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Outline

� Introduction: strain engineering and 3D TSV 
stacking technology

� Existing approaches to the stress simulation

� Compact model approach
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� Compact model approach

� Model calibration/validation

� 3D TSV technology: simulation flow for stress 
assessment
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Strain Engineering

� The electron/hole mobility and dopant/impurity diffusivity in silicon bulk can be effected by
internal mechanical stress (residual, thermal, etc)

� The major device characteristics such as low-field mobility and zero-bias threshold voltage for
long-channel transistor could be affected by stress that in turn might be responsible for
modification of all transistor characteristics

� A number of techniques allow the insertion of the compressive stress into the p-type and a 

combined longitudinal tensile and out-of-plane compressive stress into the n-type MOSFETs. 

� These are the capping stressed layer technology (CESL), epi-Si1-x Gex structures confined to 

the S/D regions, tensile contacts to the active areas, a variety of stress memorization 
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the S/D regions, tensile contacts to the active areas, a variety of stress memorization 

techniques employing the spike annealing, etc.

S. E. Thompson et al., IEEE Electron Device Lett., vol. 25, pp. 191, 2004. Dick James, Senior Technology Analyst



Strain Engineering for 3D TSV Technology

� All these stress sources should generate the needed amount of corresponding stress exactly to 
the targeted gate channel.

� In an ideal case all MOSFETS should obtain such amount of stress that provides equal 
increase in electron/hole mobility everywhere through a design. 

� Layout-induced stress variation makes this target too optimistic. In addition to the stress 
variation caused by existing variations in the transistor size and shape, a long-range character 
of the stress propagation makes a prospective gate-to-gate stress variation even more 
pronounced. 

� In the case of 3D TSV-based technology an additional inside transistor stress variation caused 
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� In the case of 3D TSV-based technology an additional inside transistor stress variation caused 
by a global load generated by die thinning and assembling should be accounted.



Package-Induced Global Load
Transfer of “pre-relaxation” strain distribution caused by packaging 

into the device layer

� Traditional methods such as FEM, FED etc.
employed for simulation of stress distribution inside die
cannot provide the correct numbers for stress
components inside transistors channels
� Redistribution of stress caused by composite nature
of a device layer should be accounted
� A complexity of the layout (billions of transistors)
cannot be captured by FEM-based simulation

Load is from FEM
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cannot be captured by FEM-based simulation
� New approximate methodology for calculation of gate-
to-gate variation of stress generated by packaging
should be developed/adopted
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Existing Approaches to Stress Modeling
Modeling of stress variation with TCAD or FEM-based tools.

• This approach in the best

case can generate a look-up

table containing stress

distributions for a limited

number of transistor

configurations.

• These stress distributions

are caused by local factors.
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Si1-xGex S/D                      CESL
are caused by local factors.

Accounting the effect of the

closest neighboring active

areas separated by STIs on

stress is almost impossible

difficult task for the

TCAD-based predictions.



Existing Approaches to Stress Modeling

Empirical modeling of stress variation.

• Empirical modeling cannot
take into account all
important layout-induced
causes of stress variation.

• While being able to capture
stress variation in some
simple multi-segment

MULU0 = C

MULU0 = D
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simple multi-segment
structures empirical modeling
is incapable to predict the
global stress variation caused
by a long-range interaction
between the layout
segments.

W1

W2

W

MULU0 = D

MULU0 = C*W1/W+D*W2/W



Model-Based “Stress” Prototype

� Mentor Graphics has developed a prototype of the 
full-chip EDA tool that is capable of predicting stress 
everywhere in the layout caused by a variety of sources: 

stressed liners (SECL), epi-Si1-xGex structures confined 
to the S/D  regions, tensile contacts, STI , TSV, etc.   

� These sources are located inside a floating window 
surrounding each gate. The minimal size of the window 
is determined by a saturation in the dependency of 
stress in a channel vs. window size. 

� Prototype generates the stress distribution using the 
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� Prototype generates the stress distribution using the 
approximate analytical solution (compact models) of the 
corresponding elasticity problems.
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Based on the preliminary estimations  for the 45 nm 

technology node the window size should be: 

• ~1 µm for silicon nitride liner as a stress source
• ~4 µm for epi-Si1-xGex confined in S/D as a stress source 
• ~5 µm for STI as a stress source



Compact Model 

Lw

• Window of size Lw is generated around each gate

• Tool analyzes all stress sources inside window

• Tool partitions a channel on parallel bins based on 

layout geometry of the stress sources

• Tool calculates all needed distances inside window
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• Tool calculates all needed distances inside window

• Based on the analytical formulas tool calculates 

stress components for each segment of the channel

• Tool calculates averaged stress components for 

each channel



2D Approximation for Stress Calculation
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� Example of cutline: SiGe is the stressor

{{-1000,"SiO2"},              {-132,"SiGe"},          {-24,"Si"},       {24,"SiGe"},         {132,"SiO2"},  {1000,"end"}}

SiO2 SiGe SiGe SiO2
Si

� Relaxation of “internal” strain ε0 of the stressor creates displacements u in surroundings. 

These displacements depend on mechanical properties of materials in the cutline, as well 

as on substrate traction: 

0 ≤≤ Hx ( ) ( ) ( )yxxuyxu += ,, ν
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Layout-Induced Stress Variation
Force balance conditions for “nodes” (i.e. interfaces between two segments) 
allow to derive set of equations for displacements:

0

H
ui-1 ui

y

x

ui+1

� Ei
” and Ei+1 are the known functions of the materials 

properties; ei
0 and ei+1

0 are the initial strain in i-th and 

(i+1)-th segments. 

� A coupling between the global stress load (TSVs, 

packaging, bumps, etc.) and the layout-induced stress 

distribution is introduced through the initial strain 

distribution calculated with FEM code.
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distribution calculated with FEM code.

�Set of equations for displacements is 

solved with the initial strains coming 

from the FEM simulation.

�The average strain (along the channel 

length and width) can be calculated:
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Liner

� poly, contacts, and liner. 

For i-th material (with length Li) we

define displacements of the right edge

as ui. Every material is characterized

In a floating window around the n-gate the sequence of the 
following materials must be defined:
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Liner-induced stress vs. windows size
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as ui. Every material is characterized

by the parameters Ei and mi. The

“inherent” strain of the liner is e0, liner

thickness is Hliner.
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Based on the preliminary estimations  
for the 45 nm technology node the 
window size should be ~1 micron for 
silicon nitride liner as a stress source. 



Cut-line (for 2D 

cross-section)

Comparison of results
provided by the model and
FEM simulations (liner)

2D Analytical Model

Stress values in channels, 108 Pa

FEM simulations

10.5 7.8 9.3 8.4 9 11.6

Model 11 7.7 8.5 8.2 9.3 12
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Epi-Si1-xGex

� In n-wells: 
gate is Si
active (without gate) is Si         
everything else is SiO2

In a floating window around the p-gate the sequence of the 
following materials must be defined:

epi-Si1-xGex -induced stress vs. windows size
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everything else is SiO2

� In p-wells: 
gate is Si
active is Si1-xGex

everything else is SiO2
Based on the preliminary estimations  
for the 45 nm technology node the 
window size should ~4 micron for       
Si1-x Gex as a stress source. 
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Cut-line 

(for 2D 

cross-secti

on)

Comparison of results
provided by the model and
FEM simulations (Si1-xGex)

Stress values in channels, 109 Pa

FEM simulations

-1.68 -1.74 -1.76 -1.75 -1.74 -1.67

Model -1.61 -1.69 -1.76 -1.76 -1.72 -1.54
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STI
• In a floating window around the 

gate the sequence of the 
following materials must be 
defined:

• Active (including gate) is Si, 
everything else is STI (STI=SiO2).

Comparison of results of 2D FEM 

simulations with results of the developed 

Based on the preliminary estimations  for 

the 45 nm node the window size should 

~5 µm for STI as a stress source. 

STI-induced stress vs. windows size
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model for the y-z cross-section: x = 2.5
2D Analytical Model

~5 µm for STI as a stress source. 



STI – Local Stress Distribution

� Stress created by STI is non-uniform across the length of 
active region, therefore we must take into account location 
of the channel in the active.  
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stress
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Validation/Calibration 2D Model

� Electrical Measurements: Ion, Vt, etc.

o Fast & accurate measurements

o Specially designed test-chip is needed –

expensive & time consuming

o Stress variation is not responsible for total 

variation in electrical characteristics. Other 

sources of variability should be accounted:

-sub-wavelength lithography

-random dopant fluctuation

Copyright ©2008, Mentor Graphics.

18

Based on the Nano-Beam Diffraction technique, strain can be
measured in the transistor channel (E. Zschech, Fraunhofer).

-temperature fluctuation, etc.

� Strain Measurements inside 

transistor channel
o Direct but time consuming measurements

o No need in test chip



� Measured transistor characteristics - Idlin(σ) and Vt(σ)

� Same characteristics simulated with Eldo using the model card with removed 
stress parameters - Idlin(0) and Vt(0) should be used as “STRESS-FREE” data

� Tool calculates stress components for all gates which after weighting with the 
corresponding sensitivity coefficients should satisfy equations:

Calibration Methodology
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� Here,                    ,                                  , where U0 is the low-field mobility and 
VTH0 is the zero-bias threshold voltage for a long-channel transistor.   
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For CALIBRATION:

� Calculate U0, Idlin and Vt and partial derivatives                                 and          
for zero stress conditions for chosen transistors on test-chip.

� Calculate all stress components for these chosen transistors which are the 
functions of model parameters. 

� Optimization procedure should be applied to optimize all these parameters in 
order to satisfy the system of calibration equations for all chosen transistors.

Calibration/Prediction Methodology
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FOR PREDICTION:

� Calculate the stress components for all devices from the analyzed design.

� Using calibrated sensitivity coefficients calculate instant parameters

for each device.    

� Annotate spice net-list with calculated instant parameters.
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Calibration/Prediction wit Foundry Model
Calibration was performed on ~100 gates

Prediction was made for all (~4000) gates
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Model Predictions vs. Measurements

� In order to verify the proposed stress models, we calibrate them using 
ring oscillator frequency data from an experimental test chip. 

EXPERIMENTAL VS. PREDICTED FREQUENCY FOR:
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Various distances between n-well

edge and device in longitudinal

and transverse directions

Various active area lengths Various number of contacts

in the device

Measurements & simulations were done by Mentor’s intern Vivek Joshi, Univ. of Michigan:
DAC 2010: “Closed-Form Modeling of Layout-Dependent Mechanical Stress” by: Vivek Joshi - Univ. of Michigan, Ann Arbor, MI, 

Valeriy Sukharev - Mentor Graphics Corp., San Jose, CA Juan Andres Torres - Mentor Graphics Corp., Wilsonville, OR Kanak Agarwal - IBM 

Corp., Austin, TX Dennis Sylvester, David Blaauw - Univ. of Michigan, Ann Arbor, MI



Tool Output Format 
for each device in the analyzed design

Device (p#112) characteristics

stress_top_macro_flat 1000
result
1 1 1 Aug  6 16:26:51 2009                
IL: result
p 1 4
CN stress_top_macro_flat 1 0 0 1 0 
0 1
ICV_DEVICE_ID 112
ICV_CELL_ID 0
variation 0.675237
sigma_x -0.809635
sigma_y -1.7105
sigma_z -1.29537

devnum 112
type 0
strain_liner_x 0.004349
strain_liner_y 0.000147762
strain_liner_z -0.00432455
strain_sti_x -0.00274147
strain_sti_y -0.011243
strain_sti_z 0
strain_sige_x -0.000276402
strain_sige_y -2.45945e-05
strain_sige_z 0
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sigma_z -1.29537
liner_x 0.354811
liner_y 0.0187098
liner_z -0.339078
sti_x -0.778711
sti_y -1.45884
sti_z -0.559392
sige_x -0.0341524
sige_y -0.0140077
sige_z -0.0120401
w 1.2e-07
l 4.5e-08
xloc 4.72
yloc -23.045

strain_sige_z 0
left_sd_length 140
right_sd_length 140
center_liner 0.00254272
center_sti -0.011243
center_sige -4.32065e-05
packaging_strain_x -0.00108973
packaging_strain_y -0.000948017
packaging_strain_z -0.00457219
4720 -23045
4765 -23045
4765 -22925
4720 -22925



Histograms for Strain Populations
Caused by:

- CESL

- SixGe1-x 
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-STI  

- Packaging



3D TSV Technology: Simulation Flow for 
Stress-Assessment 

Package-scale
FEM TOOL

OUTPUT 1:Displacements 
or distributed load on chip 

faces 

Interconnect model 1: 
Averaged interconnect 
layer with effective 
elastic properties

Interconnect model 2: 

Interconnect layer with 

layout-dependent elastic 

properties (compact)

Chip-scale Compact 
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OUTPUT 2: Distribution of 
strain components across 
silicon at a device layer

Chip-scale 

FEM TOOL

Stress “relaxation” – redistribution across device layer 

due to its composite nature: initial strain calculated for 

Si layer needs to relax (compact)

Compact 
model (under 
development)



Multi-Scale Simulation Flow for Stress 

Management for 3D TSV Technologies

SIMULATION FLOW: 
� Package-scale (FEM) 

� Die-scale with 
effective interconnect & 
silicon bulk parameters 
(FEM) 
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Qualcomm’s example of the 3D TSV technology – courtesy of Riko Radojcic

(FEM) 
� Device layout-scale 
(physics-based compact 
model) 



Simulation Flow: Package-scale

Package/ Die 
materials

mech. Data material and info 
requirements

Package substrate E-module(T), 
Bulk-CTE(T)

Un-assembled PCB

FC-solder Visco-plasticity,
E-module(T)

Solder paste/ solder bars

Package solder Visco-plasticity,
E-module(T)

Solder paste/ solder bars

Underfiller (FC-level) E-module(T), Uncured polymer

Materials Properties Needed for Simulations
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Kuo-Chin Chang, et al. TSMC, Yuan Li, Altera

Underfiller (FC-level) E-module(T), 
Bulk-CTE(T)

Uncured polymer

Underfiller (µ-Bump) E-module(T) , 
Bulk-CTE(T)

Uncured polymer

On-chip Cu 
interconnects

E-module at RT 
and elevated T,
Thin film CTE

Bare chip, layout

Low-k material E-module at RT 
and elevated T,
Thin film CTE

Bare chip, layout



Linked Package and Die-Scale Simulations

� FEM-based package scale simulation 
tools should be used for generating a set 
of the boundary conditions (BC) 
describing packaging-induced load 
(forces or displacements) at the faces of 
already thinned die. 

� In the copper/low-k packages there is a 
low-k stack at the active side of the die. 
The low-k materials have much lower 

Displacement BC is an output of the package-
scale simulation and an input for the die-scale 

simulation.
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The low-k materials have much lower 
rigidity than the silicon. This should effect 
the final stress distribution across device 
level resulted by the packaging process. 

� At the package-scale simulation the 
interconnect layer should be modeled as 
a layer characterized by some effective 
mechanical properties resembling the 
averaged characteristics of copper/low-k 
composite.



Example of the Package-Induced Strain 
Simulation with an averaged Young’s Modulus  

� A distribution of the

package-induced stress at the

device level is generated by FEM

tool.

� FEM simulation of global stresses is

performed for a uniform bi-layer chip

(without any design). The output

(strain_x, strain_y, strain_z) is

extracted for pre-defined grid points.
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extracted for pre-defined grid points.

Inputs Needed for Simulations

Boundary conditions (BC) 
provided by package-
scale FEM

Displacements or 
distributed load on chip 
faces 

Effective materials 
properties for interconnect

Young’s modulus, CTE,
Poisson factor

Effective materials 
properties for thinned Si

Young’s modulus, CTE,
Poisson factor



Si

interconnect

Stress is calculated at this 
plane: 10nm below 
interconnect/Si interface

5um15um

15um

15um

15um

Compact Model for Layout-dependent 

Interconnect Characteristics

� A methodology for calculation of the effective Young 

modulus, CTE and Poisson factor of the interconnect as a 

function of metal density in all interconnect levels is 

developed.

� A script automatically generating the effective 

interconnect characteristics across die for any  design is 

developed.

� Position dependent mechanical characteristics for 

interconnect should be represented in a format readable 
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by selected FEM tool.
% x y
0 5 10 15

20 25 30
35 40 45
50 55 60

0 5 10 15
20 25 30
35 40 45
50 55 60

% Data
27.2942                   27.254 25.5728
27.7623 26.3916 25.8585
26.3025 27.8218 26.0876
23.1355 25.4817 25.9169
10.4858 30.0806 30.2702
30.1241 26.5624 28.6207
28.4773 28.6119

0

5000

10000

15000

20000

25000

30000

0 20 40 60 80 100

Arc length diagonal [um]
E

 [
M

P
a

]

1um

2um

5um

10um

uniform
x

y

at z=5

Low-K E, α, ν

Cu E, α, ν

W E, α, ν

Ta, TaN E, α, ν

Ti, TiN E, α, ν

SiO2 E, α, ν

Eeff(x,y) along diagonal distanceNeeded Materials Properties



Example of the Package-Induced Strain Simulation 

with a layout dependent Young’s Modulus 
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2D Bin-Based Model for Packaging-Induced Stress

General methodology:

� We consider the uniform chip (without composite layer) as a 

subject to external load and calculate the strain distribution 

below the Si surface using FEM tool.

� Using an interpolation of obtained (FEM) numerical data, the 

average initial “packaging strain”  is determined at the location of 

each i-th segment of the transistor layer.
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each i-th segment of the transistor layer.

� Due to difference in mechanical properties of segments in the 

transistor layer, the boundaries between segments experience 

displacements – stress relaxation. These displacements must be 

determined from the set of equations:

( ) ,111111
pack
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pack

iiiiiiiii EEuEuEEuE +++++− −=′′+′+′−′′ εε



Methodology

 600 000

� Using the calculated displacements, strain in every segment can be 
obtained as: 

� Stress is determined as:                                                                            

Simulated and calculated stress distribution are presented below
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 1.0  0.5 0.0 0.5 1.0
 2.106

 1.8106

 1.6106

 1.4106

 1.2106

 1.106

 800 000

coord

st
re

ss

Red line – stress created by external load below Si surface if there 
is no composite layer.
Blue line – stress distribution when the composite layer exists. 

Stress distribution calculated with 
the Mentor tool prototype.



Standardization of a Package-Chip Link for 

Simulation of Layout-Dependent Stress Effects

• FEM tools are employed for accurate simulation of the strain distribution across 
transistor levels of all integrated tiers caused by the global load 
(bumps, TSVs, silicon thinning)

• Major material parameters (Young’s modulus, Poisson factors, thermal 
expansion coefficients, etc) for all involved materials should be provided by 
foundries (possible in the encrypted form)

• Strain distribution caused by the global load is an additional input to the 
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• Strain distribution caused by the global load is an additional input to the 
compact model of layout-dependent (intentional/unintentional) stress

• Accurate accounting of global load together with DSL, epi-SiGe, STI, tensile 
contacts, etc provides the transistor-to-transistor stress variation

• Calculated and calibrated stress variation should be converted into instance 
parameters (MULU0, DELVTH0, etc) that offset model elements and modify the 
spice netlist 



Tool Interface

CALIBRATION                             DESIGN

Measured 
transistor 
characteristics: 
Ion, Vth, etc.

Spice interactive  
+ Transistor 
Model: calculated: 
Ion, Vth, etc. in 
stress free condit.

Calibre

Tool
Calibre

Tool

Instant parameters: 
MULU0, DELVT0          
for all gates.                     
Transistor: {x,y,z}                  
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Design KIT for 
a particular 
technology

Stress related parameters,

Sensitivity coefficients

Calibration/optimization module

Spice interactive  + 
Transistor Model

Accurate 
simulation

Hot 
-spots



Thanks!Thanks!Thanks!Thanks!


