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Consequences of Device variability

Processor Speed variability
Excess Leakage Currents (IDDQ failures)
SRAM Vmin margin

Source: J. Farrell, AMD, C2S2 Workshop, UCB’2006

Balanced and dis-balanced Cells due to Vt mismatch

Source: M. Agostinelli, Intel, IRPS’2005
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Static Process Variations
After A Strojwas, Tutorial “Variability and DFM”, 

Short Course, VLSI Tech Symp’2014

E.g., across the Wafer dielectric 
deposition thickness uniformity 
or Anneal Temperature

E.g., across the Die CMP 
uniformity (Gate height) or 
Die level Litho Overlay

E.g., local variation in CD 
(LER) or Dopant Atom 
count in the channel
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Variability Decomposition

Variability characterization 
and decomposition
• Provides information for 

variability reduction
After A Strojwas, Tutorial “Variability and DFM”, 

Short Course, VLSI Tech Symp’2014
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Example of Decomposition of Process Parameters
Gate CD Variability
• Electrical Poly CD measurement
• 280 Measurements/Reticle Field

After: Prof. C. Spanos Group SPIE 2003/2006
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Dynamic Variations   

After A Strojwas, Tutorial “Variability and DFM”, 
Short Course, VLSI Tech Symp’2014
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Dynamic Variability - Bias Temperature Instability
Study of impact of aging on device parametric 
variability over multiple nodes
Large number (>1000000/wafer) needed/used to 
generate statistics & model accurately
Key observations / conclusions
• Fresh and stressed device show a normal distributions
• Shift distributions have a tail which impacts lifetime prediction 
• NBTI matching in PMOS is increasing with respect to time-zero 

matching. Similar root cause of the BTI behaviour

Source: D. Angot, ST Micro, IEDM’2013
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Variability dependence

LW
NTKVth

ox

ox
4

)(
ε

σ ×
=

Metal gate/high-k enabled 
further scaling and reduced 
variability, but introduced new 
sources of variation

Improved by high-k & 
gate dielectric scaling

Lower doped 
substrates by using 
gate ϕM to set VTH

Threshold Voltage Variability is a function of Device Size  1/sqrt(LW)
Proportionality Coefficient depends on Tox and Channel Doping
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Variation Trends: Random  Variations

Identical structure data presented here (no systematic layout dependent 
effects included)
As expected, HKMG has reduced  random variations.
However, systematic layout pattern driven variations have increased
20nm – very short node

Source: Internal PDF Benchmark

After A Strojwas, Tutorial “Variability and DFM”, 
Short Course, VLSI Tech Symp’2014
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Variability reduction with HK-MG
Demonstrated Variability improvement in 45 nm

Source: Intel, IEDM 2007, TechJour., 2008
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Variability - Scaling Trends

After: Prof. A. Asenov, GSS, SC IEDM’2015
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FinFET – Device of choice for Advanced nodes

After S.Thompson, U. Florida, 
Device Tutorial, IEDM’2015
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Variability in FinFET – parameter contribution
Experimental study of effective 
current (Ieff) variability in 14nm 
SOI FINFETs is reported which 
identifies:
• threshold voltage (Vtlin)
• external resistance (Rext)
• channel transconductance (Gm)

as three independent 
sources of variation

Gm variability dominates overall 
Ieff variability for 1-2 Fin device, 
while Rext variability becomes 
important for high Fin count

After: A. Paul, GlobalFoundries/IBM,  
IEDM’2013
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Variability - Scaling Trends (Device Architecture)

After: V. Moroz, Synopsys, IEDM’2014
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FinFET Variability Sources
Device Variability

Fins (height and width)
• Fin neighborhood
• Fin density
• Fin order
• Fin angle

Epi Growth
• Number of merged Fins
• Tuck/Untuck and Tuck PC 

neighborhood
Gate (width and height)
• PC density
• PC cut

Trench Contact
• Number of Fins in a device
• Contact density
• Gate density

Extensive Characterization Needs
Source: Chipworks – Intel 22nm Trigate
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Sources of Variability in FinFET

Monte Carlo Simulations of 
22nm and 14nm FinFETs to 
identify main contributors
• Random

• Gate Edge Roughness
• Metal Grains
• Random Dopants

• Systematic
• Fin Height
• Fin Width

After: Prof. A. Asenov, GSS, 
IEEE TED’2015

Source: Prof. A. Asenov, GSS,’2015
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Sources of Variability in FinFET
Device Variability strongly depends 
on Process Integration and types of 
unitary process/tool used to build 
the transistor
Identification of sources of 
variability helps to improve the 
process and reduce variability

After M. Masahara, AIST, WIMNACT”2012
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Process Uniformity Optimization for FinFET
Gate stack – WFM and Gate height 
control – are key features to 
control Systematic Vt Variability
• CMP uniformity across the Die 

and Wafer (Dummification and 
Density Control)

Pre-Epi Fin Recess variability 
contributes also to Vt variation

Source: R. Pal, GlobalFoundries, IEDM’2015
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LER and LWR

Line Edge Roughness and Line 
Width Roughness increase as 
the geometrical pattern features 
decrease, i.e. become more 
important in scaled nodes

Litho components - Acids in 
Chemically amplified resists and 
Polymer Chain variability 
contribute to LER

After C. Shin, “Variation-Aware Advanced CMOS Devices”, Springer 2016 

Spacer-Assisted Dual Patterning (SADP or SIT) can virtually eliminate LWR

YK. Choi, UCB, IEDM2002
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FDSOI – parallel path
Alternative to FinFET to provide better electrostatic 
control
Simpler integration – less expensive Process
Less sources of Variability
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Fully Depleted devices - FinFET and FDSOI

FDSOI shows very good 
potential for Variability 
reduction due to suppression 
of RDF and simpler process 
flow compared to FinFET

O.Weber, VLSI’2015
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FDSOI – technology with reduced variability
Ultra Thin Body on Thin BOX – reduced Vt roll-off (Short Channel Effects)
Reduced RDF – undoped channel
High-K gate dielectric with Metal Gate
… but… increased sensitivity to Silicon Thickness variability
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Characterization Requirements for Layout Effects
PCM/WAT structures are close 
to target (within 2%)
But the product does not meet 
performance and/or yield targets
Example from a 28nm HKMG 
technology in production 

Source: S. Saxena, PDF IEDM 20013 

> 1400 design rule clean layouts
Simulation of LPE extracted netlists, 
modeled layout effects included
Each point is a median of > 450 devices
Layout induced variability is of the same 
magnitude as manufacturing variation
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Addressing the Problem

Source: S. Saxena, PDF IEDM 20013 
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Early Layout Effects - 45nm Strain
Successful Compact Models to predict variability 
due to Strain interaction and relaxation
45nm Bulk CMOS process with stress boosters
• Dual Stress Liner + eSiGe for PMOS S/D

Source: E.Morifuji, Toshiba, IEDM’2011
IEEE TED’2011

d-Flip-Flop
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Embedded-SiGe stress in PMOS
e- (embedded, epitaxial) SiGe is a key performance 
booster in scaled PMOS, and at the same time main 
source of Variability and Layout dependent effects

M.Bohr, Intel,
IEDM’2011

Source: K. Kuhn, Intel, JECS, 2010

Factors impacting Strain and Variability
• Recess Shape and Depth
• Recess Proximity Tip-Tip
• Ge% content and profile
• Epi overgrowth
• Density/Loading effects
• S/D extension length
• Gate Pitch
• Device Width
• L-shape Active
• S/D termination

(“TuckedUnder/Untucked”)
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HK-MG Layout effects - impact on Device Vt
Additional sensitivities identified for Metal Gate proximity (in Gate First process)
• Structure A – Both side boundary of opposite type Metal Gate has stronger impact
• Structure B – “sharing” opposite type of WF Metal in one Gate causes the shift (not just proximity)
• Structure C – distance from the device to the boundary of the opposite type of WF Metal matters
• Structure D – larger amount of the opposite WF Metal type in the Gate  causes larger effect

Source: M. Hamaguchi, Toshiba/IBM/ISDA, IEDM’2011
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Problem Complexity: Many interacting layout effects
Attributes from cell layout and cell-abutment
Large experiment (DOE)
• Gate Length/Gate Pitch
• Device Width
• Active Extension (SA/SB)
• Diffusion Break (Single/Double, Continuous)
• L-shape Jogs
• Neighborhood/Proximity

Local variation (σ) adds noise to 
the measurement of layout effects
Replicates: averaging & local 

variation estimation
Large DOE & replicates 
intractable with traditional 
characterization

Source: S. Saxena, PDF IEDM 20013 
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High Volume Characterization

Tractable with a dedicated test infrastructure
• Array test structures with on-chip test circuits
• Fast parallel test (e.g. up to 256 parallel channels)

Example: >1400 unique layouts, >= 8 replicates
• 100 X speed up over traditional approach

wafer

pad

Analysis
Data

DUT 1
DUT 2
DUT 3
DUT 4
DUT N

On-
chip

Tester

probes
Fast-test 
Hardware

Test Data 
Post 

Processor

Analysis 
& 

Modeling

…

On-chip Tester Behavior 
Model

Source: S. Saxena, PDF IEDM 20013 
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Local Variation

Local variation estimated 
for each layout 
AVT(p) > AVT(n)
Lateral active proximity 
impacts local variation

Source: S. Saxena, PDF IEDM 20013 
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Interactions and Main Layout Effects
Interaction of three pMOS active (RX, 
OD) related layout attributes
• Active extension
• Lateral proximity
• Active width

Common Layout Attributes Causing > 
10% Model-Silicon Gap (28nm)
Narrow width transistors
Notched Actives (L-shaped, T-shaped) 
Series (stacked) gates 
Active Extension (SA, LOD)
Well Proximity & Neighborhood active
Lateral active proximity & width
Poly spacing
“Wrong” way poly (when allowed)

Notched

Series

Wrong way 
poly Source: S. Saxena, PDF IEDM 20013 
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Direct Probe CV® Approach : Concept

Analyze product layout to classify layout patterns and build 
Pareto to drive test chip DOE/DUT selection
Build Contact & M1 mask to direct tap-out transistor / resistor on 
product wafers

After A Strojwas, Tutorial “Variability and DFM”, 
Short Course, VLSI Tech Symp’2014
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DATA Update SPICE (and timing) models,   improve layout,   adjust the process

To Create a “Direct Probe Characterization Vehicle”

Source: B. Nehrer, PDF, 
EDTM’2017
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Silicon-SPICE  Gap Summary from DPCV Example

Green parts:  can be explained by model accuracy (target +/- 5%) or covered 
through corner setting
Blue parts: Foundry needs to improve device Id/Vt uniformity through tightening 
process control, thus Fabless can use smaller guard-band for design
Red parts: effects beyond SPICE modeling

Andrzej J. Strojwas                                                                                                          Variability and DFM  

After A Strojwas, Tutorial “Variability and DFM”, 
Short Course, VLSI Tech Symp’2014
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Within Wafer Variability impacting Yield

Wafer Maps for many devices of different Layouts tested with DPCV on Product 
wafers – Pattern Matching to explain IDDQ Yield Loss

Statistical Data Collection and Variability Decomposition (VarComp)

Source: PDF Solutions
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Direct Probe CV for Parametric Process Control
S/D silicide Resistance Control in devices inside Product

Silicon – to-SPICE 
check

Fab matching for 
Technology Transfer

Process 
characterization

Source: PDF Solutions
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New Sources of Variability in Patterning
EPE - Edge Placement Error 
• difference between the actual location of the final pattern 

versus the intended location specified by the device designer

After A. Sekiguchi, Tutorial “Patterning 
Technology for N5”, IEDM’2016
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Edge Placement Error – More than CD and Overlay

After A. Sekiguchi, Tutorial “Patterning 
Technology for N5”, IEDM’2016
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Edge Placement Error – Root Causes and Solutions

Reduce the overlay error
• Exposure equipment fabricators 

priority

Reduce the number of 
overlayed shots
• Convert from immersion ArF to 

EUV

Optimize the EPE budget 
across toolsets by controlling 
the characteristic of processes
• Develop self-aligned schemes 

which behave independently of 
the overlay problem

Change integration schemes 
to get around current overlay 
issues:
• Self Aligned Contacts
• Self Aligned Growth

Non-lithography factors take 
up more of the EPE budget

After A. Sekiguchi, Tutorial “Patterning 
Technology for N5”, IEDM’2016
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After S.Thompson, U. Florida, 
Device Tutorial, IEDM’2015
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Fin Profile Monitoring with Scanning TEM
Automated metrology capabilities of STEM demonstrated on SRAM Transistors
Artifact-Free STEM samples 10-15nm thick prepared for Fin Profile control

Source:  O.Ugurlu, FEI, 22nm FinFET (Intel) SPIE’2013

CD and dynamic precision values 
from automated metrology 
measurements were obtained from 
a total of 180 images of 18 SRAM 
inverter transistors (6 each from 
pFETs and 12 each from nFETs)

3σ precision values were derived 
from the square root of the average 
of the variance at each site.
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Advanced Metrology
Scatterometry
• OCD (optical CD metrology)
• Gate/Fin CD, Height, Sidewall Angle
• Spacer Thickness
• Cavity Etch, undercut, Epi Growth
• Trench Width, Depth, Sidewall Angle

After Fang Fang, GF/KLA, SPIE’2016

2003
SRM – Signal Response Metrology
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Electrical Metrology for Fin Height
Fin Height control one of the main sources of FinFET Id variability
Capacitance measurements of “Fin Array” validated by Current variability

Complete device is 
built from a 4x100 
array of devices from 
which G/S/D/B pads 
can be accessed

Source: T.Chiarella, IMEC, ICMTS ‘2011
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Electrical Metrology (eMetrology) Objectives
Provide infrastructure for high 
throughput monitoring of 
technology parameters critical for 
product performance and variability
• Focus is on variability characterization

Leverage CV (Characterization 
Vehicle) infrastructure for compact 
test structures and fast parallel test
• Electrical tests including Resistance 

and Capacitance

Increase areas of application during 
technology development, yield 
ramps, and mass production
• Device performance diagnosis
• Yield Process Window

Identify new applications
• Technology finger-printing for 

technology transfer and benchmarking
• Tool level drill down from excursions 

and drifts

Metrology
Target

Typically monitored 
parameters

FEOL
Transistor

• Gate-capacitance (Cgg)
• Overlap-capacitance (Cgd)
• Tox, ECD, Leff, ueff,

WF (long-channel VT)
• RSD

Misalignment • Gate Cut
• Contact – to Gate and to Active
• Via to Upper/Lower Metal
• Contacts and Local Interconnects
• Multi-color patetrning (e.g. M1-E1 
to M1-E2)

BEOL 
Metrology

• BEOL RC
• Vx bottom CD
• Trench Depth
• ILD Thickness

FDSOI & DT •Tsi & Tbox

Source: PDF Solutions
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Concept of eMA (Electrical Mis-Alignment)

eMA uses a set of DUT structures to extract 
process mis-alignment.
Additional DOE factors, e.g. horizontal vs. vertical, 
can be designed per client request.

eMA is insensitive to
• Via size : due to same via size change 

on all structures in the DOE set 
(assume uniform local variation)

• Upper and lower layer CD : for the 
same reason above

• Upper and lower border pull back : for 
the same reason above

• Thickness between layers : for the 
same reason above

• Defectivity : redundancy and 
safeguard DUT included

• Wafer tile & rotation on metrology 
equipment, wafer warpage impact on 
metrology error (aberrations etc) : no 
impact

Source: PDF Solutions

Layout Mis-alignment

Extracted
Process
mis-alignment

MA = designed-in MA + process MA

R
es

is
ta

nc
e
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eMetrology Examples: Resistive Method for Misalignment

X & Y misalignment across the wafer Source: PDF Solutions
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Small Capacitance Measurements – CBCM Technique
CBCM – Charge Based Capacitance Measurements
Requires special circuitry designed on the Test Chip (with Active Devices)
Capable of fF level measurements
Suitable for eMetrology for Process Control in FEOL, MOL, and BEOL

Source:  J. C. Chen, UCBerkeley, IEDM’1996
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Summary

Variability is not going anywhere
• Random Variability will decrease as Gate/Fin LWR control improves and Doping 

is eliminated
• Even if we can continue to reduce variability, Vdd reduction for Low Power and 

IoT will consume all available budget
• Patterning will contribute to variability significantly during multi-patterning nodes 

(until temporary EUVL relief)

Local layout effects will decrease
• Restricted Design Rules will reduce freedom and number of allowable patterns
• Further scaling will force Fin depopulation and further reduce number of 

allowable device design variants

Test structures and electrical measurements will continue to 
dominate transistor characterization
• Ultimate metric of device performance and variability
• In-product and in-die measurements will be more important for fast IP design 

validation and debug
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What is needed down the road

Better process with better controllability
• Self-aligned Patterning
• Pattern smoothing and healing techniques
• Better Etch Control - Better selectivity, Atomic Layer Etch
• More uniform material deposition – Atomic Layer Deposition

Variation tolerant designs
• Regular designs with low variability, easy to characterize
• Assist circuitry for Variation tolerant designs

Better characterization techniques
• Fast and precise In-line metrology
• eMetrology – faster, denser, with more coverage
• Complete coverage of physical, material, and geometrical parameters
• Full wafer data collection with high statistical resolution
• Big Data for correlation across all databases for Yield, metrology, and e-Test
• Feedback loop to manufacturing through APC and FDC


