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The requirements for power electronics are becoming
more demanding.

Efficiency \ __ Power Densityﬁ Durability

Transportation Electrification Oil & Gas Exploration

Toyata Prius PHEV £ A it -
=* g . W

* Lower losses *  Higher frequency *  High temperature
+  Higher voltage «  Smaller cooling capability
ratings systems + Radiation hard
WBG devices and new packaging technologies are
key to meeting these growing needs.
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Wide bandgap (WBG) semiconductors are capable of
achieving these goals.

«0-Si <o~GaN -#-4H-SiC
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High electric breakdown field allows low
on-resistance in SiC.
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Power Electronics SiC Device Manufacturing

Size
(2013 sales) A
o
@ Source. Yole Développement (2014)
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SiC Foundry service / Device maker - IDMs System manufacturer with
contract manufacturer SiC capability .\

Source: "SIC 2014" Report
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Cost Reduction of Wolfspeed’s SiC Power Devices

Percent of Introduction Cost
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SiC Devices
Device Advantages Disadvantages Voltage Rating
DMOSFET Scalable MOS Interface 0.4 kV —15kV
2 | Trench MOSFET  High Vq,, Low Roy  High Electric Field 0.6 kV — 1.2 kV
% Normally-On JFET High Temp. Normally-On 1.2 kV —6.5 kV
)
Normally-Off JFET Normally-Off High Ry 1.2kV -6.5kV
N BJT No Gate Oxide Current Driven 1.2 kV —-10 kV
@®
S IGBT High Voltage Reliability 15 kV - 27 kV
.CE 5
GTO Low Conduction ey it Control > 8 kV
Loss
Schottky Diode No Reverse High Leakage 0.1 kV -8 KV
Recovery
JBS Diode Low Leakage High Forward g g5 1/ — 10 kv
Voltage
PiN Diode Forward Voltage Degradation 10 kV
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Wide-Bandgap Silicon Carbide (SiC)
Power Semiconductors Devices
& SiC
— (1.2 kV);
— High-temperature
conductivity
State-of-the-art SiIGBT SiC FETs for 0.5KV < V. <1kV

devices <20 kHz, 150-175 °C > 20 kHz, 200-250 °C

-

High-freq. passive
components

Smaller b/
passives sizes Improved=8
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SiC Devices

Device Advantages Disadvantages Voltage Rating
DMOSFET Scalable MOS Interface 0.4 kV —15 kV
‘—g Trench MOSFET  High Vy, Low Ryy  High Electric Field 0.6 kV—-1.2kV
-% Normally-On JFET High Temp. Normally-On 1.2 kV —6.5 kV
-]
Normally-Off JFET Normally-Off High Ry 1.2kV -6.5kV
N BJT No Gate Oxide Current Driven 1.2 kV -10 kV
@®
g IGBT High Voltage Reliability 15 kV — 27 kV
.CE 5
GTO Low Conduction ey it Control > 8 kV
Loss
Schottky Diode MO NEVEIRE High Leakage 0.1KV — 8 kV
Recovery
JBS Diode Low Leakage High Forward g 65 v/ _ 10 kv
Voltage
PiN Diode Forward Voltage Degradation 10 kV
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600 V Si CoolMOS vs. 1200 V SiC MOSFET:

Static Characteristics

On-state resistance

4.5

Gate threshold voltage

Roson) (M)
’
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Temperature (°C)
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300 . SiC MOSFETs:
. _ —
BT O it + 20 V turn-on to achieve smaller &
00 - less temp.-sensitive Rpg(on)
wn
z 0 * Neg. turn-off to ensure safe
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* Much lower g;,, opposite temp.-
dependence
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600 V Si CoolMOS vs. 1200 V SiC MOSFET:
Dynamic Characteristics

Junction capacitances

SiC MOSFET:

| [siJ{sic -
10" : =) * 1/4 total gate charge
o bout 1/4 reducti s f
C %\ b st 4 i, « Shorter on/off switching delays
o 10° .
k5 \ — Smaller dead time
g Coss | Coss o . .
8 * Driving speed significantly impeded by low g;,
Crel Grs * Higher Eg,, when switching the same
10' — =
O w0 ao s a0 apparent power and Vgg= +15 V/-2.5 V
Vs (V)
Turn-on waveforms Switching energies
. N — 800 T T
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600 V Si CoolMOS vs. 1200 V SiC MOSFET :
Phase-Legs in a High-Frequency Converter

Module features

» 1200V, 20 A SiC MOSFET phase-leg module

Integrated peripheral functions
 High-speed gate drive (up to 500 kHz)

Improved power stage layout
(40% | in stray L than conventional design)

Compatible with Si MOSFET as well
* 600V, 46 A Si CoolMOS version

Module layout Integrated functions

Switching loop inductance minimized 24V A Powae
_______ : T :
24V 24V 24V
’ Gate Driver
Power Suppy
t5vi25v
i
Control Input
|| o
Gate Driver g o Divr Ji
i AR J}
Protection ] e J’
S ¥ v |1l our
SN
si6 Nt soted
Gt er
W (Z. Chen, 2010)
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600 V Si CoolMOS vs. 1200 V SiC MOSFET:
High-Frequency Converter Comparison

High-frequency dual-active-bridge
(DAB) L

LYY YN

|
L
o1 = o
L |

Ll
=

» Isolated DC-DC converter, bidirectional power flow

— Input & output DC bus:
300 V for Si CoolMOS, 600 V for SiC MOSFETs

— Same output power: 5 kW full-load
— Switching frequency: 100 kHz, 250 kHz, 500 kHz
— Device loss distribution calculated based on loss-less DAB model

@ (Z. Chen, 2010) e =
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600 V Si CoolMOS vs. 1200 V SiC MOSFET:
Device Loss Distribution

00 4 Blocking diode 100%
S 600 | mF ing diode o 90% A
\i’ So0 | ™ MOSFET (conduction) & 80% |
600V 2 T = MOSFET (switching) < 400 125 °C 5 70%
Si CoolMOS = **- £ o]
8 @ 50% o
.8 %
PEBB 5 % S 40%
[a] 1 15} |
(300 Vbus) ™"
o | O
= 100 S v
0 - 0% -
100 kHz 250 kHz 500 kHz 100 kHz 250 kHz 500 kHz
Switching Frequency VGS= +15V/-2.5\V  Switching Frequency
700 L0923 C125°C_25°C125°C_25°C125°C
o -
= MOSFET (conduction) *C |
S 600 |- . 90% A
ST (switch 9
\i/ w0 B MOSFET (switching) §n 80% I
£ 0,
1200V} o= |
Q > 809 5 o,
SiC MOSFET 5 ** B e |
PEBB 3" 2 ] i
2 200 8 30% |
(600 V bus) 2 i
o L (O
= 100 S 0w !
0 0% - i
100 kHz 250 kHz 500 kHz 100 kHz 250 kHz 500 kHz

Switching Frequency VG s= +15V/-2.5V  Switching Frequency

@ (Z. Chen, 2010) -7 'y
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Brief Summary:
SiC MOSFET Under High-Frequency Operation

* Si CoolMOS vs. SiC MOSFETs
sicepMos . SICMOSEET

Goovasw | eboviden
0-10V

Larger;
Increases by > 200% at 125 °C

4x higher Cgs;
Slightly higher Cgrgs, Coss

Much higher

Lower

What about
newer-generation
SiC MOSFETs?

@ (Z. Chen, 2010) - =
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Industry’s first 900 V SiC MOSFET vs. 900 V Si CoolMOS.

43-56x improvement with SiC! 1.5-3x improvement!
3 160

W 140 \A*\&‘ )
25 ' a120
EXy E 100
1] 4 z
Fo G :
s + 13 40 900 V, 65 mQ §
%0 100 200 300 400 500 600 °-50 25 O 25 50 75 100 125 150
Rps,on (MQ) at 25 °C Temperature (°C)
RDS(ON) @ 25C 65 mQ 280 mQ
RDS(ON) @ 150C 90 mQ 760 mQ
Peak Current 90 A A
Qg 30nC 94 nC
Ciss G660 pF 2400 pF
Qrr 131 nC 11,000 nC
Trr 16 ns 510 ns

http:/apps.richardsonrfpd.com/Mktg/Cree_900V_SiC-MOSFET.htm|

e
@ Wolfspeed. ©2015 Cree, Inc. All rights reserved . =
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Industry’s first 900 V SiC MOSFET vs. 650 V Si CoolMOS.

220 W LED driver using
Si SJ MOSFETs

650 V 900 V SiC
CoolMOS MOSFET
(2-Stage) (Single Stage)
Input voltage Range 120-277V AC 120-277V AC
Output Voltage Range 150-210V DC 150-210V DC ——
220 W LED driver
Max Output Current 145A 145 A using Wolfspeed C3M
Peak Efficiency 93.5% 94.4 % > 1 % higher efficiency SiC MOSFETs
Input THD <20% <20%
Output Current Ripple >0.95 =095
Output Current Ripple 15 % +10 %
Size 220 x 52 x 30 mm 140 x50 x 30 mm |- 40 % size reduction
Weight 271bs/13kg 1.1lbs/05kg | 60 % weight reduction
Relative cost 1 0.85 > 15 % BOM cost reduction
'ﬂ'ﬁ WO!TSpeed V. Pala, et al., “900 V silicon carbide MOSFETSs for breakthrough power supply design,” IEEE ECCE, pp. 4145-4150, 2015"“—" e
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Brief Summary:
SiC MOSFET Under High-Frequency Operation

* Si CoolMOS vs. SiC MOSFETs

0-10V 5-20V
Larger; Smaller;
Increases by > 200% at 125 °C Increases by < 200% at 200 °C
4x higher Cigg; 1/4x lower C\gs;
Slightly higher Crgs, Coss Slightly lower Cgrgs, Coss

Much higher

Lower

 Suitable applications for SiC MOSFETs
High DC bus voltage (> 400 V)
High power

High junction temperature

10 kHz < frequency < 100 kHz * Reduce conduction/switching losses

To replace state-of-the-art Si IGBTs
* Increase switching frequency

£ - -
W (2. Chen, 2010) et e @
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SiC MOSFET 6-Pack vs. Si IGBT (FS50R12KT4)

Switching test at 800 V, 100 A, and T,= 150 °C.
.. SiC MOSFET

1000

Turn On
[}
S
—

SiIGBT

I

Eon=10.0 mJ

Turn Off

VDS

?‘K | Eorp=11.2mJ

200 200
100 100
0 0
1000
A VDS
200 WAWMAA AR Asanat 200
5001 lp | Eope=3.2mJ
100 100
|
0 0 bkaanas 0

» Unlike Si IGBTs, SiC MOSFETs do not have a tail current. This results in
significantly lower turn-on switching losses.

+ SiC MOSFETSs enable increased switching frequency, which reduces
the size, weight, and BOM cost of power electronic systems.

—
@ Wolfspeed.
(CPES  November 29, 2015

© 2015 Cre

ee, Inc. All rights reserved
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SiC MOSFETSs reduce the converter size and weight, and
lower system costs.

r

Using Si module

peak efficiency ‘3'33.3%
Volume - 0.41 ™M

100%

75%

+________——’
T

peak efficiency - 99.1%

Volume - 0.09 m

Using SiC module
(]
=]

.
@ Wolfspeed.
(CPES  November 29, 2015

50%

25%

Relative Component Cost (%)

0%

1
© 2015 Cree, Inc. All rights reserved
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% 15% lower BOM
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O Power Devices
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SiC MOSFET switching losses are < 1/10t" that of Si IGBT.

1.7 kV, 240 A SiC MOSFET Module Switching Test at Vpg= 900 V, Rg= 4.3 Q

Switching Losses at 25 °C Switching Losses Over Temperature
= 14 ) 25 | comee o
I . - . 150 °C
= 12 OFF - 2 ---125°C
> —E P € 20
9 " ON o :
2 S 15
|.L| 8 ”); / 8
g) 7 ”/ £ 10
£ 6 T L
s ¢ =
3
D 200 250 300 350 400 100 150 200 250 300 350 400
Drain Current (A) Drain Current (A)
SWItchlng Test Eon Eore Erec Esum
10x
900V, 400 A, 125 °C,
1.7KVSICMOSFET 2 ' £ " “430 >Iower’
1.7 kV Si IGBT 900V, 400 A, 125 °C,
(FS450R17KE3) Ron=Ror=3.3 Q 130 130 100 360
@
{T\ﬁ © 2015 General Electric Company - All rights reserved ﬁﬁ.
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SiC MOSFETSs offer symmetric reverse conduction for
synchronous rectification.

Drain-Source Voltage (V)
6 -5 -4 3 2 -1 0

Drain Vgs=0to +20 V
- in +2 'V Steps 20
3
| Bipolar w0
Gate , | Conduction o
L i Regime (Body . 2
+ \ Diode) as (2]
| f (Vas, lso) ® 3
o 100 B
+ / 7 T=150C Z
Source / 1.7kV, 40 ASiC MOSFET
-140

* The body diode of the SiC MOSFET is ideal for synchronous rectification.

» Using the body diode eliminates the need for an external anti-parallel diode,
which increases the floor space thereby allowing for higher-current modules.

o @ L

W © 2015 General Electric Company - All rights reserved . =
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Previously, stacking faults resulted in degradation in
SiC PN junctions.

SiC PN diode with stacking fault originating SiC PN diode with stacking fault growing
from the surface. from the bottom of the drift region.
5~ 48
. ""'-h..
49 4.7 1
4.8 4
; AT \ g 4.6 1
‘E 4.6 '.;'5" 45 1
45 4.4
44
43 _ 4.3 1
42 4.2
0 CI.E &4 0 1 2 3 4
Total degmdaﬂon (n.mln} o7 Total degradation (A.min)
e
e o s 0 e
sF” i Fection 06 —
S glide girex, = 055
n” epilayer rection E o5 e,
: A ]
—— 1A
T |- 1254
| | 154
03 T T T T
b n*substrate 0 02 04 06 08 1
Total degradation (A.min)
R. Slngh Rellablllty and performance limitations in SiC power devices,” Microelectronics Rel., vol. 46, pp. 713-730, 2006.
J. Liu, et al., “Structure of recombination-induced stacking faults in high-voltage SiC p- nJunctlons Appl. Physics Lett., vol. 80, no. 5, pp. 749-751, 2002. »
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These faults were observed to degrade high-voltage
SiC MOSFETs during body diode stressing.

0
Source Gate Source
o .
JFET {ﬁf
Region
-Well A7
—_2 ra K
< P
100 um, 6x10" cm-* doped . i V. =10V
n- drift layer . GS
"Weld |1
-4 AC——n| —m—Prestress -]
K Fa o " —C— Post stress for 1 hour
N* 4H-SiC Substrate 2o Lo —A— post stress for 3 hours
sL_d 2 = P P P
" -14 -12 -10 -8 -8 -4 -2 0
Drain
1.2 VUS (V)
) ®  Presiress ’ 1E-5 [ Jdat d7
O Post stress after 1 hour 10 A — y et n
bV _ =15V 4 Fostatress after 3 h‘:uurs —0—|Post stregs after 1 hour / r ad® A o - -
» Ves =18V lv - 15v | 08}——a—[Poststress after 3 hous =t 5T z
5 » es : 4 Jgopoope -
< o lg [#5°° L
< 4 w - 0.6 2"
e F k] T Roy V. =1V s 18 1 Ipss B =
SN O . T—T"RT=
2 (] p‘ﬂ“k“.“ I [ " Prostiess h
ast W, =5 Vislep 0.2 - " O Post stress for 1 hour
; Lnalsads oo n“'". . ...lul L] . ‘ T P:jsls:rasslrmalnnulf
o] 2 4 B 8 10 12 14 0 2 4 6 8 10 1000 2000 3000 4000 SODO 6000 7000
0s V) Ve (V)

A. Agarwal, et al., “A new degradanon mechanism in high-voltage SiC power MOSFETSs,” IEEE Electron. Device Lett., vol. 28, no. 7, pp. 587-589, 2007 e
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There were also concerns about the gate oxide reliability,
especially under high temperature conditions.

sic * Lower channel mobility * Time-dependent dielectric-breakdown
MOSEET » Smaller effective barrier height > Gate oxide defects
« Higher interface state densities... * Gate threshold voltage shift
(A. Agarwal, 1997) (R. Singh, 2004, 2007) (A. Lelis, 2008, 2011) (M. Das, 2011)
Device terminal behaviors under both high Vg and high T,?
HT gate biasing test HT gate switching test
SiC MOS die (T, =200 °C, Vg = 20 VDC) (T;=200 °C, Vgg = -4/20 V at 70 kHz)
in HT package 1.10 ol 250 (°C) 1.10 ook 250(°C)
| BN o oo - 175°C 3Zhre 200 = =2 175°C Irs 200
,hn . E 0.90 ﬁﬁl Sample 3 § 090 || ZEheS Sample 5
in > 125::1 150 i o 2504 150
1% 7] 'ﬂz 0so | 8hrs - [ 8 hrs -
\ _,/f/‘ T 100 g o7 100
- E om0 Sample 4 £ 01V Sample 6
x2 for each 2 e f f‘? © S %8s I‘ 0wV | g
test condition ghs 03V AT mperare 0s8 o i =
050 ‘ ‘ ‘ 0 040 ‘ ‘ | ‘ 0
0 8 16 24 32 40 48 56 64 72 0 8 16 24 32 40 48 56 64 72 80 88 96
Soaking Time (hr) Soaking Time (hr)

Other device

parameters
5% !
,T.ﬂ? (Z. Chen, 2011) s
. Chen, .y p— o
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It has been shown that the gate oxide and body diode of
newer-generation SiC MOSFETSs are stable.

Threshold voltage stability of Wolfspeed’s C2M0080120D SiC MOSFETs at
negative and positive bias under high temperature.
4.0

4.0
35 Vgg = -15V 35
3.0 T=150°C 3.0
25 25
Z20 % 2.0
15 — = e —— = 15
1.0 - 1.0 Vgs = +20V
05 - 05 T=175°C
0.0 0.0 — = }
0 100 200 300 400 500 600 700 800 900 1000 0 50 100 150 200 250 300 350
Time (hr) Time {hr})
Body diode stability of Wolfspeed’s C2M0080120D SiC MOSFETs at 10 A, 150 °C.
8 V;: Change of 2 Vps,on: Change
7 only 0.65 mV. 10 of only 4.5 mV.
6
s £
5 a § &
3 a I
2 3 s
S 2
3 ‘ il
. . LM
;gg;gg??ﬁ?‘f?ﬂwﬂ'aﬂ"mq“ 30 .25 20 -15 -0 5 0 5 10 15 20 25 30
Change to Vf (mV) Change to Vo (MV)
o — Y
$W Wolfspeed. ©2015 Cree, Inc. All ights reserved v 2

3
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It has been shown that the gate oxide and body diode of
newer-generation SiC MOSFETSs are stable.

Threshold voltage stability of ROHM’s Gen. 2 SiC MOSFETs at

negative and positive bias under 150 °C.
05

15 05—V
HTRB at +22 V HTRB at -6 V é rating -6V
10 0 e 0 =
L . "’—— -
£ oos 5 05 s 05—
3 = = £ P v
00 - 5 -1 e
=
s
-05 -1.5 - - - - -15 :
o 20 S“°° 6‘[’: : 800 1000 0 200 400 600 80O 1000 LR A O
itress time Lhrs, .
Stress time [hrs] applied Vs [V]
Body diode stability of ROHM’s SCT2080KE SiC MOSFETSs at 8 A, 25 °C.
040 1E-05
Gow T 160
> —
< % .
E i s No degradation
T No degradation . grad
= =
%mn ————— = Em
&
- | Y I I I 1e=0s Lt I P4 I
0 100 200 200 400 500 00 700 800 %00 1000 0 100 200 30 400 500 600 700 800 900 1000
o~
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STRESS TIME (h)
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STRESS TINE (h) I

a2s Lr &5

Body diode reliability can be achieved with improved
substrate, epitaxy, and device fabrication processes.

280
260
240
220
200
180
160
140

Percent Increase (%)

120

80

100 £

On-Resistance

====Conventional planar MOSFETs
|-l —Developed planar MOSFETs

Appl

10 100 1000
ied Current Time (hrs)

Percent Increase (%)

H

e
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K Okumura, et al., “Ultra low on-resistance SiC trench devices,” Power Semiconductors Mag., no. 4, pp. 22-25, 2012. _

140

130

120

110

100

,-":" -==-Conventional planar MOSFETs
|—| —Developed planar MOSFETs

90

80
1

10 100 1000
Applied Current Time (hrs)
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1 % higher CEC efficiency is achieved when using
SiC MOSFETSs (without JBS) instead of Si IGBTs.

1 MW, 2L PV inverter switching at 8 kHz with 1.7 kV SiC MOSFET modules.

100
95
98 1
g r,
§ 95 1 II ......
E 94 1
S g3 / Power to 1MW PV Inverter [Vdc)
8 g _,-f ——3900 —8-1200
91 :‘ =i—1000 -=1275
90 de=1100

89

Load [% Power]
* 99.4 % module efficiency
» Outstanding CEC* efficiency, approz
* 50 % lower losses - air cooling
» Simpler system for lower manufacturing cost

... “CEC= California Energy Commission. The Commission sets standards for appliances
- @ and buildings in order to promote energy efficiency, among other responsibilities.

W ©2015 General Electric Company - All rights reserved
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SiC MOSFETSs reduce the converter size and weight, and
lower system costs.

Less heat to manage Operate at higher temp Higher frequency
50% lower power losses vs. IGBT 50°C higher junction temp. vs. IGBT 10X higher frequency vs. IGBT

Qualitative Cost Comparison

1000
m [
2 oo ~8-GE $iC PB3 Forced Air AFHS
] —m=Equivalent 5i IGBT Config.
g 400 Balance Balance Savings
of plant of plant with SiC
200
o
0 in

5
Switching Frequency (KHz)

* Not necessary for SiC to be at Si cost
» Focus on high power, high volume apps where SiC offers
attractive value proposition

o &

W © 2015 General Electric Company - All rights reserved R
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A 75 kW aviation converter with 98.5 % efficiency at 20 kHz
is realized using SiC MOSFETs.

VIN = i27OVDc, VOUT = ZZOVLN, POUT: 75kW, FFUND_MAX: 18kHZ

SiC Efficiency Compared to Industry

High freq. drive for engine start + ECS compressor 100
4 N Ee e
g —— 5 KM Moamurod
GE SiC MOSFET Modules ECS g gg / E——
[
s 95
Aircraft Cabin E 94 -/ /—
W og3 r
- 92
Comp . 0 10 20 30 40 50 60 70 80
[y Output Power (kW)

smaller inverter
size and weight

lower losses
liquid - air cooled

less per aircraft

o

~ &8
:;.lr-.' =" e A
€owr - 2% =

(CPES  November 29, 2015 Tutorial: Is SiC a Game Changer? db-32 ﬂi’l @
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99 % - Efficient Rectifiers for Aerospace Applications

Variable speed
engme shaft . .
Generator Active Rectifier|DC voltage
/ nterface
moorweﬂers

Target Specifications

Input RMS Voltage 230 V (L-N)
Input Frequency 360 Hz ~ 800 Hz
Output DC Voltage 650 V
Nominal Power 3 kW
Cooling Free Convection
Efficiency 99 % at Full Load

According to a loss estimation, the highest efficiency
could be achieved using SiC MOSFETSs.

S~

&€ R pn =
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99 % - Efficient 3 kW SiC Vienna Rectifier for Aerospace

Interleaved VR Circuit Diagram Converter Prototype Experimental Waveforms

A Va(400Vidiv)
e\ (A0OOV/dV) |

: AN Wi [ Vdiﬂ(400\”dlv)

LU L] ||Iiv

FITTTY

+ All switches implemented with SiC devices

» Total measured loss is 22.4 W (99.26% efficiency at 3 kW output power
without active cooling)

+ Device case/surface temperatures without active cooling at room-
temperature ambient (22 °C):

% SiC MOSFET: 53 °C

«» Boost inductor: 35 °C
« SiC Schottky Diode: 74 °C

%+ Coupled inductor: 37 °C

L -

(CPES  November 29, 2015

Tutorial: Is SiC a Game Changer?

SiC has shown numerous benefits over Si.

| Double-pulse tests reveal reduced switching losses | |

60

SiC offers increased power density.
SiC: 5 kg Si: 6.9 kg

.

® Heat Sink m Capacitors lMagnerIIr:s ® Power Devices & Drivers
| Improved efficiency has been proven when using SiC.

4

o

Trench IGBT

o
e

Losses (W)
N N

o

e SiC D-MOSFET] s
5 20 25 30 35 40 45 50

fow (kHz

99 Single-phase 4.5 kW PV inverter Dual 52.8 kW interleaved bidirectional IGBT converter
Component Type SiC Losses | Si Losses

Power Switching 673 W 1586 W

modules | Conduction 459 W 398 W

Drivers Driver 73 W 10W

Inductor 134 W 230 W

97 ccl:/rlr?;?glféir?ts IPT 124 W 160 W
0.5 1.5 2.5 3.5 15 Total 1,463 W 2,384 W

Py (kW)

C.‘F’ES November 29, 2015

Tutorial: Is SiC

a Game Changer?

How do the SiC devices compare to one another’>>>>

ZCouFF

db-35




SiC Devices

Device Advantages Disadvantages Voltage Rating
DMOSFET Scalable MOS Interface 0.4 kV —15 kV
Trench MOSFET  High Vq, Low Ry High Electric Field 0.6 kV — 1.2 kV
S Normally-On .
o - =
g_ JFET High Temp. Normally-On 1.2 kV - 6.5 kV
D -
Negnallvel Normally-Off High Roy 1.2 kV - 6.5 kV
JFET
= BJT No Gate Oxide Current Driven 1.2 kV -10 kV
(_é_ IGBT High Voltage Reliability 15 kV - 27 kV
E .
GTO Low Conduction pyicy it Control > 8 KV
Loss
Schottky Diode No Reverse High Leakage 0.1 kV — 8 KV
Recovery
JBS Diode Low Leakage gy FemiEe 0.65 kV — 10 kV
Voltage
PiN Diode Forward Voltage Degradation 10 kV
"?-‘ .
C'!IE November 29, 2015 Tutorial: Is SiC a Game Changer? db-36 mﬂf @
SiC Device Comparative Characterization
Device Continuous T o Normalized
Current Rating* MAX Die Area**
SiC MOSFET 20A
CREEe (C2M0080120D) (100 °C) 150°°C 1.00
SiC MOSFET 22A
W (SCH2080KE) (100 °C) 150°C 1.21
SiC MOSFET 225A
(GE12N20L) (100 °C) 2005C. e
e SiC BJT
SweeeTeR  (FSICBHO57A120) 15A 175°C 0.64
i SiC SJT 6A
1GeneSiC
BRenefS a2 e 175 °C 0.33
C N-On SiC JFET 10A
[inges (IWW120R100T1) (2150 °C) 175°C 1.29
< .. N-Off SiC JFET 17A
SO (SJEP120R100) (100 °C) 150°C 0.43
*Ratings from the device datasheet.
£ **Normalized to the die area of the Cree C2M0080120D SiC MOSFET.

L

W (C. DiMarino, 2014) - iﬁ;
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SiC Switch Comparative Characterization:
Specific On-Resistance vs. Temperature

w
o

| N

NI-On JFET 7‘0

ROHM MOSFET | o
|

N
(@)

Cree MOSFET

[

N
o
I

[N
o o1 O O

N-Off JFET ||

Ronsp (mQecm?)

BJT

25 50 75 100 125 150 175 200
Temperature (°C)

*Ronsp= Ron X Die Area

@ (C. DiMarino, 2014) B e
November 29, 2015 Tutorial: Is SiC a Game Changer? db-38 5 g
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Modeling of Switching Behavior

Double-pulse Tester Geometry Model Extraction of Impedances
-4 Ry Laa

{

ANt
o . ‘ Varive S
g - Experiment Loy [T
= T\ A
5 | Mocooma |y et
[= ] "Z,‘.' comerneed 00 Vag s
L B,
e vV B . S A T S O S M.
R T, X SR ds [ A i . _
"6 (200 V/div) oot JUSIR OO NUOT SO N
R e 1 d IR S T s R N S O IO
. L (5 Ardiv) R \,W
| v

@ (Z. Chen, 2009) y =
November 29, 2015 Tutorial: Is SiC a Game Changer? db-39 1
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Design of a 0-Q Gate Drive for 1.2 kV
SiC Normally-On JFET

+30V
+5V |
q R-C-D | Cea_L_
. '
>L17rg]ic Out In AvA'ifA > Ry ::Cds ZSDbOdy
Cbb
ADuM5241 xppa14|=="| = cgs_l_
' +
= L3 sic JFET
TO-220

Vpg: 100 x Probe, 2500 V, P5100
Vgs: 10 x Probe, 300 V, P6139A
Ip: 0.1 Q Coaxial Shunt SDN-10

4 (R. Burgos, 2009)
November 29, 2015 Tutorial: Is SiC a Game Changer?
CPES g

Switching of SiC Normally-On JFET
at Different Temperatures

25°C 0-Q Gate Drive, 600 V, 10 A 200°C
[0 (o wwms to Iu Oee Gomi lees Wi e b iw |

TSl = [T LT — ] e — LTy B -
AW Ip (5 Aldiv) S Ip (5 Aldiv) S
Z .'I '\ W e | —
g Jﬂ \ VES (200 v/idiv) __J Vps (200 V/div) ...
= Arntes 2O Vi) e o Ves (20 VIdY) e

T S i -~ E T T T T - - O T - IL“-ILI’-.—-:
/N p— JASS .

Turn OFF
i

- (R. Burgos, 2009)
lovember 29, 5 utorial: Is SiC a Game Changer?
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Minimal modifications are made to the driving circuits to
allow for fair comparisons.

+Voe

L FWD FWD
+Vg Wy
T HE
J—Lﬂ_ IXDD614 +  MOSFET I IXDD614 BJT
=1 Gate Vos — Gate
Driver - Driver
5B <

FWD
T
IXDD614 MN-On JFET
J—l'ﬂ_— Gate Vos
Driver T
L
¥ R-C-D
Network
RSMM
4l
~
W (C. DiMarino, 2014)
(CBPES November 29, 2015 Tutorial: Is SiC a Game Changer?
Driving Method for the SiC MOSFETs
| +Vpe
|
| FWD
+Vg
I i i
IXDD614 MOSFET
| — Gate
I Driver
RShunl
Mfg' Part # RG,ext Rtotal

CME201200° 250 750
C2M0080120D 25Q 74Q
s

BRI  SCT2080KE 0Q 73Q

o
< (C. DiMarino, 2014) et
(CBPPES November 29, 2015 Tutorial: Is SiC a Game Changer? db-43 —m, @



Driving Methods for the SiC BJT, SJT, and JFETs

+Vpe +Vpe
FWD
+Vg
—l_l_ﬂ_i IXgEDtﬁelll m |xg:t5:4 I]SN-OnJFET
Driver Driver
<
RSh
vh
_Device Ve  Ces  Rooa  Reeries
T BdE 0V 0y ek s 300 s 0
SJT ov-20V 47 nF 30 Q 0Q
. NOf ... .. ____._______ ____
_ JFEE i
N-On
JFET -19V-0V N/A 3.3Q N/A
,T\af (C. DiMarino, 2014) ot
CPPES November 29, 2015 Tutorial: I.sSiCaGa’meChanger? db-44 m- @

SiC Switch Comparative Characterization:
Switching Energy vs. Load Current

1200 ROHM MOSFET |
1000 e
= N-On JFET |
3 800
~ GE MOSFET
£ 600 BJT \
i SJT /
400 \ Cree MOSFET
| |
200 N-Off JFET
0
4 9 14 19 24 29 34
ILoad (A)
| Vpc= 600 V. Driver losses not included. |
C‘%ﬁ November 29, 2015 Tutoria(l(::l.s[;i'\(AZa:g:rfgg:])anger? db-45 ORED @



The switching loss of SiC transistors is independent of

temperature.
For AT of 175 °C (from 25 °C to 200 °C)
Device AEgy AEoge AE+ot
Cree MOSFET ¥ A V6 %
ROHM MOSFET A V8%
GE MOSFET ¥ 4 constant
BJT \Z 4 V6%
SJT ¥ ¥ V14 %
N-Off JFET 4 constant 11 %
N-On JFET constant v V11 %
6.. e 3
\ A
£ (C. DiMarino, 2014) Device Under Test | W
C‘% November 29, 2015 Tutorial: Is SiC a Game Changer? db-46 Eia—. @
SiC Devices
Device Advantages Disadvantages Voltage Rating
DMOSFET Scalable MOS Interface 0.4 kV —15kV
<  Trench MOSFET  High Vq,, Low Roy  High Electric Field 0.6 kV — 1.2 kV
% Normally-On JFET High Temp. Normally-On 1.2 kV —6.5 kV
-]
Normally-Off JFET Normally-Off High Ry 1.2kV -6.5kV
N BJT No Gate Oxide Current Driven 1.2 kV -10 kV
@®
g IGBT High Voltage Reliability 15 kV - 22 kV
.CE 5
GTO Low Conduction  pyiey it Control > 8 kV
Loss
Schottky Diode MO INEVEIEE High Leakage 0.1KV — 8 kV
Recovery
JBS Diode Low Leakage High Forward g g5 v/ — 10 kv
Voltage
PiN Diode Forward Voltage Degradation 10 kV
£
&€ o
(CBPPES November 29, 2015 Tutorial: Is SiC a Game Changer? db-47 m @



The SiC BJT and SJT have high current gains with a
negative temperature coefficient.

120 Unlike silicon BJTs, the current gain of SiC BJTs has a
negative temperature coefficient due to incomplete
100 ionization of dopants at room temperature.
| \
e Fairchild SiC BJT
= 80 (.= 15 A)
S ’ |
« 060
c
g
5 40
© GeneSiC SiC SJT ———
20 (I,=6A)
0
25 50 75 100 125 150 175 200
Temperature (°C)
*hee taken at V=5 V.
& (C. DiMarino, 2014) Syt
C'!IE November 29, 2015 Tutorial: Is SiCaGa’me Changer? db-48 mﬁ. @

Silicon Carbide Junction Transistor (SJT)

>
* Lowest Vpgon as compared to any other
Gate - Gate commercial SiC switch
P+ . P+ + Best-in-class temperature independent
switching
» Positive temperature coefficient for easy
paralleling
N-drift layer » Gate oxide free SiC switch = high operating
temperature

N+ 4H-SiC substrate

» Avalanche-capable, short-circuit rated

» Easy to drive using commercial drivers
Suitable for connecting anti-parallel diode
oy 1 * Low gate charge, low intrinsic capacitance
High yielding, smaller size, lower cost

W Information courtesy of GeneSiC™ e
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1700 V SJT vs. Si IGBT: Conduction Loss

IS 100
1D=05
90 lc=50A
1 E 25°C Si IGBT
] ¢ ; - SiIGBT
80 1 Em 150°C (80 A) (Izoo A))
707 Si IGBT

: 80A) gj|GBT
] (200 A)

SJT

Drain/Collector Current (A)

——SJT (100 A)
——Si IGBT (200 A)
.| —SiIGBT (80 A)

Conduction Power Loss (W)
w
=)
1

0 1 2 3 4 5 104+
Drain/Collector Voltage (V) 1

Benchmarked with best-in-class 40-75 A 1700 V Si IGBTs

The SJT’s Vi is 50% lower than either IGBT at high operating temperatures

The conduction power loss of the SiC SJT is 2.2x smaller than the Si IGBT
_.during 25 °C operation

£ Information courtesy of GeneSiC™ B e
C‘% November 29, 2015 Tutorial: Is SiC a Game Changer? db-50 Q—é-’ @

1700 V SJT vs. Si IGBT: Turn-Off Loss

T =150 °C (IGBT) 1 Vee=1200V

T =175 °C(SJT) 14+ lc=50A

Vps = 1200 V 1 E 25°C

—SJT (100 A) 12 - =R 150°C

—Si IGBT (200 A)

—Si IGBT (80 A) Si1GBT SiIGBT

=
o

Lo o fo v b b b

80A) SilGBT (80 A)
(200 A)1

Si IGBT
(200 A)'

Uilike IGBTs, the SJT does
not havera tai[ current.

(o]

(o)}

IN

HAA AAAA
Ay

AT

0 200 400 600 800 1,000
Time, t (ns)
* SJT shows MOSFET-like fast turn-off waveforms, due to unipolar operation
» SiC SJT offers the lowest switching energy loss at all temperatures due to:
— Small chip size
— Lack of minority charge storage (also resulting in temperature invariant switching)

L Information courtesy of GeneSiC™ et

C‘% November 29, 2015 Tutorial: Is SiC a Game Changer? db-51 m - @

o

N

Total Switching Energy Loss, Eoss (MJ)
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Why does the SiC BJT behave like a MOSFET?

N*:2e19em™ 2 um

B
] )

P:2el7 cm™, 1 pm

Higher doping causes the

SiC BJTs feature low JTE
on-state losses due to
cancellation of the N:del5em?, 14 pm

JTE SiC BJT to behave like a
majority-carrier device,
resulting in faster

junction voltages.
N* 4H-8iC substrate

switching speeds
compared to silicon BJTs.

\ =
40

N
—e—1200V SiC BJT 650 // - 60
—o—1200V SiC DMOSFET
550 Veg -7 R | 50
450 - 40
350 30 i
— s‘ + o
< ] H
p £ 250 L0 £
L | he
150 o B r 10
50 ! \ Lo
=50 -10
100 150 200 250 300 350 400
Time (ns)
0 1 2 3 4 5
Ve (V)
<« A. Agarwal, et al., “Prospects of bipolar power devices in silicon carbide,” IEEE IECON, pp. 2879-2884, 2008. '.-i}LJEi;
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SJT Repetitive Short-Circuit at 800 V

(o]
o

. 1,000
— Pulse 1 : GA20JT12-247

— Pulse 10,000

= ) . Collector Voltage L‘u L
T e : Hezma- 800
=4 ” Bl
5 60*% ...................... (AR e L g
= B 5 : : - =
g 1 b : : 5600 9‘
B 40 R e it R Pt E
3 ‘: ~ Faoo &
8 g . Collector Current oq
] : - o
2 ] <
0 20 L
© J : 200

1 (\ Base Current (x10) Sl

0- R R ... - )

0 5 10
Time (us)

P

1200 V, 50 mQ SJT
subjected to 10000, 10 ps
short-circuit pulses with
low (1 Hz) repetition
frequency

SJT switched on under
typical base drive conditions
at 800 V

Test is periodically
interrupted and the device
parameters are monitored

<O Information courtesy of GeneSiC™ ':43—¥_$»
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SiC Devices

Device Advantages Disadvantages Voltage Rating
DMOSFET Scalable MOS Interface 1.2kV - 15kV
5 . . .
S Trench MOSFET High Vi, High Electric 4 6 kv —1.2kv
2 Low Rpy Field
- Normally-On JFET High Temp. Normally-On 1.2 kV —-6.5 kV
Normally-Off JFET Normally-Off High Ry 1.2 kV -6.5kV
BJT No Gate Oxide Current Driven 1.2 kV —-10 kV
‘—é’_ IGBT High Voltage Reliability 15 kV - 27 kV
@ GTO Low Conduction  pyieicy it Control > 8 kv
Loss
Schottky Diode N; Reverse High Leakage 0.1kV —8KkV
ecovery
JBS Diode Low Leakage Algn [FemETe 0.65 kV — 10 kV
Voltage
PiN Diode Forward Voltage Degradation 10 kV
"?-‘ .
C'!IE November 29, 2015 Tutorial: Is SiC a Game Changer? db-54 mﬂf

Advantages of SiC Trench MOSFETs

SiC DMOSFET (Planar)

Large Roy
(Low channel mobility.)

R

p+ n+ R
p-well ﬂ$ JFET
JFET Rcont
Repi
Rsub

SiC n-epi /

The JFET resistance cannot be
eliminated from the planar structure.

SiC Trench MOSFET

Lower Rgy by high cell density
(High channel mobility.)

Rcont
Repi
Rsub

Rch I

There is no JFET region in the
trench gate structure.

It is expected that the on-resistance can be drastically reduced with the
trench gate structure.

“SiC Products,” ROHM Co., Ltd., 2011, http://www.tecnoimprese.it/user/0900_Doc/20121017152721ROHM%20SiC%20Power%20%20Sep%202012.pdf

o
(CBPPES November 29, 2015

©2011 CROHM Co., Ltd. Al rights reserved
Tutorial: Is SiC a Game Changer?
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The 1.2 kV double-trench SiC MOSFET shows promising
advantages over planar SiC MOSFETs.

‘E ' 50% lower

E':S = | ON Resistance

z L Planar MOSFET

g 80mQ

3t

E S N —- Input capacitance
L . reduced 35%
Trench MOSFET
i 40mQ |
0 20 40 60 80 100 120 140

“Rohm starts mass production of first trench-type SiC MOSFET,” Semiconductor Today, June 4, 2015, http://www.semiconductor-

ON Resistance@25C(mQ)

today.com/news_items/2015/jun/rohm_040615.shtml

November 29, 2015

Switching Loss &

Tutorial: Is SiC a Game Changer?

60% Iess ‘

I - less l

Planar MOSFET Trench MOSFET
BSM180D12P2C101 BSM180D12P3C007

Lot W

IGBT Module

db-56

The double-trench structure reduces the electric field at
the gate.

Conventional
Single Trench Structure

“Rohm starts mass production of first trench-type SiC MOSFET,” Semiconductor Today, June 4, 2015, http://www.semiconductor-

electric field
SiC o Drift layer

today.com/news_items/2015/jun/rohm_040615.shtml

November 29, 2015

concentration.

Gate trench base

Tutorial: Is SiC a Game Changer?

ROHM’s
Double Trench Structure

Gate trench base
electric field

concentration

mitigated.

db-57
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1200 V “V-groove” 4H-SiC MOSFET

* Unique high-mobility channel 12 ¢ 5 ©
» Lower Ros(om with high blocking £ 10 F S0
voltage E 8EF "Cooo00”
o 6 F . DMOSFET on (0001)
o et
; < 0
Gat d z E &
e & z ¢ f’ VMOSFET
Channel Iayerv -100 -5DT 0 52‘ 1(:sc)150 200
emperature
— T bel e
u{03-38-} faces E 3 F 4 ® *
High quality MOS =] L J L 'S
interface > 2 o)
- High channel mobility o B Q o '
4H-SiC (0001) - High threshold voltage -g 1 [ Q o 0 o0 o
substrate mBuried p* region . E . DMOSFET on (0001)
Bottom oxide protection = A M "R R
from hard breakdown - U

=100 -50 O 50 100 150 200
K. Uchida el al., Proc. of the 27! ISPSD, pp.85-88, 2015. Temperature ("C)

e W
‘Iﬁ ©2015 Sumitomo Electric Industries, Ltd. All Rights Reserved -
CPES November 29, 2015 Tutorial: Is SiC a Game Changer? db-58 ]

I-V Characteristics of 6 x 6 mm2 VMOSFET

5 > 150 A with Vpg= 2.0 V

350 S EIT 6 x 6 mm?
300 dial VMOSFETs
VDD= 600 V
Ib= 150 A
150 mm diamster RL=4.0Q
+20 VGs=15/-5V
RG=22Q
s ‘—mﬂ
¥ o0 |Yes
800 t =71ns =26 ns 160
00 f 126
o 400 | 80
3 100 ns <
2 200 g 40 ¢
> 1 E
0 for L 0
=200 =40

K. Uchida et al., Proc. 2nd Advanced power devices, pp. 36-37, 2015.
L -

LT . Y o
‘Iﬁ ©2015 Sumitomo Electric Industries, Ltd. All Rights Reserved - .
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Low-Inductance, 2-in-1 Module for 1200 V VMOSFET

IGBT New
compatible (Customized) —

SiC MOSFET Si IGBT
New IGBT compatible
Ip 100 A 100 A 100 A
I:QDS(on) 12 mQ | 18 mQ (21 mQ)
Eon + Eoi | 1.1 mJ | 4.8 mJ | 14.5 mJ

ﬂh
Ves a——

Items

SiC MOSFET
SEI A B
Rg 1.0Q 4.7 Q 6.7 Q
t; 20 ns 58 ns 46 ns
tyory | 99 NS 79 ns 138 ns

b
1 \
2ouv| |50A Z )C:..___
\“h‘(‘ AV 100V | 110V 110 V

Ip Vps=600 V, [;=100 A, Rg=1Q,
Vgg=-5V/ +15V, T=25 °C, Resistive mode
S. Toyoshima et al., SEI Technical Review, No.80, pp. 80-84, 2015
Oy
@ ELBCTRC : : et
(CPES  November 29, 2015 Tutr;rlsl |ss|c aGame Char:ger? db-60 ﬁ m
Layout Improvement Considerations
Conventional Switch Pairs in a Improved
Layout Phase-Leg Layout
+VDC
ﬁ ( +VDC \ / +VDC \
, 7~ J:di,dt *’ —~di/dt e v
‘ \
\\
~di/dt -—//—?_1 ~difdt | s ‘+VDC‘ | -vDC ‘ ‘VOUT )—1
]
I

JX JL -idi/dt 7 J:di/dt ;
-VDC g

\ -VvDC / \ -VDC /

Switching loop handles
the most severe di/dt!

@ (Z. Chen, 2012) e =
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High-Frequency Hybrid Phase-Leg Module Design

* 1200V, 10 A SiC DMOSFETs + 1200 V, 5 A SiC SBDs

Module
structure

Vpos

D

Vour

D, {“O—‘ : Q
“ Vies

Attach to
heatsink

Hybrid phase-leg Bottom
25.1%18.8 mm? view

@ (Z. Chen, 2012)

(CPES  November 29, 2015 Tutorial: Is SiC a Game Changer? db-62 um m

Fabrication of Hybrid Phase-Leg Module

Substrate & stencil Stencil printing Placing PCB & dice
preparation solder paste

PCB, dice, &
leadframe soldering Wire-bonding ~  ------ R .

Hybrid module TO-247
IIH|IIHIHII|I HUUHHIT

|
-‘@ (Z. Chen, 2012) e =
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Switching Performance with R; =0 Q

vee

Phase-leg with drivers MOSFET gate driver

{

onol | Avago IXYS
gnalin | ACPL-331J | NI |XDN414
Optocoupler Totem-Pole

Gate Driver Driver
= CLAMP

Gte driver
Phase-leg switching waveforms
(Clamped inductive switching at 600 V, 17.4 A)

ON OFF
time 650 V
(20 ns/div) ha,
7 ~
22.1 Vins 40.7 VIns
Ll -

%

(CPES  November 29,2015  (Z. Chen, 2012) Tutorial: Is SiC a Game Changer?

Switching Energies vs. Load Current

* Measured at 25 °C

3000 : ‘ ‘ | ‘
= Vps =540 V, Tc =25 °C E,qat i |

2500 I x - .-
> Solid — Measured Re=15 ?‘,, I
Eﬁ 2000 +—Dashed — Projected /,f 50%
g ’a‘ Eon at
1500 e Re=00Q
= / -4
= " |
§ 1000 '——‘—*_ L
E 500 Rs=0Q |
n S '“"T

0 T t 1 T. T |
0 10 20 30 40 50 60 70
Load Current (A)

Smaller switching energy can be achieved without

compromising to the parasitic ringing.

@ (Z. Chen, 2012) Py
Tutorial: Is SiC a Game Changer? db-65 e a: @
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High-Speed, ngh Efficiency SiC MOSFET Half-Bridge
2 kV, 90 A Power Module

FEA & Circuit Simulation Module Fabrication

RHEem b -4 (el 1 &
@ (C. DiMarino, 2015) Vo ﬁ
(CPES  November 29, 2015 Tutorial: Is SiC a Game Changer? db-66  ym m

High-Speed, High-Efficiency SiC MOSFET Half-Bridge
1.2 kV, 90 A Power Module

Function
yenerator

Double-Pulse Tests
at 800 V, 50 A, Rg o= 2.5 Q

Ringing due to HV
differential probe.

Active Miller clamp
kept Vgs< 0 V.
Turn ON

Turn OFF

HV differential probe i
(Vos ket LV passive

I probe (

800 I Rasnrs 800 n vy !
11 ns . DS, top |
DPTs were performed on the top MOSFET Eg :g 58 V/ns ipirov :2: :‘_ ]
so that the could be more ¥ e | 2 94 Vins
accurately observed. A0 FYI 50 50 ,', ; 100

Time (ns) Tlme (n-sj

@ (C. DiMarino, 2015)
DPES November 29, 2015 Tutorial: Is SiC a Game Changer? db-67 @



Outline

1. Introduction

2. High Frequency and High Efficiency
— Comparison with Si
— Characterization of 1.2 kV SiC discrete transistors

3. High Temperature
— For power density in normal temperature ambient
— For operation in high-temperature ambient

Medium Voltage
High Voltage

o o A

Conclusions

@7. References
CF’ES November 29, 2015 Tutorial: Is SiC a Game Changer? db-68 ﬁ U

Demands for High-Power-Density Converters

More Electric Airplanes: 20~30 %, Main Size Contributors for Motor Drive (R. Lai, 2008)
Limited space and more % G a|Fomend G || mEEEs
power converters AC lnput | g|ConVerer) | Output |
[ ) ,.£ﬁ% | Filter | __EI | __l:l' | Filter 1
ﬂ\_\'f-.’- gl ‘59—1 _____ —< [l 5
D J e

L Semiconductor switches of
Ll high voltage, high frequency,
v and high temperature

ot Tk H

o e 200°C \[150 8@z 5

i g
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High-Power-Density, 10 kW Motor Drive

with High-Temperature Modules

230 V ph-n rms
360-800 H

Ve O

—0O |

Meet PQ and EMI

Motor Controller System

requirements

Passive cooling with air at 70 °C
Objective:

— Reduce weight through integration and high-temperature operation

Targets & Desired Features
— Specific power: > 2 kVA/lb

— Device junction temperature 200-300 °C with SiC devices

— Advanced topologies
— Reduced filter size

%

(CPES  November 29, 2015

Tutorial: Is SiC a Game Changer?

SiC Devices

L T U
®70 - F &

Device Advantages Disadvantages Voltage Rating
DMOSFET Scalable MOS Interface 0.4 kV - 15 kV
% Trench MOSFET  High Vy, Low Ryy  High Electric Field 0.6 kV—-1.2kV
2
£ Normally-On High Temp. Normally-On 1.2 kV — 6.5 kV
JFET
Normally-Off JFET Normally-Off High Ry 1.2kV -6.5kV
BJT No Gate Oxide Current Driven 1.2 kV - 10 kV
g; IGBT High Voltage Reliability 15 kV - 27 kV
m GTO Low Conduction ey it Control > 8 kV
Loss
Schottky Diode NS REVERE High Leakage 0.1 kV — 8 kV
ecovery
JBS Diode Low Leakage Alg [FemETe 0.65 kV — 10 kV
Voltage
PiN Diode Forward Voltage Degradation 10 kV

CPES November 29, 2015

Tutorial: Is SiC a Game Changer?




Three-Phase SiC Buck Rectifier using
Normally-On JFETs and SW|tch|ng at 150 kHz

Only normally-on

JFETs available »}f »H

at the time.

Phase Voltage (V)

T

Phase Current (A)

2
o
=
g7
S
>

200

Current (A)

+ Efficiency below 95 %
+ DC link inductor very heavy

CPES November 29, 2015 Tutorial: Is SiC a Game Changer?

-2 45 A -0.5 0 0.5 1 15 2

time (ms)

a00} mH HlllllH\\Illllll\\\lll\I\\\lllllLlemmm,.. il HH\\\|||||||\\\|||||\|HH||||||u.m...4.ﬂJJ\|||||||H\|||||

‘ it H ‘H H‘ H ‘H |||H|||||II||||||||i ﬁ

hme (ms)

hme (ms) .
' o W

High-Temperature Wire-Bond Power Module Design

— Minimize structural impedances
— Maximize thermal performance

6x SiC JFETs )
2x SiC diodes  — Reduce foot.prlnt
Positive Positive  reT

i Negative
Capacitor \

N

Neutral

A
Diode

Negative

[T o 'aw 1 un.u:um it
v o af + TaE

= M—— 3 I

: gbohom I V |

10 Vidiv 10 Vldlv |

Vps e .
500 V/div

&= 180°C

FEA thermal simulation

Continuous operation at 250 °C e
wrr LB G

CPES November 29, 2015 Tutorial: Is SiC a Game Changer?



High-Power-Density, 10 kW Motor Drive
with High-Temperature Modules

* High-temperature SiC modules
» Sensorless control
» Soft start

70 kHz

40 kHz

AC
AC
AC

* Fan load application

EMI
Filter

~ 175 °C Converter
&G
(CPPES November 29, 2015

Tutorial: Is SiC a Game Changer?
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High-Power-Density, 10 kW Motor Drive
with High-Temperature Modules

» High-temperature SiC modules
» Sensorless control
» Soft start

70 kHz

40 kHz

I AC

* Fan load application o

g=21.5cm AC
N

EMI
Filter

[543

~_ 175 °C Converter

A

<
(CBPPES November 29, 2015

Tutorial: Is SiC a Game Changer?

250 °C Converter

a7s i WF



High-Power-Density, 10 kW Motor Drive
with High-Temperature Modules

+ High-temperature SiC modules 70 kHz 40 kHz

» Sensorless control
» Soft start Ac s
* Fan load application G
AC | Emi @
AC Filter
£3) | ‘% )

Power Density:

Phiout vo|té\g‘g (500 Vi,
* Low-temperature N
1.04 kW/lb n
+ High-temperature s
1.27 kWI/lb

* Thermal management
is 50% smaller for HT

S~

C‘% November 29, 2015 Tutorial: IsS-iéaGame Changer? db-76 ﬁi"’l. @
Improved SiC JFET Power Module
_Gate Reverse conduction Test condition

. (synchronous rectification) Input voltage: 700 V
Positive : ‘ Duty cycle: 15.7%
Output current: 11 A (rms)
Switching frequency: 40 kHz

Junction temperature 250 °C
Neutral v

Gate
[ Vs 20 V/div
24V DC 4 o [
ACPL 1.2 k], Top & “ L
ouT | p— : o
332 47 Q Bottom 1 Vasbottom 20 V/div k !
CLAMP [ST——— e
VH 1 — B o
. Vps 500 V/div
Gate Drive re /
lou 10 A/div
Temperature Time 4 ps/div
_ isolation Turn on/off time: 60 ns

ﬁ o,
- 5
C‘% November 29, 2015 Tutorial: Is SiC a Game Changer? db-77 M} @



Interleaved High Power Density AFE Converter
(15 kW, SiC, 2 Parallel Interleaved 3-phase Boost Rectifiers)

i 0

g 0 A

ow o -

o 15 kW @ 6.3 kW/I with 8., =250 °C ' "

November 29, 2015 Tutorial: Is SiC a Game Changer? db-78 5 ]
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Reliability of Direct-Bond-Copper (DBC) Substrate

Reliability of DBC substrate in thermal cycling between -55°C and 200°C

250 13 min
200 —
s/ A1
g 100 / -‘30 /5 / \
g . g 5\ | |
1 SCE \
® At \ = \ =
;00 H13m|n -
- Time (min)

< 20 cycles

Before temperature After temperature
cycling cycling

CPES November 29, 2015 Tutorial: Is SiC a Game Changer?



Reliability of Direct-Bond-Copper (DBC) Substrate

Reliability of DBC substrate in thermal cycling between -55°C and 200°C

Direct-Bond-Copper Substrate

+ DBC substrate fails in < 20 cycles

@ o
November 29, 2015 Tutorial: Is SiC a Game Changer? db-18b 5 ]
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Reliability of Direct-Bond-Copper (DBC) Substrate

Reliability of DBC substrate in thermal cycling between -55°C and 200°C

« Creating stepped edges

Step-edge

Direct-Bond-Copper Substrate

* DBC substrate fails in <20 cycles
* With stepped-edge fails in ~100 cycles

S et
-
CPES November 29, 2015 Tutorial: Is SiC a Game Changer? db-18¢c —@ @



Reliability of Direct-Bond-Copper (DBC) Substrate

Reliability of DBC substrate in thermal cycling between -55°C and 200°C

+ Creating stepped edges + Applying sealing material
Sealing
Step-edge Material

\ /

Direct-Bond-Copper Substrate

+ DBC substrate fails in < 20 cycles

* With stepped-edge fails in ~ 100 cycles

* With stepped-edge and Parylene HT sealant fails in ~ 300 cycles

* With stepped-edge and Nysil sealant fails in ~ 1200 cycles
C.‘F!@és November 29, 2015 Tutorial: Is SiC a Game Changer? db-18d ﬁ @

Reliability of Direct-Bond-Copper (DBC) Substrate

Reliability of DBC substrate in thermal cycling between -55°C and 200°C

« Creating stepped edges + Applying sealing material
Sealing
Step-edge Material

\ /

Direct-Bond-Copper Substrate

Cu, coated

with Ag S Noicrackiobserved at
(AL O; interface

i - s
-
November 29, 2015 Tutorial: Is SiC a Game Changer? db-19 - 7
CPES 9



Reliability of Direct-Bond-Copper (DBC) Substrate

Reliability of DBC substrate in thermal cycling between -55°C and 200°C

Direct-Bond-Copper Substrate

» DBC substrate fails in <20 cycles

Before temperature After temperature
cycling cycling

CPES November 29, 2015 Tutorial: Is SiC a Game Changer?

High-Temperature Single-Switch Three-Phase Rectifier

Targets:
» Junction temperature up to 250 °C.
» Ambient temperature over 15 0°C.

High Temperature =150°C Ambient

—————————————————— ~1 | “dc
1 | 1
D6 I |
I
| I
! U * - : l E
AC input: || ,,ﬁ': e R§5 DC output:
100 V, 400 Hz W SR . R : L 270V, 1 kW
L Lo ! ;
: L— =
|DI : Gate L] 1
| ! Drive Temp Pl
| :zls ZIS ZISI x Sensor [
I | . [
I | P L = L H |
| e |
24V Regulator | |Generation f*----1 Controller |* | Sensor |

30 kHz Switching Frequency

& Ter T
-
lovember 29, 5 utorial: Is SiC a Game Changer? -85 = -]
(CFPES  November 29, 201 Tutorial: Is SiC a Game Changer? db-8 _@ @



Component Selection

* Power devices

— 1200V, 10 A SiC JFET from SiCed

— 600V, 10 A SiC Schottky diode from Cree
Controller devices

— SOl discrete devices from Honeywell, Cissoid
Passive components

— Nanocrystalline core and High temperature wire

— Film resistor from Caddock, Vishey,...

— Ceramic capacitor from Novacap, Kemet, Eurofarad,...
- PCB

— Polyimide pcb from 4PCB, Standard Printed Circuits Inc, ...

@ .
November 29, 2015 Tutorial: Is SiC a Game Changer? db-86 5 ]
CPES g

Modified Hybrid Packaging Structure

Lead frame Bond wires Epo-tek 600 Nusil R-2188
Kapton
. spacer
x
\ , x._DBC
Nano Ag SiC JFET SiC Diode substrate

s SFLIR Junction Temperature
thermal coupler
== ! - - o

Case Temperature
thermal coupler

Thermal coupler

Multiple chip Hybrid Power Module

CPES November 29, 2015 Tutorial: Is SiC a Game Changer?



High-Temperature Gate Drivers

SOl-based half-bridge gate driver for SiC MOSFETs by Cissoid

* Up to 225 °C

* Drive 1.2 kV
MOSFETs / JFETs

* 4 Amax. Ig

UVLO & de-sat
protections

Active Miller clamp

/
|

I T iﬂﬁma'w'f“ Ea {m]
- ""3“ * Upto 250 °C « Complex topology

* 0 to 100% duty cycle  Limited duty cycle

) + High driving speed resolution_-ﬁ- <
(CPES  November 29, 2015 Tutorial: Is SiC a Game Changer? db-88  ym : @

High-Temperature Gate Drivers (Cont’d)

Edge-triggered SiC JFET driver by ETH

Pos. pulse Neg. pulse
POGI‘IVG' R :
(e ST T A L,;l() 5 * oo T ll.;
3§ 3 Y : -
D D;
raq;aun 1 I—H—I !
T O + Up to 200 °C + Need refreshing
* Fast switching + Same on/off driving
+ Small part count speed

Modified edge-triggered SiC JFET driver by CPES

Postivo + Same features as above
Jj“’“*“l 3@ é‘}D WJFET * Independent on/off driving
T = speed
N:gatlve TCg °
(Tur-off Pos. pulse Neg. pulse

SITCIE
o B T

L} - 2 -
-

Urz

T

T

lovember 29, 5 utorial: Is SiC a Game Changer? -
CPES N ber 29, 201 Tutorial: Is SiC a Game Changer? db-89




Integration of High-Temperature Three-Phase Rectifier

Powermedue ________ Mother board (driver, sensor, etc.)

. a0 ¥

LI o , I B .

! h [ I vty pty S e i o =
La = or — i

VW

\a iy (B
14 Ugs, |* CR
vb kb | -"—':s [
| I v -
Ve LC | k]l

D?F mlli o%

PR

[ High temperature controller | = A - oS
Electrical test G 1, Pl Golrster
T gl M acw AL A j ST - : .
3 S0 0 A 0 Fotection Temperatire
Senso
Z?IEN
Uab.,
i 3 2sms oy T;=225°C

||.. |
- T ,umyw mm"ﬁwﬁmuw

- R T e Heatsink
. -
(CPES  November 29, 2015 Tutorial: Is SiC a Game Changer? db-90 ﬁ w

Converter Thermal Testing

Monitored

Temperature:
Ambient,
e regulator,
ate resistor,
¢ ¥ : Core,
DC cable Tl Primary MOSFET,
& | Gate drive
MOSFET
Ambient temperature test point:
-50 °C, -25 °C, 0 °C, 25 °C, 50 °C, , 100 °C, 125 °C, 150 °C Test Picture for 150 °C
Ambient Temperature

Electrical and thermal performance met design targets.

Ceramic capacitors and their attach to PCB exhibited early failures.

@ et
-
_ November 29, 2015 Tutorial: Is SiC a Game Changer? db-91 @



SiC Devices

Device Advantages Disadvantages Voltage Rating
DMOSFET Scalable MOS Interface 0.4 kV - 15 kV
‘—;‘;5 Trench MOSFET  High Vq, Low Ry High Electric Field 0.6 kV-1.2kV
% Normally-On JFET High Temp. Normally-On 1.2 kV —6.5 kV
)
Normally-Off JFET Normally-Off High Ry 1.2kV -6.5kV
N BJT No Gate Oxide Current Driven 1.2 kV -10 kV
@®
g IGBT High Voltage Reliability 15 kV = 27 kV
.CE 5
GTO Low Conduction ey it Control > 8 kV
Loss
Schottky Diode N REEREe High Leakage 0.1 kV — 8 kV
Recovery
JBS Diode Low Leakage High Forward g 65 v/ _ 10 kv
Voltage
PiN Diode Forward Voltage Degradation 10 kV
C‘E‘ L. W
(CBPPES November 29, 2015 Tutorial: Is SiC a Game Changer? db-92 Eg‘r @

High-Temperature 3-Phase AC-DC Converter for
Embedded Generators in MEA

50 kW inverter/rectifier for starter/generator
High-temperature and high-power-density
Ambient temperature: 200 — 250 °C
Switching frequency: 70 kHz

High-temperatire
environment: -

- Embedded

generator/starter

- High-temperature power module

Commercial products
(1200 V, 100 A)

Powerex

SiC MOSFET module
(2012)

150 °C

Cree

SiC MOSFET module
(2013)

125 °C

Need a power module capable of both
high-temperature & high-frequency operations!

]

v LCOEEE G

<
(CBPES November 29, 2015
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High-Temperature Packaging Materials Used

__.-- Encapsulant (NuSil R-2188 silicone)

> ___--- Bonding wire (Al)
. «  ~15Afor a 10 mil wire
- --- SiC MOSFET/diode

_—__.----- Solder (Pb95-Sn9)
: * Liquidus point 312 °C

- .
A

s Better solderability on Ni surface

_ - Surface plating (Electro-less Ni)

. *  Works best with Al wire-bonding
; * Upto300°C

\ "\ Substrate (AIN DBC)

£ . » High thermal conductivity
‘\ « Best overall performance

Terminals (Ni-plated Cu) Baseplate (AISiC)

High-temperature capability of the material;
Suitable combinations of materials to achieve higher reliability

(CPES  November 29, 2015 :

Tutorial: Is SiC a Game Changer? db-94

1200 V, 60 A SiC Phase-Leg Module Design

Improved substrate layout to

Fast & clean switching
minimize loop inductances

L 11 i1 _L J_ LTurn-off
|

0

A Y ) E -
(Gons/idiv) | Inv‘m(z‘on V‘/dn)

R Iy B
(G0ns/div) |

IAH‘L;(-W(».:” (1‘0 A/‘div)

Hard switching w/ Rg =0 Q
Fast di/dt & dv/dt with small V4 overshoot

Fabricated module with i oS w:;chlng L_oss
DC decoupling capacitors is 10-20% of an equivalent IGBT
} 1800 T T T
- = 1600 | Vps= 540V, T=25°C Eo—s
HT . S 1400 1 Solid - ed e’
ceramic E‘n 1200 +—Dashed — Projected -7 — -1
15} .- ¥ E
caps 5 1ooo ] po DT*
@ 800 //7, = ‘
=600 |
2 a0 '// E.o
z r Y i
7 200 -
! 0 10 20 30 40 50 60 70
Load Current (A)

(CPES  November 29, 2015
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200 °C, 1200 V, 60 A SiC Phase-Leg Module:
Continuous Operation at 200 °C

Buck-mode operation Test results at 560 V & 100 kHz
IGET shoot- Power
through protection ‘_I'_ﬂ_O_@l?_ L . . o !;g p.sfd.i‘gh
S |
; —] E: Uity L) M) e o)
oo () o Coa Liose Vs (10 VIEY) | P, (10 Vidiv)
sagv T 820 UF 50 uH
“4 E\ 1 eg Ry . e ——
TOKH \ Tss4uF 7100 ;
43 de ! : >

.........

- P ) - P
V¢ (200 Vidiv) I;,qq (2 Aldiv)

Test setup

Cissoid HADES
gate driver

DC bypass caps +

Trefl=20 Tatm=20 Dst=2.0FOV 37 z=2.0}
12/ 2112 10:08:50 PM +0 - +250 e:O,EIS" .

Power module -~

lovember , utorial: Is SIC a Game anger? - 2
CPES N ber 29, 2015 Tutorial: Is SiC a G Ch: ? db-96 @' @

200 °C, 1200 V, 120 A SiC Phase-Leg Module:
Module Design

Each switch:
6x 20 A MOSFETs
4x 20 A diodes

Nomex HT
insulation

HT ceramic
caps

Torlon
HT plastic

L: 119 mm
W: 69 mm AISiC
H: 19 mm baseplate
\Pos Vi e Vike Nomex strip Decoupling capacitors
A
gCOICLEN,
Fabricated |
|
module i F SlGlDl E' Sg(}gng
000 000000 0O | I “._‘M\mn\\\\\\l\\\\\\w
eml 2 3 4 5 6 7 & 8 1 1 12 emi~2 3 4 5 & i 8 9 10 \\i
CPES November 29, 2015 Tutorial: Is SiC a Game Changer? db-97 ]



High-Temperature 3-Phase AC-DC Converter:
System Design B e

HT power module
design and
fabrication

HT dc capacitor
reliability testing

Copneitanse (UF)
mmm o

Active Power Module OC EMI Filter

S
L - c

Al

e o
L & i HT EMI
0o | T i
i sy s S5 : filter survey
, HT bus bar design
1| AL Curent |77 Protection (20771 Temp L
] T [ T Tomne | Mow
) Bufter Copper DC + e Dirlactris
Assumed HT ' R T -T2 N
Gate Driver SENS0T

g Temperatune Ambient

controller from TI
could be used

HT sensors
. 3 -
Tutorial: Is SiC a Game Changer? db-98 ﬁ @

(CPES  November 29, 2015

High-Temperature 3-Phase AC-DC Converter:
Converter Layout

B
Sensors Current
I Control Board = = shun

™
II Gate Drive Board Gate res. network AC Busbar Laminated DC Busbar

Cold Plate

o WO

chassis

Module Motherboard

CPES November 29, 2015 Tutorial: Is SiC a Game Changer?



High-Temperature 3-Phase AC-DC Converter:
Converter Layout

High
temperature
modules

Cooling

terminals AC terminals

. a . “p S
CPES November 29, 2015 Tutorial: Is SiC a Game Changer? db-100 mﬂ: @

High-Temperature 3-Phase AC-DC Converter:
Converter Double-Pulse Tests at 200 °C

Ve ables « 200 °C ambient
Measurements . RG,on and RG,off: 330
: ' « Liquid cooling temperature: 70 °C
* Protection:

- over-voltage

y/ J - over-current
Thermistor Coldeplate c(,fnhilzzrom

Thermocouple - over-temperature

Turn-Off

Vge= 540V

BV

100 ns/div

Ringing due to the use of long wires to measure outside of the high-temperature environment.
Testing at room-temperature with the probes directly on the modules showed little ringing.

P

" TR
(CBPES November 29, 2015 Tutorial: Is SiC a Game Changer? db-101 —m-' ] @



SiC DMOSFETs Qualified at 200 °C
1.2 kV, 30 A TO-247 part qualified per AEC-Q101.

i
00| &
sacom g HTGB: 1000 hr, 200 °C, V5=23 V sl Pareto of i
| Vgstw shift (%)
I o0 ;
STRESS TEST SUALIFICATION V passed onal &
AUTOMOTIVE GRADE |
DISCRETE SEMICONDUCTORS 8 5 2 3 4 & & F & % 9314 15 18 14 1% 18 07 18 1@ 5
4 -
*
- . - s Pareto of lygs
B 040
= £ om leakage (A)
R HTRB: 1000 hr, 200 °C, V=960 V ! . ———
Oe0 1T de7 &7 4wl el
y IDS51200-Post
Pass/falil criteria: assed =
P [~
* DVqyy= +/-20 % Max = 080
g a0
+ DRoy= +/-20 % Max £ ox
. DIDSS‘1200 < 5X Max Da+0 18T a1 7 da-7 Saq
: 1000 temp. cycles (-55 to +200 °C) £, FrEmessE
- 0/77 failures v passed ~— 7 7
=
P @ P. Losee, et al., “1.2kV class SiC MOSFETs with improved performance over wide operating temperature,” IEEE ISPSD, pp. 297-300, 2014.
W ©2015 General Electric Company - Al rights reserved By
(CPPES November 29, 2015 Tutorial: Is SiC a Game Changer? db-102 ] @

600 V, 600 A, T,= 200 °C SiC Trench MOSFET Module
f)or 3-Phase Motor Drive

* 1/10th the volume of conventional Si
power modules

» Ultra-compact 600 V, 600 A drive

» Ultra-high efficiency! Less than half the HiBF Haat Realstance
loss of existing products Power Module

» Ideal for 60 kW-class motors *
High-Temperature

* High temperature operation (T;,.,= 200 °C) Tﬂgzag%c J

Minimizes inverter size

1/10th the size of
conventional
Sl power modules

Radiator )
J Supports E0kW-class

e mater driva in
Water Pump \! an ultra-compact
SI(IGBT)" form factor

anr Module SiC Power Module

Cooling System: ling S "

Water-Cooled Method] Rese [Cooling System:

Conventional Hybrid Vahicle rvoir Tank Air-Cooled lﬁuthud]

'-{'.1 " " . . L W ]

q‘@' http://www.rohm.com/web/global/intelligent-high-heat-resistance-power-module .y ;a !g:-i" @
L
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Outline

4. Medium Voltage

S~

(CBPES November 29, 2015

Tutorial: Is SiC a Game Changer?

SiC Devices

w b #

db-104 .&@Eﬂ @

Device Advantages Disadvantages Voltage Rating
DMOSFET Scalable MOS Interface 0.4 kV —15 kV
‘—g Trench MOSFET  High Vqy, Low Roy  High Electric Field 0.6 kV-1.2kV
% Normally-On JFET High Temp. Normally-On 1.2 kV —6.5 kV
> Normally-Off JFET Normally-Off High Ry 1.2kV -6.5kV
N BJT No Gate Oxide Current Driven 1.2 kV —-10 kV
c_és_ IGBT High Voltage Reliability 15 kV - 27 kV
- GTO Low CL%Z‘ZUC“O” Difficult Control > 8 kV
Schottky Diode NF‘;;‘;‘;Z:;G High Leakage 0.1 kV — 8 kV
JBS Diode Low Leakage Hig\'/‘oigg’;ard 0.65 kV — 10 kV
PiN Diode Forward Voltage Degradation 10 kV

S~

(CBPPES November 29, 2015
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SiC H-Bridge Modules
Power Electronics Building Block (PEBB)

+ Concept: Integration of fundamental components into blocks with
defined functionality that can be used in a variety of applications.

* Motivation: The versatility reduces the cost, size, weight, loss, design
complexity, installation, and maintenance of power electronic systems.

- Series PEBB Parallel PEBB
_ _ Connection Connection
_l _
b PEBB H-Bridge — —
peBB 1| 5] pess 1| A}
PEBB 1000 == )
. —
1.7 kV SiC MOS 1 T 1
PEBB 2 JEH PEBB 2 JE:}
=) o
—
1 1 1 1
PEBB 3 JEG PEBB 3 JE:}
O H

[
W et
CPPES November 29, 2015 Tutorial: Is SiC a Game Changer? db-106 i @

Ex: 35 MW 3-phase AC to DC Power Converter for
Bidirectional MV Motor Drive or Grid-Interface

13.8 kVAC
I I I,
el g el el
PERG . [ PERE FERR

] rem S e = - 20 kv DC
h — N T
o (2 |2
- [| pene ] peme ; (| Pene — AC
™ — DC

L

.-fT"?
(CBPPES November 29, 2015 Tutorial: Is SiC a Game Changer? db-107 m @



PEBB 1000 Design and Applications

Specifications
* 1kV dc, 200 A dc, 200 kW
* Power density > 10 MW/m3

High dv/dt slew rate immunity > 100 V/ns

* High efficiency > 98 %

EMI containment

e |nsulation > 100 kV

* Modular distributed digital control system

Active Front-Engis

DC-DC

Motor Drive

Preliminary 3D Design

230 mm

1 »
3M 3® Stack

15m =

PRE
PR
S
ERE=
BRE
\ . LW
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SiC MOSFET Candidates
GE* Cree
Part No. Not Commercial CAS300M17.BM2
(Commercial)
Voltage Rating 1500 V 1700 V
i —oc o 325A @ T=25 °C,
Current Rating 400A@T=25°C 25A@ T}=90 °C.
Ros(on) 8.3 mQ @ Vgs=20V, Ipg=240 A 8.0 mQ @ Vgs=20V, I5g=225 A
Eon 1.4 mJ @ Vps=800 V, 9.56 mJ @ Vps=800 V,
Vgs=-5/+20V, Vgs=-5/+20V,
Ips=300 A, Ips=300 A,
Eorr 93md Ry =190, T=25°c  942M R, =T9q, T=25°C
T e 175 °C 150 °C
Coss 2.151 nF (800 V) 3.954 nF (800 V)
*1st generation
%f‘ et
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Device Comparison: Turn off Energy

Turn-off Loss vs. External Gate Resistance
at Vpg=800V, I,=30 A

1.8
1.6
5
2 14
® 1.2
g 1
-
> 0.8
=)
5 0.6
& 0.4
0.2 —
o ——=
0 2 4 6 8 10
External Gate Resistance (Q)
» Atlow R the turn-off losses

_ex?

are similar

> At high Ry ,, the GE module
has higher turn-off loss

<
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Energy Loss (mJ)

Tutorial: Is SiC a Game Changer?

Turn-off Loss vs. Drain Current

at Vpg= 800 V

0

9 |-e-CREE Rg_ex=0Q

3 -e-GE Rg_ex=0Q

6 -e-GE Rg_ex=2Q

5

4

3

2

1

0

0 100 200 300 400

Drain Current (A)

> AtR, .= 00Q, the Cree module
has higher turn-off loss

> At same total Ry, the GE module
has higher turn-off loss

R
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Device Comparison: Overvoltage and Overcurrent

Voltage Overshool: Rg_ext=00 @Vg=20V, 25°C

Voltage Overshoot: Rg_ttl=30 @Vg=20V, 25°C

00 =nn
—&— G Cuerhat (1 Ohm #) sarn  —#— GF Oenrshont |7 Ohm eat] L4
B000 -
A -~
?503.0 = i = Crew Overshoot (3 Ohm ) - = . -l-CrEeO\.lErshoot[U%mm‘!"
: -1 % s .
§ won £ 1
é £ 10 a
EnT a *
i Ze
z WA .E /;
o .
1000 -
200 -
oo nn
on TA0 100 1810 MAA 500 30 00 4000 00 500 1000 1300 2000 2500 000 F00 4000 4500
Tum-OFF Current [A] lurn Ok Lurrent (A]
Current Overshoot: Rg_ext=00 @Vg=20V, 25°C Current Overshoot: Rg_ttl=30 @Ve=20V, 25°C
pacel] FELD
—
a ;)_-n-""_ «----" -4
FLT] - A e} -
s P s L
z P .é. -
2 1m0 B L0
5 E e — —
6 H ——
£ 100 2 amn —
E B
= —#— Uk Uveeshol {1 Ohm L) H —— (3E Overchoot (2 Ohm ext}
wao = aan
- & - Cree Overshoot (3 Ohm ) — B — (ree Overshoot (0 0hm ext)
un 00
wy WU LU 10 SN0 SO0 W0 SO0 4w a0 50 M0 IS0 00 350 3000 3sa0 4mo

Turn-ON Carrent (A)

<
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Characteristics of Discrete 3.3 kV SiC Devices

3.3 kV DMOSFET I-V characteristics 3.3 kV SBD I-V characteristics
259¢C

Ex6mm?  Vgs=18W V=15V

E 30 % V\_ =12V 5
E ' - 3.3kV SBD
Ea RA =14.2 iletn” /; av ‘.'q.-'m 6 x 6 mm?
3 [Ves =15 ¥ Vps = 2V] es = 15 !
_‘-E’ 15 g o
Ew © 175°¢C

5

i) =03V o )

0 0.5 1 15 2 25 3 00 05 10 15 20 25 3.0
Drain to Source Voitage (V) Forward Voltage (V)

10 %0
g V, = 3850 V 980 33kvseD
F 08 ¢ =70 6x6mm?
k3 £ 50
E 08 £ 50
o g 40

04 30

20

5 0.2 510

00 0 500 1000 1500 X000 2500 3000 3500 4000 ° 0 5;30__1_:00 1500 2000 2500 3000

Drain to Source Voltage (V) Reverse Voltage (V)
K. Wada et al., ECSCRM, vol. 821-823, pp. 592-595, 2014.
O 5
£ EECTRC s
®©2015 Sumitomo Electric Industries, Ltd. All Rights Reserved
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3.3 kV, 400 A Full SiC 2-in-1 Module

Rps(on)(ML) Vsp(V)

SEI Full SIC Module 6.0 2.3
SI1IGBT Module (8.5) 28

Vip: s =400 A, Vg = 0V

400 400 “,
350 350 - . .
SEl SiC _ SEl SiC
gm SiIGBT 300 SiIGBT
250 : -
200
glsﬂ
100
50
o
00 0S5 10 L5 20 25 30 35 40 45 50 o o5 1 v:.jm 2 25 3
Drain to $ource Voltage (V)
K. Wada et al., Proc. 1st Advanced power devices, pp. 172-173, 2014.
L -
EECTRC

et

<7 ©2015 Sumitomo Electric Industries, Ltd. All Rights Reserved P = TR
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3.3 kV SiC MOSFETs have 10-15x lower switching losses
than 3.3 kV Si IGBTs.

Double Pulse Test
3.3kV SiC MOSFET chip
Ve 3300V * Vi =2.2kY, R,_ext=2.50
I, (T=90°C) 45A
: i | —— Eoff [mJ]
= Eon [m.J]
E 50 |
B, | - At2.2kV, 180 A
@ . .
‘ & switching, 45 mJ
s total switching energy
£ loss
20
= - Z
10 - /
0 100 200 300
Drain Current [A]
A
t‘?‘i;-‘ WOU:SPEE‘O‘ ©2015 Cree, Inc. All rights reserved
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The World’s First All-SiC Traction Inverter
3.3 kV, 1500 A all-SiC Power Modules with SiC MOSFETs and SiC SBDs

Conventional Traction
Inverter with IGBTs

The all-SiC inverter has 55 % lower switching losses
than conventional silicon-based inverters.

Vps= 1.8 KV, Ip= 1500 A, Vgs= +-15 V, T;= 175 °C, Rg o= 2.4 Q, Rg o= 4.1 Q

2,500 - R 1 2,500 2,500 | 2,500
- E Turn On|  [Ey=1.444 = - Turn Off | A Ey=053J -
L2000 = 120005 Z2,000 e — 2,000 S
N e e PN § 1500 - ° g
81,500 PRL % 1500 §  E1.500 = . 11500 2
=] E = =] E S
©1,000 —— - 110002 S1000 1,000 2
c c = 3 —
g = € : g
&5 500 / \ 500 & & 500 — e 1500 5

o A 0 0 - 0
00 05 10 15 20 25 30 35 40 00 05 1.0 15 20 25 30 35 40
Time (us) Time (us)

o ) “Mitsubishi Electric: Silicon Carbide gets traction at 3.3kV and 1500A,” Oct. 2015, - i
aﬁ_‘i;- m‘ http:/www.pointthepower.com/mitsubishi-electric-silicon-carbide-gets-traction-at-3-3kv-and-1500a/ ]
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Outline

5. High Voltage

—

(CBPES November 29, 2015
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SiC Devices

T
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Device Advantages Disadvantages Voltage Rating
DMOSFET Scalable MOS Interface 0.4 kV - 15 kV
<  Trench MOSFET  High Vq,, Low Roy  High Electric Field 0.6 kV — 1.2 kV
% Normally-On JFET High Temp. Normally-On 1.2 kV —6.5 kV
)
Normally-Off JFET Normally-Off High Ry 1.2kV -6.5kV
N BJT No Gate Oxide Current Driven 1.2 kV —-10 kV
@®
S IGBT High Voltage Reliability 15 kV - 27 kV
.CE 5
GTO Low Conduction  pyiicyyit Control > 8 kV
Loss
Schottky Diode No Reverse High Leakage 0.1 kV -8 KV
Recovery
JBS Diode Low Leakage High Forward g g5 1/ — 10 kv
Voltage
PiN Diode Forward Voltage Degradation 10 kV
“,:' e
C'!-’E November 29, 2015 Tutorial: Is SiC a Game Changer? db-117 M;P @



SiC H-Bridge Modules
Power Electronics Building Block (PEBB)

+ Concept: Integration of fundamental components into blocks with
defined functionality that can be used in a variety of applications.

* Motivation: The versatility reduces the cost, size, weight, loss, design
complexity, installation, and maintenance of power electronic systems.

7

Series PEBB Parallel PEBB
_ _ Connection Connection
_l _
(U
PEBE H-Bridge PEBB 1 JEG PEBB 1 JE:}
PEBB 1000 PEBB 6000 o )

1.7 kV SiC MOS 10 kV SiC MOS [ 1T

1 I
PEBB 2 JE}
==}
1Y 1 T
AE— PEBB 3 JE:}
£n e PP
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Impedance Measurement Unit using 10 kV SiC MOSFETs
for Medium Voltage (4.16 kV) Medium Power (2 MW) Systems

System Ratings: 10 kV dc or 4.16 kV rms ac
300 A dc orrms ac
DC, 50 Hz, 60 Hz or 400 Hz

10 kV/ 120 A
SiC half-bridge

KV /100 A H-bridge

_.Measurement frequency range: 0.1 Hz - 1 kHz
ﬁ LN

November 29, 2015 Tutorial: Is SiC a Game Changer? db-119
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Power Electronic Building Block (PEBB) Design
PEBB Digital Controller

UPS

Inductor 2 mH

% L YYY Lo
(|GBT) Y Y Y Y—o0
BT T B A
Additional 3600V DC @ - =
. N——]
DC-link E:)’—
Capacitors Y (I 120V, 60z
L 2500V /120V
1.275 mF DC-link Pre-charge / Discharge Circuit
November 29, 2015 Tutorial: Is SiC a Game Changer? db-120

SiC H-Bridge

Parameter Full Module

- _| s Voltage Rating 10 kV
e 102 Current Rating 120 A
b No. of SiC MOSFETs 12
:;‘| e No. of SiC JBS Diodes 6
k) Vbs.on 5V at100 A

& e
CPES November 29, 2015 Tutorial: Is SiC a Game Changer? db-121 1 @



High-Voltage Double-Pulse Test Setup

This DPT setup allows us to quickly test all of the
10 kV SiC modules and gate drives.

Bulk Capacitors

1 mH Inductor

~
&

(CBPES November 29, 2015 Tutorial: Is SiC a Game Changer?

Experimental Double-Pulse Test: 4.7 kV, 100 A

Time (us)
Vps= 4.7 KV, Ip= 100 A, V= +18 V 10 -8 V, R o= 5 Q

November 29, 2015 Tutorial: Is SiC a Game Changer? db-123
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Experimental Double-Pulse Test: 4.7 kV, 100 A

Turn Off Turn On
20 | r 20
—p
|
S 10F----- NS %—ggg—n—s— 10
~ | |
[}
e . R 0
|
- 1 - ! -
1%3 24 25 26 1%
150 150
W 240 nsls
n 100
50
0

4000

2000

%

Time (us) Time (us)

Vps= 4.7 KV, Ip= 100 A, Vgg= +18 V 10 -8 V, Rg 6= 5 Q

“'ﬁ .
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)

Saber Simulation: Double-Pulse Test Schematic

Heviz | tempsrc

gnd

VDS vorage + ———0 5102

control
e gnd

VGS vorge +|——0 Vs _bot
— |

Confral
Y] —, oty

o~ SiC Saber models developed by NIST.
i

oW L
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Experimental and Simulation Comparison

==== Simulation

Time (us)
(CBPES November 29, 2015 Tutorial: Is SiC a Game Changer?
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Experimental and Simulation Comparison

Turn Off Turn On
20 —— Modue DPTV
E 10F - - — — — XN | Sir'rm\ation\»’GS
38
> O3 ""WST 7
|
R I I !
1%3 24 25 26
150
e Module DPT ID
z 100 [ Simulation |
0 50F--—---d--- -
0 ,,,,,,,,,,
23 24 25 26
e e e 2 e
—— Module DPTV . 4000
----- Simulation V,
‘ = 12000
|
|
25 26 %
Time (us) Time (us)
£

(CBPES November 29, 2015
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PEBB Buck Testing

1. High voltage: V,= 4.7 kV, |,,=4 A, V=470V, f,,= 10 kHz, D= 10 %
2. High current: V, =670V, | =100 A, V=320V, f,,= 10 kHz, D= 50 %

out™

SiC H-Bridge &
Decoupling Capacitors

IGBT & Driver

TDK-Lambda
203/303L HV
Power Supply I
v i
3 m Inductor

I
3

VGS

E;}—.
AN

+ AT

I.JI]R"‘E": 280 (32 Q)

-\

Tektronix PEM
P5210 CWT Ultra Mini
HV Diff. Probe Rogowski Coil
o~ Capacitors Capacitors
LT - >
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PEBB Buck Test at Full Voltage
PEBB #1 Buck on SN44, Q1, GD1:D= 10 %, f_,= 10 kHz

200

L L L L L
250 300 350 400 450 500

Noise due to the use of a high-voltage differential probe.

L
100 150

100

1, (A)

300
Time (us)

~
< e 1

November 29, 2015 Tutorial: Is SiC a Game Changer? db-129 37
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PEBB Buck Test at Full Current
PEBB #1 Buck on SN44, Q1, GD1: Vin= 670 V,D= 50 %, fSW= 10 kHz

l
1 | L L L |
0 50 100 150 200 250 300 350 400 450 500

Noise due to the use of a high-voltage differential probe.

Time (ps)

@ s
November 29, 2015 Tutorial: Is SiC a Game Changer? db-130 5 ]
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First-ever impedance measurement at 2.8 kV.

Step-down
2.8 kV Transformer 1360

y E=S

Q_—" T ||_'D 3:1 Resistive
Variable Voltage Load

Source Converter Zg OJE} Z,

(Hz) (H2)

@ ¥ "‘
-
lovember 29, 5 utorial: Is SiC a Game Changer? - =
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Significant Miller effect and common-mode currents
limited the operation of the converter.

Uu'ﬂ ” ﬂw‘l‘ mve—

Ll ‘
Ull" “]T’“\ e I'.-n‘|"-"u:"",|r_ -',u‘l_-,ll"::.__._... ———

8 Vidiv
8 Vidiv
50 ps/div

©» =0

€©r x =
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Significant Miller effect and common-mode currents
limited the operation of the converter.

PEBB Design

PEBB Digital Controller

UPS

SiC H-Bridge

B ot | BB

(IGBT)

Inductor, 2 mH

Additional DC-link Capacitor \
DC-link Capacitors 425 pF
e 1.275 mF

» = T
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Significant Miller effect and common-mode currents
limited the operation of the converter.

115

Continuous Operation

110
< 105
=100
9% ‘ ‘
9GO 50 100 1é0 200 _250 300 3‘50 400 4é0 500
200 Time (ps)
__ 100
<
T 0
%100
-200
0 10 0 e ms] 30 40 50
\ 7
_§ =T al
Protection| | YYY_,
(IGBT) T Yo
T H E
Additional DC-link Capacitor \ J
DC-link Capacitors 425 pF
3 1.275 mF e o I
C‘% November 29, 2015 Tutorial: Is SiC a Game Changer? db-134 ﬁ]‘u. @

High Power Electronics (HPE) program — DARPA/ONR
Solid-State Power Substation (SSPS)

WicaavEnt Cutput current [3200 Aa

Single-phase 55P5 at Navy test lab

v Demonstrated at 1 MVA, 13.8 kV/265 V
v Efficiency at full load > 97%

v 1/3" weight of conventional transformer

v ACinput current/ output voltage THD < 5% ...\ ccormer erimondil s mslorms

~ e
U TTORED
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Comparison of 3 MW Transformers

SSPS

@ e
-
(CPES  November 29, 2015 Tutorial: Is SiC a Game Changer? db-136 ﬁ w

Significant common-mode current could be flowing
through the baseplate parasitic capacitance.

Example - EMI, dv/dt

Chips to baseplate capacitance, C ~750 pF

Assume slew rate, dv/dt ~ 5kV /100 ns

Common mode current = C. dv/dt=37.5 amps
{same order of magnitude as rated currents)

Solutions - Decoupling capacitors, synchronized out-of-phase
switching of phase-legs to cancel CM currents, etc. can be used.

_))S ﬁzS fA A=A

M

o 5 |
\P@capodmnces |:: = = |

_ - _
375A = Heatsink

@

) e
.
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10 kV SiC MOSFETs in 30 kW Boost Converter

Efficient, “Transformer-Less” Power
Distribution Medium Voltage Grid
[Tof Fr 4 Getriggert,

u

8.5 kV output

3.3 A output -
_.."L’..."L Syl

[ 1m| 0,05
20,0 _]_ 106 Pie mﬂ 1L A0kt 2017
|.-.=:- ] 13: 1754

98.5 % efficiency

» 8 kHz switching frequency, >710X higher
than possible with conventional silicon-
based medium voltage converters.

Z Fraunhofer

@ Wolfspeed. ©2015 Cree, Inc. All rights reserved . =
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J. Thoma, et al., “A highly efficient dc-dc converter for medium-voltage applications,” IEEE ENERGYCON, pp. 127-131, 2014.

3rd Generation 10 kV SiC MOSFET

8.10 mm
3 1
il kv
. = 10.8kV @
a.1 8.1 Genl 6
E 131"\.1' ;ic Mngg&f[n & }[,"k"‘}g,?:},’,':)“;f;;‘ 3 = 04 IDS of 1 IJA
e 04|
“ 31 mm? Active Area 31.2 mm?2 Active Area E’ 02 &
i 345mQ R =
500 mQ Ry on o ' o 12E-14 == .
30 % RDS,ON o 2000 4000 6000 8000 10000 12000
- reduction ———— } Vps (V)
Gen 1 Gen 3
10 kV SiC MOSFET body diode stability after stressing at 10 A, 150 °C for 600 hrs.
o Body Diode V. (V) " MOSFET Vg o,
I I I = E I I 51.8 mmy? devices
E: e e |
10 =3 ) 10k Y
T g - ] 2.t + \ /,
: R
o - * )
g 6 - xg 6 ¥
2 2
2 r @ 2
[ SIS A VRV S S 20 P S S S S S
0 100 200 300 400 500 600 0 100 200 300 400 500

Hours Stress Time (Hrs)

.
@‘ Wolfspeed. ©2015 Cree, Inc. All rights reserved =
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It is necessary to investigate the multi-physics design
optimization of a high voltage SiC power module.

2011

containment
Compact

design

High Temp. Lid Scalable

Low
parasitics

210 mim < 102 mm = 32 mm
15 KV / +100 A

@ o
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3D finite element analysis tools can be used to optimize
the high voltage module design.

Temperature distribution of a finned @
heatsink solved by ANSYS AIM. Electric field distribution from
substation solved by ANSYS Maxwell.

@

Parasitic extraction of a TO-247
package solved by ANSYS Q3D.

@ o o
-
November 29, 2015 Tutorial: Is SiC a Game Changer? db-141 5 ]
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the triple point.

Stacking substrates can reduce the peak electric field at

(CPES  November 29, 2015

~Lwoavos

However, using two
ceramics will increase
the thermal resistance.

N

The peak electric
field is reduced.

v Te en—

Tutorial: Is SiC a Game Changer?

SiC Devices

v Lasa = 2
oot L uncE e aoweon senece
0. Hohlfeld, et al., “Stacked substrates for high voltage applications,” IEEE CIPS, pp. 1-4, Mar. 2012. ﬁ
db-142  gm ] @

Device Advantages Disadvantages Voltage Rating
DMOSFET Scalable MOS Interface 0.4 kV —15kV
% Trench MOSFET  High Vy, Low Ryy  High Electric Field 0.6 kV—-1.2kV
-% Normally-On JFET High Temp. Normally-On 1.2 kV —6.5 kV
> Normally-Off JFET Normally-Off High Ry 1.2kV-6.5kV
. BJT No Gate Oxide Current Driven 1.2 kV -10 kV
g_ IGBT High Voltage Reliability 15 kV - 27 kV
° GTO Low Gonduction piicutt Control > 8 kV
Schottky Diode Nge'zi‘\’lzrrf,e High Leakage 0.1KV — 8 kV
JBS Diode Low Leakage Hig\r/‘o'agg’éard 0.65 kV — 10 kV
PiN Diode Forward Voltage Degradation 10 kV

(CPES  November 29, 2015
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Switching loss benefits and simplified topologies are
possible with high voltage SiC MOSFETs and IGBTs.

Max | Bus | Rated | Vyson @ E
| Voltage| Current| MaxT SMEN 3x bus voltage,

Device

561'35";'; 125°C 3.6kv  25A 54V 200mJ 130mJ  330mJd 25X smaller Egy
10KV 150°C TkV 20A 10.2V S.4mJ 1.3mJd 9.7mJd
SiC MOSFET : e : L
15 kVSiC
MOSFET 150°C 10kv 10A 16.3V 10.2mJ Iml 13.2mJ
le.5 kv siceTs Example: 16 kV Input

15 kV SiC MOSFETs

:11!(\' F_

[22ee FT=
o~ — .
£ Wolfspeed. ©2015 Cree, Inc. All rights reserved ."i""_';:ﬁ;
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27.5 kV, 20 A SiC n-IGBT
The world’s highest-voltage semiconductor switch!

o ARL

ik * 0.9cmx 0.9 cm SiC n-IGBT
= g + 0.25 cm? active area
- a— - » 230 mm, 1x10" /cm?3 doped
E o drift layer
< + 27.5 kV blocking at Ic= 11.8 pA

/ (Vee=0V)

0 3000 10000 15000 20000 25000 30000

Voltage (V) ! ’ ' ' | ' n |6
50 20 e 14
“ _ n -
= sl -
_ £15 w =
- - -
L3 : 5 og
= = 10r ¥ =]
= | H ) 5 =
Z E e o | b pasc 2
3 ~ R L -
5] 5 1 i 4
1 \ | \ 2
“0 0 00 400 ano /00 1000
Voltage (V) Time (ns)
£ T e
£ Wolfspeed. ©2015 Cree, Inc. All rights reserved e et e
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Bipolar SiC devices yield lower on-resistance for

higher voltages.
/ Gen 3| 15 kV X,
] ’ I
’ Ixd e 27.5KkV n-IGBT

>100 ! Gen 3,10 kV A ° 22.5kV n-IGBT
- ] O, ..;,' ® 15kV n-IGBT
"o ] a2 i

4 oy ir
E 1 = Gen3; 65 kV# f-’
e S A
E ] 5"” g ® 22kV p-GTO
o] ~y gE
510 §: Gen 3, 3.3w__§’,.‘:’ ® 15kV p-GTO
CRE S,/ centtzwvx 4N
5 1 . Gen2/CZM n .-;,9
'3 ] . Family, 1.2kv x| ="/

1 ‘ Gen 3, 17KV ¢ 4

1 N Gen 3, 12 kV

i p) Gen 3,900 V| X Fd

’
I s
’ ,"
100 1,000 10,000
Breakdown Voltage (V)
o~ —it,
€W Wolfspeed. ©2015 Cree, Inc. All rights reserved . “-E' =T
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Transformer-less Intelligent Power Substation with
15 kV SiC IGBT and 1.2 kV SiC MOSFET

_ Reactive Power Flow Reactive Power Flow
) Bidirectional Active Power Flow -
- 22kV DC Bus "
Front End ; {‘:‘] Dual Active Low Voltage Side
Convener -‘-'_"'_"f'_' Ka Bndge 800V DC Buz Luverter

Li

L2
e—r—
138KV, Sphase, T
60Hz gnd

480V, 3-phate,
60Hz gnd

15 kW20 A 5iC
IGBT/IBES Diode
Co-pack module

1200 V/100 A SiC P
MOSFET/IES Diode LS
Co-pack module

» SiC-based 3-phase solid state transformer for 13.8 kV — 480 V grid interconnection

» Features: High efficiency, small size, bidirectional, reactive power compensation,
improved power quality, renewable integration

A. Kadavelugu, et al., “Medium voltage power converter design and demonstration using 15 kV SiC n-IGBTs,” IEEE APEC, pp. 1396-1403, 2015.

~ .
& L ]
€ Wolfspeed. ©2015 Cree, Inc. All rights reserved e g
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On-State Characteristics of 10 kV SiC BJTs
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10 kV SiC BJT Inductive Switching Test at
5kV, 8 A and 150°C
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* 8i IGBT switching data sourced

from device datasheet
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10 kV SiC BJT Inductive Switching and
Short-Circuit Ruggedness

>
Device BY e | Temptt) | Vep(V) | Eon (od) | Eoff (ma)
5kV,8A
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SIGBT | 65kv | 10A | 125°C 4 80 10
* Si IGBT switching data sourced from device datasheet
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Conclusions

For Vdc <500 V:
» SiC SBD + Si Super-junction MOSFET will compete with GaN-on-Si

For 0.5 kV <Vdc <1 kV:
» SiC Schottky (SBD) will be increasingly used instead of Si PiN

» SiC transistors will start competing with Si MOSFETs and IGBTs
based on converter cost, efficiency, size and performance
— (A tough proposition!)

* For high switching frequencies (> 10 kHz) better module and
converter packaging must be developed
For 1 kV <Vdc <6 kV:
+ SiC could be overtaking Si within 3-8 years

* Improved packaging for higher switching frequencies, higher
voltage, higher temperatures, and longer lifetime will provide
competitive advantage

* Much improved systems based on new designs for electric
machines, passives, and converters will be a game changer

@ o
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Conclusions

For Medium and High Voltage (Vdc > 6 kV):
» SiC is the future! (Not a game changer, but a New Game.)

* Very innovative packaging and system design for high voltage,
higher switching frequencies and long lifetime is required

» Completely new systems and new applications will be developed
» This will become huge when the new electronic grid will start to be
built
For High Ambient Temperature (> 200 °C):
» SiC is the future! (Not a game changer, but a New Game.)

* Very innovative packaging for high temperature, higher switching
frequencies and long lifetime is required

* Novel components for the “balance of system” (sensing, control,
passives, interconnects, ...) will have to be invented and developed

+ Completely new systems and new applications will be developed
— (“Physics” will remain the problem!)
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