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A simple analytical model for the effect of mechanical strength and line width (for the
case of narrow lines) on the electromigration failure of metallic interconnects is
presented. Because the line width/grain size ratio and the diffusivity enter differently in
the model, application of the resulting failure time equation to published data can
provide insight into the mechanisms of enhancement of electromigration resistance by

grain structure optimization and alloying.

l. INTRODUCTION

Failure of metallic interconnects (“metallizations”)
in microelectronic components is generally the result of
time-dependent damage accumulation which leads to
open or short-circuits. One of the reasons for this deg-
radation involves the phenomenon of electromigration,
a mechanism for transport of matter by high electric
currents (e.g., Black'). The problem of electromigra-
tion, which has been under investigation for more than
twenty years, is being further aggravated by the con-
tinuing trend toward miniaturization and the resulting
increase in current densities.

Several strategies for improving the electromigra-
tion resistance have been proposed. One involves the
addition of alloying elements. In the case of aluminum
metallizations, copper,” magnesium,’ nickel,’ and oxy-
gen,” among others, have been described as effective.

A second strategy involves the production of single-
crystal® or coarse-grain films’; also texture formation
has been reported as beneficial.® A related observation
is the strong increase in failure time for metal lines
with widths below a critical value,™" an effect which
has been ascribed to the formation of a “bamboo” grain
structure without grain boundaries running parallel to
the line,

These beneficial effects have generally been at-
tributed to a decrease in grain boundary diffusivity and
the removal of grain boundaries (which act as fast-
diffusion paths), respectively. It is curious, however, that
the measures of grain structure optimization, texture
processing, and alloying closely parallel the steps taken
to achieve high-temperature strength in advanced alu-
minum alloys for structural applications (e.g., Ref. 11).
It might therefore be suspected that mechanical strength
is somehow related to electromigration resistance, al-
though the connecting mechanism is not clear. In order
to optimize the electromigration resistance of metal-
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lizations, a better understanding of this issue is there-
fore desirable.

In this paper a simple model for the effects of grain
structure, width, and mechanical strength of the metal
line on electromigration resistance is presented. It is
based on earlier formulations of the electromigration
phenomenon (to be described in Sec. II). The metal line
is assumed to have a grain size which is larger than the
line width; this condition, which becomes increasingly
realistic with progressing miniaturization, leads to
“near-bamboo” grain structures with only a small num-
ber of grain boundaries parallel to the line. In order to
derive an equation for the failure time distribution, we
consider the probability of finding a continuous grain
boundary of critical length in the longitudinal direction
(Sec. IIT). This approach leads to a simple analytical
expression which, once substantiated, could be useful
in analyzing published data (Sec. IV) and could provide
a guideline for the development of alternative inter-
connect materials.

Il. THE BACKGROUND

Electromigration is generally considered to be
the result of momentum transfer from the electrons,
which move in the applied electric field, to the ions
which make up the lattice of the interconnect material.
This “electron wind” leads to a drift of the metal ions,
whose velocity is given by the following expression
(e.g., Ref. 1):

s
_b. 3 1
v T eZ"pj (1)

where
D =D, + 8D,/d.

Here j is the electric current density in the line, p
its resistivity, e the elementary charge, k Boltzmann's

® 1991 Materials Research Society 731



E. Arzt and W.D. Nix: A model for the effect of line width and mechanical strength

constant, and T the absolute temperature. Z* is an “ef-
fective charge” number for the metal ion, which charac-
terizes the momentum transfer; its value, which is not
well understood from first principles, can be inferred
from experimental data and lies in the range Z* =
1...40 for Al Finally, D is the diffusivity as a result of
volume (D,) and grain-boundary (D) diffusion, with &
the grain boundary width and d the grain size. Because
of the small grain size in thin films and the relatively
low homologous temperatures, grain boundary diffu-
sion usually dominates over volume diffusion, which is
to be neglected in this paper.

Measurements of the current-induced displacement
of the near-cathode edge of metal films have shown
that Eq. (1) does not apply at low current densities;
instead, a threshold current density is found below
which no displacement occurs.'” This threshold is
found to scale inversely with the length of the line and
to decrease at elevated temperatures. Its existence
has been attributed to the generation of mechanical
stresses in the line: while a tensile stress develops at
the near-cathode end because of material depletion,
the near-anode end of the line, where ions accumulate,
experiences a growing compressive stress. The result-
ing stress gradient drives back-diffusion of ions, tend-
ing to offset the flux due to electromigration. The
critical electrical current density j. at which the net flux
vanishes is simply calculated by equating the drift ve-
locity [Eq. (1)] with the velocity of diffusion driven by

the stress gradient''%
o™}
JAL) = 2
(L) eZ'L (2)

where o* is the maximum stress difference the material
can sustain between the tensile and compressive re-
gions, L is the length of the line, and () is the atomic
volume. This argument explains the observation that
the threshold current density is inversely proportional
to the length of the line. Because o* is related to the
mechanical strength of the metallization, also the tem-
perature dependence of j. can be qualitatively ac-
counted for by the loss of strength with increasing
temperature.'

In order to calculate failure times, we need to con-
sider the formation of localized damage, usually in the
form of voids and hillocks. It is generally accepted that
such damage can occur only at sites of flux divergence,
such as grain boundary triple lines. Shatzkes and
Lloyd" have calculated the time for the accumulation
of a critical vacancy concentration Cy at an extreme
flux discontinuity, i.e., a perfectly blocking grain
boundary at which the electromigration flux is required
to be zero. By considering both electromigration and
back-diffusion in a line of semi-infinite length, they ar-

rive at the following approximate expression for the
failure time:

Cf KT\,
tr=-—=]j7
/ D(eZ“p)J 3)

The failure time of a line of finite length under concur-
rent electromigration and diffusion has not yet been
analyzed rigorously. We assume for the present paper
that an approximate result can be obtained by replacing

jin Eq. 3) byj — Jj:

_GlEFY
=5 (eZ*p) G- 7 b

where j. is given by Eq. (2). This expression will be the
basis for our calculation of failure times in the follow-
ing section.

lll. THE STATISTICAL MODEL

The grain structure of the film is simply modeled
by an array of brick-shaped grains, with an average size
d, in the direction of the line and d; perpendicular to it
(Fig. 1). (Usually the grains in a deposited film will be
roughly equiaxed in the plane of the film, i.e., d| = d,,
but a distinction is made here because the two dimen-
sions have different effects on the statistics of the prob-
lem.) For line widths w greater than the (iransverse)
grain size d», there will always be a continuous grain
boundary path along the line [Fig. 1(a)]. As the line
width drops below d», the continuous path of Fig. 1(a) is
segmented into shorter paths [Fig. 1(b)]. Hence at a
given grain size, the probability of finding a continuous
grain boundary segment of a given length along the line
decreases as the line becomes narrower. In the follow-
ing we will consider only this latter case of w < d;
(“near-bamboo structure”).

The central assumption of this paper is that the
line will fail at the longest of these continuous grain
boundary segments because there the stress gradient
for back-diffusion, and thus the resulting threshold
current density, will be smallest. Let Ay ; be the length
of the longest grain boundary segment in the i line.
Then for that particular line the failure time would be,
using Eq. (4),

r;=£f(kf) e )

D\eZ%f (j = jo) {J —Je
where the critical current density for that particular
line is found by replacing L in Eq. (2) with Agay i,

- ¥}

jf - ezzl.p)lmnx,f (6)

Thus the failure time for the i" line may be expressed as

. (44 _ a
tf - O_:i:Q 2
(J - ez*Pf\mnx.i)

> 7
(-2 ] o
J Anm.\J
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FIG. 1. Schematic iltustration of the effect of decreasing the line
width w below the transverse grain da: for w > d1, a continuous
grain boundary path can always be found (a); once w < ds, this
path is segmented into shorter parts which are less prone to electro-
migration damage (b). Large arrow signifies the direction of the
electron wind.

Now let #;(s) be the time required for a given fraction s
of the lines to have failed. The failed lines are those for
which ¢; < t¢(s) or, using Eq. (7), those for which

- S
Amax,:‘ > ( \/E' ) /\C(ﬁ) (8)

Vi
The right side of this equation may be regarded as a

critical grain boundary segment length, A.(s), for this
particular failure time. Only those lines with longest

grain boundary segments of length A.(s) or greater will
have failed in time #;(s). But the fraction of failed lines
in this time is the same as the probability of finding a
particular line with a longest grain boundary segment
of length A.(s) or greater. Thus we need to consider
the statistical distribution of grain boundary segment
lengths within the lines before we can make failure
time predictions.

For our model grain structure, the probability of
finding, in a line of width w, a longitudinal grain bound-
ary between two given transverse boundaries is simply

w
By =y €}

It follows that the cumulative probability of finding, in
a line of length L, at least one continuous segment of
length equal to, or greater than, A is given by combined
probabilities in the following way:

w \ Vet Lty
T

M|
=] - exp[—%(%) ] (10)

The approximation by an exponential, which is conve-
nient for further calculations, applies only for long lines.
As discussed above, for a given fraction, s, of failed
lines, there is a corresponding failure time #(s) and a
critical grain boundary segment length A.(s). By setting
pA = s and A = A.(s) in Eq. (10), we can find the rela-
tionship between A.(s) and s,

f. B
Ads) T\ diInd — 9)
dy fﬂ
In{—
w
The corresponding failure time can then be found by
combining this with Eq. (9),

1)

o

s 12
15 (s) -21_m1n(ﬁ)2 (12)
/ j W
where
) = £ (13
mh{‘dum1—g)

Further, the effective diffusivity due to a grain bound-
ary running along a line of width w is:

D = 8D, /w (14)

Also, the critical vacancy concentration Cy at which
failure of the line is assumed to occur will scale with
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the product of line width and film thickness /1; assum-
ing w to be proportional to /z, we set:

9
e
d3
where A4 is a dimensionless constant.

The final result for the failure time of a fraction s of
lines can be conveniently expressed in the following way:

B ds
tf(S) e ik ; 2
o

w

Cp=A (15)

(16)

where

_ Ady (T \:
"~ 8D, \eZ%

and

ok
) = — - :

- eZ*jod; —-L ’
| —————=
dl ll'l(l = S)
The theoretical median time to failure (MTF) is ob-
tained for s = 0.5, but also lower failure probabilities,
e.g., s = 0.001 (0.1%), are readily calculated. Typical
curves of failure time #; vs w/d, according to Eq. (16)

are shown in Fig. 2 for the two failure probabilities
s = 50% (MTF) and s = 0.1% and for two values of j*

IV. DISCUSSION

The main assumption in this paper is that electro-
migration failure in “near-bamboo” structures is indeed
related to grain boundaries. While recent metallographic
evidence suggests that this may not be true under cer-
tain circumstances,'® similar suggestions have been made
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FIG. 2. Model predictions for the effects of mechanical strength
(proportional to j*) and of failure probability on failure time versus
line width over transverse grain size. (Absolute values in failure
time are for the conditions in Fig. 3.)

by Kinsbron' and Cho and Thompson.'” The statistical
aspects of the latter model exhibit some similarities with
the present model, but the link with kinetics and strength
considerations is developed only here. We now examine
the consequences and possible merits of this approach.

It is seen in Fig. 2 that qualitatively the same initial
decrease and subsequent rapid increase in mean failure
time, as has been measured for progressively narrower
lines, are reproduced. The model predicts a singularity at

Wa(s) = da exp(—j:%(.s)) (17)

and a minimum at

5
mMﬂ=m%43—ﬁJ (18)

In practice, of course, there will not be a true singular-
ity because even perfect bamboo structures, while being
much more electromigration resistant, have finite failure
times. In such structures, additional failure mechanisms,
which are not considered here, will become dominant.
Also, the singularity arises in the present treatment be-
cause of the simple correction to the Shatzkes-Lloyd
expression in Eq. (4). Further work will be necessary to
establish the details of the vacancy kinetics in a finite
line element. The comparison with experimental data
(below), however, shows that the correction appears to
be reasonable.

It is clear from Fig. 2 that the assumed probahility s
is critical for the failure time. The curve for failure of
the first 0.1% of all lines continues to fall to lower life-
time values than the MTF before showing a similar
sharp increase. This continuous drop in ¢ (0.1%) corre-
sponds to a sharply increasing variance of the lifetime
distribution, which is in qualitative agreement with
experimental data."™'”

Figure 2 furthermore suggests that raising the me-
chanical strength (proportional to j*) can produce sub-
stantial gains in both #; (50%) and t; (0.1%) by shifting
the “singularity” to higher w/d, values.

In addition, the model can be made to fit experi-
mental data with good accuracy. Figure 3 shows the
MTF measured by Vaidya et al.” for Al-0.5% Cu lines
of different widths. The theoretical line was obtained by
fitting the constants B and j* (50%) such that the loca-
tion and numerical value of the minimum coincided
with the experimental results. Because of their physical
significance, these parameters are, however, not merely
fitting constants, but can in principle be calculated
from Eq. (16). It turns out that the material parameters
which have to be assumed to obtain these constants
have reasonable magnitudes: 6D,/4 = 107> m’/s and
g*/Z* = 12 MPa (or Z* = 8 for an assumed yield stress
of 100 MPa). In view of the simplicity of the model, the
agreement with experiment must be considered ex-
tremely good.
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FIG. 3. Median lifetime versus ratio of line width to grain size for
Al-0.5% Cu metallizations. Data points and error bars are for ac-
celerated tests by Vaidya et al.,” who extrapolated their values to
operating conditions (80 °C, 10” A/m?). Full line corresponds Lo the
present model.

Mechanical strength and diffusivity enter in the
model in different ways: while o* affects the thresh-
old current density, D, determines the kinetic factor B.
Therefore Eq. (16) suggests that by replotting electro-
migration data as x = In(d>/w) and y = (w/d2)?/(t}"),
the parameters B and j* can be obtained graphically
from the x-axis and y-axis intercepts x(0) and y(0):

x(0) = jlj*
¥(0) = j/VB (19)

Thus the x-axis intercept scales inversely with the me-
chanical strength, while the y-axis intercept is propor-
tional to the square root of the diffusivity. By plotting
data in this way, the effects of alloying additions on
diffusivity and on mechanical strength can in principle
be separated. This procedure, however, requires reli-
able failure time data as a function of w/d,, preferably
from the same experimental source.

For illustration purposes (Fig. 4), we have analyzed
three sets of data for unpassivated Al and Al-0.5Cu
(Vaidya et al.’) and Al-2Cu-0.3Cr (Cho and Thomp-
son'”). The results of this exercise, which are tabulated
in Table I, show that adding Cu to pure Al did not
change its strength (the x-axis intercept is the same),
but reduced its diffusivity by about a factor of 2; this
conclusion is in keeping with the generally reported ef-
fect of Cu. By contrast, the addition of Cr, which is
used to impart high-temperature strength to structural
Al alloys (e.g., Ref. 18), improved both the mechani-
cal strength (smaller x-intercept) and the diffusivity
(smaller y-intercept).
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FIG. 4. Result of replotting failure time data for different al-
loys according to Eq. (10): Data from Vaidya et al.” (Al and Al-
0.5% Cu) and Cho and Thompson” (Al-2Cu-0.3Cr). In such a plot
the x-axis intercept is inversely proportional to the mechanical
strength, while the y-intercept scales as the square root of the
diffusivity,

Such preliminary conclusions should still be con-
sidered with caution; detailed microstructural inves-
tigations coupled with independent measurement of
film strength are necessary to check the validity of this
concept. It must also be realized that in an actval com-
ponent the passivation will greatly influence the me-
chanical strength of the system. In any case, due to the
exponential dependences in Egs. (17) and (18), small
changes in mechanical strength of the metallization/
passivation system have the potential of greatly affect-
ing electromigration lifetimes. It remains to be seen
whether the success of introducing virtually insoluble
elements, which precipitate to form obstacles for lattice
dislocations, can be rationalized in this way.

In comparison to these potential strength effects,
grain size effects seem to be more subtle. The grain
dimension perpendicular to the line (d;) should be as
large as possible, but its value enters only logarithmi-
cally. Along the line, the grain dimension (d,) should

TABLE 1. Analysis of the material constants j* and B using the
graphical procedure of Fig. 4.

i B* Reference Remark
Al 0.571 1.9 9 v
Al-0.5% Cu 0.561 4.2 9 €
Al-2Cu-0.3Cr 0.916 9.1 17 4

Yin 10™ sm*/A%).

b — 2 % 10" A/m% T = 250 °C, extrapolated to 107 A/m’®, 80 °C,
assuming t; ~ j7** exp (0.5 eV/kT).
4 = 1.2 % 10" A/m?, 275 °C, same extrapolation.
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be small in order to reduce the length of a statistically
occurring longitudinal boundary. It could thercfore be
desirable (if at all practical) to produce a grain shape
which is elongated in the direction perpendicular to the
line. However, the model also shows that such grain
structure optimization is less effective for the failure of
the first few lines, which of course is much more rele-
vant to applications than the mean time to failure. It is
suggested in the light of this model that only by raising
the mechanical strength at the same time can a signifi-
cant and useful improvement in electromigration resis-
tance be achieved.

V. CONCLUSIONS

(1) A simple analytical model for the effect of
grain structure and line width on the failure time of
metallization lines has been developed. It rests on the
assumption that failure will take place at the longest
statistically occurring longitudinal grain boundary and
uses earlier derived expressions for the threshold cur-
rent density.

(2) Although many refinements of the present
model are still possible, good agreement between the
theory in its present form and previously published ex-
periments has been obtained by choosing physically
reasonable material parameters.

(3) Application of the model to different sets of
data reveals that alloys used in metallizations may
derive their increased electromigration resistance from
both a decrease in diffusivity and an increase in me-
chanical strength. The model suggests strongly that me-
chanical strength could be an important variable in the
search for better interconnect materials.

(4) Grain structure optimization, by contrast,
seems to be a less efficient means for improving electro-
migration resistance because it affects calculated times
to failure of the first few lines in an ensemble to a much
smaller extent than the (usually irrelevant) mean time
to failure.
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