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Abstract—This paper presents a comprehensive short 
circuit ruggedness evaluation and numerical investigation 
of up-to-date commercial silicon carbide (SiC) MOSFETs. 
The short circuit capability of three types of commercial 
1200 V SiC MOSFETs is tested under various conditions, 
with case temperatures from 25 oC to 200 oC and DC bus 
voltages from 400 V to 750 V. It is found that the 
commercial SiC MOSFETs can withstand short circuit 
current for only several microseconds with a DC bus 
voltage of 750 V and case temperature of 200 oC. The 
experimental short circuit behaviors are compared and 
analyzed through numerical thermal dynamic simulation. 
Specifically, an electro-thermal model is built to estimate 
the device internal temperature distribution, considering 
the temperature dependent thermal properties of SiC 
material. Based on the temperature information, a leakage 
current model is derived to calculate the main leakage 
current components (i.e. thermal, diffusion, and avalanche 
generation currents). Numerical results show that the short 
circuit failure mechanisms of SiC MOSFETs can be 
thermal generation current induced thermal runaway or 
high temperature related gate oxide damage. 

Index Terms—Silicon carbide (SiC) MOSFETs, short 
circuit capability, electro-thermal model, leakage current, 
thermal runaway 

 
I. INTRODUCTION  

Featuring higher breakdown voltage, increased operating 
temperature, higher thermal conductivity, and lower switching 
and conduction loss, SiC devices (especially enhancement-
mode SiC MOSFETs) are expected to be widely used in future 
transportation applications, e.g. electric vehicles and the “more 
electric” aircraft [1]–[8]. While achieving higher power density 
(due to limited space and carrier capability) and high 
temperature electrical design (due to inherent harsh 
environment), the ability to guarantee the reliability and safety 
becomes critical [9]–[12]. One of the key reliability issues is 
the short circuit capability of SiC power MOSFETs. 

Recently, several research efforts have focused on the short 
circuit capability testing of 1200 V SiC power MOSFETs. In 
[13], the short circuit capability of 1200 V / 100 mΩ SiC 
MOSFETs with active areas of 3.5 mm × 3.5 mm are studied 
and analyzed at 400 V DC bus voltage, 10 V / 15 V positive 
gate bias, and 25 oC case temperature. It is shown that the short 
circuit withstand time (SCWT) is around 80 μs at 10 V gate 

voltage and 50 μs at 15 V. Similar investigation of 1200 V 
commercially available devices is reported in [14], with a DC 
bus voltage of 400 V, gate voltage of +18 / 0 V, and case 
temperatures of 90 oC and 150 oC. A major concern of these 
testing results is that the short circuit test conditions may not 
represent the real application scenarios of 1200 V SiC 
MOSFETs that usually has a positive gate voltage as high as 20 
V and DC bus voltage greater than 600 V. A more practical 
evaluation of short circuit capability can be found in [15] and 
[16] with 600 V DC bus voltage, 20 V / -5 V gate voltage, and 
25 oC case temperature. However, the temperature dependent 
short circuit characteristics and associated failure mechanisms 
have not been investigated. In addition, it is still unclear what 
the key limiting factor (DC bus voltage level, temperature, 
fault type, device type, etc.) of short circuit capability is. 

The paper is organized as follows: Section II presents the 
short circuit capability testing results of three types of 
commercial SiC MOSFETs under different case temperatures, 
DC bus voltages, and fault types. In Section III, the 
temperature dependent short circuit characteristics are 
summarized, and the associated failure mechanisms are 
analyzed based on the derived electro-thermal model and 
leakage current model. Section IV concludes the paper. 

 
II. SHORT CIRCUIT CAPABILITY EVALUATION 

Three types of commercially available discrete 1200 V SiC 
MOSFETs with TO-247 package are investigated in this work, 
as shown in Table I. These devices have the same on-state 
resistance, while their current ratings and die sizes are different.  

Table I. SiC MOSFETs under test [19]–[22] 

 

 

The test circuit configuration and hardware test setup for 
short circuit capability evaluation have been introduced in part 
II of [17]. The devices will be tested under different fault types, 

        Device Types 
         
 
 
Parameters  

CREE 

ROHM 1st 
Generation 

(1G) 

2nd 
Generation 

(2G) 

Rated Voltage / 
Current 

1200 V / 24 A 
(100 oC ) 

1200 V / 20 A 
(100 oC ) 

1200 V / 28 A 
(100 oC ) 

On-Resistance 80 mΩ 80 mΩ 80 mΩ 

Normalized Die 
Area 

1.59 1.0 1.21 



i.e. 
con
wh
stat
pro
the 
of 
circ
mo
aro

A. 

of t
wit
V, 
dra
pro
sho
be d

Fi

cur
pow
acti
DC
to p
up 

hard switchin
ndition [18]. In
ole test setup w
te circuit bre

otection thresho
DUT is heate

the test board
cuit characteri
nitored by a K

ound 0.8 s (at 6
 
CREE 1G SiC
Fig. 1(a) and (

the CREE 1G S
th DC bus volt
and case tempe

ain-source vol
otection signal
ort circuit beha
divided into fo

 

ig. 1. Short circuit 

Stage I [t1 ~ t2

rrent increases 
wer loop. Mean
ive region, wit

C bus voltage. T
positive tempe
to 600 K [23]. 

ng fault (HSF
n order to prev
when the devic
eaker (SSCB) 
old is employe

ed by a control
d to evaluate it
istics, and th
K-type thermo
5 ft / s air velo

C MOSFETs 
(b) show the sh
SiC MOSFETs
tage Vdc = 600 
erature Tc = 25
tage, drain c
 from the SS

avior under bot
our stages. 

(a) H

  (b) 
capability of CRE

and Tc =

2]: When a sho
quickly due t

nwhile, the dev
th a saturated d
The current ke
erature coeffic
 

F) and fault u
vent the potenti
ce under test (D

with a prop
ed in the DC 
lled hot plate a
ts temperature
e device case
couple with a 

ocity) / 20 s (at 

hort circuit tran
s under HSF an
V, gate voltag

5 ºC, where vds,
urrent of the

SCB, respectiv
th fault types i

HSF       

FUL 
EE 1G SiC MOSFE
= 25 ºC. 

ort circuit occu
o small induct
vice enters from
drain-source vo
eeps increasing
cient of MOS 

under load (FU
ial damage of 

DUT) fails, a so
per short circ
link. In additi

at the bottom s
e dependent sh
e temperature
time constant
still air).  

nsient wavefor
nd FUL condit
ge vgs = + 20 /
, id, and vpt are 
e DUT, and 
vely. The ove
is similar and c

ET with Vdc = 600 

urs at t1, the dr
tance in the m
m linear region
oltage close to 
g in this stage d

channel mobi

UL) 
the 

olid 
cuit 
ion, 
side 
hort 
 is 
t of 

rms 
tion, 
- 2 
the 
the 
rall 
can 

  

                            

V 

rain 
main 
n to 
the 
due 
lity 

Stag
full DC
consider
semicon
self-hea
MOS ch
short cir
be succ
within s

Stag
increasi
changes
rate of M
rate of 
ionizatio

Stag
leakage 
eventua
failure. 
device t
stop IGB

The 
under H
for FUL
by a ga
circuit c
both casܧ௖ = න௧

The 
1G SiC 
600 V, g
= 200 º
observa
the SCW
ºC) und
FUL; 2
moves t
to failur

The 
elevated
conditio
significa
Moreov

                          

ge II [t2 ~ t3]: 
C bus voltag
rable power 
nductor junctio
ating. The tem
hannel (and dr
rcuit current p
essfully turned

safe range. 
ge III [t3 ~ t
ing, the di/dt
s to be positiv
MOS channel 
leakage curren
on.  

ge IV [t4 ~]: W
 current rem

ally leads to a t
This failure m
turn-off, has b
BTs [24].  
short circuit w

HSF, and 11.5 
L is associated 
ate voltage spi
critical energy
ses. 

ௗܸ௦ ∙ ௗ௧రܫ
భ 			.ݐ݀
high temperat
MOSFETs is 
gate voltage vg

ºC, as shown 
ations can be m
WT decreases 
der HSF, and 1
2) the peak fa
towards fault s
re becomes sho

CREE 1G S
d voltage leve
ons the same as
antly reduced t

ver, the device 

The device co
ge appears 

loss, and 
on temperatur

mperature rise 
rift region) car
presents a nega
d off if the sem

t4]: As juncti
of the short 

ve. This is like
electron curre

nt induced by

When the device
mains after t
thermal runaw

mode, occurring
een reported b

withstand time
μs under FUL
with the highe

ike during the
y Ec, defined b

																										
ture short circu
also evaluated
gs = + 20 / - 2 
in Fig. 2. Co

made regarding
slightly from 1
11.5 μs (25 ºC
ault current po
starting momen
orter. 
SiC MOSFETs
el, Vdc = 750
s Fig. 2. As sho
to 7 μs under H
immediately fa

(a) HSF   

onducts in satu
across it. Th
as a conse

e increases ra
leads to redu

rrier mobility,
ative slope. Th
miconductor te

ion temperatu
circuit curren

ely because th
ent is lower th
y thermally ass

e is switched o
the turn-off 
ay phenomeno

g after a delay t
by some author

e tsc (from t1 to
. The slightly l
er peak fault cu
e fault transien
by (1), is aroun

																									
uit capability 

d with DC bus 
V, and case te

ompared to Fi
g the current w
12 μs (25 ºC) t
C) to 10 μs (2
oint (occurring
nt (at t1); 3) th

s are further 
0 V, while k
own in Fig. 3, 
HSF and 6.6 μ
ails after turn-o

                        

uration as the 
his involves 
equence the 
apidly due to 
uction in the 
and thus the 

he device can 
emperature is 

ure continues 
nt waveform 
he decreasing 
han the rising 
sisted impact 

off at t4, a tail 
process and 

on and device 
time from the 
rs in Si field-

o t4) is 12 μs 
lower SCWT 
urrent caused 
nt. The short 
nd 1.18 J for 

																	(1)
of the CREE 
voltage Vdc = 

emperature Tc 
ig. 1, several 

waveforms: 1) 
to 11 μs (200 
00 ºC) under 
g at time t2) 
he delay time 

tested at an 
keeping other 

the SCWT is 
s under FUL. 
off. 

    



Fig

Fig

B. 

MO
pow
sho
pre

wav
resp
vgs 

g. 2. Short circuit c

g. 3. Short circuit c

CREE 2G SiC
The short circ

OSFETs from 
wer stage. Giv
ort circuit cha
esented hereafte

Fig. 4(a) and
veforms unde
pectively, with
= + 20 / - 2 V.

 (b) F
capability of CRE

and Tc =

(a) H

 (b) F
capability of CRE

and Tc =

C MOSFETs 
cuit capability

CREE has a
ven that HSF a
aracteristics, o
er.  
d (b) show th
r case temper

h DC bus volta
. The overall sh

FUL 
E 1G SiC MOSFE

= 200 ºC. 

 

HSF                       

FUL 
E 1G SiC MOSFE

= 200 ºC. 

 

y of the second
also been eva
and FUL have
only HSF tes

he HSF short 
ratures of 25 
ge Vdc = 600 V
hort circuit beh

ETs with Vdc = 600

                            

ETs with Vdc = 750

d generation S
aluated using 
e nearly the sa
sting results 

circuit transi
ºC and 200

V and gate volta
havior is the sa

0 V 

   
                             

0 V 

SiC 
the 

ame 
are 

ient 
ºC 

age 
ame 

as 1G S
Moreov
tempera

 

Fig. 4. S

The 
stress c
tempera
SCWT 
design o

Fig. 5. S

C. ROH
Shor

MOSFE
as recom

      

SiC MOSFETs,
ver, the SCW
atures, which is

Short circuit capab
case te

CREE 2G SiC
condition, with
ature of 200 º
is as low as 5

of protection ci

Short circuit capab

HM SiC MOSF
rt circuit test
ETs from ROH
mmended by th

, while the SCW
WT stays unc

s around 8 μs. 

(a) 25 ºC  

 (b) 200 ºC
bility of CREE 2G
emperatures when

C MOSFETs a
h a DC bus v
ºC. As can b
5 μs, which is
ircuits. 

bility of CREE 2G
and Tc = 200 º

FETs 
ts have been

HM. The positi
he device manu

WT becomes m
changed at di
 

                             

C 
G SiC MOSFETs u
n Vdc = 600 V. 

re further teste
voltage of 750
e observed in
s quite challen

G SiC MOSFET wi
ºC. 

n conducted f
ive gate bias is
ufacturer [25]. 

much shorter. 
ifferent case 

   
                             

 

under different 

ed at a higher 
0 V and case 
n Fig. 5, the 
nging for the 

 
ith Vdc = 750 V 

for the SiC 
s set at 18 V, 
Fig. 6(a) and 

    



(b) 
tem
vol
sho
the 
Dif
be 
sho

MO
and
tem
pre
SCW
CR
clo
gat

Fig

show the HSF
mperatures of 2
ltage Vdc = 600
ort circuit beha

CREE SiC M
fferent from th
successfully sw

orted together a
In order to ide

OSFETs are fur
d positive ga
mperature at 20
esent a delaye
WT is around 

REE 1G and 2G
se to that of th
e bias is increa

g. 6. Short circuit c

(

F short circuit 
25 ºC and 200
0 V and gate v
vior before dev
OSFETs; how

he CREE devic
witched off, th
after a delay fo
entify the key 
rther tested at a

ate bias (20 
00 ºC. As sho
ed failure at 

10 μs at Vdc =
G SiC MOSFE
he CREE 1G Si
ased to 20 V. 

   (a) 

 (b) 2
capability of ROH

temperatures wh

(a) Vdc = 750 V an

transient wave
0 ºC respective
voltage vgs = +
vice turn-off is
ever, the SCW
ces, while the 
he gate and sou
ollowing device

limiting factor
a higher DC bu
V), while k

own in Fig. 7,
the gate-sourc

= 750, which i
ETs. Neverthel
iC MOSFETs w

25 ºC 

00 ºC 
HM SiC MOSFETs
hen Vdc = 600 V. 

d vgs = + 18 / - 2 V

eforms under c
ely, with DC b
+ 18 / - 2 V. T
s similar to that

WT is much lon
drain current c

urce terminals 
e turn-off.  
r, the ROHM S
us voltage (750
eeping the c
, the devices s
ce junction. T
is higher than 
ess, the SCWT
when the posit

 

 

s under different ca

  
V                          

case 
bus 
The 
t of 

nger. 
can 
are 

SiC 
0 V) 
case 
still 
The 
the 

T is 
tive 

ase 

Fig. 7. 

III. BEHA

A. Dela
Acco

and 2G
further 
circuit d
power d
turned o
with the
current 
device t
heat dif
Moreov
(i.e. en
duration
shorter. 

Fig. 8. Ev

 (b) Vd

Short circuit capab

AVIOR COMPAR

ayed Failure M
ording to the e

G devices prese
investigate the
duration is gra
device, as illu
off, the initial
e extension of 
is large enou

turn-off occur
ffusion), which
ver, the delay t
nergy) depende
n (i.e. higher e
 

 (a

   
 (b

volution of delayed

dc = 600 V and vgs =
bility of ROHM S

 
RISON AND ELE

Mode 
experimental r
ent a delayed 
e evolution of 
adually increas
ustrated in Fi
l leakage curre
f short circuit d
ugh, the intern
rs following a 
h eventually le
time to failure 
ent. With the

energy), the del

a) CREE 1G SiC M

b) CREE 2G SiC M
d failure mode wit

t

tdf

= + 20 / - 2 V 
SiC MOSFETs with

ECTRO-THERMA

results, both th
failure mode

the failure mo
sed until the f
g. 8. When t
ent ILK gradua
duration. Once

nal thermal ins
delay time (d

eads to a therm
tdf is short cir

e increase of 
lay time to fail

MOSFETs              

MOSFETs 
th different short c

Leakage current ILK

tdf

Leakage current ILK

 

h Tc = 200 ºC. 

AL ANALYSIS

he CREE 1G 
. In order to 

ode, the short 
failure of the 
the device is 
ally increases 
e the leakage 
stability after 
depending on 
mal runaway. 
rcuit duration 
short circuit 
lure becomes 

 
                           

 

circuit durations. 

K

K

            



After the destructive tests, the impedance between the three 
terminals of the DUT and the forward voltage of the body 
diode are measured using a digital multimeter. The typical 
measurement values are summarized in Table II. As can be 
observed, all three terminals are nearly shorted together for the 
CREE 1G and 2G SiC MOSFETs. The ROHM SiC MOSFETs 
only show a short circuit in gate-source junction. The gate-
drain, drain-source junction, and body diode still appear to be 
normal. However, a detailed comparison with a new device 
reveals that the two junctions and the body diode are actually 
degraded. Both the impedance and forward voltage drop tend 
to decrease. 
 

Table II. Summary of typical data of failed devices 

 
B. Short Circuit Withstand Time and Critical Energy 

Based on the testing results under different case 
temperatures up to 200 oC, the temperature dependent short 
circuit withstand time and critical energy are summarized in 
Fig. 9, where the DC bus voltage is 600 V and the gate 
voltages are + 20 / - 2 V for the CREE devices and + 18 / - 2 V 
for the ROHM devices. 

 
Fig. 9. Comparison of temperature dependent short circuit capability. 

Under low temperature levels, more dissipated energy is 
required for the devices to reach the critical failure temperature 
point, and the corresponding SCWT is longer. The short circuit 
capability of the CREE 2G devices is nearly independent of 
temperature, and the short circuit critical energy and withstand 
time remain nearly constant. Similarly, the short circuit 
capability of the CREE 1G SiC MOSFETs show a slight 
dependence on temperature. In contrast to the CREE devices, 
both the short circuit critical energy and withstand time of the 
ROHM devices decrease linearly with the increase of case 
temperature.  

The SCWT and critical energy under different DC bus 
voltage levels are also investigated, as shown in Fig. 10. The 

case temperature is kept at 200 ºC by a hot plate. The short 
circuit capability of the three SiC MOSFETs is strongly 
voltage dependent. With the increase of DC bus voltage, less 
dissipated energy is needed to cause a thermal destruction and 
the device can survive for shorter time duration. 

 
Fig. 10. Comparison of DC bus voltage dependent short circuit capability. 

 

C. Electro-Thermal Model 
In order to evaluate the temperature distribution across the 

device assembly and thus further investigate the failure 
mechanism of the tested power devices as well as other SiC 
MOSFETs, an electro-thermal model (including the power 
semiconductor die, die-attach material, and case) is built, as 
shown in Fig. 11.  

During short circuit transient, the full DC bus voltage Vdc 
applies to the power device, leading to a depletion layer width 
of xp in the P-well and xn in the N- drift region ݔ௣ = ௗܰௗܰ + ௔ܰ ඨ2ߝ௦ݍ ൬ ௗܰ + ௔ܰௗܰ ௔ܰ ൰ ௗܸ௖																																												(2) 
௡ݔ = ௔ܰௗܰ + ௔ܰ ඨ2ߝ௦ݍ ൬ ௗܰ + ௔ܰௗܰ ௔ܰ ൰ ௗܸ௖																																												(3) 
where, εs is the dielectric constant for the 4H-SiC material; q is 
the electron charge; Na and Nd represent the doping density of 
P well and N- drift region respectively. For the three types of 
SiC MOSFETs, the breakdown voltage provides an estimated 
N- drift region thickness of 20 μm and doping density of 
2×1015 cm-3.  

 
Fig. 11.  Electro-thermal model of SiC MOSFET with TO-247 package. 

  Device Types 
 
       
 
 
Parameters 

CREE 

ROHM 1st 
Generation 

(1G) 

2nd 
Generation 

(2G) 

Rgs/Rsg (Ω) 0.1 / 0.1 0.2 / 0.2 0.3 / 0.3 

Rgd/Rdg (Ω) 10.4 / 10.4 17.2 / 17.2 800k / ∞ 

Rds/Rsd (Ω) 10.5 / 10.5 17.4 / 17.4 ∞ / 800k 

VF (V) 0.015  0.018  1.222  



The temperature distributions within the device T (x, y, z) 
under various short-circuit condition can be obtained by 
solving the heat diffusion equation in Cartesian coordinates  ߲߲ݔ ൬݇௣ ൰ݔ߲߲ܶ + ݕ߲߲ ൬݇௣ ൰ݕ߲߲ܶ + ݖ߲߲ ൬݇௣ ൰ݖ߲߲ܶ + ܳ= ௣ܿߩ ,ݔ)߲ܶ ,ݕ ݐ߲(ݖ 																																																																												(4) 
where, kp, ρ, and cp are the thermal conductivity, material 
density, and specific heat; Q is the heat generation source due 
to the power dissipation during short circuit transient. Since the 
generated heat flux essentially flows in one dimension, from 
upper surface (i.e. source metallization layer) of the die to the 
case, (4) reduces to ߲߲ݔ ൬݇௣ ൰ݔ߲߲ܶ + ܳ = ௣ܿߩ ݐ߲(ݔ)߲ܶ .																																																				(5) 

The thermal properties of the die attach material and the 
case are assumed to be constant due to small temperature 
variation. However, the temperature dependence of thermal 
conductivity and specific heat of 4H-SiC material should be 
considered for SiC MOSFETs because of high internal 
temperature gradient [26] ݇௣(ܶ) = 1−0.0003 + 1.05 × 10ିହܶ																																										(6) ܿ௣(ܶ) = 925.65 + 0.3772ܶ − 7.9259 × 10ିହܶଶ− 3.1946 × 10଻ܶଶ 	.																																											(7) 
The internal heat generation Q can be given as ܳ = (ݐ)ܬ(ݔ)ܧ 	= ܵ	(ݐ)ܫ(ݔ)ܧ	 																																																								(8) 
where J (t) is the short circuit current density; S is the power 
device active area; I (t) is the short circuit current in 
experiments; E (x) is the electric field distribution in the space 
charge region given by (9) and (10) (ݔ)ܧ = ݍ− ௗܰߝ௦ ݔ) − 0																					௡)ݔ ≤ ݔ	 ≤ (ݔ)ܧ (9)																					௡ݔ = ݍ ௔ܰߝ௦ ൫ݔ + ௣൯ݔ 																							− ௣ݔ ≤ ݔ	 ≤ 0.														(10) 
Substituting (8) – (10) and (2) – (3) into (5) yields  ߲߲ݔ ൬݇௣ ൰ݔ߲߲ܶ + ݍ ௗܰߝ௦ ቎ ௔ܰௗܰ + ௔ܰ ඨ2ߝ௦ݍ ൬ ௗܰ + ௔ܰௗܰ ௔ܰ ൰ ௗܸ௖ − ቏ݔ =ܵ(ݐ)ܫ ௣ܿߩ ݐ߲(ݔ)߲ܶ ݔ߲߲ (11)																																																	 ൬݇௣ ൰ݔ߲߲ܶ + ݍ ௗܰߝ௦ ቎ ௗܰௗܰ + ௔ܰ ඨ2ߝ௦ݍ ൬ ௗܰ + ௔ܰௗܰ ௔ܰ ൰ ௗܸ௖ + ቏ݔ =ܵ(ݐ)ܫ ௣ܿߩ ݐ߲(ݔ)߲ܶ 	.																																															(12) 

The above equations can be applied to all SiC MOSFETs to 
obtain their temperature distribution. According to (11) and 
(12), several qualitative conclusions can be drawn as follows: 
(a) The increase of DC bus voltage Vdc (thus the increase of 
short circuit saturation current I (t)), causes a fast junction 
temperature rise (∂T/∂t). For a given failure temperature, the 
short circuit withstand time will be reduced. (b) The increase of 
current density, by larger channel width to length ratio (W/L) 

and/or higher gate voltage levels, will be at the cost of lower 
short circuit capability. Currently, the low channel mobility of 
SiC MOSFETs requires higher positive gate bias (+18 V~ +20 
V) than Si devices (+15 V). Under the same DC bus voltage, 
the temperature rising rate is actually proportional to the 
current density. (c) The device scaling through die paralleling 
should not affect the failure temperature and short circuit 
withstand time. 

The derived heat equations can be solved by finite-
difference methods. Since (11) and (12) are second order in 
spatial coordinates and first order in time, two boundary 
conditions and one initial condition must  be specified. In this 
work, the case temperature is fixed (from 25 ºC to 200 ºC) at 
the bottom surface of the case. The generated heat flux is 
assumed to be unidirectional, and the top surface of the die is 
considered to be adiabatic. In addition, the device junction 
temperature before short circuit test equals to the case 
temperature. These boundary conditions and initial conditions 
are summarized as ܶ(ݔ = ,௖ݔ (ݐ = ௖ܶ																																																																										(13) ݇௣ ݔ߲߲ܶ ௫ୀି௫ೞ = ,ݔ)ܶ (14)																																																																											0 ݐ = 0) = ௖ܶ.																																																																										(15) 

 

D. Leakage Current Model  
Since the leakage current seems to be responsible for device 

failure in experiments, the temperature dependence of leakage 
current is also evaluated using the derived electro-thermal 
model. In this work, three essential leakage current 
mechanisms are taken into account, namely the thermal 
generation current, diffusion current, and avalanche 
multiplication current. 

 
(1) Thermal Generation Current 

The thermally activated carrier generation is described by 
Shockley-Read-Hall (SRH) theory, and the corresponding 
leakage current is given by (16) [27] ܫ௚_௧௛ = 		 ௜߬௚݊ܵݍ ඨ2ߝ௦ݍ ൬ ௗܰ + ௔ܰௗܰ ௔ܰ ൰ ௗܸ௖																																											(16) 
where, ni is intrinsic carrier concentration and τg is the  SRH 
generation lifetime. As can be observed, the SRH generation 
current is actually both voltage and temperature dependent. 
With the increase of DC bus voltage (from 400 V to 750 V in 
this work), the thermal generation current will also increase. 
The temperature dependence of this leakage is mainly caused 
by the intrinsic charge carrier density of 4H-SiC material  ݊௜(ܶ) = 		1.7 × 10ଵ଺ × ܶଷଶ 	× ݁ିଶ.଴଼×ଵ଴ర் .																																(17) 
Although the intrinsic carrier concentration for SiC is far 
smaller than for Si due to the large difference in band gap 
energy, its impact on the leakage current of SiC MOSFETs at 
high junction temperatures cannot be neglected. The generation 
lifetime depends on not only temperature but also other factors, 
such as the material dislocation density, surface effects, the 
capture cross sections, and the trap energy [27]. Based on the 
previous measurement results in [28]–[30], the carrier 
generation lifetime in 4H-SiC epilayers ranges from less than 1 



ns to approximately 1 μs. Due to its high uncertainty, several 
different lifetimes will be used in the later simulation to obtain 
a realistic value.   
 
(2) Diffusion Current 

As mentioned above, the intrinsic minority carriers in P 
well and N- drift layer will quickly increase due to the rise of 
junction temperature during short circuit transient. These 
minority carriers diffuse into the depletion region and drift 
across the PN- junction with the aid of electric field E (x), 
leading to a saturation current proportional to the doping 
concentration at the low doped side of the junction. 

According to [31]–[35], the temperature dependence of the 
saturation current Ig_diff is given by the diffusion coefficient (Dp 
and Dn), minority diffusion length (Lp or Ln), and the intrinsic 
carrier concentration (ni) as follows ܫ௚_ௗ௜௙௙ = ܵݍ	 ቆ݊௜ଶܦ௡ܮ௡ ௔ܰ + ݊௜ଶܦ௣ܮ௣ ௗܰቇ																																																		(18) ܮ௣ = ඥܦ௣߬௣																																		ܮ௡ = ඥܦ௡߬௡																									(19) ܦ௣ = ݍܶ݇ ௡ܦ																																				௣ߤ = ݍܶ݇ (ܶ)௣ߤ	 (20)																										௡ߤ = ௣଴ߤ ൬ ܶ300൰ିଶ.ଶ (ܶ)௡ߤ													 = ௡଴ߤ ൬ ܶ300൰ିଶ.଺ 				(21) ߬௣(ܶ) = ߬௣଴ ൬ ܶ300൰ଵ.ହ 																߬௡(ܶ) = ߬௡଴ ൬ ܶ300൰ଶ.ଷଶ 					(22) 
where k is the Boltzmann constant; μp and μn are the 
temperature dependent hole and electron mobility of 4H-SiC 
epilayers; μp0 and μn0 are the hole and electron mobility at 300 
K; τp and τn are the temperature dependent hole and electron 
lifetime in N- region and P well region respectively; τp0 and τn0 

are the hole and electron lifetime at 300 K.  
 
(3) Avalanche Generation Current 

Under short circuit condition, both the majority electron 
charge and thermally induced minority charge carriers in the 
depletion region will be accelerated by the electric field E(x). 
Like the well-known avalanche breakdown mechanism, if the 
kinetic energy of the charge carriers is high enough to generate 
new electron hole pairs, an additional leakage current gradually 
forms based on the avalanche multiplication. 

For a given DC bus voltage Vdc, the avalanche current is 
given as ܫ௚_௔௩ = 		ܵඨ2ߝ௦ݍ ൬ ௗܰ + ௔ܰௗܰ ௔ܰ ൰ ௗܸ௖	൫ߙ௡|ܬ௡| +  (23)																௣ห൯ܬ௣หߙ
In (23), Jn and Jp are the electron and hole current density, 
respectively. Since most of the short circuit current within SiC 
MOSFETs are composed by electrons, hole current density is 
neglected (i.e. Jn = J ) in the following analysis. αn and αp 
represent the impact ionization coefficient for electrons and 
holes, which depend not only on electric field but also 
temperature. As reported in [36]–[37], the impact ionization 
rate of SiC material is much larger for holes than for electrons, 
which can be curve-fitted with the empirical law of impact 
ionization coefficient proposed by Chynoweth: 

(ܶ)௣ߙ = (6.3 × 10଺ − ܶ × 1.07 × 10ସ)× ݌ݔ݁ ቈ−1.75 × 10଻(ݔ)ܧ ቉																																(24) ߙ௡(ܶ) = (1.6 × 10ହ − ܶ × 2.67 × 10ଶ)× ݌ݔ݁ ቈ−1.72 × 10଻(ݔ)ܧ ቉.																															(25) 
 

E. Simulation Results 
Using the experimental short circuit waveforms and derived 

electro-thermal model, the temperature distribution within the 
SiC MOSFETs can be evaluated and the temperature 
dependent leakage current is calculated numerically.  

Fig. 12 shows the comparison of depletion region boundary 
(x = 0) temperature evolution for the three types of devices, 
under a DC bus voltage of 600 V and case temperature of 25 
ºC. As can be seen, the failure temperatures of CREE SiC 
MOSFETs are close, while that of ROHM device is higher. 
Under the same short circuit condition, the device with higher 
current density presents faster temperature rising rate, as 
predicted by the electro-thermal model in (11) and (12). For 
example, the CREE 2G and ROHM SiC MOSFETs have the 
highest ∂T/∂t at the initial and end stage, respectively. For the 
CREE SiC MOSFETs, the higher current density or ∂T/∂t 
eventually leads to a lower SCWT. However, ROHM device 
has higher saturation current density, but also longer SCWT. 
Their different failure mechanisms will be discussed in detail 
later. 

 
Fig. 12. Comparison of saturation current density and junction temperature. 

The x-axis temperature distribution of the three devices at 
turn-off moment is plotted in Fig. 13. The maximum 
temperature is reached at the depletion region boundary (x = 0) 
due to the highest electric field. It is shown that the heat flux 
only diffuses less than 200 μm for the three types of devices. 
Compared with the other two devices, CREE 2G SiC 
MOSFETs tend to have a higher temperature gradient (∂T/∂x) 
and lower heat diffusion distance. This is probably because the 
current density of CREE 2G device is the highest at the turn-
off moment. Such a low heat diffusion distance reveals that the 
short circuit capability of SiC MOSFETs can be independent of 



packaging technologies and external cooling conditions. 
Moreover, the concentrated heat generated within the depletion 
region could cause the degradation or even damage of the gate 
oxide and metallization layer [38].  

      
Fig. 13. Comparison of temperature distribution along vertical path.  

The leakage current of the three devices can be calculated 
from the junction temperature information. However, as 
discussed above, the thermal generation lifetime is not easy to 
be identified precisely for SiC MOSFETs from different device 
manufacturers. The simulation results will be tentatively 
obtained using different average generation lifetimes to match 
with experimental testing results. Based on the junction 
temperature and leakage current model, the total leakage 
current is shown in Fig. 14(a) and Fig. 14(b), with an average 
SRH generation lifetime of 1 ns and 100 ns, respectively. The 
simulated leakage currents decrease with the increase of 
generation lifetime. A comparison of the simulated leakage 
current with the previous experimental results reveals that 
CREE SiC MOSFETs tend to present a much lower thermal 
generation lifetime than ROHM SiC MOSFETs.  

For CREE SiC MOSFETs, such a high additional bipolar 
leakage current flowing horizontally in the P well region may 
activate the parasitic BJT structure shown in Fig. 11. Moreover, 
high junction temperature will further contribute to the 
activation of the parasitic BJT, since the built-in voltage of the 
PN junction decreases with temperature (-2.3 to -3.5 mV / K 
for 4H-SiC [39]). If the parasitic BJT is on, short circuit current 
will increase quickly and eventually leads to a device failure 
due to typical second breakdown and associated thermal 
runaway issues. On the other hand, the small leakage current of 
ROHM SiC MOSFETs is difficult to initiate a thermal runaway 
phenomenon. They are more likely to be damaged because of 
the high local temperature close to the gate oxide.  

Fig. 15 gives the calculated components of the total leakage 
current for the three devices. As can be observed, the thermal 
generation current (Ig_th) is dominant during the whole short 
circuit transient. The reason is that the heat wave within the 
depletion region creates a positive feedback on the intrinsic 
carrier density when flowing towards the substrate of the 
power devices. The thermal generation current, responsible for 
the thermal runaway issue, increases monotonously with 
temperature evolution and reaches around 20 A for CREE SiC 
MOSFETs before device turn-off. The avalanche generation 
current (Ig_av) is negligible, and decreases with temperature due 
to reduced impact ionization rate at higher temperatures. The 

diffusion generation current (Ig_diff) is also small before device 
turn-off, while it increases quickly at the end of short circuit 
the transient. 

       
(a) 1 ns                                                                                 

 
 (b) 100 ns  

Fig. 14. Comparison of total leakage current with different generation 
lifetimes. 

 
Fig. 15. Calculated leakage current components of the three SiC MOSFETs. 

More numerical simulation studies have also been 
conducted for the CREE 1G SiC MOSFETs based on the 
previous testing results. Fig. 16 illustrates the comparison of 
depletion region boundary (x = 0) temperature evolution and 
total leakage current of the CREE 1G SiC MOSFETs with 
different combinations of DC bus voltage (600 V to 750 V) and 
case temperature (25 ºC to 200 ºC).  



As can be observed, even though the short circuit critical 
energy and withstand time are different for the three cases, the 
leakage currents start to increase quickly when the temperature 
is higher than 700 ºC. The leakage currents continue increasing 
until the temperature reaches around 1000 ºC. With the 
assumption of the same device failure temperature, the short 
circuit withstand time can be predicted under given short 
circuit conditions. In addition, for the same die size (or current 
density), higher voltage stress (or electric field) results in a 
faster temperature rise, as revealed by the heat diffusion 
equation. 

  
Fig. 16. Numerical simulation results with different combinations of DC bus 

voltage and case temperature. 

 
IV. CONCLUSION 

In this paper, the temperature dependent short circuit 
capability of three different types of commercial SiC 
MOSFETs has been evaluated experimentally. An electro-
thermal model and a leakage current model, taking temperature 
dependent thermal properties of SiC material into account, 
have also been built to calculate the junction temperature 
distribution and leakage current components. The key points of 
this paper can be summarized as follows:  

1) The short circuit withstand time and critical energy of 
SiC MOSFETs will be reduced with the increase of current 
density, case temperature, and DC bus voltage. However, these 
are nearly independent of device scaling (i.e. die paralleling) 
and fault types (i.e. HSF and FUL). 

2) The junction temperature will increase quickly during a 
short circuit transient, which reaches a maximum point at the 
boundary of depletion region. The higher current density 

results in a faster temperature rise and larger temperature 
gradient.  

3) The high temperature heat wave within depletion region 
creates a positive feedback on the intrinsic carrier density. The 
fast increase in intrinsic carrier density leads to a thermal 
generation current which dominates the total leakage current 
during the whole short circuit transient.  

4) The short circuit failure mechanisms of SiC MOSFETs 
can be thermal generation current induced thermal runaway or 
high temperature related gate oxide damage. 

5) The heat flux diffuses a limited distance toward the 
substrate before device failure, which indicates the short circuit 
capability of modern SiC MOSFETs can be independent of 
packaging materials and external cooling conditions. 

The experimental results and numerical simulation results 
presented in this paper aim at helping designers to evaluate 
actual safety margins for SiC MOSFET based converters. 
Additionally, it may provide device manufacturers with some 
useful feedback to improve their future device technologies.  
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