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EFFECT OF INTERCONNECT LINEWIDTH ON THE EVOLUTION OF
INTRAGRANULAR MICROCRACKS DUE TO SURFACE DIFFUSION IN A

GRADIENT STRESS FIELD AND AN ELECTRIC FIELD

LINYONG ZHOU, PEIZHEN HUANG AND QIANG CHENG

Based on the weak formulation for combined surface diffusion and evaporation/condensation, we derive
the governing equation of the finite-element induced both by stressmigration and electromigration. The
corresponding program is developed for simulating the evolution of the intragranular microcracks caused
by surface diffusion in copper interconnect lines under a gradient stress field and an electric field. Unlike
previously published works, this paper is focused on how the interconnect linewidth influences the micro-
crack evolution. Numerical analysis results show that there exists a critical value of the linewidth ĥc.
When ĥ > ĥc, the microcrack will drift along the direction of the electric field by a stable form. When
ĥ ≤ ĥc, it will split into two small microcracks and the decrease of the linewidth is beneficial for the
microcrack splitting. Besides, the critical linewidth increases with the increase of the electric field and
the aspect ratio, and the critical linewidth first increases and then decreases with the increase of the stress
gradient. That is, the increase of the electric field and the aspect ratio is beneficial for the microcrack
to split. In addition, all of the critical values of the electric field, the aspect ratio and the stress gradient
decrease with the decrease of the linewidth. The microcrack has a stronger dependence on the linewidth
when ĥ < 25.

1. Introduction

Interconnect lines are widely used in micro-devices. With the trend of miniaturization and integration of
microelectronic systems, the feature size on the integrated circuit chip continues to decrease, following
the sharp increase in current density and the sharp decrease in interconnect linewidth. Interconnect lines
are usually subjected to severe mechanical and electrical load [Bower and Craft 1998]. In addition,
interconnect lines inevitably exist some drawbacks, such as voids and microcracks. If the voids or
microcracks grow and change their shape, they could affect the reliability of interconnects [Bower and
Shankar 2007]. Therefore, it is significant to understand the effect of linewidth on the evolution of
microcracks in a stress field and an electric field [Krug and Dobbs 1994; Schimschak and Krug 1997].

Over the last forty years, the behavior of electromigration and stressmigration has been studied exten-
sively because it can seriously affect the reliability of the conductor lines. Due to the technological need
in microelectronic industry, measurement (see [Cho and Thompson 1989; Dreyer and Varker 1992], for
instance) and prediction of time-to-failures (see [Bower and Craft 1998; Giroux et al. 1995; Zhang et al.
2010], for example) and their distributions have dominated electromigration testing and modelling in the
past. And the mass transport mainly occurs through interfacial diffusion and grain boundary diffusion.
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The results also indicate that growth, drift, and accumulation of existing voids lead to the observed strong
linewidth dependence. Furthermore, in situ observations of the damage development have shown that
failure of interconnect lines is a complicated process including nucleation, growth, motion and shape
changes of voids [Vairagar et al. 2004]. There are some voids within a grain [Kraft et al. 1993] except on
a grain boundary. The evolution of voids within a grain changes its shape only through surface diffusion.
And the morphology of voids within a grain due to surface diffusion induced by electromigration or by
stressmigration has been investigated in detail.

There have been a number of analytical studies on the electromigration-induced void morphological
evolution under high current density [Wang and Yao 2017a; 2017b], on predicting finger-shaped void
propagation speed in solder interconnects [Yao et al. 2009], and on the steady motion velocity of an
elliptical inclusion and voids under electromigration and a gradient stress field [Dong and Li 2009; Li
et al. 2010]. In addition, Gungor and Maroudas [1999] showed a theoretical analysis for electromigration-
induced failure of metallic interconnect lines and predicted that prevention of failure is possible by
adjusting the grain orientation with respect to the applied electric field.

Experimental studies have revealed that the current density, the stress field and the self-diffusion
coefficient can significantly affect the failure mechanism of the interconnect lines [Huntington and Grone
1961; Black 1969; Blech and Herring 1976; Blech 1998; Zschech et al. 2010; Vanstreels et al. 2014; Lin
et al. 2017]. In addition, when the electric current passing through the interconnect lines, the metal atoms
flow out from the cathode of the interconnect line into the anode induced by electromigration. And they
deposit at the anode, forming a linear gradient stress field [Dong and Li 2009]. The gradient stress, in
its turn, motivates atoms to diffuse on the microcrack surface, changing its shape and position. This
coupling effect has never been quantitatively analyzed.

There are also many numerical analyses on stressmigration and electromigration due to diffusion
processes [Bower and Craft 1998; Bower and Shankar 2007; Bower and Freund 1993; Kraft and Arzt
1995; Sun and Suo 1997; Sun et al. 1997; Xia et al. 1997; Liu et al. 1998; Dalleau and Weide-Zaage
2001; Fridline and Bower 2002; Liu and Yu 2006]. Several authors [Bower and Craft 1998; Bower and
Freund 1993; Xia et al. 1997; Kraft and Arzt 1995] showed two dimensional finite-element simulations
of void evolution due to strain and electromigration induced surface diffusion. They discussed the failure
mechanisms and the nucleation, growth and evolution of voids in the interconnect lines of microelectronic
circuits, including the effect of linewidth on the failure time. Before long, the method was extended to
three-dimensional problems [Zhang et al. 1998]. Electromigration induced void nucleation, growth and
evolution have been extensively studied by the finite-element method [Dwyer 2010]. The failure analysis
of critical-length data from electromigraion was studied [Dwyer 2011], which is corresponding to the
experiment results [Blech 1998]. The numerical method mentioned above is on the weak formulation
including curvature, electric field and stress field [Bower and Shankar 2007; Xia et al. 1997; Fridline and
Bower 1999]. But the finite-element method combined surface diffusion and evaporation/condensation
was first built in [Sun and Suo 1997], which has since been applied to a range of problems, such as grain
growth [Huang et al. 2003b], faceted crystals and grain boundary grooving [Liu and Yu 2006], the evolu-
tion of a bicrystal film and a tricrystal film on a substate, and the morphological evolution of microcracks
[Huang et al. 2003a; 2003c; Huang and Sun 2004; Wang et al. 2006]. In recent years, the finite-element
method based on the weak formulation combined surface diffusion and evaporation/condensation has
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been extended and applied to studied the microcrack evolution caused by surface diffusion induced by
stressmigration [He and Huang 2014] and electromigration [He and Huang 2015].

However, the weak formulation incorporating surface diffusion and evaporation/condensation induced
both by electromigration and stressmigration has not been reported in the literature up to now. And no
report has analyzed the effect of interconnect linewidth on the morphological evolution of intragranular
microcrcacks due to surface diffusion in a gradient stress field and an electric field. The aim of the
present work reported here is primarily to develop a finite-element program to simulate the morphological
evolution of the intragranular microcracks under a gradient stress field and an electric field. And the work
is focused on how the interconnect linewidth influences the microcrack evolution.

This paper is organized as follows. In Section 2, we introduce our analysis model of two-dimensional
intragranular microcrack, then briefly describe the basic diffusion theory and develop the finite-element
method induced both by stressmigration and electromigration in Section 3. In Section 4, the microcrack
evolution is simulated under different linewidths, gradient stress fields, electric fields and aspect ratios,
and the corresponding effect is discussed. Section 5 presents the main conclusion.

2. Modeling of two-dimensional intragranular microcrack evolution

Interconnect lines are usually under large stress. The stress in an interconnect line arises mainly from
two sources: heat and electromigration. Current passes through the interconnect line, causing atoms to
migrate in the direction of electron flow. The matter transports on the microcrack surface and it causes
the shape change and the motion of the microcrack. The electromigration causes atoms depletion near
the cathode and deposition near the anode of the line. It leads to a gradient stress along the interconnect
line with a tensile stress near the cathode and compressive stress near the anode as shown in Figure 1.
The gradient stress, in its turn, motivates atoms to diffuse on the microcrack surface, changing its shape
and position.

Figure 2 shows the model of our analysis. The interconnect line is idealized as a two-dimensional
single crystal with a microcrack along the midline and is assumed in a state of plain strain. The line is
subjected to an electric field as a voltage V0 and a linear gradient stress filed with a tensile stress near
the cathode and compressive stress near the anode which is induced in the interface between the line
and the passivation. We assume that the distribution of the voltage in the boundary is uniform and that
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Figure 1. Schematic illustration of the gradient stress induced by electromigration.
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Figure 2. A model of an intragranular microcrack under a gradient stress field and an
electric field.

the electric field in the line has no component normal to the plane of the figure. Diffusion through the
bulk is assumed to be negligible. Therefore, in the absence of grain boundaries, the only mode of mass
transport is diffusion along the microcrack surface. We have assumed that the surface energy is isotropic
and that the surface energy does not interfere with the electric field energy and the strain energy.

For simplicity, the microcrack is characterized by the aspect ratio β = a/h0, where a is the initial
major semiaxis of the microcrack, h0 is the initial minor semiaxis, L is the length of the interconnect
line, and h is the linewidth.

3. Basic theory

3.1. Surface diffusion equations. Based on Herring’s classical theory Herring 1999, we adopt a kinetic
law that, at every point on the grain surface, the flux of the surface diffusion, J , is proportional to the
driving force F:

J = M F. (1)

Here M is the mobility of atoms on the surface; it is related to the self-diffusivity by the Einstein relation,
M =�Dδ/kT , in which � is the volume of the atom, D is the self-diffusivity on the surface, δ is the
effective thickness of atoms participating in matter transport, k is Boltzmann’s constant, and T is the
absolute temperature. The driving force F is defined by the decrease in free energy per unit volume of
matter moving per unit distance on the surface.

As matter is deposited onto or removed from a free surface, a normal velocity vns of the free surface
results. Mass conservation requires that

vns =−∇ · J, (2)

where ∇ · J is the surface divergence of the flux vector. Let δrns be the virtual normal displacement on
the surface and δ I be the virtual mass displacement; we have

δrns =−∇ · δ(I). (3)
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Given a microcrack, the driving force, F, according to the kinetic law, drives the flux J to conserve
the microcrack mass, the divergence of the flux gives rise to the surface velocity, which then updates the
shape for a small time increment. Repeat the procedure for many time increments to trace the evolving
microcrack shape. However, a surface diffusion problem that conserves solid mass as formulated above is
difficult to implement in a finite-element setting. Once an evaporation/condensation process is introduced
into microstructure evolution, the overall mass conservation is easier to treat by a finite-element method
[Sun and Suo 1997].

3.2. Weak statement for combined surface diffusion and evaporation/condensation. Following the
principle of virtual work [Sun et al. 1994], we obtain the integral form∫

F · δ I d A =−δG, (4)

where δG is the increment in free energy and d A is the area of the element. Substituting (1) into (4), we
have ∫

J · δ I
M

d A =−δG. (5)

Once J is solved from (5), the surface normal velocity is obtained from (2), which then updates the
shape for a small increment.

Imagine two concurrent processes on a microcrack surface: surface diffusion and evaporation/conden-
sation. The kinetic law for evaporation/condensation is similar to the surface diffusion. Let p be the
free energy reduction associated with per unit volume of matter added to per unit surface area of the
microcrack, and vnv be the volume of matter added to per unit area of the microcrack surface per unit
time. They are proportional to each other:

vnv = mp, (6)

where m is the mobility of evaporation/condensation. The resulting equations of the surface normal ve-
locity vn and the surface virtual displacement δrn due to the combined action of evaporation/condensation
and surface diffusion are

vn = vnv −∇ · J, (7)

δrn = δrnv −∇ · δ I . (8)

Associated with the virtual motion, the free energy changes by δG. According to the two kinds of driving
forces, F and p, matter relocation and exchange on the microcrack surface area element, δA, reduce the
free energy by (F · δ I + pδrnv)d A. Thus, we have the weak formulation for combined surface diffusion
and evaporation/condensation: ∫

(F · δ I + pδrnv)d A =−δG. (9)

Substituting Equations (1)–(8) into (9), we have∫ (
J · δ I

M
+
(vn +∇ · J)(δrn +∇ · δ I)

m

)
ds =−δG. (10)
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The finite-element method introduced in [Sun and Suo 1997] is used for solving the above the weak
formulation. The difference between references [Sun and Suo 1997; He and Huang 2014; He and Huang
2015] and this paper is that we consider the coupling with a gradient stress field and an electric field. The
kinetic and mass conservation laws expressed in the left-hand side of (10) are the same, but the energy
term in the right-hand side of (10) has two extra terms, the strain energy and the electric potential.

3.3. Finite-element method. The system consists of two coupled subsystems: the microcrack surface
and the solid body (as shown in Figure 2). The motion of the microcrack surface is affected by the strain
energy and the electric potential within the solid body, which in turn is affected by the shape changes due
to the surface motion. Each subsystem is discretized into finite elements as follow. Following [Sun et al.
1997], we represent the microcrack surface by a set of linear isoparametric finite elements. Each element
has four degrees of freedom to describe motion and three degrees of freedom to describe diffusion. These
coordinates, together with mass displacement I at all the nodal points, form generalized coordinates

q1, q2, q3, . . . , qn−2, qn−1, qn,

where n is the total number of degrees of freedom. The generalized velocities are

q̇1, q̇2, q̇3, . . . , q̇n−2, q̇n−1, q̇n,

The velocity and virtual motion of any point on the surface can be interpolated by the corresponding
values at the nodes. Integrating the weak statement equation (10) element by element, we get a bilinear
form in q̇ and δq. The right-hand side of (10) is the total free energy change associated with the virtual
motion,

δG =−
∑

fiδqi , (11)

which allows us to compute the generalized forces f1, f2, . . . , fn . Collect the coefficient of δqi , giving∑
j

Hi j · q j = fi . (12)

The matrix H is symmetric and positive-definite, and both H and the force vector f depend on the
coordinates of all the nodes. Equation (12) is a set of nonlinear ordinary differential equations and is
solved by using the Runge–Kutta method. In this paper, for the sample problem to be simulated as shown
in Figure 2, we consider surface energy, strain energy and electric potential. The free energy variation
associated with a given element is computed as follows:

δG = γsδl −
∫
ωδrn +

Z∗ |e|
�

∫
V δrn ds, (13)

where ω represents the strain energy density, γs is the element surface tension, Z∗ is a phenomenological
constant known as the effective valence of an atom, e is the charge of the electron and V is the electric
potential. This is different from previous works for combining strain energy density and electric potential
[He and Huang 2014; 2015]: the force components acting on the two nodes of the element due to the
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element surface energy, strain energy and electric potential are

f e
= γs
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Here ω1 and ω2 represent the strain energy density of nodes 1 and 2, and V1 and V2 are the nodal values
of the electric potential function.

Both the strain energy density and the electric potential on the microcrack surface affect the surface
motion. We choose to discretize the solid body and use the standard finite procedure.

For each time step 1t , the calculations proceed as follows:

(i) Solve the electric field and the stress field problem on the current configuration, including the com-
putation of the strain energy density, the electric potential and project the results onto the surface
nodes.

(ii) Compute the new surface configuration.

(iii) Update the time.

4. Numerical simulation and discussion

In this section, based on the finite-element method for large change of a solid due to matter diffusion, the
behavior of the intragranular microcracks caused by surface diffusion induced both by stressmigration
and electromigration is analyzed by the finite-element method developed in this paper. We focus on
how the interconnect linewidth influences the microcrack evolution. The reliability of the finite-element
method under electric field has been conformed as shown in [He and Huang 2015]. Meanwhile, mass
conservation requires that the total area of the microcrack remain constant. The actual change of this
area during simulation can therefore be taken as a measure of the computing accuracy. We monitor the
total area of a microcrack as a means to verify the accuracy of our numerical results. Large numbers
of numerical calculations indicate that the finite-element method used is robust, accurate and efficient.
For convenience, we introduce the dimensionless linewidth ĥ = h : h0 to reflect the influence of the
interconnect linewidth on the evolution of intragranular microcrack through changing the value of h.
Additionally, we introduce the nondimensional time t̂ = t Mγs/h4

0 and a dimensionless stress gradient
p̂ = pL H0/γs . The relative magnitude of the two forces, the electromigration driving force and the
surface tension, is given by χ = V0 |e|Z∗h0/�γs L .

Figure 3 shows the evolution of intragranular microcracks for χ = 0.6, β = 4, p̂ = 29 as the linewidth
decreases (ĥ = 80, 50, 20, 15). As shown in each of the plots, the initial shape of the microcrack is
elliptical and the curvature of each point on the microcrack surface is different. The pronounced differ-
ence in curvature along the microcrack perimeter induces mass redistribution, with mass being removed
from relatively flat microcrack surfaces and depositing in the microcrack tips. From the initial stress
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Figure 3. Initial stress nephogram (top; scale values in MPa) and evolution of the intra-
granular microcrack for χ = 0.6, β = 4, p̂ = 29. Note the different scales between
graphs. Four values of ĥ are illustrated: 80, 50, 20, 15.

nephogram (Figure 3, top) we see that ωC >ωB >ωA, which indicates that atoms in point C would move
to point B and point A under the surface diffusion driving force induced by strain energy. Meanwhile, as
we know, the electromigration driving force is proportional to the gradient of the electric potential. In the
first time plot (middle row, left), we have (∂V/∂s)C > (∂V/∂s)B > (∂V/∂s)A at the initial time. So, the
atoms in point C would move to point B, and then from point B to point A under the electromigration
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driving force. If the stress field and electric field dominate the microcrack evolution, atoms deposited
on point B start to form a bulge at the microcrack surface (seen as a shallow concavity on each side of
the tip of the drop-shaped curve). With an increase in the gradient stress field and electric field, atoms
continue to gather there.

With a decrease in linewidth, the current density increases and the stress gradient increases sharply.
The bulges on the upper and lower surfaces can connect (point B ′ in bottom right panel), and then the
cavity splits into two small microcracks, as shown in the bottom row panels. When the bulge reaches
a certain size atoms start to emanate from it because the chemical potential here is enhanced relative to
the vicinity. If this process dominates, the bulge will reverse and eventually the energy in the microcrack
surface tends to be the same as under surface diffusion, as shown in the middle row of Figure 3. In
addition, the driving force of the stress field and the electric field causes material to diffuse from the
right side of the microcrack to the left. So the microcrack appears to migrate through the interconnect
line. It can be seen that under different linewidths, the intragranular microcraks evolution tends to be two
different trends. In other words, there must exist a critical linewidth ĥc. When ĥ > ĥc, the microcrack
will evolve into a stable shape as it migrates along the interconnect line. In contrast, when ĥ ≤ ĥc, the
microcrack splits into two small parts.

Parts (d) and (e) of Figure 3 show that the splitting time of the microcrack decreases with a decrease
in linewidth. Figure 4 shows the relationship of the splitting time t̂ f with the decrease of linewidth
under different aspect ratios. It is obvious that the splitting time decreases as the linewidth decreases.
This behavior indicates that the decrease in the linewidth accelerates the microcrack splitting process.
Besides, it can be seen from the declining trend, when ĥ < 25 the influence of the size effect is distinct.
When ĥ > 25, the variation of the curve is tardy, which means the effect of the size could almost be
neglected. Compare the curves with different aspect ratios in Figure 3; it can be seen that the larger of
the aspect ratio, the shorter time of the intragranular microcracks needed to spilt. That is, the increase of
the aspect ratio is beneficial to microcrack splitting.

From this analysis, we conclude that the critical linewidth depends not only on the electric field but
on the aspect ratio and the stress gradient. Figure 5, left, shows the critical linewidth of the microcrack
splitting as a function of the electric field χ for four values of β when p̂ = 15. This figure indicates that
ĥc increases with the electric field. That is, the increase of the electric field is beneficial to the microcrack

40

30

20

10

0

80 70 60 50 40 30 20 10

× 10
− 4

t   f

h

β = 4
β = 5
β = 6

Figure 4. Dependence of t̂ f on ĥ for χ = 0.6, p̂ = 29.
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Figure 5. Left: dependence of t̂c on χ for p̂ = 15. Right: dependence of t̂c on p̂ for χ = 0.2.

splitting. The critical linewidth increases as the increase of the aspect ratio for a given gradient stress
and an electric field, which also manifests that the increase of the aspect ratio is also beneficial to the
microcrack splitting. But its influence to the critical linewidth becomes very week when the aspect ratio
exceeds a certain value. All microcracks for β ≥ 4 split into two microcracks when χ > 0.22.

Figure 5, right, shows the critical linewidth of the microcrack splitting as a function of the stress
gradient under different aspect ratios for χ = 0.2. For a given electric field and aspect ratio, the critical
linewidth first increases and then decrease as the increase of the gradient stress field. When the stress
gradient p̂ is approximately equal to 20, the critical linewidth reaches its maximum. This feature is
highlighted for the large microcrack.

Through a large number of numerical simulations, we also find that there exists a critical electric field
χc for a given stress gradient p̂, aspect ratio β and linewidth ĥ and there exists a critical aspect ratio βc

for a given stress gradient p̂, electric field χ and linewidth p̂. There also exists a critical stress gradient
p̂c for a given electric field χ , aspect ratio β and linewidth ĥ. When χ < χc, β < βc or p̂ < p̂c, the
microcrack will evolve into a stable shape as it migrates along the line. More interesting results are found
that the microcrack splits into two small parts when χ > χc, β > βc or p̂ > p̂c.

Figure 6 shows the critical electric field χc as a function of the linewidth under different aspect ratios
for p̂ = 29. The slope of these curves at any point represents the magnitude of the dependence. It can
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Figure 6. Dependence of χc on ĥ for p̂ = 29.
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be seen from the variation tendency of the curve, the critical electric field decrease gradually with the
decreases of linewidth, which demonstrates that the increasing current density accelerates the microcrack
splitting. Moreover, we can find that the critical electric field dependence of the linewidth is relatively
weakened when ĥ ≥ 25. The results indicate that the influence of size effect could be ignored for this
situation. Contrasting the three curves in the figure, it can be seen that the larger of the aspect ratio or
the electric field of the microcrack, the easier for the microcrack to split. That is, the increase of aspect
ratio and electric field are beneficial for the microcrack to split.

We turn to the variation in the critical aspect ratio βc with ĥ and χ . This is shown in Figure 7, left, as
a function of the linewidth under different electric field for p̂ = 29. This figure indicates that the critical
aspect ratio of the microcrack splitting decreases with the decrease of linewidth. That is to say, for a given
electric field, the microcrack splitting will be much easy to occur with linewidth decreasing. Moreover,
βc decreases with an increase in the electric field, so such an increase is beneficial to microcrack splitting.
It also can be seen from the the figure that the influence of size effect can be ignored when ĥ ≥ 25.

Finally, Figure 7, right, shows the critical stress gradient p̂c as a function of the linewidth under
different aspect ratios for χ = 0.1. We see that the critical stress gradient of the microcrack splitting
decreases with the linewidth. In other words, for a given electric field and aspect ratio, microcrack
splitting will occur more easily as the linewidth decreases. The critical stress gradient p̂c also decreases
with an increase in the aspect ratio. The critical stress gradient dependence on the linewidth is particularly
noticeable for the larger microcrack when ĥ > 11.3.

5. Conclusion

In this paper, we derived the governing equation of the finite-element incorporating surface diffusion and
evaporation/condensation induced both by stressmigration and electromigration. Then, the finite-element
method was used to simulate the effect of interconnect linewidth on the evolution of microcracks under
surface diffusion induced by the gradient stress field and the electric field. The main results obtained are
summarized as follows:

(1) There must exist a critical linewidth ĥc. When ĥ > ĥc, the microcrack will evolve into a stable shape
as it migrates along the interconnect line. When ĥ ≤ ĥc, the microcrack splits into two small parts. The
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splitting time decreases with the linewidth; that is, a decrease in the linewidth accelerates the microcrack
splitting process. But the size effect could almost be neglected when ĥ > 25.

(2) The critical linewidth ĥc depend not only on the electric field but also on the aspect ratio and the
stress gradient. It increases with the electric field and the aspect ratio, while it first increases and then
decreases as the stress gradient increases.

(3) There exists a critical electric field χc, a critical aspect ratio βc and a critical stress gradient p̂c. When
any of these variables are below those critical values, the microcrack evolves into a a stable shape as it
migrates along the line, whereas when they exceed the critical values, the microcrack splits up.

(4) All three critical quantities decrease gradually with the decrease of linewidth. The influence of size
effect on χc and βc can be ignored when ĥ ≥ 25, while the influence of size effect on p̂c is very noticeable
for the larger microcrack when ĥ ≥ 11.3.
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