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ELECTROMIGRATION

Electromigration is the motion of atoms in a conductor due to
an applied electric field. The forces acting on these ionized
atoms are (a) the direct electrostatic force acting on the
charge and (b) the force exerted by free carrier collisions. In
metals, this force on ions exerted by collisions with the “elec-
tron wind” of free carriers is called the “wind force” and is
usually the dominant component of the total force. Since the
two forces are in opposite directions, the greater of the two
determines in which direction the ions will flow (1,2).

By far the greatest technological and economic significance
of electromigration is its deleterious effect on the reliability
of metal interconnects found in integrated circuits (ICs). Gen-
erally, it is the wind force that causes the motion of atoms
within the metallic interconnects from the “upwind” (cathode)
terminal to the “downwind” (anode) terminal, leading eventu-
ally to both (a) open circuits from a depletion of material and
(b) short circuits between conducting lines, due to the forma-
tion of metal hillocks or whiskers which can bridge the dielec-
tric between conductors. Penetration of passivation layers by
hillocks or whiskers can also expose metal and lead to failure
by corrosion. Figure 1 shows an electron micrograph of a void
and whisker on an aluminum line.

The first observations of electromigration occurred in mol-
ten alloys, where the large ionic diffusivity D enhances the
magnitude of the effect. The original studies were conducted
by Gerardin in 1860 (3), and over the next hundred years
most studies continued to be performed in liquid metals or at
high temperatures. The earlier studies focused on electromi-
gration as a separation technique. Electromigration did not
become commercially important until the development of ICs.

Electrical connections between IC devices consist of seg-
ments oriented parallel and perpendicular to the wafer sur-
face (Fig. 2). The horizontal sections are referred to as run-
ners, stripes, or lines; and the vertical sections, referred to
as posts, studs, or plugs, are formed within openings in the
dielectric called vias (4). Interconnects in ICs consist of some
combination of layers of polycrystalline metals, most com-
monly Al alloys and refractory metals. Multilevel intercon-
nects are separated by insulating interlevel dielectrics (ILDs).
It is predicted (5) that as many as nine interconnect levels,

Figure 1. Electron micrograph of aluminum line exhibiting elec-
tromigration effects. The whisker to the left and the voids to the right
are important reliability problems in metal interconnect technology.
(Photograph: R. Frankovic and G. H. Bernstein.)

linked by vias, will be employed in ICs by the year 2012. The
layers which comprise these levels are thin metallic films inti-
mately laminated on each other. For Al alloys, each level is
composed of some three to five layers of different metallic
components. The evolution from Al alloys to pure Cu will be
discussed at the end of this article.

Nearly every characteristic of metal lines has a mea-
sureable effect on electromigration lifetime. Included among
these characteristics are the alloy compositions, layer thick-
nesses, line dimensions and shapes, crystallographic orienta-
tion of the grains, method of deposition, annealing and heat
treatments, the material, thickness, and other details of the
passivation layer (overcoat), and terminations at both in-
terconnect-level vias and ohmic contacts. In addition, external
factors such as temperature profiles, current densities, and
the nature of the time-dependent waveform [i.e., direct cur-
rent (dc), pulsed, or alternating current (ac)] in operation af-
fect the lifetime. As a further complication, the definition of
failure depends on the particular application. It may be a
completely open circuit, it may involve some percentage of in-
crease in resistance, or it may be a short circuit between lines.
For these reasons, nearly all designs relating to reliability of
interconnects due to electromigration require phenomenologi-
cal studies, as opposed to theoretical modeling. Although
many theoretical studies have been performed over the past
30 or so years to understand details of electromigration-in-
duced behavior, a comprehensive theory to predict intercon-
nect reliability based on first principles has not been
achieved. Therefore, the approach used by IC designers is to
establish simple constraints based on extensive tests on real
interconnects—for example, 5 X 105 A/cm? at 55°C (6). Re-
laxing such design rules would in some cases result in imme-
diate gains in IC performance and/or profit margin, but any
change in a specified design rule or metallization scheme is a
matter of real concern.

Since ICs must be capable of operating continuously for
periods of years or decades, it is impractical to test the life-
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Figure 2. Schematic cross section of multilevel metallization
scheme. Ohmic contacts form electrical connection between metal lev-
els and the substrate. The polysilicon/metal dielectric (PMD) sepa-
rates the substrate and polysilicon material from metal level 1. A
dielectric material, designated DM1, separates metal level 1 from
metal level 2. Other dielectric layers are named similarly. Vias filled
with refractory plugs connect metal levels. A section of a metal level
terminating near a via, referred to as a reservoir, provides replace-
ment material as voiding occurs at the downstream end of a plug. A
dielectric passivation protects the IC everywhere except at openings
for external electrical connection.

times of metal lines by operating them at use conditions and
waiting for a statistically significant sample of failure times.
Therefore, accelerated measurement techniques are employed
in which interconnects are stressed at elevated temperatures,
typically 175°C to 275°C, and current densities, typically 108
A/cm? to 107 A/cm? This combination of stresses frequently
lowers the time to failure (TTF) from years to weeks or days.
Owing to the complexity of possible failure mechanisms, ex-
trapolation from the stress conditions to lifetimes during use
is highly approximate, but one general rule describing the
median time to failure (MTTF), due to Black (7), has been
accepted as the standard extrapolation:

MTTF =CA;j " exp(E./kT) D

where C is an experimentally determined constant which de-
pends on the process, A is the cross sectional area of the in-
terconnect, j is the current density, T is the absolute tempera-
ture, n is a positive constant, £ is the Boltzmann constant,
and E, is an activation energy. This equation was proposed
by Black on the basis of empirical results. Due to the impor-
tance of having a reliable rule for extrapolating to use condi-
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tions, great effort has gone into determining the parameters.
The utility of Black’s equation depends on determining a
physical basis for its components so that the activation energy
and therefore the dominant failure mechanism can be accu-
rately determined. Black originally proposed a value of 2 for
n, but subsequent studies often found better fits using other
values of n, typically ranging between 1 and 3, with values as
high as 15 used.

The exponent n in Black’s equation can also be investi-
gated in pulsed-current experiments. If it is assumed that
electromigration acts to cause degradation instantaneously
only during current flow, then at a fixed temperature, Black’s
equation predicts an MTTF proportional to the time average
of j. In particular, in pulsed dc at a fixed time-average cur-
rent, with a duty cycle r (current flowing a fraction r of the
time), it predicts an MTTF proportional to r™. In practice,
this behavior is observed at frequencies no higher than about
1 kHz (8). At higher frequencies and in ac current, MTTF's
can be considerably longer than predicted by this extrapola-
tion from Black’s equation. This deviation is generally taken
as an indication that small amounts of electromigration dam-
age caused by brief current stressing can either heal sponta-
neously in zero current or be reversed by current of opposite
sign.

It is widely accepted that failure times are adequately de-
scribed by a lognormal distribution (9,10). A lognormal distri-
bution of failures is a normal, or Gaussian, distribution in the
logarithm of time to failure. That electromigration failures
follow a lognormal distribution has been attributed to normal
distributions of activation energies (11) and oven tempera-
tures (9). How well a failure distribution fits a lognormal form
is usually determined by creating a “Weibull plot,” that is, by
plotting the logarithm of stress time versus cumulative fail-
ures, where the axis for failures is nonlinearly scaled so that
a lognormal distribution of the data appears as a straight
line. A sample Weibull plot is shown in Fig. 3. Since measure-
ments are often very time-consuming, the median time to fail-
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Figure 3. Example of electromigration-induced lifetime data dis-
played as a Weibull plot exhibiting lognormal behavior. The median
time to failure at which 50% of samples failed is denoted as t5. The
shape parameter o is determined from the slope. (Data of R. Franko-
vic and G. H. Bernstein.)
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ure (i.e., that time for which half of the test samples have
failed) is more easily obtained than is the mean time to fail-
ure, which requires that all samples fail, including the long-
lived ones, before a mean can be determined. The variable
name t5 emphasizes that MTTF should stand for median
rather than mean TTF. The deviation in the time to failure
(DTTF), usually denoted by o, is a measure of the width of
the lognormal distribution. For a given value of MTTF, a
greater o implies a greater frequency of early failures and is
undesirable for ICs. An IC lasts only as long as its shortest-
lived component, so achieving a small value of o, and hence
an acceptable frequency of early failures, can be more critical
to the overall reliability of an IC chip than lowering the
MTTF.

The temperature dependence exhibited by Black’s equation
is called activated, or Arrhenius, behavior. The value of the
activation energy, E,, often indicates which failure mecha-
nism dominates, allowing interconnect engineers to modify
their processes to increase reliability. Possible failure mecha-
nisms include atomic diffusion along grain boundaries, within
the atomic lattice of the grains, and along heterointerfaces
and free surfaces. Thermal expansion mismatches between
the metallic runners and the wafer substrate can create large
stresses in the lines and also lead to failure. This phenome-
non, referred to as “stress migration,” or “stress voiding,” is
intimately related to electromigration. In general, E, can be
determined from the slope of an Arrhenius plot of the MTTF
(a plot of logarithm of the failure time versus 1/7). Various
diffusion mechanisms give rise to a wide range in E, values.
As an example, E, for grain boundary diffusion of Al is ap-
proximately 0.55 eV (12), whereas E, for bulk, or lattice, diffu-
sion (through the grains) in Al is about 1.5 eV (13). This dif-
ference in activation energy typically accounts for the
dominant role of grain boundary diffusion in wide, polycrys-
talline metal interconnects. As an illustration of this phenom-
enon, dHeurle and Ames (14) grew single-crystal aluminum
lines and found them to have lifetimes many orders of magni-
tude greater than comparable polycrystalline lines tested un-
der like conditions.

Electromigration through a homogeneous region causes
material to flow without creating voids or hillocks. However,
in the presence of any inhomogeneity, such local changes in
material occur. If a region either accumulates or is depleted
of atoms—that is, if the flux divergence is nonzero—then a
macroscopic defect in the form of a hillock or void, respec-
tively, will arise. Conversely, if atoms flow through a region
(zero flux divergence), then neither hillocks nor voids will
form.

The flux of atoms due to the total electromigration force is
given by

J =CDZ*epj/kT 2)

where C is the concentration of atoms, D is the atomic diffu-
sivity, Z* is their effective valence due to both the direct and
wind forces, e is the magnitude of the electron charge, p is the
resistivity of the metal line, and j is the current density.

METALLIC GRAIN EFFECTS

Variation in any of the material parameters in Eq. (2) along
the line leads to flux divergence. It was recognized very early

in the study of IC-related electromigration failure that an im-
portant source of flux divergence is “triple junctions” (or “tri-
ple points”) at which three grains meet. Figure 4 shows flux
divergence at triple junctions. Since the particle current along
the grain boundaries into the triple junction does not equal
the particle current out, nonzero flux divergence occurs, and
nucleation of voids or hillocks can begin there. Because of this
effect, much effort has been put into coaxing grains to grow
much larger than the linewidth during metal deposition and
annealing, to minimize the number of triple junctions (15).
The resulting “bamboo structure” minimizes diffusion along
grain boundaries. MTTF is increased because all the re-
maining mechanisms for electromigration are less effective.
The next easiest mechanism for electromigration is through
diffusion in the bulk, for which the activation energy is much
larger. Grains that span the width of the line (“blocking
grains”) impede diffusion along grain boundaries, and the
lower density of triple junctions decreases related failures.
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Figure 4. Schematic diagram of grain boundary orientations at tri-
ple junctions: (a) General orientation of grains, (b) one grain bound-
ary perpendicular to electron wind, (¢) symmetric triple junction lead-
ing to void formation, and (d) leading to hillock formation.



The number of downwind versus upwind grain boundaries
at a triple junction does not alone determine whether any
depletion or accumulation will occur. The ionic current along
a grain boundary is proportional to the component of electron
wind along that boundary (16). A particular consequence of
this fact is that grain boundaries perpendicular to the elec-
tronic current direction do not contribute to the net atomic
flux divergence. This accounts for the relative longevity of
bamboo-structured interconnects.

If rays drawn along the grain boundaries from a triple
junction are oriented at angles 6, 6;,, and 6; away from the
electron wind direction [see Fig. 4(a)] then the atomic current
out of the triple junction is proportional to cos 6, + cos 6, +
cos ;. In Fig. 4(b), depletion (accumulation) occurs at the tri-
ple junction if cos 6; + cos 6, is greater than (less than) zero.
By a trigonometric identity, symmetrically arranged grain
boundaries (27/3 angle separations) lead to zero net accumu-
lation or depletion. In a symmetric configuration such as illus-
trated in Fig. 4(c,d), with one grain boundary along the wind
direction, whether the triple junction is accumulating or de-
pleting depends on the opening angle. In Fig. 4(c), with « less
than 27/3, depletion occurs; in Fig. 4(d), with o > 2%/3, accu-
mulation occurs.

Pure aluminum is highly susceptible to electromigration-
induced failure, but it has been found that the addition of
impurities can dramatically decrease this susceptibility. The
most common impurity used for this purpose is copper, in con-
centrations ranging from a typical value of 0.5 atomic percent
(at. %) up to 4 at. %. Small amounts of silicon, typically 1 at.
% in the lowest metallic layer, are sometimes added to the
mixture in order to saturate the Al and prevent Si diffusion
into the metal at ohmic contacts. Si makes a negligible im-
provement in electromigration reliability (17). The effects of
adding Cu to Al are not permanent. Cu diffuses along grain
boundaries, just as Al does, leaving depleted material behind.
CuAl, precipitates can dissolve at the cathode (18), thus re-
plenishing Cu until it is exhausted. Once depleted of Cu, the
material becomes susceptible to electromigration failure
(1,14). X-ray fluorescence mapping of AlCu lines has shown
that electromigration failure is more likely to occur in regions
of Cu depletion (19). The net result, though, is vastly im-
proved lifetimes over those of pure Al.

THE ROLE OF STRESS

An important related aspect of electromigration is the role of
mechanical stress on the diffusion of ions. Mechanical stress
exerts a third force on the metal atoms, distinct from those of
the direct and wind forces. Mechanical stress can be induced
by the fabrication process or by the forces of electromigration
themselves. Migration due to stresses arises as an important
issue in two ways discussed below: (a) the existence of a shelf
life due to stress-induced degradation, known as “stress mi-
gration,” and (b) a strong deviation from Black’s equation due
to the interplay of stress and wind forces in relatively short
interconnects (20).

Many IC fabrication steps are performed at elevated tem-
peratures, including deposition of interlevel dielectrics. As the
semiconductor wafer cools from, say, 400°C, the higher ther-
mal coefficient of expansion (TCE) of the metal relative to
that of the substrate results in severe tensile straining of the
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interconnects (21). Because the metal is pinned on all sides
by some dielectric material (either the ILD or surface passi-
vation), simple shrinkage, which would require slip at the
metal—dielectric interface, does not take place (22). Instead,
these stresses are relieved by migration of metal atoms, re-
sulting over time in voiding which, like that caused by elec-
tromigration, tends to be associated with grain boundaries.
Voids due to stress migration tend to form distinctive thin
cracks or triangular notches at the edges of lines. Stress is
greatest at sharp features such as steps, contacts, or corners
(23).

This phenomenon was not reported until 1984 (24,25),
since migration is more severe for the narrower lines and gen-
erally thicker dielectrics found in multilevel interconnects
(26). It was found that circuits showed damage or even failed
after storage with no current passing through the intercon-
nects. This raised extremely serious concerns for the IC in-
dustry.

Just as mechanical stress can lead to migration, migration
caused by other effects can lead to mechanical stress. In par-
ticular, electromigration generates a stress gradient between
the compressed anode end of the line and the cathode (27,28).
This stress gradient causes a backflow in the atomic flux
which opposes the flux due to the wind force. For sufficiently
small current density or short lines, equilibrium is estab-
lished between the wind force and gradient of mechanical
stress. For sufficiently large current density or long lines, the
stress at the anode exceeds the critical stress required for
plastic deformation of the material, and hillocks can form. On
the cathode end, atoms can be swept toward the anode by a
combination of the wind force and mechanical stresses. The
stress at the anode end is the stress gradient times the con-
ductor length. For a given current there exists a line length,
called the Blech length or critical length, below which the
stress at the anode is below the critical stress of the conductor
material, the net flux of atoms is zero, and MTTF is dramati-
cally large. The relationship between current density and this
line length is jl, = k, where [, is the critical length and « is a
constant (21).

Encapsulation by hard passivation layers and interlevel di-
electrics has two competing effects on the interconnect life-
times. First, it constrains the volume of the conductor so that
the critical stress is increased. Accumulation of atoms at the
anode creates a compressive stress, and tensile stress at the
cathode is associated with accumulation of vacancies. This
stress gradient opposes further electromigration of atoms and
increases the lifetimes. The effect occurs without passivation
as long as the Blech length is not exceeded, but is enhanced
in the presence of a hard passivation. On the other hand, a
passivation, if under compressive stress, will increase the ten-
sile stress in the metal lines, and migration of atoms toward
regions of higher tensile stress at regions of stress gradient
will relieve the stress by forming voids. Such voids can then
serve to decrease the overall electromigration lifetimes.
Therefore, the ideal passivation layer is strong enough to con-
strain the volume of the material without yielding to compres-
sive stresses and cracking, but is not under compressive
stress relative to the line.

Stress migration is more difficult to induce than is elec-
tromigration, so its study is correspondingly difficult. In addi-
tion, it exhibits complicated non-Arrhenius behavior. This
arises from a combination of an Arrhenius dependence of the
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mobility and a linear dependence of the driving force. At low
temperatures, mobility of the atoms is lower, although the
driving force, which is proportional to the difference in tem-
perature between the deposition of the interlevel dielectric
and that of the test condition or storage, is higher (29). At
higher temperatures, the force is lower but the mobility is
higher. It turns out that void formation is maximized at about
175°C to 200°C for commonly used IC materials.

MICROSCOPIC EFFECTS

A variety of experiments have established that in a constant
field, ions in a homogeneous conductor electromigrate at a
constant drift velocity. This was first determined by direct
measurement; for example, penetration of electromigrating
gold atoms into a Cu matrix was measured by chemically
etching through the copper and chemically determining the
Au concentration. Seith and Wever initiated the use of
marker motion experiments [see (30)], which measure elec-
tromigration by tracking the motion of an indentation on the
surface of a wire. These experiments show a similar linear
behavior. More recently, the inverse dependence of the Blech
length on current confirms the linear dependence of electron
wind force on current density.

The linear dependence of the electron wind on the current
is generally understood as a consequence of ordinary atomic
diffusion, characterized by the diffusivity D. In a metal, the
free carriers arise from ionization of the bulk of the atoms
(i.e., metallic bond formation), which have a charge Z;,.e. For
ions moving in response to electric field alone, Einstein’s rela-
tion predicts a mobility wi, = Zi..eD/kT, so that in an electric
field E the atoms drift at an average velocity

Vg = /“LionE 3)

A way to understand Eq. (3) is to say that a force Fp =
ZweE acting on an ion is balanced by microscopic friction
forces when the average velocity is DFp/kT.

Ordinary electrical resistance arises from the collision of
electrons with defects and lattice vibrations (phonons); and in
these collisions, momentum is transferred to the lattice. This
momentum transfer gives rise to the electron wind force act-
ing on the ions. Although the electron wind force differs from
the direct electrostatic force, it is resisted by the same micro-
scopic forces that determine the diffusivity and the drift veloc-
ity arising from the direct force. Thus, the drift velocity aris-
ing from the electron wind force F,, can also be written
DF,,/kT. The rate of momentum transfer from the electrons
is proportional to the current density j, and this is related to
the electric field by the microscopic form of Ohm’s law:

E =pj 4)

where p is electrical resistivity. Hence, the component of drift
induced by the electron wind has the same dependence on
diffusivity and E as the direct force, and can be combined in
a form similar to Eq. (3), so one can write the drift velocity as

. Z*eD

Uy = WE (5)

arising from the combined effects of direct and electromigra-
tion forces. The parameter Z* [introduced by Skaupy (31)]
contains a contribution Z* — Z,,, which encapsulates the de-
pendence of electron wind force on the electric field that gives
rise to current. The factor Z*, on the order of 10, usually has
the same sign as the majority carriers (electrons or holes) in
the conductor, indicating the dominance of electron wind over
direct force. Wever and Seith (32) demonstrated this dramati-
cally in the Al-Cu system: The B8 phase, in which conduction
is by electrons, exhibits ion transport toward the anode; in
the y phase, which is a hole conductor, ions move toward the
cathode.

Moving with drift velocity given by Eq. (5), a particle den-
sity C corresponds to an ion flow that is described by the par-
ticle current density or ion flux ¢J, a vector field equal to the
drift velocity times the particle density, introduced in Eq. (2).

According to the continuity equation, the time rate of
change of particle density equals minus the divergence of the
ionic current. From Eq. (2), we obtain

divji  (6)

ZreD ZreD
~divd = ~grad (L) CTED

kT kT

where we have used Ohm’s law [Eq. (4)] to eliminate E.

Under dc conditions, the continuity equation for electrons
(and holes) implies that div j = 0, so the second term on the
right-hand side of Eq. (6) vanishes.

It is important to note that a mathematical divergence
div JJ or div j, which indicates particle density change, is not
the same as the “divergence” (in the sense of increasing sepa-
ration) of current streamlines, which indicates direction of
current flow. To take the example of electronic current in a
wire, at an increase in wire diameter, the current spreads
outward from the center. Following a tube of current through
this width change, one finds an area change that is exactly
compensated by a change in current density, so no electron
density change over time occurs in any fixed region of space.

Continuous current streamlines correspond to a situation
of zero divergence. When atomic current streamlines are rep-
resented graphically, the nonzero div J corresponding to time
rate of change in density is represented by the termination of
streamlines, just as nonzero charge density corresponds to the
beginning and end of electric field lines.

Under normal conditions, then, changes in mass arise from
the nonvanishing (first) term on the right-hand side of Eq.
(6). That is, depletion and accumulation require some varia-
tion in C, p, Z*, D, or T along the current direction j. Such
variations can arise from a number of different factors.
Abrupt changes in material parameters are associated with
microscopic grain structure, as discussed above, and macro-
scopic transitions between conductor materials in a device.
Also, variations in concentrations C, along with associated
variations in resistivity p, can occur within a single phase of
material. Temperature T, because it can be increased by Joule
heating, is affected by any factor that affects electronic
current.

In a transition between different materials, one may gen-
erally expect material parameters such as p, Z*, and D to
change abruptly. A common instance of particle accumulation
and depletion associated with material interfaces occurs at
vias in integrated circuits. Within a metallization layer, the
interconnects, which have high electromigration mobility u,



terminate at plugs of a refractory material such as tungsten
or a salicide. Although the refractory materials typically have
larger resistivities p, this change is more than compensated
by sharply lower ionic diffusivities D, so they have lower elec-
tromigration mobilities w. For the usual case of Z* negative
in the (aluminum, gold or copper) interconnect, particle accu-
mulation occurs if there is a decrease in diffusivity (a plug) in
the direction of the anode. At such an interface, electrons flow
into the plug, and electromigrating ions, blocked from enter-
ing the plug, accumulate. Conversely, voids can form where
electrons flow from a tungsten plug into aluminum.

Void and hillock formation (atomic flux divergences) at dis-
continuities associated with discontinuities such as grain
boundaries and bulk material interfaces are known to be im-
portant mechanisms in electromigration failure. However,
these mechanisms have common features that are problem-
atical.

The first problem is that Eq. (6) predicts a flux divergence
proportional to the electronic current, implying that n in
Black’s equation [Eq. (1)] should be unity: The MTTF is the
time it takes to deplete enough material to cause failure, and
the rate of material loss is proportional to electronic current.
This is inconsistent with typical observed values of n around
two. The prediction of linear (n = 1) behavior holds so long as
atomic flux divergence arises from fixed spatial variation of
the material parameters appearing in Eq. (6). If the electron
wind acts over a long time, of course, those material parame-
ters may change as atomic material electromigrates. Never-
theless, scaling arguments demonstrate that if material pa-
rameters change linearly due to electromigration itself, a unit
value of exponent n still results.

Another inconsistency concerns generally observed devia-
tions from Black’s law predictions for the MTTF under high-
frequency ac and pulsed current stress: At high frequencies,
the longer-than-expected lifetimes imply a short-term healing
effect when current is off.

The above-described problems of Eq. (6) disappear if mate-
rial parameters can be modified by some mechanism other
than electromigration. Diffusion has been proposed as such a
mechanism. A diffusant that affects the resistivity or diffusiv-
ity can lead to nonunit values of n. Furthermore, electric cur-
rents generate diffusant gradients that dissipate by diffusion
when current is turned off, and this provides a mechanism
for “healing” that can explain high-frequency lifetime effects
under pulsed and ac current.

It is easy to understand that intentional copper impurity
in aluminum conductors can serve as a diffusant species.
Even within a single-component conductor, however, mobile
vacancies can play the role of a diffusant. The mathematical
treatment of diffusing, electromigrating species (atoms, ions,
vacancies) described by a concentration C requires consider-
ation of an additional term in Eq. (2). Adding the appropriate
diffusion term to the nonvanishing term on the right-hand-
side of Eq. (2), one obtains

_ CpZ*eD

J kT

j—DgradC (7

In one dimension x, Eq. (7) has the one-parameter family of
stationary (J = 0) solutions C(x) = C(0) exp(+«x), where k =
pZ*ej/kT. (If k is not a constant, kx is replaced by the integral
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of k from the origin to x.) This stationary solution can be used
to determine Z* (31).

Shatzkes and Lloyd have used a model incorporating va-
cancy diffusion and void nucleation time to provide a theoreti-
cal explanation of a value of 2 for n in Black’s equation (the
value Black introduced on an empirical basis) (33). Although
n = 1 and n = 2 have been demonstrated as consequences of
specific mechanisms acting in isolation, the values of n found
experimentally represent an interplay of mechanisms
(8,34,35).

A factor that affects the measured value of n is the heat
generated by current flowing in the metal, called Joule heat-
ing. This heat generation is quadratic in the electronic cur-
rent density, and it increases the effective value of n. Any
local concentration of current, by a bend or material inhomo-
geneity, can lead to local heating. This has a direct effect on
Eq. (6), through T, and a typically larger indirect effect
through the temperature dependence of the diffusivity D,
which normally is an activated function of 7. The mechanism
for breakdown at a local “hot spot” is that the gradients asso-
ciated with a local increase in diffusivity lead to (a) upwind
depletion and voiding and (b) downwind accumulation or hill-
ock growth. This has been proposed as the mechanism for the
formation of narrow “slit voids” (36), which are able to grow
across grain boundaries.

STATISTICAL CONSIDERATIONS

The lifetime, or more explicitly the time-to-failure (TTF), of a
microelectronic device depends on microscopic details, such as
crystalline grain structure, that cannot be controlled precisely
in fabrication. This implies that the lifetimes of interconnects
or devices are best described statistically. The lifetime distri-
bution arises from a probability density p(¢) that is the failure
rate at time ¢.

The failure rate p(¢) exhibits different regimes of behavior
at different times. At short times, p(¢) is large and decreases
with time. This represents the “early failures” often associ-
ated with fabrication errors such as poor contacts (37). After
this short burn-in period, there may be a latency period dur-
ing which the failure rate is low. This period may be associ-
ated, for example, with the emptying of reservoirs designed
to delay electromigration-induced failure, as illustrated in
Fig. 2. Depending on a number of conditions, the failure rate
may eventually enter a final period during which the failure
rate again increases. When this occurs, the failure rate is de-
scribed as having a wash-basin form.

Since real devices can fail by a number of different mecha-
nisms, the full behavior of p(¢) over all time cannot be mod-
eled by a simple function for any even moderately complicated
device. However, in simple interconnects, carefully fabricated
to minimize extraneous early failures, failure occurs by a sin-
gle electromigration mechanism or family of related mecha-
nisms, and fits by two- and three-parameter formulas have
been successful.

One very successful two-parameter fit, used for the over-
whelming majority of statistical data, is the lognormal distri-
bution. When the logarithm of a quantity is normally distrib-
uted, the quantity itself is said to be distributed according to
the lognormal distribution. A lognormal distribution for the
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lifetime ¢ is thus given by

1
p(t) = — 5 logt —log;)* ®)

o
———ex
ot/ 2w P

where #;, is the median time to failure (MTTF) and also the
median time before failure (MTBF). The median for this dis-
tribution is equal to the geometric mean, but not to the arith-
metic mean or average lifetime, which is (¢) = txe”’2. The
parameter o, the standard deviation of log ¢, is also called the
shape factor or the deviation in the time to failure (DTTF). In
contrast, the standard deviation in ¢ is t;, Ve2? — e. For
small values of o, this approaches 5 o, so o itself approxi-
mates the coefficient of variation.

The integral of the failure rate p up to time t—that is, the
fraction F(¢) of the initial set that fails before time t—is given
by

t
F@t)= / pHdt 9
0

and is called the cumulative failure probability or cumulative
distribution function (cdf). For the particular case of a lognor-
mal failure distribution, cumulative failure probability is
given by

F(t)= 11 +erf(2)) (10)
where we have written z for log(t5o/t)/\/§o', and erf(z) is the
error function.

Statistical data from lifetime experiments is generally dis-
played on lognormal probability paper. This is paper ruled
according to nonlinear scales in such a way that a curve of
cumulative failure probability versus time will be a straight
line if it arises from a lognormal distribution. The resulting
graph, called a Weibull plot, provides a test for the validity of
the distribution, as well as a straightforward means of esti-
mating graphically the parameters #;, and . As shown in Fig.
3, the value of ¢, can be read directly off the plot as the value
of ¢t at 50% cumulative failure, and o can be determined as
0.5 log(tsy/t ).

At small times ¢ (large negative values of z), F in Eq. (10)
approaches exp(—z?)/2zVr asymptotically. Because z depends
only logarithmically on ¢, but inversely on o, early time fail-
ures may depend more sensitively on DTTF than on MTTF.
For example, if design specifications concern average failure
rates for the first year, then a change that doubles the MTTF
from 10 years to 20 years will be erased by an increase of the
DTTF by only 30%. This kind of compensation is an issue in
bamboo-structured lines, which show increased t5, partly ne-
gated by increased o.

In addition to the ordinary failure rate p and its integral,
the cumulative failure probability F, it is useful to define a
quantity called the intensity (38), the hazard rate, or the in-
stantaneous failure rate (39,40) by

p()

=1-FQ (1D

u(t)

In fact, both p(¢) and w(¢) measure an instantaneous failure
rate at time ¢. The ordinary rate p, however, is referred to the
whole population: p(¢) dt gives the fraction of the original set

that fails during a time interval (¢, ¢ + d¢). In contrast, w(t)
dt gives the fraction of those remaining at time t that fails
during the same interval (¢, ¢ + d¢). This difference makes u
insensitive to early-failure mechanisms: If, in some initial
population, some fraction P are exposed to damage that
causes early failures, then after these initial failures p(¢) is
reduced by a factor (1 — P)—not because long-time reliability
is improved, but because fewer devices are left to fail. In con-
trast, the rate u(¢) is unaffected at long times, since this mea-
sures only the failure rate of the survivors. If u approaches a
constant after a certain time, then Mill’s ratio, A = 1/u, is
the mean life expectancy of the remaining unfailed devices.
Because of its insensitivity to early failure mechanisms, u is
the basis for determining asymptotic forms of failure distri-
bution.

The primary justification for using lognormal lifetime dis-
tributions is that they fit measurements, but an interpreta-
tion can be made in terms of Black’s equation [Eq. (1)]. On
both physical and general statistical grounds (central limit
theorem) it is reasonable to expect an at least approximately
normal distribution of activation energies E,. Since, according
to Eq. (1), E, varies logarithmically as the MTTF, this leads
to a lognormal distribution of E,, and the variance in TTF is
often expressed as an equivalent variance in E,. A normal
distribution of temperature fluctuations in Black’s equation
also gives rise to a lognormal distribution of TTFSs, so long as
the coefficient of variation is small.

Lognormal distributions can also be justified in terms of
microscopic correlates of electromigration failure. The size
distributions of grain sizes are accurately lognormal, as deter-
mined both in painstakingly measured physical systems and
in models of grains based on Voronoi and Voronoi-like cells
constructed around random cell-center position distributions
(41). Strong linear correlations have been found between (a)
the median grain radius rs, and the lognormal shape parame-
ter o, of metal grain size distributions and (b) the median o,
and shape parameter o of lifetime distributions for intercon-
nects made from the same material (42). Stress voids, charac-
terized by both void volume and penetration length of voids
into lines, have also been found to be lognormally distrib-
uted (43).

An alternative approach to lifetime distributions starts
from the assumption that a long wire consists of segments
that are essentially independent. Since the wire fails as soon
as any single segment fails, the distribution of failure times
can be formulated as a problem in the distribution of extreme
values: For a wire regarded as a chain of N identical indepen-
dent segments, the wire’s failure time is the minimum (ex-
treme) value of N lifetimes taken from a common distribution
for segment lifetimes.

This analysis in terms of extreme values immediately im-
poses general constraints on the allowable form of the lifetime
distribution. In particular, it restricts the possible applicabil-
ity of the lognormal distribution. If, for example, the intercon-
nects of length L have lifetimes accurately described by a log-
normal distribution, then wunder the assumption of
independent segments, interconnects of length 2L cannot be
fit by a lognormal distribution using any values of ¢;, and o
(10). Despite this shortcoming in principle, the lognormal dis-
tribution is widely used as a good approximation in statistical
reliability analyses.



Just as the central limit theorem predicts the emergence
of normal statistics under general conditions from sums of
non-normally distributed variates, so there exist “asymptotic”
theorems that predict the emergence of certain classes of ex-
treme (i.e., whole-wire) distributions from a broad range of
original (wire segment) lifetime distributions. An appropriate
distribution for interconnect lifetimes is the double exponen-
tial distribution, one of a few distributions derived by Wei-
bull. (Care should be taken not to confuse these Weibull dis-
tributions with the nonlinear Weibull plots, described earlier.
Weibull plots can be defined for any distribution, including
lognormal and Weibull distributions.) The cumulative failure
distribution for this Weibull distribution is

F(t) =1 — expl—(t/tg;) 8] (12)
where g is a shape parameter greater than unity, and ¢;; is
the time when on average a fraction 1/e = 0.368 of samples
should have failed.

Comparative studies done to determine whether Eq. (12)
or Eq. (10) is a better fit to observed data have found that for
the parameter values and ranges of observed time that occur
in practice, lognormal and Weibull distributions are very sim-
ilar and hence achieve comparable accuracy in fits to data.

Lifetime distributions arising from electromigration failure
are very broad, even for circuits or components with identical
layout, fabricated simultaneously on the same wafer. The life-
time distributions are broad in two different ways: (1) Quanti-
tatively, they are broad in the sense that the width of the
lifetime distribution, as characterized by the standard devia-
tion, is comparable to the mean lifetime. In terms of the log-
normal distribution, this appears as DTTF values on the or-
der of 0.5 or more. (2) Qualitatively, the distributions are
broad in the sense that the long-time tail of the distribution
falls off more slowly than any exponential. This leads to a
Mill’s ratio A that always increases with time, implying that
the remaining life expectancy of surviving devices increases
with time.

Because of the long duration required even for accelerated
life tests and because of the requirement of a temperature-
stabilized environment and stable high current density, sta-
tistical studies have generally been limited to a few hundred
samples and have found small (<1%) deviations from lognor-
mal form (9,10). In one larger study of single-layer films (37),
the failure distribution was found to be bimodal (see Ref. 39),
corresponding to a sum of two accurately lognormal distribu-
tions. The early failures arose from the smaller component
(integrated failure probability 3% to 5% of the whole) which
had much larger shape parameter ¢ than the main population
(3 versus 0.6).

A qualitatively different situation appears to hold for
multilayer interconnects. A three-parameter fit that has been
found (44) to describe failure in this case is an extension of
the lognormal distribution, made by substituting

Lty — (& —ty)/(Eso —to) (13)
in the usual expression Eq. (8) for the lognormal distribution.
Here t, is the minimum time necessary for a failure to occur.
This parameter, determined empirically, represents an incu-
bation time associated with initial depletion of aluminum
(45).
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MANAGING ELECTROMIGRATION

Pure Al interconnects exhibit electromigration that is intoler-
ably high for commercial ICs, so various schemes have been
devised to increase the reliability of modern interconnects to
acceptable levels. Electromigration can occur either within
the runner, at an ohmic contact to the Si substrate, or at a
via between multilevel interconnects. Each situation presents
its own problems and requires unique solutions.

For runners, Al alloys with Cu are used, as discussed
above, to slow the diffusion of Al along grain boundaries, lead-
ing to an overall diffusivity closer to that of bulk material
and also leading to much higher lifetimes. Coupled with this,
multilayer, or laminated, schemes are employed with layers
in many combinations. These include cladding over- and un-
derlayers, as well as a diffusion barrier between AlCu layers.
These layers are formed from combinations of Ti, W, TiN,
TiW, and other refractories. Despite their higher electrical re-
sistivity, refractory metals and alloys are useful because of
their much higher resistance to electromigration compared
with Al alloys. Thus, if a void forms in the Al alloy, the break
is shunted by a higher-resistance, but short, bridge [Fig. 5(a)]
which adds a small amount of resistance to the total resis-
tance of the line. In the event of many voids forming on the
line, a large increase in resistance [i.e., greater than 20% (46)]
may cause failure of the IC, but lifetimes are increased con-
siderably. One variation of this is a sandwich of AlICu/(W or
Ti)/AlCu, as shown in Fig. 5(b). The refractory layer sepa-
rates the AlCu so that voids cannot propagate across both
AlCu layers, and the resistance at a void on one-half of the

Refractory metal
overlayer

Void

e

Refractory metal
underlayer

(a)

Refractory
barrier layer

Current path

(b)

Figure 5. Barrier layers in the form of (a) overlayers and underlay-
ers and (b) middle layers help to increase MTTF substantially. In (a),
refractory metal layers (Ti, W, TiN, etc.) shunt a void with a small
amount of electrical resistance added to the line. In (b), a refractory
middle layer prevents void propagation across the entire thickness of
the line. The probability of voids forming near each other is low, so
the overall increase in resistance is kept to a minimum.
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line is tolerably small. The probability of two separate voids
forming contiguously is much smaller than that of a single
void propagating across a line with no refractory core.

Low resistance, nonrectifying connection to Si contacts
must be made for proper circuit operation. During annealing
above 450°C or so, Si diffuses into the Al at grain boundaries,
and Al diffuses back into the Si substrate to fill the voids,
resulting in Al spikes (47). These spikes can be deep enough
to cause significant leakage current or short circuits at PN
junctions. To alleviate this problem, Si is added to the first
level metal to saturate it and prevent further uptake of Si.
One drawback is that Si can precipitate out of the supersatu-
rated solution, leading to deleterious flux divergences and
premature wearout of the lines. Also, Si can electromigrate
into the Al. One way that this problem is addressed is to de-
posit a layer of Ti/TiN before the AlCuSi, where Ti acts as an
adhesion layer and TiN acts as a barrier layer to interdiffu-
sion. It should be noted that by taking into account materials,
thicknesses, layer combinations, and so on, a great variety of
metallization schemes is possible. Those described here are
representative examples.

An additional and very serious electromigration problem is
shared by ohmic contacts and plugs due to flux divergence at
their interfaces to the metal runners, and they can be the
source of significantly shorter lifetimes than those of the run-
ners themselves. As discussed above, flux divergence is re-
quired for electromigration failure. If a large reservoir of
metal is provided, then material can flow along a line with
less detrimental effect. Vias must be formed during IC fabri-
cation to link the various levels of interconnects. Ideally, they
are filled with the same alloy as the runners, so that various
levels serve as reservoirs, and no large flux divergences occur.
Older via technology utilized sputtering of the same metal (Al
alloys) as the runners to fill wide vias. Reliability at the vias
tended to be limited by step coverage at the edges, which was
a cause of flux divergence. However, flux divergence at the
interface between levels was not a problem with this tech-
nology.

Modern ICs employ vias that are deep, to decrease in-
terlevel capacitance, and narrow, so as to decrease the total
area taken up by via structures. Unfortunately, it is difficult
to deposit Al into deep, narrow via holes without forming
voids, hence creating other reliability problems. Therefore,
techniques such as chemical vapor deposition (CVD) are used
to create plugs made from, say, Ti/W that link the various
levels. In this case, the different Al alloy levels do not serve
as reservoirs for each other, and flux divergences between the
plugs and runners can lead to electromigration failure. The
failure mechanism at vias (as well as at ohmic contacts) oc-
curs in stages (45). The electron wind force causes Cu on the
downwind side of the plug (or ohmic contact) to flow down-
wind through the runner. The plug acts as a blocking bound-
ary, so no Cu can flow in to replace that which flows away.
After an incubation period, Cu has depleted from a length
equal to the Blech length in the material. Once this has oc-
curred, Al is free to migrate downwind, forming voids at the
interface between the plug and the runner, raising the total
resistance to a failure level. Reservoirs placed near studs,
such as those shown in Fig. 2, can replace voided material for
a length of time, greatly increasing the overall reliability of
the via structures.

Although the combination of AlCuSi alloys with refractory
barrier layers and interlevel studs has been used extensively

=

Interlevel dielectric

(a)

W Interlevel dielectric
7 7

(b)

Figure 6. The dual damascene process, typically performed with Cu
metallization. Two separate lithographic and etch steps form a trench
and via of differing widths, as shown. Metal is deposited by CVD,
filling the trench and covering the surface with undesired material.
A chemical mechanical polish step removes the metal down to the
surface of the interlevel dielectric.

in the past, the use of pure Cu interconnects has emerged as
a replacement technology. Six-level, all-Cu technologies, origi-
nally developed by both IBM (48) and Motorola (49), boast
vastly improved reliability properties, as well as lower resis-
tivity (1.7 uQ-cm for bulk Cu versus about 3.1 w(Q-cm for
AlCu). Typically, Cu interconnects are formed by the dual-
damascene process (Fig. 6) in which trenches are formed in a
suitable dielectric (usually SiO,) using two levels of lithogra-
phy and etching, forming both the lines and the vias, followed
by (a) CVD of a diffusion barrier such as TiN, (b) CVD or
plating of Cu completely filling the trenches, and (c) etching
back by chemical-mechanical polishing to the surface of the
dielectric. Besides increasing the speed by significantly low-
ering resistance—capacitance (“RC”) delay in the lines, Cu is
a much more reliable interconnect material. Electromigration
in Cu interconnects is at least one (48) and possibly two or
more (49) orders of magnitude smaller than that in Ti/AlCu/
Ti interconnects, and stress migration is virtually unde-
tectable.
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