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Calculation of the electromigration wind force in Al alloys
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The electromigration wind force in various Al alloys is calculated using a Green’s-function method for the
calculation of the electronic structure. The influence of the environment of the jumping atoms is studied in
detail in the Al-Cu alloy. Alloys of Al with 31 and 4sp alloying elements are studied systematically in order
to investigate the relation between the electronic states of the alloying atom and the wind force. The study also
includes several other alloys, which have been used in the past in attempts to increase electromigration
lifetime. It is shown that the wind force on an Al host atom can be changed considerably by the presence of an
alloying atom at particular positions near the jump path. This could be an additional contribution to the
well-known decelerating effect of some alloying elements on electromigration {188163-18209)01112-1

I. INTRODUCTION with the diffusivity D =D exp(—Q/kT), containing the fre-
quency factorDg, the activation energyQ, Boltzmann's
Electromigration is the consequence of the interaction ofonstantk, and the temperaturé.
an electric current and the atoms present in a metal sample. An interesting observation, mainly because of its direct
The result is a flux of atoms, which is proportional to the practical applicability, has been the fact that the addition of a
applied electric field or the current density. Observations ofew weight percent of Cu to an Al conductor reduces the
this effect for hydrogen in Pd date back to 193ind at first  electromigration-induced damage dramaticilven today
raised predominantly academic interest in the subject. Howthe exact mechanism of this retardation is not fully under-
ever, with the use of thin Al lines as interconnects in elec-stood. However, its occurrence led to attempts to alloy Al
tronic devices, electromigration became of interest also fronwith many elements, some of which gave similar results.
a technological point of view.The use of further miniatur- One observation is that, when the Cu concentration ex-
ized Al interconnects leads to larger current densities, whiclteeds a certain threshold, the flux of Al atoms is dramatically
enhances electromigration and can therefore decrease theduced Only after Cu is depleted, do the Al atoms start to
lifetime of a device. drift. Considering Eq.(2) it seems that Cu must have an
Because of the proportionality of the driving force to the influence on either the activation ener@y on the frequency
electric fieldE, the driving forceF is usually characterized factor Dy, or on the driving force through the effective va-

by the so-called effective valen& lenceZ*. Although the most common explanations consider
. changes in the diffusion parametépsandD,, there is cir-
F=Z%€eE, () cumstantial evidence that the presence of Cu also affects the

wheree is the elementary charge. There are two contribu-driving force? Besides, it is well known that the atomic
tions to the driving force, which are called the direct forcefluxes of host and alloying atoms are not independént.
and the wind force. The direct force, which was the subject N the present paper the wind force is calculated on jump-
of intense debatdjs the result of a net charge of the atom. ing alloying atoms and Al host atoms in the presence of
The estimates of this charge vary from the host valencé&lloying atoms. Resu_lts of the_se calculations are given in
charge, which is+ 3 in the case of Al, to zero. In most cases Sec. lll, which are discussed in Sec. IV. Pure Al and the
this direct force is outweighed by the wind force, which Al-Cu alloy are considered extensively in Secs. Ill A and
arises from momentum transfer from the current-carryindV A. Other aII.0y|ng elements are considered in Secs. llIB
electrons to the atom. In the present paper a well-establishedd IV B and in Secs. Ill C and IV C. Conclusions and fur-
quantum-mechanical expressidris used in order to calcu- ther prospects are given in Sec. V.
late this force from first principles. The formalism has al-
ready been published elsewh®mnd the main ingredients Il. THEORY
are addressed in Sec. Il. . e

The atomic flux depends not only on the driving force, but | "€ Wind force on an atom at positidR is calculated
also on the mobility of the atoms, as is clearly expressed iysing the well-established expression given by Bosvieux and

: 5
the Nernst-Einstein equation for the atomic drift veloEity Friedef and Sorbellcet al and

v=17F 2) FwindZEK f(K) (Yl — Vel i), ©)
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in which the electric field induces a distributidé(k) of elec-

trons, deviating from the Fermi-Dirac disitributidiap
f(k)=fep(Ex) —e7E- Vi [ E(K) —Ef]. 4
Unlike the symmetrical partep, the asymmetrical part, con- Q
sisting of the current-carrying electrons at the Fermi surface,
induces a force. The transport relaxation timeés inversely [001]

proportional to the resistivityy, is the electronic velocity of [?10]
an electron with band index and crystal momentkm
=(nk), v, is the potential of the atom at positidR for Mol
which the wind force is calculated, anf, is the electronic FIG. 1. The defect region. Atom 1 is the jumping atom, 2 de-
wave function. The Fermi-Dirac distribution and the relax-nqtes the original position of the vacancy. The remaining labeled
ation times are the only quantities depending on temperaturgoms are individually included in the calculations.

In order to calculate the wave function, we need to define

the system in which the electrons move. We model the casge negligible and the effect of replacement of unperturbed Al
of a dilute alloy, where only one defect region is embeddeditoms by Al atoms perturbed by charge transfer is also likely
in a lattice of unperturbed host atoms. The defect regiono be negligible.

contains the jumping atom, a vacancy, and the atoms in its Assuming that the jumping atom moves along a straight

close environment. Using a Green's-function formalism thejine from lattice site 1 to site 2, its positidR can be written
wave function for electrons in an alloy can be calculated, agg

described by Dekkegt al® In the following, the most impor-
tant features of this calculation are described. R=R;+s(R;—R;), )
Both the alloy and the host wave functions are expressed

: : ; : heres runs from 0 to 1. The wind force varies along the
in terms of local functions, centered at atomic positiyn, w ) . . .
P path and can be written as a function of this variable our

calculations the jumping atom is the only one which does not

,/,f(hOSD(X+ Ry = 2 cﬂ?f’f"RE'(h"“(x). (5) occupy a host-lattice position. Slight shifts of the positions of
L other atoms could also be taken into account, but this is not
done here.

The wind force can be written in terms of the wave-function

- . i The wind force is not necessarily parallel to the applied
coefficientscyq, for the jumping atom as

current, which implies that the wind valence is a tensor

Z,ind(S,T). However, the wind force can do work only in the

Fuing=2>, f(k)ReY, CﬁlLDL,Hl,mlSir\(mH— m) directiop of motion. The work done during the jump in di-
k Lmy rections can be written as

X1 Moy g, (6)
my a (1 . o .

where 7 are the phase shifts for scattering of electrons on W \/EJO dsts: p(T)Zund(s. T)]-€), ®
potentialv,. A Lippmann-Schwinger equation relates the
wave function of the host and the alloy and contains the host T’
Green'’s function. In this basis the Green’s function is repre- 14
sented by a matrix, which is calculated via a Brillouin-zone
integration. This step is the most time consuming part of the 4&
calculations. 5 % 16

When the positions of the atoms in the alloy are chosen, 14" 14
the Green’s-function matrix can be calculated. Then the po- Cu or Al
sitions in the defect region can be occupied by any desired 4___25 ‘:"\,25, _____ < >
atom or, formally, by any desired potential. Here the region 100 vacancy 25 N
consists of the nearest-neighbor shells of both the initial and ! 14.. 14
the final positions of the jumping atom, as shown in Fig. 1. [110] ‘
The defect region contains 20 lattice positions and the jump- _
ing atom is in the center of it. We stress again that in our [112] 4 14
calculations this defect is surrounded by unperturbed host 4

atoms. Of course, in reality the environment is perturbed by

the presence of alloying atoms and vacancies in the defect FiG. 2. The wind force on the nearest neighbors of the vacancy
region. However, perturbations from these distant atoms arg, the (111) plane for an electric field in thel10] direction. The
expected to be very small. In order to illustrate this, we refersgjig arrows refer to the situation with an Al atom at position 1, the
to Fig. 2 in Sec. Ill A. There the wind force on atom 20 in dashed arrows to a Cu atom at that position. The small numbers
Fig. 1 is shown in two situations, i.e., for an Al atdisolid  |abel the atoms for reference in the text. The large numbers give the
arrow) and for a Cu atonfdashed arroyvat position 1. The magnitude of the forces in eV/icm for a current density of 1
change of the wind force due to this replacement turns out teA/cm?.
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where the electric fieldE is expressed as the product of the
electrical resistivityp(T) and the current density and in
which a/\/2 is the length of the jump path, proportional to
the lattice constarda=4.05 A. This work induces a bias in
the diffusion process.

Because of the proportionality of the wind valence to the
transport relaxation time, which follows from Eqgs(1), (3),
and (4), we can define the temperature-independent vector

K(8)=8-p(T)Zyind(S:T), (9)

which depends ors, parametrizing the position along the
path. If all atoms, except the jumping atom, are Al atoms,

this vector is parallel or antiparallel to the directisrof the
jump due to the symmetry of the system. When the symme-
try is broken by the presence of an alloying atom, this vector

also has a component orthogonal%to

As we will see in Sec. Il A, this component influences
the probabilities for particular jumps and therefore the de- ]
tailed migration process. However, because of the symmetrp this respect is the force on the atoms labeled 3, 16, 14, and
of the fcc lattice such a jump is always compensated by &- These forces are smaller than_the forces on atoms 1 and
jump in the other direction and therefore does not lead to £0, but they are almost perpendicular to the electric field.

net atom transport. The integral of the componeri () in  This does not agree with the notion of a scalar wind valence,
the path directiors along the path which is based on the assumption that the force on the atom

is a direct result of the scattering of the applied current. Such
1 an assumption would lead to a force opposite to the electric
K=f ds sK(s) (100 field.
0 In the second situation, atom 1 is replaced by a Cu atom.
gives a bias resulting in the actual migration and results in/NiS is indicated by the dashed arrows. The force on the Cu
the wind part of the effective valence, which can be written@0m has risen to four times the force on an Al atom in the
as same positiondashed arrow not drawn to scal@he re-
placement significantly reduces the magnitude of the forces
on atoms 3 and 4 and changes their direction. The influence
Z*(T) = Zgjrectt (1) (1) on the other atoms is much smaller because of the larger
P distance to the Cu atom. Nevertheless the atoms 16 and 14
Both Z .t and K are independent of temperature. In mostnotice the presence of the Cu atom through a slight change in
cases the wind force will be characterized Ky which is  the direction of the force.

FIG. 3. Analogous to Fig. 2, but for an electric field in {hkéL_Z]
direction.

given in uQ cm. In Fig. 3 both situations are shown again, but the electric
field is now rotated by 90°. Again the direction of the force

IIl. RESULTS on the atoms 3, 16, 14, and 4 is not parallel to the electric

field. In this case the Cu atom does not have a large influence

A. Pure Al and the Al-Cu alloy on the magnitudes of the forces on the Al atoms, but it

In this section several effects of the presence of Cu near 8hanges the direction on atoms 3 and 4 considerably. The
jumping Al atom will be presented. First, the wind forces onforces on the atoms 16, 20, and 14 are changed only slightly.
atoms next to a vacancy are shown when one of the Al atom@ CU atom at position 1 feels again a force much lar@sr
is replaced by a Cu atom. In this way it will be seen how the2 factor of 15 but opposite to an Al atom. This can be
Cu atom influences its environment and how far its influencéxPlained by dividing the force into two parts: one as a result
reaches. Second, the work done by the wind force, which i9f the applied current and one as a result of the local current
determined by the vectdt, will be considered. arising from scattering of the applied current to the environ-

The wind force on atoms next to a vacancy in thal’,l ment of the jumping aton? The original applied current is

plane is shown in Fig. 2 for the indicated direction of the N0t scattered by a host Al atom at a lattice position, and
electric field and two different situations. Only the Compo_therefore the force due to the scattered current dominates. On

nents in the (Il) plane are shown; the components of thethe oth(_er hand, a Cu atom sgatters both cur_rents and the
alculations show that the applied current dominates.

force perpendicular to the plane are small in all cases. In th& : . : ;

first situation, indicated by the solid arrows, no Cu is present InApure Al the ve(_:torK IS antlparallel to the jump d_'rec'
near this vacancy. The electric field is parallel to the jumption s along the entire path. This means that work is done
path of the atom labeled 1. The length of the arrows is pro{’”'y by the component of the applied current in the direction
portional to the magnitude of the forces, which are also givers. For a current density of 1 MA/cfnin that direction the
explicitly in eV/cm for a current density of 1 MA/cl As  work done along the path /= —1.10 peV. This corre-
already suggested in Sec. Il, the wind force is not necessarilgponds toK=—-39 u{) cm or a wind valence of about
parallel or antiparallel to the electric field. Most remarkable—15 at room temperaturepE 2.65 w{) cm). In the paper
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applied current density o n three orthogonal cIrections o the positions in the perturbed cluster. The labels of the positions

[101],[121], and[111]. correspond to those in Fig. 1.

by Dekkeret al® erroneously a value oK=—29 uflcm  jumps of the atoms 3, 16, 14, and 4 is decreased by the

was reported. For a Cu jumi is also antiparallel to the - presence of Cu for a current in tfi&12] direction.

J.umpf p"’t‘th a?g g Ivalue ?;: _f97A,TLQ cm is found, which A current in the[ 111] direction does not do work on any

IS a factor of 2.5 1arger than for Al. . atom in pure Al jumping in the (il) plane. The presence of
For the jump of the Al atom labeled 3, with a Cu atom atCu changes this situation. The jump of atom 16 is inhibited

position 1,K is not parallel to thélOI] jump direction. The by the Cu atom, while a jump of atom 14 is supported. How-

work done along the path for three orthogonal directions of ; G
oo - . , ork done by the current in thl1] direction is
the current is displayed in Fig. 4. A current of 1 MA/&in ever, the w y " In (1 1] direction |

: > one order of magnitude smaller than the work done by cur-
the [101] direction of the path decreases the energy byrents in the (il) plane
0.658 ueV. A current in the direction orthogonal {d01] Finally, the variation of the component parallel to the di-
has a somewhat more subtle effect. The total work donggcion of the jump of the vectdf is shown in Fig. 5 for a
along the path is zero, and therefore no net transport is ex-\; atom at positions 3, 7, 11, and 19 in Fig. 1. This is the
pected. On the other hand, the wind does net work on the,mnonent leading to the bias in the motion of the atoms. As
first half of the path and thereby slightly changes the barrieq ey seen above, the presence of a Cu atom at position 3
for this jump. However, this is expected to be of minor im- oq,ces the wind force in the saddle point by a factor of 2.
portance. The average over the path decreases by 40%. Together with

The work done during all jumps in Fig. 2 for three or- 1o aioms at the positions 4, 5, and 6 it forms a “gate”
thogonal directions of the current is shown in Table I. D“””gthrough which the jumping atom passes.

a jump of the Cu atom at position 1 and a jump of Al atom
1, work is only done by the wind force arising from the
[110] component of the current. The work done during a
jump of atom 20 is about 10 percent larger than when the Cu The wind valences of thed3and 4sp alloying atoms in
atom is absent. With and without the Cu atom, jumps ofAl averaged along the jump path are shown in Fig. 6 together
atoms 3 and 4 are made more difficult by a current in thewith experimental values for their impurity resistiviti&s.
[110] direction. The effect, however, is reduced by the presBoth quantities are a result of scattering of the current car-
ence of Cu. In contrast, a jump of the atoms 16 and 14 isying electrons and have large values for the impurities with
made easier by the presence of Cu. The work done during half-filledd shell. The maximum wind valence ef470 at

B. 3d and 4sp impurities

TABLE I. Work (in ueV) done by the wind force due to a current density of 1 MAJdm three
orthogonal directions during the first and second halves of the jumps in Fig. 2.

~ 1 L, 1 — .1 -
j=—[110 j=—=[112 j=—=[111]
i \/E[ )] i \/5[ ] i 7
Atom W Wpure Al W Wpure Al W Wpure Al
1 —2.782 —1.100 0 0 0 0
3 —0.329 —0.550 —-0.571 —0.953 0 0
16 0.623 0.550 —0.887 —0.953 —0.020 0
20 1.194 1.100 0 0 0 0
14 0.623 0.550 0.887 0.953 0.020 0

4 —0.329 —0.550 0.571 0.953 0 0
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FIG. 6. Calculated wind valences for jumping 3d and 4p FIG. 8. K for Al in the initial and saddle-point position, and the
alloying atoms and experimental values for their residual resistivity? " < 29¢ OVer the migration path witkl &nd 45 p alloying atoms at
(Ref. 13 position 3 in Fig. 1.

room temperature is found for Fe. The impurity resistivity — The results foK of the alloying atoms are shown in Table
follows a similar peak, but it is less pronounced and hagl. The calculated wind valence of Ag is about as large as for
shifted from Fe to Cr. Cu, while the one of Au is much larger. An Au atom on
The contribution s, K4, andKgy¢ according to Eq(6) position 3 also induces the largest reduction of the wind
in the initial position for the 8 transition metals are shown force on Al. The group-IVA metal alloying atoms have
in Fig. 7. Thepd anddf contributions lead to the peak for larger wind valences than the noble-metal atoms. On the
the elements with a half-filled band. This suggests an im- other hand, their effect on the wind valence of a nearby
portant role for thed states. jumping Al atom is small. Mg has a very small wind valence
Figure 8 shows for the jumping Al atom, when position according to these calculations and also a small influence on
3is occupied by afd or 4sp a||oying atom. The effective the Al wind valence. Pd behaves similarly to the Slloying
valence is reduced significantly by alloying elements with adtom Ni, which was treated in Sec. Il B, just as Ag behaves
half-filled d band, which feel the largest wind force them- like Cu. For Si a large wind valence and a small influence on
selves. For example, the presence of Fe at such a positighjumping Al atom are found.
reduces the wind force on Al by more than 80%. As can be
seen from the open circles in Fig. 8, the presence of an al-
loying atom at the considered position does not always lead
to a suppression of the wind force. The alloying elements Sc, A. Cu
Ti, V, and Cr lead to an increase of the wind valence at the  These calculations have shown that the addition of an
initial position by up to 30%. However, averaged over the,jioying atom complicates the electromigration process con-
migration path, the wind force is reduced. siderably. It is seen that the wind force is not necessarily
parallel to the electric field and current, which would be the

IV. DISCUSSION

C. Other alloys

In this section, the wind force in Al alloys, which were TABLE Il. Wind valences for different alloying atoms in Al and
used in earlier attempts to decrease the electromigratiowind valences of Al, when position 3 is occupied by an alloying
damage, are considered. In Sec. IV C, these results will batomK3® normalized to the wind valence in pure KR".
compared with experimental data, and their link with tech-

nologically interesting lifetime measurements will be inves- Alloying atom Alovre oure
tigated. Noble Metals K(uQ cm) K& TKR
0 . Cu —96 0.60
1 Ag ~102 0.58
b Au ~373 0.34
-2
g Group IVA
O
g_ 4} Ti —255 0.93
o zr —556 0.80
= *—*sp Hf —398 0.83
x:» -6 | =—=apd
— df Other alloying atoms
P Mg -10 0.91
Sc Ti V Cr Mn Fe Co Ni Cu Pd 167 051
FIG. 7. Calculated wind valencds;,, K g, andKg; for the 3d Si —186 0.90

transition-metal alloying atoms in Al in the initial position.
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case for a scalar wind valence. The wind force on an Al atomeads to an underestimatéFor the alloying atoms with a
is changed due to the presence of a Cu atom near the migriarge number ofd electrons and dp alloying atoms, the
tion path as shown in Figs. 2 and 3. agreement with experiment can be improved using a model
The work done by the wind force along the path supportrocedure to account for the amount of charge transfer due to
particular jumps and can be used to characterize the winthe alloying atomt® This procedure was found to be less
force by the temperature-independent quaritydefined in  suitable for alloying atoms with a small number ofl 3
Eq. (9). This vector is parallel to the jump path when the electrons:’ The charge transfer is not accounted for self-
atoms in the environment of the jumping atom are host ateonsistently in the present implementation of our method. It
oms. For the jump of an Al atom near a Cu atom thesewould be very interesting to calculate the electronic structure
vectors also have other components. They lead to very subtlsf these alloys self-consistently and see how this changes the
changes of the jump probabilities as shown in Fig. 4 andvind force.
Table I. Therefore, the kinetics of the electromigration pro- A central result of our calculations is that the presence of
cess is slightly changed. On the other hand, these probabilityne of these alloying atoms near the path of a jumping Al
changes for certain types of jumps do not induce migratioratom can strongly reduce the wind force on Al. The largest
because of symmetry. reduction, e.g., 80% in the case of Fe, was found for impu-
The component leading to electromigration, given by Eqvrities with a large wind valence. This conforms with the in-
(10), is used in the definition of the effective valendgq. tuitive picture of a local current in the opposite direction of
(12)]. Our calculations give a value ¢f=—39 u{) cm for  the applied current, induced by the alloying atom. It stands to
pure Al and a 2.5 times larger wind valenc&= reason that this induced current is large for strong scatterers.
=97 wQ cm, for Cuin Al. A Cu atom occupying position 3
in Fig. 1 reduces the wind valence of the Al atom jumping
from position 1 by 40 %. C. Other alloying elements

It is interesting to consider the influence of these results 11q results for the noble metals indicate that Au should

on the mea;ured fluxes of Al as well as Cl.J atoms. If Alpaye the largest influence on the electromigration properties
jumps only with a Cu atom at position 3, the wind valence ong¢ o| The correlation between the wind valence of an alloy-

Al i_s rgduced by 400/‘." On the other hand,_if the pmt.)abi”t_ying atom and the influence on the wind valence of a host
of finding a Cu atom in each of the 18 positions of Fig. 1 iSa¢6m found in Sec. Il B is confirmed by the calculations for

1%, the wind valence is only reduced by 2%. The influence,,je_metal alloying elements. However, experiments show
of these changes in the effective valence therefore cannot B the addition of Ag or Au hardly changes the electromi-
predicted in a straightforward way. One of the importanty aiion pehaviol® This shows that the correlation between
parameters in the electromigration process is the binding efge riving force considered here and the macroscopic be-
ergy between vacancies and Cu atoms. If this energy is Iarg?lavior is not so simple.

Cu atoms and vacancies fo_rm pairs, which are difficult to Alloying group-IVA elements are interesting for different
separate. Then two types of jumps are frequent, jumps of Chpasans. Tiis often present in the substrate or in the passiva-

atoms and jumps of Al atoms with & Cu atom at position 3.0 15yer202L \yhereas the addition of a small amount of Zr
This means that the suppression of the wind valence woulgy , Al.cy alloy leads to a decrease of the lifetifi@s for

be large. It is clear that the implications of these calculationsihe noble-metal alloying elements, their influence on the

can only ,be estimated i_n combination With all pthgr param'electromigration behavior cannot be explained using these
eters. This could possibly be done with a kinetic Monte

. . .~ calculations only.
Carlo study of the atomic transport process, which takes into The element Mg also

account the effective valences calculated here. Work alonQineticsz
these lines is currently in progress.

reduces the electromigration
29 Interestingly, the wind valence of Mg is very
small, i.e.,Kyg=—10 u{) cm, which is even a factor of 4
smaller than the wind valence of a host Al atom. In the case
of a very small or vanishing force, the alloying element is
only transported due to the vacancy flux or, equivalently, the

The 3d transition-metal alloying atoms, as investigated intransport of host atoms. The wind valence obtained is inter-
this section, all experience a larger wind force than Cu. Theesting in view of recent Blech experiments showing that Mg
peak as a function of atomic number, which has been foundhigrates very slowly and seems to be left behind after the Al
experimentally® and theoreticall}#~'for the residual resis- has moved?®
tivity, is qualitatively also reproduced by the wind valence, The alloying element Pd shows interesting features in
but it is sharper and its position is shifted from Cr to Fe.combination with other alloying elements. The addition of a
These differences could be induced by the proximity of thesmall amount of Pd in combination with V has been shown
vacancy or by the fact that the atom does not occupy a latticeo improve the electromigration properties considerably.
position during the jump. Another possible origin of theseOther experiments suggested that Pd inhibits electromigra-
differences could be the calculation procedure, which is distion in combination with hydrogen or NB.The wind force
cussed by comparing different calculations for the impurityon Pd is larger than that on Cu. A Pd atom can decrease the
resistivity. wind valence of Al by a factor of 2.

Calculations in which the Fermi surface is approximated It is interesting to finally consider Si in Al, because it is
by a sphere tend to underestimate the resistiity? How-  always present in electronic circuits. Its wind valence is
ever, a Green’s-function method similar to the one used irabout twice as large as for Cu, whereas it has hardly any
the present paper, taking this anisotropy into account, stileffect on the wind valence of a nearby Al atom.

B. 3d and 4sp alloying elements



PRB 59 CALCULATION OF THE ELECTROMIGRATION WIND . . . 7457

Overall, we must conclude that at present a simple correThe wind valence for these atoms follows roughly the impu-
lation between our microscopic calculations and the macrority resistivity, as expected. The wind valences for thep4
scopic electromigration behavior cannot be established. Ouilloying elements are rather low. Interestingly the wind va-
calculations as they stand give only the driving force forlence for zZn, which has two telectrons, is found to be
particular jumps in the alloy, regardless of how often such a&maller than for Al. Such a small value is also found for Mg,

jump takes place. It is to be hoped that this information canyhich has two 3 electrons. The latter result is consistent
in the future be linked with other modeling approaches, leadyith recent Blech-type experimerfd?

ing to a more thorough and quantitative understanding of The wind valence of the noble-metal alloying elements

alloying effects in electromigration. alone does not explain why Cu slows down the electromigra-
tion process whereas Ag and Au do not. The wind valence of
Ag is about as large as the one of Cu, while the wind valence
Several effects of the addition of alloying elements toOf Au is a factor of 4 larger.
aluminum have been investigated theoretically byahrini- A second alloying effect could be the change of the wind
tio method. Even in pure Al the wind valence has been foundorce on a host atom due to the proximity of an alloying
to be anisotropic. The average over all the resulting jumpgtom. It turns out that this can increase as well as decrease
leads to a measurable wind force, which is pardlielanti-  the wind force and that these effects are more pronounced
paralle) to the applied current. This measurable componentvhen stronger scatterers are added. This is consistent with
of the force is calculated for pure Al to b&K= the picture that local currents are induced, which alter the
—39 10 cm, which agrees well with recent experimeffts. wind valence with respect to the situation without alloying
Our calculations show that most of the alloying elementsatom.
have a larger wind valence than the host Al atoms. This is The problem of how to link these results with electromi-
expected as the applied current is scattered by alloying elegration measurements has been discussed. Our microscopic
ments, but not by host atoms. For Cu we find a wind valencealculations, which give only the driving forces for particular
which is 2.5 times larger than for Al. Almost alld3alloying  jumps, would need to be combined with kinetic simulations
elements have a large wind valence, with Fe having the largn order to achieve a more quantitative understanding of al-
est value, which is more than 30 times larger than for Al.loying effects in electromigration.

V. CONCLUSIONS AND OUTLOOK

*Electronic address: hdek@fibonacci.nl 123, P. Dekker and A. Lodder, J. Phys.: Condens. Mdtte6687

1A. Coehn and W. Specht, Z. Phy&2, 1 (1930. (1998.

2. A. Blech and H. Sello, Rome Air Development Center Report*2J. Bass, irNumerical Data and Functional Relationships in Sci-
No. USAF-RADC Ser. 51966. ence and Technologgdited by K.-H. Hellwege and J. L. Olsen,

3J. van Ek and A. Lodder, Defect Diffus. Foruml5-116 1 Landolt-Banstein, New Series, Vol. 15, Pt.(8pringer-Verlag,
(19949. Berlin, 1983.

4C. Bosvieux and J. Friedel, J. Phys. Chem. Saligls123(1962. 14R. Schpke and E. Mrosan, Phys. Status Solidd§ K95 (1978.
SR. S. Sorbello, A. Lodder, and S. J. Hoving, Phys. Rev28B 15p. M. Boerrigter, A. Lodder, and J. Molenaar, Phys. Status Solidi

6178(1982. B 119 K91 (1983.

6J. P. Dekker, A. Lodder, and J. van Ek, Phys. Re®@12 167  ®N. Papanikolaou, N. Stefanou, and C. Papastaikoudis, Phys. Rev.
(1997. B 49, 16 117(1994.

"P. S. Ho and H. B. Huntington, J. Phys. Chem. SoB@s1319  17J. P. Dekker, A. Lodder, and J. van Ek, Phys. Re\67B12 719
(1966. (1998.

8]. Ames, F. M. d’Heurle, and R. E. Horstmann, IBM J. Res. Dev. 18R. H. Lasseter and P. Soven, Phys. Re\8,2476(1973.
14, 461 (1970. 9%, M. d’Heurle, Metall. Trans. A2, 683(1972.

R. Spolenak, J. Mason, O. Kraft, and E. Arzt,Ntaterials Reli-  2°I. A. Blech and C. Herring, Appl. Phys. Let29, 131 (1976.
ability in Microelectronics VII| edited by J. C. Bravman, T. N. 2'K. P. Rodbell, D. B. Knorr, and J. D. Mis, J. Electron. Mat22,
Marieb, J. R. Lloyd, and M. A. Korhonen, MRS Symposia Pro- 597 (1993.
ceedings No. 516Materials Research Society, Warrendale, PA, 2R, Spolenak, O. Kraft, and E. Arzt, Microelectron. Relid&,

1998, p. 269. 1015(1998.
100, Kraft, J. J. E. Sanchez, M. Bauer, and E. Arzt, J. Mater. Res?®A. G. Dirks and R. A. Augur, Appl. Phys. Let64, 704 (1994.
12, 2027(1997). 24B. Ernst, G. Frohberg, and H. Wever, Defect Diffus. Forl8-

11p, S. Ho and T. Kwok, Rep. Prog. PhyE2, 301 (1989. 147, 1649(1997).



