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ABSTRACT

A model is proposed for stress voiding in passivated thin film conductors. The rate Limiting

step Is argued to be the formation of vacancies nt dislocetion jogs which then diffuse to void
sites,

INTRODUCTION

Considerable effort has been expended to understand an insidious failure mode in passivated
thin metal film conductors called "stress voiding”, [1-7] It has bean pretty well accepted that
the failure mechanism is a form of diffusive creep relioving stress caused by the difference in
the cocfficients of thermal expansion berween (e metnl conductor and the surrounding media
and the temperature excursions experienced during integrated cireuit processing. It has been
demonstrated, both theoretically and experimentally that these thermally indueced stresses arc
quite large, nearly hydrostatic and independent of the retpined steess in the overlying
pasgivation materinl. They are dependent primerily on the temperaturs history and to a lesser
degree on the geometry, [8]

In this paper, & simple model of the process of stress voiding is praposed where void formation
end growth are the products of a strogs induced vacancy supersnturation generated by disloca-
tion climb, and the subsequent diffusion of these vacancies to voids, The following mede] also
has the feature of being consistent with hydrostatic stress relief,

MODEL

Consider a metal line deposited at an elevated ternperature onto a Silicon substrate (or one
which had been held at high temperoture for a sufficiently long time so as to permit  stress
relief). While at high temperature, & strong passivation materizl possessing a much smaller
thermal coefficient of expansion (TCE) than the metal, in this case, identical to the substrate,
is applied. The sample is then cooled relatively rapidly. Since the enclosed metal film has a
Inrger coefficient of expansion than the passivation, it will "wimt" to assume a smalfer volume
than that enclosed by the passivation, If the adhesion is good and the passivation is so thick as
to not be appreciably distorted, the amount of stress, o, retained in the metal conductor is;
o = fdadT (1)

where A is the differance in the TCE'S of the metal and the substrate/passivation system and
AT i3 the difference in temperature between the application of the passivation und the tempera-
ture of observation. fl is the bulk modalus. In this identized plcture, the stregs will be in hydro-
static tension, Under more realistic conditions, the picture would become somewhat more com-
plicated, but the complexity will not contribute to understanding the general mechanism of
void formation and growth.

Note for a temperaturs difference of a few tmndred degres, typicil of IC processing, the ex-
pected stress is extrernely high. Stresses close to 0.5% of the Bulk Modulus can be expected,
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or about five times the tensile yield stress, [B] The neardy hydrostatie nature of the stress keeps
the stress from being relisved by dislocation glide.

Although dislacation glide cannot relisve hydrostatic siresses, dislocation climb can until the
VEcancy concentration in thermal equilibrium with the stress is attained Dislocation climb is
accompanied by the formation or the annihilation of vacancies dopending on the sign of the
motien. A distocation clinihing wnder the influes the vibrational frequency of the lattice
(10"/sec) end A va is the activation free energy of vacancy formation, The vacuncy formation
will gontinue untif;

Cy = Cyexp(~aR [ kT) (2)

where C, is the thermal equilibriom vacancy concentration in the absence of stress and Q,is
the vacuncy velume. For Al this can be shown to be a very efficient process even at low tem-
peratures, Each dislocation leaves behind the equivalent of a sheet of vacancies which disperse
throughout the crystal, Tt can be shown that only & single dislocation need climb through a 1
um cube crygtal to produce 2 vacancy concentration in equilibrium with the thermal stress,

it is intercsting to note that despite their near ubiquity, it can be shown fhat the nucleation of
voids is theoretically impossible without the unsatisfying necessity of "deus ex machina"
stress concentrations. [9] These stress concentrations, which undoubtedly exist, determine the
lacation of vaid nucleation, charncteristically at film edges or sites of known high stress such
as at steps in the underlying substrate. It has also been suggested, however, that delaminations
batween the suface metal and the passivation aze sufficient to nucleate voids withouat the clas-
sical mucleation problem. [7] The shape of the voids is probably determined by random fluctua-
tions in grain orfentation mther than surface enetgy considerations, 103

Once formed, voids grow by the diffusion of vecancies provided by dislocation climb to the
stress free void surface. Consider a thin narrow conductor with a "hambog” structure contain-
Ing voids at some of the grain boundaries with an average spacing of 21, . (Fig.1) Vacaney dif-
fusion aleng grain boundades to the voids is assumed to be very rapid (in fact, instantaneons)
compared to lattice diffusion. The flux of vreancies intn 2 void will, therefore, be equal to the
flux of lattice vacancies into a grain boundary with a void. This approximation simplifies the
Eeometry for the calenfation significantly, leaving us with a simple 1 dimensional boundary
value problem. The case of a polycrystalline film will require tho use of a more complicated
geometry, which will be the subject of foture work, bue will not differ in concept from what is
treated here.

As vacancies dlffuse to the grain boundaries, they are replaced via dislocation climb at a rate
given by N,

2
v,

where Arrhenius is the dislocation density expressed in length of dislocation per unit volume, a
is the laftice constant and v, is the drift velocity of the climblng dislocation given by
D

Ya = T @)
where D, is the dislocation diffusivity and F is the driving force on the dislocation given by;

Fb = kTIn (%‘I) = 692,~ kT'n (%) (3a)



where b is the burgers vector of the dislocation. F will be the chemical potentinl gradient from
the dislocation jog generating site to the surzounding medinin, If vacancy formation at jogs is
the rate limiting step, the activation eneigy for dislocation climb will be the same a5 that for
vacancy formation. Since vacancy diffusion is u faster process than vacancy formation, the sec-
ond term in eyn. (3a) con be neglected and n steady state concentration profile will be nchisved
expressed by the golution to;

n,(

g'c _

-ﬂf) +K=0 (4)

where D, _is the vacancy diffusivity according 1o the boundnry condition that the vacency con-
centration is at the thermul equilibrivm valve, C_, nt the prain  boundaries (x = +1,). Grain
boundaries not containing voids can be iguored since they will be in thermal equilibrium with

the lattice. Grain boundary grooving is not considered. The solution to (4) according to the
stated boundary conditions is simply;

g) 2 (5
- ¢, = 1(3) s (-2)

The vacancy flux contributing to void growth will be twice the flox calculated from the spatial
derivative of egn. (5), since ench grain boundary is fed by both of the adjacent diffusion felds
on either side. Void growth rate will be;

recognizing that 0% ~ £2.

vy ac(,)  2D.oN 8 4w (a)
—r =20 JQUW:T = ._,_‘_ﬁ."__"_

where w is the film width, and T is the film thiclkness.

Since the reliability of an Integrated circuit can be detennined by a stress void which grows to
asize onthe order of the line width, stress induced void growth kineties are an important engi-
neering topie, Curiously, reliability engineers appear to hove 2 passionate love affair with the
Arrhenius relaticn, to the exclusion of entertaining all others, Unfortunately, as any metallurgy
student can tell you, M. Nature does nat always favor such simple kinetics, Stress voiding s
one such process which does not cooperate. In order to relate to previous work, we will define
linetics  in terms of the derivative of the logerithm of the void growth rate with the
Metallizations temperature as one would for a purely thermally activated process.

During void growth, thermal stresses are continuously being  relieved by the dislocation
climb/vacancy diffusion process outlined shove. Since stress appenrs as the driving force for
dislocation climb, and therefore void growth in eqn. (3) stress relief must be considered when
discussing void growth kinetics, Realizing that the stress will be reduced by vacancy diffusion
1o the void we need to rewrite eqn. (6) te incorporate this;

7
= (——,;rm”g “6) da(Ty= D- (ﬁ) [ el v

Realizing that the integral in eqn. (7) is simply the void volume, V(i)

dvis) - -
5 F V) OF = O ®
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Tigure I. Schematic of cross section of typical passivated integrated circuit conductor, The
differentinl thermal expansion provides for a nearly hydrostatic stress. Dislocations, possibly
generated as a response to non-hydrostatic cornponents of the thermal stress, interior to the
grain ere sources of vacancios contributing 1o vold growth.
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figure 2, Schematic of the geomelry repregsented in the model, Voids are assumed to be nucle-

ated at grain boundariessaperated by a distance, l,» in & bamboo structure thin film w wide and
T thick.

particles

1

Figure 3. Schematic of possible mechanism to inhibit voids. small particles ¢an inhibit the
climb of distoeations and thereby slow the generation of vacancies required for void growth,



49

where
= [ wrdadT
and
o B8
P = L0

The void volume os & fonction of time is;
Wty = Vg [1— axp(-—tM)] )]

where it is recoymized that ¥ is the ultimato void volume after infinite time, V, . The change in
D, with reduced stress has been ignored for computational simplicity and shouid not apprecin-
bly nffect the solution. If it is nssumed, incorrectly, that the void growth rate is purely ther-
mally activated, an epparent activation energy can be obtained from the differentiation of the
logarithm of the void growth rate with the reciprocal of the lemperature.

AHpp = AHp(1- 10)~ 'm,k];n (10)

which hardly looks like an Arrheniusg relution. Tt is dependent on the temperature of the obser-
varion, the temperature at which the passivation was applied und with time.

For finer grain sizes, the 1 dimensional problem above tust be replaced by a solution to an
appropriate 2 dimensional geometry, but will, in principle, be similar,

DISCUSSION

The preceding mode] comectly predicts the distinctly rnion-Asthenivs behavior obeerved in
ptress voiding, This is not unigue to this model, of course. A distinct feature, however, is that it
offers 4 mechatism for relaxation of the principally hydrostatic stresses obacrved in passivated
thin films, The behavior predicted in this model suggests the possibility of producing a series
of TTT type diagrams for films of various alloys passivated at different temperatres. TTIT
dingrams may be useful in deciding whether and to what extent a problem will exist given
various thermal histories.

The major difference between this model and the others is that in this model, we ase concemed
with the generation and migration of vacancies to relieve the stresses induced by thermal ex-
pansion. The major determining parameler for void growth will be in the intervoid distance.
Grain size, although of some consequence will be less important.

An important component of this model is role of dislocations in the void growth procesu. It is
intoresting that a recent UHVTEM study has abserved = high dislocation density in grains with
well developed voids. [11] One important feature of this model is that the perceived panacea
of producing "bamboo" structure films wilt not work. Grain bounduries are not needed to trans-
port metal atoms away from the void. This process could, in principle, be operating in a single
crystal, providing veids could be nucleated. In fact, a scenarip could be created where a bam-
boo film with fewer voids on grain boundaries of nearly parallel orientation would be a much
greater reliability risk than o fine grain film with more voids. It is  conceivable that void
growth, with equal stress, conld be faster in a bamboo film than in one with many grain bound-
ary paths. A recent study suggests snch an effect. [12]

The model also suggests methods for reducing the propensity for voiding. Dislocation climl:.I is
4 structure sensitive process, in that it can be impeded by obstacles. Metallizations containing
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finely disbursed particles or precipitates should be less valnerable to stress voiding, Sigma in
eqn. (3) could be replaced by o — o, where ©,, is a threshold stress required to free the climb-
ing dislocation from the particle given by g,= (G b/t) where I{F is a comstant, G is the
shear medulus and 1 is the particle spacing, Opporunitics for new al oy development consid-

ering this may be there, providing high canductivity is maintained.

The design of uceclerated tests is an important part of any reliability engineer’s job. These tests
must be capable of providing information for conditians typical of nse, yet must be obtained in
a shost time, It Iy, therefore, very important to fully understand the mechanism being investi-
gated. With the plethora of stress void models proposed over the past few years, this i3 an un-
comfortable task. Clever experimentalists must attack this problem and perform the "critical
test” of the theories, Only then con we feel comfortable using any model for predicting reli-
ability in integrated circuits.
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