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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.1988
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The reliability of integrated circuits is limited by the The total mass flux)s, on the void surface is given by
failure of polycrystalline aluminum and copper thin films, .
which are used for device interconnectidrishe widths of Js=— D0/ QkgT (s Est Viu), @

these films have decreased to submicron scale towaighereD, is the surface atomic diffusivity) is the atomic
ultralarge-scale integratiofULSI). Failure mechanisms in  yolume, 5,/ is the number of surface atoms per unit area,
these systems are driven mainly by electromigration. In filmsc; is Boltzmann's constan; is temperatureg? is a surface
that are mechanically confined due to their encapsulation bgffective chargé, E, is the local electric field component
a passivation material, thermomechanical stresses are ifangent to the void surfacg, is the chemical potential of an
duced during film cooling after passivation. Voids may atom on the void surface, and, is the surface gradient
nucleate at the film edges as a mechanism of stress relagperator. Both surface free energy and elastic strain energy
ation. After cooling and aging, the films are in a state ofcontribute tow, which is expressed by

hydrostatic tensiof? this residual stress can drive signifi-

cant void morphological evolution that may cause failure. It~ 4= o+ Q[3tr(o-€) — y«]. ()

has been established exporimontally that tr_ansgranular Vo_iqﬁ Eqg. (2), ug is a reference chemical potential for a flat
are common sources of failure in bamboo films, where graing, oo ree surfacar and € are the local stress and strain
boundaries are almost perpendicular to the length direCtioﬂensors respectivelyy is the surface free energy per unit
of_the film> suoh voids are not intersectod by grain_ bound'area, aod( is the local surface curvature. Mass conservation
aries. In  spite of recent theoretical studies —of i eq the evolution of the local displacement normal to the

electromigration-induced  transgranular void dynaﬁﬁt% void surfaceu,,, through the continuity equation, i.e.,
and our understanding of surface instabilities in mechani-
cally stressed solids, the combined effects of electromigra- dun
tion and mechanical stress on void morphological evolution ot
and interconnect failure are not very well understood. The electric field E. in th tall duct b
The purpose of this letter is to examine theoretically the it € egirlcv'?b ' ,hm ti mel at|c cto? uc ct)r («;2 €
effects of the simultaneous action of applied mechaniczﬂc')vl;'e esnLZS Ia_ce'so da\;\{oﬁr?gf@e_eg rgzl?c'hc ’psorggclha{oi
stress and electric field on transgranular void dynamics. ys Lapk que P Ny
. : : . . f:al equilibrium equationVo=0, also is satisfied. The me-
Based on self-consistent simulations of void morphological

. . . : ; chanical deformation of the solid is addressed within the
evolution, failure is predicted to occur by the coupling of two . - s i -
framework of isotropic linear elasticity and in the limit of

modes of surface morphological instability; one that is CUr~ finitesimal displacemente=(1/2)[ Vu + (Vu)T], whereu
rent driven and another that is stress driven. The void surface the displacement field antl denotes the tra'nspose of a
morphology associated_ with these instabili_ties consi_sts Oﬁnsor. Our analysis is limited in two dimensionsjength
faceted slits and crack-like features, respectively, and is Conéndy (width), which implies that the void extends through-
sistent with recent experimental observatiéridost impor- '

o . ) ot out the film thickness(in 2).1%2 In this two-dimensional
tantly, it is predicted that appropriate tailoring of the curreot(ZD) model, plane strain conditions are assumed. The void

aool _streso conditions can stabilize the void surface, thus MNurface is considered to be traction free, while the boundaries
hibiting failure. _ , of the 2D computational domain are subject to a constant
Our analysis is based on a continuum formalism of Sur,5jieq stressr,, imposed as hydrostatic tension. This load-
face mass transport under the action of external fiffls. ing resembles the strain state of interconnect films after ther-
mal processing and aging. The void surface and the film’'s
dElectronic mail: dimitris@calypso.ucsb.edu edges are modeled as electrically insulating boundaries,
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FIG. 1. Evolution of transgranular voids in(d@11-oriented grain of a metallic film under the action of an electric field directed from left to right. The
corresponding parameters dfe= 150, A=0.5,A=10, m=3, ¢=—15°, and(a) =0, (b) £=0.3,(c) 2=0.7,(d) =1.05,(e) £ =1.075,(f) =1.1, and

(g) > =1.5. The times corresponding to the different morphologies from left to righ{@re=0, 0.574, 1.272, 2.486, 3.395, 3.9290 *7; (b) t=0, 1.047,
2.061, 2.776, 3.228, 3.60810 “7; (c) t=0, 0.672, 1.453, 2.176, 2.7%3L0 *7; (d) t=0, 1.901, 2.974, 4.012, 4.9590 *7; (¢) t=0, 1.314, 2.702, 4.089,
5.477x 10 *r; (f) t=0, 1.778, 2.882, 3.976, 5.128.0 *7; and(g) t=0, 2.041x 10 7.

while a constant electric fieldE,.=E.%, is imposed far experiments:* For the same fimX=1 corresponds to a
away from the void. Surface adatom diffusivity is expressedstress of about 140 MPa; this is typical of residual stresses in
by Ds=Dg minf(6), WhereDg i, is the minimum surface dif- interconnect lines after cooling and agihgFinally, for the
fusivity corresponding to a specific surface orientation, andsame filmr is estimated on the order of 1.
f(#)=1 is an anisotropy function of the angéeformed by The electric field and the stress tensor on the domain
the local tangent to the surface aBd. In the present treat- boundary are computed using the Galerkin Boundary Ele-
ment, we have adopted the simple functional farf@)=1  ment formulation of Ref. 14. The surface flux divergence is
+Acog[m(6+¢)], where A, m, and ¢ are dimensionless calculated based on a centered finite-difference scheme and
parameters that determine the strength of the anisotropy, tHeq. (3) is integrated using an Adams—Bashforth algorithm.
grain symmetry, and the misorientation of a symmetry direcdn the simulations, the initial void shape is taken to be semi-
tion of fast surface diffusion with respect to the applied eleccircular, i.e., a configuration that includes all possible surface
tric field, respectively. On the other hangjs assumed to be orientations with respect tB...
isotropic in Eq.(2); this assumption is justified by recent Void dynamical behavior at constant void volume is ana-
atomistic simulations, according to which the dependence dfyzed parametrically in a six-dimensionéD) hyperspace
¥ on @ is weaker by orders of magnitude than thatnf.'®>  defined by the parametefs 3, A, A, m, and ¢. Here, we
Additional mass transport modeling assumptions have beeselect sixfold grain symmetryn=3, which is characteristic
discussed in Refs. 10 and 12. of (111)-oriented grains that are common in textured inter-
Dimensional analysis of Eq§l)—(3) yields three impor-  connect lines. We focus on a point in parameter space that
tant dimensionless parameters: thaface electrotransport corresponds to electromigration-induced slit-like failure, as
number’ I'=E..qfw?/(yQ), the scaled strain energy, shown in Fig. 1a); this is given byI'=150, A=0.5, A
EEUSW/(Ey), and the dimensionless void siz&=w;/w. =10, »=—15°, > =0 and represents our reference point for
I' scales electric forces with capillary forces aBdscales parametric study ix,. Under the above conditions, the void
elastic strain energy with surface ener@yis the Young's surface becomes faceted initially assuming a semihexagonal
modulus of the materialy is the width of the film, andv, is  shape. This is followed by a facet selection process, where
the initial extent of the void across the film. The resultingtwo facets elongate at the expense of the facet that lies be-
time scale iSTEkBTV\I‘l/(DS,minﬁs’yfl). In an Al film of w  tween them. Facet selection proceeds by elimination of this
~1 um, I'=50 corresponds to a current density of about 2facet leading to a wedge-shaped void, which is destabilized
MA/cm?, which is typical of accelerated electromigration further to give a slit-like shape with two parallel facets; the



3850 Appl. Phys. Lett., Vol. 73, No. 26, 28 December 1998 Gungor, Maroudas, and Gray

slit becomes narrower and propagates in the direction odnd Thompson through SEM measurements in passivated,
these parallel facets causing failure. Such slit formation is theingle-crystalline Al films* Generally, the location of crack
result of an instability in the competition for mass transportformation is correlated strongly with the distribution of elas-
between electromigration and capillarity. tic strain energy on the faceted void surface.

Figures 1b)-1(g) demonstrate how the dynamical re- In conclusion, self-consistent numerical simulations
sponse of the void changes as the applied stress increadeave been developed to investigate the simultaneous effects
from the point that corresponds to the dynamical behavior obf applied mechanical stresses and electric fields on trans-
Fig. 1(a). In Fig. 1(b), 3 =0.3, and the dynamical sequence granular void dynamics and the resulting failure mechanisms
resembles closely that of Fig(d): faceting is followed by in passivated metallic thin films. Under such conditions, fail-
facet selection, wedge formation, and faceted slit formatiortre occurs through the coupling of two modes of void mor-
and propagation. In this case, however, after the slit propaphological instability: one is driven by electromigration and
gates a certain distance, a finer-scale crack-like feature formgads to facet selection and faceted slit formation, while the
and its tip propagates at a speed greater by about two ordepther is driven by stress and leads to formation of finer-scale
of magnitude than the average void migration speed. Thugrack-like features. Most interestingly, there exists a narrow
open-circuit failure is caused by the fast propagation of thd@nge of electromechanical conditions over which the effects
crack-like feature’s tip; this feature is narrower by at least arPf the two driving forces can be balanced by the stabilizing
order of magnitude than the original slit. Figuréciishows  effect of capillary forceg; thgrefore, the facet.ed v0|q ;grface
the corresponding dynamical sequenceat0.7. The void becomes stable.andl fall.ure is preventeq. Thls p055|b|I|t¥ has
shape evolves again into a wedge but, interestingly, subs¢€"Y important implications for the reliability of metaliic
quent faceted slit formation is not observed in this case. Inthin-film interconnects: thermal processing strategies of
stead, a fine-scale crack-like feature forms at the tip of thdhese films can be developed in order to tailor the resulting
wedge and propagates fast to cause failureSAgeps in- State and level of stress in the fims to inhibit
creasing, not even the facet selection process can be Corﬁ[gctrom|grat.|on-|nduced faﬂurgéThe length scale.character—
pleted toward wedge formation. Instead, crack-like featuredStic Of the width of the crack-like features predicted by our
appear at corners of the faceted void shape, where the strafijnu/ations is on the order of nanometers, i.e., very fine for

energy density increases abruptly. Such a dynamical beha49_henomenolog|cal analysis. Molecular-dynamics simulations

ior is shown in Fig. 1d) at % = 1.05; again, failure occurs by gf ftr?ss-drlve%|v0|dltlp ?hdgnlometpa are (;J.n?eéway tﬁ e!um-
tip propagation of the crack-like feature. ate the possible role of dislocation-mediated mechanisms

The dynamical behavior of the transgranular void and upgrade the present mesoscopic modeling accordingly.
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