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Abstract Atomic diffusion, or more specifically, electromigration (EM) and
stress migration (SM), are described in this chapter. The driving force of atomic
diffusion is electron wind in EM and the gradient of hydrostatic stress in SM. In
Sect. 1, the fundamental principles of EM are presented. For actual metal lines,
which may have various microstructures and be covered with a passivation layer,
EM behavior is explained. Then, a method for calculating the divergence of atomic
flux due to EM is introduced, and the formulation process is described to help
readers understand the application of the calculation method. The formula of the
divergence AFD describes the behavior of EM damage well, which affects the
reliability of silicon integrated circuits. Based on the AFD formula, a method for
deriving the characteristic constants of EM in the line is introduced. In Sect. 2, the
basic principles of SM are given through a brief review of typical SM-induced
phenomena. The current research trends regarding nanomaterial production using
SM and the mechanism of the production are discussed.
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1 Electromigration

1.1 Historical Review of EM

An electric field has long been known to induce the motion of ions in metals
[23]. In 1961, Huntington and Grone reported the EM phenomenon of current-
induced motion of scratches on a metal surface [37]. EM has been described as
the transport of metal atoms, driven by momentum transfer from electron flow.
Huntington and Grone proposed an equation (now known as the Huntington–
Grone equation) that describes atomic flow. EM was first observed in bulk
metals. In the late 1960s, EM was recognized as a failure mechanism of
integrated circuits (ICs) [10]. Black [5] systematically studied EM in IC metal
lines. The damage induced by EM is manifest as voids and hillocks, which are
formed by the depletion and accumulation of metal atoms, respectively. The
growth and linking of voids results in electrical discontinuity in the IC metal
lines, which in turn leads to open-circuit failure. The lifetime of the metal line
is primarily governed by EM damage, and therefore must be predicted quan-
titatively to ensure the reliability of ICs. Black formulated an empirical
equation for predicting the mean time to failure, MTF. Black’s equation is
given by

MTF ¼ Aj�n exp
Q

kT

� �
; ð1Þ

where A is a constant related to the line shape and line material, j is the input
current density, n is the order of current density dependence, Q is the activation
energy, k is the Boltzmann constant, and T is the absolute temperature. Today, this
equation remains widely used to predict the lifetime of IC interconnects. Since the
1980s, EM has been extensively researched with respect to the reliability of ICs,
because EM, along with SM, is recognized as the main failure mechanism. EM in
IC metal lines has been studied numerically to predict the lifetime and failure site
of the lines [1, 40, 45, 46, 58, 62]. Recently, Cu has begun to replace Al as a line
material. In comparison with Al, Cu is expected to be more robust against EM
failure; nevertheless, EM failure remains a major issue affecting the reliability of
modern ICs.

1.2 Theory of EM (Huntington–Grone Equation)

Atomic diffusion in metal can be considered the diffusion of ionized particles [65].
The diffusion velocity v of the ionized particles caused by external force is
given by

m ¼ bF; ð2Þ
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where b is mobility and F is the driving force. According to the Nernst–Einstein
equation, b is expressed by

b ¼ D

kT
: ð3Þ

Here, D is the diffusion coefficient given by

D ¼ D0 exp � Q

kT

� �
; ð4Þ

where D0 is prefactor.
The relationship between the flux of particles (i.e., the number of particles

passing through a unit area per unit time) and the velocity of particles is given
by

J ¼ Nm; ð5Þ

where J is the particle flux and N is the particle density. For atoms, J is the atomic
flux and N is the atomic density. Using Eqs. (2), (3) and (5), the flux of the ionized
particles caused by external force is given as

J ¼ ND

kT
F: ð6Þ

The driving force F consists of two types of forces, Fc and Fe, in the case of
EM. Fc is the force acting on an electric charge in electric field E, and Fe is the
force transmitted by electron collisions. The forces Fc and Fe are simply expressed
by

Fc ¼ qE ¼ C1eE ð7Þ

and

Fe ¼ C2ð�eÞE; ð8Þ

where q is the ionic charge, e is the charge of an electron, and C1 and C2 are
proportional constants. Denoting electrical resistivity by q and current density by
j, electric field E is given by qj, and the driving force F is given by

F ¼ Fc þ Fe ¼ ðC1 � C2ÞeE ¼ Z�eqj; ð9Þ

where Z* is the effective valence. Substituting Eq. (9) into Eq. (6), we obtain the
Huntington–Grone equation:

J ¼ ND

kT
Z�eqj ¼ ND0

kT
exp � Q

kT

� �
Z�eqj: ð10Þ
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1.3 Polycrystalline Structure of Metallic Thin Films

EM in metal lines occurs along grain boundaries as well as within grains (lattice
diffusion). When a metal line width is greater than several micrometers, there are
several grains in the width direction. The thickness of a metallic thin film is
generally smaller than the grain size. The microstructure of a polycrystalline line is
shown in Fig. 1. The main path of atomic diffusion is considered to be along the
grain boundaries, and lattice diffusion can be neglected in the case of EM in a
polycrystalline line [6], because the diffusion coefficient in grain boundaries is
much larger than that in the lattice [57].

1.4 Bamboo Structure in Metallic Thin Films

If the width of a metal line is less than about 1 lm, there is only one grain in the
width direction. Such a metal line has a so-called bamboo structure. The micro-
structure of a bamboo line is shown in Fig. 2. In the bamboo line, it is assumed that
the atomic flux in the grain boundary is negligible [73] and that lattice diffusion
[20, 48, 49, 52, 68] including interface diffusion [12, 36, 52, 63] by EM is
dominant. This assumption is based on the small number of grain boundaries,
which are perpendicular to the longitudinal axis of the line [73, 75]. The velocity
of atomic diffusion in a bamboo line is much slower than that in a polycrystalline
line, because the diffusion coefficient for the lattice within the grain is much
smaller than that for grain boundaries.

Fig. 1 Polycrystalline line

Fig. 2 Bamboo line
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1.5 Effect of Passivation on EM

Metal lines used in packaged silicon ICs are covered with a passivation layer. In
contrast to unpassivated lines, hillock formation is difficult to induce by EM in
passivated lines. When hillock formation is suppressed, a gradient of mechanical
stress builds up in the line, specifically, compressive stress is generated by atomic
density increasing at the anode of the line and tensile stress is generated by atomic
density decreasing at the cathode of the line. This gradient induces another form of
atomic diffusion, called ‘back flow’, in the opposite direction of EM [7–9].
Consequently, EM in the passivated line is inhibited by the back flow. This also
explains why the lifetime of covered metal lines is longer than that of uncovered
lines [44, 60].

In a modification of the Huntington–Grone equation (10), the atomic flux in the
passivated metal line is assumed to be represented [61] by

Jj j ¼ ND0

kT
exp �Qþ jX N � NTð Þ=N0 � rTX

kT

� �
Z�eqj� � jX

N0

oN

ol

� �
; ð11Þ

where j is the effective bulk modulus [42], NT is the atomic density under tensile
thermal stress rT, j* is the component of current density in the direction of J, N0 is
the atomic density at a reference condition, X is the atomic volume [%1/N0], and q
[=q0{1 ? a(T - Ts)}] is the temperature-dependent resistivity; q0 and a, respec-
tively, are the electrical resistivity and the temperature coefficient at the substrate
temperature Ts. qN/ql is the atomic density gradient in the direction of J. The
effect on diffusivity of the stress generated in the metal line is given by the term
jX N � NTð Þ=N0 � rTX in the exponential function [2, 50]. On the other hand, the
effect of the back flow of atoms induced by an atomic density gradient is given by
(jX/N0) qN/ql [7, 8, 42]. These two effects are taken into account in Eq. (11). The
quantity N0 is obtained under stress-free conditions at 300 K [74], and NT can be
approximated by N0 [61].

There is a threshold current density of EM damage, jth, below which no EM
damage appears in the case of passivated and via-connected metal lines [9]. When
j�j j � jth; the driving force given in the last set of parentheses in Eq. (11) vanishes

because the driving force of EM induced by j* and that of back flow induced by
qN/ql are balanced.

1.6 Governing Parameter for EM Damage, AFD

1.6.1 Formulation of AFD

To gain insight into EM failure, a governing parameter for EM damage in metal
lines has been identified [1]. The parameter governing EM damage was formulated

Basis of Atomic Diffusion 19



on the basis of the divergence of the atomic flux induced by EM, and is denoted as
AFD. An AFD-based method for predicting EM failure has been developed; this
method allows the lifetime and possible failure site to be predicted accurately and
universally.

The prediction of EM failure, that is, estimating the lifetime and failure
location, has been attempted by using an empirical equation [6] and
numerical simulations [40, 45, 46]. On the other hand, the evaluation of the
threshold current density is also of great interest. The threshold value has
conventionally been evaluated under the assumption that the product of the
threshold and line length is constant [8, 47]. The predictions of lifetime and
failure site, and the evaluation of jth have been attempted separately in
various works. With the introduction of the governing parameter for EM
damage, AFD, the predictions and the evaluation can be carried out in a
unified manner [1].

Formulations of AFD are considered for unpassivated polycrystalline lines,
passivated polycrystalline lines, unpassivated bamboo lines and passivated
bamboo lines, respectively. Metallic micro/nano structures can be fabricated
by using EM in a polycrystalline line. Because the EM behavior in the pas-
sivated line includes the atomic density gradient in the specimen as described
in Sect. 1.5, the formulation of AFD is more complex for passivated lines than
unpassivated lines. The formulation of AFD for an unpassivated polycrystal-
line line is presented here to illustrate the fundamental concepts underlying
AFD.

It can be assumed that metal atoms migrate along grain boundaries in a poly-
crystalline line. A model of the polycrystalline structure [57] is shown in Fig. 3,
where d is the grain size. The thin metal lines have columnar grain structure. In
this model, only one grain is assumed to be in the direction of line thickness. Let us
consider the divergence of the atomic flux in the unit region enclosed by the
rectangle in Fig. 3. The rectangle includes one triple point of grain boundaries
with length l ¼

ffiffiffi
3
p

d=6
� �

: Here, Du is a constant related to the relative angle
between grain boundaries, and h is the angle between Grain boundary-I and the x-
axis of the Cartesian coordinate system (x, y). The x and y components of the
current density vector and the temperature at the triple point are denoted by jx, jy
and T, respectively. Substituting the current density component along the grain
boundary and the temperature at the end of each grain boundary into the Hun-
tington–Grone equation (10), the atomic flux is obtained for the three points on the
side of the rectangle. The sign of the flux is defined as positive for the direction
outward from the unit region. After multiplying the effective width of the grain
boundary d and the unit thickness by every atomic flux at the ends of Grain
boundary-I, -II and -III, the number of atoms migrating along the grain boundaries
per unit time is summed. The sum is divided by the volume of the unit region,
A ¼

ffiffiffi
3
p

d2
	

4
� �

:
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Thus, the divergence of the atomic flux in the unpassivated polycrystalline line
AFDgbh is formulated as follows:

AFDgbh ¼
JI þ JII þ JIIIð Þd

A

¼ Cgbqd
A

1
TI

exp �Qgb

kTI

� �
j�I þ

1
TII

exp �Qgb

kTII

� �
j�II þ

1
TIII

exp �Qgb

kTIII

� �
j�III

� �
;

ð12Þ
where JI, JII and JIII are atomic fluxes, TI, TII and TIII are temperatures, and jI

*, jII
*

and jIII
* are components of the current density along the grain boundary, defining

outward as positive, at the end of each Grain boundary-I, -II and -III. The acti-
vation energy for grain boundary diffusion is denoted as Qgb, and the constant Cgb

is given by

Cgb ¼
ND0eZ

�

k
: ð13Þ

The atomic flux along each grain boundary at its end is calculated using each
projection of current density components (jxI, jyI), (jxII, jyII) and (jxIII, jyIII), illus-
trated in Fig. 3, along the grain boundary for evaluating jI

*, jII
* and jIII

* in Eq. (12).

Fig. 3 Model of polycrystalline structure
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After that, we define p/3 ? Du - h as u1 and p/3 ? Du ? h as u2. By using the
Maclaurin series with natural number n, AFDgbh is transformed as follows:

AFDgbh ¼
Cgbqd

A

1
T

exp �Qgb

kT

� �
cos h � 1� ðÞI


 ��

� 1þ Qgb

kT
ðÞIþ

1
2

Qgb

kT
ðÞI

� �2

þ � � � þ 1
n!

Qgb

kT
ðÞI

� �n
" #

jx þ XjxI


 �

þ 1
T

exp �Qgb

kT

� �
sin h � 1� ðÞI


 �

� 1þ Qgb

kT
ðÞIþ

1
2

Qgb

kT
ðÞI

� �2

þ � � � þ 1
n!

Qgb

kT
ðÞI

� �n
" #

jy þ XjyI

� �

þ 1
T

exp �Qgb

kT

� �
� cos u1ð Þ � 1� ðÞII


 �

� 1þ Qgb

kT
ðÞIIþ

1
2

Qgb

kT
ðÞII

� �2

þ � � � þ 1
n!

Qgb

kT
ðÞII

� �n
" #

jx þ XjxII


 �

þ 1
T

exp �Qgb

kT

� �
sin u1 � 1� ðÞII


 �

� 1þ Qgb

kT
ðÞIIþ

1
2

Qgb

kT
ðÞII

� �2

þ � � � þ 1
n!

Qgb

kT
ðÞII

� �n
" #

jy þ XjyII

� �

þ 1
T

exp �Qgb

kT

� �
� cos u2ð Þ � 1� ðÞIII


 �

� 1þ Qgb

kT
ðÞIIIþ

1
2

Qgb

kT
ðÞIII

� �2

þ � � � þ 1
n!

Qgb

kT
ðÞIII

� �n
" #

jx þ XjxIII


 �

þ 1
T

exp �Qgb

kT

� �
� sin u2ð Þ � 1� ðÞIII


 �

� 1þ Qgb

kT
ðÞIIIþ

1
2

Qgb

kT
ðÞIII

� �2

þ � � � þ 1
n!

Qgb

kT
ðÞIII

� �n
" #

jy þ XjyIII

� �+
;

ð14Þ

where

ðÞI ¼ XTI
� X2

TI
þ � � � � � � þ �1ð Þrþ1Xr

TI
þ � � � � � � ; ð15Þ

XTI
¼

oT
oxl cos hþ oT

oyl sin h

T
; ð16Þ

XjxI
¼ ojx

ox
l cos hþ ojx

oy
l sin h; ð17Þ
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XjyI
¼ ojy

ox
l cos hþ ojy

oy
l sin h; ð18Þ

ðÞII ¼ XTII
� X2

TII
þ � � � � � � þ �1ð Þrþ1Xr

TII
þ � � � � � � ; ð19Þ

XTII
¼
�oT

oxl cos u1 þ oT
oyl sin u1

T
; ð20Þ

XjxII
¼ �ojx

ox
l cos u1 þ

ojx
oy

l sin u1; ð21Þ

XjyII
¼ �ojy

ox
l cos u1 þ

ojy
oy

l sin u1; ð22Þ

ðÞIII ¼ XTIII
� X2

TIII
þ � � � � � � þ �1ð Þrþ1Xr

TIII
þ � � � � � � ; ð23Þ

XTIII
¼
�oT

oxl cos u2 � oT
oyl sin u2

T
; ð24Þ

XjxIII
¼ �ojx

ox
l cos u2 �

ojx
oy

l sin u2; ð25Þ

and

XjyIII
¼ �ojy

ox
l cos u2 �

ojy
oy

l sin u2: ð26Þ

As discussed later, the following relation holds:

XTI
j j; XTII

j j; XTIII
j j � 1: ð27Þ

Each term in angle bracketshi in Eq. (14) is composed of the product of the
curly brackets {} and square brackets [], both of which include a term of 1. We can
calculate the values of the terms in each set of brackets and eliminate small terms.

1.6.2 Comparison of Terms in AFD Formula

There is no need to consider all terms in Eq. (14) in a general operation envi-
ronment, and some small terms can be neglected. The value of each term is
estimated under a general condition in the acceleration test of EM, that is, input
current density j? = 0.1–3.0 MA/cm2, substrate temperature Ts = 373–676 K,
grain size d = 0.4–0.8 lm and activation energy Qgb = 0.567 eV [58]. The AFD
values are calculated assuming the line shape shown in Fig. 4. The Cartesian
coordinate system (x, y) shown in Fig. 4 is used. In the assessment of small terms,
the metal line with a single bend between the current input/output, such as contact
pads or vias is treated. In the angled metal line, the electric current distribution and
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temperature distribution in the straight part differ from those near the corner, and
the values of terms in the AFD expression differ between the straight part and the
corner. The current density is known to be concentrated near the corner and
the temperature gradient is very large near the corner of an asymmetrically angled
line [56]. Therefore, the values of the terms in Eq. (14) are estimated in each
straight part, R, and in the corner, O, in Fig. 4. Current distribution and the
temperature distribution in each part are calculated by utilizing finite element (FE)
analysis based on the governing equation given below.

Taking electrical potential as /e, the governing equation for electrical potential
is given by

r2/e ¼ 0; ð28Þ

where r2 ¼ o2=ox2 þ o2=oy2. Ohm’s law is written as

j ¼ � 1
q0

grad/e: ð29Þ

The equation of steady-state heat conduction is

kr2T þ q0j � j ¼ 0; ð30Þ

where k is the thermal conductivity. The quantities of k and q0 are assumed to be
0.000233 W/(lm K) and 0.0445 X lm [58].

Fig. 4 Model of asymmetri-
cally angled line
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The line shown in Fig. 4 is asymmetrically angled at a higher ratio (25:75) in
comparison with a line generally used for acceleration tests [29, 32]. This higher
ratio leads to a higher temperature gradient near the corner. Note that here we
consider the metal line bent only once between the current input and output.
Although heat actually flows from the line to its surroundings [57], this heat flow is
not taken into account in Eq. (30); consequently, the highest possible peak tem-
perature is estimated over the limited line length. Thus, the above model can
estimate the largest possible temperature gradient not only near the corner, O, but
also at the end of the straight part, R.

When input current density j? becomes large, terms related to the current
density gradient at point O (e.g.,XjxI

and XjyI
), and terms related to the temperature

gradient at points R and O (e.g.,XTI
), also become large. When substrate tem-

perature Ts becomes small, terms related to the temperature gradient become large.
Accordingly, we assume that j? is larger and Ts is smaller for the boundary
conditions of the FE analysis, in order to compare the magnitude of terms under
the largest possible estimation. Then, we performed FE analysis under boundary
conditions of j? = 3 MA/cm2 and Ts = 373 K.

1.6.3 Comparison in Straight Part of Angled Metal Line

Let us derive the AFD formula for the straight part in the model discussed in Sect.
1.6.2. Each term in the formula should be estimated to be as large as possible. A
numerator of the fraction XTI

takes the largest value at point R when the direction
of Grain boundary-I coincides with longitudinal direction of the line (i.e., h = p/2)
because the temperature gradient is greatest along the longitudinal direction of the
line (i.e., along the y-axis). Thus, the term for temperature gradient, XTI

; has the
following relation:

XTI
¼

oT
oxl cos hþ oT

oyl sin h

T
�

oT
oy

��� ���l
T
: at point Rð Þ ð31Þ

Then, the quantity of XTI
is calculated by using the most right-hand side of Eq. (31)

to obtain the largest possible estimate. When the grain size d becomes large, the
term XTI

proportionally becomes large because of increasing l ¼
ffiffiffi
3
p

d=6
� �

: The
grain size d is 0.4–0.8 lm for general Al lines. We assume that d = 0.8 lm and
l = 0.231 lm to obtain the largest possible estimate of XTI

: The values of each
term in the first term of the angle brackets hi in Eq. (14) are calculated by using
FE analysis results for current density, temperature and temperature gradient
(9.05 K/lm) at point R in Fig. 4:

XTI
¼ 0:00560;

XjxI
¼ 0
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and

Qgb

kT
XTI
¼ 0:0988:

Considering the above values, the term X2
TI

and higher-order terms included in

curly brackets 1� ðÞI

 �

in Eq. (14) are much smaller than 1. Here, we neglect the
terms smaller than 0.005. The relation QgbðÞI= kTð Þ � QgbXTI

= kTð Þ holds, and the

term of 1=2 QgbðÞI= kTð Þ

 �2

and higher-order terms are removed from the square

brackets [] in Eq. (14). There is no need to consider XjxI
in parentheses jx þ XjxI


 �
in Eq. (14) because the current density gradient is zero in the straight part. To
preserve an arbitrariness of setting of coordinate system, jx should remain in the
parentheses although the value of Jx vanishes at point R.

After the elimination of negligible terms, the curly brackets {} and square
brackets [] in Eq. (14) are expanded. Then, terms smaller than 0.005 are omitted.
The negligible term is as follows:

Qgb

kT
XTI
� XTI

¼ 0:000554:

In this way, small terms are erased in the first term in angle brackets hi in Eq.
(14). As for the other terms in the angle bracketshi; small terms are also
eliminated and the curly brackets {} and square brackets [] are expanded in a
similar manner. We next obtain the AFD formula for the straight part R as
follows:

AFDgbh ¼
Cgbqd

A

1
T

exp �Qgb

kT

� �

�
"

jx cos h� cos u1 � cos u2ð Þ þ jy sin hþ sin u1 � sin u2ð Þ

þ 1
T

Qgb

kT

� �
oT

ox
jxl

�
cos2 hþ cos2 u1 þ cos2 u2


 �

þ oT

oy
jyl sin2 hþ sin2 u1 þ sin2 u2


 �

þ oT

ox
jy þ

oT

oy
jx

� �
l sin h cos h� sin u1 cos u1 þ sin u2 cos u2ð Þ

��
:

ð32Þ

Then, we expand the trigonometric functions including u1½¼ p=3þ Du� h�
and u2½¼ p=3þ Duþ h�with a minimal angle of Du [=-0.0236 rad] [59] by
using the Maclaurin series and remove terms smaller than 0.005 in
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comparison with 1. The AFD formula for the straight part is transformed as
follows:

AFDgbh ¼ Cgbqd
4ffiffiffi
3
p

d2

1
T

exp �Qgb

kT

� � ffiffiffi
3
p

Du jx cos hþ jy sin h

 �h

þ
ffiffiffi
3
p

d

4T

Qgb

kT

� �
oT

ox
jx þ

oT

oy
jy

� �
�

ffiffiffi
3
p

d

4T

oT

ox
jx þ

oT

oy
jy

� ��
;

ð33Þ

1.6.4 Comparison Near Corner of Angled Metal Line

The current and temperature distributions near the corner of the angled metal line
shown in Fig. 5 are expressed by asymptotic solutions [56]. Cartesian coordinates
(x, y) and polar coordinates (r, c) are shown in Fig. 5. The line width is b, the
corner angle is 2b0 and the input current density is j?. Then, the values of current
density, its gradient and temperature gradient are obtained by using the following
asymptotic solutions accompanied with the results of FE analysis to compare the
terms in Eq. (14) near the corner:

jx ¼ �Ke

r

b

� � p
2b0
�1

sin
p

2b0
� 1

� �
c; ð34Þ

jy ¼ �Ke

r

b

� � p
2b0
�1

cos
p

2b0
� 1

� �
c; ð35Þ

Fig. 5 Infinite metal line
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ojx

ox
¼ �ojy

oy
¼ Ke

p
2b0
� 1

� �
1
b

r

b

� � p
2b0
�2

sin
p

2b0
� 2

� �
c; ð36Þ

ojx

oy
¼ ojy

ox
¼ �Ke

p
2b0
� 1

� �
1
b

r

b

� � p
2b0
�2

cos
p

2b0
� 2

� �
c; ð37Þ

oT

ox
¼ 1

k
Kt

r

b

� � p
2b0
�1

sin
p

2b0
� 1

� �
c ð38Þ

and

oT

oy
¼ 1

k
Kt

r

b

� � p
2b0
�1

cos
p

2b0
� 1

� �
c; ð39Þ

where Ke ¼ bp=2b0�1
0 j1;Kt ¼ bp=2b0�1

0 p1; and p? is the heat flux considering
Joule heating far from the corner, which is expressed by

p1 ¼ qR þ /Rj1: ð40Þ

Here, qR and /R are the heat flux and electrical potential at point R far from the
corner, as shown in Fig. 4. /R is taken at point R when the electrical potential is
zero at the inner corner.

In essence, p? represents the heat flux induced by the temperature difference
between the two points far from the corner, which are symmetric to each other
around the bisector of the corner. The temperature difference between the sym-
metric points originates from the Joule heating generated in the lines around the
angle line and/or in the asymmetrically angled line itself. One can directly measure
the heat flux qR, which includes the heat flux induced by the temperature differ-
ence between the symmetric points p? and the heat flux due to Joule heating
generated symmetrically around the bisector [56]. If the electric current is turned
off to eliminate the heat flux by symmetric Joule heating from qR, the temperature
difference between the symmetric points also vanishes because this temperature
difference originates from Joule heating. The heat flux p?, therefore, cannot be
measured separately, but can be extracted from qR by using Eq. (40). Since the
heat flux p? originates from Joule heating, the solutions given by Eqs. (38) and
(39) are effective under the flow of electric current.

The current density, its gradient and temperature gradient near the corner in the
model described in Sect. 1.6.2 are estimated using Eqs. (34)–(39). The AFD for-
mula near the corner is derived using these values.

Now, let us consider the region at r = d as a corner part. The grain size d is
0.4–0.8 lm for a typical Al lines. When the grain size becomes small, the term
XTI

near the corner becomes large because of a singularity of temperature
gradient at the corner vertex. Each term to be compared should be estimated to
be as large as possible. Accordingly, it is assumed that d = 0.4 lm and
l = 0.115 lm. The heat flux qR and electrical potential /R at R are calculated by

28 K. Sasagawa and M. Saka



FE analysis, and thereby we obtain the value of p?. Equations (34)–(39) also
yield the following relation:

jxj j ¼ �Ke

r

b

� � p
2b0
�1

sin
p

2b0
� 1

� �
c

����
����� Ke

r

b

� � p
2b0
�1

����
����: ð41Þ

Similarly,

jy
�� ��� Ke

r

b

� � p
2b0
�1

����
����; ð42Þ

ojx
ox

����
����; ojy

oy

����
����; ojx

oy

����
����; ojy

ox

����
����� Ke

p
2b0
� 1

� �
1
b

r

b

� � p
2b0
�2

����
���� ð43Þ

and

oT

ox

����
����; oT

oy

����
����� 1

k
Kt

r

b

� � p
2b0
�1

����
����: ð44Þ

The values of current density, its gradient and temperature gradient can be cal-
culated using the most right-hand sides of Eqs. (41)–(44) to obtain the largest
possible estimates.

Regarding the term XTI
in the first term of angle brackets hi in Eq. (14), in order

to find the largest possible temperature gradient independent of the coordinate
setting, qT/qx = qT/qy is assumed. By obtaining the extremum of the numerator
with respect to h, the term concerning the temperature gradient, XTI

; has the
following relation:

XTI
¼

oT
oxl cos hþ oT

oyl sin h

T
�

ffiffiffi
2
p

oT
ox

�� ��l
T

at point Oð Þ: ð45Þ

Then, the value of XTI
is calculated using the most right-hand side of Eq. (45) to

obtain the largest possible estimate. Using Eqs. (44) and (45), the following values
are obtained:

XTI
¼ 0:00277

and

Qgb

kT
XTI
¼ 0:0326;

where the angle b0 = 3p/4 and the values p? = 0.00101 W/(lm K) and
T = 559 K obtained by FE analysis are used.

Thus, the term XTI
and higher-order terms included in curly brackets 1� ðÞI


 �
in Eq. (14) are negligible because these terms are smaller than 0.005. Moreover,

the relation QgbðÞI= kTð Þ � QgbXTI
= kTð Þ holds, and the term 1=2 QgbðÞI= kTð Þ


 �2

and higher-order terms are omitted in the square brackets [] in Eq. (14).
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As for the parentheses jx þ XjxI


 �
in Eq. (14), the current density and its gra-

dient are estimated to be as large as possible using the relations Eqs. (41)–(43).
Then, the parentheses jx þ XjxI


 �
in the first term of the angle brackets hi in

Eq. (14) is written as

jx þ XjxI


 �
¼ jx 1þ XjxI

jx

� �
: ð46Þ

If the quantity XjxI is maximized in the evaluation, the following relation is
obtained in the same manner as Eq. (45):

XjxI

jx
¼

ojx
oxl cos hþ ojx

oyl sin h

jx
�

ffiffiffi
2
p

ojx
ox

�� ��l
jxj j

at point Oð Þ: ð47Þ

Note that the value of jx should be maximized. The quantity XjxI=jx is calculated
using the most right-hand side of Eq. (47). The value is obtained as

XjxI

jx
¼

ffiffiffi
2
p

l

r

p
2b0
� 1

����
���� ¼ 0:136:

This value is greater than 0.005; thus, the term XjxI=jx remains in the parentheses ()
on the right-hand side of Eq. (46).

After eliminating negligible terms, the curly brackets {}, square brackets [] and
parentheses () concerning current density in Eq. (14) are expanded. Then, terms
smaller than 0.005 are omitted. A negligible term is as follows:

Qgb

kT
XTI
� XjxI

jx
¼ 0:00442

In the first term in the angle brackets hi in Eq. (14), small terms are omitted. As
for other terms in angle brackets hi; negligible terms are also eliminated and the
braces are expanded in a similar manner. Then, one can obtain the following AFD
formula for the corner part, O:

AFDgbh ¼
Cgbqd

A

1
T

exp �Qgb

kT

� �

�
�

jx cos h� cos u1 � cos u2ð Þ þ jy sin hþ sin u1 � sin u2ð Þ

þ ojx

ox
l cos2 hþ cos2 u1 þ cos2 u2


 �
þ ojy

oy
l sin2 hþ sin2 u1 þ sin2 u2


 �

þ ojx
oy
þ ojy

ox

� �
l sin h cos h� sin u1 cos u1 þ sin u2 cos u2ð Þ

þ 1
T

Qgb

kT

� �
oT

ox
jxl

�
cos2 hþ cos2 u1 þ cos2 u2


 �
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þ oT

oy
jyl sin2 hþ sin2 u1 þ sin2 u2


 �

þ oT

ox
jy þ

oT

oy
jx

� �
l sin h cos h� sin u1 cos u1 þ sin u2 cos u2ð Þ

��
:

ð48Þ

Now, let us expand the trigonometric functions including u1 and u2 with a
minimal angle Du by using the Maclaurin series and omit terms smaller than
0.005. The AFD formula for the corner part is transformed as follows:

AFDgbh ¼ Cgbqd
4ffiffiffi
3
p

d2

1
T

exp �Qgb

kT

� � ffiffiffi
3
p

Du jx cos hþ jy sin h

 �h

� d

2
Du

ojx
ox
� ojy

oy

� �
cos 2hþ ojx

oy
þ ojy

ox

� �
sin 2h

� �

þ
ffiffiffi
3
p

d

4T

Qgb

kT

� �
oT

ox
jx þ

oT

oy
jy

� ��
:

ð49Þ

1.6.5 General Expression of AFD

To obtain the general expression of AFD that is applicable to both the straight part
and the corner, the formula should include all terms in Eqs. (33) and (49). Thus,
one can obtain a general expression of AFD [57] as

AFDgbh ¼ Cgbqd
4ffiffiffi
3
p

d2

1
T

exp �Qgb

kT

� � ffiffiffi
3
p

Du jx cos hþ jy sin h

 �h

� d

2
Du

ojx

ox
� ojy

oy

� �
cos 2hþ ojx

oy
þ ojy

ox

� �
sin 2h

� �

þ
ffiffiffi
3
p

d

4T

Qgb

kT
� 1

� �
oT

ox
jx þ

oT

oy
jy

� ��
:

ð50Þ

It can be confirmed that the obtained formula of AFD is applicable not only to
acceleration conditions but also to conditions with lower current density and
higher substrate temperature.

1.6.6 Constant Electrical Resistivity within Rectangular Unit

Temperature may vary slightly within the rectangular unit shown in Fig. 3.
Although the electrical resistivity depends on temperature, it was assumed that the
electrical resistivity q in Eq. (12) was constant within the rectangular unit. Here
the effect of the assumption in formulation of AFD is discussed. By explicitly
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expressing the difference in q due to temperature distribution in the unit, Eq. (12)
is transformed as follows:

AFDgbh¼
JIþJIIþJIIIð Þd

A

¼Cgbd
A

1
TI

exp �Qgb

kTI

� �
qIj
�
Iþ

1
TII

exp �Qgb

kTII

� �
qIIj
�
IIþ

1
TIII

exp �Qgb

kTIII

� �
qIIIj

�
III

� �
;

ð51Þ
where the electrical resistivity at the end of Grain boundary-I, -II and -III in Fig. 3
is given by qi ¼ q 1þ aTXTið Þ½ � (i = I, II, III). Considering the derivation of AFD
described above, one can obtain the following expression:

AFDgbh¼
Cgbqd
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1
T

exp �Qgb
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� �
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Here, a of Al takes a value of 0.002 K-1 at room temperature for an Al thin film
[39, 67]. The value of a for a thin film is smaller than that for the bulk material
[53, 67]. The value of aTXTi (i = I, II, III) is compared with 1 in Eq. (52) using the
value of a being 0.002 K-1. When the reference temperature increases as in an
acceleration test, a decreases. Thus, if the term aTXTi can be omitted at room
temperature, the term is negligible even at higher temperatures. Because the term
concerning the temperature gradient in the straight part XTi is larger than that near
the corner, as described in Sects. 1.6.3 and 1.6.4, the values of aTXTi are calculated
using the values of T and XTi in the straight part:

aTXTi ¼ 0:00418\0:005

Thus, the terms aTXTi can be neglected in Eq. (52), and Eq. (14) is given.
Therefore, the effect of temperature distribution in the rectangular unit on the
electrical resistivity is unnecessary to consider, and q can be regarded constant
within the unit in the formulation of AFD.

1.6.7 Application of AFD

The value of AFDgbh changes with the angle h between the rectangle unit and the
x-axis. To extract only the positive values of AFDgbh considering void formation,
the sum of the value of AFDgbh and its absolute value is divided by two, and the
expected value from the extracted positive values is obtained by considering the
angle h from 0 to 2p. On the other hand, extracting only the negative values of
AFDgbh gives the atomic flux divergence AFDgen of hillock formation in the
polycrystalline lines:

AFDgen ¼
1

4p

Z2p

0

AFDgbh � AFDgbh

�� ��
 �
dh: ð53Þ

Equation (53) can be applied to two-dimensional problem. For a one-dimensional
problem such as a straight line, the AFDgen of hillock formation is simply for-
mulated by integrating AFDgbh with respect to h [80]:

AFDgen ¼
Cgb

p
qd
d2

1
T

exp �Qgb

kT

� �
d

k
qj31xh1

1
T

Qgb

kT
� 1

� �
� 4Duj1 sin h1

� �
: ð54Þ

Here, h1 is the critical value of h and the coordinate x is set along the longitudinal
of the line with the origin at the center of the strip.

When the governing parameter for EM damage in the line covered with a
passivation layer is considered, the Huntington–Grone equation (10) is replaced
with the atomic flux in a passivated metal line, as given by Eq. (11). Then, one can
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calculate the parameter AFDgbh
* in the same manner as for the unpassivated line

[62]:

AFD�gbh ¼C�gbN
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ð55Þ

where C�gb ¼ D0d=k:

The governing parameter for EM damage in a passivated polycrystalline line,
AFDgen

* , is

AFD�gen ¼
1

4p

Z2p

0

AFD�gbh � AFD�gbh

��� ���� �
dh for hillock formationð Þ ð56Þ

AFD�gen ¼
1

4p

Z2p

0

AFD�gbh þ AFD�gbh

��� ���� �
dh for void formationð Þ: ð57Þ

The governing parameter AFD integrates all the factors that govern the damage,
namely, the line structure, film characteristics, atomic density, as well as operating
conditions such as current density and temperature. The parameter AFD gives the
increase or decrease in the number of atoms per unit time and unit volume. By
utilizing AFD, the distribution of atomic density N within the metal line can be
calculated. Then, it is judged whether or not the atomic density is beyond a critical
value for beginning void or hillock formation or for seeking the threshold current
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density [1]. An excess of atomic density over the critical value is used for
reproducing the damage process until line failure, and lifetime and possible failure
site are predicted [62].

1.7 Derivation Method of Characteristic Constants of EM1

1.7.1 Failure Mode in Via-Connected Line

The metal lines in IC are often connected by vias and multi-level interconnections
are constructed. A schematic diagram of a typical interconnection with a via is
shown in Fig. 6. The via for an Al interconnection is made of Al or tungsten (W).
The metal lines are often stacked on a shunt layer made of refractory metal such as
titanium nitride (TiN), by which the electric current can bypass the void formed in
the Al line. In the metal line structure with a via, no Al atoms are supplied to the
cathode end by EM because the line is not connected to a reservoir of the atoms
such as pads and the atomic flow is intercepted by the via. Therefore, the metal line
connected by the via has the failure mode whereby the cathode edge of the line
drifts in the direction of electron flow as a result of EM [7]. A governing parameter
for EM damage at the ends of a passivated polycrystalline line, AFDgen

* |end, has
been expressed by considering the boundary condition with respect to atomic
diffusion [30], where no atoms flow into the cathode end or out of the anode end.

The method for deriving the EM characteristics of a metal line utilizes the EM-
induced drift at the line end [31]. In this section the drift velocity induced at the
line end by EM is theoretically expressed by using AFDgen

* |end. By this derivation
method, the film’s characteristic constants in the formula of the parameter can be
determined by measuring drift velocity. Next, the Al line modeled after the via-
connected line is considered. The method based on AFDgen

* |end is applied to two
types of Al polycrystalline lines with different line lengths, and the values of drift
velocity in such lines are experimentally measured. By equating the theoretical
drift velocity with the experimental value, characteristic constants of the film are
obtained. The method based on AFDgen

* |end is able to approximate the constants.

Fig. 6 Metal lines connected
by via. Reprinted from
Hasegawa et al. [31]. Copy-
right (2009) with permission
from Elsevier

1 The contents concerning this section have been permitted to reprint from Hasegawa et al. [31],
copyright (2009), with permission from Elsevier.
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1.7.2 Governing Parameter for EM Damage at Polycrystalline Line Ends

Atom transport in a passivated metal line is assumed to be represented by
Eq. (11). Boundary condition concerning the atomic diffusion at the metal line
ends is taken into account; that is, there are no incoming and no outgoing flow
of atoms at the line end. The boundary condition is set considering the
microstructure unit region enclosed by a rectangle in Fig. 7. Let us consider the
AFD in a unit region that faces the line end. First, the whole range of h (from
0 to 2p) is divided into six parts (Range-I to -VI), as shown in Table 1; b is
defined as the angle between the line edge and the x-axis of the Cartesian
coordinates shown in Fig. 7. Then, one or two atomic fluxes in three grain
boundaries in the unit region are assumed to be zero for each h-range: JII = JIII

= 0 in Range-I, JII = 0 in Range-II, JI = JII = 0 in Range-III, JI = 0 in Range-
IV, JI = JIII=0 in Range-V and JIII = 0 in Range-VI. Thus, the lack of incoming
and outgoing atoms at the line ends can be considered by assigning a possible
atomic flux of zero within the microstructure unit for each range of h. The
atomic fluxes are summed within the unit. The sum is integrated with respect to
h from 0 to 2p, by distinguishing the six parts. The integrated value is finally
multiplied by the cross-sectional area of the grain boundary, d, and divided by
the volume of the unit region,

ffiffiffi
3
p

d2=4 and by 2p. In this way, the atomic flux

Fig. 7 Model of polycrystalline microstructure. Reprinted from Hasegawa et al. [31]. Copyright
(2009) with permission from Elsevier

Table 1 Boundary conditions for atomic diffusion

Reprinted from Hasegawa et al. [31]. Copyright (2009) with permission from Elsevier
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divergence at the ends of the passivated polycrystalline line is expressed
by [30]

AFD�gen endj

¼ 2ffiffiffi
3
p

pd2
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T
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4
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oy2
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ox
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oy
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QgbþjXðN�NTÞ=N0�rTX
kT

�1

� �
Dx

oT

ox
þDy

oT
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� ���
; ð58Þ

where Dx = Z*eqjx - jX/N0(qN/qx) and Dy = Z*eqjy - jX/N0(qN/qy). In
Eq. (58), AFDgen

* |end denotes the governing parameter for EM damage at the ends
of a passivated polycrystalline line.

1.7.3 AFD-Based Method for Derivation Utilizing Drift
Velocity of Line End

The film’s characteristic constants included in the AFD formula (Eq. (55)), are d, Du,
Qgb, Z*, Cgb

* and j. The average grain size d can be measured by using a focused ion
beam (FIB) system. We can obtain Du experimentally by comparing an unpassivated
metal line made of the same Al film as a passivated line [57]. The AFDgen

* |end-based
method for determining the remaining constants considers a straight metal line.
According to Blech [7, 8], the atomic density gradient in a straight metal line is
inversely proportional to the length of the line. Stress measurements by Wang et al.
[76, 77] indicate that the stress gradient during the initial stage of EM damage can be
regarded as linear and independent of the given current density, provided that the
input current density is less than several times the threshold current density. The
product j � qN/qx, therefore, is considered to be a constant as a first approximation in
the derivation method; j � qN/qx is derived as a characteristic constant depending on
the length of the straight line. A current density considerably larger than the threshold
current density should not be chosen for the experiment.

The film’s characteristic constants Qgb
* [=Qgb - rTX], Z*, Cgb

* and j � qN/
qx are determined by utilizing the drift velocity at the cathode end of the straight
line. First, let us express the drift velocity by using AFDgen

* |end. Here, we introduce
the effective length of the microstructure unit, l* [=0.658d], which is defined as the
square root of the area of the microstructure unit, A ¼

ffiffiffi
3
p

d2=4
� �

: We shall consider
the l* 9 l* square region at the cathode end (see Fig. 8). The x-axis is taken from
the cathode end along the longitudinal direction of the line as shown in Fig. 8. At
x = l*, the average atomic flux Jjx¼l� is obtained by using AFDgen

* |end:

Jjx¼l�¼
AFD�gen endj

d

ffiffiffi
3
p

4
d2: ð59Þ
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By using Eq. (59), we find the atomic flux at x = ld, Jjx¼ld
:

Jjx¼ld
¼ Jjx¼l�þ

oJjx¼l�

ox
ld � l�ð Þ

¼
ffiffiffi
3
p

d2

4d
AFD�gen endj þ

oAFD�gen endj
ox

ðld � l�Þ
� �

;

ð60Þ

where ld denotes the drift length. It can be assumed that the drift volume disap-
pears through the cross section at x = ld with the atomic flux Jjx¼ld

: By multi-
plying the area of grain boundary (thick�d), the number of microstructure units
within the line width (w/l*), the atomic volume (X), and the net current application
time (td) by Eq. (60), the volume of the drift region can be expressed, where w is
the line width and thick the line thickness. Since the volume of the drift region
equals ld � w � thick, the drift velocity of the line end, vd [=ld/td], is given by

vd ¼ AFD�gen endj þ
oAFD�gen endj

ox
ðld � l�Þ

� �
l�X: ð61Þ

In contrast, accelerated tests are performed for a certain period of time. The
metal lines are subjected to a high current density, j1, at three substrate temper-
atures: Ts1, Ts2 and Ts3 (Ts1\Ts2\Ts3). In addition, another acceleration test is
carried out at Ts3 at current density j2, which is smaller than j1. Let us denote the
experimental conditions as follows: j1 and Ts1 (Condition 1), j1 and Ts2 (Condi-
tion 2), j1 and Ts3 (Condition 3), and j2 and Ts3 (Condition 4). Next, let the tem-
perature at the cathode end of the line be T1, T2, T3 and T4, respectively, for each
testing condition. Voiding area at the line end is measured after current stressing
for a certain period of time. The drift length is obtained by dividing the area by the
line width. The drift length is then divided by the measured net time of the current
application [61], and thereby the velocity of the drift is obtained.

The values of vd are experimentally obtained under the four testing conditions
mentioned above. The unknown constants for the film characteristics in the AFD
formula can be obtained by using the least-squares method to approximate the

Fig. 8 Schematic diagram of
the cathode end of the line.
Reprinted from Hasegawa
et al. [31]. Copyright (2009)
with permission from
Elsevier
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measured drift velocity with the theoretical drift velocity in Eq. (61). In particular,
the characteristic constants are determined such that the following sum of squares
is minimized:

F�gb endj ¼
X

i

X
j

vdjij � AFD�gen endj
� �

i
þ

oAFD�gen endj
ox

� �
i

ðldjij � l�Þ
� �

l�X

� �2

:

ð62Þ

Here, the subscripts i and j represent the condition number and the number of data
measured in each experimental condition, respectively. By this method, the film’s
characteristic constants, namely, Qgb

* , Z*, Cgb
* and j � qN/qx, can be determined as

optimized parameters that approximate all experimental data obtained from the
measurement of drift velocity.

1.7.4 Experimental Procedure for Derivation

The metal lines used in the experiment were fabricated as shown in Fig. 9. Two
specimens of different length, namely, Sample L and Sample S, were prepared. A
TiN thin film was reactively sputtered onto a silicon substrate covered with silicon
oxide; then, the Al film was continuously deposited on the TiN film by vacuum
evaporation. The Al/TiN line specimens were patterned by conventional photoli-
thography and etched by the reactive ion etching (RIE) technique. The small parts
of both ends of the Al line were chemically etched and TiN layer was exposed, and
thus the Al specimens modeled after the via-connected line were obtained. After
that, tetraethyl orthosilicate (TEOS) film was deposited over the specimen’s sur-
face by plasma enhanced chemical vapor deposition (PE-CVD). An example of
FIB observation of the Al grain microstructure is shown in Fig. 10. It was
observed that the average grain size of the line specimen was 0.5 lm.

Fig. 9 Metal line specimen
used in the experiment. Rep-
rinted from Hasegawa et al.
[31]. Copyright (2009) with
permission from Elsevier
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Instead of an actual via-connected line, a metal line modeled after the via-
connected line was evaluated in this study. The line was evaluated without the via
because of ease of fabrication, and because EM at the cathode end of the line is
sufficiently produced in the specimen without using an actual via-connected line.
The EM damage in the line specimen appears as the drift of the cathode end and as
drift in the via-connected line. Blech [7, 8] and other researchers [48, 63] have
often used similar line specimens.

The acceleration tests were performed by using the experimental set-up shown
in Fig. 11. To measure the incubation period during which there was no void
formation and no drift at the end, the change in the electrical potential drop across
the line was monitored. The incubation period was defined from the start of current

Fig. 10 FIB observation of
Al grain microstructure.
Reprinted from Hasegawa
et al. [31]. Copyright (2009)
with permission from
Elsevier

Fig. 11 Experimental setup
for derivation. Reprinted
from Hasegawa et al. [31].
Copyright (2009) with per-
mission from Elsevier
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supply to the beginning of the increase in the electrical potential drop in the line as
a result of void formation at the end. The net application time of electrical current,
td, was obtained by subtracting the incubation period from the total application
time. Three temperatures, namely, 508, 523 and 538 K, were selected as substrate
temperatures. At each temperature, the metal lines of Sample L and Sample S were
subjected to direct current with density of 1.5 MA/cm2 (Conditions 1, 2 and 3). In
addition, the test was carried out at a current density of 1.2 MA/cm2 at substrate
temperature of 538 K (Condition 4). Twelve specimens were used for each testing
condition. After electric current was supplied until the potential drop increased 20
or 30%, the cathode end of the metal line was observed by optical microscopy, as
shown in Fig. 12. The extent of void formation was evaluated by an image pro-
cessing technique, and the drift length ld was obtained by dividing the measured
area by the line width. The drift length was then divided by the net time of current
application. In this way, the drift velocity vd was obtained from the experiment.

1.7.5 Results and Discussions of Derivation

The experimental data on drift velocity were substituted into Eq. (62) and the
film’s unknown characteristic constants in AFDgen

* |end were optimized by using the
least-squares method. The obtained constants are listed in Table 2. The value of
Qgb

* was close to the value of grain boundary diffusion [6, 7]. Furthermore, the
value of Z* appeared to be valid because it was within the range of the previously
reported values, -1 to -15 [7, 8, 71, 76]. From a comparison of the values of Qgb

*

for Sample L and Sample S, it was found that the Qgb
* values of these samples

agreed well; thus, the constant Qgb
* functioned as characteristic constant that was

Fig. 12 Observation of specimen’s cathode end by optical microscopy. Reprinted from Hase-
gawa et al. [31]. Copyright (2009) with permission from Elsevier

Table 2 Characteristic constants included in AFDgen
* |end

Qgb
* [eV] Z* Cgb

* [Klm3/Js] j � qN/qx [J/lm7]

Sample L 0.55 -8.3 2.7 9 1024 0.36
Sample S 0.54 -8.4 2.4 9 1024 0.86

Reprinted from Hasegawa et al. [31]. Copyright (2009) with permission from Elsevier
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independent of the line length and dependent on only film characteristics. The
amount of vacancies at the grain boundary depends on the purity of the material,
and a higher vacancy concentration directly contributes to a higher diffusion
coefficient. Accordingly, mass transport is more easily induced in films with low
activation energy [80].

Comparing Z* and Cgb
* of Sample L with those of Sample S, it is found that

these values are almost the same. Therefore, the constants Z* and Cgb
* also serve as

characteristic constants independent of line length. On the other hand, the j � qN/
qx value of Sample S is more than twice as large as that of Sample L, and only the
j � qN/qx value in Table 2 appeared to depend on line length. According to Blech
[7], the atomic density gradient is inversely proportional to line length. Therefore,
j � qN/qx functioned appropriately as a characteristic constant that depends on line
length; consequently, the quantity j was thought to act as a constant independent
of the line-length. Hence, it was concluded that the film’s characteristic constants
were appropriately determined by the AFDgen

* |end-based method.
The effective bulk modulus, j, the critical atomic density for void initiation, Nmin

* ,
and the critical atomic density for hillock initiation, Nmax

* , are obtained by a
numerical simulation for the process of building up the atomic density distribution
[62]. The values of j, Nmin

* and Nmax
* are determined by simulation of atomic density

distribution for the incubation period, during which no EM damage appears [61].
The simulation is carried out during the incubation period measured in the accel-
eration test. The quantity j is determined such that the product of j assumed in the
simulation and the atomic density gradient after the simulation agrees with the value
of j � qN/qx obtained from the AFDgen

* |end-based method. Then, we obtain the
atomic density distribution in the line after the incubation period through the
simulation using the determined j value. The smallest value of atomic density
depending on h [62], N*, in the line is defined as Nmin

* , and the largest value as Nmax
* .

The previous method for deriving the film’s characteristic constants based on
the parameter AFDgen

* required the observation of void formation by a scanning
electron microscopy (SEM) after removal of the passivation layer [61]. In contrast,
the present AFDgen

* |end -based method based on drift velocity measurements can be
carried out without removal of the passivation layer and requires only the
observation of the cathode end by optical microscopy. Thus, the AFDgen

* |end-based
method presented here is not only accurate but also much easier than the AFDgen

* -
based method.

2 Stress Migration

2.1 Introduction

SM is another failure mechanism that is often referred to, together with EM, in the
study of reliability issues for interconnection systems. With the development of
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ultra-large-scale integration for semiconductors, the minimum dimensions for
interconnects have been reduced to the sub-micron range. For such small-sized but
full-featured devices, multilevel metallization is required. As a result, some
unexpected influences have occurred to accompany the introduction of layered
conducting lines. Apart from the EM-induced mass transport that occurs due to high
density electron flow, residual stress is also generated in thermal processing when
there is a difference in thermal expansion coefficients or a chemical reaction between
the bonded elements, and so on. At times, these stresses can develop to a level that
causes atomic diffusion to the extent where they lead to structural changes, typical
known as examples being whisker growth and stress induced voids [11, 13, 15,
18, 19, 54, 70]. If the whiskers that are generated are long enough to connect two
conductive layers, or if the voids grow to the dimensions of the line widths, these will
result in short circuits or electrical discontinuities, respectively. Here, some typical
phenomena relevant to SM will be reviewed in the following sections.

2.2 Historical Review of Typical SM-Induced Phenomena

2.2.1 Spontaneous Sn Whisker Growth

During World War II the electroplated material of choice for electrical compo-
nents was electroplated cadmium (Cd). Repeated failures of electrical hardware
led to a finding that many failures were due to shorting from Cd whiskers [27].
These findings were summarized by Cobb [17], and it was the first report con-
cerning the problems of whisker growth. Starting in 1948, similar failures were
experienced by Bell Telephone on the channel filters used for multi-channel
transmission lines. Bell Laboratories immediately initiated the use of pure Sn
electroplating to replace Cd, but they quickly found that pure Sn also had whisker
problems similar to those experienced with Cd plating [18]. Since then, Sn whisker
research has attracted considerable attention over 50 years due to the Sn and Sn-
based alloys that have been widely used in the electronic industry until now.
Figure 13 shows a typical example of a Sn whisker-induced reliability issue. As
shown in the figure, many whiskers grew on a eutectic SnCu finish on a leadframe.
One of the whiskers is so long that it has bridged a pair of the legs.

It is striking to note that essentially all of the fundamental concepts still debated
today were initially established during the 1950s. Many of these 1950s era pro-
posals were perhaps little more than well-informed speculation at the time, but
they were based on sound principles of materials science and they formed a basis
for all current discussion relevant to whisker formation [27]. Some highlights of
this research are worthy of further review, as listed below:

(1) As reported in Bell Laboratories’ work published in 1951, whisker growth was
recognized as a spontaneous process, not only on Cd, Zn and Sn electroplating,
but also on Al casting alloys and Ag electroplating exposed to an atmosphere
of hydrogen sulfide [18].
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(2) Herring and Galt [34] inferred that Sn whiskers were single crystals without
lattice defects by investigating their elastic and plastic properties.

(3) By showing electron micrographs of the different stages in the growth of Sn
whiskers, Koonce and Arnold [41] established the fact that Sn whisker growth
took place as a result of the addition of material at the base, rather than at the tip.

(4) Fisher et al. [24] established that compressive stress gradients were the driving
force for whisker growth. This knowledge has made such a great contribution
to the subsequent proposed whisker growth models.

Going through several decades of research assisted by experimental tools that
have been developed over the years, Sn whisker growth has been confirmed as a
spontaneous process, driven by a compressive stress gradient, growing from the
base, and readily occurring at room temperature. However, the mechanism is still
unclear to date. Several models have been constructed to describe the mechanism
of Sn whisker growth. Dislocation-based theories have been proposed indepen-
dently by Eshelby [22], Frank [25], Amelinckx et al. [3] and Lee and Lee [43].
Recrystallization-based theories were proposed by Ellis et al. [21], and subse-
quently developed by Furuta and Hamamura [26]. In 1973, Tu [70] published his
paper on Sn whisker growth. As reported in his paper, Sn whiskers were observed
at room temperature growing from the Sn surfaces of Cu–Sn bimetallic films, but
not at Sn films without a Cu under-layer. This was attributed to a driving force
generated by the formation of Cu6Sn5 intermetallic compounds (IMCs) in the
Cu–Sn films [70]. Later, Tu and co-authors have demonstrated the existence of
IMC by utilizing new analytical techniques such as TEM and FIB examinations.
In addition, Tu [72] proposed that the oxide layer on the Sn film played a dominant
role in affecting Sn whisker growth. Weak spots in the oxide layer are important in
enabling local stress relaxation to form Sn whiskers. Without the surface oxide, a
homogeneous relaxation occurs over the entire film [72]. This theory can be well
understood from a comparison of the illustrations shown in Figs. 14 and 15.
Besides the models mentioned above, a great deal of important data has been

Fig. 13 SEM image of Sn
whiskers grown on eutectic
SnCu finish on a leadframe.
One of the whiskers shorts
two of the leadframe legs [78]
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reported, as represented by Zhang et al. [79], Choi et al. [16], Barsoum et al. [4]
and Galyon and Palmer [28].

The SM-induced reliability issue has been the main driver for these studies ever
since the whisker problem was discovered. With the ongoing reduction of circuit
feature sizes, it is increasingly relevant to the electronic packaging industries.
Most of the correlative works focus on suppressing whisker growth as far as
possible. It is noted that one may consider ways such as the creation of an
environment in which no natural oxide layer is formed on the surface of the
material, or covering the surface of the material with a tough artificial layer [69],
for the suppression of whisker formation.

2.2.2 Fabrication of Nanowires by Utilizing Controllable SM

With the newly reported works on various nanowires fabricated by utilizing SM [15,
35, 51, 54, 64, 66], the field of SM research has entered a new phase, not only in
terms of its suppression, but also in terms of its applications. This is because one-
dimensional nano-structures have attracted considerable attention due to their
unique mechanical, electrical, and magnetic properties, and their fundamental
importance to MEMS/NEMS in recent years.

Fig. 14 A sketch of the cross section of the bimetallic Cu–Sn thin films forming the compound
Cu6Sn5. The surface of Sn is assumed to be free of oxide. The arrows indicate the fluxes in the Sn
and the compound. Reprinted with permission from Tu [71]. Copyright 1994 by the American
Physical Society

Fig. 15 A sketch of the cross
section of the bimetallic Cu–
Sn thin films forming the
compound Cu6Sn5 and a
whisker. The surfaces of the
Sn and the whisker are oxi-
dized except the base of the
whisker where the oxide is
broken. A lateral flux of Sn is
indicated by arrows in the Sn
film. Reprinted with permis-
sion from Tu [72]. Copyright
1994 by the American Phys-
ical Society
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It has been demonstrated that whisker growth is driven by compressive stress
gradients. The origin of the compressive stress can be mechanical, thermal, and
chemical [78]. Based on the opinion of Tu [70], in order for Sn whiskers to grow,
there must be a chemical reaction between the bonded elements to guarantee the
necessary stress generation. Moreover, because Sn whisker growth is a sponta-
neous process, the stress that is generated is internal and so the geometrical
properties of whiskers are uncontrollable. All of the characteristics described
above have certain limitations that must be taken into account in consideration of
nanowire formation by utilizing SM, such as the choice of source material, the
growth rate, the generation of the driving force and controllability.

In contrast to ‘traditional’ Sn whisker growth, alternative approaches have been
developed in which an external applied stress is used to induce atomic diffusion.
Almost all of these fabrication techniques aimed at utilizing the thermal stresses
that result from a mismatch in thermal expansion coefficients in bilayer/multilayer
structures. Let us refer to the work by Shim et al. [66] to give a schematic
representation of the nanowire growth mechanism. Taking Bi nanowire growth as
an example, and as illustrated in Fig. 16a, a trilayer structure with an oxidized Si
substrate followed by a Bi layer is used. It should be mentioned that there is a large
difference between the thermal expansion coefficients of Bi (13.4 lm m-1 K-1)
and SiO2/Si (0.5 lm m-1 K-1/2.4 lm m-1 K-1). The Bi film expands while it is
annealed in the temperature range 260-270�C, while the substrate restricts
expansion, putting the Bi film under compressive stress [66]. By making use of
stress relief and atomic diffusion, Bi nanowires can be fabricated. The mass of Bi
nanowires that are formed have high aspect ratios (length/diameter), as shown in
Fig. 16b. Figure 16c shows TEM analysis of a formed Bi nanowire. The nanowire
was found to be uniform in diameter and to have formed a 10 nm thick Bi oxide
layer on its outer surface [66]. The presence of the Bi oxide layer seems to agree
well with the oxide layer theory proposed by Tu [72]. The effect of the oxide layer
on stress-induced extrusion was also studied by other researchers [14, 15, 38].

It is noteworthy that the growth of SM-induced nanowires is governed by
temperature, film thickness, grain size and the time that the film is subjected to
stress during the process [54]. Therefore, by adjusting these parameters, the growth
of nanowires can be controlled. This seems to be especially important in order to
achieve higher aspect ratios, or the rapid and mass growth of these nanowires.
Although the current technique for the fabrication of nanowires by utilizing SM is
imperfect, we can expect it to be applied to mass production process in industry in
the near future.

2.3 Summary

Since the atomic diffusion induced by SM is a stress relief phenomenon, it must
relate to the stress gradient. To be precise, it occurs due to a gradient of com-
pressive hydrostatic stress. Denoting the hydrostatic stress by r and considering a
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material with a distribution of compressive stress as shown in Fig. 17, the atoms
diffuse from position A with more-negative stress (higher compressive stress)
towards position B with less-negative stress (lower compressive stress). As a
result, a local atomic accumulation is caused at position B. The hydrostatic stress
is expressed as r = (rx + ry + rz)/3, where rx, ry and rz are the corresponding
normal stresses in the Cartesian coordinates system (x, y, z). In most of these cases,
the surface of a material subjected to SM is covered by an oxide layer or by a
passivation layer. In those cases, the normal stresses rx, ry and rz caused by the
accumulation of atoms are the same as each other, rx = ry = rz, and hence r is
equal to rx, where x is usually taken in the longitudinal direction of the tested
material and z is in the normal direction to the surface of the material. The SM-
induced atomic flux, JS is given by [33, 42]

JS ¼
NXD0

kT
exp �Q� Xr

kT

� �
gradr ð63Þ

Fig. 16 Growth mechanism and structural characteristic of the single-crystalline Bi nanowires.
a a schematic representation of the growth of Bi nanowires by on-film formation of nanowires,
b a SEM image of a Bi nanowire grown on a Bi thin film, and c a low-magnification TEM image
of a Bi nanowire [66]
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Here, the gradient of r is the driving force for atomic diffusion, and this differs
with the electron flow, which is used to describe that of EM.
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