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Abstract—The standard electromigration model is extended
by introducing an anisotropic diffusivity which depends on the
general stress tensor and a new model of grain boundaries
which describes dynamics of mobile vacancies and vacancies
trapped in grain boundaries. The application scenario for elec-
tromigration simulation is presented. The new calibration and
usage concept takes into account microstructural diversity of
interconnect inputs. A simulaton example illustrating the effect
of microstructural variation is presented and discussed.

I. INTRODUCTION

Introduction of advanced backend-of-line manufacturing
process steps results in changed microstructures of the metal
interconnects, types of interfaces structure, and new degra-
dation phenomena. From accelerated electromigration tests
carried out on dual-damascene copper structures it is known
that for the same process parameters, geometry, and material
choice the life time of the interconnect and the resistance
change prior to failure are not unique but distributed over some
range of values [1]. The source of this statistical character lays
in the microstructure of copper and surface/interface defects.
The microstructure of a metal is defined by the grain boundary
network and crystal orientation inside the grains (texture). The
state-of-the art experimental procedure for assessing properties
of microstructures encompasses several techniques [2].

The grain size distribution can be precisely determined
using AFM (Atomic Force Microscopy) and EBSD (Electron
Backscatter Microscopy) [3], texture distribution with XRD
(X-ray diffraction) and EBSD [2]. Furthermore, advanced
experimental techniques enable a direct observation of the
influence of layout geometry on the microstructure. It is a
well established fact that a reduction in interconnect cross-
section reduces the strength of (111) texture, which is preferred
because of its good electromigration behavior. The choice
of underlayer material [4] and overburden material [5] can
significantely influence the texture quality.

Goal of this work is an impact analysis of the copper mi-
crostructure on primary electromigration effects, such as stress
and vacancy distribution, which determine failure develop-
ment. For this purpose a continuum model for electromigration
induced material transport is extended by a model of grain
boundaries in their double function, as fast diffusivity path
and vacancy recombination site, respectively. Additionally, the
interfaces to capping and barrier layer are also modeled as fast
diffusivity paths [5].
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II. EXTENDED ELECTROMIGRATION MODEL

Relaying on previous developments our model reveals an
improvement in two major points, namely the complete in-
tegration of mechanical stress phenomena in the connection
with microstructural aspects in the classical multi-driving force
continuum model and the detailed treatment of grain boundary
dynamics comprising both mobile and immobile vacancies.

Residual process stress, thermo-mechanical stress, and elec-
tromigration induced stress cause an anisotropy of material
transport and, therefore, a tensorial diffusivity must be taken
into account.

The framework for introduction of the model extensions
is the bulk vacancy transport model which is given by the
following balance equation

oC,
ot
where J, is the vacancy flux driven by electromigration

(~ V), the gradients of the vacancy concentration (VC,),
and the mechanical stress (Vtr(d))

= —divJ,, (1)

J, = —D”( kZB ;va +VC, + %vamé)). )

Here, kg T is the thermal energy, Z*e is the effective
valence, (2 is the volume of atom, and f is the vacancy to atom
volume ratio. D? is the tensorial vacancy diffusivity which is
in stress free state set as D;’j = Dpuirdij, where Dy is the
isotropic bulk diffusivity.

III. THE EFFECT OF STRAIN

The choice of passivating film material and corresponding
process technology causes tensile or compressive stress in the
interface between the passivating film and the interconnect
metal. Interfacial compressive stress diminishes electromigra-
tion along interfaces by reducing diffusivity [6]. However,
numerous experimental observations have shown [7] that ten-
sile stress in the interface increases the possibility of failure.
Increased thickness and rigidity of the capping layer prevents
relaxation of both thermal and electromigration induced stress,
which results in dielectric cracking and metal extrusion. 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 [8]:

241



242

12
v FO ékQ (CE
Dij == E zfzfexp(—l——_)) 3)
k=1

kg T

zF is the it* component of the jump vector 7 for a site

k, £ is the applied anisotropic strain, C is the elasticity, ?} is

the strain induced by a single vacancy in the jump direction

defined by the unit vector 7ix = 7 /|7*|, and I'¢ is the vacancy-

atom exchange rate. The basis for this model, the relationship
(3), was first presented in the theory of Dederichs et al. [9].

IV. THE GRAIN BOUNDARY MODEL

The basis for the actual understanding of vacancy dynam-
ics in the presence of grain boundaries is Fisher’s model
[10]. This model includes two mechanisms: vacancy diffusion
in the grain boundary and material exchange between the
grain boundary and the grain bulk. During electromigration
grain boundaries play an important role in stress relaxation.
Therefore, Fisher’s model is not sufficient for the complete
description of grain boundary physics. The combination of
Herring’s [11] and Fisher’s modeling approaches enables a
certain insight in the vacancy dynamics in the presence of
grain boundaries, however, for numerical implementation such
a method is rather inconvenient.

We introduce a new model, where a grain boundary is
treated as a separate medium with the capability of absorbing
and releasing vacancies. Vacancies are trapped from both
neighboring grains with the trapping rate wr and released to
these grains with a release rate wg. The equilibrium vacancy
concentration C¢? inside the grain boundary is determined by
the local hydrostatic stress p = —tr(d)/3

cer = 0 exp(—k—p;—;—,). )

The vacancy production/annihilation term G is determinated
as the rate of change of immobile vacancies C}™
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In order to include the effect of the grain boundary as a
vacancy sink (source) into the bulk vacancy transport model

the recombination term G has to be included in equation (1).
We obtain [12],

ocC,

En M

Equation (7) and the equation for the mechanical equlibrium

[12] are solved inside the grain boundary. The flux J, is again

calculated according to (2), but this time (stress free state) the

diffusivity tensor is set as D}; = Dgpd;;. Dgp is the grain

boundary diffusivity which is several orders of magnitude
higher than Dy,,f.

= —div], +G.

The full description of the atomic mechanisms of vacancy
generation and annihilation in grain boundaries goes beyond
the capability of continuum modeling and can only be obtained
by molecular dynamics methods [13].

A. Numerical Realization of the Grain Boundary Model

Grain boundaries, and generally, every interface of the prob-
lem geometry have to be supplied with an appropriately fine
mesh. This is necessary in order to provide sufficient resolution
for the local dynamics described with the relationships (4)-(7).

Fig. 1. The grain boundary plane is surrounded at both sides with slices
spatially discretized with fine tetrahedra. In these slices high grain boundary
diffusivities are set and at the same time the Rosenberg-Ohring term is
activated.

Fig. 2.

Interconnect structure used for simulation.

V. USAGE SCENARIO FOR TCAD ToOLS

A satisfying assessment of electromigration reliability can
only be achieved through a combination of experimental meth-
ods and the utilization of TCAD tools. Therefore, we discuss
a possible usage scenario of TCAD tools in connection with
results of accelerated interconnect tests. The proven scenario
for application is:

o Model Calibration. For this purpose we use one layout
and many test units. At the end of calibration all parame-
ters of the model are fixed. During this process, different
microstructures are used and simulation parameters are
varied with the goal to reproduce experimental failure
time statistics, Fig.3.
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Fig. 3. Electromigration model calibration using a multitude of microstruc-
tural inputs.

e Model Application. The calibrated model is used for
simulation. The simulation extrapolates the behavior of
the interconnect under real life conditions.

For a given interconnect layout and monocrystalline ma-
terial, simulation will provide a unique time-to-failure. All
impact factors, e.g. geometry of the layout, bulk diffusivity,
interface diffusivity, and mechanical properties are determin-
istic and so the time to failure is deterministic. However,
the situation changes when the interconnect possesses a mi-
crostructure. The microstructure has a significant impact on
electromigration, since it introduces a diversity of possible
electromigration paths and local mechanical properties (the
Young modulus and Poisson factor depend on the crystal
orientation in each grain). However, the microstructure itself
cannot be completely controlled by a process technology. In
other words, the position of grain boundaries, angles in which
they meet the interfaces, etc. cannot be designed, the process
itself determines only statistics of grain sizes and textures.

VI. SIMULATION RESULTS AND DISCUSSION

We have applied our model to an interconnect layout which
has been extensively used for accelerated electromigration
tests for dual-damascene technologies. In order to properly
include the effect of fast diffusivity paths, grain boundary,
barrier, and capping layer diffusivities are set as 102 Dy,
102 Dpyik, and 10% Dy i, Tespectively.

The vacancy release rate wg and vacancy trapping rate wr
are chosen in such a way that during simulation following
conditions are fulfilled:

2wr

—_— K1,
wT(Cv,l + Cv,2)

®

d
an 5

wr(Cy,1 + Cy)2)

With these conditions the model for immobile vacancies (4)-
(6) behaves analogously to a classical Rosenberg-Ohring term
[14], which was already successfully applied in [5].

The first of three microstructures (M1) used for simulation
(Fig. 4) consists of grains of approximately equal size. The

1s<7= < 2s. )]
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Fig. 4. Peak tensile stress distribution (dark areas) for the reference
microstructure. The deformation of the interconnect on the left side is caused
by a supersaturation of atoms (M1).

Fig. 5. Peak tensile stress for an unbalanced grain distribution (M2).

Fig. 6. Peak tensile stress for an unbalanced grain distribution (M3).
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Fig. 7. Peak mobile vacancy concentration at triple points.

second one (M2) is obtained when the grain boundary in
the middle is removed (Fig. 5). The stress and vacancy
concentrations are monitored at the first triple point right from
the removed grain boundary. The third structure (M3) (Fig. 6)
is obtained by rotating the grain boundary around this triple
point. The build up of tensile stress generally corresponds to
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Fig. 8. Peak immobile vacancy concentration at triple points.
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Fig. 9. Peak tensile stress dynamics for three different microstructures.

the dynamics of mobile and immobile vacancies. Initially, a
strong increase of both types of vacancies is observed (Fig.7
and 8). Later on, the stress in the structures M1 and M3
increases due to the increase of the mobile vacancies concen-
tration, on the other hand, in structure M2, immobile vacancies
are responsible for the stress increase. However, all three cases
have a rather transitional character, after several seconds a
quasi-steady state is reached where the stress linearly increases
(Fig. 9) due to the linear increase of the immobile vacancy
concentration. At the same time the concentration of mobile
vacancies remains almost constant. The structure M3 exhibits
not only the highest stress at the triple point but also has
the highest gradient of stress increase. The reason for a such
behavior is the larger surface of the grain boundary and a
smaller angle between grain boundary and electron flow.

The coincidence of high vacancy concentration and high
tensile stress regions with triple points indicates that triple
points are natural locations of void nucleation. This assump-
tion was also expressed in the discussion of results of accel-
erated electromigration tests published in [15].

The simulation results clearly indicate that an improvement
of the failure behavior can be obtained by reducing the
grain boundary surface and at the same time reducing its
capability to absorb vacancies. The latter can be achieved by

a combination of impurity doping and interface strengthening
[16].

VII. CONCLUSION

In order to obtain more accurate simulation results a stan-
dard electromigration model is extended by models for strain
dependent anisotropic diffusivity and detailed model for grain
boundaries. The concept of immobile and mobile vacancies
enables a better understanding of stress build up and the role
of triple points. The possible calibration and usage scenarios of
electromigration tools are discussed. The physical soundness
of the model is proved by three-dimensional simulations of
typical dual-damascene structures used in accelerated electro-
migration testing.
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