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AbstractÐThis paper considers aluminum interconnects in the presence of insulators, vias, and shunts.
Subject to a temperature change and a direct electric current, such an interconnect evolvesÐafter a compli-
cated sequence of eventsÐinto a stable state with a segment of aluminum depleted near the cathode, a lin-
ear distribution of pressure in the rest of the line, and no further mass di�usion. The electric current
continues in the shunt layers where aluminum is depleted; the multilayer interconnect never opens, but its
resistance has increased to a saturation level. Several aspects of this stable state are discussed, including the
condition under which the high pressure near the anode does not cause the surrounding insulator to crack;
the dependence of saturation resistance on shapes, materials, and loads; and the time scale for the intercon-
nect to evolve to the stable state. Should a circuit tolerate a variable resistance up to saturation, the inter-
connect would function forever. Implications of this possibility are also discussed. # 1998 Acta
Metallurgica Inc.

1. INTRODUCTION

On a silicon chip interconnects are made of several

levels of aluminum lines. Silicon dioxide ®lls the

space in between to provide insulation. The whole

structure is a metal network embedded in an oxide

matrix. In addition to aluminum, refractory metals

such as tungsten and titanium are pervasive in

interconnect structures (Fig. 1). The tungsten studs
serve as vias to link aluminum lines between di�er-

ent levels. The titanium aluminide layers shunt the

electric current where voids deplete aluminum. The

refractory metals allow negligible mass transport,

but have high electrical resistivities. A representative

aluminum line has a rectangular cross-section of

submicron dimensions, and is subject to thermal

expansion mis®t, electric current, and elevated tem-

perature. The substantial forces acting in a small

dimension have caused concerns ever since inte-

grated circuits came into being. Issues evolve as the

structures of interconnects miniaturize and become

more complex [1±3].

The impact of the insulators, vias, and shunts

on interconnect reliability has been a focus of

recent studies. Figure 2 summarises the main ob-

servations. Upon cooling from the processing tem-

perature (about 4008C), thermal expansion mis®t

causes a tensile stress in aluminum. Interacting
with defects, the stress induces voids [4, 5]. Each

void grows and relaxes the stress in its vicinity.

Far below the processing temperature, thermal

mis®t is large but di�usivity is low, so that the

aluminum line often has many small voids and

some unrelaxed stress.

Once a direct electric current is supplied, elec-

trons enter the aluminum line from one tungsten

stud (cathode), and leave from another (anode).

The electron wind causes aluminum atoms to dif-

fuse in the direction toward the anode. Atoms may

di�use along many paths: grain boundaries, various

interfaces, void surfaces, and the crystal lattice.

Under the combined thermal mis®t and electron

wind, the voids exhibit extraordinarily complex

dynamics: they nucleate, disappear, drift, change

shape, coalesce, and break up [6, 7].

Despite the commotion in the transient, the end

state is simple [8±10]. After a su�ciently long time,

only a single void remains near the cathode. Voids

in the middle of the line have now been ®lled or

swept into the cathode void. The tungsten studs

and the oxide conserve the total number of alumi-

num atoms in the line. As the void grows, atoms

di�use into the rest of the line, inducing a distri-

bution of pressure. It is the gradient of the pressure

that stops electromigration. The interconnect stays

in this state afterwards, until the temperature or

current changes again.

The main functional characteristic of an intercon-

nect is its resistance. Imagine several identical lines,

each carrying a di�erent current. Figure 3 illustrates

the resistance change as a function of time. The re-

sistance increases as the void enlarges. Two long-

term trends are expected: the resistance either satu-

rates or runs away. Evidently, the larger the cur-

rent, the higher the saturation resistance. For a line

carrying a large current, a large pressure gradient is

needed to stop mass di�usion. The high pressure in
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aluminum near the anode, in its turn, may cause

the surrounding oxide to crack. Once the oxide
cracks, aluminum extrudes, di�usion restarts, and

the cathode void grows further, so that the resist-

ance increases inde®nitely. Cracking may also break

down insulation between neighboring lines, leading

to a short circuit. Figure 4 sketches two examples

of cracks in oxide caused by the pressure in alumi-

num. The interfaces between various materials in

the structure can also debond and allow aluminum

to extrude.

The paper discusses three aspects of the stable

state. First, the two behaviors of resistance, satur-

ation or run-away, are di�erentiated by whether the

oxide can sustain the electromigration-induced

pressure in aluminum. A no-cracking condition is

suggested on the basis of fracture mechanics.

Second, a circuit can only tolerate a limited resist-

ance change. The dependence of saturation resist-

ance on current density, temperature drop, and line

geometry is examined. Third, the interconnect

evolves by mass di�usion. The time scale for the

interconnect to adapt to newly established tempera-

ture and current is discussed. Also discussed is the

possibility of using the stable state in circuit design.

2. NO-CRACKING CONDITION

2.1. Assumption of hydrostatic state

The stress ®eld in an aluminum line is compli-

cated in general. Upon cooling from the processing
temperature, thermal expansion mis®t induces triax-
ial tensile stresses in the aluminum line. Many
models assume that aluminum in such a small

dimension still behaves like a von Mises solid, with
a temperature-dependent yield strength [11±13].
They predict non-hydrostatic stresses in the alumi-

num line. On the other hand, di�usion relocates
mass among various grain boundaries and inter-
faces (e.g. the Herring or Coble creep), and over

some time relaxes the line to a hydrostatic state.
This hydrostatic state is independent of the details
of plasticity or di�usion, and can be calculated
from an elasticity problem. The predictions of var-

ious models have been compared in [14].
After a void appears, or an electric current is sup-

plied, the stress becomes nonuniform along the line.

Kohennen et al. [15] argued that, on the time scale
of an electromigration test, the Herring or Coble
creep rapidly relaxes each point in the line to a

hydrostatic state. Consequently, to study mass

Fig. 1. A schematic of an interconnect, embedded in a silicon dioxide matrix, on a silicon substrate.

Fig. 2. (a) Upon cooling from the processing temperature, voids form to partially relax thermal stress.
(b) Subject to a current, atoms di�use toward the anode, and a void grows at the cathode end. (c) The
line reaches the stable state, with a single void left at the cathode end, a linear pressure distribution in

the rest of the line, and no further mass di�usion.
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transport events in the line over a length exceeding

several times the linewidth, one can assume that the
stress state is hydrostatic, varying along the line
and with time. A recent simulation has con®rmed

that this assumption gives good predictions, pro-
vided the grain size is much smaller than the line
length [16].

This paper adopts the assumption of hydrostatic
state. It is represented by a pressure; a tensile stress

corresponds to a negative pressure. Let the x axis
coincide with the line, from the cathode to the
anode, 0 < x < L, L being the length of the alumi-

num line. The pressure is a function of position and
time, p(x, t). Figure 5 sketches pressure distri-
butions in several circumstances. Upon cooling,

thermal mis®t induces a uniform tensile stress along
the line. Once a void appears, the tensile stress is
relaxed in its vicinity. As the void enlarges, the

stress is relaxed in a growing segment of the line.
When an electric current is supplied, after a compli-
cated sequence of events, the line evolves to a stable

state, with a single void near the cathode, and a lin-
ear pressure distribution of the rest of the line.
Because this state is central to the present paper,

the following subsection reviews its details.

2.2. The Blech condition

The electron wind force per atom is proportional
to the current density, written as Z*erj, where e is
the elementary charge, r the resistivity of alumi-

num, and j the current density. The dimensionless
number, Z*, is determined experimentally; methods
on the basis of the stable state will be discussed

later. The electron wind force directs to the anode.
The driving force per atom due to the pressure gra-
dient is O@p/@x, where O is the volume per atom.

As stated before, the transient state is complicated;
its dynamics need not concern us here. Blech [17]
pointed out that mass di�usion stops when the

pressure gradient counteracts the electron wind
force:

O
@p

@x
� Z�erj: �1�

Fig. 3. Resistance increases as a function of time. Under a
small current, the resistance saturates. Under a large cur-

rent, the resistance runs away.

Fig. 4. Cracks in oxide induced by the pressure in alumi-
num.

Fig. 5. Pressure distributions in an aluminum line under
several circumstances. (a) The stress is tensile and uni-
formly distributed in a line cooled from the processing
temperature. (b) A void releases the tensile stress in its
vicinity. (c) A linearly distributed pressure stops electromi-

gration.
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Consequently, in equilibrium, the pressure is line-
arly distributed along the line. The situation is ana-

logous to a liquid subject to gravity, where the
pressure increases linearly with the depth.
The void makes the pressure vanish at the cath-

ode, i.e. p= 0 at x = 0. The capillary pressure is
negligible. Aluminum near the anode sustains the
highest pressure, denoted by pA. Integrating (1),

one ®nds the equilibrium pressure distribution,

p�x� � pA
x

L
; �2�

and the anode pressure,

pA � Z�er
O

jL: �3�

Observe that the equilibrium pressure is una�ected
by the temperature, to the extent that the tempera-
ture dependencies of the materials constants in (3)
are negligible.

Equation (3) gives the anode pressure needed to
stop electromigration. Its magnitude can be huge.
In a recent paper [9], it was stated that for 100 mm
lines tested under various current densities, alumi-
num did not extrude under 0.56�1010 A/m2, but
did under 1.0�1010 A/m2. Using L = 100 mm,

j= 1.0�1010 A/m2, Z* = 5, e = 1.6� 10ÿ19C,
r = 3� 10ÿ8 Om, and O= 1.66� 10ÿ29m3, one
®nds from (3) that the pressure needed to crack the

oxide is pA=1.5 GPa. The values of j and Z* used
above are not accurately known. These uncertain-
ties aside, it appears inevitable that electromigration
will induce tensile stresses in the oxide that are

much larger than typical strength of the oxide in
bulk. It remains to be ascertained that such high
stresses do not break the oxide in the small dimen-

sion.

2.3. No-cracking condition for small objects

Fracture mechanics, in its best known form,

dictates that the stress needed to cause fracture
depends on ¯aw size. This form is tailored for
applications to bulk materials, where the stress is

nearly uniform over the scale of ¯aw size. Two di�-
culties are evident when applying it to interconnect
structures. First, in the presence of inhomogeneity,
the stresses at corners are high, possibly singular.

Second, the ¯aw location and size associated with
processing are unknown. Fracture mechanics has so
far not been used to analyze interconnect struc-

tures.
The smallness of the features allows a modi®ed

approach, which is less appreciated but equally well

grounded within fracture mechanics. It has been
developed to analyze cracking induced by thermal
expansion mis®t in systems containing inclusions,

®bers, and thin ®lms [18±21]. In such a system ten-
sile stress is localized, and the associated elastic
energy mainly stores in a volume comparable to the
size of the small object. When a crack forms, the

system releases some elastic energy, but gains sur-

face energy. Thermodynamics dictates that the

crack should not form if the elastic energy released
is less than the surface energy gained. The elastic

energy scales with the volume, and the surface

energy scales with the area. When the feature size is

small, the volume-to-area ratio is also small, so that
the elastic energy stored in the system is insu�cient

to cause cracking. Under this condition, no ¯aw

can grow, regardless its size, orientation, or lo-

cation. The no-cracking condition so established is
independent of the detailed description of ¯aws.

Nor does the singular stress ®eld at a corner cause

any particular concern, because the stress is high

only in a small volume, and the total amount of

elastic energy is ®nite.

Analogous to systems containing other small
objects [18±21], the oxide around an interconnect

cannot crack if

bpA
����
w
p

< Kc; �4�
where Kc is the fracture toughness of the oxide, w a

characteristic length of the anode geometry, chosen
to be the linewidth, and b a dimensionless par-

ameter depending on ratios of various elastic

moduli and lengths that describe the anode. The

parameter b has been calculated for many small
objects [19±21]. Calculations for interconnects will

be reported elsewhere. This no-cracking condition is

based on the ¯aw that has the largest elastic energy

release rate. Consequently, it is a conservative cri-
terion: if (4) is satis®ed, no ¯aw can grow; if (4) is

violated, some ¯aws grow and others do not. Such

a conservative criterion particularly suits integrated

circuits, where failure probability of each intercon-
nect must be kept exceedingly low.

As stated above, because the cross-sectional
dimension is small, the oxide can sustain a large

stress. Taking representative values b = 0.5,

Kc=0.5 MPa Zm, and w = 0.5 mm, one ®nds from

(4) that the oxide can sustain anode pressure up to
pA=1.4 GPa. That this value is close to the electro-

migration-induced pressure estimated above is for-

tuitous. However, both (3) and (4) are robust in

that they are insensitive to details. They should give
correct orders of magnitude with the reasonable

input values.

Combining (3) with (4), one obtains the condition

under which the electron wind cannot cause insula-

tor to crack:

b
����
w
p

jL <
KcO
Z�er

: �5�

The right-hand side collects physical constants, and

the left-hand side experimental variables. This con-
dition sets the upper bound on the product jL, once

b is calculated and other quantities are measured.

For a ®xed current density, a shorter line with a

small cross-section is safer. Because b depends on
the anode geometry and elastic moduli, a systematic
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calculation would rank possible shapes and ma-
terials. The condition can also be used to estimate

Z* from an experimentally measured current den-
sity that causes resistance run-away.
As mentioned before, aluminum may cause

debonding along the interfaces between various ma-
terials. A condition similar to (5) can be established
based on the fracture resistance of the interfaces.

In the above, thermal stresses in the oxide have
been ignored. Upon cooling from the processing
temperature, a large compressive hoop stress arises

in the oxide, resulting from the thermal expansion
mis®ts between the aluminum and the oxide, and
between the silicon substrate and the oxide. When
an electric current is supplied, the volume of alumi-

num near the anode increases, which ®rst compen-
sates its thermal contraction, and then goes beyond.
Consequently, in the stable state, the stress in the

oxide is due to the pressure in the aluminum, and
the thermal mis®t between the oxide and the silicon
substrate. The latter is negligible.

Two other circumstances should be mentioned in
this connection. Some dielectrics may develop large
intrinsic stresses at the deposition temperature.

They are unrelated to the volume change of alumi-
num, and persist under temperature change and
current. A second circumstance involves a line
tested under a current up to the stable state, and

then brought to a higher temperature.
Instantaneously the thermal expansion mis®t
between aluminum and oxide adds more tensile

stress in the insulator. In such cases, the additional
stresses must be included in the no-cracking con-
dition.

3. SATURATION RESISTANCE

Saturation resistance has been calculated
in [9], [10] and [15]. Here we revisit various assump-
tions involved in the calculation.

3.1. Saturated void volume

The tungsten studs and the oxide prevent mass

from entering or leaving the aluminum line. The
total number of aluminum atoms in the line is con-
served at all times. The thermal mis®t strain is
accommodated by a combination of void space and

elastic deformation. This allows the void volume to
be calculated. First consider a line subject to a tem-
perature drop alone. Imagine separately a free

standing aluminum wire, and a tubular cavity in the
oxide that should have been occupied by the wire.
When the temperature drops from the processing

temperature by DT, both the wire and the cavity
contracts. The volume strain of the aluminum wire
is 3aAlDT, where aAl is the thermal expansion coe�-

cient of aluminum. The relative volume change of
the cavity is 3ae�DT, where ae� is an e�ective ther-
mal expansion coe�cient of a value between those
of the oxide and the silicon substrate, which can be

computed by using the ®nite element method [14].

The mis®t volume strain between the wire and the

cavity is 3(aAlÿae�)DT. Because aluminum has a

much larger thermal expansion coe�cient than

either the oxide or the silicon substrate, the exact

value of ae� is unimportant in estimating the mis®t.

Now allow the wire to reside in the cavity. Let

the total void volume be V1 and the aluminum line

volume be V. When the stress in the line is comple-

tely relaxed, the thermal expansion mis®t is fully

accommodated by the void space, so that

V1

V
� 3�aA1 ÿ aeff �DT : �6�

Taking aAlÿae�=20�10ÿ6 Kÿ1 and DT = 200 K

(corresponding to the drop from the processing

temperature to a temperature typical for an electro-

migration test), one ®nds from (6) that V1/

V= 1.2%.

Typically, many thermal voids nucleate along the

line, each growing to relax stress in its vicinity.

Once the stress is completely relaxed throughout

the aluminum line, the sum of the volumes of all

the voids remains constant afterwards. Equation (6)

gives this sum. The actual void volume can be lar-

ger or smaller. When a line is cooled to a low tem-

perature for a short time, the tensile stress is not

completely relaxed, so that the total void volume

will be smaller than that given by (6). After a long

time at the low temperature, the stress is completely

relaxed, and so the void volume is given by (6). If

the line is then brought to a high temperature, for

some time the aluminum is under compression, and

the void volume is larger than that given by (6).

Next consider a line subject to an electric current

alone. In the stable state, atoms that previously

occupied the void space have now di�used into the

rest of the line, inserted at the grain boundaries or

the interfaces, and accommodated by elastic defor-

mation. Consider a slice of material, of thickness

dx, cut normal to the line. Let A be the cross-sec-

tional area of the aluminum line, and Ddx be the

volume of atoms inserted into the slice. De®ne an

e�ective elastic modulus B by

D
A
� p

B
: �7�

Because a representative aluminum line has a much

larger length than the linewidth, B can be calculated

from a two-dimensional elasticity problem. In

Ref. [15], this modulus is estimated by using elliptic

inclusion solutions. For a realistic geometry, it can

be calculated by using the ®nite element

method [14].

The void volume equals the total volume of

atoms inserted in the line:

V1 �
Z L

0

Ddx: �8�
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In equilibrium, pressure is linearly distributed along

the line, equation (2), and so is D according to (7).

Integrating, one obtains that

V1

V
� pA

2B
� Z�er

2OB
jL: �9�

The relative void volume, V1/V, is on the order of

elastic strains. Taking pA=1.5 GPa and B = 50

GPa, one ®nds from (9) that V1/V= 1.5%.

Finally consider the combined e�ect of tempera-

ture change and electron wind. If the line is held at

a temperature below the processing temperature for

a long time, even without the electric current, sur-

face energy causes voids to coarsen. The lowest

energy state is a single large void. In practice, how-

ever, coarsening is a slow process; in the absence of

electric current, the aluminum line is typically in a

nonequilibrium state with many small voids. Once a

direct current is supplied, void coarsening acceler-

ates. The current gradually builds up a pressure

®eld in the line, the small voids are either ®lled or

swept into the large void at the cathode. In the end,

only one void remains. Its volume is the sum of

those due to thermal mis®t and electric current,

equations (7) and (9). This void resides at the cath-

ode end, Fig. 2(c). Let L1 be the length of the void

in equilibrium. Evidently, L1/L = V1/V, so that

L1

L
� 3�aA1 ÿ aeff �DT � Z�er

2OB
jL: �10�

The contribution to L1/L by the temperature drop

is independent of the line length, and that by the

current is linear in the line length. In the above, we

have ignored the volume change due to chemical

reaction between aluminum and titanium. It would

be interesting to study the bene®cial e�ect of any

volume expansion on electromigration lifetime.

The equilibrium void length suggests an exper-

imental method to measure Z*. Using a known cur-

rent density, one can ascertain the stable state by

resistance saturation. The void length may be

measured in situ if possible, or by removing the

oxide after the electromigration test. Repeat the test

using several current densities or line lengths, and

plot L1/L against jL. The slope gives Z*, assuming

that B has been calculated for the line geometry

used in the tests.

3.2. Saturation resistance

The resistance change does not uniquely relate to
the void volume. For example, before an electric
current is supplied, thermal voids have a signi®cant

total volume, but are small and isolated. They do
not cause as much resistance increase as a single
large void that depletes a segment of the aluminum

line. Even when only one void is left at the cathode
end, the resistance change depends on geometry.
Figure 6 compares two identical voids, the only

di�erence being the size of the tungsten studs rela-
tive to the void. Evidently, the resistance increase
in Fig. 6(a) is smaller than that in Fig. 6(b).
When the void length exceeds several times the

linewidth, the resistance increase can be accurately
estimated from the void length [9, 10, 22, 23]. The
resistance of a void-free interconnects is R= rL/A,
ignoring the conductance due to the aluminide
layers. Let r1 and A1 be the resistivity and the
cross-sectional area of the aluminide layers. When a

void of length L1 appears in the line, current ¯ows
in the aluminide layers, and the resistance increases
by DR= r1L1/A1, where the resistance of alumi-
num of length L1 is neglected. Consequently, the

relative resistance increase is

DR
R
� r1L1=A1

rL=A
: �11�

Everything else being equal, the thicker the shunt
layers, the smaller the resistance change. Taking r1/
r = 10, A1/A = 0.1, and L1/L = 1.0%, one ®nds
that DR/R = 100%. Consequently, even under a
small current density, the small thermal voids can

be swept to the cathode, giving enough void space
in the stable state to double the resistance.
Let the saturation resistance change be DRS. A

combination of (10) and (11) gives

DRs

R
� r1=A1

r=A
3�aA1 ÿ aeff �DT � Z�er

2OB
jL

� �
: �12�

The experimentally measured saturation resistance
can also be used to determine Z*. Compared to the
method based on the void length, this method is

simpler in practice, but may have a greater uncer-
tainty if the void length is not much larger than the
linewidth.

4. TIME SCALE

To plan experiments, one would like to know the
time scale over which an interconnect reaches the
stable state. The essential result is contained in

Ref. [15], as summarized below for completeness.
Let J be the volume ¯ux, i.e. volume of atoms
crossing per unit area per unit time. Mass conserva-

tion requires that

@D
A@t
� @J
@x
� 0: �13�Fig. 6. (a) Void length smaller than tungsten stud diam-

eter. (b) Void length larger than tungsten stud diameter.
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Both the electron wind and the pressure gradient
drive the volume ¯ux:

J � D

kT
Z�erj ÿ O

@p

@x

� �
: �14�

Here D is the e�ective di�usivity, k Boltzmann's
constant, and T the absolute temperature. Note
that the ¯ux vanishes under the Blech condition (1).

For simplicity in this discussion, the di�usivity is
taken to be uniform along the aluminum line. A
combination of (7), (13) and (14) gives

@p

@t
� DBO

kT

@2p

@x2
: �15�

This partial di�erential equation, together with suit-
able initial and boundary conditions, governs the
evolving pressure distribution, p(x, t). Solutions of

practical interest can be found in [15].
Equation (15) is identical to the usual di�usion

equation, with the di�usivity-like quantity DBO/kT.
A dimensional consideration dictates that the time
scale for any event involving mass transport over
the entire line length, L, be

t � Z
L2kT

DBO
; �16�

where Z is a dimensionless number depending on

the chosen event, e.g. attaining a half of the satur-
ation void length. Note that the time scale is inde-
pendent of the current density. A large current

density transports mass at a high rate, but also
needs to transport more mass to reach the stable
state. The di�usivity is sensitive to temperature and
microstructure, and so is the time scale. To acceler-

ate experiments, one may use short lines at high
temperatures. The estimate (16) assumes that void
nucleation at the cathode end is fast compared to

mass transport over the line length.

5. IMMORTAL INTERCONNECT

Provided a circuit tolerates a variable resistance

up to its saturation level, an interconnect may func-
tion forever. In a private conversation Carl
Thompson suggested that such an interconnect be
called an immortal interconnect. It becomes immor-

tal by evolving into a stable state to adapt to newly
established temperature and current. To what extent
a circuit will accept an adaptive interconnect is a

complex question, which cannot be answered here.
The intent of this brief discussion is to bring out
the attractive features of the stable state, and its

key limitations.
Assuming that a circuit can tolerate resistance

change up to saturation, the stable state gives a

simple perspective on interconnect reliability. One
can focus on the stable state itself, rather than the
rate processes to reach it. It plays down the roles of
the time scale, the rate processes, and the micro-

structure of aluminum. No longer need the micro-
structure be optimized for slow mass transport or

low void nucleation rate. Nor is performance sensi-
tive to temperature. In short, the reliability is war-
ranted by energetics, rather than kinetics, and is

therefore much more robust.
The use of the stable state is limited in two ways:

the insulator may crack, or the saturation resistance

may be prohibitively large. The above estimates in-
dicate that the latter is more critical within the cur-
rent technology. For a short line, the saturation

void length L1 predicted from (10) is small. The
®nal con®guration looks like that in Fig. 6(a), giv-
ing rise to a small resistance change. Consequently,
the stable state may ®nd ready applications in short

lines. For a long line, the saturation void is long
compared to the diameter of a tungsten stud, so
that the saturation resistance increase is given by

(11). As stated before, based on the parameters
typical in current technology, the saturation resist-
ance change is very large. In principle, however, the

resistance change can be lowered with shunt layers
of lower resistivity and larger thickness.

6. CONCLUDING REMARKS

When a temperature and a current is newly estab-
lished, an interconnect adapts to the change by
evolving into a stable state, with a single void at the

cathode end, and a linear pressure distribution in
the rest of the line. This stable state arises from
three features of interconnect structures: the alumi-

nide layers shunt the electric current where the void
depletes aluminum, the tungsten studs and the
oxide prevent aluminum atoms from leaving or

entering the line, and the oxide provides the sti�-
ness to contain the pressure. The stable state exists
if the electromigration-induced pressure does not
break the oxide or cause debond of one of the inter-

faces. The saturation resistance depends on well
controlled variables; attention should be paid to
materials and shapes that lower it. Although ther-

mal voids are typically small, the sum of their
volumes is signi®cant. Even under a small electric
current density, these small voids are gradually

®lled at the expense of aluminum at the cathode
end, leading to a large resistance increase.
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