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In this paper, a finite element based simulation approach for predicting the effect of
microstructure on the stresses resulting from electromigration-induced diffusion is
described. The electromigration and stress-driven diffusion equation is solved coupled to
the mechanical equilibrium and elastic constitutive equation, where a diffusional inelas-
tic strain is introduced. Here, the focus is on the steady state, infinite life case, when the

current-driven diffusion is balanced by the resulting stress gradient. The effect of the
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1 Introduction

The microelectronics industry continues to attain increases in
chip speeds while reducing cost and power consumption primarily
through increasing device density and thus decreasing device
dimensions. This downscaling of device dimensions leads to an
increase in current density that must be carried by the metallic
interconnects and solder bumps. With increased current density,
electromigration-induced failure becomes a major reliability con-
cern. Electromigration is a mass diffusion process attributed to
momentum transfer from conducting electrons to diffusing metal
atoms, which, over time, results in metal being depleted from the
cathode end and accumulating at the anode end in a conductor
[1-3]. If the conductor is confined, the depletion or accumulation
of material leads to stress, with tensile stresses at the cathode and
compressive stresses at the anode that drives a diffusion process
in the reverse direction [4]. If the resulting stress gradient is suffi-
ciently high, electromigration is arrested [5,6]. This leads to a pre-
diction of a critical current density, below which electromigration
is halted, that is inversely proportional to the line length.

The microstructure, in particular the grain structure, strongly
impacts the stresses that develop and the time to failure resulting
from electromigration in metal interconnects and solder bumps.
The grain structure impacts the stress state primarily in two ways.
First, the grain structure affects the diffusion path, which impacts
where the diffusing material is depleted and accumulates ulti-
mately affecting the stress state [7]. For example, in two
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crystal orientation in Sn-based solder joints on the limiting current density for an infinite
life is investigated and compared to experimental observations in the literature. The
effect of the grain structure for Al interconnect lines on the dominant diffusion path and
estimates for the effective charge number for two different diffusion paths in Al intercon-
nects determined by matching simulations to experimental measurements of elastic strain
components in the literature are also presented. [DOI: 10.1115/1.4031837]

electromigration experiments on aluminum (Al) interconnect
lines, where the elastic strain resulting from the stress was meas-
ured in the direction perpendicular to the substrate, opposite
trends were observed, which is attributable to the difference in the
grain structures and dominant diffusion paths [8,9]. In Wang et al.
[8], the Al line was relatively wide with multiple grains across the
width of the line, and thus, the grain boundaries were the domi-
nant diffusion path. On the other hand, in Zhang et al. [9], the Al
line was narrow with closer to a bamboo structure with typically
only one grain across the width, and thus, diffusion along the
interfaces between the line and surrounding material dominated.
Likewise, in tin (Sn)-based solder joints, the grain structure affects
the dominant diffusion paths and the resulting stress state [10—13].
Second, because the diffusion and mechanical behavior of indi-
vidual grains are anisotropic, the grain structure and orientations
affect the stress state. For example, Sn-based solder is primarily
composed of f# Sn, which has a body-centered-tetragonal (bct)
crystal lattice structure. When subjected to a current load, both
self-diffusion and interstitial diffusion of the metallization layer
occur with the rate of each diffusion mechanism being very differ-
ent along the a- and c-axis [12,14-17].

Because electromigration has been identified as a serious reli-
ability issue in integrated circuits, substantial effort has been
devoted to modeling the phenomenon in order to design new inte-
grated circuits that are not prone to electromigration-induced fail-
ure. Early work focused on analytical one-dimensional models for
metallization lines [6,18]. In more recent years, computational
and more sophisticated analytic models have been developed to
more accurately model real interconnect geometries, the surround-
ing materials, and more complex physics. While most of these
models treat the materials as homogeneous and do not account
explicitly for microstructure nor the associated anisotropy, a few
do consider microstructure explicitly.
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Several researchers have developed finite-element models that
solve the mass diffusion equation including the current density,
stress gradient, and temperature gradient as driving forces for
diffusion, coupled with the electrical, mechanical, and thermal
equations required to solve for the current density, stress, and tem-
perature fields. Basaran and coworkers developed a 2D finite-
element model that included plastic deformation in the stress anal-
ysis, which they compared to the experimental observations of the
displacement field in a solder joint [19,20]. That research group
more recently extended that model to 3D and added a damage
metric to predict void growth and the resulting elastic modulus
reduction [21]. The model was used to study the effect of tempera-
ture on the mean time to failure in solder at low temperatures.
Singh et al. developed a 3D finite-element model for predicting
the critical conditions to nucleate electromigration or stress-
induced voids in interconnects, where they incorporate a cohesive
zone model in the interfaces in order to model surface separation
and mass diffusion in the surfaces [22]. Liu and coworkers have
done extensive work in developing a 3D finite-element model for
predicting void formation due to electromigration and reliability
in wafer level packages [23—28]. While the above models have
been able to provide some insight into where voids are likely to
form and the effect of line geometry, current density, and temper-
ature on void formation and failure, these models do not account
for microstructure nor do they account for the strong anisotropy
present in Sn-based solder.

A few researchers have developed numerical models that treat
the metal interconnect as an aggregate of grains in order to capture
the effect of the microstructure. A semi-analytic, 2D model for
grain boundary diffusion in columnar grain structures was devel-
oped by Gleixner and Nix [29]. Povirk and Bower et al. proposed
and implemented 2D finite-element formulations for polycrystal-
line interconnects that incorporated grain boundary, surface, and
bulk diffusion explicitly [30-32]. Buchovecky et al. modeled 3D
intermetallic compound (IMC) growth and stress-driven diffusion
in a Sn film with a columnar grain structure [33]. In that model,
the Sn grains are treated as isotropic, elastic—plastic, and the stress
is induced in the Sn film from the transformation of Sn to IMC. A
rigorous model that explicitly considers the stress and
electromigration-driven diffusion along grain boundaries was
developed by Wilkening et al. [34]. In that work, they show the
conditions in which at steady state, the stress does not balance the
electromigration driving force leading to progressive damage
assuming isotropic elasticity and electrical behavior in the indi-
vidual grains.

In this paper, we consider the effect of the microstructure on
the resulting stress field due to electromigration, where we assume
that the conductor is sufficiently short and confined to generate a
large enough stress gradient so that electromigration is arrested. In
this work, we consider the effects of the dominant diffusion path,
the elastic anisotropy, and the electrical anisotropy. We consider
cases involving both Sn-based solder connections and Al intercon-
nects. By comparing simulations to experiments, we are able to
elucidate new information about the effect of the crystal orienta-
tions on the limiting current density for a given line length in
Sn-based solder joints and the effect of grain structure on the
dominant diffusion path in Al interconnects. We are also able to
estimate the effective charge number for Al interconnect for two
different diffusion paths.

2 Governing Equations and Problem Definition

Let B be the region of interest that includes both the conducting
and surrounding materials, and let 3. C B be the region with the
conducting material where electromigration occurs. The atomic
flux vector, J, resulting from the current j and driving stress ¢ in
B, is given by [18]

D . _
J= Q—kT(—EZ pj +QVa) €8
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where D is the diffusivity, Q is the atomic volume, & is the Boltz-
mann constant, 7" is the temperature, e is the elementary charge,
Z* is the effective charge number tensor, and p is the electrical
resistivity tensor. The first term in Eq. (1) is the driving force due
to the current, and the second term is the mechanical driving
force. The appropriate scalar driving stress ¢ is determined by the
dominant diffusion path, which, in turn, depends on the micro-
structure. For grain boundary diffusion, the driving stress is taken
as the normal stress on the grain boundaries [6,18,29,30], while
for lattice diffusion, the driving stress is the hydrostatic stress
[7,8,35]. Other dominant diffusion paths, such as interface diffu-
sion, would be associated with other definitions of the driving
stress, which is discussed further below.

While for crystals with cubic symmetry, such as Al, the effec-
tive charge number and electrical resistivity are isotropic and
these parameters reduce to scalars, for materials such as Sn-based
solder, which has a bct crystal structure, the effective charge num-
ber and electrical resistivity are different along the ¢ and ¢ crystal
directions, and thus, must be treated as tensors.

The rate of accumulation or depletion of a volume of atoms per
unit volume at a given location in 3, may then be expressed as

9y

—=-QV. 2

o J (@3]
where ) represents a local inelastic dilatation. If the only source of
inelastic deformation is the local change in the volume of atoms
due to diffusion; then, the local inelastic strain tensor &' should be
such that

tr(e) =y 3)

If we further assume coordinates that align with the principal
directions of inelastic straining, then

) ap 0 0
¢=yH=y|0 a 0 4
0 0 as

where a;+a,+az;=1. The relative values of a;, a,, and a3
depend on where the diffusing atoms are removed and deposited,
i.e., how the material arranges itself on the downstream end and is
depleted on the upstream end, which depends on the diffusion
paths. For example, if interface diffusion dominates and the nor-
mal to the interface is aligned with the x; coordinate direction,
then it may be reasonable to assume a; =a, =0 and a3 =1, as the
atoms will be removed and deposited in the interface causing the
material to grow or shrink in this direction. It should also be noted
that the tensor H relates the scalar driving stress ¢ to the stress
tensor ¢ such that

Gd=H:6=tr(H ) (5)

where : indicates a double contraction. This form of H assumes an
average effect of the diffusion over the volume and is a reasonable
assumption for single crystals, for interface-dominated diffusion
with parallel flat interfaces, and for grain boundary diffusion
when there are many grains across the region of interest. How-
ever, this assumption would not be valid for modeling grain
boundary diffusion when there are only a few grains in a region
and other cases where the diffusing material would take paths that
vary. In those cases, the details of the microstructure would need
to be considered explicitly in defining the form of the inelastic
strain and driving stress, which would vary throughout the volume
of the conducting material.

If the conducting material is constrained, then stresses will
result from the inelastic strain. Assuming small deformations and
linear elasticity, the stress is then

6=L:(&), &£ =¢—¢ (6)
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where L is the fourth-order elasticity tensor, &° is the elastic strain,
and the strain ¢ may be expressed in terms of the displacement
field u as

(Vu+ vu") %

N =

& =

If thermal strains are present, the above equation could be
expanded to include those as well, which would depend on the
temperature history. The resulting stress state in the conducting
and surrounding materials, region 53, must be in equilibrium, and
thus, the stress state should satisfy

V-a=0 (8)

In this work, we focus on the case where electromigration is
arrested due to stresses resulting from confinement. When this
occurs, J =0, and Eq. (1) yields

e

Vo =—Z"pj 9

o =520 )

Combining Egs. (4)—(9) and assuming the usual symmetries in

L, the problem can then be defined as: find the volumetric inelas-

tic dilatation y resulting from electromigration and induced dis-
placement field u that satisfy

VL: (Vu—yH)| =0

inB (10)

e

VIH: L: (Vu—yH)] = QZ*pj inB, (11)

for a given current density field j subject to boundary conditions

u=u onS, (12)

on=T onSr (13)
where & represents a prescribed displacement on boundary S, n
is the outward unit normal on the boundary, and T represents a
prescribed traction on boundary Sy. The boundary conditions are
specified on the entire boundary S of region B without overlap
such that S, U Sy = S and S, N Sy = . In addition, since diffu-
sion only occurs in the conducting material, y is only nonzero in
B,. Furthermore, we expect that the material accumulated and
depleted throughout the conducting material must balance to sat-
isfy mass balance, and thus

J ydV =0 (14)
B,

If all the parameters other than the solution variables # and y
are known, Egs. (10) and (11) represent a set of six equations with
four unknowns, with Eq. (14) as an additional constraint on the
solution of y. However, H, which is associated with the diffusion
path, and the effective charge number(s) defining Z* are typically
not well-known and may also be treated as unknowns that need to
be solved for. In that case, additional information, such as meas-
urements of elastic strain components, are required to solve for
these parameters as well as u and y. Here, we will consider both
cases where H and Z* are assumed known as well as cases where
they are not completely known, but elastic strain measurements
are available [8,9].

3 Finite-Element Model and Solution Approach

A finite-element formulation is used to define a discrete set of
equations. The displacement field # and inelastic dilatation y are
approximated in terms of finite-element basis functions such that

u(x) ~ u(x) = i, (x)

o=1,N (15)
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"/(x) ~ 'p(x) = :};/fl///f(x) ﬁ = 17N(‘

where u and 7 are finite dimensional approximations of u and 7,
V,, are finite-element basis functions, N is the number of nodes for
the displacement interpolation in 3, and N,. is the number of nodes
for the inelastic dilatation interpolation in B.. Summation is
implied on the repeated Greek subscripts. Equation (10) together
with boundary conditions (12) and (13) is analogous to a
thermal—elastic problem. Substituting the interpolations into a
standard Galerkin formulation yields the following:

16)

[ [E:(VﬂfﬁH)]:Vf)de[ T -vdA =0 17)
B

JSr

where v is a finite dimensional variation, which is interpolated
with the same interpolations as #. Forming a variational form of
Eq. (11) and substituting in the interpolations result in

J {V[H:L‘: (Vﬁ—“}H)]—éZ*pj} FAV =0 (18
B.
or the weak form
J‘ {H: L:(Va—5H)(V %)+ <£Z*pj) J}dv
B. Q
ff H: L: (Vi — 7 H)ln-vdA =0 (19)
S,

where S, is the boundary of .. While Eq. (17) is standard, Eqs.
(18) and (19) each have their own challenges, Eq. (18) because of
the gradient term, and Eq. (19) because of the boundary term. In
this work, we use Eq. (18). In addition, we have the challenges
that H and Z* may not be fully defined, or if they are prescribed,
they may not be accurate. Moreover, we have not yet brought into
the formulation the constraint Eq. (14) or how to consider meas-
ured elastic strains if available. We shall consider some of these
cases next as we develop solution approaches.

The overall approach we take here is a staggered approach,
where we alternately solve Eq. (18) for a best fit of 7 and any
additional unknown parameters while keeping u fixed, and then
solve Eq. (17) for u while keeping 7 and H fixed until conver-
gence. This can be thought of as first perfectly confining the mate-
rial so there is no displacement, and solving for the inelastic strain
resulting from current-driven diffusion, then allowing the material
to relax and self-equilibrate, and repeating this sequence until the
computed inelastic strain field no longer changes and is in equilib-
rium with the displacement field.

3.1 Case 1: Fully Prescribed Diffusion Parameters and No
Elastic Strain Measurements. For this case, the dominant diffu-
sion path is assumed known as well as the effective charge num-
ber(s), and thus H and Z* are fully prescribed, and no additional
information regarding the elastic strains is given. This could be
thought of as the typical forward modeling case. Here, we use Eq.
(18) together with the constraint (14) and we assume the conduct-
ing material is locally homogeneous. Symbolically, after substitut-
ing in finite-element interpolations into Eq. (18), a linear system
of the following form results:

Ld=b (20)
where d represents the vector of nodal inelastic dilatations
7> B =1,N,, and for clarity, L and b are defined indicially

Olﬁﬁ
Lip = | HyLjimHpm—— Y, dV (2la)
B,

ox i
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Fig. 1 Cross-sectional diagrams of Al interconnect lines from the experiments by (a) Wang

et al. [8] and (b) Zhang et al. [9]

0 812, e .
biy = L. L?_x, (H/kﬁjklm 87,,,) - ﬁzz;‘pjkjk] v, dv

where Latin subscripts indicate dimension, and summation is
implied on repeated indices. The first term in the integrand in Eq.
(21b) is found by locally reconstructing Va at the nodes, follow-
ing the method presented in Maniatty et al. [36], and then differ-
entiating the term in parentheses as usual with the shape function
derivatives. In three-dimensional (3D), the above system repre-
sents 3N, equations with N, unknowns. We seek to find d that best
satisfies Eq. (20) and constraint (14). To do this, we minimize the
following function:

(21b)

[(Ld —b)"(Ld—b) + 4,(d- W)Z} (22)

N =

mp; =
where

and /, is a constant coefficient that defines how strongly the con-
straint is applied. Minimizing m; with respect to d yields the fol-
lowing system:

(L'L + 2;ww")d = L"b (24)
that is used to update d (7). We then solve Eq. (17) for u, given 7,

using a standard finite-element method. We continue to alternately
solve these two systems until convergence is achieved on d and u

when ||d"*+) —d®)]|/||d" V]| < toler and ||tV — &/
||a" V]| < toler (|| - || indicates L, norm), where 7 indicates itera-
tions and toler is a prescribed tolerance.

3.2 Case 2: Unknown Diffusion Parameters and Some
Elastic Strain Measurements. In this case, we use measurements
of elastic strain together with the governing equations in Sec. 2 to
determine both the inelastic dilatation y distribution, the effective
charge number Z* and, where possible, the parameters defining H,
which are associated with the dominant diffusion path. This case
is motivated by the experiments conducted in Cargill’s group on
Al interconnect lines, described in Refs. [8] and [9], where
components of the elastic strain were measured using X-ray
microbeam diffraction while the lines were subjected to high-
current densities. Schematics showing the cross section of each
line from those experiments are shown in Fig. 1. In both experi-
ments, the elastic strain perpendicular to the substrate (&5;) was
measured along the length of the line and is shown in Fig. 2. As
can be seen, the data from these two experiments show opposite
trends. In Wang et al. [8], the Al line was relatively wide, and
there were multiple grains across the width of the line, while in
Zhang et al. [9], the line was narrower with typically only one

011010-4 / Vol. 83, JANUARY 2016

grain across the width. In addition, in Zhang et al. [9], the Ti liner
layers reacted with the Al forming very fine grain Ti rich layers
above and below the Al line. The different trends in the measured
elastic normal strains may be attributed to the difference in the
microstructures of these two lines. In Zhang et al., all of the com-
ponents of the deviatoric elastic strains were also measured using
Laue white-beam diffraction. Finally, it should be noted that in
Zhang et al., it was postulated that the passivation layer may have
delaminated at the downstream end leading to the stresses, and
thus the strains, leveling off rather than continuing to grow in
magnitude.

As in case 1, we use the finite-element formulation defined by
Egs. (17) and (18), however, in this case, Z* is treated as an
unknown. For the moment, we assume H is known. For Al since
7 and p are scalars, and we know j, we can multiply Eq. (18) by
a tensor that extracts components orthogonal to j and thus elimi-
nates that term. In this case, since the current is along the length
of the line (along x,), this effectively converts this to a 2D equa-
tion in the x;—x; plane, i.e., Eq. (18) is solved in the cross-
sectional planes, rather than over the volume B, at different loca-
tions along the length of the line with the constraint that the result-
ing average elastic strain £5; matches the measured value at that
location. Thus, at a given cross section, we have the linear system
(20), where now b is replaced with b? defined as

0 it
b= | HaLjm—— |W,dA 25
io JA(- Ox; ( Jk~jkim ox,, l//a (25)
2 T T T T
15 ¢ Wang et al. (1998)
~r ©  Zhang et al. (2008) | |
1t %o 7
TS .
G 05 o . —
= o ®
c 0 S
® <&
5 05 - o PRI & i
1L . i
-1.5 . ,
.
-2 | I I |
0 0.2 0.4 0.6 0.8 1
xz/L

Fig.2 Comparison of the measured normal elastic strain ¢5; as
a function of distance from the cathode end, normalized by the
line length L, for Al conductor lines in Wang et al. [8] and Zhang
etal. [9]
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where now i=1 and 3, and the integrals defining both L and b?
are over the cross section of the Al conductor line A.. In order to
satisfy the governing equation and best match the measured
elastic strain, we define the minimization problem

1 o\ 2
mQ:E{(L<14)2)T(Lc|4)2)+z2 (a-q— A () + A58 }

(26)
where
1 N
d-q=74qp = 75| Hyiyda = | i3, 22dA
q="7pqp /ﬁL\C 3aWpdA,  (E33) ACJ o
(27)

< ->indicates the area average, and superscript () indicates the
measured value. Minimizing m, with respect to d yields the fol-
lowing system:

(L'L + 22qq")d = L™ + 1A ((833) — £55)a (28)
that is used to update d () in each cross section.

It still remains to define the components of H. For the given
geometry, since the current is along x, and due to the geometric
symmetry, it is reasonable to assume that the principal diffusion
directions are aligned with the coordinates shown in Fig. 1, and
thus, H has the form in Eq. (4) so that only a,, a», and a3 (a;) need
to be defined with the constraint a; + a, + a3 = 1. For the Wang
et al. [8] case, we do not have any additional information, so we
assume values for a;, and then see if the solution is reasonable,
which will be described in more detail in Sec. 4.2. For the Zhang
et al. [9] case, we also have measurements of the deviatoric elastic
strain, which may be used to update H. The deviatoric elastic
strain, &, is related to H as

1 1
& = — gtr(s"’)l =e—7H -3 [tr(e) — ]I (29)

where I is the identity tensor. We only have measurements of the
average deviatoric elastic strain at different locations along the
length of the line, and assuming H is diagonal with a trace equal
to one, then we can solve for the diagonal components of H in
each cross section

1 1 - .
a = @ (&) — sfi,m) ~3 ((tr(s)) — (y)) (nosumoni)  (30)
where the superscript ¢ indicates for a cross section A,. Finally,
we assume that the diffusion path is the same everywhere in an

average sense and set g; to be the average values over all the cross
sections.

A summary of the algorithm is as follows:

(1) Select wvalues for ai‘"), ag‘n ), and agp ) and initialize
y(") = 70(x3) (uniform in cross sections), where superscripts
p =0 and r =0 indicate outer and inner iterations. The ini-

tial value of y¢(x3) is found by matching the measured

a‘;({") along the line length by increasing or decreasing

7o(x3) at each cross section.

(2) Solve Eq. (28) for d”™" (nodal values of (”})("H)) on the
Al line cross sections A, along the length of the line.

(3) Solve Eq. (17) for ") on the volume of the line and
surrounding material B.

4) If J|d(’“) —dD||/||d"*V|| < toler and ||&"*Y — &/
||@" V|| < toler, then converged on d and & and go to
step 6, else continue.

(5) d" D = a® gt — 50 g0 to step 2.

Journal of Applied Mechanics

(6) If measurements of the deviatoric elastic strains are not
available, done, else continue.

(7) Solve for a’* j, az’“)7 and ag”ﬂ) using Eq. (30) on each
cross section .4, and averaging over the cross sections.

@®) If ||a®*!) — a®||/||a®V|| < toler, then go to step 10,
else continue.

9) (9)a?) — a?, go to step 2.

(10) Compute Z* from Eq. (9) using & computed from the sim-

ulation and prescribed current density j.

4 Results and Discussion

We apply the methods described above to Sn-based solder
joints and Al interconnects. For the Sn-based solder joint, we do
not have measurements of elastic strain available and we use the
approach outlined in Sec. 3.1, while for the Al interconnects, we
follow the approach described in Sec. 3.2. For both cases, we
compare to data from the literature to draw conclusions about
microstructure effects.

4.1 Solder Joints. Since Sn makes up more than 95% of the
lead-free solder joints and the joints are usually comprised of one
or a few f-Sn grains, the orientation of these grains has a big
effect on the electromigration-induced degradation. In Lu et al.
[17], two damage modes were identified, where the damage mode
depended strongly on the local grain orientation. Mode I damage
is associated with Sn self-diffusion and is dominant when the
crystal c-axis is perpendicular, or strongly misaligned, relative to
the current direction. Mode II damage is associated with fast
interstitial diffusion of nickel (Ni) and copper (Cu) along the crys-
tal c-axis and is thus dominant when the c-axis is aligned with the
current direction and the Sn connects to Ni or Cu. Furthermore,
mode II damage is suppressed in SnAg solder, while mode II is
more common in SnCu solder. In this work, we consider only the
case of self-diffusion, i.e., mode I as described in Lu et al. [17],
investigating the effect of the crystal orientation, assuming a
single crystal solder joint.

We model a simplified flip-chip-like Sn-based solder joint
described in Lu et al. [37], which was designed so that the current
density is uniform along the axis of the solder joint. In that work,
the threshold product of the current density magnitude times the
line length (L) at which electromigration is arrested, the so-called
Blech limit, was measured for Snl.8Ag solder joints and was
found to be jL =30 A/cm. However, there is considerable scatter
in the data presented in that paper, and the Blech limit appears to
be anywhere in the range 3 <jL <55 A/cm depending on the sam-
ple. We believe that this may be largely attributed to the effect of
the grain orientation, which is studied here.

The solder connection is cylindrical with a diameter of 287 um
and the thickness is chosen to be 57.69 um, which is within the
range of thicknesses studied in Lu et al. [37] and which is at the

T:r3

Cu
287um

Sn1.8Ag

57.69ymT

Cu

(a) (b)

Fig. 3 (a) Cu-solder-Cu structure as in Ref. [37] and (b) model
mesh
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average Blech limit of 30 Am/cm when a current density of
5200 A/em? is applied. The solder is attached to Cu wires at the
two ends as shown in Fig. 3(a). There were also thin IMC and
nickel layers between the Cu and Sn1.8Ag in the experiment that
are not included in our model. The microstructures of the solder
connections were not reported in Lu et al. [37]. Here, we assume
the connection is a single crystal, and thus, diffusion is through
the lattice. For lattice diffusion, it is reasonable to assume a; =
ay = a3 = (1/3) in Eq. (4), and then, the scalar driving stress is
the hydrostatic stress @ = (1/3)(a1; + 022 + 033) from Eq. (5). It
should be noted that even for an arbitrarily elastic anisotropic ma-
terial, the stress state about a vacancy is hydrostatic, and thus, the
gradient in the hydrostatic stress is expected to be the driving
force for atom-vacancy exchanges, the mechanism for lattice dif-
fusion. The effective charge numbers along the @ and ¢ crystal
directions are taken as Z) = 16 and Z; = 10 [38]. The nonzero
components in the electrical resistivity tensor p are p, = 14.84 uQ
cm and p. = 10.47 pQ cm at 141 °C (the experimental temperature
in Ref. [37]) calculated from the data given in Ref. [39]. The
elastic constants of single crystal Sn-based solder used, with
respect to the lattice configuration, are C1; = 72.3GPa, C33 =
88.4GPa, Ci; =59.4GPa, C3 =35.8GPa, Cy4 = 22.0GPa,
and Cg¢ = 24.0 GPa [40]. The copper is treated as isotropic with
elastic modulus Ec, =124 GPa and Poisson’s ratio v, =0.34.
The atomic volume for Sn is Q=2.71 x 1073 cm3, and for com-
pleteness, the elementary charge is e = 1.602 x 107" C.

We use the procedure outlined in Sec. 3.1 to solve for the
electromigration-induced dilatational strain y and the displace-
ment field u for a prescribed current density j. The model and
finite-element mesh we used are shown in Fig. 3(b). The top and
bottom face of Cu is fixed in the x3-direction. Rotation about the
x3-axis is also fixed. The finite-element mesh had 11,244 ten-node
tetrahedral elements. Simulations are first done with the c-axis of
the tin crystal aligned vertically (along x3), and then with the grad-
ual rotation of the crystal about the @-axis until the c-axis is hori-
zontal. We use Bunge Euler angles [0 ® 0] to represent the crystal
orientation, where O is the angle that the c-axis deviates from xs.
When the c-axis is aligned either vertically (® = 0) or horizontally
(P =90deg), the electromigration driving force (—eZ*pj) is in the
opposite direction as the current density (j) which is in the +x3
direction, and thus the gradient of the hydrostatic stress is also
vertical and constant as defined in Eq. (9). When ® =0,
06 /0x3 =0.32MPa/um and when ®=90deg, 97/0x3
= 0.73MPa/um, for a current density of 5200 A/cm”. For these
two cases, the hydrostatic stress goes from compressive on the
bottom, where material is accumulating, to tensile on the top,
where material is being depleted. When the c-axis of the crystal is
neither vertical nor horizontal, the electromigration driving force
(—eZ* pj) is not along the same axis as the current density (j), and
the hydrostatic stress has a more complicated distribution.

We determine the Blech limit by finding the current at which
the crystal starts to yield, which is when the resolved shear stress
7” on any of the slip system exceeds the critical resolved shear
stress for that slip system, where

(€29

and where s* and m” are the slip direction and slip plane normal,
respectively. Zhou et al. [41] categorized commonly observed slip
systems for bet f-Sn into ten-slip system families and slip in [001]
and [111] directions is proved to be most facile. Here, we look at
the resolved shear stress on the most active four slip systems
((010)[001], (1-10)[001], (010)[100], and (110)[1-11]/2). The
critical resolved shear stresses for these four slip systems have
been estimated to be 1.9 MPa, 1.3 MPa, 3.3 MPa, and 2.3 MPa
[42]. We do not expect the Blech limit to occur as soon as a single
location in the crystal yields, but when some larger-scale yielding
occurs. Here, we define it as when 10% of the crystal yields. The
predicted Blech limit, using this assumption, for crystals with dif-
ferent orientations is shown in Fig. 4. We see that when the crystal
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is oriented with its c-axis along the current direction, the Blech
limit is highest with a value of jJL =14.11 A/cm, while the Blech
limit is lowest when the c-axis is perpendicular to the current
direction with a value of jL =4.05 A/cm. The predicted values are
within the range expected, but lower, on average, than expected.
This may be because we assume that the Blech limit occurs when
yielding occurs on any of the slip systems at 10% of the solder
joint volume, but failure may not occur until a larger region
yields. A more accurate estimate could be made by considering
crystal plasticity, which will be the focus of future work.

4.2 Aluminum Interconnect Lines. Here, we model the Al
interconnect lines studied experimentally in Refs. [8] and [9],
described in Sec. 3.2 and shown in Fig. 1, where components of
the elastic strain were measured using X-ray microbeam diffrac-
tion while the lines were subjected to high-current densities, and
we back out values for Z* and the components of the tensor H. In
Wang et al. [8], the elastic strain component &5; was measured
along the lengths of Al conductor lines that were 200 um long,
10 yum wide, and 0.5 um thick, with a 1.5 um SiO, passivation
layer and a Si (100) substrate, as shown in Fig. 1(a). There was
also a 10 nm Ti/60 nm TiN shunt layer under the line, which is not
shown in the schematic. The grain structure in the Al lines was co-
lumnar with average grain size roughly the same as the film thick-
ness and had a strong (111) fiber texture, with the (111) crystal
direction preferentially oriented along the x;-direction. The exper-
imental temperature was 260°C, and the current density was
14 % 10° A/cmz. In that experiment, the strain £§; was found to
increase (become more tensile) linearly along the direction of
electron flow as shown in Fig. 2. In Zhang et al. [9], both the elas-
tic strain component &5; and all the components of the elastic,
deviatoric strain tensor & were measured, in separate experi-
ments, throughout two Al conductor lines with nominally the
same structure. The lines were approximately 30 um long, 2.6 um
wide, and 0.75 um thick, with a 0.7 um SiO, passivation layer and
a Si (100) substrate. The grain structure consisted of polycrystal-
line (< 100 nm grain size), Ti rich layers (probably mixture of Al
and TiAl;) above and below the central part of the line, each about
0.2 um thick, and micron-size columnar Al grains of about
0.35 um thickness in the central part of the line, as depicted in
Fig. 1(b). The Al grains had a strong (111) fiber texture. The ex-
perimental temperature was 190°C and the applied current was
30mA corresponding to a current density of 2.1 x 10°A/em? if
we assume the TiAlj; takes up approximately 30% of the cross sec-
tion area and the current only travels through the Al part of the
line as the resistivity of TiAls is much higher than that of Al. In

15 T T T T T

iL (Alem)

2.5¢ b

0 15 30 45 60 75 90
angle (degrees)

Fig. 4 The predicted Blech limit, threshold value of jL for
which the solder is predicted to have an infinite life, as a func-
tion of the angle that the crystal c-axis deviates from the direc-
tion of the applied electric field, i.e., the x3-axis
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to match using the algorithm in Sec. 3.2 and (b) resulting electromigration dilatational strain y

assuming grain boundary diffusion

this experiment, the strain &5; was found to decrease (become
more compressive) linearly along the direction of electron flow to
a point and then became constant as shown in Fig. 2.

The following properties are used in the simulations. In both
cases, the Al is columnar with a strong (111) fiber texture with the
in-plane texture being fairly random. Thus, the Al may be treated
as transversely isotropic with the axis of symmetry aligned in the
xs-direction. The elastic stiffness properties with respect to the
sample coordinates for the Al computed from the single crystal
properties are C1=C2»=107.1GPa, C33=108.7 GPa,
C12 =59.2 GPa, C13 = C23 =57.5GPa, C44 = C55 =22.3 GPa, and
Ces = (C11 — C12)/2 =23.9 GPa. There is a slight difference in the
elastic properties at the two experimental temperatures, which is
ignored here. The polycrystalline SiO; is treated as isotropic with
elastic modulus and Poisson’s ratio of E;=75 GPa and v,=0.17.
In the Zhang et al. experiment, we also must consider the fine-
grained layers with a mixture of Al and TiAls. The lower layer is
estimated to be 90% TiAls, while the upper layer is estimated to
be 20% TiAls, with the balance being fine Al grains. Treating
each material as isotropic and taking volume average properties,
the elastic modulus and Poisson’s ratio for the material below the
Al line are E;, = 160 GPa and v, = 0.26 and for the material above
the Al line are E,=85GPa and v,=0.33. The resistivity is
needed to back out Z*. For the Wang et al. [8] case, the resistivity
for Al at 260°C is p =5.50 x 10 ~° Q cm. For the Zhang et al. [9]
case, the resistivity for Al at 190°C is p =4.54 x 107% Q cm. The
atomic volume of Al is Q=1.66 x 10™>* cm”.

For both cases, we only model the material above the Si sub-
strate, and we treat the Si substrate as rigid and the materials per-
fectly bonded to it. The outer surface of the SiO, is treated as
traction free. Symmetry is assumed about the x,—x3 plane, and the
domain is extended in the x;-direction sufficiently such that the
outer boundary, where a symmetry boundary condition is also
applied, does not influence the solution.

First, we consider the wider line in Wang et al. [8]. We model
the structure illustrated in Fig. 1(a) with 36,500 eight-node hexa-
hedral elements. Since we do not know the exact grain structure,
we treat the Al as homogeneous, but since we know it is multiple
grains across the width and is very wide, we expect either grain
boundary diffusion or surface diffusion along the top and bottom
surfaces to dominate. We consider both these cases. For grain
boundary diffusion, assuming equiaxed in plane grains, we
assume a; =a,=0.5 and a3 =0, and for surface diffusion, we
assume a; =a, =0 and a3;=1, in Eq. (4). For both cases, we
match the linear fit to the elastic strain data shown in Fig. 5(a).
After solving using the procedure described in Sec. 3.2, we find
that when we assume surface diffusion, the electromigration dila-
tational strain y is positive at the upstream end and negative at the
downstream end. Intuitively, this is not reasonable because that
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would indicate that material is being deposited at the upstream
end (cathode) and deplete at the downstream end (anode). On the
other hand, assuming grain boundary diffusion, we obtain the
inelastic dilatational strain shown in Fig. 5(b). As material is
depleted in the x;—x, plane at the upstream end, tensile stresses
develop in this plane leading to a negative elastic strain in the
x3-direction, as observed in the experiments, due to the Poisson
effect. The exact opposite occurs when the material is depleted in
the x3-direction, which does not match the experiments. From the
resulting stress gradient along the length of the line, using Eq. (9),
we compute Z* = 2.5 for grain boundary diffusion in Al lines.
Next, we consider the narrow line in Zhang et al. [9]. We model
the structure illustrated in Fig. 1(b) with 5800 eight-node hexahe-
dral elements. Again, we treat the Al grain structure as homogene-
ous. Since the line is only one grain across the width, we do not
expect grain boundary diffusion to dominate, so we assume sur-
face diffusion with a; =a, =0 and a3 =1 initially. However, in
this case we also have measurements of the deviatoric elastic
strains. Thus, we also adjust the values for ay, a,, and a5 to best fit
the deviatoric elastic strains. While the entire deviatoric elastic
strain tensor was measured along the length of the line, it was
found that the shear components were relatively small, which con-
firms the assumption that the principal strain directions, both elas-
tic and electromigration-induced inelastic, are along the global
coordinate directions. Solving using the procedure in Sec. 3.2, we

1.5 o Zhang et al. (2008) 7

simulation

0.5 -

strain (1 0‘3)
o

2 ! ! ! !
0 0.2 0.4 0.6 0.8 1

x /L
2

Fig. 6 Fit to the data in Zhang et al. [9] used to define the
measured elastic strain 5,” to match using the algorithm in
Sec. 3.2
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Fig. 7 Comparison of the measured and computed deviatoric elastic strain components for two different sets
of values for ay, a,, and az associated with different diffusion paths: (a) sg“z and (b) s§3

find a; =0, a, =-0.04, and a3 = 1.04. The fit to the elastic strain
data used is shown in Fig. 6, and the resulting fits to the deviatoric
elastic strain components, &5, and &5, are shown in Figs. 7(a) and
7(b). We can see that the small change in the a; values greatly
improved the fit to the deviatoric elastic strain data. At first, the
fact that a, <0 and a3 > 1 may seem counterintuitive as it seems
to indicate that material is accumulating along the x,-direction
while being depleted along the x3-direction in the upstream end
and vice versa in the downstream end. However, as material is
depleted in the upstream end, a triaxial tensile stress state starts to
develop, which creates tensile stresses on vertical grain bounda-
ries that span the width of the line. For grain boundaries that are
nearly perpendicular to the current direction, i.e., with normals
along the x,-direction, while there is no current-driven diffusion
on these boundaries, the tensile stress on the grain boundaries will
tend to pull diffusing atoms into the grain boundaries at the
upstream end, and likewise, push diffusing atoms out of the grain
boundaries at the downstream end where compressive stresses de-
velop. From the resulting stress gradient along the line at the
upstream end (ignoring the downstream end, where the line may
have delaminated), using Eq. (9), we compute Z* = 1.2 for surface
diffusion between the Al and fine grain titanium rich layers.

5 Conclusions

A finite element based algorithm for computing the inelastic
dilatational strain and displacement field resulting from electromi-
gration and stress-driven diffusion that satisfied mechanical equi-
librium was presented. In this work, plastic deformations were not
considered, and the only inelastic deformation is that due to diffu-
sion. The effect of anisotropic material behavior was considered.

The effect of the crystal orientation on the Blech limit was stud-
ied for Sn-based solder joints. In that work, the Blech limit was
predicted to vary from jL=4.05A/cm to 14.11 A/cm, with the
limit highest when the c-axis is aligned with the current direction
and lowest when the c-axis is perpendicular to the current direc-
tion. These limits are within the range observed experimentally,
but are low on average. This may be due to the fact the Blech limit
was defined here as when 10% of the crystal yielded due to the
resolved shear stress on a slip system exceeding the critical value.
However, it is expected that the crystal can carry a higher load
and may not fail until larger-scale yielding has occurred in the
crystal. In future work, crystal plasticity will be considered to
obtain a better estimate.

The effect of the grain structure on the effective diffusion paths
and values for the effective charge number Z* were predicted for
passivated Al conductor lines by matching simulations to experi-
mentally measured elastic strain components. It was found that for

011010-8 / Vol. 83, JANUARY 2016

a wide line with multiple grains across the width, the dominant
diffusion path is grain boundary diffusion and Z*=2.5, while for
a narrow line with a single grain across the width (bamboo struc-
ture), the dominant diffusion path is surface diffusion and Z*=1.2
when the interface is with a fine-grained mixture of Al and TiAl;.
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