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For electromigration in short aluminum interconnects terminated by tungsten vias, the well known
“short-line” effect applies. In a similar manner, for longer lines, early failure is determined by a
critical valueL;; for the length of polygranular clusters. Any cluster shorter thgpis “immortal”

on the time scale of early failure where the figure of merit is not the stariggvdlue (the time to

50% failures, but rather the total probability of early failur®:. P.; is a complex function of
current density, linewidth, line length, and material propertiee median grain sizdsy and grain

size shape factary). It is calculated here using a model based around the theory of runs, which has
proved itself to be a useful tool for assessing the probability of extreme events. Our analysis shows
that P¢; is strongly dependent oay, and a change iy from 0.27 to 0.5 can cause an order of
magnitude increase iR under typical test conditions. This has implications for the web-based
two-dimensional grain-growth simulator MIT/EmSim, which generates grain patterns ayith
=0.27, while typical as-patterned structures are better represented oy the range 0.4 — 0.6. The
simulator will consequently overestimate interconnect reliability due to this particular
electromigration failure mode. @004 American Institute of PhysidDOI: 10.1063/1.1771825

I. INTRODUCTION two grains 8(~1 nm) while transgranular diffusion occurs
across the entire linewidttv, the effective diffusion within

Electromigration-induced early failure of metallization lust i sianificant ter than that th h
represents a significant problem for the accurate analysis 5?8 clusters Is significantly greater than that through span-

modern integrated circuitiC) reliability. However, these "ing(0r bamboo grains”°As a result the bamboo grains at
early failures(i) may occur with such small probability that [h€ €nds of a cluster act as blocking boundaries and perform
they can be missed in standard sized electromigration tesfa€ Same role that vias do for short line failure. A version of
(or at least regarded as outligréii) may not obey the same the shortlllne'e'ffe(.:t consequently 0perate§ for clustditse '
statistics as those longer time failures which are observed ifréater diffusivity in a cluster means that, in general, a void
tests; and(ii) may not indeed even be caused by the Sam@ucleatlng at a cluster end will occur more rapidly than a

failure mode. Clearly, a proper appreciation of the extent of/0id nucleating at the cathode via. The result is that the
early failures in accelerated tests is vital in order to ensur@'€Sence of polygranular segments, or clusters, represents a

the correct extrapolation to operational conditions. In parP0ssible cause of early failures in near bamboo intercon-

ticular, it is important to know the dependence of the early"€Cts: The purpose of this paper is to analyze the contribu-

failure probability on acceleration parameters.

The short line effect is a well known feature of
aluminum-based interconnect. For a given applied current
densityj, critical line lengths exist for both void nucleation
Lg‘) (Refs. 1-3 and void growth failure|_<Bg).4'5 Below these
critical lengths a stress-induced back-flux cuts off the metal
migration either before the void has nucleated or before it (a)
has achieved sufficient growth to cause the circuit to mal-
function. Above both, failure will occur at a time dependent do
upon the diffusivity along the lin¢e.g., Ref. 5. In fine line <+—>

metallization most of the line will be made from spanning
grains®~® giving its microstructure an appearance similar to
bamboo, Fig 1. However, there will also be regions of the
line containing grain boundaries running along the line
4 +—> +“—>

Iengthfs‘8 Where several of these grain boundaries join to-
gether they define polygranular segments or clusters, Fig. (b) Lo Les
1(b). Despite the fact that grain boundary diffusion only

takes place within the narrow boundary at the intersection oFIG. 1. Polygranular clusters in a near-bamboo li@ shows a schematic

of a pure bamboo region consisting entirely of spanning or bamboo grains,
while (b) shows a schematic of a region containing two clusters of lengths
3Electronic mail: v.m.dwyer@Iboro.ac.uk Lc1 andLc, separated by a single bamboo grain of grain sigze
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tion that cluster failures make to the observed early failurehaps around 600 MP@Ref. 16]. The critical cluster length
spectrum. In particular, we aim to calculate the probability ofis expected to be related to the Blech Iengf,ff for nucle-
cluster failureP; for a given line(line lengthL, linewidthw, ation in short via-via lines, although it will not be equal to
lognormal grain size distribution characterized by a median_" as the bamboo regions at the ends of the cluster are not
value ofdso, and a lognormal standard deviation or shapeas efficient as tungsten vias in their role of blocking bound-
factor of o) subject to a given set of test conditiofgsirrent  aries. Thus an interior cluster has its own critical length for
densityj and temperaturd). nucleation(LE:”)), which is related td_(B”) (e.g., Ref. 11, and

In the early 1980’s Vaidya and Sinha noted the effects ofs given by
the lognormal standard deviatiomy on failure times in
copper-doped aluminum interconnect, and proposed an em- Lg): KL(E?): KM, (2)
pirical relationship between the mean time to faill¢ and Z* qpj

the microstructure of 0.5% Cu films, ds where (of order 1.16 heredepends only upon the ratio of

)3 the effective diffusivities in the cluster and bamboo regions

Eoc %’m(h—ll (1) 1/T'=6Dgg/wWDg [taken here as 8QRef. 16], and the re-

02d 1200 duced critical stres&,= o Q/KT (around 1.2, correspond-
) » ing to 0., =500 MPa). A complete list of parameters and
wherel (135 andlzoq are the x-ray intensities of thel1l) 4 oir assumed values is given in Sec. Il A.
and (200) diffractions. Equation(1) predicts that a doubling After void nucleation, the cluster must also be long

of ag from 0.27 to 0.54 will reducé; by a factor of 4. enough for the void to grow sufficiently large to cause fail-
Consequently, an additional area of interest will be the deyre_ According to Refs. 4 and 5, and ignoring for the moment
pendence ofP¢; on oq. This is particularly important as the influence of any initial thermal stress left from the pro-

simulated grain structures using the web-based grain grOV"t@essing stages, a critical void volume per cross sectih
programme MIT/EmSimRefs. 6-8 and llpossess arq  for failure, assumed to be around 0.1-04m,*> defines
value of 0.27 while empirical, as-patterned grain structure$, critical cluster length for the void growth‘as

possess a4 which appears to be closer to 0.54
The calculation in the current work is based on a one- _ [2BOVc 3
dimensional model of the microstructtfevhich accurately c Z*qpj
predicts the simulated cluster-length distribution foy
=0.27 but which also allowsy to be set as a free parameter. The derivation of Eq(3) in Ref. 4 assumes perfect blocking
While C|ear|y there are aspects of a two-dimensional gra”ﬁt the anode end Of the Clustel’ and at the CathOde end Of the
structure which cannot be captured with a 1D representatiorY0id (i.€., SDgp/WDg— ) and it is likely that a multiplica-
it may turn out that it is more important to have a realistictive constant (>1 and probably similar in magnitude t¢
lognormal standard deviation,. should be inserted in here, as in K@), to account for the
The cluster failure probabilitP; is expected to increase imperfection of the blocking by the bamboo grains at those
with line length, linewidth/median grain size ratio/ds,) ~ Poundaries.
and with increasing variation in the grain size distributign The current density dependenceld is different from
P, is expected to depend very weakly upon the diffusivity ofthat of L and it is clear that " <L for sufficiently large
the grains, with the proviso that the effective diffusion in current density. Consequently for higiwe may expect that
clusters occurs at a substantially greater rate than in bambdbe growth of the void is the limiting factor—not all of the
grains. The reason for this is that, although diffusion rateslusters of sufficient length to allow void nucleation will
determine the times to failure, the critical lengths are detersubsequently grow to failure size. Likewise, jifis suffi-
mined by steady-stat@r quasi-steady-statestress profiles, ciently Sma||,Lg1)>Lég) and, for those values qf all voids
which are roughly independent of the diffusivities. that nucleate will eventually grow to failure. There is a cross-
A recent publi(:atioh4 set out a simple model for de- over current density at which void-growth limited failure
scribing the microstructure of near bamboo lines basedakes over from void-nucleation limited failure and this may
around the theory of run'S. The model generates a micro- be obtained by setting(cn)=L(Cg>. For a typical set of param-
structure by choosing a grain siderom a lognormal distri-  eters, detailed below, and wittr=\, the transition occurs at
bution (dsg, oy) and assigning it as either a bamb@o span-  a current density of aroung,,,s=1.6 MA cni? where Lg‘)
ning) grain or a cluster grain according to its size relative to= Lg’):lz.s,um. This value is similar to that obtained by
the linewidthw. A model of the line’s microstructure is then Parket al. for then=-2 (nucleation to n=-1 (growth) tran-
reduced to a sequence of Bernoulli trials with success prokbsition in the current density exponent of the median time to
ability p (the probability that a grain is part of a cluster failure t50.17 Note that, because/\ is close to unity, this
equal tow/d. If all the grains are the same sidg then the transition occurs for voids growing at the ends of polygranu-
probability that there exists a cluster longer than the criticalar clusters in long lines at roughly the same current density
length(say betweeM andM+1 graing, in a line of length  as for voids growing at the cathode via in short lines, and as
N grains, is roughlyN(1-p)pM*1. Such rare structures are a consequence, perhaps, in lines of all length. This result, if it
important as potential early failure sites. is accurate, is remarkable in that, for all interconnect lines,
For a void to nucleate, the cluster must be long enoughunder typical operational conditions< j,ns (i-€., the line
for it to develop the stress required for the nucleafipar-  operates in the region where nucleation is critical, in that if a
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void nucleates in a polygranular segment the line will)fail (i) The critical void volumegper cross sectigrfor fail-
while under typical test conditions> jyans (i-€., the line op-  ure V¢ is taken to be 0.12mm, which is within the range
erates in the region where growth is critical and voids may0.1—0.15um quoted in the literaturé>’ This value of the
nucleate in polygranular segments without the line fajling parameteNV: was deduced for kimXx1 um lines*’ In or-

der to use the theory of runs we shall assume the lines have
Il. FAILURE MODEL submicron linewidths. However, we shall take this same

critical value for the void lengttivolume/cross sectionEf-

The model we shall use is based on both the theory ofectively this assumes that the critical void volume scales

runs** and on the equation for evolution of tensile stress in awith the line cross section. Equati¢8) then provides a criti-
line described by Korhonest al® There are a number of cal product for void growth Ag’):j(ng))z, given by
variations to this equatioh*° however, the overall results BVA /o, of 25A. At a current density of 2

in each case are similar. X 10°PA cm 2, this implies a critical length.! of around
1.1x 103 cm, or 11um, for short line via-via failure.
A. Stress development (i) The effective electromigration charge number is

i taken aZ* =10,?! the resistivity for copper-doped aluminum
The model of Korhoneret al. determines the develop- s 2ssumed to be 81078 O m (Ref. 21 andq is the elec-
ment of tensile stress within the interconnect according to the.ic charge. For short line, via-via failure this leads to a

nonlinear continuity equatidn threshold product ong‘):ZOOOA cm?, giving a critical

do _Jd oQ\(do Z*aqp \|_ BQ'?—J length of L"=10 um (<L®=11pum) at a current density
gt _axl P T N o T T = gx. of 2 MA cm2, Note that at 1 MA cr?, L1"=20 um>L9
4) =16 um.

(iv) We also define the parametge=2* pq/ «T which,
Equation(4) has the form of a nonlinear diffusion equation, with these assumptions, and the current density again taken
however, the effective diffusivityDos; is both averaged to be 2 MA cm?, gives the producpj=0.24 um™. For a
across the interconnect width, and so contains a faBtar  characteristic length of, saf,:Lg’):lo.O um, the product
for the case of grain boundary diffusion, and also containg¢=pj¢ is then 2.4.

the factorBQ /KT (~120) which arises from the Hooke’s law (v) The ratio between the effective diffusivity for the
relationship between the stress and the atomic concentratiograin boundary diffusion and the bulk diffusiaf®gg/wDg
The model of Korhoneet al. is used here, rather than some is assumed to be fixed at around 80yhich is typical of
of the derivative model¥*°partly for its ability to describe quoted valued®*® The dependence of the effective atom
situations seen experimentally and partly because, despite ithffusivity on stress is given by the relation

complexity, it is still relatively simple. In addition, amongst

those 1D models which assume equilibrium statistict’

the predictions relevant to the current work are largely inde- _ a1 _ Qo
pendent of the model used. Da(0) =Dal0)exp | | 7+ 5 Jo| =~ DaO)exp | ).
The equation for the stress development, E4), is 5)

solved using a standard finite-difference scheme, with nor-

mal (symmetrig central differences for first and second spa-  (vi) The lines are pad-p&@r via-via(or stud-stuglwith

tial derivatives, except at the line ends and at regions ofarge metal reservoirs surrounding the studslvia$ line-
discontinuity in the diffusivity, where a second order, asym-width w=0.2—0.6um and of length greater than 1Q0m.
metric rule is used. The results are found to be independertines are assumed to be made from aluminum grains drawn
of both the integration time stefit and the step lengthx,  from a lognormal distribution with a median grain size of
and the scheme is perfectly stable against oscillations pra&2 um and a lognormal standard deviation®fin the range
vided, as usual, thaDe(o)At/AX? is kept within range. 0.25-0.67'%%3

Verification calculations for the model are discussed  (vii) Thermal stress ' resulting from the manufacturing

elsewhere? process is ignored, although its effects may be included in a
The complete problem is defined according to the fol-straightforward manner and are discussed in Sec. Il E.
lowing parameter list. If polygranular clusters exist within the line, where the

(i) It is assumed that the critical tensile-stress definingeffective diffusivity is(BQ/KkT) X éDgg/w, the failure crite-
void nucleation is 500 MPa, which is within the standardrion can be met significantly more quickly provided that the
guoted range of 100 MPa—1 GPa and close to the deduceduster is sufficiently long. Indeed, as with via-via failure, a
value of 600 MPa reported by Thompsat al’® In the threshold product also operates in this case, although it will
present model short-circuit failure by dielectric rupture orbe different frong‘). This can be seen easily by considering
extrusion has been ignored throughout. The atomic voluman isolated polygranular cluster of lendtlh. Here the line
) is taken to be 1.68 102°m® (e.g., Ref. 1§and the tem- may be taken to be effectively infinite with the cluster placed
perature as 500 K A reduced(dimensionlesgstress is de- centrally and with simple boundary conditions=0 at the
fined as==0(Q/xkT+1/B)= o)/ kT, which consequently ends. These boundary conditions are chosen so that the ends
has a critical value o.=1.2. The elastic moduluB is  do not influence the stress buildup in the cluster. The line is
assumed to be 50 GPa, ards the Boltzmann’s constant.  thus divided into the union  x=(-=,0)
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FIG. 2. The maximum stress in the line as a function of reduced tinen FIG. 3. Reduced failure timér) as a function of cluster length in units of

alogy scale. The interconnect here consists of a line of lengthA@0with 10 ,;m which is the criticakBlech) length for via-via failure. The reduced

a 20um cluster placed 1um from the cathode. The current densjtin  (ime pecomes effectively infinite when the cluster lengff falls below

this case is 2 MA cnf. around 1.162, or 11.62m when the failure is slow. The current density is
j=2 MA cm™2,

U[0,Lc]U (Le,») where fast diffusion takes place only in
the central regiorx=[0,Lc]. Introducing the following di- Iength becomes too low to support failure—this will be the

mensionless units: greatest reduced leng. at which the maximum value of
Qo B 8D the maximum stress profile max{=(X, 7)} is less thar,,.
3= T X=Bjx, 7= (,Bj)ZFTGBt, For clusters below the critical length the detailed conditions

at the line boundaries become important and it is these that
will eventually determine the nucleation time. However, on
= , (6) the time scale of interest this is effectively —o (and
Uetr WDegs KT hencet; — o) transition. Failure cannot now be termed early
or cluster failure and therefodé. determines a critical value
for nucleation for the produq’Lé‘).
Q _ i[ (ﬁ _ )] Figure 3 shows the failure time as a function of cluster
=Dt exp(2) 1 (7) _
ar axX axX length using the assumed values above. Here we have taken
the unit of distance to be 10m, which is the via-via Blech
length forj=2 MA cm2. Unlike jL", which only depends
upon the critical stress, E@l), the value foer(C”) also de-
pends upon the ratio of the effective grain boundary and the
effective bamboo diffusion. Thus

1 _ DgsBO

the stress equation may be written as

on the seX=(-%,0)U[0,Xc=BjLc]U (X¢, ), with failure
criterion2=3_,=Q0/kT and end condition® =0. The pa-
rameter I'qs=1 in the cluster regions andl¢s =TI
=wDg/ 6Dgg(=1/80 in the bamboo regions. Notice that in
the determination of the reduced stréssX, 7), the current
density now only appears in the reduced lenjt=BjLc,

and consequently once the prodyict is fixed, X; is fixed (L) = XE(Ecr,F)

and the problem becomes well defined. As a consequence Jcer = B

jLc determines the solution, and any critical behavior corre- " «

sponds to a critical value of this product. For a given value of = 2062 Xe(Zer, 1) - Xc(Zen 1) (jL(”)) (8)
jLc we may determine a unique stress profile and a unique Z*ep 2% 2% B e

reduced fast failure time, which only depend upon the

reduced parametels and=,. The constant of proportionalitX./23., depends upon the

A typical time variation for the maximum tensile stress ratio of effective diffusivities in the cluster and bamboo re-
which develops within the line which contains a cluster,gions (around 80 herg and also the reduced critical stress
S ma7) =max (X, 7), is shown in Fig. 2. There is an early 3, (around 1.2 Its value is around 1.16, leading to a thresh-
increase i m,d 7) due to atom migration in the cluster until old product ijL(g)=2 MA cm2x 11.6 um=2320 A cm?,

a quasi-steady-state is reached on a time scale of ordehich compares to 2000 A crhfor short lines blocked by
(LI2/DGP. This is followed by a slower increase requiring tungsten vias.

transgranularor other slow diffusion on a time scale of If the critical value for void nucleation is exceeded, a
order (L(E;‘))Z/D(e'?f and finally a gradual reduction which void will form at the cathode end of the cluster and it will
arises because of the nonlinear nature of the problem and &art to grow. The stress at the edge of the void collapses to
not seen in any linearized versions, such as Refs. 3 and 1Zero, due to the presence of the free surface. If the initial
but is apparent, for example, in Fig. 6 of Ref. 6. Clearly,void volume after nucleation if,, integrating the stress
there is a critical poinb(c=xg at which the reduced cluster equation(4) along the cluster length. yields
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L =300 due0 = ~duo, @) @) =T o M7
Baat), 7 XTIV T oid D= " o), 7ot T ax ot ax’

(13

. _where h(c)=H’(0) is a simple function of stress. In the
where we have assumed that the cluster is eﬁeCt'Veh(nodel of Korhoneret al.>

blocked at its anode-most end by bamboo grains and thus

J(0,t)=0. Integrating Eq(9) between the void nucleation B a\| o
time t,, and timet gives H(a) = Co| 1 - exy - B/~ BQ (14)
1 [t 1 (L while in Clement’s modet® where atomic recombination is
— x,t)dx=— X, thuc) X i i ies,
Bﬂfo o(x,t) BQL (X, thye) assumed to occur only in grain boundaries
) Q
t H(o-)=Co{1—ex;:<— i'” +—cvo{e><p<—") —1}
- J gbat. (10 B w kT
thuc (15)

Up to the point of nucleation the cluster effectively acts asand in the model of Parkt al,'” where atomic recombina-
though it is blocked at both ends. Consequently, the firstion occurs equally through out the cross section but vacancy
integral on the right-hand side is close to zero. Assuming thaformation requires an enerdgsu,

vacancies are also blocked at the cathode end of the void, the

increase in void size at tinteis Qhwf! J,qq(Ddt. Thus the H(o) = 00{1 . ex;{_ gﬂ e 0[ exp( Q_o) ) 1]
void volume at timet is B v kT

o ol -E2) a0
V(t) = Ag— hw f %dx, (11) KT
° Here C, is the atomic concentration under zero stress
(=071, C,o is the vacancy concentration under zero stress.
Indeed, even the original electromigration model of Shatkzes
and Lloyd"® may be cast in this simple form by setting

H(o) :Cvo[exp<(z—_?> - 1] (17)

It is clear that all models represented by E@sh—17) are
special cases of a more general expression involving both
vacancy terms as in E@Ll7) and lattice terms as in EL4).

As a consequence of E¢L3), whichever of these mod-
Ig we choose

where Ay is the initial void size. As— o the stress profile
roughly becomes(x,t— ) ==Z*qpj(Lc—x)/(2, so that the
maximum void volume is

Z* gpjLe
W—/— .

Viax=A4¢+h
max 0 2BQ)

(12)

SettingVe=(Vmax—Ao)/hw, one regains Eq3). The devel-
opment of Eqs(9)—12) is more or less identical to that
given by Korhoneret al. in Ref. 3. It is repeated here be-
cause the same argument can be extended to several of {fs
other equilibrium, 1D models used for electromigration g (‘e
modeling’’™° and to make clear that the time integrated T H(a)dx=J(0,t) = J,0id(t) = = Jy0ia(t) 9
electromigration current densitl;y(t) into the void is sim- 0
ply related to the stress profile integrated over the entire clusyssyming again that the anode end of the cluster is effec-
ter length[Eg. (10))]. This has been leveled as a criticlm tively blocked, i.e.,J(0,t) is zero. Integrating Eq9’) overt
of the model of Korhoneet al, but in fact arises as a result 5q i Eq.(10), and substitutingd =0 att=0 (no initial ther-
of the effective blocking boundary at the anode end of the 5/ stress terinandH =H(o(x,t— =) att— o, we arrive at
cluster and at the cathode end of the void so that any maximum void volume of
increase/decrease in the total compressive stress occurs due
to the current of vacancies into/out of the void. These atoms _ Q (‘e Z* gpj
can naturally be incorporated anywhere in the cluster. This Vimax= R0+ hWk_T 0 B H(_
argument is independent of the electromigration models
considered;*"*°although naturally the details are somewhatThe integral in Eq.(12) is straightforward for the cases
model dependent. (14—17), each of which generate a simple relationship be-
The validity of this argument may be seen in the follow- tween the assumed critical void volume and the related criti-
ing manner. First, all the equilibrium-1D electromigration cal cluster length. Equatiol2’) shows that the current of
models under consideratibh ° assume the same expres- vacancies pouring into/out of the void is represented in each
sion for the vacancy flux and thus the same quasi-steadycase by an integral over the entire stress profile and this does
state(J=0) solution, in which the stress in the interconnect isnot separate the models governed by Edd) and (16) as
a linear function of displacemertfrom the anode end of the has been suggested in Ref. 17. In each case, expanding the
cluster. Second, all may be written in the form of a continuitypower series for the exponential terms appearing in(Ez{)
relation. Thus yields, to lowest order ih.¢, relationships betweev,,, and

(Le- x))dx. (12)
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TABLE I. Exact values and approximationsgy, for Blech lengths ofa) 15 um and(b) 7 um. At 15 um 1%

failure is not reached until the line length is 10 mm. The integer in the bracket is an exponent to base 10. Here
z, and z, correspond to the left and right inequalities in E8). Exact results use the embedded Markov
method illustrated in Ref. 24.

(@) 15 um (b) 7 um
Line length(um) Exact 1z 1-z, Exact 1z 1-z,
40 2.713 §-5) 3.327 94-5) 2.662 4-5) 0.0219 0.0269 0.0219
100 8.857 4-5) 11.007-5) 8.806 G-5) 0.0590 0.0725 0.0588
200 1.909 6-4) 2.380 5-4) 1.904 5-4) 0.1177 0.1439 0.1173
2000 0.002 032 0.002 539 0.002 032 0.7230 0.7974 0.7218

Lc, all of which are of the formV,,,=Ag+al2/2 and thus p=w/d,=0.2. With this model, the exact probabififythat
all of which produce a version of E¢4). the longest connected cluster is greater thdge® wm and
Equationg8) and(12) or (12') define the critical lengths  7dy=14 um (corresponding to critical cluster lengths of, for
for the cluster. However, to obtain the probability of suchexample, 7um and 15um, respectively may be calculated
structures, for the nucleation and subsequent growth to failusing the method of Markov embedding and is sh@umder
ure of voids at interior points on an interconnect, we alsathe heading “Exacy’for a variety of stripe lengths in Table .
need a means of modeling the microstructure. We do thign a 2000um test structure the probability of finding a clus-

here using the model developed in Ref. 14. ter of length greater than 1&m is 0.2% while in lines of
200 um, the failure probability is 0.02%. If the current den-
B. Theory of runs sity is so high that the critical length lies in the intervalsn

<Lgit<8 um (using jL;r=2000 A/cm? this requiresj

In Ref. 14 we demonstrated that the microstructure ofypgye 2.5 MA cm?), the probability of such a failure in
fine lines could be described in terms of a simple 0ne-200 um lines rises to around one in nine. Approximate re-
dimensional model. Within this model the grain size distri-gits, which may be more easily adapted to the case,of
bution was assumed to be lognormal, and near bamboo linegg, can be obtained in the following manner.
were created by first assigning the grain sizeand then We suppose that, in general, the critical length lies in the
determining the grain statusamboo B, or cluster grain)G  range[Md,, (M +1)d,] so that failure will occur if the long-
as a sequence of Bernoulli trials with a success probabilityst cluster is greater thavid,. Define P(m) as the probabil-
(probability of the grain having a boundary lying along the jty that a cluster ofm grains has a length greater than the
interconnectof w/d. It was demonstrated in Ref. 14 that this ¢ritical length, and thus constitutes a failure unit. Bge0,
simple model is able to reproduce, more or less exactly, thgnis is clearly zero ifm<M and unity if m=M+1, ie.,
cluster length distribution and its variation on linewidth gen- P(m)=®(m-M-1/2), where®(m) is the unit step function.
erated by the 2D simulator MIT/Emsifa” Additionally, the  For finite oy, P(m) will not be a simple step function but
lognormal standard deviation of the grain size distributionsomething more gradual, Sec. Il D.

enters as a free parameter, whereas for the 2D simulator it The probability that there areclusters of lengtim in a

appears as a result of the growth process. line of N trials (graing is approximatel§?
C. The o4=0 model (Ngp™X
_ . | _ p(m) = — ——exp(~ Nqp"). (18)
It is useful to consider first the simple, but important, k!

case in which the interconnect contains grains of the same

size. A line of lengthL is assumed to correspond to a set of The probability that the maximum cluster length is less than
N=L/d, grains, each of diametek, which are cluster grains Lcrit is the probability that, for alm>0, all k(m) clusters of
(G) with probability p=w/d, and bamboo graingB) with  lengthm are less that..;;. This is the product of the prob-
probability g=1-p. Each possible interconnect microstruc- abilities, for allm, that allk(m) clusters of lengtim are less
ture can then be uniquely specified by a codeword generatdfanLc. That is,

by a Bernoulli trial. For exampl8BGGGGBBBGGBBGGB

would correspond to an interconnect of lengith 16 d, (or -z

around 32um) containing one cluster of lengthdd (i.e., PeLmax=< Leritt = [T 2 pim(1 = P(m)) ™

Lmax=4dy) and two of length @, The smaller clusters are M= k=0

unimportant for the early failure probability, what is impor- *

tant is whether or not,=4dy>Le=maxLy,LY), the =exp - X NQﬁ"> = exp(—- Np"™*).
critical length for the particular operating conditions. The m=M+1

presence of clusters may then be calculated using the theory (19

of runs from standard probability thed?§>
As an example, if the linewidth is taken as Quh and,  Consequently, the probability of early failuRy; is equal to
with a grain diameted,=2 um, the probability of “success” =1-exgNp"*Y).
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We can justify the approximation in E@18) and the o
resulting Eq.(19) in the following manner. It is possible to 1 =Pe= PLimax=< Lerid = [T 2 pim (1 = P(m))<™
show rigorously thatRef. 24 and references thergin m=1 k=0

exp(—- NpM*™) = (1 - pM*HN M < P(Lc < (M + 1)dp) zexp - X qu“P(m)) ,
< (1-gp"*H" M = exp(- Ngp"*?). i 22
(20
where P(m) given in Eq.(21). Note that in the limit ofoy

Notice that in the present case whdveis of order of per- —0, whereP(m)=0(m-M-1/2), and Eq.(19) is regained.
haps 4-12 grains, am=0.1-0.6, the difference between the
upper and lower bounds is very small so that we obtain a
very accurate estimate (L. <(M+1)dy). This accuracy is E. Effects of initial thermal stress
demonstrated in Table | wherg andz,, corresponding to the

left- and right-hand inequalities in E¢R0), are compared to The initial stresso"(x) from the manufacturing process
the exact values obtained by the method of Markovhas been neglected to this point; however, it is a simple mat-
embeddingf.“ ter to include such stress and its consequences can be signifi-

cant. From the point of view of void nucleation; (x) re-
duces the stress required from the metal migration process,
S leading to an effective critical stressxbf o, —a'(x). The
D. Lognormal grain size distribution  (o74#0) critical length for void nucleation close te, LY, will be

The grain size distribution has been found to follow areduced from Eq(2) by a factor of 1-o'(x)/a, as it is
fairly tight lognormal distribution with quoted values of the Proportional to the required stress from metal migration.
Shape factorﬂognorma| standard deviatig)md of around When the value OLg]) dominates the failures process, an
0_4_0_6:!'2'13 The 2D simulator MIT/EmSim generates real- initial thermal stress Of)'cr/Z will typ|Ca"y reduce the criti-
istic grain structures but leads to a shape factor ofal length fromM grains toM/2 grains.
gd=0,27§—8 Consequently our range of values fay is cho- The critical cluster length condition for void growth with
sen to be 0.2—0.6. The effect of a nonzero shape factor is titial stress(L.?, say, has been already obtained by Kor-
smear the step nature Bfm). One might expect most of the honenet al® (it also may be obtained from Eq10) by
conclusions above to remain true, however. evaluating the first integral on the right-hand side to be

It is possiblé* to separate the trials from the choice of o'L.? rather than zerpas
grain sizes by changing the grain size distribution to a log- * yni(] 1(@)2 T _
normal distribution with a median value df,=ds, exp(o?) 2" Gpilte )", Qo L9 - BAVer =40
rather than the original distribution, and by settiny 2T kT KT hw
=(w/dsgexp(o7/2). Essentially, local variations in the val- This may be written for the fractional change iA? com-
ues ofp=w/d, due to variations in grain size, can instead bepared to case of the zero initial strage., z=L.?/L'9) as
included in the cluster length distribution by altering the suc-
cess probabilityp and the median grain size. For analysis it Z+202-1=0, (24)
is also convenient to approximate the lognormal grain sizgyhere 6=0"L"/20, LY. At current densities for which
distribution by al" distribution with Iolgatlona(od), shape L§)~L£:”>, and with an initial stressr’ <o,/2,8 is rela-
factor b=3, and scale factorc(oy).”” The probability tively small and we may approximate L/C(g)

PHS,, <L} that a cluster ofn grains is less than the critical %(1_(;/20”)@1)_ Thus the effect of initial stress here is

clustgr Ifngth Is then related to the incomplete Gammayyo it half as great as drﬁ‘) but can still be significant. At
functior '(3m.x=(Lri—a)/c)/T(3m). Note,  for low current densities~0.1 MA cni?, where L(C”)zZOO um

Lerit <<M@, P(Sn=Lerir) =0 and forle;i > ma and LY =50 um, the ratioL"/L9~4. If ¢7=375 MPa
(i.e., 0.7%r), 6~1.5 and ng%:o.a_(g)xls um. While a
cluster of 50um represents a highly unlikely event in

0. (23

LCI‘it (X — ma)3m—1

P(m) = PI’{Sm > Lcrit} =1 _f

ma  CT(3m) 100 um lines with p=0.2, a cluster of 1um cluster will

X—ma occur with a probability of 8.%107° in lines of length

><exp(— )d 100 um, Table I, when the shape factog=0. As always,
c

this value will increase witly.
= ey 1([Lerit — mal/c)exp(— L — mal/c),  (21) It is clear that the early failure problem becomes more

severe in the presence of high initial stress. For the param-

wheree,(x) represents the sum of the terms, up to the term ireters listed in Sec. Il A, and with a current density jof

X", in the power series expansion of téx):J14 The first equal- =2 MA cm™2, the critical cluster lengths aneg):lz.s,um

ity in Eq. (19) still describes the probability that the maxi- and L=11.6 um. If ¢"=0/2=250 MPa, L(’:(”>:5.6 um

mum cluster is less thab.;, provided that the appropriate and Lég)zlo.z,um and the critical cluster length is thus re-

value of P(m) is used. Thus we obtain the final result fy;  duced from 12.8um to 10.2um (both growth dominated

as This reduction is around one grain size, so that for a line-
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FIG. 4. Failure probability; as a function of reduced cluster lengtiits FIG. 5. Failure probabilityP;; as a function of the lognormal standard
of dsg) for oy values of O(leftmos), 0.05, 0.27(the simulator valug 0.40  deviation. The exact results fary=0 are shown as circles. Plots far

and 0.50(rightmos). Here the line lengti=15505, and p=0.25 where  =7.5dg, around 15um and line length=155@s, Plots are, from top to
p=(w/dsgexp(a3/2). bottom, p=0.5 to 0.1 in steps of 0.1. Ab=0.5 for this length failure is
almost certain. As usuah=(w/dsgexp(o?/2).

width of 0.5um, with p=0.25, the probability of a failing

cluster is increased by around a factor op£A. is, as here(M +%)d50. In Fig. 5, which shows the failure
Solving Eqgs.(2) and(23) together for the transition cur- probability as a function oé for a critical length of 15um

rent density between growth-dominated and nucleation¢.e., M=7) L=1550l, andp values of 0.1-0.5, this is seen

dominated failure, with a nonzeks' (andx=\=1), yields a  as a flattening in the curves ag=0 is approached. Were the

value of Lc=L®=LY which is independent ofc”  critical length elsewhere in the intervBMdsg, (M +1)dsg]

(12.5um). Thus the transition current densify,,s is also  the flattening in the curves in Fig. 5 would still occur, but at

reduced by a factor 1" (x)/ o, a much smaller value ofry. Note in Fig. 4 that ifLgg
=13 um, i.e.,M=6 the probability of failure folwy=0.27 is
IIl. RESULTS AND DISCUSSION around 0.25 while folwy=0.5 it is around 0.97. In the im-

portant case wher@; is small the result of the simulator
The current mode]Egs.(21) and(22)] allows us to as- may be an order of magnitude or more too optimistic.
sess the importance of the lognormal standard devigtion Figure 6 shows the failure probabilify. as a function
shape factowry) of the grain size distribution on the prob- of the linewidthw for a variety of values ofry andj. Figures
ability of early failure P, in near-bamboo as-patterned alu- 7 and 8 demonstrate the current density dependené®;of
minum lines. It is clear from Fig. 4, that the value Bf; is  for, respectively, fixedoy (0 and 0.4 and a variety ofp
strongly dependent on the shape factor. This raises an impovalues(0.1-0.5 and fixedp=0.25 and a variety ity values.
tant issue as currently quoted valuesgffor real aluminum In conclusion, microstructural details are vital to line
films are in the range 0.4—-0@efs. 12, 13, and J6while
the simulator MIT/EmSim generates lognormal distributions
with a shape factor of 0.27. Clearly, for values of the critical
length around @s, or above(i.e., 12um and above in a line
of width w=pdsq=0.5 um) the failure probability foroy 081
=0.27 is orders of magnitude better than fgy=0.5. The M R
reason for this is that, although the simulator produces lines
with realistic microstructures, the variance of the lognormal
curve (for a fixed dsg) increases fairly rapidly withry. For
04=0.27 the standard deviation is 0.2B§ while at oy
=0.5 the standard deviation is 0.634 and, consequently,
for a largeroy, the high probability clusters, those with a
small number of grains, have a greater chance of causing
failure. P
It must also be remembered that in an IC with several 0B = . .
million interconnects it is those clusters several standard de- 01 o.szucoess p‘r’fbabﬂityfl',“ 0.5
viations away from the cluster mean that will determine the
failure probability. As a consequence, it is important to haveF!G. 6. Plots of the failure probabilitf.; against the linewidth parameter
an accurate value for the lognormal standard deviation. P~/ dsg)explor/2) for a range of paramete(dashed curves correspond to
. 04=0, dotted curves tary=0.27, dash-dot curves toy=0.4, and solid
Notice the convergence of the;=0.05 curve to thery

) C e curves tooy=0.5). Here the current values in MA cthare, respectivelya)
=0 curve. Convergence is fastest if the critical cluster lengthL.5, (b) 2.25, and(c) 3. Line length=155@ls.
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FIG. 7. Failure probability as a function of current dengitin MA cm™2.
(a) corresponds t@ry=0 and(b) corresponds t@3=0.4, p values of 0.1 to
0.5 inclusive, starting from bottom. The failure probability (b) for p
=0.5 is effectively unity. Line length=155€, As usual, p
=(w/dsp)exp(a3/2).

V. M. Dwyer

normal plot fairly tightly, this means that it is important to
get oy correct. We propose a 1D model of the microstructure
which accurately predicts the cluster distribution produced
by the grain growth simulator MIT/EmSim Refs. 6—-8 @t
=0.27, but which also allowsry to be set arbitrarily. The
results show that, although undoubtedly something will be
lost in reducing from a 2D model to a 1D model, for appli-
cations such as this, it is probably more important to use an
accurate value fooy.

Specifically, our analysis shows th&t; is strongly de-
pendent orry, and a change iy from 0.27 to 0.5 can cause
an order of magnitudéor more increase inP;; for typical
test conditions. The implications for the web-based 2D grain-
growth simulator MIT/EmSim, which generates grain pat-
terns with aoy value of 0.27 rather than the observed value
in as-patterned structures of 0.4-0.6, are that the simulator is
likely to significantly overestimate interconnect reliability
due to this particular electromigration failure mode.
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