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Abstract

We apply a diffuse interface model to the analysis of void evolution with an electron wind and the
chemical potential gradient as the main driving forces. Simulations were carried out for voids exposed to
high current. Emphasis was put on the influence of the void dynamics on the resistance of interconnect
structures. In the case of an interconnect via it was shown that a migrating void exactly follows the
current flow, retaining its stability, but due to change of shape and position causes significant fluctuations
in interconnect resistance. For the first time the diffuse interface governing equation was solved applying
an adaptive finite element scheme with a robust local mesh refinement algorithm. © 2002 Elsevier Science

Ltd. All rights reserved.

1. Introduction

One of the most important issues in the re-
liability study of integrated circuits interconnect
lines is electromigration. This phenomena re-
sults in the formation and growth of voids which
can cause significant fluctuations in interconnect
resistance and in the extreme case sever the inter-
connect line. To accurately simulate interconnect
resistance change due to electromigration, track-
ing the void shape and position is necessary. Sim-
ulations of void evolution in linear interconnect
began with sharp interface models which showed
the insufficiency of sharp interface models [6, 2].
Later, prompted by the complexity of void sur-
faces, diffuse interface models were introduced [1].
An alternative diffuse interface model based on
the double obstacle potential was proposed in [3].
However, all these methods require structured
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meshes and were applied to simple rectangular
interconnect geometries. To reach higher mesh
adaptability and appropriate refinement quality
for the finite element scheme solving the diffuse
interface model, we used a version of recursive lo-
cal mesh refinement algorithm introduced in [5].

2. Applied diffuse interface model

We assumed unpassivated monocrystal
isotropic interconnects where stress phenomena
can be neglected. An interconnect is idealized as
two-dimensional electrically conducting via which
contains initially circular void. For simplicity we
also neglect the effects of grain boundaries and
lattice diffusion. In this case there are two main
forces which influence the shape of the evolving
void interface: the chemical potential gradient
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and electron wind. The first force causes self-
diffusion of metal atoms on the void interface
and tends to minimize energy which results in
circular void shapes. The electron wind force
produces asymmetry in the void shape depend-
ing on electrical field gradients. In the diffuse
interface models void and metal area presented
through the order parameter ¢ which takes values
+1 in the metal area, —1 in the void area and
—1 < ¢ < 41 in the void-metal interface area.
The model equations for the void evolving in an
unpassivated interconnect line are for the order
parameter [3],

0 2D, *
—85;3 =229 (Vi |e|2*VV) (1)
405 . ,,
p=—(f'(9) - A9) (2)
and for the electrical field
V. (o(®)VV) =0 (3)

where Dy is the surface diffusivity, u is the chem-
ical potential, Z* is the effective valence, e is the
charge of an electron, s is the surface energy, €2
is the volume of an atom, f(¢) is the double ob-
stacle potential as defined in [3], € is a parameter
controlling the void-metal interface width and V'
is the electrical potential. The electrical conduc-
tivity was taken to vary linearly from the metal
(0 = Ometat) to the void area (o = 0) by setting
0 = Ometal(1 + ¢)/2. The equations (1) and (3)
are solved on the two-dimensional polygonal in-
terconnect area 7T'.

3. Numerical implementation
3.1. Finite element scheme

Let Ap(t,—1) be a triangulation of the area T
at the discrete time t,,_;, and let {¢" "1}V ! be
discrete nodal values of order parameter on this
triangulation. A finite element based iteration for
solving (1) on mesh Ap(t,—1) and evaluating the
order parameter at the time ¢, = t,,_; + At con-
sists of two steps [4]:

Step 1. For the k'* iteration of n** time step the
linear system of equations has to be solved:
T

5 Mzz¢?k + AtDsKiiﬂf?’k = oy (4)

€

1
M pF — T<2Mii + eKii) ok =36, (5)
where

™ n—1 ) n,k—1
Q; = GEM“(bZ - AtDs ; Kijﬂj (6)
1F

Bz’ = TGZKij¢?’k_1 — |6|Z*Miiv;-n—l (7)

1#]
for each i = 0, N — 1 of the nodal values (¢}, ul')
of the triangulation 7}3,. [M];; and [K];; are the

lumped mass and stiffness matrix, respectively

and 7 = 4%7—3—.

Step 2. All nodal values {¢"}* ;! are projected
on [—1,1] by a function :

p(x) = mazx(—1,min(1,z)). (8)

For solving (3) a conventional finite element
scheme is applied.

As we will see in the next section, in order to
reach appropriate accuracy, schemas for the finite
element solving of equation (1) require sequential
mesh adaptation in each time step. For the mesh
transformation we used a general adaptive algo-
rithm with flexible refinement-coarsening pattern
which transforms mesh A (t,,) into mesh Ay, (t,+1)
according to certain defined condition COND.

U(An(tn), COND) = Ap(tn+1) 9)

The details of this adaptive algorithm are de-
scribed in a separate publication [7].

3.2. Dynamic mesh adaptation

By refinement of some basic triangulation T},
of area T' current simulating mesh Ay (t,) with a
fine triangulated belt area of width e around the
void metal-interface is produced and maintained
according to the conditions defined in the follow-
ing sections.

3.2.1. Setting of the initial order parameter pro-
file and initial mesh refinement Ap(0)

The initial order parameter profile depends on
the initial shape of the void I'(0) and can be ex-
pressed as
+1 it d> <,
sin(4) if |d < &, (10)
-1 if d< -5

(b(x,y) =



H. Ceric, S. Selberherr / Microelectronics Reliability 42 (2002) 14571460 1459

Where d = dist(P(z,y),['(0)) is the signed nor-
mal distance of the point from the initial interface
I'(0). To sufficient resolution of this initial profile,
the basic mesh T}, is transformed into mesh A (0)
obeying the following criterion:

The initial mesh refinement criterion (IMRC) for
the circular void with center O and radius 7 is:

VK €T, if |dist(Cx,O)—r|< %
than hg < % (11)

n is the chosen number of mesh elements across
the void-metal interface width, hg is the longest
vertex of the triangle K, and Ck is its center of
gravity. Now an adaptive algorithm V¥ transforms
the initial mesh T} according to IM RC.

U(T),, IMRC) = Ap(0) (12)

This means that each element of T}, is recursively
adapted by algorithm ¥ until IM RC is satisfied.
The initial order parameter distribution (10) is set
on mesh Ap(0).

3.2.2. Maintaining the mesh during stmulation

After an order parameter was evaluated on the
Ap(tn—1) a mesh needs to be adapted according
to the new void-metal interface position. There-
fore it is necessary to extract all elements which
are cut by void-metal interface in mesh Ap(t,—1).
The following condition is used: Let us take a
triangle K € Ap(t,—1) and denote its vertices as
PO) P1> P2-

y [um]
0.225 0.250 0.275 ©0.300 0.325 0.350 0.375

Fig. 1. Refined mesh around the void.

The triangle K belongs to the interfacial ele-
ments if for the values of order parameter ¢ at

the triangle’s vertices holds ¢(Fy)¢(Py) < 0 or
d(P1)p(Ps) < 0. We assume that an interface in-
tersects each edge of the element only once. The
set of all interfacial elements at the time t,_q is
denoted as E(t,—1). The Centrex of gravity of
each triangle from the E(t,—1) build the interface
point list L(t,—1). The distance of the arbitrary
point @ from L(t,—1) is defined as

dist(Q, L(tn—1)) = PeTén

n—1

dist(Q, P). (13)

Thus we can define the transitional mesh refine-
ment criterion TMRC

VK €T, if dist(Cx,L(ta_1)) < %
than hx < %r (14)

and the mesh adapting for the next time step eval-
uation of parameter can be expressed as

U(Ap(tne1), TMRC) = Ap(ts) (15)

TMRC ensures fine mesh resolution of the belt
area of width e7r around the newly evaluated void-
metal interface with n elements across it (Fig. 1.).

4. Results and discussion

The calculations are completed applying the
finite element discrete scheme (4)-(7) and mesh
adaptation (13)-(15) sequentially. The time step
At for the finite element scheme is fitted to the
simulations begin taking into account inverse pro-
portionality of the speed of the evolving void-
metal interface to the initial void radius [6]. An
appropriate choice of the time step ensures that
the evolving void-metal interface will stay inside
the fine mesh belt during the simulation.
Simulations have shown that the voids follow the
electric current direction. In the linear part of
the via voids exhibit similar shape changes as ob-
served in the earlier diffuse interface [1, 3] and
sharp interface models [6, 2] which considered lin-
ear interconnect geometry only. There is also no
significant fluctuation of the resistance during this
period of interconnect evolution. The situation
changes when the void evolves in the proximity of
an interconnect corner. Due to current crowding
in this area the influence of the electromigration
force on the material transport on the void sur-
face is more pronounced than the chemical poten-
tial gradient and this unbalance leads to higher
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asymmetry in the void shape then observed in
the linear part of the interconnect. This shape
change and the position of the void at the inter-
connect corner causes a characteristical profile of
the resistance change which shows a lowering of
the electromigration damage influence on the in-
terconnect resistance for a time duration depend-
ing on the initial void size (Fig. 2.).
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Fig. 2. Time dependent resistance change during
void evolution for the different initial void radius.

It was also observed, that independent of the ini-
tial void size, voids retains their stability and
do not transform in slit or wedge like formations
which have been shown to be a main cause for the
complete interconnect failure [8].

5. Conclusion

A governing diffuse interface equation for the
order parameter coupled with the Laplace equa-
tion for the electrical field is solved using the finite
element schema suited to dynamically adapted
mesh. The mesh is maintained by a refinement-
coarsening algorithm controlled by position, cur-
vature and width of the simulated void-metal in-
terface which distributes the mesh density in such
a way that it allows an efficient simulation of

evolving voids through large portions of a complex
interconnect geometry. The presented method is
well suited for long time prediction of resistance
change due to electromigration during the inter-
connect life time.
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