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B Reliability has become one of the most important design indicators of ICs

Temperature 0°C - 40°C -10°C - 70°C -40°C > 85°C/155°C
Lifetime 1-3 years 5-10 years > 15 years
Test Coverage ~ 95% ~99% Target = 0 dppm
Safety Rating - ASIL B ASIL C, D
*Semiconductor Requirements for Heterogenous Applications By market segment (cadence)
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B Automotive puts forward more stringent reliability requirements for ICs

B Accurate prediction of device performance vs. time
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Cadence Legato
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- input.pl
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URI DLL Postbert input.raw/<anal_name>.tran

input.ba0

input.p2

/Synopsys MOSRA\ MC TMI

[“preberts | . [Aged Netist |- | Spectre | . /Aged Resut
‘ |
Commercial reliability simulation software TSMC Only
Process FAB rnel Process Model Aging Effect S ting Effect
130nm PD SO GSMC MSOI /fﬂg%rggh N/A v
22nm BULK HLMC BULK /Mismatgcﬁlﬂgﬁ;e Carlo N/A N/A
22nm FD SOI GF BSIMIMG /Misgnfgtrgﬁmmioé‘arl o v v
7nm FinFET TSMC BSIMCMG /Mils%n i‘zrcwM"‘gt:é%g o vV v

B No domestic alternative solutions

B Commercial IPs: expensive licensing fee increases the R&D cost
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L -

FDSOI: —,— ol High speed
Thin oxide, low parasitic capacitance

l. Low power consumption

No substrate leakage
ad# High reliability
Low random doping distribution

UTBOX

High reliability Low power High speed

electronics communications

Engine control (Smartcard ) (* Wearable Big data

Multimedia Household devices Cloud WIFI

Power appliances Embedded computing Bluetooth

management Touch screen sensors Blockchain LTE
&control ) _ SmartCity

FDSOI is more advantageous in Vehicle electronics, IoT, and RF communications
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Far

Reach lifetime limit, no
B Electron migration, (EM) need to characterize

B Bias temperature instability, (BTI) _ L
Negative / Positive

B Hot carrier injection, (HCI) / \7

What is aging?

B Time dependent dielectric broken, (TDDB)

No recovery NBTI on PMOS PBTI on NMOS
_IE Ve R-D model Ve
— V, T Recovery T
Sy B iﬂ-hh IH—H
UTBOX UTBOX UTBOX
Substrate Substrate Substrate
1 1 1
VB _— =
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NBTI on PMOS PBTI on NMOS

F ' ' ' ' 2 . . : . . 1.2
10 F —— Pre p-MOSFET 1 10 —=—Pre n-MOSFET
1 r _': 133?8 Vgstr=_—2.1(\:-' {10 1 [ 1008 | vgstr=2.1v d40
0.1 f L 20008 reme=2 : s ) 01 +;333§ TEmp=23'C | ppsseseseresss %)
: {08 E ¥ los E
0.01 g 0.01 [ ot °©
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g \'i I"i‘ = he) ] / \ =
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F 402+ d402
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1E-8 Jdo0o 1E-8 400
1.9 L . e . 1E-9 : ' . . !
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
-Vgs (V) Vgs (V)
* V. shift . i
. thn decreases Affect both Vin SO
max Vth and mobility Only affect V,
 SSincreases
Holes can be captured and released, Electrons is hard to be captured,
forms equivalent interface capacitance forms fixed charges
R-D model
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3 methods to extract threshold voltage V..

O On The Fly (OTF), can be affected by mobility degradation;
O Constant current (Icon), can be affected by SS increase;

O Extrapolation in the linear region (ELR) at Gm,,,,, closest to actual physics.

15E+2 Log(AVy,) «<Log(T)

T Vthotf@GmmaW Set AV, = 100 mV as the failure criteria
—s— Vthgm
—=— Vthce Failure Criteria e e
1E+2 — Extract Lifetime prediction
g _ method (s)
= OTF 63000
>
< ELR 7200
SEHIF S Constant current 11000

Even mV error can result in multiple lifetime
prediction difference

100 1000 10000
Stress Time (s)
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» HCI shows correlation with BTI
BTI: Vi moblllty(scatterlng) degradatlon

1004 | m DriftHCI n 7100 1E-03 . 4E-4 T
® DriftBTI u L p- MOSFET BTI degradatlon e - n-| MOSFET HCI degradatlon N
HClcor n 180 1E-04 | Stress at Vgs=-2.1V g Stress at Vgs=2.1V, Vds=1.2V
- _ ' wiL= 3/0.02 10 } Wi/L=3/0.02 : -
< 10 o ® £ 105 l’ f A
o o 05 o s 8 Total %= BTl %+HCI %
£ s ° § EiEosf T :
w! L 40 E = 3 {264 =3 BTI Degradation
g 1 §| g 1E07 F 28 st F Experiment |
= DR log B © =g —— BTI_shift
R R 1E-08 {1E4 —— HCL_shift
—_— 0 1E-09 y - \\\ i Total_shift
14 15 16 17 18 19 [ ¢ ;::;Tmental HCI Degradation
[ - e el 4 0E+0
Drain Voltage [V] 1E-10 0 1 1 L L 1
Federspiel X, et al.IEEE International Reliability 0.0 02 0 4 0. 6 08 1.0 0 500 1000 1500 2000
Physics Symposium (Irps),2013. |Vgs| (V) Stress Time (s)
@ BTI. SS degradation HCI: intrinsic mobility
degradation

AVihner=A Vth,BTI'E_k.Vd
The influence of HCI can be extracted based on proper extraction of BTI

1 1 1

1
Utor Up Up/@co  Up/App  Up/drg Matthiessen Rule

Unified model:
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Far

»Performance in subthreshold region can be described by interface charges.
»Model includes the influence of gate/drain voltage and temperature.

V., model:

th Cox
Ea
ANj(=B - EXP(CgVgs+CqV gy~ 1) 1"

1

Voltage Temperature
stress <:> 50 °(F:)

r- vth_timestr_vgstr(W/Tsstrd/Tdstrd/Nbc/L/Tpstrd=10/0/-2.5/1/0.13/0,T=25@Vps/Vds=0/-0.1) o | =

wih_timestr_wostrdWTsstrdTdstrdiMb o/ LT pstrd=1000- 2.5000.1 270 T=2 5@ s s=0-0.1)
tgstrd

-2.1600

0.0z

vih_Delta

0.00 208 41.6 2.4 833

timestrd
RMS:3.117% WAX S .505%

r- vth_timestr_vgstr(W/Tsstrd/Tdstrd/Nbc/L/Tpstrd=10/0/-2.16/1/0.13/0,T=25@Vps/Vds=0/-0.1) o | =

0.1V Arrhenius
equation

SS model:

kT Cdep ACy
ASS=2.3-—- 1+
q ( Cox Cox

wth_timestr_vastrdWTsstrd/TdstrdiNbo/LTpstrd=10/0/-2.1 61701 3/0 T=29@Vpsids=00-0.1)

tgstrd
005 o | -2.5000
004 -2.3000
-2 1600
=
= o002
o
£ oot
0.00
0.0o 0.8 41.6 624 833

timestrd
RS 3.644% hAK 3 TE0%

B The performance degradation in subthreshold region can be described by

this model accurately
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=

o

=

Coulomb Scattering \
1.1E+2 f

08 08 10 14 12 13 14 15 16
EFFECTIVE FIELD (MV/cm)

Coulomb scattering model:
U= to/[1+a-Qi/(B + Qinv)l

Mobility approximate formula:
Au Ids

—=1-

“ s gV s 4 Veho AV b Hds 10 |

Shanghai Institute of Microsystem and Information Technology

Low VQg: y decreases significantly after
aging. Coulomb scattering is enhanced
by interface traps

High Vg: no evident change. Aging
doesn’t affect surface scattering
(different with bulk).

200} Experimental
—— Model

0.2 0?4 0.6
|Vgs-Vth]| (V)
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» Static model cannot describe dynamic aging

O Correlation with stress sequence:
The recovery will affect follow-up
aging characters

O Correlation with bias voltage:

100

90

z so b Voltage stress in recovery cycle may
< be different R-D model X
>
< 70} Vg
1 Simulation
60 } b = Experiment Vstr|
Tstr IAV
50 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 Vrec | . | ... ... .. . .. L
0 1000 2000 3000 4000 5000 6000 7000 Trec
stress time (s) >

Stress Time

» Important factors to be considered:
Recovery voltage, recovery time, duty cycle, number of cycles, etc.
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» V,, degrades exponentially:

TeERr Saturation
7.0E+09 |- (b) %
AVy=C1" s A
=‘ ---------------- . .‘-------.‘-7 . A6'0E+09 , %
AVvthl/nE:‘CI/n"t Slope 5355909_-
N eesssmamernnnnat S e 3 §5.05+09_—
w
) ) ) 4-5E+09 i = Simulation
Changes linearly with time 408409 |- === Experiment
3.5E+09 | E
30E+09 1 | | | | |
2.0E+13 | (a) 0 2 Cycle 4 6
s B Recovery effects will increase the
§ e follow-up aging rate, saturates after 3
g cycles
&soeorz Syces B No saturation in high V,,. (not shown)
R Make DVS model complex !

0 1000 2000 3000 4000 5000 6000 7000
stress time (s)
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Stress cycle: Recovery cycle: Recovery cycle: cha rges
(@)  Produce interface charges (P) Capture fixed charges transfer to saturation
— / _..---""___ - >
/< / . 00
. o Q¢ Qf
| |- o oo | —
/ <
HK IL 5i 1K IL Si
] L —] Stress cycle: charges
| | captured
Various charge based models have been investigated V del
Bias dependency X multiple cycles X
Constant | AV, (1) = ¢-[ A+ Blog(1+ ()] A Vth:(Qt+Qf)/ Cox
. AV, (t+1,)=A, +A,
ot | 8, =1+ B+ 1) Interface charge model:
stress . bebaiad — . . o o
A, :M““")\I—A~+k»g(1il(‘ui)ro)), Qt—(Al—l-Ble) Ig

Ref: K. Sutaria, A. Ramkumar, R. Zhu, R. Rajeev, Y. Ma Fixed Charge model:

and Y. Cao, "BTI-induced aging under random stress

waveforms: Modeling, simulation and silicon =MIN 1-AV] +B tﬁ

validation," 2014 51st ACM/EDAC/IEEE Design Gl [ (A0BoOpy) r [»Cfmax)
Automation Conference (DAC), 2014, pp. 1-6.
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AVth (mV)

60

B DVS model can fit the experimental data under various conditions in

~
o
T

WI/L=3/0.028
Vstr =2.1V

AV=Vstr-Vrec

o Vrec=0V
o Vrec=1.2V Stress ‘
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—— Simulation
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200
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500
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1000
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50
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- Simulation_w_sat

— Simulation_w/o_sat
= Simulation_w/o_sat

0

1000

2000

3000 4000
stress time (s)

high accuracy, reaches mV level
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> What dose the simulator do?

[ | SPICE model coverage

7 SPICE model coverage after aging “| AV, (PMOS)

" Device performance after aging _
SF

Lifetime problem

2.00E42

-8.00E-02 .00E-02 8.00E-02

AV, (NMOS)

» Aging effects can cause the device performance move to SS corner

» Preciously describe aging effects — Preciously predict lifetime
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Circuit Level Aging Simulation

o

» Why we need a simulator?
1. The SPICE model cannot characterize aging effects directly

2. For circuit level applications, different function units have different
aging characters

Typical ASIC Chip ----~==-~ - Device level simulation

B vih_timestr_vgstr(W/Tsstrd/Tdstrd/Nbc/L/Tpstrd=10/0/-2.5/1/0.13/0,T=25@Vps/Vds=0/-0.1) [ [@
wth_timestr_vostrdTsstrd Tdstra/MNbe/LTpstrd=10/0/-2 5M1/0.1 30 T=25@Vpsivds=0-0.1)
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g 0.0z ﬁ idsat_timestr_vdstr(ATsstrd/MNbe/TystrdiLTpstrd=10/01/2.5/0.1 30, T=25@Vpsiysids={ C i rC u it I eve I

Analog SRAM
(HCI) (BTI)

I
£ o f 1.00

0.00 L 0.87

o.0o

p—a
o

RM3:3 .11

| —
B8 vih_timestr_vgstr]

0.05
Digital S
(HCI&BTI) § v 7
£ o ]ﬂ
0.00
0.00 o
RMs3 Bd| &

ono

B The aging characters of each device
need to be calculated separately
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» Local sampling and extrapolation

10 MOSFETs aging vs time o
i s
Ve
V T
7
— Linear extrapolation, 7
> P /'} t 1Year
E -
g | e 24H
< P
Ve
Intergral calculation of
device aging effects
0.1 - . .
1E-8 1E-3 1E+2 1E+7

Stress Time (s)

B SMI has already been embedded into the EDA
software ALPS/Xmodel of Empyrean
Corporation for commercial applications
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Workflow
Invocation
Procedure :
[ Netlist Analyze ] | Recognize
|_nodes voltages )
|
Transient [ Activate aging )
simulation L model )
. Integral
Activate Y calculation
aging l
model ( Extrapolation )
calculation
— !
Return calculation
i P d
SPICE Simulator rocedure SMI Simulator

@ﬂ'

@ Empyrean
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Feature MOSRA SMI Ring oscillator simulation results
SMI vs. MOSRA (ps/stage)

Integration \ \
) 8
Extrapolation \ \ i [T ———
~ = SMIVdd Check
BTl _Core v v — gl * SMiLength Check
HCI_Core v V ,§, 5t
Annealing v \ E 4l
=
Temperature behavior x v » 3}
| >
Extraction Flow X \ S 2r
_ o Q@ L1 ——MOSRA Temper Check
Failure Criteria \ \ Q ——MOSRA VDD Check
L o OF ——MOSRA Length Check
Lifetime Prediction \ \ 1
Self-heating Model x V 0O 20 40 60 80 100
Time (%1000 s)
DVS Model* X v

B Ring oscillator simulation results of SMI are highly consistent with
Synopsys MOSRA under different voltages, sizes and temperatures
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1. Aging effects including BTl and HCI of 22 nm FDSOI
devices were systematically studied;

2. A novel model, as well as a simulator (SMI) supporting
both SVS and DVS aging conditions, were investigated;

3. This model can precisely predict key parameters of
MOSFETs degrading with time in high accuracy;

4. The model accuracy is highly consistent with MOSRA
and meet the industrial standard:;

5. The SMI simulator has already been embedded into the
EDA software ALPS/Xmodel of Empyrean Corporation
and realized commercial applications.
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