Topic 122
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Integrated medium-to-high voltage transistors with a break-
down voltage between 20 and 100V, are widely used in auto-
motive, industrial and even medical applications. These tran-
sistors are used as an interface between the sub-micron
digital CMOS and the analog outside world. Often, the tran-
sistors have to switch relatively large currents (1-10A), and as
such power dissipation is a prime concern.

In this tutorial, the challenges in device reliability for inte-
grated smart power devices are highlighted. An overview of
the applications and the resulting quality and reliability re-
quirements is given. The most common types of devices are
presented and discussed (DeMOS, LDMOS, VDMOS, IGBT,
...). Their typical device reliability problems are highlighted.
These are, amongst others : DC hot carrier, robustness under
ESD-like events, switching of different types of loads, opera-
tion and failure upon single and multiple power pulsing, ther-
mal modeling, etc... The different measurement techniques
used to assess the complete reliability behavior of integrated
power devices, are discussed
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Introduction

* Automotive

* Peripherals (printers, ...)

* Industrial (washing machines, ...)
« Battery management

* Drivers (xDSL, displays)
 Medical (implantables...)

« Consumer (home cinema...)

See refs [1-5]




Introduction

 Smart Power roadmap follows ITRS, but
with a delay of ~3 technology nodes.

* V,, drops
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Introduction

 Smart power challenges
& Devices integrated in sub-um CMOS technos :

= Low cost (limited number of extra masks, process steps, use as
much as possible the standard CMOS flow)

= Small area (Ron) for a high V.
= Low metal resistance.

& Flash, EEPROM and OTP

¥ Heat generation: must be kept under control and
has to be accurately modeled.

@ |solation and latch-up
& Reliability
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Q&R Specifications at product level

* Dedicated specifications and criteria at
product/technology level (automotive)

® All standard CMOS qualifications +

= AEC-Q100 (Stress Test Qualification for Integrated Circuits)
= AEC-Q101 (Stress Test Qualification for Discrete Semiconductors)

€1S0O 7637 : immunity to electrical disturbance
(Schaffner pulses)

€ESD : 4 kV HBM, 750V CDM, 400V MM

€ |EC 61000-4-2 : system ESD (8 kV contact
discharge ; 15 kV air discharge)

& High temperature (Tjunc > 175 °C)




Q&R Spec:flcatlons at product level

° ngh temperature applications [4,5]

Temperature zones
and % of total operation time
in each temperature zone

T1(5%) | T2 (20%) | T3 (65%) | T4 (10%)

Mounting zone Module description

Temperate zone, thermally
isolated

Engine Splash wall -40°C | 25°C 90°C | 140°C

Compartiment | Attached to the engine or
attached to the gearbox

-40 °C 25°C 60 °C 85°C

-40 °C 25°C 95°C 150 °C

Throttle valve, close to the

-40 °C 25 °C 120 °C 205 °C
exhaust

Locations exposed to heat -40 °C 25 °C 90 °C 120 °C

Chassis sources
Near breaks or hydraulics -40 °C 25°C 105 °C 175 °C
Dashboard, hat rack -40 °C 25 °C 60 °C 110 °C
Cabin
Roof under strong sun .40 °C 25 °C 90 °C 115 °C
exposure

10



Q&R Spec:flcatlons at device level

* R, and V,, are prime device parameters

A

[ofS

Ron

BV

Vds
» Trade-off between R,,, SOA and V, .

on’
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Q&R Specifications at device level

 Every n(D)MOS has a parasitic NPN

— Drai
? rain n,(T) ~ T exp(~E, | 2kT)

kT N
V, (T) ~ "= In(——2
HH O~

Source Vbz(T) — [h (T)'Rbase (T)

A

Gate i

* Bipolar can be triggered :

 Electrical : hole current |, and/or base resistor Rg are
large enough to forward-bias the E-B junction

 Thermal : T is high enough such that n,, ~Ng - E/B
junction is wiped out (T=T_,;(Ng), typically T, ~700 K).

crit
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Q&R Specifications at device level

* long-term (s...yrs): limited by hot-carrier
degradation [6-21]. Continuous operation
e.g. current source.

* short-term (ns...us): limited by electrical
bipolar snapback [22-30]. (system) ESD
event.

 medium-term (us...ms): limited by electro-

thermal breakdown [31-41]. Switching of a
load.

13



Overview

Device Overview
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Device Overview

Figures-of-Merit : R, V,q and Q
Drain extended MOS (DeMOS)
Lateral DMOS (LDMOS)
(quasi)-Vertical DMOS (VDMOS)
Silicon limit and benchmarking
Lateral IGBT (L-IGBT)

15



Conduction and switching loss

. R, of a switch must be as low as possible
- reduce power dissipation [2,3] &v-

I
t L+l l Vdd
— _on 2 7 f
IDtot _ ']mot 'Ron T ’VB ']mot E 1
! 2t .
Rg
t= 40 ps, Vg=14V
10 E . ) ) _ ~ |
29 a5 0 =1A, V=14V, L 1L L 1
1. T a1 R,=10
E L .* L. '}r R g o
= 0.1 ¢ ISP 51
§ E "" '3" ’," o )
o : g
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Switching loss

* Miller charge and capacitance
®Require energy from the gate driver
& Delays a fast turn-on >enlarges the dissipation

* Q,y must be as low as possible in order to
reduce switching losses

* Ron™ Q4 is an important figure of merit

17



DEMOS

Gate

Bulk Source Drain

nwell

p-epi

Easy to integrate.
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Resurf LDMOS

Source

N’ - pbody

pwell
/ n-epi

buried P’

ndrift layer

bured N’

Floating RESURF LDMOS in n-epi
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Q-VDMOS

Gate

Drain Bulk Source Source Bulk

buried N° W

 VDMOS: V,, not scalable, depends on technology
_+ JFET principle protects the gate = ROBUST
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Silicon limit & Benchmarking

» Silicon limit expresses the relation between
Ron and V,, for an ideal vertical MOS [42]

R V2-5 1000 . & DeMOS Silicon Limit
~ " OLDMOS B
on bd A resurf i SJ p—3/p/m
€ - OVDMOS A Vs
*E i >K SJ O/,’ / ////
§1oo s QAg g
£ L
= A,
4 // 2 ///
O , / /
// ///,,,,
polo.a. /o
10 100 1000
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LIGBT

Udrea et al. [44]

o
o}

o
L
T

current density, Alom?

p-substrate

LOMOS \
I RUTI] B R W 1) I TTT TR B Y|

£
104 105 102 10 109

COndUCtiVity MOdU|atiOn p— Ron drOpS Fig. 9 Turn-off charactoristics for 600 V SOI LDMOSFET

and LIGBT

On-State: injection of holes & electrons results in an excess of
mobile carriers: “Conductivity Modulation”

Turn-Off: slow due to excess of minority carriers in n-epi [43-45]
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Overview

Reliability Measurements and Analysis
Techniques
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Reliability measurements & Techniques

Transmission line pulsing (TLP)
Transmission Interferometric Mapping (TIM)
Energy Capability (EC)

Charge Pumping (CP)

CV measurements

24



Transm:ss:on Line Pulsmg

 Measure the npn turn-on w:thout self-
heating of the device. Apply a sufficiently
short (5 ns — 200 ns) power pulse [46]

voltage

r probe
= A | —

RHY TL1 TLZ  delay

W

TLT,TLZ :

transmission
line &0 L2

A attenuator

* On wafer and/or packagéd dvis

25



Transient Interferometric Mapping

IR laser, A=1.3 ym, transparent for silicon [47-49]

Temperature and carrier
concentration variation

heating ﬂ

Change in refractive
index of the silicon

@ backside
microscope objective

Change in phase shift Ap
A@(t) = 47” L (j—; AT (z,t) + (e, An(z,t) + OtpAp(z,t))ja’z

Spatial resolution : 1.5 ym, time resolution : 3 ns.

26



Energy Capability (1)

Vin

Vin

Clamped inductive switching
(CIS) : power level and time
vd | cannot be controlled
iIndependently.

CIS and RPP yield the same
| results [41] (theory+exp)

” /

Rectangular power pulsing
(RPP) : independent control
2 of Power and time.

27



Energy Capability (2)

* For CIS, the power pulse shape is triangular
 For RPP, the power pulse is rectangular

Voltage (V)

2

yEs 8

(zWW/A\) Jemod
Voltage (V)

I
o

40 prerr T T T T T T T T T T T
%5 _ BVZ=18V, L=20uH VAd=18V, VirF14V, Tpuse=120us
0
2
- \Vdain
DE
15 |
10F ]
5
0:
20 150 -0 B0 0 50 100 15 20

Time (us)

'|""|""|""|"_200
10Vgs |
Power g-_1503;

1 s
) )
1100 =
. 3
3
—50\/
Vd=35V, t=1ms 1
Vig=4V
I ...|..'0
1 15
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Energy Capability (3)

Theoretical analysis [41]

3

P, <>p

Ject — © 0,tr 2 0,rect
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Charge Pumping (1)

« To locate and quantify the N, generation
[50,51]
variable base variable amplitude

2 2
A~
0 | | 0 \L 0 J/ |
-2 -1 0 4 2 0 2 -2 0 2
Vi1 Vi1 Vh

- JV V] ||
ANERSRNERS

AEER A L.
J L LJ J L J L
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Charge Pumpmg (2)

* V,, (V o and Vfb (V, n) depend on
& frequency of the pulse
®N,, t, and N, at the Si/SiO, interface

 Region that can be =
probed is dependent :
on Vs, hence on t
thin gate and on N,.

* Very well applicable to
DeMOS, LDMOS and
VDMOS [19-21]

channel R BBE Nwell
oo ’I 1 : (

Van (V)

Vge'vpulse,
1 1 1 1 1 1 1
N OO oo WO N -~ O
T T T T




CV measurements

. AsseSsment of charge trapping in LDMOS using
CV measurements [10,16].

. ng monitored at 1 MHZ.

N

&1

N TR Ty ~

& ot RS

< gL sou® PR

L —b00000000000 e_
1. & i ~
\>\ = ; A

N {1
L’c‘x o A -1 b Vo
= e} —0-0-0-0-0-Deremmsrnrn 3 00 O, -~
e % -2F
T &
3 N

3 T st
S -3 V.. (2
©oa. " 3 FB

Z 1 > h_

< —4 .

Tof

e L e, V® J

5 -5 PRI SR E 11T SRR FTIT SR 20T BN I IR 71T I T

b 10° 10? 10t 10%

STRESS TIME (s)

* Information on charge trapping is extracted.
 Difficult to pinpoint location of trapping.
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Reliability Problems in Smart Power
Technologies
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Reliability Problems in Smart Power

 DC hot carrier

 AC hot carrier (switching of a load)

« Electrical SOA (parasitic bipolar turn-on)
 Thermal SOA (energy capability)

« Simulation of thermal effects

34



Rellablllty Problems m Smart Power

 DC hot carrier

35



DC hot carrier (1)

Source Drain

- 40V LDMOS 12V gate [

i

=
E
a-----

Yy __

Niukb

Shift in Ron

350

Vd=40V Vg=12V

280 -

210 -

140 -

IDrift| (%)

(Vi-V,) (MmV)

70 -

0.01

10-5 10-3 10-1 101 103 10'5 10'3 10'1 101 103
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DC hot carrier (2)

* Source Side Injection (SSl) at high V ([52,53]

| 0.001 g
3500 - :

— 4

< 3000 | 10

o 2500 - £ T 7

22000 - G =

@ 1500 | 2 — 4@

<% > ==

£ 1000 - w o

ke 900 ¢ Vd=15..35¢ step &Y g8
0 1012 N T T T T S

0 2 4 6 8 02z 4 6 & 10 12 14
X (um) Vo (W)

« nLDD dose is too low for self-aligned p-body
dose : E-field build-up at the source

 Carrier Injection at the source 2 V,, shift,
independent of V.
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DC hot carrier (3)

. Hole Injectlon at low Vs and high Vd
* Occurs at birds beak (E-fleld direction).

Shift in Ron,
stressed at V=40V, V =3V Electric field @ V=6V ; V=40V
101
:< »:4 ,;’4"
. | | Hotholes | %
§ |
£ 10
a
102 ) | o 11 111111 1% 1 %y % 1% v vy A A
Negative | Positive A
103 ‘ — ‘
105 103 101 101 103 e
Time (h)

38



DC hot carrier (4)

g,s/Vc,,s dependency of the degradatlon

® Different degradation mechanisms can occur.

€ Dependent on device specifics (layout, doping, ...
€ At which conditions to stress for worst case ?

Vs -Vin Electric field @ V=6V ; V=40V

o—o—0o—90—0—o09

i b}
It LT T T T T T R §
. | 1 T T T T . . T U O T T TR S § LY £ LY

LI 1 T O O R T T T R T T T

N, @ drift ¢

> T 11 1 11 1

Vbd,on Vds

39



DC hot carrier (5)

» V,, dependency : simultaneous fit

|Drift| (%)

10 -

0.1 -

0.01

T=20 °C, V=12V, shift in Ron.

45\ L5l

102 10° 102 104 10° 10% 10" 10'2

Time (sec)

1 (1.7
C,|t.-L| 2

AP Wi I,

P ) T %_ 1
" (I, o
1+C, | t.- 5|

wi 1,
l4er lsyp from experiments

C,, C,, 04/ @, n :fitting parameters

356V (e) 13ey 0406
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DC hot carrier (6)

e V dependency different mechanlsms

S
®Low V : hole injection at the birds beak

®High V : electron injection at source side
4

ntermediate V , : N; formation

V, =40V C. iy
1+ it ,h""e
[ Id (Isub j 70
30 . o -
Pit " w 1
Id []subj /(pl v ‘
2- . o -
Wy \ 1,

C; negative for hole trapping

Q

Ao, A, - mean free paths of electrons and holes
Py - 4.2€V
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DC hot carrier (7)

V,s dependency :
® Difficult (if not impossible) to a priori know WC V
€ Measure HC degradation for different V

@ Difficult to fit different V ¢ data simultaneously,

fitting yields non- phy3|cal parameters (¢o/ ¢,<1)
V =30V

gs

ds_stress

Impact ionization shift under locos
1.E+25

s 1.E+24 —
& £
< 1.E+23

c E
2 1E+22 |

| Shift Ron | (%)

o E
£ 1E+21 ¢

E | )
1_E+20\\\'\\\\'\\\\\\

0.1 10 1000 100000 1000000
Stress time (s)

42



DC hot carrier (8)

. LDMOS 40V in a 0.7 uym smart power techno

T=250°C T=-30°C

N 1e+0
1eH
le+2
1e+3

[ R

| RBE

Bl 1e+6

e+

Bl 1ot

Bl 1et9

Vg (V)
Vg (V)

vd (V)
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Charge Pumpmg (1 )

Vg for 1e14/cm3 (V)

Base level (V)

FND40 1st

'« 40V LDMOS
V . and V as from TCAD
Umform N i In thin oxide

—Vg_ e
T 3\ T 7Vg_h

. Current |\

.

—Vg_e - Ampl

- LDD | CHANNEL  ACC
L | | ‘: I | ‘ L1 :\ ‘ | | ‘ | | ‘ | |
1 15 2 25 3 35

X (um)

Icp/lcp,max

Bulk Source

channel

Niuk

X calculatedl
measured I o

1 L i
E LDD/BB E
0.8 - N

12

X

4 SOURCE

CHANNEL

ACC ‘% ]

Base level (V)
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Charge Pumping (2)

Icp (A)

* LDMOS stressed at V=V =15V (low V
high V) 2 N, formation at the source.

Charge pumping spectra Differential CP spectra
9 ref stress 15V/15V 9 ref stress 15V/15V

14 10 :‘h 803 L /\ LA B R R ] 1210 iﬁ +80$ L O Y B B B
. TS R :
- | 1280s ] I +1280s i
110 - | 2560s LD ] < g1010 - +2560s | LDD i
g100 | | 5120s ] 5 i +5120s 1
- | —— 10240s ~ - B 1
x 5 5 61010 +10240s | E
41010 NRCE\ j g 41010 - SOURCE |||
L ] B / ]
21010 [ /\ > - 210-10 L < > ]
: CHAN : / CHAN ]
0 L S AN U T T 1 N SO SO A /T B & i O L i T S I AR [ \\% ] ]

-0 -8 -6 -4 -2 0 2 -10 -8 -6 -4 -2 0 2

base level (V) base level (V)
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Charge Pumping (3)

* LDMOS stressed at V;;=40 V =3V (low V
high V,) = N, formation in accumulation
region or under the birds beak.

stress 3V/40V

lcp (A)

ref stress 3V/40V ref
1210'9 r T T L e B e 108 1210-9 e L B e e B I A +1OS
1109 | ACL 40s 109 | ACC ) +40s
: ———160s : . | +e0s
810710 | ~ 640s < 81070 - C — +B40s
E — 2560s g 610-10 | +2560s
61010 | —5120s g - —— +5120s
i i S 41070 SOURCE .
410710 . g o b i
[ SOURCE ] < 21070 ¢ a CHAN .
10 | — : — ]
210 i < > N 0 r = ]
CHAN ] r
0 Lo D~ _2 10—10 T T T N S I YT 1 ST R el Loy
-10 -8 -6 -4 ) 0 2 -10 -8 -6 4 -2 0 2
base level (V) base level (V)
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TCAD verification on 40V LDMOS

Vgs=3V, V=40V V=15V, V=15V

=

Impact
ionization

|
|

eTemperalure
P 6.0E+03
4 9B+ 03
3.7E+03
2.8E+03

. 1. 4E+03

3.0E+02

Electron
Temperature
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TCAD verification on 40V LDMOS

o At Iow Vs (3V) and high VO,s (40V) : hot
holes are present at the device birds beak.

hTemperalure
P9 6.0E+03
4 9E+03
3.7E403
2.6E+03

. 1.4E+03
3.0E+G7

« TCAD data confirm analysis results.
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DC hot carrier : LDMOS vs VDMOS (1)
. 80V LDMOS and VDMOS in 0.35 um SPT [54]

DRAIN SOURCE

SOURCE GATE DRAIN
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DC hot carrier : LDMOS vs VDMOS (2)

. Prlmary degradatlon pomt in LDMOS is
birds beak (tip).

* No birds beak is present in VDMOS drift
region > expected to yield better for HC.

80V LDMOS in 0.35um SPT 80V VDMOS in 0.35um SPT

2.5, []Vgs=1.7V, Vds=65V

e 3 [1Vgs=3.3V, Vds=70V
| AVgs=3.3V, Vds=65V o OO = 25 ] AVgs=3.3V, Vds=80V A%
OVgs=1.7V, Vds=70V (a)o S 77 | oVgs=1.7V,Vds=70V A N
< 15| o § 2 o O O
s o 5
s s T 15 AU (a)
% 1 O A A é]m 5 O
O O (%) 1 A
0 A O, T AO
| A O c O KR X
o® aoP z O o ©
L 5 8680°°
o8 pos 0%
1.0 1.EH1 1.2 1.E43 1.4 1.E45 1.E+0 1.E+1 1.E+2 1.3 1.E+4 1.E45

stress time (s) stress time (s)
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DC hot carrier : LDMOS vs VDMOS (3)

1.E-8 -
] /,channel Lchan Lac
z v 0.19 n=1e14
N 3 J t=+ - ——
o 1.E-9 - \
L ] : : \
—:s—z ———————— : \ n=1e14
p=1e14 \ Vfb=-0.35
R Vfb=-0.52
accumulation . : .
1-E'10 1w . _._.__.______..__‘.. ‘ \\\ p=1e14
5 4 3 2 A 0 ' Vt=-0.85

Vbase (V)

 VDMOS : N, formation only in channel

 LDMOS : N, formation in channel and
accumulation region (birds beak).
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DC hot carrier : LDMOS vs VDMOS (4)

LDMOS birds beak tip :

@ Electric field encroachment
€ Impact ionization spot : hot holes injection

At” m
ARon = —+ C.t
1+ B.t
5000 - 0.2
o —@— LDMOS | oq T 25|  ©OVds=50V
< 4000 e E, ~ 5 | [OVds=58V
5 -0 2 < AVds=65V
5 3000 i $15
S 043 el O Vds=70V
o g s
§ 2000 028 A
[+}] o 5
3 1000 038 go5-
I ~w > A
S 0if
0 . ‘ | 04 1.E#00 1.E+01 1.E+02 1.E+03 1.E+04 NYPE+05
0 0.5 1 1.5 -0.5

Distance along cutline (um)
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n- type L-IGBT (1)

. L-IGBTm JI techno - substrate mjectlon
Use double isolation : BLN & BLP [45]

aw

nw | antofi 1
: I Anode: Hefdose
(R ! ?*Refdose
5*Refdose H
el 10*Refdose
— ] 20*Refdose
40*Refdose

BLN

]
C

p-substrate
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n- type L-IGBT (2)

. LIGBT has a much higher current dens:ty In
on-state compared to MOS > power dissip

* During operation : injection of charges can
be monitored with CP

104;— 8OV deViceS in LIGBT, Vbr =73 V (pitch = 13.3 u
0.35 um SPT

700 |
600 |
< 500 -
£ 400 |
o
2300 -
200 |
100 |-

-2
Vbase (V)
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Reliability Problems in Smart Power

 AC hot carrier (switching of a load)
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Sw:tchmg of a load-Link to DC (1 )

* Calculate total equ:valent stress time from
AC switching path.

|Res$ﬁve|oad

12 -

3 m 25y}
0 T T \ T T . T T\‘
0 5 10 15 20 25 30 35 40
V%S(VQ
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Sw:tchmg of a load-Link to DC (2)

* Resistive load : good agreementAC-DC

* Problem : switching through regions where
different parameters are degrading.
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Switching of a load-Link to DC (3)

« Inductive load : deviation from “DC” model.
* Due to overshoots upon switching.
* Overshoots to be reduced by design/circuit.
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Reliability Problems in Smart Power

« Electrical SOA (parasitic bipolar turn-on)
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Electrical SOA (1)

« LDMOS: bipolar snapback is destructive [26]

* Electrical SOA is to a good approximation
iven by the “flux tube model” [22]
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Electrical SOA (2)

o Electrlcal SOA VDMOS [55]

il‘_E Vz+Vgate
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* Flux tube model predicts
well limiting I,

Trade-off I, - R

on

61



TIM on VDMOS (1)

. Hot spot hopping in VDMOS [28,29]
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TIM on VDMOS (2)
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Reliability Problems in Smart Power

 Thermal SOA (energy capability)
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Thermal SOA (1)

. Wunsch-Bell model for a semi-infinite piece I
of silicon subject to rectangular power

pulse P
P(f) = kNTTAT

4Dt

Thermal conductivity k in W/cm.K

D=k/p.C,, p being the density
(g/cm?) and C, the specific heat
(J/gK)

AT .. is the critical temperature at
thermal failure.
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Thermal SOA (2)

 Dwyer model for heat source of finite

dimensions (a>b>c)

[31,41]
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Thermal SOA (3)

o Motlvatlon construct thermal SOA of 40V
square power drivers of different size.

 Measurement data and model fitting.

D, k and AT

*Kand D are dependenton T

T+ and AT, are to be fitted to the data

crit

AT (~580K) is rather large. From

simulations and measurements values
between 400-500 are found [39,40]

it are not independent

Power to failure (W/mm2)

ITOA I-pulse BVz=33V

1000

100 =

Teff=545K: k=0.712, cp=0.833, D=0.367 |

— 5

IR

AT=583K

0.01

time (ms)

67



Thermal SOA (4)

* Dependency of Pfa,, onV,,
& Pure thermal ?

@ Electro-thermal coupling ?
€ Data for constant time-to-failure ? >Normalize the
data to a fixed time (e.g. 1 ms).

t
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N 4nDt i<i, { A <<y
b —"—"%a
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b * b

t*

9 +2- \F}
P =P { b t Only dependent on D, not on AT .
{ Z +2 \/tq D assumed to be independent of V..
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Thermal SOA (5)

Pfail (W/mm2)
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Thermal SOA (6)

Thermal SOA

@ Plot equi-t;, lines in V-V or 14-Vys plot.

& Problem : t._; is not an independent variable.
€ Use normalization procedure.

012 “ T T T T T T [T T I T T T T
NE data normalized to 1ms -
"X\  Ageneralized fit | (Vyo)~1/V, 12
= 008 \\z,@ sopower 1 yields the best results, consistent with
S oo f 1] 1/Vds i electro-thermal coupling.
£ 0.04 f | Cross-checked on other sets of data.
0.02 - Similar results obtained by
o b \ \ \ \ Krabbenborg et al. [35]
10 15 20 25 30 35
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Thermal SOA (7)

Thermal SOA : equi-t;; as obtained from
the Dwyer model.

DUT Iarge DUT small
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Thermal SOA (8)

* Electro-thermal interaction : de-activate
parasitic NPN [40] to isolate pure thermal

effects.
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Thermal SOA (9)

. In smart power, an electroplated top Cu
layer (3-25 um) is often used :

€ To reduce the metal resistance [32]
@ As a heat sink/spreader to reduce T, ., [38,41]
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Reliability Problems in Smart Power

 Simulation of thermal effects
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Thermal simulations (1)

 Need for a fast thermal simulation tool as a
function of pulse time, bias conditions,
device area and chip size.

&€ Green'’s function solution of the heat diffusion
equation [506].

€ Adiabatic boundary conditions using the method of
iImages [97].

€ Thermal boundaries defined by a typical thermal
diffusion length.

« Calculation of T(x,y,z,t) for any number of
power sources and for any power pulse P(t)

75



Thermal simulations (2)

. Examples of the model (1)

Images and thermal boundary (100 ms)
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Thermal simulations (3)

Temperature (C)

Numencal s:mulatlons MSC.Marc software
 Good agreement for small Cu thickness
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Thermal simulations (4)

. Accuracy of the model temperature rise in
the center of a DMOS, for a 2 W power step
function.

& Flotherm : 24 hours
€ Matlab : 20 min

 Modelis :
& Fast

&® Reliable O

‘FIGX'bIe to use 0,000001 0,0001 0,01 1
t[s]

120

100 —&— numerical (Flotherm)

—A— analytical

80 -

60 -

40 -

temperature rise [K]
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Thermal simulations (5)

 Experimental validation of the model :
€ Mobility reduction [58] : 1,/1,, =(T/T,)™"

@ Integrated temperature sensors [59,39]
a=30 um, b=80 um

300 : :
0,14 — theory, V=15V
i — theory, V.. =35V
0,12 250¢ o meas., sz =15V
01 | o meas, Vi, =335V
’ 200+
= 0081 _
= incr. pulse width — 50l O ,
£ 0,06 - B o)
0,04 - G Y At 1001 1
0,02 - o ol |
O T T T
0 1 1 Il
0 10 20 30 40 107 10° 10° 10" 107
Vos M ts]

* Works reasonably well for relatively small devices.
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Thermal simulations (6)

* For large drivers : temperature seems to be
overestimated.

* Need for electro-thermal coupling.

Vds=1 0V, a=b=450 uym FND4OMUltRef large, W = L = 450 ym, V= 10V
400 .
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—e
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VGS = 6 V 150 |
—
100
VGS = 4 V
| 50
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Thermal simulations (7)

« Electro-thermal coupling : discretization

G

Topview thermal network _T_
ool ol ol ol 3 so—pT 4o
1 T T T 1 Iy [(TT,y<-1]
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Thermal simulations (8)

* Current and temperature versus pulse time

Large driver FnDMOS40
7_
——+t=50pus
6r| —t=100ps
———{=200ps Vgs=10V
5l| —t=500ps
_ 4 g
<
_D 3 _
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* Electro-thermal model yields good
agreement with measurements
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Thermal simulations (9)

* 3D temperature and current distribution

FND40, large driver, temperature rise after 500 ps

180

" A

200 FNDA40, large driver, drain current after 500 ps
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1500

60
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| 5
grid node y 0 0 grid node x

grid node y 0 1 grid node x
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Conclusion : Total SOA (1)

. Electriéal and DC SOA are independent of W
 Dynamic SOA is dependent on area and aspect

ratio

sub

Ids

.......... Dynamic SOA —>Dwyer model (a,b)
T EI@.Qtr.i,cial SOA
Flufx tube model
II\ S~ €« --—--- (VdS)

=~

' Switching path

-~ |
~~~~~ | E
/L~-‘} —————————— \;

} : >

model (l ,l,,s) < From DC HC measurements
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Conclusion : Total SOA (2)

» Calculate static and AC HC degradation for
a given device. Device must always operate
within SOA.

 Thermal SOA will determine AT, .., t0 be
calculated using electro-thermal model.
AT 4..ice Must be within technology
SpeCi fications (Tjunction=Tambient + ATdevice) -
AT 4ovice IS 1argely dependent on the
application.
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