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What is variability or mismatch?

Lot to lot variabilityFab to fab variability

Wafer to wafer
variabilityDie to die variabilityLocal variability=

MOS to MOS variability
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MOS to MOS variability



Importance of Variabilityp y
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• Mismatch critical for analog applications (mirror current, 
diff i l lifi DAC ADC )

right [ ]

differential amplifier, DAC, ADC...)

• Variability now also affects digital and mixed applications
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Experimental procedures

Wafer Matched Die

Matching measurement: P distribution

TransistorsDie

Measurement 

Mismatch parameter:

on N pairs

Mismatch parameter:
• meanP: Systematic mismatch

� σP: Stochastic mismatch 

Test Structure:
MOS 1 Gate

(local process fluctuations)

MOS 2

Drain Source

Threshold voltage VT

Drain Source

Threshold voltage VT

Gain factor β
Drain current ID
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Mismatch parameter extraction
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Channel contribution
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4.5

5

grillegate

Theory Measurements

2 5

3

3.5

4

V.
µm

]

grille

oxyde
0

gate

oxide
0

1

1.5

2
2.5

A
Vt

 [m
V

GP LP

yd

0

dy

substrate

Depletion region

yd

0

dy

0

0.5

-800 -600 -400 -200 0 200 400 600 800
Vt [mV]

GP LP

yy

ox

d
FpFBt C

Q2φVV −+=

nσ = cnc nσ =
Strong correlation between Vt et Avt
=> main contribution from channel 
dopants

( )( ) TVNq oxbFpcsi
Vt ⋅⋅

−⋅⋅⋅
=⇒

122 4/13 φε
σ

[Mizuno et al., TED, 89]

dopants
LWox

Vt ⋅
⇒

3 ε
σ

[Roy, TED,  03]σVt≈tox.Nc 0.4 L.W
)1.0V.(tB tox

VtVt
+

=σ [Takeuchi, 07]

© G. Ghibaudo et al – Variability workshop – Bologna, Sept. 9th 2010 9/26



Pockets contribution (1/3)
Existing models explain the usually observed fluctuations 
increase for shortest devices…
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…but these models do not 
predict anomalous increase 
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Pockets contribution (2/3)

Body bias influence… Channel dose influence…
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Pockets contribution (3/3)

)

3-transistor model Bell-shaped behavior !
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Can be extended to non-ohmic regime
(see Mezzomo ESSDERC 2010)
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Polygate influence: Impact of process (1/2)
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Polygate influence: Impact of process (2/2)
B process

6

8
(m

V)
Procédé A
Procédé B
Procédé C

2

4

σ
( Δ

Vt
) (

NMOS

C

0
0 0.5 1 1.5

1/(WL)1/2 (1/µm)

C process
Process

AVt (mV.µm)
NMOS PMOS

A 6 08 11 2 Lgrain ~ 0.1µmA 6.08 11.2
B 5.31 4.52
C 3.46 2.85

Photos MEB (Réf E Sondergard)
Grain size reduction from B to C!
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Polygate influence: doping approach (1/5) 
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Polygate influence: doping approach (2/5) 
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Polygate influence: doping approach (3/5) 

AVt as a function of Vb
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[DiFrenza,  02]
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Polygate influence: doping approach (4/5) 

Model with 2 Doping Levels in Grains
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Polygate influence: doping approach (5/5) 

Model with 2 Doping Levels in Grains
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Polygate influence: GB approach (1/2) 
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Polygate influence: GB approach (2/2) 

Analytical expression of Vt shift induced by a single GB
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Polygate quantitative evaluation yg
Evaluation of the contribution thanks to atomistic simulation run on 

200 generic NMOS transistors randomly generated

Grain boundary
Impact on 
surface

Fermi level pinning model at each 
grain boundary

surface 
potential

g y
+

Random position and size of grain 
through the gate according to a g g g
experimental top view of polysilicon

=> The order of magnitude is 1 mV.µm
Brown et al., ESSDERC 06
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Diagnostic of variability sources on real 
C45 device: atomistic simulationC45 device: atomistic simulation

Exact TCAD calibration done on silicon data
Fl t ti t l t dFluctuations sources not correlated
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Cathignol et al., EDL, 2008
Asenov Cathignol et al EDL 2008
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Conclusions (1/2)

70% of variability comes from channel & pocket dopant number 
fluctuations => undoped channels are required!fluctuations => undoped channels are required!

Ultra thin film technologies are the best candidates

Remaining variability sources: 
LER fl i i GB f
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[Weber, 08]
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Conclusions (2/2)

Scaling issues…
A t t( )
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