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Abstract—Electromigration (EM) degradation and failure in
modern interconnect structures are result of several physical
phenomena acting together. In order to increase reliability thor-
oughly understanding of these phenomena and their interplay is
necessary. In the case of dual-damascene technology both geom-
etry and microstructure of the interconnect play an important
role, determining the development of EM degradation. In this
paper we use a state-of-the-art EM modeling and simulation for
a comparative study of EM performance of standard straight
interconnect structure and a structure with a right angle. It has
been shown that by applying a detailed model of EM driven
vacancy dynamics in the presence of grain boundaries, current
crowding due to right angle of the interconnect geometry has a
less impact than microstructure.

I. INTRODUCTION

EM is one of the main reliability issues of Back End of
Line (BEOL) which can trigger system failure at some unde-
fined future time. The main challenge in EM modeling and
simulation is the diversity of the relevant physical phenomena.
Extensive EM experiments have produced an ample amount
of data, indicating that the copper interconnect lifetime has
decreased for every new interconnect generation, even when
tested at the same current density. Newer interconnects, due
to their reduced size, require a smaller void volume for failure
and a larger fraction of atoms is transferred, along the fast
interface, to the capping layer and the grain boundary diffusion
paths.

The electromigration lifetime, depending on the variability
of material properties at the microscopic and atomistic level,
has always distributed values [1], [2]. Under microscopic prop-
erties we understand grain boundaries (GBs) and grains with
their proper crystal orientation and under atomistic properties
specific configuration of atoms inside the GBs, inside the
interfaces to surrounding layers, and cross-section between
GBs and interfaces. The dimensions of modern interconnect
are in a region, where microscopic and atomistic properties
are gaining importance. Therefore, in order to understand
the distribution of EM lifetime, the variability of the impact
parameters and their influence on EM must be well understood
and appropriately modeled [3].

II. ELECTROMIGRATION MODELING

EM failure develops under the influence of different mate-
rial, microstructural, and geometrical features. Different types
of failure can be contributed to each of these impact factors
or their combination. An impact of geometry can be observed
in the case of dual-damascene interconnect structure where

the liner separates two copper regions and interrupts material
transport. This configuration leads to material depletion and
void formation. The microstructure of interconnect metal has
a significant impact on EM, because it introduces diversity of
possible EM paths and local mechanical properties (the Young
modulus and Poisson factor depend on the crystal orientation
in each grain).

Comprehensive EM model includes beside EM itself as
a main driving force, additional driving forces of vacancy
concentration gradient, mechanical stress gradient, and tem-
perature gradient. In the case study discussed in this work,
temperature gradient may be neglected due to small dimen-
sions and high thermal conductivity of copper. Components
of the comprehensive EM model have evolved during several
decades of development [4], [5], [6], [7], [8], [9]. Components
of the state-of-the-art EM model, introduced in [10], which
have been utilized in the present study are presented in the
follwoing sections.

A. Driving Forces

Material transport is driven by the EM (~ V), by the
vacancy concentration gradient (~ VC,), and by the stress
gradient (~ Vtr(a)) [9],
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DY is the tensorial vacancy diffusivity, which is in a stress
free state and set as DL”J = Dypur0ij, where Dy, is the
isotropic bulk diffusivity. G(C,) is the vacancy recombina-
tion/annihilation source term related to GBs’ physics.

B. Anisotropic Diffusivity

The local stress state introduces an anisotropy of the
diffusivity. The dependence of the tensorial diffusivity on the
stress state is given by the following relationship [11]:
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xf is the i*" component of the jump vector #* for a site k,
€ is the acting anisotropic strain, C is the elasticity tensor,
é"} is the strain induced by a single vacancy in the jump
direction defined by the unit vector 7, = */|#*|, and Ty
is the vacancy-atom exchange rate. The basis for this model

was first presented in the theory of Dederichs et al. [12].
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C. Microstructure

It is well known today that the microstructure of copper
has a significant impact on electromigration failure. GBs are
fast diffusivity paths and vacancy recombination sites [13]. The
diffusion of vacancies in the grain boundary is faster compared
to diffusion in the grain bulk, because a grain boundary
generally exhibits a larger diversity of point defect migration
mechanisms. Formation energies and migration barriers of
point defects are in average lower than those for lattice [14].

Different modeling approaches [9], [13], [15] have been
utilized aiming to describe all physical mechanisms present in
GBs. The approach applied in this work is comprised in the
expression for vacancy anihilation/recombination term
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and C,; and Cyp are vacancy concentration from both sides
of GB, C;™ is the concentration of vacancy inside the GB,
and wr and wr are the vacancy release and trapping rate,
respectively. d4, is the GB thickness. The derivation of the
above GB model which is based on a segregation model [16]
is discussed in [9].

D. Mechanical Stress

Divergences of the vacancy flux produce local strain [7]
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In order to obtain a complete picture of stress tensor in the all
the points of the geometry, considering all necessary boundary

conditions, equilibrium equations need to be solved

QfV - Ty + (1 = f)G(Cy)] 5. (6)
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where A and p are the Lame coefficients, B = A + 21/3, and
u = (u1,uz,us) is the displacement vector which is connected
to the strain tensor £ and the stress tensor with relationships

pV 2w+ (A + p)

1/0u;  Ouj
ij = 5(% +5). (8)
05 = /\tr(f)&j + 2/,LE1jj. )

E. Voiding

Equations (1)-(9) can be solved by a general finite element
method (FEM) simulation tool for arbitrary three dimensional
interconnect geometry. As a solution we obtain C),(x, y, z) and
7(z,y, z) in all the points of the studied geometry. The rapid
phase of the EM degradation starts with a void nucleation,
which is initiated when stress threshold oy, is attained at some
point of the interconnect geometry. According to [17], [18] the
stress threshold oy, is determined as

2748inf,

R,
Usually voids nucleate at the small patch of weak adhesion
which is characterized by a radius R, and contact angle 6. as

Oth = (10)
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Fig. 1. Schematic void nucleation at an interface site of weak adhesion.

shown in Fig. 1. A combination of theoretical and experimental
investigation have shown that a natural sites of weak adhesion
are the “triple-points” - sites where copper GBs meet interfaces

[9].

F. Electric Field Singularities

Right angles in the interconnect structures are sites where
current density gets very high. The exact solution of the
Laplace equation produces for these sites a singularity in the
current density. The approximate solution obtained by the FEM
analysis with linear or square shape functions cannot produce
singularities but high finite values of the current density. The
finer we choose the simulation mesh (c.f. Fig. 2) in the vicinity
of the edge, the exact solution is better approximated in this
area and the higher is also the calculated peak value of the
current density [19]. If r is the distance from the angle point,
the peak current density is given by [20], [19]

. 1
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where v is the electric conductivity.

Fig. 2. Dense FEM mesh at the interconnect angle needed to ensure accuracy
of calculation.

Interconnect technology can never produce a perfect, sharp
right angles. However even if we define an angle with a small



Fig. 3. Characterization of angle sharpness.

circular fillet arc (c.f. Fig. 3) the peak current density increases
very fast with a smaller arc radius r as presented in Fig. 4.

14+

—J, 4MA/em”’
-1, 3MA/em’

12

J [MA/em’]

0 T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30

r[10° m]

Fig. 4. Increase of a peak current density with a smaller arc radius r.

Since EM driven vacancy flux is according to (1)
- Z*e =
~ 12
[ Jol ~ o Col ] (12)

it is plausible to expect that in the presence of right angles in
the interconnect EM degradation is significantly intensified.

III. SIMULATIVE STUDY
A. Experimental Observations

An interesting example of an influence of different factors
on EM failure is provided in the experimental study Croes et
al. [21]. In this study, the development of EM failure has
been studied in both straight and angled interconnects under
the same testing conditions. It was natural to expect that
the current crowding produced in the right angle interconnect
corner would intensify EM and lead to a shorter lifetime of
the studied interconnect structure.

However, in the lognormal probability plots of the fail-
ure times obtained on both the standard straight and angled
structure for the three different line widths no difference in
failure times is observed [21]. This indicates that the current
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crowding and current density gradient induced in the angled
structure have no effect on EM lifetimes, also not in the lower
percentile.

Determination of void location was done using top-down
SEM after removing the top passivation layers. No voiding has
been observed directly in the interconnect corner, voids seem
to appear randomly along the interconnect line [21].

B. Analysis

Experimentally observed behavior implies that while both
microstructural and geometric factors play important roles, mi-
crostructure, e.g., distribution of GBs has the more significant
impact. Sites where GBs meet liner or etch stop interface,
are, as previous studies have shown [9], natural points of
weak adhesion where, given high tensile stress and vacancy
concentration, voids nucleate. Growth and movement of void
inside interconnect line finally lead to resistance increase
and failure. We have applied the full physical EM model
[10] including (1)-(9) to study failure development in these
geometries.

The model has been implemented in COMSOL MUL-
TIPHYSICS [22] simulation tool. In Fig. 5 the geometries
utilized in this study are presented. In both interconnects GBss
are indicated. For assumed interconnect width of 80nm GBss
are distributed in the near bamboo manner as it could be
expected for these dimensions and applied technology. As we
have seen in Section II-F close to the interconnect corner we
have a high current density and according to (12) an intensive
material transport have to be expected. However, even in this
particular conditions, EM simulations produce a typical three-
phase growth of vacancy concentration [5]. Peak vacancy con-
centration and corresponding peaks of tensile stress develop at
the geometrical ends of studied interconnect shapes and at the
triple-points of microstructure. In the studied case, naturally,
the triple points stress peaks are more important, particularly
those which are distributed in the vicinity of current crowding
region. In Fig. 6 and Fig. 7 vacancy concentration and tensile
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a) Linear and b) L-shaped geometry used in the study.

Fig. 5.

stress dynamics are presented, respectively. As we can see in
these figures the differences between vacancy concentration
and stress dynamics in the linear and angled interconnects are
quite small.
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Fig. 6.  Growth of peak vacancy concentration induced by EM at the
microstructure triple-points for linear and L-shaped geometry.
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Fig. 7. Growth of peak tensile stress induced by EM at the microstructure

triple-points for linear and L-shaped geometry.

IV. CONCLUSION

In the presented work an analysis of EM failure in two
different interconnect geometries has been carried out. The
first geometry was a straight interconnect and the second
angled (L-shaped) interconnect. Angled interconnect produces
a high current density and correspondingly an intensive ma-
terial transport induced by EM. Using the state-of-the-art EM
modeling both interconnect structures have been analyzed and
the results have been compared with the original experimental
observations. Simulation produced peak vacancy concentration
and mechanical stress dynamics which show no difference
for the two simulated interconnect geometries. EM voiding
is not determined by a presence of electric field singularity
at the interconnect corner but by the distribution of GBs, i.e.
triple points. The conclusion is that the current crowding in
the given situation has a less significant impact on the failure
development than GBs distribution.
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