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Evaluation Method for Maximum Current Conduction Capability of
SiC MOSFET Device at High Temperature
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Academy of Sciences, Beijing 100049, China)

Abstract: The silicon carbide(SiC) device is considered as a semiconductor device with high temperature resistance,
and a careful study on its loss and heat dissipation is required when it is applied to high-power-density and high-tem-
perature scenarios. The maximum current conduction capability of SiC MOSFET power module at high temperature is stud-
ied, and the relationship between electrical performance and heat dissipation is taken into account. Based on an electro-
thermal coupling model of SiC MOSFET device and a heat dissipation model of the cooling system, the mechanism of
thermal runaway process is analyzed. A co-simulation is conducted to determine the current conduction capability of one
SiC power module at high temperature, and the simulation error with respect to the experimental result is about 4%,
which verifies the effectiveness of the proposed method.
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Fig. 6 Thermal simulation model of power module

0.04 0.02 0 /K
- ‘ 316
314
312
310
308
306
304
302
300

(a) RAIIH N 60 W AT



390 5 5 £ il 5502 %
m
0.04 0.02 0 /K _
2 10°F
360 Py —_— ]
350 E 10} sic
¥ -
340 o .
= 0
=10k —
opper
330 -—————s—a  —*—55% glycol
320 250 300 350 400 450 500 550 600
/K
310 .
s - B8 AEMMNEBREHEXHRSE

10° m

(b) & KT A Ty 240 W
7 ERINESIH 60 Fl 240 W B S 1
Fig. 7 Temperature distribution with thermal power of
60 W and 240 W, respectively
R1 TRRANETHE- L DBHE
Tab. 1 Thermal resistance under different values of

thermal power

BRI FRIW T,../K Ry /(K/W)
60 311.94 0.199 0
150 329.77 0.198 4
240 347.48 0.197 8

INE) 240 W, i TG B BOABE R AR R /N, AT
DA AN T Pt A 25 IR AR B 1 L T
AL N e IR R B R I AR T
2.2 B EEX R EY 0

55 T SCIHE 9 HEA P A R AR L, A 3
AR Xk BAVBEL P 52 M B BP0 4 S i E

e, AU g T AR A R GURIE B -0
T AR, B

ot
qg=-1-— 11
3 (11)

Hrp RS EOR N, BERERERN R, 25 A
FRL A, BT A B R Rl B A A Al
K 8 s,

PR B AR L PR S R A OB S AR
BN E VI B 1w sl #8407 R4, i 55 28 R 8K
itk (9 22 56 o 3 O T AL R B |

) Nu
h=r~ (12)

N h XS GALTAR B IR T AL R
fIERRE s Nu 985 FE /-8, A FT Nu #f i 32 H pR

Fig. 8 Temperature-dependent thermal conductivity of

different materials
R 2 MR IR BE T B 45 - AR BE B9 1
LR 9 s IR S A
R2 ARRAKBETHLE-LERAE
Tab. 2 Thermal resistance at different

coolant temperatures

¥ IO BE /K T,./K R/ (K/W)
300 341.00 0.205 0
325 366.41 0.207 0
350 392.33 0.2117
375 418.28 0.216 4
10° m
004 002 0 K
0.04 1350
0.03 340
330
£ 0.02
320
0.01
310
0 300
(a) % HW IR E R 300 K Hf
10° m
004 0.02 0 K
0.04 1
370
0.03
360
g 0.02 o
0.01 340
330
0

(b) ¥ EI IR B Ry 350 K I
B9 AHABRESFA 300 K 7 350 K HHBREST

Fig. 9 Temperature distribution with coolant

temperature of 300 K and 350 K, respectively



%2

ZEABHE 25 .SiC MOSFET 2§ 14 v LR e K L 0 53 B8 1 17EA% O i 391

AL B, S A IR BE I 300 K 14 hn#) 375 K
B, 45 5 Z i B AR 6 29 R 0.01 K/W, 7E
1 kW U RMAE T, 4552207 LUk 1128 10 K,
14 Y0 A ek AR AR AR R T A M AN RE 2 s B
WL SRR HW
2.3 BEHXAHPEZELR

LU EDI NSRRI 7 F = v I (DO B
JE LB AR BRI R /NS 2 B i Bl R A
BEL, {H 23 52w 2y 5 A58 L RN BICAR 2R 5 D938 1) 3R 3 )
i SR S AR R AR, TR A A
SR Y B [H] T ASE B o (] 2 94 i B2 AN 75 2 1)
JETE BT LLOKE 25 30 225 S ARBE R, FH R
a4 B
p2
Ry jp=[ai by ¢ ]13

(13)

T?
+[sz by 02] ]

T
1

Krp P AR LRI T, W% R ja
bl\cl\aQ\bZ\CZ ﬁ?ﬂ%%é&o P*D TﬁIU%&’U\?@%‘z*ﬁ
HAMSTY

3 REBREREMITME

TEH R R R AR PE R R R 2 1 ) S
FE5 S5 2 VR A7 A6 IE R B8, TR T+, Th R it
FEBE 20, i 384 0 Ay Ty SR AE S 45 B asd ke fif 45 1R
FHig . AR 24 550 H I s Ak I T R R — R
A, 2 TR o 3 HL A B8 2 SR ARRE 1) 3 i O B
VB8 T 2 E2 0 b 1O R e o 8
3.1 BKEHIE

SiC MOSFET [ %& #47= 5 (i #4it n] LA R

Pou=1R., (14)
T2 Popa N T8 DI ZRPAE 1, AT FL I

R T TR B M i BEALEE LR, FH 20 MOSFET &
i H, BHL Y 32 AR A IR A L BH E X

Ru=Roun| 3007 (15)
A R0 FEH IR 300 K T A9 S e B, 530 1 48

IUBTY YA W)

a

Pras= IR n| 505 | (16)

TN, BBH Ry, o] LA B3 3 7 o BAA T
SR ZER R H
_ =T

th

K P AR T, HIREEIREE s Ry, 45 FIER
B Z B A IR o FEIX R B0 R Ry, S — DS T T,
GRS

K10 AR FERY R, 2 P> Py I A4
AR T HUA T 58 45 10K T v B8 1 - 4 s Bk
AR Y Pou<Pac B, BRI K T LT
IR B B A A PP A s M A TR U
Pooi=Pr, FGEIE BN AP H | 5252458 AT DAL 1] /)5 1) i
i, (HIE WRTEATRE fU S PP, — A/
Pt nl LAl R GEAR Pk B R

P

T

T,
B 10 #HKixHE

Fig. 10 Principle of thermal runaway
P11 S AN [m) A F O 1105 30 4 R 2 2R
IR0 HA R, FEiZ 05 B i Y 300 K
() 3 38 P BEL B2 25 mQ, 3K (16) TP R EOHN
2.4, 45 I Z AR AEE O 1 K/W, HEZ N 7E AN TR
ST DR AT R R A R S SRR 5
HANBARGE AR SR LR

400 | - 20.0 A L
~ 300 A >
- 400 A y
2 300t Z2 g5y .
oy 50.0 A
= 200 F —
> e /.:t’( - =" -
0 ’......A......A.l ................. X I
300 400 500 600 700

/K
11 SiC MOSFET L ZARRE & IR FBA T
Fig. 11 Thermal power and cooling power of SiC

MOSFET power module



392 25 b

27 Eire 5502 %

TRBA R, 2k (BRI ) R 2k (R 3) 2

] 25 A28 05, A HESE — A28 S b A g ik 3]

POPA 8 AR IC T S — A3, AT LRI

[ 5380 LA T AR S AR A [ B 2 2 P A ) %

it 2R 5 48 BOR AT R LA DI B AT LSRR AR

A T ALl 48.5 AL 25 IR 514 K (241 °C),
B 5 K TAE s ] 2R

P cond = P diss
a])mnd - ap(hxs ( 1 8 )
of,  oT,

Horp 35— RERPES S AR
AR TAESA, BN AHFATDHRAL(18), 7T LA
e A EAE 00 R AN

T ow=—%"T
b1

1 T,
o— 1 Rih Ja

Pn’k])(
(19)

300
l..= Ta( otal L. )
. (a=1)Ri ju Ron 300
P12 Sy AN [a] 20 35 3tk B2 R B BHL R B9 Rk it
e Bl LA R, 46 T L A4 75 O, aT
DA I, 42 30 fie RAB T AR RO R RRE "1
0.5 A By HL I 22 AT LAE 300 K A9 20 45 it J32 A
1 K/W By#BH T 512 50 °C A &5 IR 22, N, 7 52
P IV FH R 20 B R B A 22 A At L o BAVBHL AN P45 UL
JEE XS A e i 5 18 1) B R LR AR, O T e e Al
I SIC #R PR RAFPERE , AT 40 B O &R 4 D sk

600 F—71.=300 K Ry, ;=1 K/'W 435, 600) ¢
---1 =300 K,R,; ;=2 K/W
550 |- T SSOKR]J-I K/w

(48_,5,5]4)

(343.514)9 :
Ioagh.aee)

“ 500

i L

= 450
400 |
350 |

300 : . .
0 10 20 30 40 50
AL/A

E12 ARIMEEEMAETHRSEREERNIR

Fig. 12 Steady-state junction temperature against

current under different ambient temperatures and

thermal resistances

32 EEXKTA

AR SCHEHE T — AW & ok 5 Uk B 2
AL IE AL S R AR Tk B 13 Fr s, D3R
BT IT, SiCBR R 2 T 28 0o W5 34 4k B e ek
ZLA PR ABA R IO A IR B 8 i S
22 3, ForP B VA H R VR T AT SRR R 41 b A
AT 2 R S 25 I 1 IR Ve A0 B T T RO

B 13 WM EERFBAR RS
Fig. 13 Tested power module and cooling system
*3 FEXWSH

Tab. 3 Main experimental parameters

T FAS
Ty R A B S g
SiC ot A CPM2-1200-0025Bx4
DC LR WYG-15V500A
LT AR AR AN Fluke Ti55
Jin G2 B A AR Julabo CORIO CD

SRR AN . Qe fin i i oL SiC g R
FE IR Q% 538 B 2 RS, F 20 /b B 430
S 10 7 TR HL R F O A T BRBEL A

g RiTie

AR 1.2 95 45 AR R R4 7 g A
14 05 B 5 S 25 SR A X EE Dy RRARE e S %
KFMHEFLAE TN 180 A, JF HA5 R T 188 A, 453
WA A5 AT IR 2220 4% (B TR FRE 1T 4%

0 50 100 150 200
HLL/A

E 14 SWHFEZEEE
Fig. 14 Comparison between experimental and

simulation results



%2

ZEABHE 25 .SiC MOSFET 2§ 14 v R e K LI035 B8 1 17EA% O i 393

PR R 5 s ) R RIS, S 4 3R B A
FLEER LA RIS 2 R,
TR 22 (W PR 3R AT RE 2 R 1) R AR AR R R
PEENE . AR TE D Brh o R R iy — L
331 V, &%

1 F, e P T A 4 Rl )2 O B T X
Sk r A TR L e B B A B R B RGSR Ok L SiC TR
MOSFET 1 SiC/SiO, I i s A X 45 22, Hon] g
— LR G A A, o ) R R L
(TSRS 38 L TR TS, (L PR A CE AR i 1 43
HIEER 1 G e 5T 28 TR, ELANHR I
P ) A 128 e R R R, B 15 BT

2.5

B H R SERS AV IV
5 L B

=4
n

0 B : 3
10 10° 10° 10° 100
Jiti i % B[] /s

E 15 KEERERENADTHHREREZZEY
Fig. 15 Threshold voltage drift under long-term

positive-bias temperature stress™

ASCHR UIRAE 400 K B E LRI A0 1V,
5 L BELCRE G A 1 mQ), AR AN 160 A HL 3 A
0.25 K/W #RBH 0 %224 6.4 K TH
332 ZGAGPEREIBES

H T IR A (A2 5 A TR )G S
B K R RO ARG, @R LT, Sl
BELF) 38 B2 2R B0 I, 25 i IELE T e i, e Bt 2
0, X 38 B A R R D EE T R X R 6
(T A N T S A o L Y- N o T O
Je A L, 20 5 L L i A R 38 B A BB s 3
2 B A5 B4 T AN BE B I G A UL B A A, R4
KA,

1o A7 R A R I R B G 15 AR LA SCIF ST 1Y
BB 3 AR IR XS BRZE O 4 ST HR
SR Y A AR R] 0 IR 1 O 4 AN Fa
BRI ;s XA 2 v 2 At A o v BEL PR A

JRAE (X BRZH 2-1), 53 4h 2 08 S H B B D
{EHEIN 10% (4 BRZH 2-2) , X A 4H 2 453 22 ) A 2
2-1 5XTHRA 2-2 (45 22 s 00 BRA 3 Ty 4 i
BELAH ] Aot A D6, L DR B BELAE 5 %ot HR 201 2 AR T
P EZEFRWE 16 Fin . rTLAR L. Y B AR ER S
ARAZE AT, FE B 285 A B IS — 2L ek B s v, (PR 2 LA
R I U 5 4 B3 PR T RS I L BELAR /N 1 4
S T ELA T R R B AR X L R R B e T
14 i 0 BUAE SR, BRI BTAT R BELAE A A 1] 4 1
B, B BRI R A TR B S
55 2 AR A I 0, T8 5 AR B L
RSV R RS R A 2 R R RRUE 1A R IR R R
111 9 /INASE B 3l O 1) R KR RE T . TE AR B
o SR L AR PR T AR R A 182 A
FEARIRI 53 M v 2 Rk WA E AR R 26 T )
H P ) SRAST R P AR B L U 538 B 7K B BT SR

500 m
400 | |
V) S i

y — it ;

Ll o xima i

S200r F IR 2 i

I i

] 5

00 WA i

I

b
0 50 100 150 200

LA
B 16 AREHFA—EHHIFIE

Fig. 16 Influence of inconsistency of different chips

4 g

AT —FIFAL T AR m T K
T AR MR, S TR R SEH SiC MOS-
FET SRR D) R A 5 O 2 48 A FABE Y
T SiC MOSFET #2585 Se b8 1 5 I B AH G i 4
PSR, SR8 T S0 AR O TR TR R s A
RHL, 38 25 F BEL 43 R BB 43, R A1 R, 53 59060 19 45 1Y)
JELE AR Sl AT AR R B R, BE IR R BN K
T R BT EE G T T B 3 X6 F ARS8 R 2 ] A i
o7 FH 4 B 38 4 A BR G 5 00T PSR (1 S £k
HEAT T 40T A S A BE BN N LT 5 R )
RICK  F TR 3 A Ay R



394 25 b

o500 %

AR SC AR T I B B A AL 4 BHE T AR
R AT R AR IR B AR PRSI & 454 SiC
A E B A R A1 IO R G 1 PR R AT I
D7 B, BRI T DA 0 e Kl R B R ) iR
TS 56 T 30k 56 UE T H88 4R AR SIS 2 R S 0 B
TR 2ZEHE 4% AT BT TV R LA R 200
Jr R, BEL AR 32 A1 AN S 7 A I AR DR R (R
i H iR 22 AT LA — 2 A

SE

[1] Lee H, Smet V, Tummala R. A review of SiC power mod-
ule packaging technologies: Challenges, advances, and e-
merging issues [J]. IEEE Journal of Emerging and Selected
Topics in Power Electronics, 2020, 8(1): 239-255.

[2] T WAF. SEAR AT R HIBOAR L4 PP IR[]. A R,
2020, 18(4): 1-3.

Ning Puqi. Editorial for the special issue on wide band-
gap power devices and applications [J]. Journal of Power
Supply, 2020, 18(4): 1-3 (in Chinese).

[3] Chen Mingxing, Wang Huai, Pan Songhua, et al. Thermal
characterization of silicon carbide MOSFET module suitable
for high-temperature computationally efficient thermal-pro-
file prediction [J]. IEEE Journal of Emerging and Selected
Topics in Power Electronics, 2021, 9(4): 3947-3958.

[4] Chen Zheng, Yao Yiying, Boroyevich D, et al. A 1200-V,
60-A SiC MOSFET multichip phase-leg module for high-
temperature, high-frequency applications [J]. IEEE Trans-
actions on Power Electronics, 2013, 29(5): 2307-2320.

[5] Sato S, Kato F, Tanisawa H, et al. Development of high
temperature operation SiC power module [J]. ECS Trans-
actions, 2018, 86(12): 83.

[6] Zhou Min, Lii Hongliang, Zhang Yimeng, et al. High-speed
gate driver circuit of SiC-MOSFET for high temperature
application [J]. IET Power Electronics, 2020, 13(17): 3851-
3860.

[7] Alves L F, Lefranc P, Jeannin P O, et al. Review on SiC-
MOSFET devices and associated gate drivers [C]// 2018
IEEE International Conference on Industrial Technology
(ICIT). Lyon, France, 2018: 824-829.

[8] Adan A O, Tanaka D, Burgyan L, et al. The current status
and trends of 1 200-V commercial silicon-carbide mosfets:

Deep physical analysis of power transistors from a designer’s

perspective [J]. IEEE Power Electronics Magazine, 2019, 6
(2):3647.

[9] Murayama N, Hirao K, Sando M, et al. High-temperature
electro-ceramics and their application to SiC power mod-
ules [J]. Ceramics International, 2018, 44(4): 3523-3530.

[10] Chen Cai, Luo Fang, Kang Yong. A review of SiC power
module packaging: Layout, material system and integration
[J]. CPSS Transactions on Power Electronics and Applica-
tions, 2017, 2(3): 170-186.

[11] Buttay C, Ouaida R, Morel H, et al. Thermal stability of sil-
icon carbide power JFETs [J]. IEEE Transactions on Elec-
tron Devices, 2013, 60(12): 4191-4198.

[12] Colmenares J, Sadik D P, Hilber P, et al. Reliability anal-
ysis of a high-efficiency SiC three-phase inverter [J]. IEEE
Journal of Emerging and Selected Topics in Power Elec-
tronics, 2016, 4(3): 996-1006.

[13] Hou Fengze, Wang Wenbo, Cao Ligiang, et al. Review of
packaging schemes for power module [J]. IEEE Journal of
Emerging and Selected Topics in Power Electronics, 2019,
8(1):223-238.

[14] Passmore B S, Lostetter A B. A review of SiC power module
packaging technologies: Attaches, interconnections, and ad-
vanced heat transfer [C]// 2017 IEEE International Work-
shop on Integrated Power Packaging(IWIPP). Delft, Nether-
lands, 2017: 1-5.

[15] Yang Yuhang, Dorn-Gomba L, Rodriguez R, et al. Auto-
motive power module packaging: Current status and future
trends [J]. [EEE Access, 2020, 8: 160126-160144.

[16] Jin Miaoxin, Gao Qiang, Wang Yijie, et al. A temperature-
dependent SiC MOSFET modeling method based on MAT-
LAB/Simulink [J]. IEEE Access, 2017, 6: 4497-4505.

[17] Li Hong, Zhao Xingran, Sun Kai, et al. A non-segmented
PSpice model of SiC MOSFET with temperature-dependent
parameters [J]. IEEE Transactions on Power Electronics,
2018, 34(5): 4603-4612.

[18] Lu Juejing, Sun Kai, Wu Hongfei, et al. Modeling of SiC
MOSFET with temperature dependent parameters and its
applications [C)/ 2013 Twenty-Eighth Annual IEEE Applied
Power Electronics Conference and Exposition(APEC). Long
Beach, CA, USA, 2013: 540-544.

[19] Bahman A S, Blaabjerg F. Optimization tool for direct
water cooling system of high power IGBT modules [C]//

2016 18th European Conference on Power Electronics and



%2

ZEABHE 25 .SiC MOSFET 2§ 14 v R e K LI035 B8 1 17EA% O i 395

Applications (EPE’16 ECCE Europe). Karlsruhe, Germany,
2016: 1-10.

[20] Higuchi K, Kitamura A, Arai H, et al. An intelligent pow-
er module with high accuracy control system and direct
liquid cooling for hybrid system [C]// PCIM Europe 2014;
International Exhibition and Conference for Power Elec-
tronics, Intelligent Motion, Renewable Energy and Energy
Management. Nuremberg, Germany, 2014: 1-8.

[21] Ning Puqi. Design and development of high density high
temperature power module with cooling system [D]. Virginia:
Virginia Tech, 2010.

[22] Ning Puqi, Liang Zhenxian, Wang F. Power module and
cooling system thermal performance evaluation for HEV
application [J]. IEEE Journal of Emerging and Selected Top-
ics in Power Electronics, 2014, 2(3): 487-495.

[23] Sridhar A, Vincenzi A, Ruggiero M, et al. Compact tran-
sient thermal model for 3D ICs with liquid cooling via en-
hanced heat transfer cavity geometries [C]// 2010 16th In-
ternational workshop on thermal investigations of ICs and
systems (THERMINIC). Barcelona, Spain, 2010: 1-6.

[24] Brunschwiler T, Paredes S, Drechsler U, et al. Heat-re-
moval performance scaling of interlayer cooled chip stacks
[C)// 2010 12th IEEE Intersociety Conference on Thermal
and Thermomechanical Phenomena in Electronic Systems.
Las Vegas, NV, USA, 2010: 1-12.

[25] Baliga B J. Fundamentals of power semiconductor devices
[M]. New York: Springer Science & Business Media, 2010.

[26] Pérez-Tomas A, Brosselard P, Godignon P, et al. Field-ef-
fect mobility temperature modeling of 4H-SiC metal-oxide-
semiconductor transistors [J]. Journal of Applied Physics,
2006, 100(11): 114508.

[27] Hu C. Modern Semiconductor Devices for Integrated Cir-
cuits [M]. Upper Saddle River, NJ: Prentice Hall, 2010.
[28] Raynaud C, Tournier D, Morel H, et al. Comparison of high

voltage and high temperature performances of wide bandgap

semiconductors for vertical power devices [J]. Diamond and

Related Materials, 2010, 19(1): 1-6.

[29] Ye Jin, Yang Kai, Ye Haizhong, et al. A fast electro-ther-
mal model of traction inverters for electrified vehicles [J].
IEEE Transactions on Power Electronics, 2016, 32(5): 3920-
3934.

[30] Tsibizov A, Kovacevié-Badstiibner 1, Kakarla B, et al. Ac-
curate temperature estimation of SiC power mosfets under
extreme operating conditions [J]. IEEE Transactions on Pow-
er Electronics, 2019, 35(2): 1855-1865.

[31] Bohne D, Fischer S, Obermeier E. Thermal, conductivity,
density, viscosity, and Prandtl-numbers of ethylene glycol-
water mixtures [J]. Berichte der Bunsengesellschaft fiir Phy-
sikalische Chemie, 1984, 88(8): 739-742.

[32] Takacs G, Szabo P G, Bognar G. Modelling of the flow-
rate dependent partial thermal resistance of integrated mi-
croscale cooling structures [J]. Microsystem Technologies,
2017, 23(9): 4001-4010.

[33] Lelis A J, Green R, Habersat D B. SiC MOSFET thresh-
old-stability issues [J]. Materials Science in Semiconductor

Processing, 2018, 78: 32-37.

TEEE N
AR (1997-), 9w AF R A, W
o~ e W GO DRGSR PAE H B-
& & mail : lihk@mail.iee.ac.cn,
C, T A (1982-), 5, v L R 25 4 2
\\a¥ / BBISIES WA BRI, TR 2k

A IS SRR AR A R B R ER BF5T
E-mail :npq@mail.iee.ac.cn,
A JH £ B (1993-) , % it WF S O ST

T3 T s 2 S A PR R A BB e e HOR
5% . E-mail:kangyuhui@mail.iee.ac.cn,

W (1993-) 5 LR, WE5ETT
] DR P AR S 2R AR . E-mail ;
Barrycaol 7@yeah.net,

KBFF(1982-) , 2, i 1, iy 9 T AL
WFSE 5 1w - 55 Ly A8 58 B2 F ) AL 7 78 O A 3K
G H AP IY . E-mail : zhengdan@mails.

ucas.ac.cng



