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ABSTRACT

AN ELECTRIC CURRENT drives atomic diffusion in aluminum lines. The phenomenon, known as electro-
migration, has been a persistent problem in integrated circuits, as the current density increases and the
linewidth shrinks for every new generation of the technology. As atoms diffuse, cavities nucleate, enlarge
and migrate. Evidence has accumulated that an aluminum line often fails when a rounded cavity collapses
into a narrow slit across the width of the line. The fatal slits are often found to be transgranular, i.e. each
slit cuts across a single grain. We investigate theoretically this instability phenomenon. Because the shape
changes in a relatively short time below half the melting temperature of aluminum, atoms are assumed to
diffuse only along the cavity surface, under the combined action of the electron wind and surface tension.
When subjected to a small electric field, a circular cavity migrates as atoms diffuse from one portion of the
cavity surface to another ; the cavity remains circular, so that capillarity does not drive diffusion. However,
the cavity buckles above a critical electric field, elongating either along or normal to the electric field. The
surface tension now drives the atomic diffusion to restore the circular shape. The instability sets in if the
electric field prevails over the surface tension. The general problem is formulated in terms of nonlinear
differential equations, and the pre-bifurcation, bifurcation and post-bifurcation solutions are discussed. In
addition, we analyse an analogous phenomenon: a prismatic dislocation loop climbs due to core diffusion
driven simultaneously by the electron wind and line tension. The climb relocates mass at relatively low
temperatures and thereby degrades the aluminum lines.

1. INTRODUCTION

WHEN CURRENT FLOWS in an aluminum line, the electron wind causes the atoms to
diffuse in the direction of the electron flow. The phenomenon, known as electro-
migration, has been a persistent problem in integrated circuits (Ho and Kwok, 1989
ToTTa, 1991 ; THOMPSON and LrLoyp, 1993). Cavities nucleate and grow as atoms
diffuse, leading to open failure. Empirically, electrical resistance is monitored with
time, and the lifetime determined when the resistance becomes infinite. Electric fields
and temperatures higher than service conditions accelerate the tests. The lifetime
under the service conditions is extrapolated using an empirical formula.

Although valuable in circuit design, the extrapolation has revealed little of the
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underlying physical processes. The lack of a basic understanding has many unfor-
tunate consequences. First, interconnects under accelerated and service conditions
may fail in different ways, in which case the extrapolation is either unsafe or overly
conservative. Second, the knowledge gained for wide polycrystalline lines does not
readily apply to submicron interconnects as the linewidth shrinks and the micro-
structure changes. Third, the empirical approach sheds no light on the search for
better interconnect alloys.

Recent microscopy studies have focussed on the sequence of events leading to
failure. Silicon is a good heat dissipater, so that the aluminum interconnects in service
operate below, say, 400 K. At such temperatures, diffusion through the lattice is
negligible compared to diffusion along grain boundaries, surfaces, interfaces and
dislocation cores. The aluminum melting temperature being Ty, = 933 K, the relevance
of high temperature experiments is questionable. In this paper, we will only quote
from experiments below 500 K. Attention is focussed on cavities, following their
nucleation, growth, migration and shape change. GENUT et al. (1991) showed that a
cavity can nucleate at a grain boundary triple junction. Similarly, in a bamboo-like
line a cavity can nucleate at a junction of a grain boundary and an aluminum-—
passivation interface. Cavity growth is readily observed, or inferred, because open
failure is associated with a cross-linewidth cavity. Cavities were observed to migrate
in single crystal lines (SHINGUBARA and Nakasaki, 1991), and to penetrate grain
boundaries in bamboo-like lines (KRAFT et al., 1993). Slit-like cavities were discovered
by SANCHEZ er al. (1992) in unpassivated lines, by RosE (1992) in passivated lines,
and by Joo and THOMPSON (1993) in unpassivated single crystal lines. In a sequence
of pictures, KRAFT e al. (1993) showed that a rounded cavity grows, migrates, changes
its shape and finally collapses into a slit that causes open failure.

Theoretical investigations have followed the same sequence of events. Cavity
nucleation and growth have been studied by many investigators (e.g. ARZT and Nix,
1991 ; KIRCHHEIM, 1992 ; KORHONEN ef al., 1993; LLoyp, 1991), but models studied
so far are not realistic enough to predict the microscopic processes. A good theory
would identify diffusion paths, driving forces and atomic sinks. Lattice diffusion being
negligible, a cavity can grow only if it is connected by fast diffusion paths to atomic
sinks. Furthermore, whether a cavity will grow or shrink depends on whether the
electron wind or the capillary force prevails. Cavity migration is understood in terms
of surface diffusion (Ho, 1970 ; L1 et al., 1992). The cavity surface has high diffusivity
because the interconnects are uncontaminated, bein g encased in passivations or native
oxide scales. Atoms diffuse on the cavity surface from one portion of the cavity to
another, so that the cavity migrates in a crystal lattice without changing its shape.
KRAFT et al. (1993) recognized that a slight asymmetry in the cavity shape can be
amplified by the electron wind, leading to a slit. Suo et al. (1993) suggested that this
slit-forming is an instability phenomenon : a rounded cavity collapses into a slit at a
critical electric field or a critical cavity radius, when the electron wind prevails over
the surface tension.

The growth and coalescence of cavities may be assisted by dislocations, which act
like pipes to transfer mass. Furthermore, core diffusion causes prismatic loops to
climb. They buckle when the electron wind prevails over the dislocation line tension.

We will analyse cavities and prismatic loops together in this paper because of
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their similarity. A formalism coupling dislocation mechanics and electromigration is
presented in Section 2. The loop shape evolves according to an initial value problem,
due to core diffusion, under the combined action of the electric field and line tension.
Section 3 discusses the physical nature of buckling in the electron wind. We quantify
the wind-capillarity competition by a dimensionless number. Section 4 formulates the
governing equations for steady-state migration. Buckling and post-buckling states are
analysed in Sections 5 and 6, respectively. The critical electric field is determined by
finding the eigenvalues of the Mathieu equation. Section 7 interprets the above results
for a cavity migrating and buckling due to surface diffusion, under the influence of
an electric field and surface tension.

2. ELECTROMIGRATION-INDUCED DISLOCATION CLIMB

Figure 1 illustrates a prismatic loop in the (X, Y) plane, with the Burgers vector b
normal to the plane. Only a vacancy loop is considered ; the results with a sign change
are applicable to interstitial loops. Denote L as the dislocation length, and 6 the
angle of the normal vector. Atoms diffuse only along the dislocation core, driven
simultaneously by the electric field component E, tangent to the dislocation line, and
by the chemical potential gradient du/dL. The number of atoms per unit time passing
a cross section of the core, i.e. the atomic flux, is given by the Einstein-type relation:

DAy, d,u>
Jy = QkT(ZdeEl+d , (1)

where the subscript “d” refers to dislocation, DgAy is the effective core diffusivity, Q
the volume per atom, k the Boltzmann constant, T' the absolute temperature, e the
electron charge, and Z¥ (> 0) the effective valence per atom in the core. The data for
aluminum are given in Table 1. The effective valence Z§ is taken to be an average
value reported for grain boundary electromigration.

The electric field E is applied along the X direction, its tangent component being

E = —Esin8. Q)

The chemical potential due to line tension I" is (FRIEDEL, 1964)

Vn Y

FiG. 1. A vacancy loop subjected to an electric field. The extra atomic plane lies outside of the loop.
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TABLE 1. Pure aluminum data

Burgers vector b=286x10"""m
Atomic volume Q=166x10" ”
Shear modulus G=1254x10" N m~?
Core diffusivity DyAs=7.0x10"* exp(—0.85eV/kT) m*s~' (VOLIN et al., 1971)
Effective valence Z¥=20
u= —KIrQ/b. 3)

Here K is the curvature, K = df/dL. A constant line tension [ = aGb? is adopted in
this paper, G being the shear modulus and a ~ 0.5. The line tension is exactly constant
for two important cases: a circular and a straight dislocation in an isotropic crystal.
A numerical scheme similar to that of RAMIREZ et al. (1990) and ZHANG and YANG
(1993) can compute the chemical potential for arbitrary dislocation shapes. This
refinement will not be pursued here.

Mass conservation requires that

QdJ,

. 4
b dL’ 4
where ¥, is the climb velocity, positive if the extra atomic plane recedes. In time §¢,
the shape of the loop changes by

60X =V, cos 06t, &Y =V, sin 66t. (%)

The loop shape evolves according to (1)—(5), which defines an initial value problem.
Given a current loop shape, the atomic flux is given by (1), and the climb velocity by
(4); the shape is updated according to (5). The physical basis of the initial value
problem is simple and well understood, but the solutions have a remarkable complex
mathematical structure. This paper only explores the aspects of the problem which
we believe to be of practical significance.

v, =

3. BUCKLING IN THE ELECTRON WIND

Several elementary considerations shed light on the nature of buckling in the
electron wind. Only edge dislocations are discussed in this section ; the conclusions,
however, are applicable to cavities. First consider a straight dislocation in Fig. 2(a).

E
=

(@) (b) ()

FiG. 2. Buckling of a straight dislocation. The extra atomic plane is shaded.
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The two ends of the dislocation are pinned and immobile, but can be either atomic
sinks or sources. The electric field is applied normal to the dislocation line. No force
drives diffusion along the straight dislocation, so that the straight line is an equilibrium
configuration. Yet this equilibrium configuration can be unstable : diffusion turns on
as soon as the dislocation bends slightly. The atoms diffuse in the electron flow
direction, i.e. in the direction opposing E;. Figure 2(b) shows that E, drives atoms to
diffuse toward the two ends (atomic sinks), so that the extra atomic plane recedes.
Figure 2(c) shows the opposite situation: E, drives atoms to diffuse away from the
two ends (atomic sources), so that the extra atomic plane extends. In both cases, the
electron wind causes the dislocation to bend further. On the other hand, the line
tension strives to straighten the dislocation. A dimensionless ratio quantifies the
competition between the electron wind and the line tension (Suo, 1993):

Z*eEbL’

The dislocation buckles when the electron wind prevails over the line tension, i.e.
when y exceeds a critical value x.. The analysis of Suo (1993) gave . = n%. The
buckled dislocation will evolve into either a vacancy thread [Fig. 2(b)], oran interstitial
thread [Fig. 2(c)].

Next we consider a prismatic loop. A circular loop is in equilibrium if the line
tension is isotropic. Furthermore, Suo (1993) showed that the loop translates with a
circular shape under an applied electric field. However, the circular loop may be
unstable. Figure 3 shows two non-circular loops, elongating either parallel the electric
field (mode I), or normal to the electric field (mode II). Mode I has smaller curvature
on the anode side than the cathode side, and the contrary is true for mode II. An
inspection of this asymmetry reveals the essence of the instability : in each case, E, is
so directed that it will drive the core diffusion to amplify the asymmetry. KRAFT e7 al.
(1993) recognized similar behaviors after examining many cavities in electromigration
tests. On the other hand, the line tensions strive to restore the circular symmetry.
Consequently, the instability sets in when the electron wind prevails over the line
tension. The wind—capillarity competition is governed by a similar dimensionless
parameter

mode 1 mode II

FiG. 3. Buckling of a circular loop. The extra atomic plane is shaded.
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(7

where R is the radius of the circle. If y is small, the line tension dominates, and the
dislocation loop is circular. If y is large, the electron wind dominates, and the dis-
location loop buckles into a noncircular shape. The circular loop loses the stability
when y exceeds a critical number ., to be determined later. Note a size effect in this
instability : only loops above a critical size will buckle under a given electric field.
Similar dimensionless groups govern other electromigration instabilities, e.g. a loop
breaking away from the precipitate (Suo, 1993).

4. STEADY-STATE MIGRATION

Compared with a straight dislocation, a circular loop has an additional complexity :
it migrates even before it buckles. A complete analysis requires that the initial value
problem in Section 2 be solved. In the electron wind, an initially circular loop,
distorting and drifting, evolves into a noncircular shape, and then migrates with a
fixed shape. That is, a steady-state, possible noncircular shape will emerge over a
sufficiently long time. In what follows, we will avoid solving the transient problem,
and focus on the steady-state motion. The general steady-state problem is formulated,
followed by the pre-bifurcation, the bifurcation and the post-bifurcation solutions.

Figure 1 now represents a loop translating in a steady-state, i.e. every point on the
loop translates at the same velocity in the X-direction, denoted as V. The coordinates
also translate with the loop. The dislocation climb velocity is related to the loop
translation velocity by

V,=Vcos8. ®)
Equations (1)-(4) and (8) lead to
d dx I
@(Kda>+’7<1—’€)0059=0- 9
In deriving (9), we have used
k=db/dl, dx= —sin0dl, dy=cos0dl, (10)
and normalized the lengths as
= DqAq *
(X, Y, L, 1/K] =[x, y.1, I/K]kaVZdeE~ (1)
The dimensionless group 7 is defined by
_ (Pada)' (Z3eE)® (12)
kTV raos

Equation (9) is the nonlinear ordinary differential equation that governs the steady-
state shape.
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The normalized curvature x should vary with 0 with period 27. After « is solved,
the loop shape is integrated according to (10). To close a loop, x and y must also vary
with 6 with period 2. This requires, according to (10), that

j Tsin6do _ j Meos0do
0 o K(0)

The second equation is implied by (9), as readily verified by integrating over 2z. The
first equation is in general not satisfied by an odd periodic x(6), but satisfied by any
even periodic x(6). Consequently, only even periodic x(8) will be of physical interest.

The steady-state equation (9) contains only one parameter, . The solution of (9)
does not depend on the radius of the initial circle. That is, the loop in a steady-state
does not remember its evolution path—unless such memory is enforced somehow.
Mass conservation requires the loop to enclose an invariant area. Thus, nR? =
—§>Xd Y, or in dimensionless form,

1= —ﬁagxdy. (13)

Note that the right-hand side depends on 5 only, as solved from (9) and (10). Equation
(13) determines the translation velocity at a given electric field.

The pre-buckling state is readily solved from (9); it is a circle with k = 1. The
translation velocity, determined by using either (13) or K = 1/R, is

_ DyAq

Vo = kTRb

Z}eE. (14)

Subscript 0 signifies the pre-buckling state. Thus, the circular loop migrating at a
constant velocity is always a steady-state solution, and the line tension does not drive
diffusion in this state. However, we will show that the circular loop is unstable above
a critical electric field.

5. BIFURCATION OF A CIRCULAR Loop

Bifurcation is understood in the sense of Liapunov asymptotic stability. That is, a
circular loop will bifurcate if a shape perturbation exists so that the loop will never
return to the circular shape. The stability test requires that the transient problem be
solved, which will not be pursued in this paper. Instead, we search for a noncircular,
steady-state perturbation. Although the following mathematical analysis does not
prove that such solutions are more stable than the circular loop, the instability of a
circular loop is evident on the basis of the heuristic considerations in Section 3.

A small perturbation from the circular shape is

k() = 1 +ex,(0), (15)

where ¢ is a small parameter, and «,(6) a bifurcation mode. Substituting (15) into (9)
and retaining only the first order terms in ¢, one obtains that
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1.5 T T T T T v —

Fi1G. 4. Solution of the first order perturbation.

%mxlcose:o. (16)
This is the Mathieu equation (MCLACHLAN, 1964) ; nontrivial, periodic, even solutions
are sought. The lowest eigenvalue is n = 10.65, and the associated «, is plotted in Fig.
4. Note that x; times any number is also a solution. In particular, ¢ > 0 and ¢ < 0
corresponds, respectively, to the two modes in Fig. 3.

At the onset of the bifurcation, the translation velocity is identical to that of the
circular loop. Thus, (7), (12) and (14) give the critical state quantities

%o = 10.65, (17)
ro
DyA,TQ
V, = 10.65—1(—;;}{"3—&. (19)

With the data in Table 1, a loop of radius R = 1 um buckles at E, = 200 Vm ', and
translates at ¥, = 2.2 nm h~' at T = 500 K. The critical electric field is within the
range used in electromigration tests (typically £ = 100-1000 V.m ).

6. POST-BUCKLING SHAPES

We now examine post-bifurcation steady-states. Standard numerical methods are
used to solve (9) for periodic even x(6) at various 5. Painstaking care is needed to
obtain the accurate solutions. After x(6) is obtained, the loop shape is integrated from
(10), and y from (13).
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F1G. 5. Mode 1 steady-state shapes.

Figure 5 shows the mode I steady-state shapes. The loop migrates as a circle when
n =y, buckles when 5 = 10.65, and finally becomes finger-like when 7 drops back to
a smaller but definite value. The computation is terminated when the lowest curvature
along the loop becomes infinitesimal. The 7 value obtained for that case approaches
the infinitely long finger solution of Suo et al. (1994), n = 5.743. When interpreted
as dislocation fingering, the latter predicts the fingering velocity

DyAy (ZteE)™?

kT Qb
and the half-width of the finger

[ TQ
u=240 | @1

Figure 6 shows plots of the mode II steady-state shapes, where the loops elongate
normal to the electric field. Our numerical code proceeds forn > 10.65. The calculation
terminates when x(0) — 0, which corresponds to # = 14.91.

V=0417 (20)

Y/R

X/R
F1G. 6. Mode II steady-state shapes.
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F1G. 7. Translation velocity versus the electric field.

The translation velocity as a function of the electric field is plotted in Fig. 7. They
are normalized by the quantities at the bifurcation point, (18) and (19), respectively.
The velocity increases linearly with the electric field up to the bifurcation point. After
the loop buckles, a mode I loop migrates at higher velocity than a circular loop under
the same electric field. According to (20), V oc E*? at high fields. This is because the
finger-like loops have higher tangent component of the electric field. By contrast, a
mode II loop migrates at a lower velocity than a circular loop under the same electric
field, because the former has a lower tangent electric field component.

The total dislocation length L measures the deviation of the buckled shape from
the circle. The length is integrated from (10) once the curvature is solved. Figure 8
shows the dislocation length as a function of the electric field. The loop length remains
invariant before it buckles. A mode I loop elongates at a higher field. At high fields
E » E,_, the width of the finger scales as u oc E ~ "% which implies that L oc E 7 since
the loop encloses an invariant area. A mode II loop elongates at a lower electric field,
which indicates that the shape will continue to change after the circular loop buckles
at a constant electric field £ = E,. The unstable disruption from a circle to a vertical
finger signifies the catastrophic role of the electron wind. More complicated bifur-

T T T T T
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>
T
L

12} /I

1F L
N1
0.8 F -

0.6

Circle

04}

Normalized Electric Field, E/E,

02 b

0 1 1 1 L
0 095 1 105 11 115 1.2
Normalized Dislocation Length, L/2nR
Fi1G. 8. The total length of the dislocation versus the electric field.
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cation modes are possible, e.g. a loop may break into two loops, but will not be
pursued in this paper.

The present formalism for dislocation climb in the electron wind is exact except for
the line tension formula. The line tension is constant for circular loops. Thus we
believe that the bifurcation state (17)—(19) is exact. Accuracy is questionable for other
loop shapes ; for example, the interaction between the parallel dislocation lines may
cause secondary buckling, multiplying smaller loops (Suo, 1993). These subtleties
aside, we believe that the essence of dislocation buckling discussed in Section 3 prevails
even if the line tension formula (3) is inaccurate. Implications of prismatic loop
migration and multiplication for electromigration damage have been discussed by
Suo (1993).

7. A CaviTY COLLAPSES INTO A SLIT IN THE ELECTRON WIND

Now we consider a cavity collapsing in an infinite, isotropic crystal subjected to an
electric field. The qualitative analysis of Section 3 is valid for the cavity buckling, with
core diffusion replaced by surface diffusion, and line tension by surface tension. Let
7, be the surface energy, Z¥(>0) the effective valence for each atom on the metal
surface, R the radius of the circular cavity, E the applied electric field. The relative
importance of the surface energy and the electron wind is described by a similar
dimensionless group

X = @2

If y, is small, the surface energy dominates, and the cavity retains the circular shape
as it drifts in the electron wind. If , is large, the electric field dominates, and the
cavity buckles to a noncircular shape. Similar dimensionless groups govern other
electromigration instabilities, such as a cavity or a precipitate penetrating a grain
boundary (L1 et al., 1992 ; Ma and Suo, 1993).

Yet a new feature appears, namely, the electric current is crowded around the
cavity. Because of the relatively low electric field and temperature in electromigration
tests, negligible electrons are emitted from the metal surface and the medium inside
the cavity does not break down. Consequently, the cavity is a perfect insulator inside
an interconnect. The electric field around the cavity can be determined by the Laplace
equation governing the electric potential, ¢. Let L be the arclength on the surface.
Once ¢ is determined, the tangential electric field is given by E, = —d¢/dL. Numerical
analysis is needed in general. In what follows we outline the problem and present an
estimate of the buckling condition.

Both the electron wind and surface energy drive atoms to diffuse on the cavity
surface:

D6, du
i *
Jo=— Ok (ZS eEt—|-d > (23)

Here J, is the surface flux of atoms (numbers of atoms per length per time), Dd, the
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effective surface diffusivity. The chemical potential due to the surface tension is
1= —QyK, where K is the curvature on the cavity surface (HERRING, 1951).

Conservation of atoms sets a kinematic constraint : at any point the surface recedes
if the flux has a positive divergence, i.e.

V,=QaJ,/oL. (24)

Here V,, = n-0X/0t is the normal velocity of the surface, where 7 is the time, X the
position vector of a point on the surface, and n the unit vector normal to the surface
pointing into the solid; ¥, > 0 if the surface recedes.

For a circular cavity in an infinite lattice subjected to a remote electric field E, the
electric field inside the cavity is uniform and of magnitude 2E. Thus,

E. = —2Esin 6. (25)

The factor of 2 reflects the current crowding in the metal caused by the insulating
cavity. The analogy between a prismatic loop and a cavity is evident when compared
with Section 2. A circular cavity migrating at constant velocity

Do,

Vo=217R

Z*eE (26)

is a steady-state solution. Note the factor of 2 difference from its counterpart for a
prismatic loop (14). This result is the same as that obtained by Ho (1970).

The buckling condition cannot be rigorously obtained by this analogy. As evident
from the qualitative discussion in Section 3, the buckling shape should be a curved
triangle. The detailed buckling shape of the cavity is expected to differ from that of
the dislocation loop, because the change in the cavity shape induces a change in the
electric field near the cavity. For example, the electric field inside the cavitly will no
longer be uniform. To rigorously determine the buckling condition, one has to iterate
the cavity shape and solve the Laplace equation for the electric potential for each
cavity shape. This problem will not be pursued in this paper. Instead, we simply use
the analogous result (17), and include the factor of 2 difference for the current
crowding around the cavity. Thus, the circular cavity buckles when

Z¥eER*?

q =535, 27)

We emphasize that the numerical value in (27) is not obtained by rigorous analysis.
Yet the dimensionless group is correct, and we believe that the result can be used to
estimate the order of magnitude. Using Z* = 20, 7=1J m~? one finds that the
critical radius is R = 226 nm under electric field £ = 540 V m~'. The predicted
magnitudes are consistent with those observed experimentally by KRAFT er al. (1993)
and RosE (1992).

The mode I post-buckling has been studied by Suo et al. (1993) in the limiting case
of a long finger in the electric field direction. Yet more relevant to interconnect
reliability is the mode II post-buckling, where slits grow normal to the electric field,
across the linewidth. The current is more crowded as the cavity elongates normal to
the field direction. The problem should be solved by numerically determining the
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FIG. 9. A cavity collapses into a slit in an aluminum interconnect.

electric field first. However, many apparent complications fall away once the basic
underlying pattern is discovered. Figure 9 sketches the anticipated mode II solution
from such an analysis. The linewidth w introduces a dimensionless number R/w, which
can be viewed as an imperfection in the standard bifurcation theory. The case R/w = 0
corresponds to a cavity in an infinite interconnect. The cavity starts to deviate from
the circular shape at any finite electric field when R/w # 0, but the curves are expected
to follow the trend indicated in Fig. 9. Surface energy anisotropy can also be viewed
as an imperfection, causing the cavity to be noncircular even before the electric field
turns on.

8. CONCLUDING REMARKS

A rounded cavity collapses into a slit at a critical electric field or a critical radius.
The shape instability is due to surface diffusion when the electron wind prevails over
the surface tension. Although this phenomenon is very new, it is useful to place it into
perspective, on the basis of the available experimental evidence and theoretical insight.
A passivated interconnect is limited in atomic sinks, hillocks being suppressed. Cavity
growth requires long-range mass transport, and thereafter takes a long time. On the
other hand, it takes a short time for a slit to cross the linewidth after the instability
sets in. Consequently, an interconnect is likely to spend most of its lifetime in growing
a rounded void to a critical size. The critical size is given by (25) for a cavity in an
infinite interconnect, which is one of the important factors that set the interconnect
lifetime. However, the evolution details after the cavity buckles are probably incon-
sequential to the lifetime. Further attention should be directed toward nucleation and
growth of rounded cavities, so that the major part of the lifetime can be predicted.
The size effect in this instability implies that slit will not form if the electric field is
low, or the linewidth is small. This places a limit on the empirical approach : lines of
different widths under different electric fields may fail in different ways. The sig-
nificance of prismatic loops as mass-carriers in electron wind has been discussed by
Suo (1993). Post-bifurcation solutions in this paper show that a finger-like dislocation
can extend under electric fields in the range of typical electromigration tests.
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