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Introduction / MotivationIntroduction / Motivation

No variation in terms of …

Defect type 1, activation energy 2-4,7, 
and field  acceleration 2

but …
on magnitude  :    No consensus 2-7

Strain on NBTI-induced N ITVG < 0
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NIT on ∆µeff , ∆ID    
8

Source/Drain Material:
Compressive ���� SiGe
Tensile   ���� Si

1Stesmans, APL ’03   2Irisawa, VLSI ’07   3Shih, IRPS ’05   4Rhee, IEDM ’05   5Lu, JJAP ’06 
6Liu, TED ’07   7Shickova, EDL ’07   8Islam, APL ’08

µeff improves with N IT

∆ID ~ 0 in appropriate condition

Degradation-free CMOS
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• Overview: Reaction-Diffusion Model

• Strain dependence of N IT

• Effect of N IT & strain on ∆ID
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• Conclusion



Overview: Reaction-Diffusion ModelOverview: Reaction-Diffusion Model
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a) Reaction

2HD t~

Si-H  ↔ Si+ + H
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c) Diffusion 
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20(0)
H HN ~ N

a) Reaction

b) H-H2 Conversion

Si-H  ↔ Si+ + H

H ↔ H2

H2 Diffusion
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Field Dependence of ∆NITField Dependence of ∆NIT
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Barrier lowering due to hole capture

TH ~
PT exp ( γγγγTEox)

Islam, TED ‘07

σ
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Si-H Si-H+ Si+ + H
ph TH σ exp [– (E F – aEox)/kT]

aEox aEox

EF Effective barrier: EF – aEox

γγγγ = γγγγT + a/kBT

NIT ~   [ECN0PT exp(γγγγ Eox)]2/3exp(-EA/kBT) tn

+ h+
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• Reaction-Diffusion Model

• Strain dependence of N IT

NIT ~   [ECN0PT exp(γγγγ Eox)]2/3exp(-EA/kBT) tn

6

• Effect of N IT & strain on I D

• Conclusion



Time Exponent: Strain DependenceTime Exponent: Strain Dependence
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Strain Invariant n ~ 0.14

NIT ~   [ECN0PT exp(γγγγ Eox)]2/3exp(-EA/kBT) tn

NIT ~   tn NIT ~   t



Activation Energy: Strain DependenceActivation Energy: Strain Dependence

0.2

0.3

 
E

A
 [e

V
]

 
20 30 40

10-2

10-1

 

 

∆V
T

1/kT [eV-1]

0.435E
A

Similar observation for 
TENSILE STRAIN in Irisawa, VLSI 
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Field Acceleration: Strain DependenceField Acceleration: Strain Dependence
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NIT ~   [ECN0PT exp(γγγγ Eox)]2/3exp(-EA/kBT) tn
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Strain Dependence of N ITStrain Dependence of N IT

NIT ~   [ECN0PT exp(γγγγ Eox)]2/3exp(-EA/kBT) tn
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Stesmans, APL ‘03

Compressive

NIT Experiment
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Strain: 

� Same type of dangling bond
� SiH Precursor ( N0) can’t explain NIT
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NIT: Compressive StrainNIT: Compressive Strain

Compressive Strain: � Same n, γ, EA
� N0 increases
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NIT ~   [ECN0PT exp(γγγγ Eox)]2/3exp(-EA/kBT) tn
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NIT: Tensile StrainNIT: Tensile Strain
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Hole flux increases

Tensile Strain: � Same n, γ, EA
� N0 decreases

NIT ~   [ECN0PT exp(γγγγ Eox)]2/3exp(-EA/kBT) tn
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N0PT Increases
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Summary: Strain Dependence of N ITSummary: Strain Dependence of N IT

∆VT ~  NIT ~   [ECN0PT exp(γγγγ Eox)]2/3exp(-EA/kBT) tn

Invariant

Invariant

Invariant
Compressive: Increases
Tensile: Decreases

Compressive: Decreases
Tensile: Increases
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What is the impact on ID Degradation?

Tensile: Increases

( )D eff G TI ~ µ V -V ID should decrease ( ∆ID < 0) with NIT ………

Compressive: Decreases
Tensile: Increases



Strain Dependence of ∆IDStrain Dependence of ∆ID
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NIT-induced I D DegradationNIT-induced I D Degradation

S D

Gate Charges

S D

( )D eff G TI ~ µ V -V effD T

D0 eff0 G T0

∆µ∆I ∆V
~ -

I µ V -V
IT

T

ox

qN
∆V =

C

Interface traps
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Substrate Charges (Q dep + Qinv )

Eeff ~ Qdep + ηQinv

µµµµeff

Coulomb

Phonon

Surface
Roughness

Takagi, TED ‘94
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NIT-induced I D DegradationNIT-induced I D Degradation

NIT Generation

• Increases |V T|

• Decreases µ eff @ Eeff

 

• Decreases E eff ~ (VG – VT)

( )D eff G TI ~ µ V -V effD T

D0 eff0 G T0
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∆µ∆µ∆µ∆µeff @ VG
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∆µ∆µ∆µ∆µeff @ VG: Depends on µ eff - Eeff steepness



Strain Dependence of ∆IDStrain Dependence of ∆ID

High strain

Compressive 
At low E eff: 
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Strain Dependence of ∆IDStrain Dependence of ∆ID
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ConclusionConclusion
• Strain dependence of N IT

� SiH Precursor plays negligible role

� Depends mainly on hole tunneling rate

� Tensile (N IT↑)             Compressive (N IT↓)

• Sufficient strain improves µ eff(NIT) ���� Reduced ∆ID
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• Sufficient strain improves µ eff(NIT) ���� Reduced ∆ID

� Reduce NBTI being a concern

• Resilient to variations!!

S D


