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Variability has become a major challengeVariability has become a major challenge
to scaling to scaling andand design design

G. Declerck, Keynote talk, VLSI Technol. Symp. 2005



Local statistical variability isLocal statistical variability is
a major source of concerna major source of concern

After D. J. Frank (IBM)
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OPC and strain related variabilityOPC and strain related variability
65 nm example Synopsys (SISPAD 06)



Strain induced variabilityStrain induced variability 
After W. Fichtner



Statistical variabilityStatistical variability

The ideal transistor

A 22 nm MOSFET

A 4.2 nm MOSFET



Random dopants Polysilicon/high-k
Granularity

Line edge roughness

Statistical variabilityStatistical variability



High-High-   and metal and metal gategate  morphologymorphology

HfO2
HfSiO



Glasgow Glasgow statisticalstatistical 3D simulation tools 3D simulation tools

Drift-Diffusion (DD) with
quantum corrections.

Ensemble Monte Carlo
(MC) with ab-initio
impurity scattering.

Non-Equilibrium Green s
Functions (NEGF).

Enabled by the power of cluster and grid computing 



VD = 50mV

VD = 1.0V 

The most comprehensiveThe most comprehensive
technology availabletechnology available

RDD+LER+PSG 
Compact models
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After H. Ivai

Bulk Bulk MOSFETs MOSFETs are here to stay longerare here to stay longer
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Variability in 45 nm LP transistorsVariability in 45 nm LP transistors

In collaboration with ST Microelectronics



 n-channel MOSFET p-channel MOSFET 

 VT  [mV] 

(VDS=0.05 V) 

VT  [mV] 

(VDS=1.1 V) 

VT  [mV] 

(VDS=0.05 V) 

VT  [mV] 

(VDS=1.1 V) 

RDD 50 52 51 54 

LER 20 33 13 22 

PSG 30 26 - - 

Combined 62 69 53 59 

Experimental 62 67 54 57 

 

Good agreement with measurementsGood agreement with measurements 



Potential distributionsPotential distributions  
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tox remains constant



Transport (scattering) related variabilityTransport (scattering) related variability



The impact of the transport related variabilityThe impact of the transport related variability

DD only DD only

DD+MC DD+MC

35 nm MOSFET

VD=50 mV

VD=50 mV

VD=1 V

VD=1 V



Simulation of 100000 Simulation of 100000 statisticalstatistical sample sample

35 nm 13 nm

              Low VT                    Medium VT                   High VT

35 nm

13 nm



After H. Ivai

Bulk Bulk MOSFETs MOSFETs are here to stay longer:are here to stay longer:
But they will be longer tooBut they will be longer too
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After H. Ivai

Novel transistors are wanted mainly due to Novel transistors are wanted mainly due to 
reduced statistical variabilityreduced statistical variability



SOI and DG variability in PULLNANOSOI and DG variability in PULLNANO
template transistorstemplate transistors

32 nm FD SOI 22 nm DG

Tox=1.2 nm
TSi=7 nm

Tox=1.1 nm
TSi=10 nm



SOI and DG variabilitySOI and DG variability 

32nm VT (mV) 22nm VT (mV)  

Vds (50mV) Vds (1.0V) Vds (50mV) Vds (1.0V) 

RDD 5.3 6.1 6.4 8.1 

LER 3.3 8.6 5.8 13 

Trap (1e11) 11 11 5.1 4.8 

Combined (1e11) 13 15 10 16 
 

32 nm FD SOI 22 nm DG
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Statistical Statistical reliabilityreliability: electrostatics: electrostatics
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Statistical reliability in 45 nm LP technologyStatistical reliability in 45 nm LP technology

NBTI



Threshold voltage variability increases Threshold voltage variability increases 
with NBTIwith NBTI

Nt [cm-2]

1 1011
0

5e11 1e12

5 1011

1 1012

Experiment

After V. Huard



Trapping produces Trapping produces anomalouslyanomalously  large large
Threshold voltage shiftsThreshold voltage shifts

1 1011 5 1011 1 1012

Experiment

After V. Huard



The reason for The reason for anomalouslyanomalously  large large
threshold voltage shiftsthreshold voltage shifts



SOI and DG variabilitySOI and DG variability 

32nm VT (mV) 22nm VT (mV)  

Vds (50mV) Vds (1.0V) Vds (50mV) Vds (1.0V) 

RDD 5.3 6.1 6.4 8.1 

LER 3.3 8.6 5.8 13 

Trap (1e11) 11 11 5.1 4.8 

Trap (5e11) 24 25 13 12 

Trap (1e12) 36 37 18 17 

Combined (1e11) 13 15 10 16 

Combined (5e11) 25 27 16 19 

Combined (1e12) 37 38 20 23 
 

32 nm FD SOI 22 nm DG
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Impact of statistical variability on power,Impact of statistical variability on power,
performance and yieldperformance and yield
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After M. Miranda



ConclusionsConclusions

It is likely that the statistical variability in bulk
MOSFETs will increase rapidly in the next
technology nodes.

The statistical variability can not be reduced by
fine tuning the technology, OPC and regular
designs.

FD SOI and DG devices have significant
advantages in terms of variability compared to
bulk MOSFETs.

Statistical variability demands a statistical
approach to design and will force fundamental
changes in the design paradigm.
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