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ABSTRACT

The effects of grain boundaries on electromigration failure are presented. The electromigration
model incorporates the grain boundary as a separate medium which acts not only as fast diffusivity
path for material transport but also absorbs and releases vacancies. Moreover, we analyze the void
nucleation condition and its implication on electromigration failure is discussed. Our results show
that high stress and a high vacancy concentration develop at the triple points formed on the inter-
face between copper grains and the capping layer, where a void nucleation is likely to take place.
This scenario of weak triple points in combination with a stress threshold also supports the mecha-
nism of multiple void nucleation as it has been experimentally observed.

Index Terms: Electromigration, dual-damascene, interconnect.

1. INTRODUCTION

As the interconnect dimensions in modern
integrated circuits continue to decrease, the metalliza-
tion lines have become subject to very large current
densities, accentuating the electromigration failure.
Therefore, electromigration has become one of the
most important reliability issues.

Blech [1, 2] was one of the first to explain the
origin of the electromigration phenomena. In his
experiments he discovered a critical product of inter-
connect line length and current density, below which
no electromigration failure is observed. Kirchheim [3]
proposed a physically based model in which the gen-
eration of stress in the grain boundaries during elec-
tromigration is caused by annihilation and generation
of vacancies. Korhonen [4] proposed another physics-
based analytical model for mechanical stress evolution
during electromigration in a confined metal line des-
cribed by a one-dimensional equation.

Since electromigration has been recognized as
an important risk for interconnect reliability, engineers
have been thinking about strategies for reducing or
completely eliminating its effect. Independent of in-
terconnect technology, there are basically two possi-
bilities how to contest electromigration. The first one
is choosing the appropriate materials or combination
of these materials to produce preferable properties.

Journal Integrated Circuits and Systems 2009; v.4 / n.2:67-72

Such efforts led from aluminum interconnects to alu-
minum-copper alloys, and later to pure copper inter-
connects. This material design for reliability also
encompasses the choice of materials which surround
the interconnect metal.

The copper interconnect in modern dual-dam-
ascene technology is completely embedded in a barri-
er and in a capping layer. Thus, the adhesion proper-
ties between these layers and copper are of crucial
importance [5]. As experimental investigations have
shown [6], the copper/capping layer interface acts as
the dominant path for atomic diffusion in modern
dual-damascene interconnects. However, several
works have shown that grain boundary diffusion plays
a significant role during electromigration and, there-
fore, cannot be neglected [7].

The interconnect microstructure depends on
many parameters, such as the core material deposition
technique, barrier material types and deposition tech-
niques, copper seed layer deposition, line thickness
and width. Also, the network of the grain boundaries
influences material transport during electromigration
in different ways:

¢ The diffusion of point defects inside the grain
boundary is faster compared to the grain bulk diffu-
sion, because a grain boundary generally exhibits a
larger diversity of point defect migration mechanisms
[8]. Moreover, the formation energies and migration
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barriers for point defects in grain boundaries are lower

than those for the lattice.

e Grain boundaries are locations of atomic flux diver-
gence.

e Grain boundaries act as sites of annihilation and
production of vacancies [9].

Therefore, the eclectromigration failure rate
should depend on the grain size of the metallic film.
While such a dependence is well known for aluminum
interconnects, it is less pronounced for copper inter-
connects.

The main challenge in electromigration model-
ing and simulation is the diversity of the relevant phys-
ical phenomena. Electromigration induced material
transport is also accompanied by material transport
driven by the gradients of material concentration, me-
chanical stress, and temperature distribution. Fur-
thermore, taking into account the effects of interfaces
and grain boundaries as fast diffusivity paths imposes
new challenges for electromigration modeling. A
comprehensive, physics-based analysis of electromi-
gration for modern copper interconnect lines can
serve as the basis for deriving proper design rules,
which will ensure higher steadfastness of interconnects
against electromigration.

In this work we present the results of our inves-
tigations of the effect of grain boundaries on the elec-
tromigration failure mechanism. As basis for our
analysis a comprehensive, multi-physics model of elec-
tromigration and accompanying effects is used. Our
model reveals an improvement in two major points.
First, there is a complete integration of the mechani-
cal stress phenomena in connection with microstruc-
tural aspects in the classical multi-driving force model
and, secondly, the developed finite element based
scheme enables an efficient numerical solution of the
three-dimensional formulation of the problem.

2. ELECTROMIGRATION MODELING

The transport of vacancies due to the gradient
of vacancy concentration, electric field, gradient of
temperature, and gradient of mechanical stress,
respectively, is [10]

7 Z'e ] 0" 12 cvils
f=D|Veaicve- v fhc 7C] -

where D, is the vacancy diffusion coefficient, C, is the
vacancy concentration, Z*¢ is the eftective charge, Q"
is the heat of transport, which determines the magni-
tude of matter fluxes in non-isothermal systems, f'is
the vacancy relaxation ratio, £ is the atomic volume,
tr tr(0)is the trace of the stress tensor, kp is Boltz-
mann's constant, and T is the temperature.

In sites of flux divergence, vacancies will accu-
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mulate or vanish, and this vacancy dynamics is
described by the continuity equation [10]
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The term G(C,) is a source function which
models vacancy generation and annihilation processes
and is considered only in interfaces and grain boun-
daries. This function has to comprise three processes:
e Exchange of point defects between adjacent grains.
¢ Exchange of point defects between grains and grain

boundaries.
e Point defect formation/annihilation inside the
grain boundaries.

A detailed analysis of this function in connec-
tion with the microstructure effect will be presented
in Section 2.1.

Sarychev et al. [10] introduced the contribu-
tion of the local vacancy dynamics to stress build-up in
a three-dimensional model of stress evolution during
electromigration, which is given in terms of strain by

[11] —
28 =0 (1-9)V. 1+fG(C) (3)

where g, is the trace of the strain vector.
2.1 Grain Boundaries

The grain boundary is treated as a separate
medium capable of absorbing and releasing vacancies,
where the vacancy dynamics is based on Fisher’s
model [12]. This model includes two mechanisms:
vacancy diffusion in the grain boundary and material
exchange between the grain boundary and the grain
bulk. A schematic view of a grain boundary is depict-
ed in Figure 1.

Fisher’s expression for vacancy diffusion inside
the grain boundary is

acst  aJs?

Lzop 4
o= s, (4)

where Cs? is the grain boundary vacancy concentra-
tion, J P is the vacancy flux along a grain boundary
distance /, 6 is the grain boundary thickness, and ], 1,
J,2 are the fluxes from both sides of the grain bound-
ary. From (4) one can see that the emission and
absorption of vacancies are regulated by the fluxes !
and J,2, yielding the generation and recombination
term

G:%(Jg-]vl). (5)

Following [13], we define the concentration of
immobile vacancies which are trapped inside the grain
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boundary as C,. The flux from both sides of the
grain boundaries can then be expressed as

I =wr(ci-cim). ¢l - wgcim, 6)

J2=-wrp(C9-Cim). C2 - wpCim

where w7 is the trapping rate of vacancies from both
neighboring grains, wy is the release rate and C,1, C,2
are the vacancy concentrations on each side of the
grain boundary.

C,1 is the equilibrium vacancy concentration
inside the grain boundary, which is related to the
stress by

C=CYexp (—C]zm]{)), (7)
B

where C,0is the equilibrium vacancy concentration in

the absence of stress and o, is the stress component

normal to the grain boundary. Using the immobile

vacancy concentration definition, we can now reinter-

("i'm
Figure 1. Grain boundary schematic
pret (5) as a function of the vacancies that are trapped
in the grain boundary so that

_acim

i 2,
G -1 ce-cim(1 + 713)} (8)
o T wr(Cl + c3)
with T given by
=0 . 9)
wr(Cl+ C?)

Here, 7 is the vacancy relaxation time and it
characterizes the efficiency of the sites acting as vacan-
cy sinks/sources. Smaller values of 7 result in shorter
times for the vacancy concentration to reach the
steady state condition.

2.2. Void Nucleation Condition

From the early days of electromigration model-
ing, the void nucleation condition has been set based
on the following two criteria:

e void nucleation after reaching a vacancy (atomic)
concentration threshold [14];
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e void nucleation after reaching a tensile stress thre-
shold [15, 16].

However, a careful investigation based on classi-
cal nucleation theory has shown that these nucleation
conditions, from a thermodynamic point of view, cannot
be justified.

From the classical nucleation theory, in a
strained single-phase material, a droplet of a second
phase embryo is produced by spontaneous fluctua-
tions, when the barrier energy AF*, given by [17]

A = 48t (10)
(1K)

for spherical embryos, is overcome. Here, v,, is the
surface free energy, and tr(d) is the trace of the
applied stress field. If we assume a rather high hydro-
static pressure of 1 GPa [18] and take 1.72 J/m? as
the surface free energy of copper [19], we obtain an
energy barrier of 133 eV. Then, the number of critical
embryos per unit volume can be calculated by [17]
AF’ )1/2 xp(_ AF*) 7
3Jl’kBT kBT

zF =

"o (11)

where #* is the number of vacancies in a critical
embryo.

Critical embryos are spontancously formed by
the condensation of vacancies in stressed copper. Ho-
wever, the condensation process is reversible and, in
most cases, the embryos completely dissolve in the
surrounding lattice. The situation changes, when the
critical embryo starts to accept additional free vacan-
cies and the irreversible transition to an initial void is
imminent [17]. Then, the nucleation rate is calculated
as

I:Uexp(- @)Z* ns, (12)
kgT

where v is the frequency of vibration of the atoms, Up,
is the activation energy of the jump process, and #,” is
the number of vacancies in the matrix at the surface of
the critical embryo.

For copper, the nucleation rate in the metal
bulk is about 101396 m-3s-l. The nucleation rate
dependence on temperature/stress is presented in
Figure 2. Similar values can be obtained for nucleation
at the interconnect sidewall, grain boundaries, and
sidewall /grain boundary intersection. This means that
a void nucleation by means of vacancy condensation
for both, accelerated test conditions and realistic use
conditions, is not possible.

An analysis carried out by Flinn [20] set a new
framework for the understanding of void nucleation.
The author considers a circular patch on the interface
between copper and the capping layer with virtually
no adhesion. Such an entity can actually be the pro-
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duct of a surface defect or contamination [21]. As the
stress in the line increases, the free metal surface is
driven to accommodate a half-spherical void embryo.
The stress threshold given by Clemens et al. [22] and
Gleixner et al. [18] is

29usin 6, (13)

where Ry is the radius of the adhesion-free patch and
0, is the equilibrium contact angle between the void
and the sidewall.

For stresses 0 < 0, an energy barrier exists
between the embryo and a stable-growing void. If the
stress is larger than the threshold value (o > o,,), the
free energy monotonically decreases with the void vo-
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Figure 2. Nucleation rate dependence on hydrostatic stress and
temperature. Even a very high temperature can not significantly
increase the nucleation rate. The parameters were obtained from
[18].

lume and the energy barrier vanishes. If we now
assume the adhesion free patch with a radius of 10
nm, approximately 20 atoms, and ¢ = «t/2, we obtain
o, ~ 344 MPa. Such a stress level can already be
reached by thermal stress [23] in modern intercon-
nects.

3. SIMULATION PROCEDURE

The model presented in the previous section is
numerically solved by the finite element method im-
plemented in an in-house code for three-dimensional
structures. The solving algorithm is depicted in Figure
3. Each model is handled according to a unique pri-
ority list, so that the calculated attributes are trans-
ferred from the model of higher priority to the model
of lower priority.

The simulation starts with the solution of the
electro-thermal problem, which is the coupled system
of the Laplace and the Fourier equation
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V. (yeVV)=0, (14)
oT
V. (rVT) = cpom T ve|[VVP,

where yy is the electrical conductivity, yis the thermal
conductivity, ¢, is the specific heat, and p,, is the den-
sity. Then, the vacancy dynamics in the presence of
grain boundaries is determined by solving the conti-
nuity equation

aC,
at

2(1)R

or(cl +C})

Finally, the corresponding strain and stress are
determined via the solution of (3) in combination
with Hooke’s law and the mechanical equilibrium
equation, respectively

o= 2 Ciju &, (16)

ijkl

V.6=0

where Cjj, is the elastic modulus tensor.

=-v.I,+Llica-ci : (15)

1+
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Figure 3. The complete solving procedure. The electromigration
and the mechanical problem are solved each time step.

Figure 4. Three-dimensional interconnect structure with poly-
crystalline copper metallization.
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4. RESULTS AND DISCUSSION

We have applied the model presented in this work
to an interconnect layout which has been extensively
used for accelerated electromigration tests [6]. This lay-
out, as shown in Figure 4, is typical for dual-damascene
0.18 pm technologies. The copper microstructure has
been set according to results of EBSD (Electron Backs-
catter Diffraction) measurements [24].

The peak values of stress are extracted from
three extraction cylinders (Cl, C2, and C3), which
are presented in Figure 5a. The solution of the elec-
tro-thermal problem sets the operating conditions for
clectromigration simulation. The applied mechanical,
thermal, and electrical boundary conditions are pre-
sented in Figure 5b. The temperature is set constant
at Ty = 673 K and the voltage is V =10 mV. This
results in a current density of 10 MA /cm?2.

In dual-damascene technologies the interface
copper/capping (etch-stop) layer is recognized as the
fastest material transport path when standard capping
dielectrics SiNx are used [6]. In order to properly include
the effect of fast diffusivity paths, grain boundary, barri-
er, and capping layer diffusivities are set to 102D,
102Dy, and 105 D,,;,, respectively. The applied bulk dif-

fusivity is p,,;, = 0.52 exp (-1.1eV/ kgT) cm2ls ~ (25).

a) b)

Figure 5. a) Peak values of hydrostatic stress and vacancy con-
centration values are extracted from cylinders C1, C2, and C3. b)
Applied boundary conditions: A, B: fixed temperature Tq=673 K;
C, D: voltage V(=10 mV; upstream electromigration, i.e. electrons
flow from C3 to C1; E, F: mechanically fixed.

As previously discussed, in order that a void
nucleation can occur, the development of high tensile
stress in a site of a local interface defect is necessary.
Therefore, we monitor the hydrostatic stress develop-
ment at the points Cl, C2, and C3. A representative
excerpt of the stress dynamics is shown in Figure 6.
The distribution of the vacancy concentration and
tensile stress are presented in Figure 7 and Figure 8,
respectively.

We have observed that until approximately 10
min, the peak tensile stress and the vacancy concen-
tration exhibit nearly exponential growth. After this
phase the peak vacancy concentration increases only
slightly and the peak tensile stress grows linearly. Such

Journal Integrated Circuits and Systems 2009; v.4 / n.2:67-72
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Figure 6. Time evolution of tensile hydrostatic stress at three
spots of the interconnect.
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Figure 7. Vacancy distribution (in 1016 cm=3). Right is the cathode
end of the interconnect.

a behavior was already observed by Kirchheim [3],
where it is called quasi steady state. After this quasi
steady state a rapid growth of stress and vacancy con-
centration takes place.

As observed by Vairagar et al. [6], under ope-
rating conditions similar to our simulations, the first
void nucleation occurs in less than 2 hours. Accor-
ding to our results, at this time we have already rapid
stress growth and a stress level of 70 MPa at the triple
point C1.

We can see that high values of the tensile stress
tensor component 0,,, which is orthogonal to the cap-
ping layer interface, can be observed at the capping
layer interface in the vicinity of triple point intersec-
tions with grain boundaries. The coincidence of high
vacancy concentration and high tensile stress values at
such triple points indicates that these regions are
prone to void nucleation, as they are natural places of
weak adhesion. This assumption was also expressed in
the discussion of results of accelerated tests in [6],
[24]. Moreover, these works show that voids initially
nucleate at the interface between the copper and the
capping layer far away from the cathode. Then, these
voids migrate in the direction opposite to the electron
flow, toward the cathode end of the line, where they
agglomerate and coalesce to form a void which spans
the line, causing the failure. Our results indicate that
the scenario of weak triple points in combination with
a stress threshold supports such a mechanism of mul-
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Figure 8. Tensile stress distribution (in MPa).

tiple void nucleation. As Figure 8 shows, peak tensile
stress develops simultaneously at different intersec-
tions of grain boundaries and the capping layer.

5. CONCLUSION

We presented an electromigration model which
takes into account all relevant driving forces for mate-
rial transport with a special focus on the effects of the
grain boundaries, which act not only as fast diffusivity
paths but also as sites for vacancy generation and
recombination. A detailed analysis of void nucleation
conditions is given and the consequences for electro-
migration simulation are discussed. The model was
implemented into a three-dimensional simulation tool
based on an efficient finite element code.

The simulated dynamics of the proposed elec-
tromigration model is in good agreement with the
experimental observations, reproducing typical char-
acteristics of the electromigration failure. The role of
microstructure is readily recognized, since we can
observe peaks of stress and vacancy concentration
located at triple points formed by the intersection of
grain boundaries with the capping layer. Based on the
void nucleation analysis we presented, the high stress
developed at such sites makes them prone to void
nucleation. Furthermore, the mechanism of multiple
void nucleation can be also described by the model.
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