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Outline  

Å Introduction and motivations  

Å A role of residual stress and temperature in EM-induced degradation 

Å Methodology of across-interconnect residual stress assessment 

Å Methodology of across-interconnect temperature assessment 

Å Voiding-induced IR-drop degradation ï parametric failure 

Å Characterization techniques for models/methodology validation 
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Electromigration  
Â Material depletion and accumulation occurring at the sites of atomic flux 

divergence results the localized tensile and compressive stresses. 

Â Resulting stress gradient  creates a backflow atomic flux. 

Â Immortality : the interconnect segment will be immortal,  if the electron-wind 
and back-stress forces balance each other before the critical stresses needed 
for void nucleation or metal extrusion are developed. 

je 
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General Physical Model  
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If atom flux diverges somewhere inside metal line then accumulation or depletion of 
atoms is happening there:  

0=Ð+
µ

µ
A

A J
t

N CC

Fast diffusion 

Slow diffusion Slow diffusion 

öö
÷

õ
ææ
ç

å

µ

µ
+

Wµ

µ
=

µ

µ

x

jeZ

xt

HydHyd sr
k

s

Evolution of the hydrostatic stress (a) along the metal line loaded with 
DC current, and at the cathode end of line, (b) j = 5x10 9A/m2, T = 
400K.  
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Solution of Korhonenôs equation: 
 
 
 
 
Condition for growing void formation:  
 
 
 
 
Nucleation time for stable, growing void:  
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Blackôs equation based MTTF 

jaccel 

jaccel 

EM accelerated test: Taccel and jaccel Å TTF averaged with the accepted distribution 
function provides mean time to failure (MTTF).  

Å A set of calculated MTTF obtained for different  
Taccel and jaccel  is used for extraction of the 
current density exponent n and apparent 
activation energy E used in the Blackôs equation: 

 

Å Assuming an ñuniversalò character of the 
extracted n and E, the MTTF at the used 
conditions is: 
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Experiments demonstrates that n  and E by 
themselves are the functions of both j  and T  

M. Hauschildt, C. Hennesthal, G. Talut, et al. (GF & Fraunhofer), 
2C.1.1, IRPS 2013 
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EM Assessment ï PROBLEM! 

Å Stress and temperature dependency of the current density exponent, 
Å Current density and temperature dependency of the activation energy  
Å Across-interconnect temperature and residual stress variation 
 
ALL THESE FACTORS MAKE QUESTIONABLE  USING BLACK EQUATION 
and BLECH LIMIT (CRITICAL PRODUCT) FOR ACCURATE EM ASSESSMENT! 

()

( )

ý
ü
û

í
ì
ë

=
kT

TjE

j

rA
t

Tn

res
nuc

,
exp

),( s
C

( )
( )( )

r

ss

eZ

Tr
Lj resEM

crit

,
C

°W
=³

sresid 

scrit 

H
y
d

ro
s
ta

ti
c
 s

tr
e

s
s
 

s
E

M
 

Interconnect line, arc -length 

6 



© 2010 Mentor Graphics Corp.  

www.mentor.com  

EM Assessment requires  
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ÅCurrent density assessment 
ÅTemperature assessment 
ÅResidual stress assessment 



© 2010 Mentor Graphics Corp.  

www.mentor.com  

STRESS ASSESSMENT 
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3D TSS (Through Si Stacking) Technology  
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Â Die Integration Technology  

ð using Through Si Vias 

ð electrical connection from 

front to back (on die or 

interposer) 

Â Value Proposition 

ð Small form factor (in X-Y &Z) 

ð Improved Performance 

ð Heterogeneous Integration  

Â Typical Implementation 
ð e.g. WIO Memory-on-Logic  
ï stacking orientation: F2B 
ï TSV via diameter ~ 5u 
ï wafer thickness  ~ 50  

ð e.g. Die on (Active) Interposer  
ï stacking orientation: F2F 
ï TSV via diameter ~ 10u 
ï wafer thickness  ~ 100u  
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Multiscale  methodology for calculation of device -to -
device variation of stress: Stress Exchange Format  

Package -scale simulation (FEA)  
Input : geometry; material properties; 
smeared mechanical properties for RDLs, 
Silicon/TSV bulk, interconnect. 

Output : field of displacement 
components on the die faces. 

Die -scale simulation (FEA)  
Input : geometry; field of 
displacements on the die faces; 
coordinate-dependent mechanical 
properties for RDLs, Silicon/TSV bulk, 
interconnect. 

Output : Distribution of the strain 
components across device layer.  

Layout -scale with feature -
scale resolution :  
Input : GDS.  
Output : distribution of the stress 
components across interconnect metal 
layer.  
 

Package scale 

Die scale 

Feature scale 

Package simulations 

(FEA) 

 

TSV induced stress 

(compact model) 

Bump effect  

(compact model) 

 

 

Design (GDSII, OASIS); 

Design tech file 

 

Composite interconnect 

layers  (compact model) 

Transistors layout effect 

(compact model) 

CPI stress/strain  

(FEA) 

Stress and strain 

components (per transistor); 

mobility shift 

Package tech file  
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Effective mechanical properties of BEoL, 
BRDL interconnects and Si/TSV bulk layer  

Â Theory of the mechanical properties of anisotropic composites is employed.  

Â Required input: (a) Thermo-mechanical properties of each material ï metal, dielectric: 
CTE, Youngôs moduli, Poisson factors; (b) fraction of dispersed phase; (c) routing 
direction of the metal layer.  

Â For each bin of each layer of interconnect, depending on routing direction : for example 
the Youngôs modulus: 
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Supported Compact Models  

12 

Stress component 
distributions obtained 
with: ñsmearedò 
(dashed line) and 
non-uniform (solid 
line) interconnects. 
 

1. Package -scale : Warpage -Induced 
Stress  
 
 
 
 
 
 

2. Compact Model for Bump -Induced 
Displacements   
 
 
 

 
 
 
 
 

3. Effect of Non -Uniform Interconnect  
 

4. Compact Model for TSV -Induced Stress:  
Based on: S. Ryu, K. Lu, X., et Al., , ñImpact of Near-Surface Thermal 
Stresses on Interfacial Reliability of Through-Silicon Vias for 3-D 
Interconnectsò, IEEE TDMR, VOL. 11, NO. 1, (2011) pp. 35-43 
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Residual stress in on -chip interconnect  
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Interconnect tree is a elemental EM reliability unit representing a continuously connected, highly 
conductive metal (Cu) lines within one layer of metallization, terminated by diffusion barriers. 
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