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Abstract-The reliability of interconnects in modern integrated 
circuits is determined by the magnitude and direction of the 
effective valence for electromigration (EM). The effective valence 
depends on local atomistic configurations of fast diffusivity paths 
such as metal interfaces, dislocations, and the grain boundary; 
therefore, microstructural variations lead to a statistically 
predictable behavior for the EM life time. Quantum mechanical 
investigations of EM have been carried out on an atomistic level in 
order to obtain numerically efficient methods for calculating the 
effective valence. The results of ab initio calculations of the 
effective valence have been used to parameterize the continuum 
level electromigration model and the kinetic Monte Carlo model. 
The impact of fast diffusivity paths on long term EM behavior is 
demonstrated with these models. 
 

I. INTRODUCTION 
 

Electromigration (EM) experiments indicate that the copper 
interconnect lifetime decreases with every new interconnect 
generation. In particular, fast diffusivity paths cause a 
significant variation in the interconnect performance and EM 
degradation. In order to produce more reliable interconnects, the 
fast diffusivity paths must be addressed, when introducing new 
designs and materials. The EM lifetime depends on the 
variability of material properties at the microscopic and the 
atomistic level [1]. Microscopic properties are grain boundaries 
and grains with their crystal orientation.  Atomistic properties 
are configurations of atoms at the grain boundaries, at the 
interfaces to the surrounding layers, and at the cross-section 
between grain boundaries and interfaces [2]. 
Modern Technology Computer-Aided Design (TCAD) tools, in 
order to meet the challenges of contemporary interconnects, 
must cover three major areas: physically based continuum 
modeling, ab initio/atomistic-level modeling, and statistical 
compact modeling.  
The crucial parameter to predict the EM behavior is the effective 
valence which strongly differs between bulk, grain boundaries, 
dislocations, and interfaces. We present a computationally 
efficient ab initio method for calculation of the effective valence 
for EM and the atomistic EM force. The results of these ab initio 
calculation are applied for parameterization of a 
continuum-level model.  

 
II. THEORETICAL  BACKGROUND AND ANALYSIS 

 
Generally, the effective valence is a tensor field ҧܼ , which 
defines a linear relationship between the EM force ܨԦ  and an 
external electric field ܧሬԦ. 
 

Ԧܨ                                     ൌ ݁ ҧܼ൫ ሬܴԦ൯ܧ ሬሬሬԦ                                  ሺ1ሻ       
                                  
For the calculation of the effective valence several methods 
have been proposed, all of them being based on the computation 
of electron scattering states [3]. Density functional theory 
(DFT), in connection with the augmented plane wave (APW) 
method [4] or the Korringa-Kohn-Rostoker (KKR) [5] method, 
has been established as the most powerful method for the 
determination of scattering states, however, it requires a 
demanding computational scheme. The cumbersome 
representation of scattering wave functions with many 
parameters represents a heavy burden on stability and accuracy 
of subsequent numerical steps. In this work we introduce a more 
robust and efficient method to calculate the effective valence, 
which relies only on the electron density ߩሺሬ݇Ԧ,   .Ԧሻݎ
 
The basic idea is presented in the following equations for the 
tensor components: 
 ܼ௜,௝൫ ሬܴԦ൯ ൌ Ω4 ߨଷ ම ݀ଷ ሬ݇Ԧ ൫Ԫிߜ െ Ԫ௞ሬԦ ൯߬൫ሬ݇Ԧ൯ൣݒԦ൫ሬ݇Ԧ൯ · ො௝൧ݔ ൈ 
                     ൈ ම ݀ଷݎԦ ,൫ሬ݇Ԧߩ  ோሬԦܸ൫׏Ԧ൯ൣݎ ሬܴԦ െ Ԧ൯ݎ ·   ො௜൧.         ሺ2ሻݔ
 ܸ  is the interaction potential between an electron and the 
migrating atom,  ߬൫ሬ݇Ԧ൯ is the relaxation time due to scattering by 
phonons, ݒԦ൫ሬ݇Ԧ൯  is the electron group velocity, and Ω  is the 
volume of a unit cell. The first integration is over the k-space 
and the second over the volume of the crystal. For the 
calculation of the electron density the DFT tool VASP [6] is 
used. An example of a VASP calculation is given in Fig. 1.  
 
The electron density alone provides a qualitative explanation for 
the fact that the effective valence is higher in the bulk than in the 
grain boundaries. Similar analyses can be performed for atomic 
structures of different copper/insulator interfaces. Higher 
electron densities lead to higher effective valences, as can be 
seen from (2) [7]. For an accurate electron density calculation it 
is necessary to know the exact positions of the atoms in the 
structure. 
 
The electric potential calculated with DFT is also applied for a 
simple jellium model. Here, the grain boundary is represented 
as a repulsive potential barrier for current carrying electrons. In 
this case the evaluation of integral (2) is not necessary, since 
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Fig. 2.  Grain boundary represented by 
potential barrier. In order to obtain the effec
copper bulk and the grain boundary an exte
parallel to the grain boundary is utilized. 

Fig. 1. Portion of the bulk copper crystal. The 
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(circle regions around atoms) closer to the atom
in the inter-atomic space. 
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In this case, the solution of th
equation is represented as a p
solutions [8]. 
                             ߰ሺݔ, ሻݕ ൌ ߰௫
 ߰௫ሺݔሻ is a usual potential barr
solutions  ߰௅ሺݔሻ, ߰஻ሺݔሻ, and ߰
side of the barrier, for the barrier
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energy Ԫ and, therefore, the tw
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where  
ଷߛ                                      ൌ 2݉
and                                         ߪ ൌ െ
                         
 
The electron density ߩሺݎԦሻ is eas
over the continuous energy state
Ԧሻݎሺߩ   ൌ න ݀Ԫ݂ሺԪ െ Ԫிሻஶ

଴ ܱܦ
 

Now, the electron wind force is 
[9]      
Ԧ൫ܨ                                             ሬܴԦ൯ ൌ െ න ݀
       
which is subsequently used in 
valence. 
 

III. KINETIC MONTE C
ELECTROM

 
To utilize results of quantum me
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diffusion jump path must b
microscopic force-field will dep
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The average of the microscopic 
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e two-dimensional Schrödinger 
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rier solution which is split into ோሺݔሻ for the region on the left 
r region itself, and for the region ߰௫ሺݔሻ depends explicitly on the 

wo-dimensional solution of the 
ed as ߰ሺݔ, ;ݕ Ԫሻ . Electrons are ܧሬԦ parallel to the grain boundary 
Airy function [8] ݅ܣ ቀ௬ିఙఊ ቁ,                              ሺ6ሻ              

԰ଶ݉݁|ܧሬԦ|,                                  ሺ7ሻ 

Ԫ݁หܧሬԦห.                                   ሺ8ሻ 

sily calculated by integrating 
es. 

ܱܵሺԪሻ|߰ሺݔ, ;ݕ Ԫሻ|ଶ          ሺ9ሻ 

given by a simpler expression 
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order to calculate the effective 
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The change in diffusion barrier height ∆ܣఈ,௝
work by the microscopic force as the defect 
initial to final sites over the entire jump path.
The rates of defect jumps were calculated u
approximation to transition state theory (T
approximation the transition rate Γఈ,௝  is give
                      Γఈ,௝ ൌ ଴݁ି  ಶ೘ష ∆ಲഀ,ೕೖ ೅ߥ .             
 ௠ is the migration energy (barrier) definedܧ 
in energy between the transition state and theߥ଴ is an attempt frequency [10].  
For each defect site  the residence time is c
                             ߬ఈ ൌ 1∑ Γఈ,௝௞ഀ௝ୀଵ .                
       k஑ is the number of possible jump sites from 
point defect is created at an arbitrary site, the 
and the defect is released to walk through th
step, the jump direction is decided by a
according to the local jump probabilities 
                                     ఈܲ,௝ ൌ ߬ఈ߁ఈ,௝.           
 
The jump is implemented by updating the 
defect. By repeating the described random w
millions of defects, their concentration d
effective valence tensor and the external field

 
IV. SIMULATION RESULTS AND DIS
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Along with the determination of the effectiv
calculations predict a lowering of the e
atomistic transport. Knowing the influence o
the diffusional barrier we utilize kinetic Mo
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V. CONCLUSION 
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