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Advantages of 4H-SIC Material
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Advantages of 4H-SIC Power MOSFETs
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Demystifying SiC MOSFETs challenges - Power Electronics News
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https://www.powerelectronicsnews.com/demystifying-sic-mosfets-challenges/
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> 2%-3% failure of SIC MOSFETs in EV Inverters in the field.

1. Gate Oxide Early Failure » Develop effective screening approach to reduce

o N the probability of extrinsic failures.
2. Weak Short Circuit Reliability Issues

Ruggedness > Develop effective screening approach to identify

SiC MOSFETs with shorter SCWT.
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1. Analysis and Optimization of Screening Technigques

2. A Non-destructive Short Circuit Withstand Time Screening Methodology
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Major Challenge of SIC MOSFETs in EVs
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» Gate oxide failure: Higher risk for early GOX breakdown

» EV requirement: Gate oxide lifetime >> 20 years at 150°C

2
€ Double-Trench Gen3 SiC MOSFETs (17 A)
@ Double-Trench Gen4 SiC MOSFETS (46 A) bo
1| @ Planar Gen3 SiC MOSFETs (115 A) 3
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Origin of Early Fallures —— Oxide Thinning Model
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Extrinsic defect — Effective oxide thickness = — Locally electric field | — Early breakdown

» The individual devices with large extrinsic defect density have a high failure probability.
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Purpose
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Conventional |
Screening Burn-in
Technology

> Function of burn-in

Package-Level

Long Stress Time

Package Level ﬁ

Oven 150°C
[ ]
1
[

E H E!Q— Screening voltage

¢ Devices with extrinsic fail + Devices without critical extrinsic pass

> Disadvantage of burn-in

s Time-consuming
% Large V4, shift
» Objective

“* Not degrade device performance (Threshold voltage, On-resistance, Interface

defect, and Oxide intrinsic lifetime)

< Improve efficiency (Increase voltage during Burn-in)
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Analysis and Optimization of Screening Techniques

> Introduction

» Impact of Burn-in Techniques on SiIC MOSFETs

o Effects of Burn-in on the Performance of SIC MOSFETs
o Effects of Burn-in on the Interface States of SiC MOSFETs

» Optimized Burn-in Techniques

o Burn-in Technique based on the Critical Stress Time

o Pulse-mode Burn-in Technique
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Test Procedure —

Pre-tests : Burn-in : : Post-tests

> Iy Vo test P IV test
"V=0~15V i : P B P=0~15V
" V=01V P V=01V

> IV, test : » Stress condition : ~ Recovery condition: > IV, test

. Vgsz 0V i - Vgs: E Xty E = Grate, D}-{Iilﬂ, and : - Vgs= 20V : ‘ Ron
« Vy=0~10V = =0V Source floating “V.=0~10V :
» Hysteresis test : > Hysteresis test
e V=-10~15V i : PeV=-10~15V i ‘ Hysteresis
" V=01V : : i = Vg=0.1 V@1d=0.01uA
AVip = Vth—post - Vth—pre
ARon = Ron—post = Ron—pre Degradation Rate (DR) =A / initial value

AHysteresis = Hysteresisy sy — Hysteresisy e
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Large Threshold Voltage Shift

Burn-in stress time is 10 hours

TN e ) I
[
']

gy -~ —

. | 41.7

27.8 324 3

E,c MV/em) [V, (V)

4
THE OHIO STATE UNIVERSITY

e- F-N tunneling

e- trapping

Pre-existing traps at/or
near interface

Poly-Si SiC

()

The large Vi, shift

Poly-Si

(b)

il
81

New traps

SiC

» A large number of electrons being injected and subsequently trapped by pre-

existing defects at or near the interface.

» An increase in the D;; during the burn-in process
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On-resistance Increase

E 0.10

= S

1= :

: %o.os

':'" 0.00
27.8 32.4 37.1 41.7 27.8 32.4 37.1 41.7
E,, (MV/cm) / V, (V) E,, MV/iem)/V, (V)

* Electron trapping results in positive V,, shift and a reduction in carrier mobility, thereby
increasing the on-resistance.
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Hysteresis Increase

3.0

2.5

EE——

AHy (V)

- Defect generation
exacerbate the ¥, shift L
0.0 ¢ 7 8 2
Electrons 27.8 324 371 417
trapped in pre- ' ' E, (MV/iem)/V (V)
existing defects Eox MViem) /¥, (V) :
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Analysis and Optimization of Screening Techniques

> Introduction

» Impact of Burn-in Techniques on SiIC MOSFETs

o Effects of Burn-in on the Performance of SIC MOSFETs
o Effects of Burn-in on the Interface States of SIC MOSFETs

» Optimized Burn-in Techniques

o Burn-in Technique based on the Critical Stress Time

o Pulse-mode Burn-in Technique
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Test Procedure for Transfer Curves

" @150°C

Burn-in stress
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0.1s0.1s 3000 s
— e Transfer curve in the
—is subthreshold region > Interface
o state density (D,,)

——1000s -
—10000 s
. ——36000s .
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Interface Defects Generation Under High-E_, Stress

D, (cm?eV?

1013

1011

Burn-in under Egy = 6.5 MV/cm and 150 °C

—®--36000s (a)
0.1 0.2 0.3 0.4 0.5 0.6

+ No degradation on interface state.

100 L A
- Burn-in under £, =8 MV/cm and 150 °C
~
@
D |
E 12 i
& 10 :
~— |
= |
- — &= -500s ;-"

| —®--1000s j
—&--10000s 5 5 5

@--36000s ; ; ; ; (b)
1011 i . i . i 1 i . | . |
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E-E; (eV)

% Interface Defects Generation.
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Analysis and Optimization of Screening Techniques

> Introduction

» Impact of Burn-in Techniques on SiC MOSFETs

o Effects of Burn-in on the Performance of SiC MOSFETs

o Effects of Burn-in on the Interface States of SiC MOSFETs

» Optimized Burn-in Techniques

o Burn-in Technique based on the Critical Stress Time

o Pulse-mode Burn-in Technique
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ldentify Critical Stress Time

;”fio

2x10% Number of traps
1.8x1012
1.6x1012
1.4x10%2 ECS_ETl
5 Nig = j DydEr
g 1.2x1022 Ecs—ETo
E,x at 150°C Critical time
§x1011 7.5 MV/cm <1000 s
8 MV/cm <100s
9 MV/cm <5s

6)(1011 : i .......j: sl .......j: A ......lj: i .......j:

101! 10° 10! 10? 10° 104 10°

Stress Time (s)

% The Recommended Burn-in Conditions can avoid the increase of D, during the burn-in process.
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Effectiveness of Burn-in based on the Critical Stress Time
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- 75 MV/em 2 75 1000s 03V  1.8mQ 0.03V
S0% > MV/em 2000 s o MViem _ 20005 _ 05V _36m0_ 007V _

- 8 MV/em 100 s | 8 100s 028V 16mQ  0.046V | 47.8%

B8 MV/ecm500s | MViem — s0s 06V s7me 015V
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-
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No Degradation in Oxide Intrinsic Lifetime
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T ———rr ——rr 10° ¢ . ; . ! . !
O W/O stress | ; 20 vears
A W/1000s7.5MV/iemstress S o loan =D | SE - A NS Y N g
& W/100 s 8 MV/cm stress B =3.36 _ T 10N T T 3
O W/5s9MV/cm stress ; F
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A0 Swfk o N e
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>
- - e - | | | -
) 10% Frmmms e NG e 3
i N . O W/O stress .
30, =543 1 = 58.3h @ 1ol A W/1000s7.5MViemstress N ]
B—3.75 357 e E O W/100 s 8 MV/cm stress
e | & W/5s9 MV/cm stress . (b)
100 L | L | L | L
| N &) 6 7 8 9 10
10 100 1000 ' ' : ' ' ' '
i i 27.8 32.4 37.1 41.7 46.4
Failure Time (hours)
E,.(MV/em) / V, (V)

% Recommended burn-in technigue does not have an obvious negative impact on the
gate oxide intrinsic lifetime of the SiC MOSFETSs.
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Analysis and Optimization of Screening Techniques

> Introduction

» Impact of Burn-in Techniques on SiC MOSFETs

o Effects of Burn-in on the Performance of SiC MOSFETs

o Effects of Burn-in on the Interface States of SiC MOSFETs

» Optimized Burn-in Techniques

o Burn-in Technique based on the Critical Stress Time

o Pulse-mode Burn-in Technique
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Pulse-mode Burn-in Setup

@150°C Pulse period T
Pulse width #,
Duty ratio = tliT

g OX
Vg: ISV- il | i I i I I I

1s 95 905 l

Transfer Test
Vgs=0~1 5V

o — — —— = = —

Burn-in Stress
Vg= -5/ E_t,,
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Applying a Negative Voltage Facilitates Recovery of V,,

1.2 A R AR A R T
| —O—Pulse-mode (D=0.3) *-***
10| —O—Pulse-mode(®=0.5) ¥ i e- detrapping
" | —O—Pulse-mode (D=0.7) ~1:V E
[ —O—Pulse-mode (D=0.9) | % ' ¢
0.8F -9-DC-mode Y1 B SR T Negative
_~ 3 5 | | bias -5V h+ trapping Ey
o6k IR d
SR i
< 04 'EOXZSM\;*;/CIHE:..-’E T Poly-Si Si0O, SiC
0.2 @150°C I e s
o | _ > The holes accumulated in the valence band
00 e PO ~0.15 are captured by oxide traps.
WRRREEEESULES » The captured electrons under positive voltage
10° 10 10?2 10° 10 tunnel back into the conduction band.

Stress Time (s)

Positive Stress Time= Stress Time x Duty Ratio
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Effect of Burn-in

Eox Burn-in Time AV, AR, AHy tes0
(MV/cm) mode (s) (%) (%) (%) (h)
bC 1000 5.8 0.6 4.5 58.3

7.5 2000 8.2 1.3 9.2 53.6
Pulse 4000 0.5 1.3 3.8 52.7

bC 100 4.9 0.5 6.6 49.4

8.0 500 10.3 2 21.7 47.3
Pulse 1000 0.6 0.05 0.7 45.0

S 5.6 0.7 5.2 54.3

9.0 Pe 20 15.4 2.8 47.8 45.3
Pulse 40 0.7 0.08 7.2 67.5

*» The pulse-mode burn-in technique allows the device to be subjected to positive gate stress for a
longer period of time while maintaining the non-degradation of the characteristics.
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Conclusions and Outlook Ak

O "5

N "I"Eﬂﬂ&...
« Aggressive Burn-in Effects on Gate Oxide: Aggressive burn-in treatments lead to electron accumulation in the
gate oxide under positive gate stress and increase interface state defects at the SiC/SiO, interface.

« Critical Stress Time: For different screening electric fields, setting appropriate critical stress times and stopping
stress before excessive charge injection into SiO, can prevent increased interface state defects.

« Pulse-Model Burn-in: Using pulse-model burn-in minimizes electron trapping due to positive gate stress,
reducing positive threshold voltage shift. This allows SIiC MOSFETs to undergo extended screening without

significant performance degradation

« Future Work: Select a large batch of samples to validate the screening efficiency

25
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1. Analysis and Optimization of Screening Technigues

2. A Non-destructive Short Circuit Withstand Time Screening Methodoloqgy
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Outline

dBackground and Motivation
» Short Circuit Failure Basic
 SiC MOSFET vs Si IGBT Short Circuit Withstand Time
o SCWT Variation in Commercial SiC 1.2kV Planar Devices

L Experiment Procedure and Samples
« Short Circuit Test Setup
« Device Detalils

 Novel Short Circuit Screening Methodology

O Summary
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dBackground and Motivation
» Short Circuit Failure Basic
 SiC MOSFET vs Si IGBT Short Circuit Withstand Time
o SCWT Variation in Commercial SiC 1.2kV Planar Devices
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Short Circuit Failure Basic '|%\
Type 1: Hard Switching Fault (HSF) Type 2: Fault Under Load (FUL) “‘\1\"\;_‘;"_@“‘%9}'*

DC

vt [,

o -
Vasi Vés1 \ T I_E-Ii i
> VGsﬁ‘ | Vos:
= InlE

Ve [
—I_:-I g
VGS# >t VGLI E Vo |

tlz t t3

| I
(|
. Vis2
[

[1] Wang, Z., Tong, C. & Huang, W. Short-circuit protection method for medium-voltage SiC MOSFET based on gate—source voltage detection. J. Power Electron. 20, 1066-1075 (2020).
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SIC MOSFET vs Si1 IGBT Short Circuit Withstand Time

Short-circuit Current (A)

';_) R f 0.
gy
| T ]
/i
[ ,r
bz 7
AL
N >
Bhug e

Sio, P-SiC

500
- —— 1200V/40A SiC MOSFET @V 5= 20V  S°Ur® inter Layer Dietectric
4501 —— 1200V/40A Si IGBT @V o= 15V Poly-Si

W1 v | [T o
3004 — T [2]
oo —— ¢+ 1 - T
2004 |
150 -
100 -

-
-
'—
-

iram

0 5 10 15 20 25 30 35 40 B Lch ‘ tox
Time (us) CH ~
w HnESioz(VGS — Vin)

4

[2] Wang, Jun, and Xi Jiang. ""Review and analysis of SiC MOSFETSs’ ruggedness and reliability." IET Power Electronics 13, no. 3 (2020): 445-455.
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SCWT Variation in Commercial SIC 1.2kV Planar Devices ‘-"‘ﬂ%

II::;-?1 M

r/
Y/
rj

0
0‘/‘

2.8 — ;
2.7 o VendorD b
2.6 o VendorF

2.5 | 00
2.4- Ves =20V o
2.3 Ay VDS =’ 800V O Oolo

2.2 0000Q00000
2.1 4 G0 00 0000
2.0 0000000000000

1.9 = o o @) mOm(En o) (S S e | i ————————————— - -

184 000 |
174 o sC—
1.6 -

1'5- T ' T T T T T T T T T
0 S 10 15 20 25 30

Short Circuit Withstand Time (us)

Device Ranking
Channel misalignment causes the variation in SCWT [3].

[3] S. Nayak et al., ""Non-isothermal simulation of SIC DMOSFET short circuit capability,” Japanese Journal of Applied Physics, vol. 61, no. 6, 2022.
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Outline

L Experiment Procedure and Samples
« Short Circuit Test Setup
« Device Detalils
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Short Circuit Test Setup

Current Limiting Resistor

BE: ””l

“u? w‘ :

'

StrayInductance

DC-Link
capacitor Decoupling
capacitor
lle Vi
+ Bleeding
— Resistor
S __
Ips
[ - . g -
— Signal
- Transmission
Board
VGS-on =20V
Vst = 0V
. Vp =800V
tuise-start = 0-5Hs followed by At . = 0.1ps Gate Driver

until failure.
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Device Detalls

Vendor Vendor D Vendor F
Device Type Planar Planar
Rated Voltage (kV) 1.2 1.2
Rated Current (A) 20 7.6
Drain-Source On Resistance (m£2) 189 350
Number of Devices 30 23

L THE OHIO STATE UNIVERSITY
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 Novel Short Circuit Screening Methodology
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Screening Using Traditional Static Parameters

Short Circuit Withstand Time (us)

2.8

2.6

24

2.2

2.0

1.8

1.6

Short Circuit Withstand Time (us)

On Resistance (mQ)

&3
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On Resistance Condition:

"""""""""""" I Vp=1.5V & V=20V
.....................................................
............................................................ ..
.................................... e e
o lo oo o 1o >
---------------------- cnl oo oo o
___________________________________________________________ SN USRS S S S S —

110 115 120 125 130 135

2.8

2.6

2.4

2.2

2.0

1.8

1.6

No direct correlation can be established.

..................

..................

| 190
Peak Current (A)




Novel Short Circuit Screening Methodology

Determine
the t, ..

for most
efficient

i .) screening for
DSS each batch at

V=800V
&V =20V

 ——

Pretest

Traditional SC

Experiment
at Vps=800V
&V5s=20V from t; ;
till the device
explodes at a step of
0.1ps.

Apply
t.

init

>

at VDSZS oov
&V =20V

Extraction of
Parameter

P

SC

Measurement of
Vth'J Ron Igssa IDSS"
and extraction of
D, from the
subthreshold part
of transfer

characteristics to
understand the
effect of screening
on device
parameters
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Step 1: Pretest

Pretest

@ THE OHIO STATE UNIVERSITY
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<SSR

Variation of Threshold Voltage and On-Resistance

b 2
o‘/‘

Threshold Voltage: o T "HML'@' y
Linear Extrapolation ) )
Method 9.0 560 © 0 5 ° P
Vps = 100mV -o<>0<>o<>o<>o<>o<>0T°<>° goa"“g | 300
On Resistance: 85 I s
Vg =20V; Vo= 15V S . “i“o =
% 8.0 39 @ V. o R_DeviceD 250 E
= 7.5_' 0009’ ® V, o R_DeviceF §
s ;
% - - 200 §
.GE’ 6.5 S
- l - 150
6.0 09922 00000
| g g g e 2235006000000000 000 I
B e, e, 100

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Device Ranking
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Step 2: Determine the t

INit

Determine
the t.

init
for most
efficient
screening for
each batch at
V=800V
&V =20V
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Determination ;3 ..r*r“..l
Inlt g ’ oy '5’
D,:t. =1.7us
350 Yas—20V :
Vps=800V D,:t, =2.7ns

300
<
£ 250
(]
-
S 200
o
= 150
5

100 * | Time (us)

* With the increase in t,, tail current
50 Increases.
 Tail current results in thermal runaway.
0 - ' — ' ' * t.; Should show the tail current effect.
0 0.5 1 15 ¢ 2 2.5 3
3 * 1:init < tscmin

t, t Time (us) * Tinie = toemin=0.21S

[4] M. Zhang et al.,”'Short Circuit Protection of Silicon Carbide MOSFETSs: Challenges, Methods, and Prospects,” in IEEE Transactions on Power Electronics, vol. 39, no. 10, pp. 13081-13095, Oct. 2024
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Step 3: Extraction of Screening Parameter

Traditional SC

Experiment Extraction of
at Vps=800V Parameter
&V5s=20V from t;; P
till the device sC
explodes at a step of
0.1ps.
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Understanding the Drain Current Behaviour

b 2
o‘/‘

tinit: 1-5|JS <tsc

200

e T

175 4 Ipeak I DZ

150

Imin

i
|

NSRS AT S [ S R Sy S N U (U b
|

-]
/

-
N
($))

7'\
\ 4
1

=
(3]

>
~+

Drain Current (A)
o
—
I
S

(4]
o

Gate Voltage (V)

N
A

0

00 02 04 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Time (us)

Reduction in Drain current after |

Ipeak_ Imin

oeak INdicates the reduction in mobility due to high temperature.

can be correlated with this mobility reduction effect.

slope =
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P.. Distribution for Vendor D and Vendor F
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 Parameter (Psc) = where slope =

slope At

* Fort, >19us P, for Vendor D <1.8s and Vendor F > 2.4s.
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Step 4: Influence of Screening on Device Parameters m%
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Vins Rons 1gser @Nd g5 Variation due to Screening
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Room Temperature D;, Study
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D,, extracted using the subthreshold slope method at room temperature (RT=300K) [5].
No degradation of devices due to screening.

[5] S. Yu, M. H. White and A. K. Agarwal, ""Experimental Determination of Interface Trap Density and Fixed Positive Oxide Charge in Commercial 4H-SiC Power MOSFETS," in IEEE Access, vol. 9, pp.
149118-149124, 2021.
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Summary

« Commercial SiIC MOSFETs show SCWT variation across the batch with the same |
lot number due to slight channel misalignment.

* To reliably remove devices with lower SCWT, a novel screening parameter P (s)
has been introduced that captures the temperature-dependent mobility.

* To successfully remove devices with t
and Vendor F > 2.4s.

< 1.9ps calibrated P, for Vendor D < 1.8s

SC —

* The proposed screening method can remove devices with lower SCWT without
damaging the reliable ones.

Reduces the risk of failure in the field.
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Thank You for Your Attention!

Any Questions?

@ TTTTTTTTTTTTTTTTTTTT 50




	Default Section
	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6: Major Challenge of SiC MOSFETs in EVs
	Slide 7: Origin of Early Failures ⸺ Oxide Thinning Model 
	Slide 8: Purpose
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25: Conclusions and Outlook
	Slide 26
	Slide 27: Outline
	Slide 28: Outline
	Slide 29
	Slide 30
	Slide 31
	Slide 32: Outline
	Slide 33
	Slide 34
	Slide 35: Outline
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48: Outline
	Slide 49
	Slide 50: Thank You for Your Attention!  Any Questions?


