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We examine the possible role of stress-driven surface instability in the failure of electric interconnects
found in large-scale integrated circuits. While electromigration is commonly known as the main reason
behind interconnect failure, the complex interplay of electromigration-induced mass transport and stress-
induced transport has also been studied extensively since the discovery of the Blech effect due to its
importance in integrated-circuit design. However, the role of the dielectric medium confining the
interconnect has not been properly included in previous analysis of this phenomenon. Here, we examine
the classic ATG instability in the presence of dielectric confinement. We propose that thermal stress and
surface transport, typically active in all metal interconnects, may trigger a surface instability at the metal-
dielectric interface. In particular, we show that there exists a critical thermal stress level below which the
stress-driven surface instability cannot be responsible for the failure of interconnects of any length.
However, for an interconnect confined by soft low-k dielectric materials, thermal stresses can still be large
enough that such stress-driven instability may break the metal conductor even if its length is below the

Blech limit.
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I. INTRODUCTION

Electromigration (EM) is a major reliability concern in
electric circuit design. Because of the momentum transfer
of scattered conducting electrons, lattice atoms in metal
conductor are subject to a significant electromigration force
at large electric-current density. Within an electric inter-
connect, the electromigration force can induce local void
nucleation and extrusion formation, and eventually lead to
catastrophic circuit failure. Understanding EM and other
associated circuit-failure phenomena is becoming increas-
ingly important as integrated-circuit technologies move
towards ever-higher density.

Phenomenologically, the effect of electromigration is
described by a force f., = Z*¢E acting on atoms of a
metallic conductor, where e is the electron charge, E is the
local electric field, and Z* is a number known as the
effective EM charge [1-3]. It is well known that under
the same current density, interconnects are more likely to
fail as their length increases. This length-dependent failure
phenomenon is known as the Blech effect, which results
from the competition of EM-induced atom transport from
cathode to anode and stress-induced transport in the
opposite direction. The Blech effect can be described using
a one-dimensional transport equation of interconnect atoms
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where C is the concentration of atoms per unit volume, D
is the diffusion coefficient, kT is thermal energy, o is the
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hydrostatic stress, j is the electric-current density, p is the
resistivity, and € is the atomic volume. Equation (1)
describes three competing effects, solute diffusion, the
EM-induced force f.,, and an additional force f.,, on
atoms due to the confinement stress of the surrounding
materials. The latter is typically formulated using
the chemical potential of atoms under stress p = Qo.
The force induced by the confinement is then given by
the gradient of this chemical potential f.,, = —Vu =
—dQo/dx. 1t follows that the two forces introduced by
EM and confinement stress may cancel out each other if

Qo
- Zrep’

ity @
where o,, is the maximum stress the interconnect can
support between the cathode and anode ends, and the
length [y is known as the Blech length, or, more generally,
jlp is called the Blech product [4,5]. The Blech length
given in Eq. (2) represents the length limit of an inter-
connect beyond which the confinement stress from sur-
rounding dielectrics is not enough to stop the EM-induced
atom transport. As a result, continuous pileup of atoms at
the anode side and depletion at the cathode side will cause
extrusion and void nucleation, and eventually lead to
interconnect failure. Equation (2) is used as a primary
guideline in integrated-circuit (IC) design in order to
minimize EM-induced circuit failure. Commercial 1C’s
typically use elastically soft low-k materials, and exper-
imental measurements have found that interconnects
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surrounded by low-k dielectric materials are the most prone
to EM-induced failure [6,7]. Three major failure modes,
extrusion, voiding, and delamination, have been proposed
as the limiting factor of the maximum stress ¢, in
interconnects [8—10].

Another form of stress that is present in IC’s during
manufacturing is that of thermal stress. The interplay of
thermal stress migration (TSM) and EM has been shown to
have significant impact on the mean-time-to-failure of
electric circuits in many experimental and theoretical works
[11-18]. Since the TSM effect can be active without
electric current when circuits are stored at elevated temper-
atures [19], many theories use TSM to describe void
nucleation when addressing the stress-voiding phenome-
non in interconnects [8,20]. On the other hand, it is well
known that stress can also drive the motion of interfaces in
the solid state, promote second-phase nucleation, and cause
surface instability [21]. Thermally induced surface insta-
bility, caused by the rearrangement of surface atoms
following the gradient of local elastic energy density,
may be particularly relevant to interconnect failure as it
will contribute to the stress-driven transport mechanism in
the Blech effect.

The aforementioned stress-driven surface instability is
known as Araso-Tiller-Grinfeld (ATG) instability [22,23]
and is mostly studied in the context of thin film materials.
In the classic 2D setup where the solid material is under
mode I external stress o, along the x direction and has a free
surface with surface normal along y, stability analysis
shows that there exists a critical length /. (along the x
direction) of the solid material beyond which a small
amplitude long wavelength perturbation to the surface
shape will be amplified and eventually break the material.
The salient physics of ATG involves the competition of two
atom fluxes along the surface. One is generated by the
difference of local stress near the surface due to the external
load and the small shape perturbation, and the other is
caused by the surface energy. The first contribution tends to
destabilize the surface since the stress near the surface
valleys is slightly larger than the stress near the surface tips,
which therefore produces a net atom flux from the valleys
to the tips, while surface energy provides a stabilizing effect
by reducing the perturbation and hence reducing the total
surface energy. It has been shown that EM-induced atom
current may damp this instability on a thin film surface
[24]. However, in the configuration of modern IC inter-
connect where the metal surface is constrained by sur-
rounding liners and soft low-k dielectrics (Fig. 1), the
consequences of this stress-induced ATG instability have
not yet been fully understood. While there is no free surface
involved in the interconnect configuration, the essential
physics that are required to activate an ATG type instability
are still present [23], namely, interfacial transport of atoms
and nonuniform stress along the interconnect. In previous
studies of stress-driven atom transport using traditional

‘ ()

‘ Interlevel dielectric (ID)

Interconnect

i

Liner (ID) Via

Metal-dielectric interface

EM b
v -Ac” (b)
————————— Surface deformation
______________ X

Electric current

FIG. 1. Tllustration of a typical interconnect. (a) Interfaces and
different surrounding materials. (b) Stress and surface deforma-
tion caused by EM. The x axis is along the longitudinal direction
of the interconnect, and the y axis is normal to the metal-dielectric
interface.

finite-element models of electromigration [18], the shape
of the metal-dielectric interface is not typically coupled with
the atom flux. A free-boundary approach, where the inter-
face shape can change due to a nonzero atomic flux, is
required to investigate this instability.

II. INSTABILITY THEORY

It is instructive to confirm that the length scale intro-
duced from the ATG theory is indeed comparable with
the Blech length in a typical interconnect setup. The Blech
length is determined by the balance of an EM-induced atom
flux (pileup and depletion at the anode and cathode end,
respectively) against a stress-driven atom flux due to the
surrounding dielectric confinement. The ATG mechanism
describes the stability of the interconnect-dielectric inter-
face against an infinitesimal shape perturbation when the
interconnect is subject to a significant longitudinal stress
and atoms are allowed to move along the interface to
minimize their chemical potential. When the interconnect
length is longer than the Blech length, EM-induced trans-
port cannot be completely shut off by the confinement
stress from the dielectrics, and pileup and depletion
occurring at the interconnect ends will develop over time
and eventually lead to failure due to extrusion or void
formation. On the other hand, when the interconnect length
is longer than the ATG stability wavelength, small interface
shape perturbation will be amplified over time due to the
chemical potential difference of surface atoms at grooves
and peaks under longitudinal thermal stress and may also
lead to delamination failure or breakage if the shape
perturbation becomes comparable to the interconnect thick-
ness. A rough estimation of the length scales of these
mechanisms can be obtained based on the two-dimensional
(2D) picture shown in Fig. 1 using standard ATG theory
without external confinement, a result that can be seen as
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the limit of very weak confinement. For commonly used Cu
interconnects, the Blech product is about 2000 A /cm. With
a current density 2 MA/cm?, this gives a Blech length
[g ~ 10 ym. Experimental measurements suggest that ther-
mal stress in interconnects is on the order ¢y, ~ 100 MPa
along the longitudinal direction of the interconnect
at operational temperature. With the upper limit of
copper-dielectric interface energy y ~ 1 J/m? and Young’s
modulus E ~ 100 GPa, the estimated ATG instability
length [. ~ Ey/c} is also ~10 ym. It is known that the
Blech length also depends on the level of thermal stress in
the interconnect [8] according to

Q("m B Gt)
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where o, is a thermally induced hydrostatic stress. From
this, a better comparison can be made between the
stress-induced instability length scale /. and the thermal
stress-dependent Blech length in Eq. (3). This is shown in
Fig. 2. Here, we relate the 2D hydrostatic stress to o,
using o, = (6y +0,,)/2, where o, ~ 30,, from typical
experimental data.

Figure 2 shows that as the level of thermal stress
increases, the critical length from the stress-driven surface
instability decreases as 1/67 while the Blech length is a
linear function. Given a large-enough ¢, and a relatively
small current density, the two lengths predicted from these
two mechanisms can cross each other at two points. Since
failure is expected to occur at the shorter length, a switch
from the Blech mechanism to the ATG mechanism is, thus,
expected when the thermal stress level lies between the
crossing points in Fig. 2. Another feature of this estimation
is that the two mechanisms cross each other only at
medium-to-low current density, implying that the Blech
effect is always the leading cause of failure at large current
density.

80 T T T T 2 T
Blech with j = 0.2 (MA/cm®) ===~

or Blech with j= 0.4 (MA/cm?) = |
E 60 Blech with j= 1.0 (MA/cm?) -
= ATG instability ——
= 50¢ instability |
g 40t
o 30+
=
S 20t

0 20 40 60 80 100 120 140
lofl (MPa)

FIG. 2. Estimation of Cu interconnect failure length from ATG
instability and Blech effect with difference current densities.
Effective EM charge Z* =5, 0,, = 120 MPa.

The above analysis indicates that the maximum stress o,
plays an important role in dictating the failure mechanism.
Most previous works have focused on the void nucleation
[8] mechanism since the stress required for void nucleation
is smaller than that required for extrusion. Another mecha-
nism that has been related to EM-induced failure is based
on delamination between the metal and the dielectric layers
[9]. The stress level required for the delamination is
Caetam ~ (EG/h)'/%, where G is the interface adhesion
energy, and /% is the thickness of the metal conductor. In
typical interconnects, the adhesion energy has the same
magnitude as the interfacial energy y, and the thickness 4 is
usually much smaller than the length of the interconnect /.
It is noteworthy that for typical values of these parameters,
it is plausible that failure due to delamination requires a
larger stress than failure due to stress-driven surface ATG
instability. This is consistent with experiments, which have
reported that an ATG-type surface instability can develop
along the solid-state interface together with delamina-
tion [25].

We use Fig. 2 to demonstrate that the length scale
introduced by an ATG-type surface instability failure
mechanism in interconnects is comparable with the
Blech length at experimentally relevant levels of thermal
stress and electric current density. It uses the classic
approach of calculating the back stress effect in the
Blech condition in Eq. (2), first introduced by Korhonen
et al. in the calculation of interconnect thermal stress [11].
This approach uses the strain due to the thermal expansion
of the metal interconnect relative to the dielectric confine-
ment of an interconnect to find the stress field within the
conductor. From this, the effective modulus B can be
calculated analytically using Eshelby’s theory of elastic
inhomogeneity [26]. Later finite-element studies of more
realistic Cu interconnect geometries have shown that the
effective elastic modulus for the expansion along the
direction perpendicular to the metal-dielectric interface is
also affected by the elastic property of both the liner
material and the dielectric [27]. While such a confinement
stress effect on interconnect failure has been discussed in
previous theories, the context was limited to the void
dynamical failure mechanism [28,29]. To our knowledge,
previous classical theories of interconnect failure do not
self-consistently incorporate the effect of confining materi-
als on the ATG instability of the interconnect-dielectric
interface. In this paper, we show that by incorporating the
effect of confinement on a metal interconnect, the stress
required to trigger an ATG-type surface instability can
become comparable to the delamination stress, and hence a
plausible mechanism for interconnect failure.

In the classical ATG mechanism, a traction-free boundary
is used to calculate the stress field within the solid using
a perturbation approach. However, the stress boundary
condition for the shear component at the metal-dielectric
interface is not clear, particularly in the presence of
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EM-induced transport along the interface. To calculate the
stress field within the interconnect, we employ a simplified
stress boundary condition at the interface based on the same
back stress argument in the Blech effect. As illustrated in
Fig. 1(b), the effect of confinement generates an elastic back
stress in response to the volumetric expansion from the EM-
driven mass transport. If we characterize the local volume
expansion in the interconnect by a deformation a from the
non-EM state along the y direction (as the result of EM or
TSM), the back stress confinement effect from the surround-
ing dielectrics can be written as 6,, = —ka, where k is a force
coefficient related to the elastic modulus of the confining
materials. For the longest wavelength mode, which is usually
associated with a surface instability, the deformation can be
then written as a = € cos wx with w = /1, amplitude ¢, and
the length of the interconnect /. Using this boundary
condition, we solve the stress field within the interconnect.
Following the classic perturbation approach [22], the stress
components at the interface are

6 = 0o(1 + 2ew cos wx), (4)
oy, = —ke cos wx, (5)
04y = OpEW Sin WX. (6)

Since the deformation amplitude e is small, the change of the
elastic energy density in the perturbed state relative to the
uniform state can be expanded as a series in €. To the first
order in ¢, it is

2 ki
Afa=— %(1 -1%)c} —Eev(l +v)oy| coswx,  (7)

where E is the Young’s modulus, v is the Poisson’s ratio.
The first term in Eq. (7) is the standard ATG expression.
The second term accounts for the confinement effect of the
dielectrics. Intuitively, the confinement should damp any
shape change of the interconnect which is manifested as the
minus sign in front of the second term.

The interface energy has a stabilizing effect in the ATG
mechanism since any perturbation to the interface shape
will increase the total surface energy (assuming an isotropic
interface). It is straightforward to show that the change of
the metal-dielectric interface energy density with a sinus-
oidal shape perturbation € cos wx is

Af, = yew? cos wx, (8)

where y is the interfacial energy. For an interconnect below
the Blech length where the EM-driven atom migration is
completely balanced by the back stress effect, atoms in the
interconnect may still move along the interface such as to
minimize the total energy introduced from the shape
perturbation AF = [ (Afe + Af,)dx. It can be shown

that the additional stabilizing effect from the dielectric
confinement predicts that the failure length of the classic
ATG instability in Fig. 2 should be increased. This is found
by applying the variational principle to AF with respect
to the perturbation, which leads to the additional flux
condition

—kv(1 + v)ogl? + 4r(1 —1?)o3l — 4n*yE = 0. (9)

Equation (9) expresses the balance of stress-driven trans-
port and the stabilizing effects of interface energy and
confinement. To further demonstrate the effect of confine-
ment, a comparison of the critical interconnect failure
length predicted by Eq. (9) with and without the confine-
ment is shown in Fig. 3.

Equation (9) has two solution branches: one decreases as
the stress level increases (dashed curve) and the other
increases (dotted curve). At a given stress level, only the
shorter length (dashed curve) is physically relevant since
the instability would be active for any longer length. The
turning point stress level o, ~ (Eky)'/? (vertical dashed
line in Fig. 3) corresponds to the stress below which the
instability length diverges. Therefore, for any stress smaller
than o, the instability mechanism cannot break intercon-
nect of any length. This change of behavior is rather
expected intuitively since the confinement stress can be
seen as a stabilizing factor against surface instability. As we
will see in what follows, o,.. may lie within the relevant
interconnect thermal stress levels if the confinement
material is elastically very soft compared with the metal
conductor. It is noted that in the theory above, we ignore the
thermal stress component along the y direction since it is

Confined
Stable

Un sfa ble

Stable

O-L'C

FIG. 3. [Illustration of the critical interconnect failure length
predicted by the standard ATG stability criterion (solid line) and
the ATG stability criterion with confinement predicted by Eq. (9)
(dashed and dotted curves). The vertical dashed line at the
confined critical stress .. gives the stability threshold predicted
by the turning point of Eq. (9). Below o, all interconnect lengths
are stable due to confinement. Above o, lengths longer than the
lower (dashed) curve become unstable even if confined.
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typically small compared with the other two normal
components, particularly for low-k dielectric materials [12].

III. NUMERICAL VALIDATION

To validate our analytical prediction for the confinement
effect in Fig. 3 [based on Eq. (9)], we also carry out phase-
field (PF) simulations of the phenomenon described above.
The PF method is a very useful approach for studying
complex moving boundary problems such as dendritic
solidification, grain growth in polycrystal, and second-phase
precipitation [30-33]. By treating interfaces, diffusion, and
elasticity in a single framework the PF model naturally
couples mass transport to stress-driven interface motion. It
has been used to model slit formation in EM [34,35], while
in the context of stress-driven surface instability, the PF
method has been shown to successfully capture the physics
of the ATG instability of single-layer [36,37] and multilayer
materials [38-40]. A recently developed atomic-level
phase-field-crystal model has also been used to examine
EM-induced void nucleation in metal interconnects [41].

The formulation of our PF method is based on an energy
functional

For = / KIVGP + HS () + falp.i)]dv.  (10)

where ¢ is an order parameter, i = (u,,u,) is the dis-
placement field, and K and H are constants. We define
¢ = 1 as the metal interconnect and ¢ = 0 as the confine-
ment dielectric material. The first two terms in Eq. (10)
produce an interface between ¢ = 0 and ¢ = 1 states with
interfacial energy y = WH [ [|0¢/0x|* + f,(¢)]dx, where

interface width W = /K/H, and x is the coordinate
normal to the interface. The term f (¢, 1) is the elastic
energy density, which is coupled with the PF parameter.
Since our primary concern is the stress-driven transport of
metal atoms, the elastic energy is coupled to ¢ such that f
reduces to the standard expression of isotropic elastic
energy 5 A(e;)* 4 pej; (with strain €;; and elastic constants
A and p) in the metal and to zero in the confinement
dielectrics. Similarly to our previous analysis, in this
approach the effect of confinement naturally leads to a
stress boundary at the metal-dielectric interface where
the normal stress component is proportional to the
deformation of the interface from its equilibrium state.
Evolution of the interface is captured by the motion of ¢,
which follows the conserved model B-type dynamics [42],
given by

op SFpp
E_V-<MV 5¢), (11)

where M is the atomic mobility. Since the elastic process
relaxed much faster compared to the interface motion, the

displacement field is solved according to the elastostatic
condition V-6 =0, where o,; = 6Fpg/d¢;;. Since the
metal-dielectric interface is the major transport path of
atoms, Eq. (11) is modified slightly based on Ref. [37] to
model interface diffusion. Since the traditional approach
with a scalar mobility M that vanishes far away from the
interface is shown to be inconsistent with the sharp inter-
face theory asymptotically, we use the globally conserved
tensorial (GCT) mobility method [37]. By replacing the
scalar mobility in the classic PF method with a mobility
tensor, materials transport is active only along the surface
tangential direction in the diffused interface region. This
GCT method is shown to convergence to the correct
surface-diffusion dynamics in the sharp interface limit.

Numerical simulations are carried out in a two-
dimensional rectangular grid using the semi-implicit
Fourier method with dx = 0.6, dt = 0.4, and M = 1.0.
Other parameters associated with the GCT method are
taken from Ref. [37]. The simulation box size N, changes
from 200 to 400 based on a different interconnect length
and N, = 512. The metal interconnect is set to occupy the
center region (128 <N, < 384) of the simulation box
initially with a small sinusoidal shape perturbation. The
periodic boundary condition is applied.

Shape deformation of a confined interconnect from our
PF simulations is demonstrated in Fig. 4(a). An initial small
shape perturbation is amplified over time. Interconnect
stability can then be determined by monitoring the change
of the total surface energy from an initial small-amplitude
sinusoidal shape perturbation. The instability length
extracted from the PF results is compared with the
prediction of Eq. (9) for 6y > o, in Fig. 4(b) with two
different confinement force coefficients k. To demonstrate
its difference from the standard ATG theory, the instability
length is scaled by the standard ATG instability length [/ in
the plot. Horizontal stress is scaled by opr = y/W. Since
the thermal stress component along the y direction is
typically small compared with others (especially for low-
k dielectric materials) [12], we take the same approxima-
tion as we did in deriving the theory [Eq. (9)] where the
thermal stress along the y direction has been ignored.

Figure 4(b) shows that by including the external confine-
ment stress from surrounding materials, the critical surface
instability length can be significantly modified. The insta-
bility can be active only above the critical stress o, in the
tensile regime as expected from our analysis shown in
Fig. 3. The critical stress o, depends on the confinement
strength. For weak confinement, .. becomes small as one
would expect and .. — 0 with vanishing confinement
(i.e., the instability relation becomes the standard ATG
relation). In the context of the relation between the critical
interconnect length and the thermal stress demonstrated in
Fig. 2, a length-independent thermal stress level .. must
be reached first before the surface instability mechanism
becomes relevant. At a given o, the instability may or may
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FIG. 4. (a) Destabilization of interconnect shape under weak

confinement. (b) Failure length of interconnect under confine-
ment as a result of a different horizontal stress. Data points are PF
simulations and curves are analytical predictions (see text). The
error bars in the PF data are computed as the variation between
two independent simulation samples. o.. for strong and weak
cases is marked by the vertical dashed lines. Confinement force
parameter kh/E = 0.01 for weak confinement and kh/E = 0.02
for strong confinement. See text for other parameters.

not manifest itself, depending on the confinement strength
since o.. depends on the confinement materials and the
critical interconnect length diverges for oy < o,.,.

To estimate the order of this critical stress .. we need to
relate the confinement force coefficient k to the properties of
the surrounding dielectric materials. Since we assume the
confinement stress is generated elastically by the surround-
ing materials in response to the interconnect deformation,
one can simply write k ~ E./h., where E, is the elastic
modulus of the confinement and #.. is an effective thickness
of the confinement materials. £, is similar to the effective
elastic modulus B when calculated based on the expansion
normal to the metal-dielectric interface. For soft low-k
dielectric materials with thin liner and low conductor thick-
ness-to-width ratio, it can be brought down to the order of
a few gigapascals [27]. The thickness of confinement
material usually satisfies 4./h > 1 since it is a common
assumption used in the effective modulus theory that the
size of the confinement materials is much larger than
the thickness of the interconnect. With the thickness of
the interconnect 2 ~ 0.1 um, h./h ~ 10-100, copper-elastic
modulus E ~ 100 GPa, effective modulus B ~5 GPa for
soft low-k dielectrics, surface-adhesion energy y ~ 0.1 J/m?,
the length-independent critical stress level o, is estimated
~100 MPa, which is on the same order of the delamination

SLress O gejam- SiNCE 0. is estimated to be within the relevant
thermal stress level for a soft low-k confinement dielectric,
our results show that it is plausible that the Blech-to-ATG
switching mechanism discussed in relation to Fig. 2 could
occur for a confined metal interconnect in the presence of
electric-current density.

IV. DISCUSSIONS AND CONCLUSIONS

In this work, we examine failure in metal interconnects
via the classic ATG mechanism of thermal stress-driven
surface instability modified for dielectric confinement. The
confinement of the interconnect by a surrounding dielectric
changes the stress-driven instability wavelength predicted
by the classic ATG mechanism qualitatively, with a critical
stress o, being required in the tensile regime to trigger
the instability regardless of the wavelength. In the case of
soft low-k dielectric confinement, this instability may be
triggered with thermal stress on the order of a few hundred
megapascals, which corresponds to a o, smaller than the
maximum stress ¢, required in the Blech condition. Our
results thus predict that for commonly observed thermal
stresses acting in commercial metal interconnects, the
critical failure length from a thermal stress-driven surface
instability is comparable with the Blech length under
typical EM electric-current density. Moreover, for certain
ranges of thermal stress, the stress-driven instability inves-
tigated here may be the main mechanism responsible for
the failure of the interconnect since the critical instability
length predicted by the confined ATG mechanism could
become shorter than the Blech length. Although the stress
boundary condition at the interconnect-dielectric interface
is not exact, its validity is partially supported by previous
works on the Blech effect, and shows consistency with
experiments. Despite the simplifications we made in our
analytical derivations, the predicted instability mechanism
proposed in this work appears to be an additional relevant
factor to be considered in the design and manufacture
of metal interconnects, especially for those under weak
confinement.
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