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Review of Electromigration Modeling of IC Interconnects
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Abstract The history of electromigration (EM) modeling of IC interconnects is briefly reviewed. The widely
used one-dimension (1-D) EM-induced back flow model is introduced. Based on the conception of atomic flux
divergence (AFD), the EM modeling can also be mainly grouped into two approaches. One is the conventional
diffusion path approach, which has explained many important phenomena in traditional Al on-chip metallization.
However, the microelectronic industry has turned to Cu/low-k interconnects in need of better performances of the
shrinking chip, and three-dimensional (3-D) integrated circuit technology is also introduced. In this trend, the
driving force approach is developed, which can help to understand many phenomena in narrow interconnection.
The finite element modeling (FEM) is used more and more in the driving force formalism.
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temperature of 100 ‘C and lead to void formation at
the cathode and hillock at the anode, and this

1 Introduction

Concurrent to IC scaling, interconnect width and
thickness are shrinking to nanometer. If an
interconnect carries a current of several, the current
density can be as high as 10° A/lcm®. As a point of
reference, this is on the order of 10 000 times that
allowed for house wiring. Such current density can
cause mass transport in the metal line at an operation
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phenomenon is called electro migration (EM). The
void formation in the interconnection results in
increased line resistance or open circuit, and on the
other hand, the hillock formation in the interconnection
results in short circuit between adjacent interconnects.
The two kinds of results can cause circuit functional
(or parametric) failure.
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The electromigration phenomenon was first
discovered in the 19th century. However, this topic
remained of limit interest until the 1960’s, when
failures of interconnects in IC’s due to electromigration
were reported. Early EM studies focused on the
electron wind force (EWF) as the sole driving force
that makes the metal atoms to diffuse along the
electron flow direction, based on ballistic transport
theory. This EM formulation was reported by Fiks™
and Huntington®. A few years later, Black® proposed
a semi-empirical equation to calculate the median time
to failure (MTF) of a group of interconnects under the
same EM condition, and this is known as the famous
Black equation. In this equation, the MTF of
interconnects is related to the current density and

temperature, both of which are assumed to be constants.

Black equation is still widely used today as a general
estimation of MTF in Al-based metallization. In 1976,
Blech found the “Blech effect” phenomenon, and
proposed the “back flow” effect of atoms in the
opposite direction of electron flow due to back stress in
the interconnect when voids and hillocks are
formed™®. In 1986, M. Shatzkes and J.R. Lloyd ©
provided a model in which the driving force is
composed of the electromigration term and an
opposing concentration gradient term acting in the
presence of a “blocking boundary” with a vanishing
atomic flux, and suggested a modification of Black
equation. In 1993, Korhonen and his coworkers ) also
gave some solutions to the differential equation which
is consisted of the electromigration term and a back
stress term for several representative cases. Based on
Shatzkes and Korhonen’s contribution, a widely used
1-D model was developed, and it will be briefly
introduced in this work. In Korhonen’s model, the
vacancy relaxation effects and vacancy equilibrium are
not considered. Sarychev ® proposed a more accurate
model to predict the stress and vacancy evolution.
Since IC was born, Al has been used as the
material of interconnects for decades. However, due to
the trend of miniaturization, the industry has turned to
Cu as the interconnect conductor in pursuit of low
resistance-capacitance delay and cost. With respect to
the shrinking line width and unique processing

technologies in Cu metallization, other driving forces
such as stress gradient and temperature gradient
induced driving forces become significant. So the
traditional EM formalism in Al system and Black
equation can no longer be blindly used in Cu systems.

In this work, an elaboration of the diffusion path
and driving force approaches will be presented. We
will see that EM is the fact that the metal atoms move
through various diffusion paths under several driving
forces in metal interconnection. The temperature and
thermo-mechanical stress in the various part of the IC
are highly dependent on the surrounding materials (the
inter-layer dielectrics, the cap layers, and the liners)
and their materials properties, including their thermal
conductivities, thermal expansions, Young modulus,
etc., and the architectures of the IC will also affect the
current density, temperature, and thermo-mechanical
stress distributions. A change in design geometry and
process of an interconnect system could result in a
change of dominant driving force and diffusion path,
and, thus making the EM modeling more complicated,
especially in Cu-based systems. So we turn to
numerical tools to have a better understanding of the
intrinsic physics in EM. The numerical modeling of
EM can be built using finite-element-analysis (FEA),
and in the view of the above mentioned, the traditional
1-D model can no longer be wused in the
electrical-thermal-mechanical analysis, so a 3-D finite
element modeling (FEM) is required. The method of
static and dynamic simulation to study the void
nucleation and evolution will be presented in this
work.

2 An Early 1-D Analytic Model of
EM

As the evolution of EM modeling, several
sophisticated EM models have been developed. In this
paper, we only take the EM-induced back stress build
up (back flow) model of Shatzkes and Korhonen for
example, as this model has been widely used in
traditional 1-D EM analysis.

Fig. 1 shows a top view of an interconnect ended
with two vias as diffusion barriers which are denoted
by dark areas. When a difference in electrical potential
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is applied to the interconnect, electrons flow from the
cathode to the anode terminal, and the atoms start to
diffuse along the electron flow direction due to
scattering and momentum transfer. There are two
forces acting upon the atoms, one is the electron wind
force which is along the electron flow, the other is the
electrostatic force which it is in the opposed direction
and it is much smaller than the first one when EM
happens. The resultant force of the two is usually
called the electron wind force for simplicity, and it can
be expressed as !:

Fn=—Q'E=-Z"epj (1)
where q” = Ze is the effective atomic charge, Z is the
effective atomic charge number, e is the fundamental
electron charge, E = pj is the electric field, p is the
electrical resistivity of the metal, and j is the current
density. A negative sign for j means current density is
opposite to the electron flow direction.

Fem = _Z*epj

cathode anode
- —>e @
-0
dx

Fig. 1 Electron wind force and back stress on an interconnect

(on the top view).

In an interconnect terminating at diffusion
barriers such as Tungsten (W) filled vias in Al systems
or Tantalum (Ta) liners in Cu systems, atoms are
driven by EWF and deplete near the cathode thus
creating tensile stress while compressive stress occurs
near the anode because of the atom accumulation. The
resulting stress gradient leads to a mechanical driving
force, referred to as the back-stress force, which
opposes the electromigration wind force. The net

atomic flux can be expressed as [:
cD N
J.=—(Vu+qE 2
2 =1 (VH+ T E) )

where ¢ is the atomic concentration, k is the
Boltzmann’s constant, T is the temperature, and D is
the atomic diffusivity. The chemical potential g,
depends on the hydrostatic stress, o, as u = uo— Q0™
where 2 is the atomic volume. The stress is tensile for
o >0,and compressive for o <<0. So the atomic flux
can be written as:

cD 0o
J =—-—|-Q—+qE 3
a kT( ox q j @)

The vacancy flux (which is opposite to the atomic

flux) for EM mass transport is:

cD oo ..
==, == -0 +7Z"% 4
v a kT( o pJJ 4

In confined metal lines, the relative density
change dc/c corresponds to an increment in stress as ):
oc oo
<~ B ©)
where B is the applicable modulus. The continuity
equation in the line direction gives the material balance
as
_aJazach{gja_a ©)
OX ot B/ ot
where c, is the vacancy concentration. Then the
continuity equation (6) becomes 1

B_QC_V+1 26_0-4_22 Cva a_aq_E =0 (7)
B ot KT ox ox 2

KT ¢
using equation (7), the electromigration-induced stress
evolution in the interconnect can be calculated.
With Fick’s second law in diffusion giving as:

oc .
— =—divJ 8
o y ®)
equation (4) becomest”.
€ _pofoe_Zepi.|_, 9)
ot OX\ O KT

The solutions to equation (6) with a fixed
boundary condition for all x respectively were reported
by referencel®, and the time-to-failure (t) was
expressed as:

t, =BT?j 2™/ (10)
where E, is the activation energy for grain-boundary
self-diffusion.

Although the 1-D model has its limitations for
metallization with various structures and surrounding
materials, the healing effect of the mass backflow due
to EM-induced inhomogeneities is still considered as
an important role in the reduction of the EM growth
rate.

As 3-D IC is an emerging technology for the near
future, ICs can have up to 14 layers of metal
interconnects as predicted by the International
Technology Roadmap for Semiconductors (ITRS)
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2003 edition (Fig. 2), so more complicate models of IC EM need to be built, theoretically and numerically.
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Fig.2 Cross-section of an integrated Circuit showing multi-layer metal interconnects on top of a device layer

3 Two Developed Models of EM

EM is a mass transport phenomenon. In any part
of a metal interconnect, if the material flowing into and
out from the part is exactly the same, void will not
occur. EM failure happens only when there is a
non-zero atomic flux divergence, that is, VJ, #0
which leads to mass accumulation or depletion. A
typical AFD area is the so-called “triple point”, which
is usually the junction of three metal grains. Fig. 3
shows two triple points: the right one is a mass
depletion area, which leads to void formation; the left
one is a mass accumulation area, which causes
hillocks.

grain b‘oundary

7 {+~—mass depletio

tensile stress area
mass accumulation

e—>

Fig. 3 AFD in triple points
In steady state, the vacancy generation rate is equal
to the opposite value of the atomic flux divergence[ﬂ].

[11]

The failure line occurs around the point where the
divergence of the atomic flux is maximum™*®. During
EM process, AFD varies with diffusion paths and time.
It was theoretically proved that the failure time is the
inversely proportional to the averaged AFD by the

equation below ™

N, =t, - AFD ®)

where Nj is the initial atomic concentration of a given
metal and it is a constant. AFD is the volume-
averaged total AFD averaged over the time of t. In
other words, AFD can be employed to predict the EM
lifetime qualitatively. A decrease of AFD can improve
the interconnect EM life time, and this can give us a
design guide.

Developed with the concept of AFD, the EM
formulation can be mainly grouped into two
approaches, one is the diffusion path approach and the
other is the driving force approach.

3.1 Diffusion Path Approach

In this approach, all kinds of EM mass transport
are assumed to be caused by electron wind force.
Vacancies and metal atoms flow along one or more
dominate diffusion paths related to a given
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interconnect structure, and other paths could be
negligible™. The atomic flux due to the EWF is
traditionally expressed as "®):

—_— N _. E, |-
J, = ZepD, exp| ——2 9
AT oD, p[ﬁ kB1'] i )

The inhomogeneity of the interconnect
microstructure leads to different atomic diffusivities
along the various diffusion paths. There are actually
several possible diffusion paths for electromigration
transport in an interconnect such as surface, interface,
grain boundaries, bulks, pipes, and lattice. The fastest
diffusion path can be identified as the dominate
diffusion path that drives EM failure, and this
identification can be based on the drift velocity
equation ™™

D oo

D * .
Vd = kfltf (Fem + Fb):k_-elff(zeﬁepj_gaj (10)

From equation(10) and ignoring the back-stress flow,
the various diffusion paths can be expressed e
D, Zy =D,Z, f, +D.Z. f +DZ f, +

$sTSs °s

DyZsy fy + D,Z, f,

(11)

The subscripts denote various diffusion paths as
follows: b: bulk, s: surface, i: interface, gb: grain
boundary, p: pipe, with f,(r = b, s, i, gb, p) as the
fraction of atoms diffusing through a given path way,
which depends on the geometry of the interconnect. As
bulk and pipe diffusion can be negligible at the
temperature below 400 °‘C, EM failures are assumed to
mainly arise from surface, interface and grain
boundary diffusion paths 2.

In Black’s equation, activation energy in
dominant diffusion path is an important factor to
determine the interconnect life time. In Al systems, the
major diffusion paths are grain boundaries and
metal/oxide or metal/barrier interfaces. Because Al
tends to protect its surfaces by forming aluminum
oxide, and the activation energy for interfacial
diffusion is greater than that for grain boundary
diffusion, grain boundary diffusion will dominate in Al
systems. Fig. 4 shows an idealized schematic of 2-level
Al. We can see the triple points of grain boundaries

can serve as centers of AFD. So reducing the number
of triple points can be a way of improving the
interconnect life time. Surface diffusion will only be
observed in large grain films or in narrow lines that
exhibit a “bamboo” structure, and in this situation,
void is often located at the cathode end of the W ™,

Cu, on the other hand, does not adhere well to
oxides, and its surface is not self-protective. Especially
for Cu interconnects in the deep submicron regime,
which can possess more bamboo-like microstructure,
there are few grain boundaries to provide effective
diffusion paths, even if the grain boundary pathways is
indeed the fastest overall. The activation energy
possessed by interface or surface diffusion paths is
lower than the others. So the EM failure in Cu-based
metallization is surface/interface dominated in contrast
to grain boundary dominated failure in Al-based
metallization. Fig. 5 shows an idealized schematic of
2-level bamboo-like dual-damascene (DD) Cu
interconnect. where surface diffusion is dominated®”.
In DD metallization, the interface between the capping
nitride and M, can be regarded as the surface, and
usually this surface is considered as the fastest
diffusion path, compared to Cu/Ta interface and grain
boundary. If the electrons flow from M; to M, as
demonstrated in Fig. 5, failure sites will locate at the
cathode end of M,, where the Ta liner and the capping
layer meet. The Cu/Ta interface at the cathode end of
the via can be another important AFD sites, too. Thus a
bimodal failure distribution, which is an important
factor of quantitative reliability evaluation in DD
systems, is often found. Generally, EM diffusion in
DD Cu is likely to follow the hierarchy of surface>
interface = gb >>other pathways 2.

TiN W Ti
AFD
W (grain boundary)
My grain boundary

—» €

Fig. 4 Idealized schematic of 2-level Al interconnect
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Fig. 5 Idealized schematic of 2-level DD Cu interconnect
(bamboo like)
3.2 Driving Force Approach

Black equation is a classic equation, but it was
presented for Al interconnects and it is assumed that
electron wind force is the only driving force for EM.
With the appearance of Cu interconnect and low-k
material, that is not a suitable case now. As
interconnect line width shrinks to submicron level, the
diffusion path approach can also no longer explain
some important EM phenomena in narrow
interconnection, as other driving forces become
dominant 4.

In the driving force approach, other sources of
driving force such as non-uniform temperature and
stress can counteract the electron wind force, and their
impact on EM cannot be ignored. These driving forces
produce different massflow mechanisms such as
electron-wind  force-induced migration (EWM),
thermo-migration (TM), stress migration (SM), and
surface migration (SFM), etc. Some researchers also
concluded that atomic concentration gradient migration
(ACGM) can not be ignored ?2 while in this work,
we considered the atomic concentration gradient is the
result of EMW, and is not a unique cause of driving
force 1. As the SFM is not so significant as TM and
SM during most part of the EM process, we only
discuss the SM and TM driving forces.

3.2.1 Stress Migration

The AFD driven by stress gradient is called stress

migration, and can be formed as !:

J, = N2D, exp(—ijVoH (12)

KT

where N is the atomic density. Dy is the prefactor of the
self-diffusion coefficient, oy is the hydrostatic stress.
Generally, there are two sources of stress gradient

which may influence EM failure in metal interconnect.
The first one is the above mentioned back-stress force.
In an interconnect terminating at diffusion barriers
such as Tungsten (W) filled vias or Tantalum (Ta)
liners, the “electron wind” force creates tensile stress
near the cathode where the atoms deplete and
compressive stress near the anode where the atoms
accumulate. The resulting stress gradient leads to the
back-stress force, which opposes EWF.

The second source is the thermo-mechanical
stress gradient due to different thermal expansion
coefficient of metal interconnect and its surrounding
materials. For example, when the water is cooled from
high deposition temperatures, the metal wants to shrink
much more than the surrounding medium. Therefore,
the metal is left in a state of very high tensile stress
that causes the metal failing faster. This stress gradient
can be anywhere in interconnects. It is suggested that
thermo-mechanical stress gradient induced driving
force acts at the very beginning of EM, and causes
void to form. After that, it is relaxed during void
formation 2,

The two Kkinds of stress play a different role in
EM. The back-stress force compensate the AF caused
by EWF, and is only along the length of interconnect,
while the thermo-mechanical stress makes the
interconnect fail faster, and can be find in any place in
the interconnect.

3.2.2 Thermo-Migration

Though been neglected for many years,
temperature gradient induced thermo-migration has
been proved a dominant driving force recently > 2, 1t
can be expressed as "¢

J, =— NI?I’ ?0 exp(—E—_l’ijT (13)
where Q" is heat of transport.

Atoms tend to move from a high temperature
region to a low temperature region. Thus temperature
gradient is expected to contribute to the resultant
atomic flux, inducing a driving force. It was shown
experimentally by Guo et al. ™ that an increasing
temperature in the direction of electron flow greatly
improved the MTF of electromigration. F. Giroux and
his co-workers ¥ also declared that in the SWEAT




51

Lo [E A SRR FOE AR R RS AL

3% 501

Sy

test structures, the temperature gradient controls the
movement of the AFD points. Temperature gradient
can also disintegrate the components of an initially
homogeneous two phase alloy, because one component
diffuses preferentially faster to the cold end, and as a
result the hot region becomes depleted in that
componentm]. Temperature gradient comes from Joule
heating at the interconnect surface, via regions,
structural variation such as thickness and width, and so
on. Typically temperature gradient is higher near the
edges and surfaces where different materials meet.
Temperature gradient is affected strongly by the heat
dissipation path, such as the vias, which must be
considered as an important role in the thermal profile
of interconnect structures ?®, and a proper design of
geometries of interconnect will be possible to improve
its life-time.

4 Finite Element Modeling of the
Driving Force Formalism

In order to incorporate different driving forces in
EM diffusion process, finite element modeling is
used. Dalleau and Weide-Zaage also developed a
finite element analysis model integrating the driving
forces and voiding growth dynamics %!,

Finite element models can be established in
multi-physics 3-D finite element analysis software
such as ANSYS®, based on the equations of (9), (12),
(13). The basic formalism for driving force using FEM
can be categorized into two different approaches,
depending on whether the diffusion time is directly or
indirectly coupled with the interacting fields such as
current, temperature, stress, etc. Both approaches

assume void will occur at the highest positive AFD site.

A typical mesh for FEM is showed in Fig. 6.

Fig. 6 A typical mesh for interconnect FEM[!
In order to point out the void nucleation sites,
static simulation should be carried out. In this method,

electrical-thermal  coupled field and thermal-
mechanical coupled field FEA are performed, and the
location of the maximum total AFD which is also the
initial void location of the structure can be found. The
maximum AFD sites due to several driving forces are
calculated respectively, too. If the maximum AFD site
due to one driving force is coincide with the maximum
total AFD site, this driving force can be regarded as the
dominant one in EM, for example, stress gradient
induced driving force in narrow interconnectionst®?.
The typical AFD distributions from various driving
forces are shown in Fig. 7, and we can conclude that in
this situation, stress gradient induced driving force is

dominant.
e-flow I
Max

a. AFD from EM

d. The resultant AFD of all
Fig. 7 Static simulation of AFD distribution in Cu DD line-via

structure in the case of M, test!®®!

After the void nucleation, void evolution due to
the continuous removal of the material from the
nucleation sites can be analyzed, using dynamic
simulation, which also carries out the electrical-
thermal coupled field and thermal-mechanical coupled
field FEA to determine the total AFD value. Fig.8
shows a process of dynamic simulation, which is an
iterative processm]. In each loop of this simulation, a
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certain number (20 or 30) of elements with the highest
total AFD value are selected and then deleted
physically, followed by the calculation of the highest
AFD sites again. So the geometry of the EM model is
then modified. And this process repeats itself until a
certain critical value, e.g. 20% increase of the
interconnect resistance, is achieved, and the final
failure profile of the metal line can be identified.

d. void evolution after iteration number 13
Fig.8 Dynamic simulation of void evolution process [**!

In the above two Kkinds of simulations, void
nucleation cannot be simulated. As we know, in early
stage of EM, voids are nucleated by vacancies
migrating along various diffusion paths and merging

into each other, in order to minimize the system energy.

The Monte Carlo algorithm can be used for this
process. Recently, a more realistic EM dynamic
simulation model was provided by Li et al. ®4. They
used Monte Carlo simulation for the initial void
nucleation process, and combined both diffusion and
driving force approach to model the void growth. They
showed that the barrier layer-grain boundary
intersections are the weakest points for the void
formation in Cu metallization due to the thermal
mismatch of different materials at that place.

Recently, a method of converting 2-D circuit
layout into a 3-D model has been reported™. First, the
circuit layout in drawn is Cadence (a circuit simulator),
and the current and voltage can also be determined.
Then through a simulation file transition, the Cadence
file is converted to an ANSYS compatible one, and
additional layers are also imported into ANSYS. After
that, the transient thermal and structural analysis is
performed using ANSYS, and the thermal and stress
distribution of the circuit can be plotted, to help
improving the circuit reliability.

The flip chip solder joints have became another
major reliability concern in microelectronic devices
these years. The material in solder joints, leads as SnPb,
needs much smaller current density to cause EM than
Al and Cu needs, while the current crowding effect in a
flip chip joint lead to a high current density at the
contact interface®. So, EM problem can be serious in
this special kind of metal interconnect, and its EM
formalism can be modeled by driving force approach
and FEM® ) too. L.H. Liang etc.”™ also concluded
that the ACGM should be taken into account in the
FEA.

5 Summary

Electromigration has been a major concern in IC
reliability for decades. This work reviews several EM
modeling approaches to determine the key factors that
affect the EM performance of an interconnection
system. The conventional diffusion path approach
alone can no longer be adequate to explain the EM
phenomena in narrow interconnections of ULSI. The
inclusion of other driving forces besides electron wind
force in the study of EM for narrow interconnections is
necessary. As EM is a complicated process related to
the metal line and its surrounding materials, a 3-D
finite element modeling is necessary and useful to
couple different key factors which affect the EM
performance together. There is still much work to do to
predict the EM time-to-failure of interconnects through
dynamic simulation.
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