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Electromigration phenomena in metallic lines are studied by using a biased resistor network model. The void
formation induced by the electron wind is simulated by a stochastic process of resistor breaking, while the
growth of mechanical stress inside the line is described by an antagonist process of recovery of the broken
resistors. The model accounts for the existence of temperature gradients due to current crowding and Joule
heating. Alloying effects are also accounted for. Monte Carlo simulations allow the study within a unified
theoretical framework of a variety of relevant features related to the electromigration. The predictions of the
model are in excellent agreement with the experiments and in particular with the degradation towards electrical
breakdown of stressed Al-Cu thin metallic lines. Detailed investigations refer to the damage pattern, the
distribution of the times to failur€TTFs), the generalized Black’s law, the time evolution of the resistance,
including the early-stage change due to alloying effects and the electromigration saturation appearing at low
current densities or for short line lengths. The dependence of the TTFs on the length and width of the metallic
line is also well reproduced. Finally, the model successfully describes the resistance noise properties under
steady state conditions.
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I. INTRODUCTION then characterized by two parameters: the median time to
failure, tsq, and the shape factos, wherets, is the time
The phenomenon of electromigratigEM) is typical of  corresponding to the failure of 50% of the lines in the statis-
metallic conductors and consists of a nonsteady atomic transical sample ands is the lognormal root-mean-square
port driven by electronic currents of high densifThe non-  deviation! This distribution has been observed in many EM
steady atomic transport gives rise to the formation andailure test$781%and, recently, new testing technigtfes
growth of voids and hillocks in different regions of the con- allowing the analysis of very large statistical samples, have
ductor (EM damage!? This damage cumulates progres- ShOWﬂ_ that the TTF distribution follows a perfect I(_)gnor_mal
sively and, when the current is applied for a sufficiently longbehavior down to four shape factdfsin spite of this evi-
time, a void grows enough to break completely the metallicdence, no satisfactory eplanation has been given until now
line, implying an irreversible failure process. The time re-for the lognormality of the TTF distributioh?®
quired for this process defines the time to fail@@F) of ~  The second assumption concems the independence of the
the metallic liné2 (though alternative failure criteria can be distribution shape factor of the stress conditions. Actually,
found in the literaturk3). The importance of EM is largely Was found to be independent of temperature in all the range
due to the fact that it is the most common mechanism off values usually considered in accelerated test5™14On

failure of the metallic interconnects present in any electronidhe contrary, a broadening of the distribution has been ob-
devicel® As a consequence, a huge number ofServed atthe lowest current densities used in these’ééts.

experimentd16 and theoretical-2 studies have been and This broadening of the distribution at low stress conditions
are yet devoted to the subject, especially in the context opas crucial implications on the evaluation of the minimum

modern nanoelectronics. time to failure, i.e., the time corresponding to the first failure
The central issue in EM degradation phenomena is th@f @ line of the family’® We will discuss this point in Sec.

determination of the TTF and its statistical properfigs. Il B together with the results of our simulations.

TTFs are measured under very high stress conditions The third assumption concerns the validity of the follow-

rents and temperature much higher than those correspondifigg empirical law, known as Black's la;-** relating tso to
to the usual operating conditions of the devijcesthe so  the current density, and temperaturer:
called accelerated testd.The extrapolation to normal oper- E
ating conditions is generally performed on the basis of three tso=Cj™" exp{k—T], (1)
frequently adopted assumptioh$ First, TTFs are taken to B

follow a lognormal distributionwhich means that the loga- whereC is a fitting amplituden the so called current expo-

rithms of TTFs are normally distributedThis distribution is  nent,E the EM activation energy ank} the Boltzmann con-
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stant. The validity of this law is confirmed by many  Another class of EM models has also been developed in
experiments$-3 However, the simple power law behavior de- the literaturé?®?® based on a “coarse grain” random resistor
scribed by Eq.(1), generally holds in a limited range of network(RN) approaci#!-34Actually, the use of this kind of
intermediate current densitiés® At high current densities, model is particularly appropriate in consequence of the
another power law with a differerthighel) exponent is fre-  granular structure of the materials used for the interconnects.
quently observed and usually attributed to Joule heatingndeed, it has been observed that the atomic transport
effectst-323while at low current densitiels, deviates from a hrough grain boundaries and interfacgsnsport channejs
power law, showing a tendency to diverjeFurthermore, far exceeds that through the bulk of the grdidherefore,

even in the intermediate range pfalues, there is no agree- it is generally possible to neglect mass transport everywhere

ment in the literature about the value of the current®XCePt within these channels and to describe the film as an

exponent—31723\We will come back on this subject in Sec. interconnected 2r(1)etwork of atomic conducting péths.
: . Bradleyet al~® were the first to propose and apply to the
[l B, discussing our results.

The geometry of the line plays a crucial role on the EM study of EM a kinetic version of the random fuse motfel.

: . Th namic fuse model introduced by these aufffors
damagé=392" In fact, the depletion and accumulation of . - dynamic y

2 . . o adopts a failure criterion for the elementary resistor of the
mass in different regions of the film, under the driving force e qyork suitable for the description of the EM process. The

exerted by the electronic current, determines the growth ofregictions of this model concerning the damage pattern and
mechanical stress gradients. The last ones give rise t0 afrEsmaximum and minimum TTF, relationship of the me-
atomic back-flow which contrasts the EM procé$8/As  gian time to failure with the current, the temperature and the
the strength of these gradients depends strongly on the linge geometry shows the effectiveness and the potentiality of
geometry;*°2" geometrical parameters have a fundamentajne resistor network approaghHowever, the model of Bra-
role in the occurrence of failures. In particular, the competi-d|eyet al.cannot describe many other features of EM. In fact
tion between the driving force of the electronic current andnis model, though giving a good description of the driving
the action of mechanical stress gradients, results in the exigprce of the electronic current, does not take into account the
tence of a current density threshold below which EM iSantagonist action exerted by mechanical stress gradients. On
stoppedt’ This condition was expressed by Blech andine other hand, the competition between these two effects is
Herring?’ in the following equation which relates the thresh- agsential for giving rise to a threshold current for Ef1.

old current density with the length of the line: Therefore, all the phenomenology related to the Blech's
law' 2927 and saturation effectscannot be accounted for
(jL). = (QaAU), ) within Bradley’s model. Moreover, this model completely
(pZ* e) neglects Joule heating effects which are present in the high
stress conditioA:?
where(), is the atomic volumeA o is the maximum value of Here, we illustrate a theoretical approach to EM which

the mechanical stress difference between the line terminalsims at studying the different features associated with this
that a line of lengthL can bearp is the resistivity of the line, phenomenon within a unified theoretical framework. Simi-
e the electronic charge and* an average effective larly to the approach of Bradlest al., our study is performed
charget>2’ Equation(2), known as Blech’'s law’ defines by renouncing to provide a description of the kinetics at an
the so called threshold produdiL).. We will discuss the atomistic level and by adopting the RN approach, thus focus-
role of the line geometry on the EM failure process in Secing on the correlations established by the electronic current
I C. among the different components of the syst@rains, clus-

Another fundamental ingredient in the understanding ofters of grains, interfaces, etc., i.e. atomic transport channels
the EM damage of interconnects is represented by the granttowever, in contrast to the dynamic fuse motlele use the
lar structure of the materials employed, Al, Cu, Ag, Al alloys, biased percolation modé};®” which adopts a probabilistic
etc1~2 Furthermore, it must be noted that a high degree ofailure criterion for the elementary resistor of the network.
disorder is usually present in alloy filnigypically Al-Cu, = The EM damage is described in terms of competition be-
Al-Si) due to alloying effects!®'%28-30and to thermal tween two biased stochastic processes taking place in a re-
gradientst? sistor network® Then, by means of Monte Carl@VC)

A large number of models has been proposed for the studgimulations, we are able to study a variety of relevant fea-
of EM.17-25 Many of them are microscopic models which tures of EM degradation. Early stage results have been pre-
address the problem of identifying the mechanisms resporsented in Refs. 28 and 38. In this article, we present a com-
sible for the degradation process in terms of the peculiaritieprehensive study which includes many fundamental new
of the material considereld:21:2224.25Then, by using appro- features.
priate kinetic equations, some specific features of the damage As a first we will show results concerning the damage
process are determined and compared  withpattern, the resistance evolution and alloying effects. Then,
experiments?®21.22.24.29f the peculiarities of the material are large attention will be devoted to the behavior of TTFs. We
sufficiently well accounted for, the predictivity of these mod- will show that the model correctly predicts a lognormal dis-
els is very high®?1-25and therefore they can be very useful tribution for them, perfectly superimposing with the experi-
for applicative purposes. However, the approach used bynental one. The dependence of the parameters of the TTF
many of these models intrinsically limits their predictivity to distribution on temperature and current has also been inves-
some specific features of the EM damage. tigated. Black's la#?26has been recovered not only for low
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but also for high current values and the current exponents amgegligible T,,=T, and the regular resistors are all equal to
in good agreement with the experimental results in bothro=ry(To). The impurity resistors of resistancg,<r, are
cases. By using a rectangular geometry, the dependence a$sociated with the formation/dissolution of Cy/lrecipi-
TTFs on the length and width of the metallic line has beentates (low-resistivity clustey during the stress conditions.
investigated, so that, for a fixed width, Blech’s fef#’has  Thus, they account for the variation in the alloy composition
been tested and a general expression has been obtained fauring the EM test due to the electron wind and/or to thermal
the dependence of TTFs on both length and width. Finallyeffects (alloying effect3.!2:28-3CFinally, the broken resistors
but not of minor interest, we have considered resistance sateorrespond to the presence of microvoids at the grain bound-
ration effectd and the properties of resistance fluctuations,ary and, possibly, inside the grains. These broken resistors of
by focusing on the non-Gaussianity of the distribution and orresistance o (OP stays for open circyitire thus associated
their power spectrum. Thus, our approach is able to accountith very high resistivity regions inside the line. Here, we
for a phenomenological scenario much wider than that conhave takerrop=10°r,. The existence of temperature gradi-
sidered by all existing EM models. ents due to current crowding and Joule heating effects is
Finally, we emphasize the fact that the interest in EMaccounted for by taking the local temperature of thth
phenomena is not limited to strictly applicative and practicalresistor(regular, impurity or brokenof resistancer,, given
purposes. Indeed, the understanding of nonequilibrium andy the following expressiof*
failure phenomena in disordered systems represents a funda-

N .
mental topic which has attracted a large attention in the re- B > L, >
cent literature?=37:3%-49n this respect, it must be noted that Th=To+ Al Tnin neig mzzl (mpimn = Faln) [ (4)

EM, which occurs in granular materials, in the presence of a
significant disorder, driven by an external bias and contraste@hereA is the thermal resistance of the single resistgg;g
by growth of mechanical stress gradients, exhibits practicallys the number of first neighbors of theth resistor,i, the
all the main ingredients to represents a paradigmatic exampleurrent flowing in it and, , is the current flowing in then
of a failure process in a disordered system. -th neighbor. The valuB=3/4 ischosen to provide uniform
The paper is organized as follows. In Sec. Il we brieflyheating of the perfect network, i.e. made by identical resis-
survey the theoretical model and define the parameters dérs. Equation(4) is the Fourier equation written by taking
interest. In Sec. Ill we present the results in connection witlthe simplifying assumption of instantaneous thermalization
(A) resistance evolutior{B) stress conditiongC) geometri-  of the resistor, i.e. by taking a stationary regime and neglect-
cal effects(D) resistance saturation and fluctuations. In Secing time dependent effects in the heat diffusfétunder this
IV we draw the main conclusions. hypothesis, the diffusive term must balance the term related
to the power supplied by the external current and generated
on the resistor or transmitted to it by mutual interactions. A
simplified form of Eq.(4), not including thermal exchanges
We describe a thin metallic line of length width Wand ~ with neighbor resistors, has been first proposed by Gétgl
thickness,, as a two-dimensional resistor network of rectan-al.2® For a perfed® or nearly perfect network of resistance
gular shape and square-lattice structure. The network of réR,, when a mean-field approach is meaningful, the average
sistanceR is made byN, andNyy resistors in the length and temperature increase is tHfis
width directions, respectively. The external bias, represented _ 2 _ 2
by a constant voltag% ora c}:)nstant currerlt is applied to AT = AR Nio = Rl (5)
the RN through electrical contacts realized by perfectly conwhere §=A/N, is the structure thermal resistance.
ducting bars at the left and right hand sides of the network. The EM damage, consisting of the formation of micro-
Thus, the total number of network resistqexcluding the  voids under the action of the electron wind, is simulated by a
contact$ is Nyo:=2N; N\y+N_ —N,,. Each resistor can be as- stochastic process of resistor breaking. In other terms, we
sociated with a single grain, a small cluster of grains or arconsider that the transformation of theth resistor(regular
interfacial path. By denoting witk the average size of the or impurity) into a broken oner,—rgp, can occur with
grains, of the grain clusters or of the interfacial path, theprobability Wop,. By adopting the biased percolation
values ofN_ and Ny can be related to the ratids/d and  model®®3” we have taken the following expression for
W/d, respectively. The network lies on an insulating sub-Wgp,:
strate at temperaturg,, acting as a thermal bath, and it is
made by three kinds of resistord) regular resistors(ii) Wop,n = exf~ Eop/ksTnl, (6)
impurity resistorsiii ) broken resistors. The regular resistors yhere E, is a characteristic activation energy. In fact, Eq.
are associated with grains of “normal” resistiviyoid free). (6 coupled with Eq(4) implies that the void formation pro-
The resistance of these resistors depends linearly on tempeigsss is a biased percolati$fe? This means a probability of
ture, according to the expression breaking a resistofgeneration of microvoidshigher for re-
_ _ sistors crossed by high current vali#€$’ Thus, the breaking
Mregn(Tn) =Trel 1 + a(To = Trep)] © probability is nor):uniform for the different resistors in the
wheren is the resistor labely the temperature coefficient of network and it changes with time. We note thalpp, de-
the resistancéTCR), T, the local temperatur€l,¢; andr;  pends on the current distribution, which in turn depends on
the reference values for the TCR. When the Joule heating ihe network configuratioff3” As the last one results from a

Il. MODEL
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progressive accumulation of damage, the history of the neten Al-0.5%Cu lines. The tests have been carried out at dif-
work is partly accounted for by the biased percolation modelferent currents and temperatures by adopting a 2-metal level

The effect of the atomic back-flow, which contrasts theconfiguration with tungsten via$ and by using a 20% rela-
EM, is simulated by introducing a recovery process consistlive resistance variation as the failure criterion. The lines
ing in a stochastic healing of the broken resist§§:5° used in the tests were 30@0n long, 0.45um wide and

Therefore, the transformationop— req, is allowed with 0.8 um thick. The last thermal treatment undergone by these
probability ’ lines occurred during fabrication and it consisted of a high

temperature annealing followed by a rapid cooling. This

We,, = exd— Ex/kaT,], 7) treatment left a none_quilibrium concentration of Cu dis-

’ solved into the Al matrix. Therefore, in the early stage of the
whereE is a recovery activation energy. Furthermore, theEM test, the heating associated with the stress conditions

variation of the line composition due to alloying effects is 91VeS rise to a formation of Cuplprecipitates. The low re-
described by allowing the stochastic transitidhsteg, StV of these clusters and, mainly, the reduction of the
—Timp @Nd Finp— Tregn OCCUMTING With probabilitiesWe, internal disorder, i.e. the reduction of the number of scatter-

_ > ~ " . ing centers of Cu in the solid solution, cause an initial de-
=exf-Er/ksTn] and Wirn=exii-Er/ksTyl, respectively, crease of the line resistanEeHere, we consider the data

whereEg andEg are two characteristic activation energies. j,. .14 2T=492 K. shown in Ref. 28. and the data ob-
By adopting this description of alloying effects, we are lim- y5ineq afr=467 K, reported in the following section. In both
iting ourself to consider the change in the elementary resisgages the stress current density \j:a8 MA/cm?. The resis-
tances due to a variation inside any grain or cluster of graingynce of the lines at the reference temperafligg=273 K
(single resistor of the number of Cu atoms dispersed in the,; ¢ Rine= 259 () (averaged over a family of 40 samples
matrix or present in small CuAlprecipitate?® while {f{e TCR was 3.6 1023 K-L

_ The initial configuration of the RN can contain some ini-  The yalyes of the parameters used in the simulations have
tial concentrations of broken and impurity resistgsg, and  peen chosen as follows. We have taken the values corre-
Pini» respectively. Alternatively this initial configuration can g,onding to the actual stress conditions and to the physical
be chosen as the perfect ong;=0 andp;;*=0. The net-  parameters of the metallic line whenever possible, i.e., when-
work evolution is obtained by Monte Carlo simulations eyer it was possible to make a direct correspondence with the
which are carried out according to the following iterative ,nqel parameters and the line properties and when this
procedure. - . choice was not too heavy computationally. The remaining

(i) Starting from the initial network, we calculatg} and  parameters have been chosen to fit the experimental results
the network resistancR by solving Kirchhoff's loop equa-  ang/or to reduce the computational effort. Concerning this
tions. Moreover, we calculatfl,} by using Eq.(4). ~ point, we notice that the present approach allows for a direct

(if) OP andriy, are generated with the corresponding simulation of lines with ratid_/W up to =~150. To describe
probabilities Wop and Wg, and the remainingreq are  the resistance evolution of lines characterized by higher val-
changed according t0T,}. Then{i,} and{T,} are recalcu- yes of this ratio, as the lines tested in the experiments shown
lated. in the next sectioiwherelL/W=6667), we have adopted the

(i) OP andriy, are recovered with probabilitiész and  following further approximation. The network is taken to
Wir, respectively, and the resistanags, are changed again represent the region of dominant void growth inside a longer
according to{T,}. line, i.e., the region responsible for the resistance variation of

(iv) {in}, {To} andR are recalculated. the line. We can take the length of this region givenLtiy,

This procedure is iterated frofii), thus the loofii)«(iv)  whereF is an integer number. Thus, in the initial conditions,
corresponds to an iteration step, which is associated with R, ;,.=FR,. On the other hand according to the above as-
unit time step on an arbitrary time scale to be calibrated bysumption we havé\R;,.=AR. Therefore, the relative resis-
comparison with experiments. Depending on the parametaance variation of the whole line can be expressed as
values, which are related to the physical properties of the INAR; ../ Ry jine=(1/F)(AR/R,). We underline that this approxi-
and to the external conditions, the two following possibilitieSmation is used only to check the model by a direct compari-
can be achieved during the iteration procedure: irreversiblgon of the measured resistance evolutions of long liFées
failure or steady-state evolution. In the first case, at least ong, |atep and the evolutions calculated by the present model
percolating cluster of broken resistare., a cluster connect- (Fig. 3, latey. All the other results concern short lines and do
ing the top and the bottom of the netwpris formed and  not make use of the above approximation.
thus the resistanc® diverges® In the second case, the net-  Thus, except when differently specified, we have used the
work resistance fluctuates around an average vd@®bé€satu- following values of the parameters,=12, N, =400,F=1,
ration value.*>°0 The average over the statistical ensembleT,=492 K, |=JW4,=10.8 mA(which corresponds to the val-
(different realizations of the failure of networks with the ues ofj, W andty, used in the EM tests cited aboyex
same parameters and in the same external condjtafrthe  =3.6xX 102 K™, T,;=273 K, r,,=0.048Q, lmp=0.016().
values of the fraction of broken resistors corresponding td=or the long lines used in the EM tests, wher 200, this
the appearance of at least one percolating cluster, is calleghlue of r,s provides the correct value fdR!'¢, reported
the percolation threshold and it is denotedpas? above. Moreover, we have takés2.7x 10° K/W. Accord-

To check the model we have considered EM tests pering to Eq.(5), this value ofA provides an initial heating of
formed with a standard median time to failure technicfue the network of 8.3 K, comparable with that estimated in the
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5 i _ T,=467K
o 15 Width = 12 (arb. units) 540 ,
% : ) [ j=3.0 MA/cm
% 1.0 r g'é 520 L
& g
05 | ! -4 -
- S N
. ; i ; 500 |
0.0 M
0 500 1000 1500 2000 2500 t: |
. o . T _—
Time (arb. units) P J T
480 L5 6
TR TR R 0 1x10 210
pigiiealisslanin inlan ik s Time (s)
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BH el EL i FIG. 2. Experimental resistance evolutions of seven Al-
HLH STy S 0.5%0.5Cu lines stressed at=467 K by a current density
(b) =3 MA/cm? (which corresponds tb=10.8 mA within the modgl

) ) ) The resistance is expressed in Ohm and the time in seconds.
FIG. 1. (a) Typical resistance evolution of a X248 network.

The values of all the other parameters are specified at the end ¢froken resistors. Therefore, after a given amount of time
Sec. Il. The stress conditions are10.8 mA andT;=492 K. The (re|axati0n time of the a||0ying proc@sg;he concentration of
resistance is expressed in Ohm and the time in arbitrary units cofhe impurity resistors reaches its steady-state aloerre-
responding to the number of iteration stei. Damage pattern at sponding to the temperatufig+AT. On a longer time scale,
the iteration step=2150 of the evolution shown i@). The differ-  na fraction of broken resistors increases and the network
ent gray Ieve_ls, from black to white, arfe associated with diffefgnt becomes more and more unstable. This implies an increase
values, ranging from 492 to 700 K with a step of 10 K. of both the resistance value and the resistance fluctuations, as
shown in Fig. 1a). Finally, at a given timetime to failure
experiments of Ref. 28. The initial network configuration the fraction of broken resistors reaches the percolation
corresponds tq;, =0 and pi;P=0. Furthermore, we have threshold andR(t) diverges. Figure (b) reports the damage
taken Egp=0.41 eV andEz=0.35 eV as reasonable values pattern just before the final failure. Precisely, this figure
for the activation energieEop and Ez. We notice that the  shows the temperature distribution inside the network: the
value of Egp controls the range of the time scale, neverthe-hroken resistors are the missing ones while the different gray
less this range is in any case arbitrary within our modeljevels, from blackcold) to white (hot), correspond to differ-
Thus, the value oEop can be considered as a free parametelent T, values ranging from the substrate temperature up to
which can be chosen with the purpose of saving computazoo K, with a temperature step of 10 K. The damage pattern
tional time. More crucial is the choice di, whose value mainly consists of a channel of broken resistors elongated in
sets the importance of the recovery proc€sse. the  the direction perpendicular to the current flow, a characteris-
strength of the atomic back-flow due to the mechanicatic feature of the biased percolati8h3’ This simulated dam-
stress. Consequently with this choice Bbp and Eg, the  age pattern reproduces well the experimental pattern ob-
values ofEg, andEr have been taken sufficiently small to served by scanning electron or x-ray microscopy in metallic
account for the separation of the temporal scales of the voigines which are failed due to EM2-15.16
formation and of the alloying processes, observed in the ex- Figure 2 shows the resistance evolutions of seven Al—
periments. Here, we have takez=0.22eV andEr  0.5%Cu lines measured in the EM tests performedT at
=0.17 eV. =467 K, as described in Sec. Il. These lines were stressed by
a current densityj=3 MA/cm? which corresponds td
. RESULTS =10.8 mA. Figure 3 reports the resistance evolutions ob-
tained by simulations. Here, different curves correspond to
different realizations of failure. In this case, we have taken
Atypical resistance evolution and the corresponding damiNy,=12, N, =400, F=200, Ty=467 K, r=0.0440, rin,
age pattern near the final failure are reported in Fig®.dnd  =0.006(), p,,;=(2.5+0.2 X 1072 (the broken resistors in the
1(b), respectively. In this casd, =48 while all other param- initial network configuration are supposed uniformly distrib-
eters take the values specified at the end of the previousted), while the remaining parameters have the same values
section. In Fig. {a) we observe a resistance drop at the earlyspecified at the end of Sec. Il. The time scale in Fig. 3 has
stages of the evolution due to the generation of impuritybeen calibrated according to the following procedure. The
resistors. This processyq,— I'imp Simulates the variation of statistical sample tested in the experiments was composed by
composition of the line associated with the initial precipita-thirteen lines and the resulting median time to failug,
tion of part of the Cu dissolved in the Al matrix, as discussedwas:tsgex,~ 1.3X 10° s. A sample of thirteen simulated fail-
in Sec. Il. On the other hand, this process together with there realizations was considered and the corresportging,
antagonist onerim,— I'egn, takes place on a time scale that was calculated in units of iteration steps. From these two
is much shorter than that associated with the generation ofalues, we obtained the valdg=185 s for the time interval

A. Resistance evolution
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FIG. 3. Calculated resistance evolutions of the Al-0.5%Cu lines  FIG. 5. Lognormal plot of the cumulative distribution functions
in Fig. 2. The simulations have been performed by takifig of the failure probabilityexpressed in percentagas a function of
=467 K and =10.8 mA. The value of the remaining parameters arethe time to failure. The different functions are calculated at different
specified in the text. The resistance is expressed in Ohm and th@ibstrate temperaturef;=800 K (triangles leff, To=650 K (open
time in seconds by using the vallg=185 s for the time interval squares T,=467 K (open circley Tp=400 K (triangles dowp
associated with each iterative stegee the text The stress current is=10.8 mA. The solid lines fit the CDFs with

lognormal distributions.
to be associated with each iterative step. The comparison

between Figs. 2 and 3 shows that the calculated evolution afre probability as a function of the times to failure obtained
the resistance well reproduces the main features of the olfrom the EM tests(full circles) and simulations(open
served evolution. We note that a small discrepancy betweetircles considered above. The agreement between experi-
measured and simulated evolutions appears just before theents and simulations is excellent and the shape factor of the
failure, where the abrupt increase of the resistance shown kiwo distributions iss=0.16 in both cases. Thus, the direct
the simulated curves contrasts with a pre-failure increase adomparison of the results of the model and of the EM tests,
the resistance generally present in the experimental oneshown in Figs. 2—4, validate the present computational ap-
This discrepancy is partly due to the factorFlrelating the  proach for the study of EM failures.
relative resistance variation of the network with that of the As anticipated in Sec. I, two central problems encountered
metallic line. In fact, the simulated evolutions obtained forin the study of EM phenomenon concern the role played by
short lines, see Fig.(4), when the full metallic line can be the stress conditions and the line geometry on the damage
directly simulated and the approximation adopted for longprocess:?2” Therefore, with the purpose of further checking
lines can be avoided.e., F=1), also display a pre-failure the predictivity of the model and of extracting new informa-
region. tion from it, we have calculated the effect on TTFs of tem-
The agreement is further confirmed by the comparisorperature, stress current, length and width of the lines. To
between the distributions of the measured and calculatedontain the computational effort and to avoid the approxima-
TTFs reported in Fig. 4. This figure shows on a lognormaltion used for long lines, the study has been limited to short or

plot®! the cumulative distribution functioCDF) of the fail-  moderately short lines. Thus, in the following we will dis-
. cuss the results of simulations carried out by takfygl, by
97 | ,99. ] varying Ty, I, N, Ny, while keeping all the remaining pa-
90 o ] rameters to the values specified at the end of Sec. II.
E 70 ¢ 3 B. Stress conditions: Temperature and current effect
% 50 | ] We start by considering the effect of temperature on the
2 30 ¢ ] times to failure of 20 networks of sizes ¥200 stressed by
E 159 | 2 oo | a current ofl =10.8 mA. Accordingly, we analyze the depen-
3 I y O sim. ] dence on temperature tf, ands, the two parameters which
5 o? ] determine a lognormal distribution. We consider fourteen
5x10° ’1‘x1os 5x10° values ofT, ranging from 400 K to 800 K, a considerably

wider range with respect to standard accelerated tédtgy-

ure 5 shows the cumulative distribution functions of the fail-
FIG. 4. Lognormal plot of the cumulative distribution function Uré probability calculated follo=800 K (triangles lefj, To

of the failure probabilityexpressed in percentages a function of =650 K (open squargs To=467 K (open circleg and Ty

the time to failure(full circles) TTFs experimentally measured and =400 K (triangles down, while the solid lines fit the CDFs

(open circley calculated by the model. The data correspond to thewith lognormal distributions. These fouf, values are se-

same statistical samples considered in Figs. 2 and 3, respectivelzCted as representative for the behaviorsofindeed, we

The stress conditions af,=467 K andl=10.8 mA. The dashed have found thas is nearly independent of temperature in a

line fits the CDFs with a lognormal distribution. wide range of intermediate temperature values, while it in-

TTF (s)
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tso ~ €xp( 0.41eV/k,T,) ) ./ & 90

4 / - L

= 10 » £ 70

g / & 50 ;

£ o 2 30 £
510’ o E ¥:

= f E 159 ¢
L & sl

| & 1

10 - - .
0.001 00015 0002 00025 0.003
T, K™ TTF (arb. units)

FIG. 6. Median time to failurets,, as a function of the inverse FIG. 7. Lognormal plot of the cumulative distribution functions
substrate temperature. The median times to failure are expressed @i the failure probabilityexpressed in percentages a function of
arbitrary units and the temperature in K. The stress current is the time to failure. The different functions are calculated at different
=10.8 mA. The dashed line is the fit with the exponential functionstress currentsi=7.5 mA (triangles down [=30.0 mA (open
Z exd 4700/T,]. squarey 1=60.0 mA (open circles The substrate temperature is

To=492 K. The solid lines fit the CDFs with lognormal
creases significantly at low temperatures and decreases at thigtributions.
highest temperatures considered here. The broadening of the
distribution at low temperatures and its narrowing at highobtained with the functioZ exd E/kgTy], whereZ is a fit-
temperatures witness the different importance of the networking amplitude. Thus, the calculated valuestgf perfectly
microgeometry in the two extreme stress conditions of 40@ollow, within the numerical uncertainty, the Black’s |&#?2°
and 800 K, respectively. Indeed, the network microgeometrydiscussed in Sec. |. The value Bfextracted from the fit is
resulting from the stochasticity of the defectiveness, give ris&€=0.41 eV; thusE=Egp, and we can identify the activation
to a kind of network individuality. At very high stress, the energy of the resistor breaking process with the EM activa-
differences in the network microgeometry loose their impor-tion energy.
tance. The contrary occurs at low stress, where this diversity To investigate the effect of current on the failure process,
becomes of importance in determining the actual TTF. Wewve have calculated the TTFs of X200 networks stressed
underline that the broadening of the TTF distribution at lowat T;=492 K by different(thirteer) current values in the
temperatures has important implications in the interpretatiomange 5.0—60 mA. For each current valendtsy, have been
and use of the results of accelerated EM tests. In fact, whedetermined by considering twenty realizations of failure.
evaluating the reliability of a family of lines under standard Figure 7 shows the CDFs of the failure probability versus
operating conditiongusually close to room temperature and failure time, calculated fodl=7.5 mA (triangles dowi |
relatively low current densiy it is crucial to estimate not =30 mA (open squargsl =60 mA (open circles The solid
only tso but also the minimum time to failure® The deter- lines fit the CDFs with lognormal distribution. We have
mination of these two quantities is usually obtained fromfound that the shape factor of the distribution exhibits a
accelerated tests performed at high temperatures on a statiginimum at intermediate values of Thus, we can identify
tically significant, but in any case small, sample of the entiretwo regions of current values: a moderate curr@nic) re-
family. Then, the estimate of the minimum time to failure of gion, wheres decreases at increasing current, and a high
the family is obtained by an extrapolation of the CDF in thecurrent(h.c) region, wheres increases at increasing current.
region of low failure probability:® Such an estimate is very Such a broadening of the TTF’s distribution at low currents
sensitive to a possible broadening of the TTF’s distribution ahas been actually observed in several EM té8tks impli-
the operation temperature. For this reason it is crucial t@ations concerning the evaluation of the reliability of metal-
estimate and to take into account the dependence @i lic lines are similar to those previously mentioned in connec-
temperature. We remark that the increases @it low tem-  tion with the effect of temperature. A detailed discussion of
peratures is a source of the following apparent parddbe:  these problems can be found in Ref. 8. Here, we underline
minimum time to failure at low temperatures can be shortethat the non-monotonic behavior efersus current contrasts
than the minimum time to failure at high temperatures. Wethe general monotonic behavior found versus temperature.
will face a similar paradox by discussing the dependence of This non-monotonic behavior sfcan be understood by con-
on the current. Solutions to this apparent paradox has beersidering also the dependence tgf on the current that is
proposed in the literatufet* based on the necessity of test- reported in Fig. 8. More precisely, we show in the inset of
ing large samples and on the introduction of a three paramthis figure a log-log plot of the calculated valuesgfversus
eters lognormal distribution, where the third parameter is d. We can see thdt, exhibits two power-law regions. A first
characteristic incubation tinfe. one is in the moderate current region and is characterized by

The analysis of the temperature dependence of the TTFs current exponeni=2.1, in good agreement with Black’s
is completed by Fig. 6 which displays on a linear-log scaldaw.!”?® A second power-law with a higher exponemt,
the calculated values tfy as a function of the inverse of the =5.7, is found in the high current region. We notice that
substrate temperature. Here, the dashed line is the best §iimilar behaviors at high current densities have actually been
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10° First, let us consider a simpler system: a network in which
slope = 1.5 two stochastic processes of resistor breaking and recovery
10* occur with uniform probabilitiesWpo=exd —Eqp/ kgTo] and
_ slope =32 Wio=exd —Er/kgTol. A similar network, subjected to ran-
2 10° ] dom percolatio??>? describes well the instability of very
2 , [10° , > Cu 21 1 thin metallic films due to agglomeration phenoméhdhe
g0 \ | 88 1 stability of this network has been studied in Ref. 52 where
£ 10 rg? 57D ! the failure condition and the expression for the average time
10 1o ‘o . ) ’2 3 to failure* (ATTF) have been derived in the limit of net-
. 10 10 10 works of infinite size. Here, to point out the dependence of
i 10° 107 10" the percolation threshold on the system size, it is convenient
I-1, (A) to write the failure condition in the following form:
FIG. 8. Log-log plot oftgg versusl —1g, wherelg is the break- Wpo > Pe ﬂ; )
down current defined in the text. The two lines of slope -1.5 and (1-po) (1 -Wro)

—5.2 represent the fits with a power-law in the moderate current angimilarly, the average time to failure can be written as
in the high current regions, respectively. The inset shows the log-

log plot of t5y versusl. In both the main figure and the inset, the In(1-q)

i i i i i i TTF= 10
median times to failure are expressed in arbitrary units and the A = IN[(1 = Wpo)(1 - Wro)]’ (10
current in mA. The gray region in the inset corresponds to the Do RO
stationary region attainable for currents lower thanIlhgalue. with

W,
observed in EM measurements and are frequently reported in g= pc{l + —RO} , (11
Wipo(1 = Wro)

the literature:3 Furthermore, the same inset of Fig. 8 shows
thatts, drastically increases at the lowest currents. Here, fowhereq< 1 for failing networks, according to Eq9). For
I=4.0 mA the networks are found to remain stable over morehis simple system it is quite easy to determine the role of the
than 5x 10° iterations. This strong increase & is associ-  size and of the geometry of the network on the value of the
ated with the existence of a threshold curreiy, below  percolation threshold. In fact, an ideally infinite netwark
which a steady state condition is achieved, manifesting itselN, — « andN,,— =), with percolation thresholg, .., would
in a saturation of the network resistance. Accordingly, forhave a zero probability of breaking for a fraction of defects
| <lg the electrical breakdown no longer occurs. For thisp< P.- and a breaking probability equal to 1 fpr>p, .32
reason, in Fig. 8 the region correspondingltalg is evi-  However, for networks of finite size there is a nonvanishing
denced in gray. Previous investigations of the general propprobability of formation of the percolating cluster of defects
erties of the model, reported in Refs. 49, have shown thethus, of breakingalso when the defect fraction < p;..
existence of this threshold. Some of the properties of theind, for contrast, a probability less than 1 for ... 32 For
steady state of the network will be discussed later in conneghis reason, when networks of finite size are considguets,
tion with the results concerning resistance noise and we refefefined as the average over the statistical ensemble of the
the reader to Refs. 49 for a deeper analysis of these propefminimum values ofp corresponding to the formation of at
ties. We emphasize that this sharp increasggdt low cur-  |east one percolating clust&as anticipated in Sec. II. In the
rents has also been observed in EM tésdtTherefore, the case ofNx N networks withN finite, it has been fourid that
dependence ofs, on the current obtained by simulations (pc—pcvw):cN‘l/V, wherev is the correlation length exponent
agrees with the behavior measured over the full range ofwith universal valuer=4/3 in two-dimensions while the
current values. To complete the analysis, Fig. 8 reports in @roportionality constantg, depends on the lattice structure.
log-log plot the median time to failure versus the differenceln particular, for networks with a square-lattice structure, it
| -1g (full squares. By taking forIg the value given above, has been fourf thatc~0 and thugp,~ Pe..=0.5, indepen-
Ig=40 mA, we have found thdt, scales as dently of N. In the case of rectangula¥,, < N, networks
teg~ (1 = 15) ™ ®) with a square-lattice structure, we have found that for a fixed
50 B value ofNy, p. decreases withl,, by reaching its minimum
This expression, first proposed by Filipgti al,” can be con-  value, pyw., When N —%. More precisely, (P, Pw)
sidered as a generalization of Black’s law anglcan be ~N[1/2V, wherepy, .. decreases wity,. The reduction of,
called as generalized current exponent, to distinguish it fronwhen increasing the length, by keeping constant the width of
the current exponent of the conventional Black’s law, Eq. the network, can be explained as a consequence of the exis-
(1). Figure 8 displays two current regions, each characterizetence of a higher number of possible paths of defects con-
by a given value ofy. These two regions correspond to the necting the top and the bottom of such a network compared
different current dependence of the distribution shape factoto a square network with the same width. These feature is
reported in Fig. 7. The common behavior tgf and s with associated with the greatest instability of networks with this
current originates from the change with the bias of both thegeometry.
damage pattern and the magnitude of Joule heating and can We note that Eqs9)—(11) and the subsequent discussion
be understood as follows. apply to the case of random percolation, therefore the aver-
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FIG. 9. Percolation threshold for broken resistops, versus FIG. 10. Log-log plot oftsy versusl. The median times to fail-

current(this last is expressed in mAThe curve is a quadratic fit ure are expressed in arbitrary units and the current in mA. The open
(see the teyt The gray region evidences the stationary region.  circles (from MC simulation$ represent the same data reported in

) ) ] o the inset of Fig. 8. The up-triangles are obtained by @) but
age time to failure given by Eq10) is independent of the (aking into account the dependenpg(l) shown in Fig. 9. The

current. On the other hand, electromigration is a currenfiown-triangles are obtained with the same procedure but replacing
driven phenomenon which, within our approach, is describeghe probabilitiesWp, and Wiy with (Wop) and (Wg). The solid,
by a biased percolatiott:3” The effect of the biased perco- long-dashed and dotted curves represent the best-fit with a power-
lation can be roughly decomposed in two componefijsa  law with slopes -2.1, 1.5, 5.7, respectively.
correlated growth of the defect pattern, which exhibits an
increasing degree of filamentation at increasing currgiiys; Pe included in Eq(10), in the spirit of a mean field theory,
an average heating of the network due to the Joule effect. by replacing in the random percolation expressions of the

The filamentation driven by the external current implies abreaking and recovery probabilities, the temperafiyevith
bias dependent percolation threshpldl), as shown in Fig. an average temperatut€)=To+AT, whereAT is given by
9. In this figure the full circles represent the values of theEd. (5). By introducing into Eq.(10) these new average
percolation threshold calculated by averaging the fraction oprobabilities (Wpp) and (Wg) and by simultaneously ac-
defects which corresponds to the failure of 20 networks ofcounting for the dependenqge(l), we obtain the average
sizes 12X 400 subjected to external curreits Iz. The gray  time to failure reported as down-triangles in Fig. 10. Thus,
region in Fig. 9 corresponds to values: |y (stationary re- the up-triangles in this figure correspond to a value of the
gion), while the solid curve is the best-fit with a quadratic structure thermal resistane=0 and the down triangles to
expression. We notice that for low currents the defect patter®# 0. The excellent agreement found between MC results
is found to exhibit a relatively week degree of filamentationand those obtained through Ed.0) supports the interpreta-
and the value of,=0.21 is not very far from the random tion suggested here. Thus, the generalization of (EQ) to
percolation threshol@which, for these values dfi,, andN,,  the case of biased percolation, made by accounting for both
is p.=0.37. Then, for currents up tb=40 mA the filamen- Joule heating effects and for the dependence of the percola-
tantion achieves its maximum level and consequeptlits  tion threshold on the bias, is able to describe quite well both
minimum value. At further increasinigvalues, the onset of a the results of the MC simulations and the behavior observed
multi-filamentation pattern is obsenidwith the simulta- in many EM experiments:3’
neous growth of several filaments of defe¢wids) elon- The results reported in Fig. 10 shed new light on the role
gated perpendicular to the direction of the current f&w. played by Joule heating effects in determining the value of
This effect manifests itself in a smooth increase of the perthe current exponent in Black's law. Indeed, though many
colation threshold at the highest currents, as shown in Fig. Saccelerated EM tests provide a value oh=2, other values

By introducing the above dependencepfon | in Egs.  of n have been frequently measure&?3Values ofn greater
(10) and (11) we obtain the average time to failure versusthan 2 have been usually attributed to Joule heatifg? In
current shown in Fig. 1Qup-triangle$. For the sake of com- this respect, Fig. 10 points out quite well the importance of
parison, we also show in this figu¢epen circlesthe values this effect in the high current region, thus confirming the
of t5o obtained by MC simulations and already reported ininterpretation made in the literature. However, Fig. 10 shows
the inset of Fig. 8. We can see that at low currents the ATTFs$hat Joule heating can affect the valuencélso in the mod-
obtained from Eq(10) by accounting for the bias driven erate current region. In this region values<h<2 have
filamentation, tend to merge with the MC results. Then, inbeen reported by different authdr$?® Many EM models
the moderate current region the ATTF exhibits a power-lanhave been proposed to explain the value of the current
behavior, with a current exponent 1.5 (the dashed curve in  exponent-217:23These models fall into two main categories:
Fig. 10 is the best-fit with such a power-lawFinally, for ~ “void growth” and “nucleation” model$? In the void growth
currentsl =40 mA the ATTF nearly saturates. The discrep-models, the failure is taken to occur after a void grows up to
ancy at intermediate and high currents between the two sets critical size. It is generally accepted that this category of
of data[ATTFs from Eq.(10) and MC simulationscan be  models provides a value=12% In nucleation models, the
explained in terms of Joule heating effects. These effects cafiailure arises from the buildup of a critical vacancy concen-

174305-9



PENNETTAEet al. PHYSICAL REVIEW B 70, 174305(2004)

tration. It is generally believed that this second category of 6x10" PRSP ISASIsAses At
models provides a value=217 Recently, Tammaro and » b Widih=36 (arbumits) |
Setlik®® have proved that even when nucleation is the limit- : axto’} |

ing process it can be<tn<2. Our results confirm this con- 4x10"I o '%

clusion. As a matter of fact, the present model, which relates g | L Pogag
the failure to the achievement of a percolation threshold for £ R 0 =0
the defect fraction, belongs to the second category of models. % 20 ]
In fact, as shown by Fig. 10, metallic lines with different _\'.:Vidth=l2(wb-units)
structure thermal resistanag thus exploiting different sen- | %0 e __ -e
sitivity to Joule heating effects, can exhibit different current 0 0 70 ia0 210 280 3eo 420
exponent values, even in the moderate current region. Con- N,

cerning this point, we underline the fact that a power-law

behavior of the ATTF versus current is predicted by the FIG. 11. Median time to failuregg, as a function of the network
model merely as a consequence of the filamentation of thiengthN, for Nyy=12 andN,,=36 (inse). The median time to fail-
damage pattern, even neglecting the effect of the averagees are expressed in arbitrary units. The dashed lines are a guide to
heating of the metallic line. Moreover, the dependence of the eyes.

on the length of the lines, reported in EM te$tean be

explained in terms of dependence of both, heating effects and To determine more precisely the dependence of the me-
Pe ON the length of the system. Finally, from Fig. 10 we candian time to failure on the geometrical parameters, we have
see that Joule heating is also responsible for the shift towardanalyzed the simulated values &f as a function of the
lower current values of the crossover between the highdifference(N_—N_ ). Figure 12 reports the log-log plot of the
current and the moderate-current regigmsthis case from differencetsy—t;,s as a function of the differencéNL—NLC).

40 mA to 30 mA. On the basis of the above considerationsHere, together with the data already shown in Fig. 11 we
we can now understand the dependence with current of thieave also reported the data féy,=48 andl =43.2 mA(open
shape factor of the TTFs distribution shown in Fig. 7. Atcircles. In this way, all the data in Fig. 12 correspond to the
relatively low currents, just above thg threshold, the de- same value ofi. We have found the following values of
gree of filamentation of the defect pattern is weak and thereritical length:L.=2.5, 7.5, 10.0, foNy=12, 36, 48, respec-

is a wide spread in the network microgeometries and thus itively. Therefore, in all the cases it {&, /N,,)=0.21+0.01.

the TTFs. Then, at increasing currents, the degree of filamenfhe values ot;, range between 2 1P—3x 105, Figure 12
tation increases and the effect of the different network mi-ShOWS that the dif‘ferenc%o—tinf follows a power-]aw as a
crogeometries is reduced together with the spread in thgunction of the difference(N,—N, ); indeed, the solid,
TTFs. Finally, in the highest current region, because ofjashed and long dashed curves in this figure fit the data with
strong Joule heating, multi-filamentation occéfghis im- 4 power-law with exponentx; wherex=0.62+0.02. In par-
plies a high degree of stochasticity and in turn a high variyicylar, as shown in the inset of Fig. 12, we have found that
ability of microgeometries together with an increase of theihe three sets of data collapse onto the same curve once the

TTFs spreading. differencetsy—ti,; is considered as a function of the normal-
. 10° y =%
C. Geometrical effects j=0.9 (arb. units) 10 M
slope = -0.62 o
In this section we investigate the effect of the length and o
width of the network on the failure process. First, we have 2 \
analyzed the dependencetgf on the lengthN, of the net- E *
work. Figure 11 displays the simulated median time to fail- £
ure as a function olN, . The data indicated by full circles are S0
obtained by taking\y,=12 andl=10.8 mA, while the data K g:‘,;:;i
reported as open squares and shown in the inset of Fig. 11 O Ny =48
correspond td\,=36 andl=32.4 mA. Thus, in both cases o

the current densitymeasured in current un)® is j=1/Ny
=0.9 mA. We have found that, sharply increases by de-

f;ﬁ]aigg:'-l\? nd'ph?slvgr?etshfz;geg\évoglgr:giggetgsdb:SIO;V;igi; FIG. 12. A log-log plot of the differenceésy—t;,; versus the

P L 9 T difference(N_ =N, ), wheret;,; is the median time to failure in the
length of the network and it is dependent on the networkint of infinitely fong lines andN, is the critical length. Both
width, as shown in Fig. 11. Furthermore, for sufficiently long qantities are expressed in arbitrary units. The full circles are ob-
networks,tsy nearly saturates to a value independent of thggjned by takingNy =12, 1=10.8 mA. In this case i8l, =2.5. The
length and increasing when increasing the width. In the fol-open squares correspondNg,=36,1=32.4 mA and\, 27.5 while
lowing, this asymptotic value of the median time to failure in the open circles tdNy=48, 1=43.2 mA andN, =10.0. The solid,
the limit of infinitely long lines will be denoted a,. The  dashed and long dashed curves fit the data with a power-law of
behavior oftsg shown in Fig. 11 is in qualitative good agree- exponent —0.62+0.02. In the inset the same datds@ft;,; are
ment with the behavior observed in the EM experiménts. reported as a function aNL—N /N .
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FIG. 13. (a) A log-log plot of the differencesy—tj,; versus the
difference(NL—NLc), wheret;,; is the median time to failure in the
limit of infinitely long lines andN, _is the critical length. Both

quantities are expressed in arbitrary units. The network width idNL=

Nw=36. The open squares are obtained by taking2.4 mA, in
this caseN_=7.5. The up-triangles correspond Ite27.0 mA and
N =8.9. (b) Nw=48; open circles:1=43.2 mA andNchl0.0;
down-triangles1=36.0 mA andNLC=12.O.

ized quantity(NL—NLc)/NLc. Thus, the differencesy—tiys
scales with the raticﬁNL—NLC)/NLC:

NL - NLC —A N -\
t50~ ting ~ [—N } ~ [—L— 1| . (12)
LC

With the aim of identifying the physical parameters deter-

mining the value ofx, we have investigated the dependence®™” -~ :
9 g P e[aartlcular, according to Eq2), the value of the threshold

é)roduct(jL)c is an increasing function oo which is the

of tsg on the length of the networks when these are stress
by different current densities. The results of simulations ar
reported in Figs. 1@&) and 13b). Figure 13a) displays the
difference tso—tins versus (N.-N_) for Ny=36 and j
=0.9 mA (open squaregsandj=0.75 mA (up-triangle$. The
first set of data is the same of Fig. MUSNLC1=7.5), while
for the second set it iS\lLC2:8.9 and thereforeN,_C/NW
=0.25. First we note that it is

(N1 = (N2, (13

in agreement with Blech’s laW#?7 (in this case we have
obtained for the threshold product a value 6.8 yn8econd,

we have found that the value fis different for the two sets
of data. Precisely, for the data obtained by takifng
=0.75 mA it isA=1.04+0.03.

Figure 13b) displays the differencesy—t;, versus(N,
=N ) for N,,=48. The current densitieg=0.9 mA (open
circles and j=0.75 mA (down-triangle$ are the same of
those in Fig. 18), while the values of the critical lengths
are, respectively,\lﬁcszlo.o and\le:lZ.O. The value of the
exponent found foj=0.75 mA is nowA=1.20£0.04. This
result suggests a dependence of the expox@at only onj.
We note that also for this set of data Blech’s condition, Eq
(13), is satisfied with(jN_).=9.0 mA. Thus, by considering
the threshold product as a function of the different param
eters,(jN,).=F(ro,Nw,Egr,Tg, ...), F is found to be an in-
creasing function oNy,.

PHYSICAL REVIEW B 70, 174305(2004)

6x10* - . - —y
to ~ (NN 172 fN NG ) 7
L 4 4
////
. ax10't /
& 7/
5 Y e
g v
3 a_.—"
% 2x10't B2

0 10 20 30 40 50
Width (arb. units)

FIG. 14. A plot oftsg as a function of network widtiNy. The
different sets of data correspond to networks of different length:
15 (down-triangley N, =18 (open squargs N, =36 (full
squarey N, =48 (up-triangle$, N, =100 (star9. The curves fit the
corresponding data with the expression specified in the text.

According to the model proposed by Bleththe thresh-
old product is determined by the rati®,Ao)/(pZ* €) [Eq.
(2) in Sec. I. The quantity(pZ* e) is related to the intrinsic
properties of the material and, within our model, can be as-
sociated with the parameteg, defined in Sec. Il. On the
other hand, the produ¢f),Ao), being a function of the ge-
ometry of the line, of the properties of the electrical contacts,
of the presence of passivation layers and of the
temperaturé;>%27within our model is controlled by the ge-
ometry of the network, by the efficiency of the recovery
process(i.e., the energyeg) and by the temperaturg,. In

maximum value of the mechanical stress difference between
the line terminals that the line can bé&r?’ On the other
hand, the value of this maximum stress difference increases
with the line width. Therefore, the dependence of the thresh-
old product on the width predicted by our model is in quali-
tative agreement with the behavior described by . In

any case, further studies are necessary to determine the de-
pendence of;,;, A and of the threshold product ag, Ny,

Egr, To, and the other parameters of the model.

Below we analyze in more detail the dependence of the
simulated median time to failure on the width of the network.
To this purpose Fig. 14 reports, versusN,y for networks of
different lengths, stressed by a current dengiy0.9 mA.
Going from the top to the bottom of the figure the different
sets of data correspond d =15, 18, 36, 48, 100, respec-
tively. The different curves in Fig. 14 fit the corresponding
data with the expression

|: ( NL ; NL >_)\ :|
t5o=K ©| =7 |F(NW/Nw), (14)
N|_C

whereF(x) = (1-€™), A=0.62,N__=0.2INy, Wo=7-12,7is

a constant related to the valuetgf, andK is a fitting con-
stant. As a general trentl, increases systematically at in-
creasing the width of the network. However, in the case of
iong lines the dependence &f on the width shows a satu-
ration at the largest width. By contrast, in the case of short
lines this saturation disappears agglexhibits a final sharp
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increase with the width and a tendency to diverge when ap- 1.5
proaching the Blech condition. This behavior @ is in
overall agreement with the results of EM tests performed on
lines larger than about 2m.1? On the other hand, it has
been found that narrow lines, with width smaller thap,
exhibit a sharp lengthening of the median time to faiftne.
This phenomenon occurs because for such narrow lines
(known as bamboo structupethe grain size becomes com-
parable with the line width? As a consequence, the lack in | 10 .
these lines of grain boundaries along the direction of current -15 9 2000 100 % |
implies that EM can only occur within the bulk of the grains 0 1x10 2x10 3x10
or along interfaces. These processes usually require an acti- Time (arb. units)

vation energy significantlly higher than that associated with FIG. 15. R(t)~ R, versus time for a network 12400 stressed at
EM along grain boundarie's> Therefore, bamboo structures T,=300 K by a current=15=4 mA. HereRy is the perfect network

exhibit median time to failure longer than that displayed by egjstance. The inset shows on an enlarged time scale the evolution
other kinds of lines—* Figure 14 shows that our model, in of the resistance in the initial stage.

the present formulation, is unable to describe the lengthening

of tso for very narrow lines. This is not surprising consider- evident in Fig. 15 for this current value. The inset in this
ing the fact that here we have taken a single value for théigure reports on an enlarged time scale the initial transient
activation energy of the breaking proceBgp, thatis a value  values ofR-R,, evidencing also the initial decrease of the
common to all the resistors in the network. A further imple-resistance due to alloying effects, discussed in Sec. Il. De-
mentation of the model which introduces two different acti-tails concerning the dependence (& on the value of the
vation energies for the breaking of bulk resistors and surfacgtress current, on the bias conditiofmnstant current or
resistors,Eqpg and Eops respectively, withEopg™>Eops,  constant voltageand on the TCR can be found in Refs. 49.
would account also for this lengthening 6§ for narrow Here we discuss two important features of the resistance
lines typical of bamboo structures. fluctuations occurring in a metallic line in a nonequilibrium
steady state, stressed by a current near the EM threshold.
First, we consider the non-Gaussianity prop&t§P of the
distribution of SR=R-(R). To this purpose, we have calcu-

In this section we consider the situation occurring at low|ated the probability density functiod, of the distribution
current densities or for short line lengths, when the produchf sR for the steady state signal in Fig. 15. Figure 16 reports
of the current denSity and of the line Iength is lower than thqhe produc@o- as a function O(<R>_R)/O- ina |in_|og p|ot’
threshold value. In this case electromigration stops and thghere ¢ is the root mean square deviation from the average
resistance of the line achieves a steady state (8hieration  registance. For comparison, in the same figure we also report
value) dependent on the external conditions and on the propme Gaussian distributiofdashed curve which in this nor-
erties of the ling/:? The steady state is characterized by mgjized representation has zero mean and unit variance. This
fluctuations of the resistance around the average ve®ie |enresentation has been adopted because, by making the dis-
(this value is calculated by averaging over all the steady statgjpution independent of its first and second moments, it is
values of the resistance, i.e., the values taken after the trapgrticularly convenient for exploring the functional form of a
sient time associated with the termination of the EMgijstribution®® The results in Fig. 16 show a considerable
procesy* The study of resistance saturation effects and ofon-Gaussianity of the distribution @R, which is associ-

their dependence on the stress current, temperature, geogked with the fact that the system is close to breakdown con-
etry and other properties of the metallic line, can provide an

important tool to investigate EM phenomehalternative to 10’
the study of the median time to failure. Actually, studies of
EM based on saturation effects exhibit the advantage to be
nondestructive and, in particular, they reveal their effective- 10™
ness in the analysis of short lingé&urthermore, from a fun- g
damental point of view, they provide the possibility to inves- =
tigate fluctuation phenomena under far from equilibrium 107
conditions.

Below we consider the steady state of networks biased by
currents below the electrical breakdown thresHatd 5. Fig- 10°
ure 15 shows the resistance evolution of ax4b0 network
with the same parameters considered in Sec. Il B. More pre-
cisely, we report the differencB(t)-R, versus time for a FIG. 16. Normalized probability density functiof,=®a, of
network stressed al;=492 K by the currenti=4.0 mA the resistance fluctuations reported in Fig. 16. The solid curve fits
which corresponds to the threshold for electrical failure.the data with a generalized Gumbel distributisee the teyt while
Saturation to(R) and large resistance fluctuations are wellthe dashed curve is the Gaussian distribution.

R- F‘o (Q)

D. Saturation and resistance fluctuations

-5-4-3-2-101 2 3 435
(<R>-R)/c
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IV. CONCLUSIONS

10°
slope =1.13 We have applied the biased percolation model to the study
10° clope =195 of degradation and failure phenomena induced by EM in a
= metallic line. Our “coarse grain” approach focuses on the
T§ 107 | \ correlations established by the electronic current among the
v different elemental resistors of the network which mimic the
10° structural components of the syste(grains, clusters of
grains, interfaces, etc. i.e., atomic transport channglsis
10" - - 1 approach provides a unified theoretical framework able to
10 10 10° account successfully for many relevant features of the ex-
Frequency (arb. units) periments, including the damage pattern, the resistance evo-

lution, alloying effects and the statistical properties of TTFs.
In particular, the model correctly predicts a lognormal distri-
bution for TTFs, perfectly superimposing with the experi-
mental one and it is able to estimate the dependence of the
N . o _shape factor of the distribution on current and temperature.
ditions. We have found that this non-Gaussianity is suffi-in what concerns the dependence of the median time to fail-
ciently well fitted by a generalized foithof the Gumbel yre on the stress conditions, the model predictions agree with
distribution (so!id curvg, where this last is commonly used the experiments over the full range of current and tempera-
for the analysis of extreme everitdhe role of the stress tyre values considered. Simulations performed on rectangu-
current and of the size of the system on the distribution ofar networks of different length and width have allowed us to
the resistance fluctuations has been studied in Refs. 6jnyestigate the dependence of TTFs on these parameters. The
where the conditions under which the distribution achievegegyits of the model agree with the existence of Blech's
the universal behavior described by the Bramwell, Hold-length, moreover, they predict the existence of a scaling re-
sworth and Pinton distributiGh have been identified. lation between the MTF and the line length. Finally, we have
_As a second feature, we consider the power spectral derpnsidered resistance saturation effects. In this case we have
sity of resistance fluctuations. To this purpose, Fig. 17 disstydied the properties of the resistance fluctuations, by focus-
plays the power spectrum associated with the steady stalgg on the non-Gaussianity of the distribution and on their
signal in Fig. 15. Both the frequency and the spectral densityower spectrum. The flexibility of the theoretical approach
are expressed in arbitrary units. Two regions can be identipffers a further possibility to describe and interpret phenom-
fied in the spectrum: a T like branch at low frequencies and ena which at present have not been considered. We finally
a Lorentzian cut-off at high frequencies. This feature is hergmphasize that EM, which occurs in granular materials, in
interpreted as due to the presence of three relaxation mechge presence of a significant disorder, driven by an external
nisms:(i) the slowest one related to the breaking and recovhias and contrasted by the growth of a mechanical stress
ery of the regular resistors and describing the generation angradient, represents a paradigmatic example of the failure
recovery of microvoids(ii) the fastest one associated with process in a disordered system. Therefore, the ability of our
the transformation of regular resistors into impurity resistorsypproach to account for a wide scenario of the EM related
(andvice versa and describing alloying effectsiii) an in- phenomenology should be of interest in the more extensive

termediate one corresponding to the generation and breakirgerspective of understanding nonequilibrium and failure phe-
of impurity resistors. Accordingly, the Lorentzian branch de-pnomena in disordered systems.

scribes the evolution occurring on a fast scale when only the

second transformation is present. On the slow scale, the other

two tra_nsformation_s become _of importance and thus all the ACKNOWLEDGMENTS

relaxation mechanisms coexist. Therefore, d-like spec-

trum appears in the low frequency region, in agreement with This work has been performed within the STATE project
resistance noise measurements performed on Al-Caf the INFM. Support from the cofin-03 project “Modelli e
alloys?%13We notice that by taking different activation en- misure di rumore in nanostrutture” financed by Italian MIUR
ergies for bulk and surface resistors, as described at the erahd from SPOT-NOSED Project No. IST-2001-38899 of EC

FIG. 17. The power spectral density of the resistance fluctua
tions in Fig. 16. The frequency and the spectral density are ex
pressed in arbitrary units.

of Sec. Ill C, a further relaxation time would be added. is also gratefully acknowledged.
*Corresponding author’s electronic address: 7, 143 (199); F. Fantini, J. R. Lloyd, I. De Munari, and A.
cecilia.pennetta@unile.it Scorzoni, Microelectron. Engd0, 207 (1998.
IM. Ohring, Reliability and Failure of Electronic Materials and  3M. A. Alam, R. K. Smith, B. E. Weir, P. J. Silverman, Nature
Devices(Academic Press, San Diego, 1998 (London 420 378(2002; Materials, Technology and Reliabil-

2A. Scorzoni, B. Neri, C. Caprile, and F. Fantini, Mater. Sci. Rep. ity for Advanced Interconnects and Low-k Dielectriedited by

174305-13



PENNETTAEet al. PHYSICAL REVIEW B 70, 174305(2004)

K. Maex, Y. C. Joo, G. S. Oehrlein, S. Ogawa, J. T. Wetzel, J. Appl. Phys.88, 3301(2000.

Mater. Res. Soc. Symp. Pro¢2000, Vol. 612. 25K. Sasagawa, M. Hasegawa, M. Saka, and H. Abé, J. Appl. Phys.
4J. Cho, C. V. Thompson, Appl. Phys. Lefi4, 2577(1989. 91, 1882(2002.
5Z. Li, C. L. Bauer, S. Mahajan, and A. G. Milnes, J. Appl. Phys. 26J. R. Black, inProceedings of 5th IEEE International Reliability
72, 1821 (1992; S. Ohfuji and M. Tsukadaibid. 78, 3769 Physics Symposiui967, p. 148.

(1995; N. Stojadinovic, I. Manic, S. Djoric-Veljkovic, V. Davi-  27I. A. Blech, J. Appl. Phys.47, 1203(1976); |. A. Blech and C.
dovic, D. Dankovic, S. Golubovic, and S. Dimitrijev, Microelec- Herring, Appl. Phys. Lett.29, 132(1976.

tron. Reliab.42, 1465(1999. 28C. Pennetta, L. Reggiani, G. Trefan, F. Fantini, A. Scorzoni, and
6R. H. Koch, Phys. Rev. B48, 12217 (1993; K. Dagge, W. I. De Munari, J. Phys. D34, 1421(2001); C. Pennetta, L. Reg-

Frank, A. Seeger, and H. Stoll, Appl. Phys. Le@8, 1198 giani, G. Trefan, F. Fantini, A. Scorzoni, and I. De Munari,

(1996); A. M. Yassine and C. T. M. Chen, IEEE Trans. Electron =~ Comput. Mater. Sci22, 13(2001).

Devices 44, 180 (1997. 29]. P. Dekker, C. A. Volkert, E. Arzt, and P. Gumbsch, Phys. Rev.
"R. G. Filippi, G. A. Biery, and R. A. Wachnik, J. Appl. Phy38, Lett. 87, 035901(2001).

3756(1995. 30H, K. Kao, G. S. Cargill, and C. K. Hu, J. Appl. Phy89, 2588
8R. G. Filippi, G. A. Biery, and R. A. Wachnik, Appl. Phys. Lett. (200Y.

66, 1897(1995. 31B. K. Chakrabarti and L. Benguigu$tatistical Physics of Frac-
°R. G. Filippi, R. A. Wachnik, H. Aochi, J. R. Loyd, and M. A. ture and Breakdown in Disordered Syste(@sford University

Korhonen, Appl. Phys. Lett69, 2350(1996); R. G. Filippi, R. Press, Oxford, 1997 H. J. Herrmann and S. Roustatistical

A. Wachnik, C. P. Eng, D. Chidambarrao, P. C. Wang, J. F. Models for the Fracture of Disordered Medi®orth-Holland,

White, M. A. Korhonen, T. M. Shaw, R. Rosenberg, and T. D. _ Amsterdam, 1990
Sullivan, J. Appl. Phys91, 5787(2002. 32D, stauffer and A. Aharonyintroduction to Percolation Theory

10A, Scorzoni, I. De Munari, H. Stulens, and V. D'Haeger, J. Appl. 33'\?23/'? a_ntlj:)rl]:ran;is, ;ggdgr;g (139})39263
Phys. 80, 143(1996. e ahimi, Phys. Rep . . . .

1A, Scorzoni, I. De Munari, R. Balboni, F. Tamarri, A. Garulli, and SMTorquatoRanom HEtefogeneO\L/JS lMat?\I”anYM'ErOZSCOzp'C and
F. Fantini, Microelectron. Reliab36, 1691(1996). acroscopic PropertiesSpringer-Verlag, New York, 200

35 ;
12g, Foley, A. Scorzoni, R. Balboni, M. Impronta, |. De Munari, A. L'incArEZEgjg’sgé leegn.eIr_, gr;dAr':énJ.eI'i-lser,rA\magrr‘{s:ﬁ I;hys.
Mathewson, and F. Fantini, Microelectron. ReliaB8, 1021 ( 9 7 (1983; L. geus, A. T

; . . J. Herrmann, and S. Roux, Phys. Rev4B, 877 (1989.
(1998; A. Scorzoni, S. Franceschini, R. Balboni, M. Impronta, s, Gingl, C. Pennetta, L. B. Kissyand L. Reggian(i Se?nicond. Sci.

I. De Munari, and F. Fantinibid. 37, 1479(1997). Technol. 11, 1770(1996)
*3J. Guo, B. K. Jones, and G. Trefan, Microelectron. Reli8B.  37¢ pennetta, L. Reggiani, and G. Trefan, Phys. Rev. L&f
1677 (1999; V. Dattilo, B. Neri, and C. Ciofijbid. 40, 1323 5006(2000; C. Pennetta, L. Reggiani, and L. B. Kish, Physica
» (2000. . A 266 214(1999.
M. Gall, C. Capasso, D. Jawarani, R. Hernandez, H. Kawasaki#8c, pennetta, L. Reggiani, and E. Alfinito, Math. Comput. Simul.
and P. S. Ho, J. Appl. Phy€90, 732 (200D; Appl. Phys. Lett. 62, 495(2003.
76, 843(2000. 39M. Lavine, Science303 314 (2004.

15, S. Huang, T. L. Shofner, and J. Zhao, J. Appl. PI88.2130  40M. E. EberhartWhy Things Break, Understanding the World by
(200D); G. Schneider, D. Hambach, B. Niemann, B. Kaulich, J.  the Way It Comes ApafHarmony Books, New York, 2003
Susini, N. Hoffmann, and W. Hasse, Appl. Phys. L&8 1936  #IC. D. Mukherjee, K. K. Bardhan, and M. B. Heaney, Phys. Rev.
(2001). Lett. 83 1215(1999; C. D. Mukherjee and K. K. Bardhan,

16B. C. Valek, J. C. Bravman, N. Tamura, A. A. MacDowell, R. S.  ibid. 91, 025702(2003.
Celestre, H. A. Padmore, R. Spolenak, W. L. Brown, B. W. 42A. Politi, S. Ciliberto, and R. Scorretti, Phys. Rev.@5, 026107

Batterman, and J. R. Patel, Appl. Phys. L&, 4168(2002). (2002.
17M. Shatzkes and J. R. Lloyd, J. Appl. Phys9, 3980(1986). “3J. V.. Andersen, D. Somnette, and K. T. Leung, Phys. Rev. Lgt.
183, R. Lloyd and J. Kitchin, J. Appl. Phy$9, 2117, 1991. 2140(1997; L. Lamaignére, F. Carmona, and D. Sorneié.

77, 2738(1996.
445, Zapperi, P. Ray, H. E. Stanley, and A. Vespignani, Phys. Rev.
Lett. 78, 1408(1997).

4SA. Hansen, S. Roux, and E. L. Hinrichsen, Europhys. Lé8,
20 . : ; ,
R. M. Bradley and K. Wu, Phys. Rev. B0, R631(1994; K. Wu 517 (1990; Y. Yagil, G. Deutscher, and D. J. Bergman, Phys.

and R. M. Bradley, Phys. Rev. 50, 12 468(1994; K. M. Rev. Lett. 69, 1423(1992
Crosby and R. M. Bradleyibid. 56, 8743(1997; R. M. Brad- 461y gt and C. Vanneste, Phys. Rev. L68, 612(1992; C.

19M. A. Korhonen, P. Borgesen, D. D. Brown, and C. Y. Li, J. Appl.
Phys. 74, 4995(1993; M. A. Korhonen, P. Borgesen, K. N. Tu,
and C. Y. Li,ibid. 73, 3790(1993.

ley, M. Mahadevan, and K. Wu, Philos. Mag. B, 257(1999. Vanneste and D. Sornette, J. Phy<2,116212(1992.

?'B. D. Knowiton, J. J. Clement, and C. V. Thompson, J. Appl- 47Time dependent effects on the heat diffusion have been studied by
Phys. 81, 6073(1997); J. J. Clementibid. 82, 5991(199%); B. D. Sornette and C. Vanneste in Ref. 46. In fact, &j.can be
D. Knowlton and C. V. Thompson, J. Mater. Re$3, 1164 obtained from the expression used by Sornettal. by assum-
(1998. ing an instantaneous thermalization of each resistor and by add-

2M. Schimschak and J. Krug, Phys. Rev. Le&f, 1674(1998); M. ing the contribution of the power dissipated on first neighbor
R. Gungor and D. Maroudas, Appl. Phys. LetR, 3452(1998. resistors.

23M. Tammaro and B. Setlik, J. Appl. Phy85, 7127(1999; A.S.  “8The resistanceRye ¢ Of a perfect network made by elementary
Oates, Appl. Phys. Lett66, 1475(1995. resistors of resistance is given by the following expression:

243, A. Chizhik, A. A. Matvienko, A. A. Sidelnikov, and J. Proost,  Ryer=rN /(Ny+1).

174305-14



BIASED RESISTOR NETWORK MODEL FOR. PHYSICAL REVIEW B 70, 174305(2004)

49C. Pennetta, L. Reggiani, G. Trefan, E. Alfinito, Phys. Re6%: 54This quantity, defined as the arithmetical average of TTFs is dif-
066119(2002; C. Pennetta, Fluct. Noise Let2, R29(2002. ferent fromtsg although its value is close to that &,

50C. Pennetta, G. Trefan, and L. Reggianilinsolved Problems of >°R. M. Ziff, Phys. Rev. Lett.69, 2670(1992.
Noise and FluctuationsAlP Conf. Proc. 551, edited by D. Ab- 56C. Pennetta, L. Reggiani, and G. Trefan, Math. Comput. Simul.

bott and L. B. Kish,(American Institute of Physics, Melville, 57 55, 231(2001). S ) . .
NY, 1999 In our approach a thin line is described as a two-dimensional
51y ’ . . . L network, thus the current density must be associated with quan-
In a lognormal plot, the stochastic varialgtee failure time in this tity 1/N
W.

case is represented on a logarithmic scale while a suitable trans58M B. Weissman, Rev. Mod. Phy€0, 537 (1989
formation is applied to the coordinates of the axis representingsy vandewalle. M. Ausloos. M. Houssa. P. W. Mertens. and M

the cumulative. dis.tribution function in sych f?l mann.er t.hat a m. Heyns, Appl. Phys. Lett74, 1579(1999; I. Bloom and I.
lognormal distribution appears as a straight line. This kind of Balberg,ibid. 74, 1427(1999.

representation is thus particularly helpful to evaluate the lognoréog 1. Bramwell, K. Christensen, J. Y. Fortin, P. C. W. Holdsworth,
mality of a distribution and, for this reason, it is usually adopted  H_ J. Jensen, S. Lise, J. M. Lopez, M. Nicodemi, J. F. Pinton,

in reliability analysis. Further details can be found in Ref. 1. and M. Sellitto, Phys. Rev. Lett84, 3744 (2000; S.T. Bram-
52C. Pennetta, G. Trefan, and L. Reggiani, Phys. Rev. L&%. well, P.C.W. Holdsworth, and J. F. Pinton, Natgt®ndor) 396
5238(2000. 552 (1998.
53K. Sieradzki, K. Bailey, and T. L. Alford, Appl. Phys. Let9, 61C. Pennetta, E. Alfinito, L. Reggiani, and S. Ruffo, Semicond.
3401(200D; H. C. Kim, T. L. Alford, and D. R. Alleejbid. 81, Sci. Technol.19, S164(2004); C. Pennetta, E. Alfinito, L. Reg-
4287(2002. giani, and S. Ruffo, Physica 840, 380(2004).

174305-15



