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Numerical Simulation of Stress Evolution During
Electromigration in IC Interconnect Lines

Hua Ye, Cemal Basaran, and Douglas C. Hopkins, Senior Member, IEEE

Abstract A finite element simulation of stress evolution in
thin metal film during electromigration is reported in this paper.
The electromigration process is modeled by a coupled diffusion-
mechanical partial differential equations (PDEs). The PDEs are
implemented with a plane strain formulation and numerically
solved with the finite element (FE) method. The evolutions
of hydrostatic stress, each component of the deviatoric stress
tensor, and Von Mises stress were simulated for several cases
with different line lengths and current densities. Two types of
displacement boundary conditions are considered. The simulation
results are compared with Korhonen s analytical model [1] and
Black [2] and Blech s[3] experiment results.

Index Terms Deviatoric stress tensor, electromigration, FE,
hydrostatic stress, PDES, stress evolution.

I. INTRODUCTION

N A confined metal interconnect line, which is laminated

on aSiO, layer and encapsulated by adielectric passivation
layer, electromigration creates stressesthat can retard el ectromi-
gration. Blech [3] [5] was one of the first to explain the origin
of this phenomenon. In his experiments, he discovered a crit-
ical product of line length and current density, below which no
electromigration failure would be observed. Since then, many
researchers have studied the evolution of stress due to electro-
migration. Kirchheim [6] proposed a physically based model in
which generation of stress in grain boundaries during electro-
migration is caused by the annihilation and generation of vacan-
cies. Korhonen[1] proposed another physically based analytical
model for mechanical stress evolution during electromigration
in a confined metal line described by a one-dimensional equa
tion, as follows:

@_3 D,BQ 8_U_Z*ep(, 1)
ot oxr| kI \oz Q ’

where o isthe hydrostatic stress, tistime, D, isthe atomic dif-
fusivity, B is applicable modulus, €2 is atomic volume, £ isthe
Boltzman sconstant, 7" is absolute temperature, Z* isthe effec-
tive charge number, e iselectron charge, p isresisitivity, and j is
current density. The advantage of thismodel isthat the evolution
of hydrostatic stress in the confined line can be calculated in a
closed form; however, a disadvantage of this model is that the
components of the stresstensor are not available. Therefore, itis
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not possibleto use thismodel to analyze how the boundary con-
ditionswould affect the stress evolutionin theline. Clement [7],
[8] proposed asimilar model to Korhonen sin terms of vacancy
concentration; and in hismodel still only hydrostatic stress can
be calculated. In both models, the relation between the hydro-
static stress and lattice site concentration change is assumed to
be (using symbols defined in [1])

r dC do
de” = - B 2
where €7 is the change in the volumetric strain due to deposi-
tion of atoms at grain boundaries, o is the hydrostatic stress,
C islattice site concentration; and B is a parameter called the
applicable modulus which depends on the elastic properties of
the metal line and the surrounding material, and on the line as-
pect ratio. Thisrelationship is based on Eshelby s[9] theory on
eagtic fields of inclusion; thus elastic material property is as-
sumed for metal lines.

Instead of using the immediate relationship between lattice
density and hydrostatic stress, other researchers, such as Povirk
[10], Rzepka [11] and Garikipati et al. [12], employed the
idea that diffusion fluxes give rise to volumetric strain, which
serves to establish stress fields, driving stress-migration fluxes.
Using a similar concept, Sarychev [13] proposed a three-
dimensiona self-consistent model of stress evolution during
electromigration. Inthismodel, local volume changeisassumed
to be generated by vacancy migration and generation due to
electromigration. The local volume change is then treated as
an analog of thermal strain. The stress fields are calculated as
a result of volumetric strain induced by electromigration. In
this approach, assumption of elastic material property is no
longer necessary, and al the components of a stress tensor,
instead of just hydrostatic stress, are available.

Based on Sarychev s electromigration-deformation constitu-
tive model [13], a plane strain formulation is derived in this
paper. Finite element simulation is performed for confined Alu-
minum (Al) lines with different lengthes and current densities.
Two types of displacement boundary conditions are considered.
The hydrostatic stress evolution in the simulation agrees well
with Korhonen s [1] analytical model. The effect of displace-
ment boundary conditions on stress evolution is discussed. Fi-
nally, the results are discussed by comparing to Black [14] and
Blech s [3] experimental results.

Il. VACANCY DIFFUSION AND MECHANICALLY COUPLED
ELECTROMIGRATION MODEL

The electromigration process is an electron flow assisted
diffusion process. In this paper, the process is assumed to be
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controlled by a vacancy diffusion mechanism, in which the
diffusion takes place by vacancies switching lattice sites with
adjacent atoms.

The vacancy diffusion equation of electromigration, con-
sidering the concurrent mechanical stress, was proposed by
Kircheim as [6]

oC, =
=V.-7+G
En V.-q+
- = OUZ*e s OU . —
7= D, |$C,+ S g (-0
combine these two equation together
oc, 9 Z¥ep = -
o D [V Cy T V- (Cuj)
Q= .
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where C,, , vacancy concentration; D, , vacancy diffusivity; ¢,
vacancy flux vector; Z*, vacancy effective charge number; e,
electron charge; p, metal resistivity; j, current density vector;
f, vacancy relaxation ratio; €2, atomic volume;, £k = 8.62 x
107° eV/K = 1.38 x 10~ 2 J/K, Boltzman s constant; 7', ab-
solute temperature; o = trace(o)/3 , hydrostatic or spherical
part of the stresstensor; G = —(C,, — ¢y /75 ), VECANCY gener-
ation rate [13]; Cye = Cyoel(1 — f)Qo/kT'), thermodynamic
equilibrium vacancy concentration; C,,o, equilibrium vacancy
concentration in the absence of stress; 7., characteristic vacancy
generation/annihilation time; If we defineC = C,,/C,,o asthe
normalized concentration, then the vacancy diffusion equation
could be re-written as

aC Z¥ep = - Q= - G
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where, initially, C = 1 (or C, = C,). The vacancy can be
considered as a substitutional species at the lattice site with a
smaller relaxed volume than the volume of an atom. When ava-
cancy switches lattice site with an atom or a vacancy is gener-
ated/annihilated at a grain boundary or at a dislocation, alocal
volumetric strain occurs. Proposed by Sarychev [13], the va
cancy diffusion causes volumetric strainin the metal during cur-
rent stressing. This volumetric strain is composed of two parts,
ef7, the volumetric strain due to vacancy flux divergence, and
afj, the volumetric strain due to vacancy generation. Since dif-
fusion is atime dependent process, these volumetric strains are
naturally expressed in the form of strain rates

1
€ij :ngV - qbij (5)
. 1
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where 6, isthe Kronecker s symbol. Thus, the combined volu-
metric strain rate due to current stressing is

~elec “m - Q A
&t :Eij+€zgj:§[fV'Q‘F(l_f)G}‘sij- )
Thetotal volumetric strain rate dueto current stressingisthen

gelee _ () [fﬁ,ﬂ_ (1—f)G} . 8

IEEE TRANSACTIONS ON COMPONENTS AND PACKAGING TECHNOLOGIES, VOL. 26, NO. 3, SEPTEMBER 2003

By analogy to thermal strain (which is the volumetric strain
caused by temperature variation), the volumetric strain caused
by the current stressing is superimposed onto the strains tensor
with strains due to other loadings, thus total strain can be given
by

tgtal _

mech therm elec
ij TEj  TE& o tE

)

where £}%'*! isthe total strain tensor, ¢77°" is the strain due to
mechanical loading, /""" isthe strain dueto thermal load, and
sj’]l-“ is the volumetric strain due to electromigration.

I1l. PLANE STRAIN FORMULATION FOR THE ELASTIC
MECHANICAL STRESS-STRAIN MODEL

A plane strain formulation based on Sarychev smodel is de-
rived for simulating the stress evolution in a heavily passivated
Al thin film. When a Al line is covered by a heavy passiva-
tion layer, the out-of plane displacements are greatly restricted.
Therefore, the plane strain assumption, where the out-of plane
strain is assumed to be zero, provides a good approximation.
The standard strain (e;;) displacement  (u, v, w) relationship

is given by
ou ov ow
Ex —a €y - a_y7 €z = 0Z (10)
_du v _9u Ow
Ty _0y oz’ Vaz = 0z oz’
ov  Ow
Yyz =9 + 0_1/ (11)

where, e. = 7,. = 7y, = 0 for the plane strain case con-
stitutive relationship with the mechanical, thermal and electric
current loadings from (9) is then

1 elec
€x :E{or —v(oy +0,)} + AT + 63 (12)
1 Eelﬁc
ey :E{Jy —v(oy +0.)} + AT + 3 (13)
1 elec
€5 :E{crz —v(o, +0y)} + AT + 3 (14)
1
Yy :asz-/ Yy = 07 Vyz = 0 (15)
where
Tez =Tyz = 0 (16)
1 &.Rle(‘
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where, F is Young s modulus; v is Poisson s ratio; « is the
coefficient of thermal expansion. Thus

1
0. =v(0o,+0y)—E (aAT + geel“) = (18)
_ 1 -2
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Then
. E
7 T )1 20)
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And the hydrostatic stress can be calculated as
_Op+0y+o0.
B 3
1 1 elec
=3 (14 v)(ox+0y) — E | aAT + 3¢ (24)
where £°/°¢ is coupled with the vacancy diffusion,
gelec — @ [fﬁ ST (1— f)G} . (25)

Quasi static mechanical equilibrium equationsfor plane strain
problem are given by

00, OTgy
—= =0 26
or dy (26)
OTyy ~ Ooy
=0. 27
ox dy 27)

Thus, by solving the coupled diffusion-mechanical equations
(vacancy diffusion (3), volumetric strain evolution (25), and
quasistatic mechanical equilibrium (26) and (27)), the stress
evolution during electromigration can be obtained. With this
model, each component of stress or strain tensor can be calcu-
|ated, as opposed to 1-D analytical models where only a global
average hydrostatic stress can be cal culated. We can also calcu-
late the Von Mises stressfield to detect if the material entersthe
plastic range. The proposed model allows considering different
displacement boundary conditions and irregular shaped inter-
connect lines due to versatility of the finite element methods.

IV. FEM SIMULATION OF THE THIN ALUMINUM LINE

FlexPDE is used as the finite element code in the analysis
[15]. PlexPDE applies integration by parts to reduce second
order termsin the partia differential equation (PDE) system to
create Galerkin equations. It then differentiates these equations
to form the Jacobian coupling matrix. This produces flux inte-
gral termsalong all sides of each cell. These terms are assumed
to be continuous across all interfaces, so that when the Galerkin
equations are solved, the solution is consistent with the assump-
tion of flux continuity within the numerical accuracy of the so-
[ution, and withinthe ability of thefinite element basisfunctions
to follow the solution shape. FlexPDE uses a Newton-Raphson
iteration process to solve nonlinear systems. Adaptive mesh re-
finement is used to reduce the cell size in areas of sharp cur-
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vature of the solution. The system iterates the mesh refinement
and solution until a user-defined error tolerance is achieved.

Inthisanalysis, the transient stress evolutions of Al thin film
with lengths from 25 pm to 100 m and current densities from
0.5x 10° to 2 x 10° A /cm” are simulated. The temperature is
assumed to be uniform to eliminate thermally induced stressin
the simulations.

A. Boundary Conditions

A blocking boundary condition for diffusion isassumed, such
that the diffusion flux is zero at each end aswell as both sides of
theline. The displacement boundary conditions on the both ends
of the Al line are such that both displacements « and v are fixed.
For the two sides of the line, two types of boundary conditions
were considered (Fig. 1). Typel issuch that both displacements
u and v, inthedirectionsof 2 and y, respectively, arefixed; Type
Il issuch that only the displacement perpendicular to the side of
theline, v, isfixed and displacement along the direction of the
line, u, isallowed. The Typell boundary condition isconsidered
for the case when the passivation layer is not sufficiently strong
torestrict dipping between the Al line and the passivation layer.

B. Initial Conditions

Theinitial condition for vacancy diffusion isthat the vacancy
concentration everywhere equals the equilibrium value for
a stress free state. The line is aso initially assumed to be
strain-free.

C. Calculation Parameters

Simulation parameters are: ' =
sumed uniformly distributed). & = 8.62 x 107° eV/K =
1.8 x 1072* J/K, Boltzmans constant £ = 66 GPa,
Youngs modulus of Al; v = 0.35, Poissons ratio;
Cyo = 6.02 x 10" /cm?, equilibrium vacancy concen-
tration at a stress free state at 473 K. Calculated from atomic
concentration of Al by assuming C,,/C, ~ 107 at 473 K [1].
Q = 1.66 x 1072*/cm?, atomic volume. 7, = 1.8 x 1073 s,
vacancy relaxation time [13]. f = 0.6, average vacancy
relaxation ratio [13]. Z* = 4, effective charge number [16].
p=1139%x10"8 T —2.07 x 10~7 ohm - cmn, resistivity of Al.

473 K, temperature (as-

D. Vacancy Diffusivity

D, = 2.7 x 10°% ¢cm?/s, vacancy diffusivity at 473 K,
is used in this simulation. Grain boundary diffusion is
assumed to be the main diffusion mechanism in electromi-
gration; and lattice diffusion is not considered since grain
boundary diffusivity is order of magnitude higher at this
temperature. Frost s [17] grain boundary diffusivity for Al,
6Dgp = 5 x 107 8e=087¢V/KT 3 /5 s used. By assuming
an average grain size to be 1 pm [1], the effective atomic
diffusivity isthus

0Dy, 8.3 x 1087 0-87ev/kT o2

d 1x 104 s

The vacancy diffusivity is calculated from the relation [8],
D,C, = D,C, ,athestressfree state. By assuming C,,/C, =
1077 at 473K again, D, = 10’ D, = 2.7 x 107% cm?/s iscal-
culated at the stress free state. Note that the vacancy diffusivity

D,
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Fig. 1. Two types of boundary conditions: top) Type |; bottom) TypeIl.

TABLE |
SIMULATION CASES WITH DIFFERENT LINE LENGTH AND CURRENT DENSITY

Case I| Case I |Case III|Case IV| Case V
Line length (um) 25 50 100 50 50
Current density (10°A/cm?)| 1 1 1 0.5 2

is not dependent on stress, but atomic diffusivity is dependent
on stress since vacancy concentration changes with stress.

V. SIMULATION RESULTS

For each type of displacement boundary condition along the
Al line, five cases with varying line lengths were simulated as
shown in Table I. In al the cases, the width of the Al line was
15 pm. Such a relatively wide line was chosen to avoid the
bamboo or near bamboo grain structure (none or only a few
boundaries along the line direction) that exists in a much nar-
rower line. In the case of bamboo or near bamboo grain struc-
tured lines

1) the assumption of a universal grain boundary diffusivity
for the whole line is not valid any more;

2) sincetheline is separated by the fast diffusion segments
(grain boundaries) and the slow diffusion segments (lat-
tice within the bamboo grain), the diffusion is dependent
on the particular grain structure of the line.

Although many researchers have explored electromigration in
bamboo structured lines [18] [21], this is not the focus of the
current paper. The second reason for choosing a line width of
15 pm in the simulation was that it is close to the line width
usedinBlech sexperiments[3], [4], [22], sincewewill compare
this simulation to his experiment results. The mesh used for FE
analysis is shown in Fig. 2. The current flow was from left to
right.

Resultsfor all casesshownin Tablel are presented later inthe
paper in atable format. In this part, ssimulation results for Type
I, Case Il are presented in Figs. 3 17 and discussed in detail.
The figures show length in cm, stress in N/cmz, and time in
seconds.

At steady state, the vacancy concentration distribution along
the line was nearly linear, with the lowest concentration at the
anode side (left side) as shown in Fig. 3. The steady state vol-
umetric strain, as shown in Fig. 4, was positive (compressive)
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Fig. 2. FEA mesh.
Diffusion-mechanical coupied problem in EM 16:47:47 115/02
FlexPDE 3.01d
C
1o (len,width/2)
/ il
//
1 - 4
v
/
;
'
o
/
1. -
e
g
4 E
" -
-
1. 3 4 3
X 3

diffusion-EM: le=190 Time= 6.0000e+6 dt= 1.2293e+6 p2 Nodes=1467 Cells=632 RMS Err={
Integral= 5.218128e-3

Fig. 3. Steady state normalized vacancy distribution along the thin film.
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Fig. 4. Steady state distribution of volumetric strain aong the thin film.
near theanode sideasionsmigrated into and accumulated inthis
region (or vacancies migrated out), and negative (tensile) near
the cathode side. The steady state stresscomponentso;, oy, 7oy,
and 7, areshowninFigs. 5 7. Sinceyielding of metalsisinde-
pendent of the hydrostatic portion of the stress tensor, the value
of hydrostatic stressin the Al lineis not an adequate measure to
judge whether or not the Al has reached the plastic range. Von
Mises stress is often used as the yield condition for metals and
isshownin Fig. 8. The maximum Von Mises stressvalue is seen
along the four edges of the Al line (120 MPa).

Fig. 9 shows the normalized vacancy flux distribution along
the center of the Al line after 70 s of current stressing. The
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Fig. 7. Steady state distribution of shear stress ., aong the thin film.

vacancy flux was zero at both ends due to the blocking diffu-
sion boundaries. The corresponding divergence of the vacancy
flux is shown in Fig. 10. As the diffusion process approached
steady state, the respective vacancy flux divergence gradually
decreased to zero.

The evolution of the hydrostatic stress distribution is shown
inFigs. 11 14. Hydrostatic stressfirst devel oped near both ends
of the Al line, and then gradually decreased inward, eventually
changing sign in the middle. At steady state, the hydrostatic
stress was in compression near the anode side, and was in ten-
sion near the cathode side.
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Fig. 8. Steady state distribution of Von Mises stress along the thin film.
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Fig. 9. Normalized vacancy flux distribution along the film length after 70 s
of stressing.
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Fig. 10. Vacancy flux divergence distribution along the film length after 70 s
of stressing.

Time histories at both ends of the Al line for hydrostatic
stress, normalized vacancy, and Von Mises stress are shown in
Figs. 15 17. These values increased with time during current
stressing and finally reached steady state at approximately
the same time. Both the hydrostatic stress time-history and its
distribution evolution are similar to the results from Korhonen s
analytical model [1]. Since this model aso gives individual
components of the stress tensor, it makes it possible to use
appropriate yield conditions to decide where the material enters
plasticity. Whereas, Korhonen s [1] model provides a global
hydrostatic stress value only.
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Fig. 11. Hydrostatic stress distribution along the film length after 70 s of
stressing (3.5 MPa maximum).
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Fig. 12. Hydrostatic stress distribution along the film length after 3600 s of
stressing (70 MPa maximum).
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Fig. 13. Hydrostatic stress distribution along the film length after 25200 s of
stressing (230 MPa maximum).

VI. FURTHER DISCUSSION

Thesimulation results show that el ectric current stressing cre-
ates volumetric deformations along the Al line due to vacancy
flux divergence and vacancy generation/annihilation as shown
in Fig. 4. Due to the applied boundary constraints, mechan-
ical stressesdeveloped. A summary of simulation resultsfor the
five cases and two types of boundary conditions are shown in
Tables I and Ill.

Korhonen [1] predicted that the time for electromigration to
reach a steady state (a state where the atomic or vacancy flux
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Fig. 14. Steady state distribution of hydrostatic stress (500 M Pa maximum).
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Fig. 15. Hydrostatic stress evolution at both ends of the line.
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Fig. 16. Evolution of normalized vacancy concentration at both ends of the
line.
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Fig. 17. Evolution of Von Mises stress at both ends of the line.
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TABLE I
SUMMARY OF SIMULATION RESULTS FOR TYPE | DISPLACEMENT
BOUNDARY CONDITION

Time to| Time to | Time to | Time to | Steady | Steady
Current | strip [Product| reach | reach | reach reach state state
Case | density [lengthl LxJ |steady |spherical|spherical| vonMises |spherical| vonMises

10°4/cm?| (um) | A/cm | state | stress | stress stress stress stress

(hrs) |100MPa|300MPa| (40MPa) | (MPa) | (Mpa)
1 1 25 | 2500 | 333 1.92 '**** 1.44 250 88
I 1 50 | 5000 | 111.1 1.72 11.4 1.61 500 90
111 1 100 | 10000 | 444.4 1.69 10.4 1.61 1000 90
v 0.5 50 | 2500 | 111.1 5.56 Hxoxk 19.4 250 45
A 2 50 10000 | 111.1 0.57 32 0.39 1000 180

Note: **** this stress was not achieved (same for following tables)

TABLE 11
SUMMARY OF SIMULATION RESULTS FOR TYPE || DISPLACEMENT
BOUNDARY CONDITION

T:me Time to | Time to | Time to | Steady | Steady
Current | strip [Product re;:h reach | reach reach state state
Case | density [lengthl LxJ Ltead sphericalispherical| vonMises |spherical| vonMises
10°4/em?| (um) | (hrs) fat stress | stress stress stress stress
(irsy [L00MPa|300MPa) (0MPa) | (MPa) | (Mpa)
I 1 25 | 2500 |556( 3.6 AR 35 250 175
1T 1 50 | 5000 |225.0{ 3.6 30.6 35 500 350
m 1 100 {10000 (97221 3.6 30.6 35 1000 700
v 0.5 50 {2500 [222.2] 139 Hoxkx 139 250 175
\Y% 2 50 |10000|227.8] 0.9 7.5 0.9 1000 700
TABLE IV

TIME FOR ELECTROMIGRATION TO REACH STEADY STATE

are zero everywhere and thus there is no further stress devel-
opment) is proportional to the square of the line length. In this
simulation, the results show that the time to reach steady state
is approximately dependent on the square of the line length as
shown in Table 1V, which agrees with Korhonen s prediction.
Thetimeto reach steady state isindependent of current density
but dependent on the displacement boundary conditions.

If we consider the time to reach certain hydrostatic or Von
Mises stress levels at the blocking boundary, the results in
Table V show that time is mostly dependent on the current
density and nearly indenpent of Al linelength for all ssmulation
cases. For Type | displacement boundary conditions, the time
to reach certain hydrostatic stress levels is weakly dependent
on theinverse of the square of current density. For example, the
time to reach a hydrostatic stress level of 100 MPa averaged
about 1.78 hours for Cases | to Il with Type | conditions,
where the current density is 106 A/ cm?. When current density
isreduced to 0.5 x 10° A/cm2 asin Case |V, thetimeincreases
t0 5.56 hours, 3.1 times aslong as Cases | to I11. When current
density increases to 2 x 10° A/cm” as in Case V, the time
reduces to 0.57 hours which is 0.32 times as long as Cases |
to I1l. But the time to reach certain Von Mises stress levels

679

TABLE V
TIME TO REACH CERTAIN HYDROSTATIC OR VON MISES STRESS LEVEL AT
BLOCKING BOUNDARY

is strongly dependent on the inverse of the square of current
density, such that ¢,a;j~2. For Type || displacement boundary
conditions, the times to reach certain hydrostatic stress and Von
Mises stress levels are both strongly dependent on the inverse
of the square of current density.

If we assume that the line failure occurs when the hydrostatic
stress reaches a critical value, the time to failure of the Al line
is at least weakly proportional to the inverse of the square of
current density. But it is more appropriate to assumethat failure
occurs when the Von Mises stress reaches a crical value (e.g.,
yield condition), since hydrostatic stress cannot be used as a
yield condition for metals. In a finite line, if a steady state of
electromigration is achieved before yielding, the total steady
state flux becomes zero; at this point, the electromigration flux
is entirely balanced by the counterflux due to the hydrostatic
stress gradient and consequently therewill be no further electro-
migration damage. If Von Mises stress reaches a critical value
(yield condition) at the end of the Al line before the steady state
flux becomes zero, the blocking boundary region experiences
plasticity. This prevents the build up of stress gradient in the
Al line which counter-balances the electromigration flux. Thus,
zero-flux steady state may never be reached, and the Al line
fails. The time for Von Mises stress to reach a critical level is
shown to be inversely dependent on the square of current den-
sity. Thisobservationisin accordance with Black sexperiments
[23] on metal line electromigration, which showed that mean
time to failure depends on the current density to the power of
-2

tso = Aj 2eMH/NT (28)
where j isthe current density, ¢50 isthe median timeto failure,
Aisaconstant, and A H is the activation energy of the filure
process.

A more rigorous mechanical constitutive model, such as the
visoplastic model, can be used to track stress evolution and pro-
vide a more accurate simulation of this diffusion-mechanical
coupled electromigration process. That will be the subject of
another paper.

The steady state hydrostatic and Von Mises stresses arelisted
in Table VI for both Type | and Type Il displacement boundary
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