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Analytic model for the development of bamboo microstructures in thin film strips
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The kinetics of the transformation of polygranular thin film strips to bamboo structures through two-
dimensional2D) normal grain growth are studied. A differential model for the evolution of the polygranular
cluster length distribution is developed. It is observed, and demonstrated using a dimensional analysis, that the
rate of bamboo-segment nucleation per unit time and unit of untransformed length is proportiehaft@and
is negligible in the growth-dominated steady state. It is also demonstrated that the cluster shrinkage velocity
reaches a constant steady-state value proportionalwo(assuming constant and unifor@). This is shown to
lead to a time-invariant, steady-state exponential cluster length distribution with an average cluster length
proportional to the strip width, and a cluster length fraction decaying exponentially mitht/w?. The
analytic model is validated through comparison with data generated using a 2D computer simulation of grain
growth. The distribution of grain lengths in the resulting final bamboo grain structure is well fit by a log-
normal distribution, with a median grain length scaling with the linewidth, and a linewidth-independent nor-
malized deviation in the grain length.

[. INTRODUCTION growth®1° This improvement is related to the change in mi-
crostructure outlined above, during which polygranular clus-
It has been well established in experiments that the geonters shrink through formation of new spanning grains in the
etry and microstructure of on-chip integrated-circuit Al- cluster interiors, and through motion of the boundaries at the
based interconnects have a direct impact on theiedge of the clusters. In recent workKnowlton et al. used a
electromigration-limited reliability.* Interconnects can 2D computer simulation of grain growifi;}2in conjunction
have polygranular structures for which there are continuougvith an electromigration computer simulatihto build a
grain boundary paths along the length of the interconnecguantitative analysis of the impact of cluster length and clus-
(see the first figure in Fig.)1This is likely when the median ter spacing, and the associated statistics, on electromigration
in-plane grain size of the film from which an interconnect isfailure time statistics. More specifically, they were able to
patterned,Dsgy, is smaller than the linewidthy. Post-  reproduce the experimentally observed dependence of failure
patterning annealing can lead to grain growth that results itime statistics on the linewidth and on the post-patterning
bamboo structures for which all grain boundary planes ar@nnealing history. Post-patterning annealing-induced grain
normal to the direction of the interconnect lenddee the structure evolution has also been observed in experiments on
last figure in Fig. 1 At intermediate stages, interconnects scanned laser annealing of Al interconnects, and was suc-
can have near-bamboo structures for which polygranulagessfully predicted using the grain growth simulatfén.
clusters with grain boundaries along the interconnect length Although reliable in its grain structure prediction capabil-
are separated by one or more grains which span the width dgfy, the grain growth simulation used is, as simulations in
the line (see Fig. 1 Lengths of line in which one or more general are, limited in speed, especially for the generation of
neighboring grains span the linewidth constitute bambodarge populations, necessary to obtain reliable statistics. The
segments. goal of this paper is to develop an analytic model for the
In interconnects with near-bamboo  structures,evolution from polygranular to bamboo structures in strips.
electromigration-induced diffusion occurs much faster alongSuch compact analytic models are needed for efficient gen-
grain boundaries in the polygranular segments than in theration of large populations of realistic process and
bamboo segments, where diffusion occurs primarily along
the Al-oxide or Al-intermetallic interface® Because grain
boundary diffusivities are orders of magnitude higher than

|

Q|ffu3|vmes in bgmbqo segments, the mggnltudes and statis- AT L LT 0.50
tics of electromigration-induced failure times and statistics NV IR TS YT 1 063
depend strongly on the distributions of the lengths of Y ATV UAY T T T 084
polygranular clusters and bamboo segméfitds the ratio '(\ I[ h):f { \,( w } '1 } ?33
of the linewidth to the median grain size of the initial metal CL v 1T v T[T 153
film decreases, the polygranular clusters in as-patterned films r‘l 1\ : : YI* H—E 358

become shorter and an increase in the median time to
electromigration-induced failure is observed, along with an  FIG. 1. Evolution of the grain structure within a strip with
increase in the deviation in the time to faildfré® However,  w/Dg,=3.0.w is the linewidth ans, is the median grain size in
if such lines are annealed, their reliability can be improvedhe film from which the line is etched:= ut/w? is the normalized

by orders of magnitude due to post-patterning graindimensionless time.
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geometry-sensitive interconnect structures, in order to prenitial number of bamboo segmer(r, equivalently, number
dict the effects of geometry and processing on the rates aff polygranular clusteys N, (not equal to zerp the nucle-
electromigration-induced damage and on interconnect reliation raten(t) is given by

ability.

In the following sections we will first present a Johnson-
Mehl-Avrami analysis in which the formation of a linewidth-
spanning grain is treated as a nucleation event and the . . C
shrinkage of polygranular segments corresponds to growth dq/here at) is th? zero-centered Dirac _distribution gnd
bamboo segments. After discussing the limitations of this.a(t)[L_I‘b(t)].dt is the number of bambop nuclea't|on
approach, we will develop a differential model which allows events occurring betweet>1o andt+dt. The first term in
line-geometry-sensitive prediction of the evolution of the the EXpression Gﬁ(t). accounts for the grovvth of the bamboo
polygranular-cluster-length distribution during normal grainsecuons present initially. In the special case that the nucle-

growth. Finally, we will use data generated with a 2D grain-2ion rate ‘a” as well as the growth rate ¢ are constant,
growth simulation to validate our analytic models.

Egs.(1), (3), and(4) lead to

No S(t—to)+a(t), (4

"0 T

No
Il. NUCLEATION AND GROWTH 1- |_-b=(1—|_-bo)exp< 1oL v(t—to)—va(t—tg)?|.
JOHNSON-MEHL-AVRAMI ANALYSIS b )

Figure 1 depicts the transformation in which we are inter-|t is also possible to evaluate the evolution of the number of
ested. As grain growth proceeds, a few grains grow to spagamboo graind\, (N, is larger, and generally strictly larger,
the width of the line, forming bamboo grains and corre-than the number of bamboo segments and the number of
sponding to “nucleation” of bamboo segments. The bound-polygranular clusterdy). Using a similar analysis, we obtain
aries shared with grains in polycrystalline segments continue
to move and the bamboo grains continue to grow unless two
growing bamboo grains meet. From this perspective, the ki-
netics of the bamboo segment formation can be treated using . o )
a Johnson-Mehl-AvramiJMA) analysis of one-dimensional WhereNy, is the initial number of bamboo grains. The JMA
(1D) nucleation and growtf? Taking L to be the total line analysis allows characterization of the evolution of the total

line, andL, the total length of bamboo segments,cL  allow characterization of the evolution of the statistical char-

—L,) with an initial valueL,,, we can apply the JMA acteristics of individual cluster lengths, which is essential for
analysis to the portion of the line, of length-L,,, initially ~ the prediction of the impact of grain structure on intercon-
available for nucleation and growth. We define the extended©ct failure-time statistics. In the following section, we will
bamboo length.¢ as the bamboo length expected to be crePresent a geometry-sensitive model that can accomplish this
ated when the effects of impingement of growing bambootaSk'

segments are ignored. if(t) is the rate of bamboo nucle-

t
Nb:NbO"'jt (L-Lpa(n)dr, (6)

ation per unit time and untransformed lendth, so that IIl. DIRECT DIFFERENTIAL MODEL FOR CLUSTER

nL.dt new nuclei form between timesandt+dt, v(t) is STATISTICS EVOLUTION

the velocity at which bamboo segments grow, agds the The guide to the development of our analytic model is a

time at which the transformation starts, then, following thefront-tracking 2D simulation of boundary-curvature-driven

JMA analysis, grain growth*®~*8The velocity of points on grain boundaries
: . is taken to be proportional to the local curvatutesuch that

Le:f L—Lyo)l (n(n)dr, with | (t :J s dr v=pux, Where the_ mobilityu is the.t_emperature—de.pendent
to( o) A)N(7) ® T () product of the grain boundary mobility and the grain bound-

(1) ary energy. At grain boundary triple junctions, a local force

) ) balance is enforced so that grain boundaries meet at 120°.
| .(t) is the length at time of a bamboo segment nucleated at Normal 2D grain growth in thin film or cellular structures
time 7. The actual bamboo lengthL, created in an interval 55 peen investigated elsewh&e” and Ref. 19 demon-
dtis only a fraction L —L)/(L —Lpo) of the extended one: girates the detailed quantitative agreement between quasi-

ideal systems such as froths and our simulation. It has been
@) shown that 2D normal grain growth leads to a uniquely de-
fined grain structure, evolving in a geometrically and statis-
_ _ ) ) tically self-similar fashion, with an average grain area in-
which after integration gives creasing linearly with both timeand mobility . (assuming
that u is uniform and constaptThe transition to this steady-
Lp state regime occurs soon after growth has been initiated,
1=Lp=(1=Lpo)exp - L—Lpo/’ (3) typically before the grains have undergone a 20% increase in
area.
whereL,=L,/L and L,p,=L,/L are the bamboo length 2D normal grain growth in strips is simulated by requiring
fractions, initially and at timeé. When the initial condition is  the contact angles of grain boundaries with strip edges to be
characterized by a value &f,, different from zero, and an 90°!! This leads to the evolution of a bamboo structure as

L—Lp .,
dLb—L_—LbOdL )
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illustrated in Fig. 1. Two strips of different width etched 70 - | - | - |

from a film with a pre-etching grain size smaller than the [ # 1=0.0, 555 clusters

linewidths will undergo similar grain structure evolution 60__ O 7=0.125, 708 clusters * ]
(their initial structure is similar to a 2D cellular structire sk 2 ::g?s;‘)lf:‘s‘;‘:* i
Differences in grain structure evolution in strips of different go F A 1210, 192 clusters o
widths can be accounted for through kinetic and geometric g40- E“nealmg me
scaling. As suggested by Fig. 1, the evolution towards bam- b5 30'_ |
boo is governed by three phases. During a finsubation 27

phase, grains in the initially polygranular structure grow to a “ 20 .
size comparable to the strip width. As the evolution pro- -

ceeds, some grains grow large enough to span the width of 10 N
the strip, creating sections of the strip with a bamboo struc- v ,
ture. This is thenucleation period, during which bamboo 0 2 4 6 8
sections continue to form, increasing the number of —In(1-%) where % is the cumulative proportion

polygranular clusters, until these polygranular clusters sepa-

rating the bamboo segments achieve geometrically stable FIG. 2. Exponential plot of cluster length distributions at vari-
Conﬁguraﬁons with grains having four sides within the Strip ous times during simulated evolution of the grain structure in a thin
interior and one side defined by the strip edge. The structurim strip with w/Dg,=1.0. Solid lines represent the best-fitting
then undergoes growth-dominatecevolution during which exponential distributions. The plot is consistent with the structure
almost no nucleation is observed, with the evolution OCCUI,_rea(:hing a steady state where the average cluster length is constant.
ring exclusively at the boundaries between grain clusters and o

bamboo segments, with the bamboo segments growing tdfatisticsnumber and lenghat the beginning of the growth-
consume the polycrystalline clusters. Given the growth condominated phase. This, in turn, depends on what happens
ditions discussed previously and the fact that in polygranulafluring the nucleation phase. _ _
lines the initial structures have an average area that is negli- 10 capture the essentials of the structural evolution during
gible compared to the square of the widththe duration of ~both the nucleation and growth-dominated phases, we will
these phases will be proportionalud/ . We can therefore first show that at any time during the evolution, the grain
define a dimensionless time= «t/w? that unifies the kinetic ~ Structure statistics are well desc_rlbed by exponentlal distri-
analysis for strips with different widths. The grain structuresbutions. We will then develop a simple analytic model of the
of two lines with different widths will be statistically identi- cluster length and number evolution that allows the predic-
cal at a givenr, after accounting for geometric magnifica- tion of c!uster and bampoo Iength_ statistics at any point in
tion. It is therefore also possible to define reduced dimentime during post-patterning annealing.

sionless variables to account for geometric scaling in the Figure 2 shows an exponential plot of the polygranular

evolution of the number of bamboo grains in a liNg (N,  cluster length distribution for a strip with a linewidth-to-
—N,w/L), the total cluster length in a lind, (L, Initial-median-grain size ratio/Dso=1.0, at many different

=L /L), the total number of clusters in a lin& (N times during all phases of the evolution. When plotting the

—Nw/L), the average cluster length,=L /N (l,=I,/w  clusterlengtt as a function of-In[1-F(l)], whereF(l.)
=L./N), and the average bamboo lenggh(1,=1,/w). All is the proportion of clusters shorter than data that fall on
of these geometric parameters scale as a function of the ré Straight line are fit by an exponential distribution function.
duced timer= ut/w?. The evolution of these dimensionless Figure 2 shows that the polygranular cluster length distribu-
variables is expected to be independent of line geometny!on IS well fit by an exponential distribution function at all
provided the initial width is larger than the pre-etching graintimes. The lines overlap for>0.5, which indicates a con-
size. stant average cluster length in this regime.

In previous worki? Walton et al. analyzed the kinetics of ~_ If we consider that during annealing-induced evolution,
the transformation of the structure of a polygranular strip tofn€ Polygranular cluster length distribution is, and remains,

a bamboo structure. The three phases of evolution were idexPonential, the problem of predicting the structure statistics
tified, and it was argued that bamboo “nucleation” occurredis réduced to the determination of the evolution with time of

randomly within the polygranular regions, leading to an ex-Poth the average cluster lendify(t) and the total number of
ponential distribution of polygranular cluster lengths. WaltonclustersN(t), or equivalently, one of these variables and the
et al. then focused on the growth-dominated phase to showptal cluster lengti.c(t). Assuming that the effect of bam-
that it was characterized by an exponential decajlaind P00 nucleqtlon on the total cluster length is pegl|g|ble, only
L., as well as by a constant value for the average clustefluster shrinkage will account for the variations lip, so
length in the strip. This behavior is consistent with an expo-that

nential distribution for the length of clusters, and with cluster

shrinkage at a constant rage’? Although it is true that the di.
growth-dominated phase is the one that governs the kinetics dt
of the bamboo transformation through the shrinkage and

elimination of polygranular clusters, knowledge of the rate ofwherev (t) is the average value of the rate of polygranular
polygranular cluster shrinkage alone does not allow completeluster shrinkage at time The variation in the total number
characterization of the evolution of the grain structure statisef clusters is caused by the increase due to bamboo nucle-
tics. To accomplish this, one also needs to know the clustegtion inside a polygranular cluster, or, equivalently, cluster

—v(HN(1), @)
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splitting events, and the decrease following cluster disap- 10
pearance by shrinkage. #f(t) is the rate of splitting events

per unit cluster length at timg as defined previously, then skt . :;ESOJ:ZS ]

assuming an exponential distribution of cluster length B . W/D50=2,0

fi(le) =[N (1) lexd —1/1,(t)], the number of clusters RL.”, WD 230

that disappear by shrinkage betweerand t+dt can be 614 . whcd0 |
50 ’

evaluated to be (t)N(t)dt/l ,(t), which leads to the second

Normalized Cluster Shrinkage Rate

evolution equation: 4}

dn t)L(t t N*() 8 2

gt~ 2O —v (O ®
These equations can be recast in terms of the reduced dimen- of— 1 v
sionless variables previously defined and two dimensionless 00 04 08 12 16 20 24 28
parametersp = (w/u)v and a=(w%/ u)a. At this point, Normalized Time fut/w

knowledge of the initial conditionk;(0) andN(0) and the
profiles ofa(7) andu(7) allows solving Eqs(7) and(8) to
determineL.(t) and N(t). It is important to note that, as
mentioned earlier in the section, the evolution of the normal
ized variables in the case/Dg>1 is independent of line
geometry, which implies tha andv depend on geometry growth regime. This behavior is expected since during the
only throughr. This, in turn, proves that the rate of cluster steady-state phase, clusters have stable geometries which are
splitting “a” is proportional to u/w® and the shrinkage ve- immune to an internal bamboo nucleation. Therefore, a rela-
locity v is proportional tou/w. tively good approximation would be to takgt) to be con-

The rate of cluster shrinkage has been investigate§tant during the nucleation period in the time interval
previously.lz In the growth-dominated regime, most [to,tll], and zero at other times. This is confirmed by. the
polygranular clusters are bound by pairs of four- and five-data in Fig. 4, fo_r the evolution of the simulated normallzed
sided graingcounting the strip edge as a sideith a series Pa@mboo nucleation rate UJ)dN,/dr, an overestimate of
of five-sided edge grains between them. The Mullins—vorfh€ normalized cluster splitting rage=(w*/u)a, as a func-
Neumann law can be used to show that the rate of clustdfon of 7= ut/w?. The plots coincide within statistical varia-

FIG. 3. Evolution of the normalized cluster shrinkage rate
=—(1/N)dL./dr with 7= ut/w?. The plots coincide for initially
polygranular lines W/Dsy>2), confirming that the shrinkage rate
s proportional tou/w.

shrinkage is constant and proportional tev1/ tions for initially polygranular linesW/Dsy>2), confirming
that the nucleation rate is proportional ggw®.
1dA, 27 u Using, as a simplification, a cluster-splitting raat)
v=20 dat - 3w’ (9 such as the one defined above, and a constant shrinkage ve-

locity, the coupled equationd) and (8) can be solved ana-
whereA, is the area of a four-sided edge grain and where ifytically to obtain the following:
should be noted that when using the Mullins—von Neumanfor t,<t<t,,
analysis for the rate of shrinkage ofa(Lndividual grains in L
strips, the strip edge counts as two sifte$he time evolu- _ 1 2
tion of the normalized velocity as defined in E@) is de- Le=leo ex;{ a Lal_v()v(t_tO)_EUa(t_tO) (10
picted, for several linewidths, in Fig. 3. The plot confirms
that the average shrinkage rate is constant in the steady-state
regime, and the fact that all curves overlap confirms that this
rate is proportional tau./w. The average value of the shrink-
age rate in the steady state exceeds the predictions ¢BEQ.
by about 20%, a difference that is accounted for by the high
velocities associated with bamboo nucleation at the edge of a
cluster. At the early, nucleation-dominated stage, the values
of v are variable and higher, which is expected since, fol-
lowing Eg. (7), it is v and nota that accommodates the
topology-driven cluster length variations due to random
nucleation events.

An analytic assessment of the rate of cluster splitting per
unit time and unit lengtha(t), is more complex. This rate is
expected to depend on the average grain size at a given time,
as well as on the deviation in the grain size, since it is the g1, 4. Evolution of the normalized bamboo nucleation rate

number of grains that are bigger than a cert_ain Width-relate@m__c)d N, /d7 with 7= ut/w2. These plots have been obtained af-
threshold that affects the number of nucleation events. HoWer averaging highly variable instantaneous rates over longer times.
ever, as can be seen in Fig. 4, and will be discussed in thehe plots coincide within statistical variations for initially
next section, simulations indicate that significant clustempolygranular lines \W/Dg,>2) showing that bamboo nucleation is
splitting through nucleation occurs only during thecle-  only significant during the nucleation phase and that the nucleation
ation period, and is essentially absent during the steady-stateate is proportional tqu/w?®.
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TABLE I. The parameters for simulations of grain structure
evolution in lines with different widthsv that minimize the error

€= <|092(I_-c/|:cjit)> + <|ng(|_av|_av7fit)> + <|092(N/Nfit)> .

W/Dsy To=pmto/W? 7 =put;/w? y=vw/u a=aw®/u. Error
7.05 0.16 0.75 3.96 0.74 0.026
5.81 0.16 0.75 3.84 0.66 0.020
5.0 0.18 0.75 3.88 0.64 0.022
4.0 0.15 0.75 3.50 0.80 0.013
3.0 0.12 0.75 3.76 0.84 0.019
2.0 0.0 0.75 3.38 0.60 0.018
1.25 0.0 0.45 3.34 0.78 0.024
1.0 0.0 0.40 3.84 0.70 0.035
0.75 0.0 0.35 4.44 0.52 0.055
0.5 0.0 0.35 4.92 0.28 0.096
and
1 -1
Iav(t)_( +a(t—to)) : 11
IavO
and fort>ty,
LC=LC(t1)ex%|v(tt1)> (12
avl
and
lalt) =lats). (13

That the average cluster length reaches a constant vigjue (
reaching a constant value means also thateaches a con-
stant value proportional ta) is in agreement with Walton'’s
results!* We also note, as a final remark before discussin
simulation results, that Eq5) obtained through the JMA
analysis and Eq(10) above are identical, as would be ex-
pected for nucleation at a constant rate and growth at a co
stant velocity.

1.000,

w/Dg=0.5 é
WiD,,=0.75 ]
w/D,=1.0 :
W/Dy=1.25
w/D,=4.0 _E
- w/Dg=5.81 E
WDy, =7.05 ]

0.100
=~ E

L./

0.010F

0.001 . L

1 2

3
Normalized Time },Lt/w2

FIG. 5. Evolution of the normalized total cluster length
=L./L with 7= ut/w?. The plots coincide for initially polygranu-
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0.4
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Normalized Time pt/w

FIG. 6. Simulated evolution of the normalized number of clus-
ters N=Nw/L with 7=put/w?. The plots overlap for initially
polygranular lines. Solid lines represent the predictions of the ana-
lytic model.

IV. SIMULATION RESULTS AND DISCUSSION

We have used the grain growth simulation discussed in
Ref. 11, 12, and 20 to generate grain structures in strips with
different widths, and compared the evolution of the
polygranular cluster statistics observed using the simulation
with predictions made using the analytic model derived
above. Table | shows values for various error-minimizing
parameters obtained using the simulation.

The simulation shows that during 2D normal grain growth
in strips, the incubation periog is approximately 0.1%%/ 1
for wide, initially polygranular lines\W/Ds,=3.0). The in-
cubation time decreases rapidly with strip width, and is al-
ready zero fow/Dgy=<2.0. The nucleation period lasts until
t,~0.75~?/ u for all polygranular lines. The fact that and
a have constant values €3.8=0.2 anda~0.7+0.1) for
all polygranular lines W/Ds¢=3.0), regardless of the line-
width in the growth-dominated regime, validates the assump-

Yions of the analytic model. The value ofis consistent with

the Mullins—von Neumann analysis described above after
accounting for the high velocities associated with bamboo
nucleation events. Figures 5, 6, and 7 show the evolution of

1 0 T T T T T T
W/D50:0.5
w/D, =0.75
W/D50= 1.0
W/D50= 1.25
w/D,=2.0 |

w/Dg=4.0

1.5
Normalized Time ut/w2

0
0.0 0.5 1.0 2.0

FIG. 7. Simulated evolution of the normalized average cluster

lar lines /Dsg>2). Solid lines represent the evolution predicted length|,,=I,,/w with 7= ut/w?. Solid lines represent the predic-

using the analytic model.

tions of the analytic model.
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FIG. 8. Log-normal plot of normalized bamboo grain length
I, /w distributions in the bamboo structures, resulting from simu-  FIG. 9. Normalized total number of bamboo nucleation events
lated prolonged annealing of polygranular strips with differentas a function ofw/Dsp.
widths. The overlapping curves for different valuesndD 5, show
that the distribution of the values &f/w is linewidth-independent. V. SUMMARY

The solid line represents the best-fitting log-normal distribution. N )
We have developed a geometry-sensitive analytic model

for the evolution of the grain structures of initially
polygranular thin film strips to bamboo grain structures. The
model is in agreement with the partial results predicted using
reaches a constant value of about@rresponding to an ?mocﬁ:ed Jogn;son-l\él_ettwl-?r\}/ ralr_nl analy5|stof tge trar:jsforma-f
average cluster length of twice the linewiglitihe coinci- lon. The model predicts he ine-geometry cependence o
the two transformation parameters, the bamboo nucleation

dence of the curves for the wide lines//Dso=3.0) is a rate and the polygranular cluster shrinkage velocity. The
validation of the geometric scaling analysis presented earlier. POlyg 9 Y

The time to reach 90% bamboo structéieterms of length model also allows prediction of the time and geometry de-
fraction) for wide lines is about 1.88%/ u, and the final pendence of the polygranular and bamboo segment length

bamboo structure has grains with an average length of abod{'stributions. For initially near-bamboo lines/(Ds=2.0),
9 g 9 the model's predictions are still in agreement with the simu-

2.1 times the linewidth. Figure 8 shows that the distribution,_: i
of the final bamboo grain lengths normalized by the Iine-lat'on’ but the geometry depen_de_nce of the nucleation rate
width is width-independent for initially polygranular lines, as and th? <_:I_uster shrinkage ve_IOC|ty IS exp_ectedly hot the same
expected with geometric scaling, and is well fit by a Iog_as for mmally polygranular lines. Evo!ut|on from the near-
normal distribution. Figure 9 shows the normalized totalb"’”‘an0 reg!mizi:an_ be analyzed using parameters d.er.lved
number of bamboo nucleation event,C Nyo)w/L as a from'5|mulat|on . With these qompact ar)alytlc models it is
function of w/Dgy, demonstrating that the total number of possible to generate appropriately varying grain structures
50> for simulations of interconnect reliability, eliminating the

t_)amboo nucleation events is proportionalLitDs _fqr_ ni- need for time-consuming multiple simulations of grain struc-
tially near-bamboo linesw/Dgy<2.0) andL/w for initially ture evolution

polygranular lines\{/Dgo>2.0), the latter result being con-
sistent with the geometric scaling discussed earlier.
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in lines with different widths. We note the exponential decay
of L andN during the steady-state phasex(r;), while [ ,,
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