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Effects of mechanical stress on electromigration-driven transgranular
void dynamics in passivated metallic thin films
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The combined effects of mechanical stress and surface electromigration on the dynamics of
transgranular voids in passivated metallic thin films are analyzed based on self-consistent dynamical
simulations. Depending on the strength of the electric and stress fields, void morphological
instabilities can lead to film failure by propagation from the void surface of either faceted slits or
finer-scale crack-like features. Most importantly, there exists a narrow range of applied stress for
given strength of electric field over which slit formation can be inhibited completely. ©1998
American Institute of Physics.@S0003-6951~98!00352-0#
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The reliability of integrated circuits is limited by th
failure of polycrystalline aluminum and copper thin film
which are used for device interconnections.1 The widths of
these films have decreased to submicron scale tow
ultralarge-scale integration~ULSI!. Failure mechanisms in
these systems are driven mainly by electromigration. In fil
that are mechanically confined due to their encapsulation
a passivation material, thermomechanical stresses are
duced during film cooling after passivation. Voids m
nucleate at the film edges as a mechanism of stress re
ation. After cooling and aging, the films are in a state
hydrostatic tension;1,2 this residual stress can drive signifi
cant void morphological evolution that may cause failure
has been established experimentally that transgranular v
are common sources of failure in bamboo films, where gr
boundaries are almost perpendicular to the length direc
of the film;3,4 such voids are not intersected by grain boun
aries. In spite of recent theoretical studies
electromigration-induced transgranular void dynamics5–10

and our understanding of surface instabilities in mecha
cally stressed solids,11 the combined effects of electromigra
tion and mechanical stress on void morphological evolut
and interconnect failure are not very well understood.

The purpose of this letter is to examine theoretically
effects of the simultaneous action of applied mechan
stress and electric field on transgranular void dynam
Based on self-consistent simulations of void morphologi
evolution, failure is predicted to occur by the coupling of tw
modes of surface morphological instability; one that is c
rent driven and another that is stress driven. The void sur
morphology associated with these instabilities consists
faceted slits and crack-like features, respectively, and is c
sistent with recent experimental observations.4 Most impor-
tantly, it is predicted that appropriate tailoring of the curre
and stress conditions can stabilize the void surface, thus
hibiting failure.

Our analysis is based on a continuum formalism of s
face mass transport under the action of external fields7,10

a!Electronic mail: dimitris@calypso.ucsb.edu
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The total mass flux,Js , on the void surface is given by

Js52 Dsds/VkBT ~qs* Es1¹sm!, ~1!

whereDs is the surface atomic diffusivity,V is the atomic
volume,ds /V is the number of surface atoms per unit are
kB is Boltzmann’s constant,T is temperature,qs* is a surface
effective charge,1 Es is the local electric field componen
tangent to the void surface,m is the chemical potential of an
atom on the void surface, and¹s is the surface gradien
operator. Both surface free energy and elastic strain ene
contribute tom, which is expressed by

m5m01V@ 1
2 tr~s–e!2gk#. ~2!

In Eq. ~2!, m0 is a reference chemical potential for a fl
stress-free surface,s and e are the local stress and stra
tensors, respectively,g is the surface free energy per un
area, andk is the local surface curvature. Mass conservat
gives the evolution of the local displacement normal to
void surface,un , through the continuity equation, i.e.,

]un

]t
52V¹s–Js . ~3!

The electric field,E, in the metallic conductor can b
written asE[2“–F, where the electrostatic potential,F,
obeys Laplace’s equation, i.e.,¹2F50. Cauchy’s mechani-
cal equilibrium equation,¹s50, also is satisfied. The me
chanical deformation of the solid is addressed within
framework of isotropic linear elasticity and in the limit o
infinitesimal displacement:e5(1/2)@¹u1(¹u)T#, whereu
is the displacement field andT denotes the transpose of
tensor. Our analysis is limited in two dimensions,x ~length!
andy ~width!, which implies that the void extends through
out the film thickness~in z!.10,12 In this two-dimensional
~2D! model, plane strain conditions are assumed. The v
surface is considered to be traction free, while the bounda
of the 2D computational domain are subject to a const
applied stress,s0 , imposed as hydrostatic tension. This loa
ing resembles the strain state of interconnect films after th
mal processing and aging. The void surface and the film
edges are modeled as electrically insulating boundar
8 © 1998 American Institute of Physics
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FIG. 1. Evolution of transgranular voids in a^111&-oriented grain of a metallic film under the action of an electric field directed from left to right.
corresponding parameters areG5150,L50.5, A510, m53, f5215°, and~a! S50, ~b! S50.3, ~c! S50.7, ~d! S51.05, ~e! S51.075,~f! S51.1, and
~g! S51.5. The times corresponding to the different morphologies from left to right are:~a! t50, 0.574, 1.272, 2.486, 3.395, 3.92931024t ; ~b! t50, 1.047,
2.061, 2.776, 3.228, 3.60831024t ; ~c! t50, 0.672, 1.453, 2.176, 2.77331024t ; ~d! t50, 1.901, 2.974, 4.012, 4.95931024t ; ~e! t50, 1.314, 2.702, 4.089,
5.47731024t ; ~f! t50, 1.778, 2.882, 3.976, 5.12531024t ; and ~g! t50, 2.04131026t.
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while a constant electric field,E`5E`x̂, is imposed far
away from the void. Surface adatom diffusivity is express
by Ds5Ds,minf(u), whereDs,min is the minimum surface dif-
fusivity corresponding to a specific surface orientation, a
f (u)>1 is an anisotropy function of the angleu formed by
the local tangent to the surface andE` . In the present treat
ment, we have adopted the simple functional formf (u)51
1A cos2@m(u1f)#, where A, m, and f are dimensionless
parameters that determine the strength of the anisotropy
grain symmetry, and the misorientation of a symmetry dir
tion of fast surface diffusion with respect to the applied el
tric field, respectively. On the other hand,g is assumed to be
isotropic in Eq. ~2!; this assumption is justified by recen
atomistic simulations, according to which the dependenc
g on u is weaker by orders of magnitude than that ofDs .13

Additional mass transport modeling assumptions have b
discussed in Refs. 10 and 12.

Dimensional analysis of Eqs.~1!–~3! yields three impor-
tant dimensionless parameters: thesurface electrotranspor
number,7 G[E`qs* w2/(gV), the scaled strain energy
S[s0

2w/(Eg), and the dimensionless void size,L[wt /w.
G scales electric forces with capillary forces andS scales
elastic strain energy with surface energy;E is the Young’s
modulus of the material,w is the width of the film, andwt is
the initial extent of the void across the film. The resulti
time scale ist[kBTw4/(Ds,mindsgV). In an Al film of w
'1 mm, G550 corresponds to a current density of abou
MA/cm2, which is typical of accelerated electromigratio
d

d

he
-
-

of

en

experiments.3,4 For the same film,S51 corresponds to a
stress of about 140 MPa; this is typical of residual stresse
interconnect lines after cooling and aging.1,2 Finally, for the
same filmt is estimated on the order of 104 h.

The electric field and the stress tensor on the dom
boundary are computed using the Galerkin Boundary E
ment formulation of Ref. 14. The surface flux divergence
calculated based on a centered finite-difference scheme
Eq. ~3! is integrated using an Adams–Bashforth algorith
In the simulations, the initial void shape is taken to be se
circular, i.e., a configuration that includes all possible surfa
orientations with respect toE`.

Void dynamical behavior at constant void volume is an
lyzed parametrically in a six-dimensional~6D! hyperspace
defined by the parametersG, S, L, A, m, and f. Here, we
select sixfold grain symmetry,m53, which is characteristic
of ^111&-oriented grains that are common in textured int
connect lines. We focus on a point in parameter space
corresponds to electromigration-induced slit-like failure,
shown in Fig. 1~a!; this is given byG5150, L50.5, A
510,f5215°, S50 and represents our reference point f
parametric study inS. Under the above conditions, the vo
surface becomes faceted initially assuming a semihexag
shape. This is followed by a facet selection process, wh
two facets elongate at the expense of the facet that lies
tween them. Facet selection proceeds by elimination of
facet leading to a wedge-shaped void, which is destabili
further to give a slit-like shape with two parallel facets; t
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slit becomes narrower and propagates in the direction
these parallel facets causing failure. Such slit formation is
result of an instability in the competition for mass transp
between electromigration and capillarity.

Figures 1~b!–1~g! demonstrate how the dynamical r
sponse of the void changes as the applied stress incre
from the point that corresponds to the dynamical behavio
Fig. 1~a!. In Fig. 1~b!, S50.3, and the dynamical sequen
resembles closely that of Fig. 1~a!: faceting is followed by
facet selection, wedge formation, and faceted slit format
and propagation. In this case, however, after the slit pro
gates a certain distance, a finer-scale crack-like feature fo
and its tip propagates at a speed greater by about two or
of magnitude than the average void migration speed. Th
open-circuit failure is caused by the fast propagation of
crack-like feature’s tip; this feature is narrower by at least
order of magnitude than the original slit. Figure 1~c! shows
the corresponding dynamical sequence atS50.7. The void
shape evolves again into a wedge but, interestingly, su
quent faceted slit formation is not observed in this case.
stead, a fine-scale crack-like feature forms at the tip of
wedge and propagates fast to cause failure. AsS keeps in-
creasing, not even the facet selection process can be c
pleted toward wedge formation. Instead, crack-like featu
appear at corners of the faceted void shape, where the s
energy density increases abruptly. Such a dynamical be
ior is shown in Fig. 1~d! at S51.05; again, failure occurs b
tip propagation of the crack-like feature.

The dynamical behavior of the transgranular vo
changes drastically if the applied stress is increased slig
to S51.075, as demonstrated in Fig. 1~e!. Specifically,
within the interval 1.05,S,1.1, neither electromigration
induced facet selection nor stress-induced crack forma
are initiated. Instead, the faceted void is stable and migr
along the film at constant speed maintaining its semihexa
nal shape. This response implies that film failure due
electromigration-induced slit-like morphological instabilitie
of the void surface can be inhibited by the action of a m
chanical stress. The applied stress level must be just eno
to balance the destablizing effect of the electric field witho
causing crack-like morphological instabilities that lead to
faster mode of failure. This theoretical prediction is made
the first time based on self-consistent simulation.

Increasing the applied stress above the narrow rang
stability leads to formation of crack-like features that em
nate from the faceted void surface. This is shown in Fig. 1~f!
for S51.1. Facet selection can be initiated again as in
case of Fig. 1~d!; however, the strain energy distribution o
the void surface is different here and leads to formation o
crack-like feature at the top of the void surface. At high
levels of applied stress, crack-like failure can occur ev
faster than facet selection. This is demonstrated in Fig. 1~g!
for S51.5; crack-like features form symetrically at the tw
corners of the faceted shape where the strain energy de
along the void surface increases most abruptly.

The predicted general mixed mode of failure, where
void surface exhibits electromigration-induced features, s
as faceted slits, coexisting with stress-induced crack-like
tures is consistent with recent experimental observations.
example, such void morphologies have been observed by
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and Thompson through SEM measurements in passiva
single-crystalline Al films.4 Generally, the location of crack
formation is correlated strongly with the distribution of ela
tic strain energy on the faceted void surface.

In conclusion, self-consistent numerical simulatio
have been developed to investigate the simultaneous ef
of applied mechanical stresses and electric fields on tra
granular void dynamics and the resulting failure mechanis
in passivated metallic thin films. Under such conditions, fa
ure occurs through the coupling of two modes of void m
phological instability: one is driven by electromigration an
leads to facet selection and faceted slit formation, while
other is driven by stress and leads to formation of finer-sc
crack-like features. Most interestingly, there exists a narr
range of electromechanical conditions over which the effe
of the two driving forces can be balanced by the stabiliz
effect of capillary forces; therefore, the faceted void surfa
becomes stable and failure is prevented. This possibility
very important implications for the reliability of metallic
thin-film interconnects: thermal processing strategies
these films can be developed in order to tailor the result
state and level of stress in the films to inhib
electromigration-induced failure.~The length scale characte
istic of the width of the crack-like features predicted by o
simulations is on the order of nanometers, i.e., very fine
phenomenological analysis. Molecular-dynamics simulatio
of stress-driven void tip phenomena are underway to elu
date the possible role of dislocation-mediated mechani
and upgrade the present mesoscopic modeling accordin!
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