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Abstract—A study of electromigration in open through silicon
vias (TSVs) is presented. The calculations are based on the drift-
diffusion model for electromigration combined with mechanical
simulations. The results show that the highest stresses are located
at the aluminium/tungsten interfaces, near the region where the
electrical current is introduced into the TSV, which happens to be
the location of the highest current density at the interface there,
the electromigration induced degradation, e.g. void nucleation, is
most probable to occur.

I. INTRODUCTION

Three-dimensional (3D) integration is a promising approach
for the development of systems with higher performance. In-
terconnections for 3D integrated circuits, though, include com-
ponents not used in planar 2D architectures, such as through
silicon vias (TSVs). Open through silicon vias introduced in
[1] are a TSV concept in which the cylindrical structure is
coated, rather than entirely filled with the conducting metal.
The advantage of this technology, is that it can reduce the
stress originating from the mismatched thermal expansion
coefficients between the substrate and the TSV.

Electromigration addresses the material transport due to
microscopic forces acting on mobile defects. These forces
originate from the electric current and the electric field and
cause therefore the flow of vacancies in current direction. The
flow of material builds up stress in the interconnects, especially
in the ones which carry high current densities, and leads to
mechanical degradation, e.g. void nucleation or delamination
[2].

In this work we investigate the possible electromigration
(EM) reliability issues associated with this particular TSV
technology. We use the drift-diffusion model for mass trans-
port, which accurately treats the effects of electromigration,
in the aluminium part. The results give the initial strain for
a mechanical calculation to treat the stress in the whole
structure. We simulate a segment of the geometry of the
open TSVs as shown in Fig. 1. The result show that the
highest stress is located at the outer surface of the aluminium
cylinder along the interface between aluminium and tungsten.
The highest vacancy concentration is found in the aluminium,
in the region covered by the tungsten, which is therefore the
region most sensitive to reliability issues.

II. APPROACH

The TSV geometry considered is shown in Fig. 1. Here, the
tungsten, shown in red, forms an empty cylinder closed on the
bottom side. Below that (not shown in figure) an aluminium
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Fig. 1. TSV structure: Aluminium in blue and tungsten in red. The tungsten
cylinder is shortened to 10% of the real length. For the simulated TSV the
upper plate is missing.

plate is situated on which a solder pump is mounted to connect
to other wafers. On the top side, an aluminium layer (shown in
blue) forms a second empty cylinder, which overlaps with the
inside, upper part of the tungsten cylinder wall. The upper side
of the aluminium connects to the planar interconnect structure
by a round plate as shown in Fig. 1. These open TSVs are
different compared to the traditional copper TSVs which have
their cylinders completely filled.

In order to address electromigration in materials, two im-
portant microscopic forces must be considered to determine
the material transport. The first is the so called direct force,
caused by the the local electric field acting on the ionic atoms
in the metal. The second is called the wind force, caused by
the electrons scattered by the atoms in the metal [3]. The sum
of these two forces determines the total force, as

(D

where Z,; and Z,, are the so called direct valence and wind
valence, respectively, and Z* is the effective valence, which
describes the sensitivity to electromigration.

For macroscopic modelling of the time evolution of the
vacancy distribution C, in a bulk material, a drift-diffusion
model [4] with an additional generation/annihilation term G
is used as

ﬁ - ﬁdirect + ﬁwind - (Zd + Zw)eﬁ - Z*GE

aC,

ot

The generation/annihilation term G, usually called Rosenberg-
Ohring term [5], [6], is computed by
G — Ctueq - Cv

T
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where C o, is the equilibrium concentration and 7 is the
characteristic relaxation time constant of the vacancy concen-
tration.

The vacancy flux J, is driven by three main forces, all of

which are included in the bracket of the following equation
*
%CUVE + ﬁCyVo> , @
where kg is the Boltzmann constant, T is the temperature, D,
is the diffusion constant of the vacancies, € is the atomic vol-
ume, E is the electric field, and f is the relaxation factor. The
first term in the bracket (first force) is a typical diffusion flux
term due to different concentrations of vacancies. The second
flux term is caused by the electromigration as described above,
which is determined by the electric field in the structure. The
third term is the flux caused due to different stresses in the
material. A fourth flux term due to temperature gradients in
the material could also be included, but is neglected in this
study, because the temperature gradients are assumed to be
negligible.

For the stress term a solid mechanics simulation is needed.
The initial strain, which serves as an input to the solid me-
chanics simulation, can be obtained by the following equation

[7].

J:) =-D, <vcv -

oe"

e ®)

The mechanical constraints were chosen as follows: The
outside of the cylinder is surrounded by a silicon oxide/silicon
substrate. Therefore, the position of the outer surface of the
material is considered to be fixed. In the actual structures,
inside the cylinder there is a thin silicon oxide layer, which is
also taken into account in the calculations.

=Q[1 - f)V-J, + fG]

III. RESULTS

The TSV structure includes surfaces connecting tungsten
and aluminium. Since studies have shown that tungsten has a
much lower sensitivity to EM [8], we focus our electromigra-
tion study on the aluminium structure on the top of the TSV,
and include the tungsten only in the mechanical simulations
and electrical simulations.

The open TSV structure, which geometrically forms an arc,
is shown on the left side of Fig. 2. On the top, an aluminium
layer (shown in yellow) forms a second arc, which overlaps
with the inside, upper part of the tungsten wall. The geometry
considered in our calculations is a segment of this open TSV
and shown on the right side in Fig. 2. The upper side of
the aluminium (yellow) connects to the rectangular supply
line aluminium interconnect, which is also included in the
simulation domain. In the inner cylindrical surface of the TSV
the aluminium and the tungsten are coated by a silicon oxide
film (red).

For the mechanical stress simulations we use fixed boundary
conditions on the aluminium surface labelled A and for the
tungsten surface labelled B in Fig. 2. On the open surface of
the oxide (red segment in Fig. 2), in the inner region of the
arc, we employ open boundary conditions.
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Fig. 2. TSV structure showing aluminum in yellow, tungsten in green, and
silicon oxide in red. The blue line indicates a cut through the TSV for use in
the subsequent figures.

First we calculte the electrical current density in the con-
sidered geometrical structure, as shown in Fig. 3. The current
flows through the aluminium interconnect (see arrow in Fig. 3),
into the aluminium part of the TSV structure, and from there
into the tungsten. The regions with the highest current density
are shown in red. In the TSV part, a high current density is
observed in the tungsten due to its thinner size compared to
that of the aluminium section. At the corner of the interface
of the two materials, however, a high current density is also
observed (see zoomed-in inset). This current crowding at the
corner at the very end of the interface is a result of the higher
conductivity of aluminium and its larger thickness compared to
tungsten, which provides a low resistance path for the current
to travel until the corner of the interface before it passes into
the tungsten.
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Fig. 3. Current density in the structure (A/cm?). The inset is a zoom-in at
the corner of the aluminium/tungsten interface.

After calculating the electrical current, we solve (2) together
with the solid mechanics equations to obtain the vacancy con-
centration in the aluminium, in order to determine the stress
in the whole structure. Fig. 4 shows the relative change of
the vacancy concentration (c=(Cy — Cy eq)/Cy,eq) compared
to the equilibrium concentration C, .4, at the beginning of
switching on the current. The figure is a cut through the blue
line of Fig. 2. Most vacancies accumulate in the aluminium
region, especially at the corner of the interface between
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Fig. 4. Relative vacancy density change compared to the vacancy equilibrium
concentration after ¢ = 0.04 s of current flow. A surface cut along the blue
line of Fig. 2 is shown.

aluminium and tungsten, where the highest current density is
observed. The interface is blocking the vacancies and vacancy
accumulation is created. At longer times, however, i.e. t=1s,
a higher vacancy concentration is obtained throw out the
aluminium volume as shown in Fig. 5.

The corresponding tensile stress at ¢ = 1s inside the TSV
structure is shown in Fig. 6. In the aluminium region, where
the vacancies are highly concentrated, higher tensile stress
values are observed compared to the stress values in the
tungsten region due to the presence of excess vacancies. At
the interface of the two materials, the highest stress values are
observed, attributed to the tendency of the aluminium to shrink
compared to tungsten due to the difference in the vacancy
concentration (c.f. Fig. 6).

L

Fig. 5. Relative vacancy density change compared to the vacancy equilibrium
concentration after £ =1s of current flow. A surface cut along the blue line
of Fig. 2 is shown.
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An important observation, is that the results show a lo-
calized EM behaviour, extending only a few pm into the
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Fig. 6. Tensile stress (MPa) after t=1s of current flow. A surface cut along
the blue line of Fig. 2 is shown.

interconnect. Therefore EM studies can be restricted to these
critical parts of the structures and can then be used for
the prediction of the entire structure’s resistance against EM
degradation.

In this short time considered (1s) the stress build up is
only driven by the displacement of vacancies due to the high
current densities. After 10° s, however, the vacancies are less
driven by the current and more by the tensile stress gradients.
Fig. 7 shows the vacancy distribution after the longer time
interval, again along the cut through the blue line of Fig. 2.
Interestingly, the vacancies are more concentrated along the
interfaces, both the aluminium/tungsten and aluminium/oxide
interfaces. The highest tensile stress is also located along the
aluminium/tungsten interfaces as shown by the red regions in

Fig. 8.

Fig. 7. Relative vacancy density change compared to the vacancy equilibrium
concentration after t= 10 s of current flow. A surface cut along the blue line
of Fig. 2 is shown.
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The time evolution of the maximum stress in the structure
(which is observed along the aluminium/tungsten interface)
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Fig. 8. Tensile stress (MPa) after t = 10% s of current flow. A surface cut
along the blue line of Fig. 2 is shown.

is shown in Fig. 9. Initially, the stress grows linearly in
time proportional to the number of vacancies transported into
the structure due to electromigration and annihilation in the
aluminium. At longer times the stress growth rate decreases.
The reason is that more stress is built up in the structure,
the more it opposes the current density (see third term of
(4)), which reduces the vacancy flow and therefore the stress
build-up. Fig. 10 shows the maximum vacancy concentration
versus time, which shows the typical behaviour observed by
Kirchheim [9]. In the beginning, the vacancy concentration
increases, as vacancies accumulate in the aluminium. A quasi-
steady state concentration is reached after a fairly short time
[9]. As the vacancies recombine, the aluminium shrinks,
which creates the stress accumulation observed in Fig. 9.
At larger times, however, the vacancy concentration increases
rapidly. This increase happens after a high stress magnitude is
developed. In reality the tensile stress in the structure increases
in such a way that void nucleation is triggered [6].
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Fig. 9. Maximum stress versus time at the aluminium/tungsten interface.
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Fig. 10. Maximum relative vacancy density change versus time at the
aluminium/tungsten interface.

IV. CONCLUSIONS

Electromigration simulations in open TSV were performed
using the drift-diffusion model for mass transport, including
solid mechanics simulations for stress and charge transport
simulations for the current densities, in the via. We show
that the largest stress in the material occurs along the alu-
minium/tungsten interface. The largest vacancy concentration
in the via is observed in the aluminium, also near the regions
surrounded by tungsten where the stress is high. Finally,
we show that electromigration has a localized behaviour,
extending only a few pm into the interconnect, which indicates
that EM studies can be restricted to these critical parts of the
structures rather than the entire via.
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