LI T N C N oF ST S T T N =T S =Y.

» 690 VAC /1000 VDC on primary and secondary sides, 175 kHz transformer
> 40kW - 150 kW Building Blocks depending on partial/fully populated boards

** Funded by the US the Department of Energy - DOE Grant No. DE-EE0007252 for the work presented

( : in this paper. dnanEn
GE Public Iﬂ!_bp
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Hybrid Flight Converter Topology

+Vdc

-Vdc

Hybrid Three-Level ANPC @1MW, n of
Inverter for Aircraft 99%, 98kg
Hybrid-Electric Weight
Propulsion Systems. 12kVA/kg

density.

** Funded by the U.S. National Aeronautics and Space Administration (NASA)

and the Department of Energy (DOE) supported- (NASA Grant No. NNC15CA29C and DOE Grant No. DE-

EE0007252) for the work presented in this paper.

GE Public

DC Power Supply MW Hybrid ANPC
: — Inverter

H-12kVde [
‘.' ~, |

Dual 1.5 MW
Dyno Drive DYNO

- MW high speed

Motor

LT 30



Silicon Carbide Challenges

Substrates

Reliability

s
Epitaxy ﬁ

E lic

-

Processing

y

e g—

Applications

m?
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SiC Carbide Devices Grand Challenges

Challenge 1: Substrates &

Challenge 9: Carrier
Lifetime.

Material Defects.

Challenge 2: Epitaxy,

Challenge 8: Bipolar
Degradation.

Uniformity, Thickness,
Lightly Doped P-Type.

P-Well Region

Challenge 3: Long

Term Reliability. Challenge 7:

Processing Knowledge
at High Temperature,
lon Implantation, Deep
Etching.

N-Type Drift Region

Challenge 4: High Electric
Field Mitigation —
Terminations, Passivation,

Drain Contact

Testing, Packaging.

ChaIIerTge > Moo!ule Challenge 6: Low Channel Mobility >
Packaging, Gel, Wirebonds L .

oxide interface issues, charge traps,
Inductance. : :

SiO2 quality, etc.

SiC Has Come a Long Way....But There are Still Challenges to Tackle

GE Public Iﬂ!_,?P 32




SiC Carbide Packaging Challenges

Challenge 1: High Temperature
Operation- Beyond 175°C.

Challenge 2: High Voltage
Packages - Need to fulfill SiC
Entitlement.

Challenge 3: Low Inductance
packages for high frequency

applications. (e.g. POL, LinPak,...).

GE Public

bonds

Connectors

Challenge 4: Cosmic Radiation
— Need Packages to Operate
at High Altitudes (e.g. nHPD?).

Challenge 5: High Reliability
Required to use SiCin
Demanding Applications.

Ribbon

Challenge 6: Fail Safe Modules
— Need Failure Contained
Packages.

33




SiC Carbide Converters’ Challenges

Challenge 2:
Short Circuit
Ruggedness —
Need to Match
or surpass
IGBTs.

EMI Mitigation,
Robust Gate
Drives, etc.

Challenge 1: Cost — There is still
a lot of room for improvement.

Challenge 4: Lack
of Bipolar
Devices such as
PiN Diodes,
Thyristors etc.. —
needed for Pulse
Power
Applications

Challenge 3: Meet HV, HT, HF
Entitlements, Rest of Components
Need to Follow: Chips, Packages,
Gate Drives, Passives, Controls, etc.

GE Public

m?
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1.7kV Modules Paralleling

Double Pulse Inductive Testing

Fite | Eat | Vertica | Horiziaeq | Tr | Disptay | Cursors | measure | mask | Matn | MyScops | anaiyze | utiities | e |

MO Ey:500M
MO Ey:500M
1MQ By:500M

J MO By:500M

File | Edit | Vertical | HoriziAcq | Trg | Display | Cur Measure | Mask | Math | MyScope | Analyze | Utiltie:

Lower SW|tch TurnJefJF~

M\
~1 9]

J M Static and dynamic current

Bod ) . ope
‘KDiZdi:- > sharing = no scalability
| 1 )
LoV issues

+
[— JE sy ¥ Using body diode =
improve current density

Idl Id2 d

‘, Rshunt IZI Fast SWitChing with low e o e @ e | [De Sy | 500w ssoms 1 toomem
] overshoots "—'“ om0 "

M0 §y:500M  Dg

Switching Losses <1/10™ Equivalent Si IGBT a5 o @ e
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Efficiency [%]

100

99

98

97

96

95

94

93

92

91

90

SiC-Solar Inverter CEC efficiencies (incl. Aux)

e

74

/l

0 10 20 30 40 50 60 70 80 90

Load [%]

=4=900Vdc =i=1000Vdc ==1100Vdc ===1200VdcC

100

Converter efficiency, early prototype to validate SiC entitlement
(AC reactor core losses high / not optimized for 8kHz)

wipr

GE Public
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GE High Voltage SiC Super
Junction Transistor

GE Research Awarded $3 MM ARPA-E Project to Develop World’s 1st High-Voltage
Silicon Carbide Super Junction Transistor for Next Generation Grid Solutions.

» Will achieve 10X reduction in power losses compared to conventional silicon
insulated-gate bipolar transistors (IGBTSs)

» Key enabler for next generation medium- and high voltage direct current (MVDC
& HVDC) grids that could support more diverse, renewable intensive energy
landscape

» Could also support other advanced power conversion applications in Energy,
Aviation, and Healthcare sectors

GE research team drawing from 15+ years of research and application experience to

create the world’s leading Silicon Carbide (SiC) technology platform

https://www.ge.com/research/newsroom/ge-research-awarded-3-mm-arpa-e-project-develop-
worlds-1st-high-voltage-silicon-carbide

GE Public Iﬂ!_,?P 39
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