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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 3d 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 in Al.@S0163-1829~99!01112-1#
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I. INTRODUCTION

Electromigration is the consequence of the interaction
an electric current and the atoms present in a metal sam
The result is a flux of atoms, which is proportional to t
applied electric field or the current density. Observations
this effect for hydrogen in Pd date back to 1931,1 and at first
raised predominantly academic interest in the subject. H
ever, with the use of thin Al lines as interconnects in ele
tronic devices, electromigration became of interest also fr
a technological point of view.2 The use of further miniatur-
ized Al interconnects leads to larger current densities, wh
enhances electromigration and can therefore decrease
lifetime of a device.

Because of the proportionality of the driving force to t
electric fieldE, the driving forceF is usually characterized
by the so-called effective valenceZ*

F5Z* eE, ~1!

wheree is the elementary charge. There are two contrib
tions to the driving force, which are called the direct for
and the wind force. The direct force, which was the subj
of intense debate,3 is the result of a net charge of the atom
The estimates of this charge vary from the host vale
charge, which is13 in the case of Al, to zero. In most cas
this direct force is outweighed by the wind force, whic
arises from momentum transfer from the current-carry
electrons to the atom. In the present paper a well-establis
quantum-mechanical expression4,5 is used in order to calcu
late this force from first principles. The formalism has a
ready been published elsewhere6 and the main ingredient
are addressed in Sec. II.

The atomic flux depends not only on the driving force, b
also on the mobility of the atoms, as is clearly expressed
the Nernst-Einstein equation for the atomic drift velocity7

v5
D

kT
F, ~2!
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with the diffusivity D5D0exp(2Q/kT), containing the fre-
quency factorD0 , the activation energyQ, Boltzmann’s
constantk, and the temperatureT.

An interesting observation, mainly because of its dire
practical applicability, has been the fact that the addition o
few weight percent of Cu to an Al conductor reduces t
electromigration-induced damage dramatically.8 Even today
the exact mechanism of this retardation is not fully und
stood. However, its occurrence led to attempts to alloy
with many elements, some of which gave similar results.

One observation is that, when the Cu concentration
ceeds a certain threshold, the flux of Al atoms is dramatica
reduced.9 Only after Cu is depleted, do the Al atoms start
drift. Considering Eq.~2! it seems that Cu must have a
influence on either the activation energyQ, on the frequency
factor D0 , or on the driving force through the effective va
lenceZ* . Although the most common explanations consid
changes in the diffusion parametersQ andD0 , there is cir-
cumstantial evidence that the presence of Cu also affects
driving force.10 Besides, it is well known that the atomi
fluxes of host and alloying atoms are not independent.11

In the present paper the wind force is calculated on jum
ing alloying atoms and Al host atoms in the presence
alloying atoms. Results of these calculations are given
Sec. III, which are discussed in Sec. IV. Pure Al and t
Al-Cu alloy are considered extensively in Secs. III A an
IV A. Other alloying elements are considered in Secs. III
and IV B and in Secs. III C and IV C. Conclusions and fu
ther prospects are given in Sec. V.

II. THEORY

The wind force on an atom at positionR is calculated
using the well-established expression given by Bosvieux
Friedel4 and Sorbelloet al.5 and

Fwind5(
k

f ~k!^cku2¹Rv1uck&, ~3!
7451 ©1999 The American Physical Society
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in which the electric field induces a distributionf (k) of elec-
trons, deviating from the Fermi-Dirac disitributionf FD

f ~k!5 f FD~Ek!2etE•vkd@E~k!2EF#. ~4!

Unlike the symmetrical partf FD, the asymmetrical part, con
sisting of the current-carrying electrons at the Fermi surfa
induces a force. The transport relaxation timet is inversely
proportional to the resistivity.vk is the electronic velocity of
an electron with band index and crystal momentumk
[(nk), v1 is the potential of the atom at positionR for
which the wind force is calculated, andck is the electronic
wave function. The Fermi-Dirac distribution and the rela
ation times are the only quantities depending on temperat

In order to calculate the wave function, we need to defi
the system in which the electrons move. We model the c
of a dilute alloy, where only one defect region is embedd
in a lattice of unperturbed host atoms. The defect reg
contains the jumping atom, a vacancy, and the atoms in
close environment. Using a Green’s-function formalism
wave function for electrons in an alloy can be calculated
described by Dekkeret al.6 In the following, the most impor-
tant features of this calculation are described.

Both the alloy and the host wave functions are expres
in terms of local functions, centered at atomic positionRn ,

ck
~host!~x1Rn!5(

L
cknL

~host!RL
n,~host!~x!. ~5!

The wind force can be written in terms of the wave-functi
coefficientsck1L for the jumping atom as

Fwind52(
k

f ~k!Re(
Lm1

ck1L* DL,l 11,m1
sin~h l 112h l !

3ei ~h l 112h l !ck1l 11,m1
, ~6!

whereh are the phase shifts for scattering of electrons
potential v1 . A Lippmann-Schwinger equation relates th
wave function of the host and the alloy and contains the h
Green’s function. In this basis the Green’s function is rep
sented by a matrix, which is calculated via a Brillouin-zo
integration. This step is the most time consuming part of
calculations.

When the positions of the atoms in the alloy are chos
the Green’s-function matrix can be calculated. Then the
sitions in the defect region can be occupied by any des
atom or, formally, by any desired potential. Here the reg
consists of the nearest-neighbor shells of both the initial
the final positions of the jumping atom, as shown in Fig.
The defect region contains 20 lattice positions and the jum
ing atom is in the center of it. We stress again that in o
calculations this defect is surrounded by unperturbed h
atoms. Of course, in reality the environment is perturbed
the presence of alloying atoms and vacancies in the de
region. However, perturbations from these distant atoms
expected to be very small. In order to illustrate this, we re
to Fig. 2 in Sec. III A. There the wind force on atom 20
Fig. 1 is shown in two situations, i.e., for an Al atom~solid
arrow! and for a Cu atom~dashed arrow! at position 1. The
change of the wind force due to this replacement turns ou
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be negligible and the effect of replacement of unperturbed
atoms by Al atoms perturbed by charge transfer is also lik
to be negligible.

Assuming that the jumping atom moves along a strai
line from lattice site 1 to site 2, its positionR can be written
as

R5R11s~R22R1!, ~7!

wheres runs from 0 to 1. The wind force varies along th
path and can be written as a function of this variables. In our
calculations the jumping atom is the only one which does
occupy a host-lattice position. Slight shifts of the positions
other atoms could also be taken into account, but this is
done here.

The wind force is not necessarily parallel to the appli
current, which implies that the wind valence is a tens
Z̄wind(s,T). However, the wind force can do work only in th
direction of motion. The work done during the jump in d
rection ŝ can be written as

W5
a

A2
E

0

1

ds@ ŝ•r~T!Z̄wind~s,T!#•ej , ~8!

FIG. 1. The defect region. Atom 1 is the jumping atom, 2 d
notes the original position of the vacancy. The remaining labe
atoms are individually included in the calculations.

FIG. 2. The wind force on the nearest neighbors of the vaca
in the (111) plane for an electric field in the@110# direction. The
solid arrows refer to the situation with an Al atom at position 1, t
dashed arrows to a Cu atom at that position. The small num
label the atoms for reference in the text. The large numbers give
magnitude of the forces in eV/cm for a current density of
MA/cm2.
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PRB 59 7453CALCULATION OF THE ELECTROMIGRATION WIND . . .
where the electric fieldE is expressed as the product of th
electrical resistivityr(T) and the current densityj and in
which a/A2 is the length of the jump path, proportional
the lattice constanta54.05 Å. This work induces a bias i
the diffusion process.

Because of the proportionality of the wind valence to t
transport relaxation timet, which follows from Eqs.~1!, ~3!,
and ~4!, we can define the temperature-independent vect

K ~s!5 ŝ•r~T!Z̄wind~s,T!, ~9!

which depends ons, parametrizing the position along th
path. If all atoms, except the jumping atom, are Al atom
this vector is parallel or antiparallel to the directionŝ of the
jump due to the symmetry of the system. When the symm
try is broken by the presence of an alloying atom, this vec
also has a component orthogonal toŝ.

As we will see in Sec. III A, this component influence
the probabilities for particular jumps and therefore the
tailed migration process. However, because of the symm
of the fcc lattice such a jump is always compensated b
jump in the other direction and therefore does not lead t
net atom transport. The integral of the component ofK (s) in
the path directionŝ along the path

K5E
0

1

ds ŝ•K ~s! ~10!

gives a bias resulting in the actual migration and results
the wind part of the effective valence, which can be writt
as

Z* ~T!5Zdirect1
K

r~T!
. ~11!

Both Zdirect and K are independent of temperature. In mo
cases the wind force will be characterized byK, which is
given in mV cm.

III. RESULTS

A. Pure Al and the Al-Cu alloy

In this section several effects of the presence of Cu ne
jumping Al atom will be presented. First, the wind forces
atoms next to a vacancy are shown when one of the Al at
is replaced by a Cu atom. In this way it will be seen how t
Cu atom influences its environment and how far its influen
reaches. Second, the work done by the wind force, whic
determined by the vectorK , will be considered.

The wind force on atoms next to a vacancy in the (111)
plane is shown in Fig. 2 for the indicated direction of t
electric field and two different situations. Only the comp
nents in the (111) plane are shown; the components of t
force perpendicular to the plane are small in all cases. In
first situation, indicated by the solid arrows, no Cu is pres
near this vacancy. The electric field is parallel to the jum
path of the atom labeled 1. The length of the arrows is p
portional to the magnitude of the forces, which are also giv
explicitly in eV/cm for a current density of 1 MA/cm2. As
already suggested in Sec. II, the wind force is not necess
parallel or antiparallel to the electric field. Most remarkab
,
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in this respect is the force on the atoms labeled 3, 16, 14,
4. These forces are smaller than the forces on atoms 1
20, but they are almost perpendicular to the electric fie
This does not agree with the notion of a scalar wind valen
which is based on the assumption that the force on the a
is a direct result of the scattering of the applied current. S
an assumption would lead to a force opposite to the elec
field.

In the second situation, atom 1 is replaced by a Cu at
This is indicated by the dashed arrows. The force on the
atom has risen to four times the force on an Al atom in
same position~dashed arrow not drawn to scale!. The re-
placement significantly reduces the magnitude of the for
on atoms 3 and 4 and changes their direction. The influe
on the other atoms is much smaller because of the la
distance to the Cu atom. Nevertheless the atoms 16 an
notice the presence of the Cu atom through a slight chang
the direction of the force.

In Fig. 3 both situations are shown again, but the elec
field is now rotated by 90°. Again the direction of the forc
on the atoms 3, 16, 14, and 4 is not parallel to the elec
field. In this case the Cu atom does not have a large influe
on the magnitudes of the forces on the Al atoms, bu
changes the direction on atoms 3 and 4 considerably.
forces on the atoms 16, 20, and 14 are changed only sligh
A Cu atom at position 1 feels again a force much larger~by
a factor of 15! but opposite to an Al atom. This can b
explained by dividing the force into two parts: one as a res
of the applied current and one as a result of the local cur
arising from scattering of the applied current to the enviro
ment of the jumping atom.12 The original applied current is
not scattered by a host Al atom at a lattice position, a
therefore the force due to the scattered current dominates
the other hand, a Cu atom scatters both currents and
calculations show that the applied current dominates.

In pure Al the vectorK is antiparallel to the jump direc
tion ŝ along the entire path. This means that work is do
only by the component of the applied current in the direct
ŝ. For a current density of 1 MA/cm2 in that direction the
work done along the path isW521.10 meV. This corre-
sponds toK5239 mV cm or a wind valence of about
215 at room temperature (r52.65 mV cm). In the paper

FIG. 3. Analogous to Fig. 2, but for an electric field in the@112#
direction.
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by Dekkeret al.6 erroneously a value ofK5229 mV cm
was reported. For a Cu jump,K is also antiparallel to the
jump path and a value ofK5297 mV cm is found, which
is a factor of 2.5 larger than for Al.

For the jump of the Al atom labeled 3, with a Cu atom
position 1,K is not parallel to the@101# jump direction. The
work done along the path for three orthogonal directions
the current is displayed in Fig. 4. A current of 1 MA/cm2 in
the @101# direction of the path decreases the energy
0.658 meV. A current in the direction orthogonal to@101#
has a somewhat more subtle effect. The total work d
along the path is zero, and therefore no net transport is
pected. On the other hand, the wind does net work on
first half of the path and thereby slightly changes the bar
for this jump. However, this is expected to be of minor im
portance.

The work done during all jumps in Fig. 2 for three o
thogonal directions of the current is shown in Table I. Duri
a jump of the Cu atom at position 1 and a jump of Al ato
1, work is only done by the wind force arising from th
@110# component of the current. The work done during
jump of atom 20 is about 10 percent larger than when the
atom is absent. With and without the Cu atom, jumps
atoms 3 and 4 are made more difficult by a current in
@110# direction. The effect, however, is reduced by the pr
ence of Cu. In contrast, a jump of the atoms 16 and 14
made easier by the presence of Cu. The work done du

FIG. 4. The work done during a jump of atom 2 in Fig. 2 by
applied current density of 1 MA/cm2 in three orthogonal directions
@101#,@121#, and@111#.
t
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jumps of the atoms 3, 16, 14, and 4 is decreased by
presence of Cu for a current in the@112# direction.

A current in the@111# direction does not do work on an
atom in pure Al jumping in the (111) plane. The presence o
Cu changes this situation. The jump of atom 16 is inhibit
by the Cu atom, while a jump of atom 14 is supported. Ho
ever, the work done by the current in the@111# direction is
one order of magnitude smaller than the work done by c
rents in the (111) plane.

Finally, the variation of the component parallel to the d
rection of the jump of the vectorK is shown in Fig. 5 for a
Cu atom at positions 3, 7, 11, and 19 in Fig. 1. This is t
component leading to the bias in the motion of the atoms.
already seen above, the presence of a Cu atom at positi
reduces the wind force in the saddle point by a factor of
The average over the path decreases by 40%. Together
the atoms at the positions 4, 5, and 6 it forms a ‘‘gat
through which the jumping atom passes.

B. 3d and 4sp impurities

The wind valences of the 3d and 4sp alloying atoms in
Al averaged along the jump path are shown in Fig. 6 toget
with experimental values for their impurity resistivities.13

Both quantities are a result of scattering of the current c
rying electrons and have large values for the impurities w
a half-filledd shell. The maximum wind valence of2470 at

FIG. 5. Variation ofK for a host Al atom with a Cu atom on on
of the positions in the perturbed cluster. The labels of the positi
correspond to those in Fig. 1.
TABLE I. Work ~in meV) done by the wind force due to a current density of 1 MA/cm2 in three
orthogonal directions during the first and second halves of the jumps in Fig. 2.

ĵ5
1

A2
@110# ĵ 5

1

A6
@112# ĵ 5

1

A3
@111#

Atom W Wpure Al W Wpure Al W Wpure Al

1 22.782 21.100 0 0 0 0
3 20.329 20.550 20.571 20.953 0 0
16 0.623 0.550 20.887 20.953 20.020 0
20 1.194 1.100 0 0 0 0
14 0.623 0.550 0.887 0.953 0.020 0
4 20.329 20.550 0.571 0.953 0 0
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PRB 59 7455CALCULATION OF THE ELECTROMIGRATION WIND . . .
room temperature is found for Fe. The impurity resistiv
follows a similar peak, but it is less pronounced and h
shifted from Fe to Cr.

The contributionsKsp ,Kpd , andKd f according to Eq.~6!
in the initial position for the 3d transition metals are show
in Fig. 7. Thepd andd f contributions lead to the peak fo
the elements with a half-filledd band. This suggests an im
portant role for thed states.

Figure 8 showsK for the jumping Al atom, when position
3 is occupied by a 3d or 4sp alloying atom. The effective
valence is reduced significantly by alloying elements with
half-filled d band, which feel the largest wind force them
selves. For example, the presence of Fe at such a pos
reduces the wind force on Al by more than 80%. As can
seen from the open circles in Fig. 8, the presence of an
loying atom at the considered position does not always l
to a suppression of the wind force. The alloying elements
Ti, V, and Cr lead to an increase of the wind valence at
initial position by up to 30%. However, averaged over t
migration path, the wind force is reduced.

C. Other alloys

In this section, the wind force in Al alloys, which wer
used in earlier attempts to decrease the electromigra
damage, are considered. In Sec. IV C, these results wil
compared with experimental data, and their link with tec
nologically interesting lifetime measurements will be inve
tigated.

FIG. 6. Calculated wind valencesK for jumping 3d and 4sp
alloying atoms and experimental values for their residual resisti
~Ref. 13!.

FIG. 7. Calculated wind valencesKsp ,Kpd , andKd f for the 3d
transition-metal alloying atoms in Al in the initial position.
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The results forK of the alloying atoms are shown in Tab
II. The calculated wind valence of Ag is about as large as
Cu, while the one of Au is much larger. An Au atom o
position 3 also induces the largest reduction of the w
force on Al. The group-IVA metal alloying atoms hav
larger wind valences than the noble-metal atoms. On
other hand, their effect on the wind valence of a nea
jumping Al atom is small. Mg has a very small wind valen
according to these calculations and also a small influence
the Al wind valence. Pd behaves similarly to the 3d alloying
atom Ni, which was treated in Sec. III B, just as Ag behav
like Cu. For Si a large wind valence and a small influence
a jumping Al atom are found.

IV. DISCUSSION

A. Cu

These calculations have shown that the addition of
alloying atom complicates the electromigration process c
siderably. It is seen that the wind force is not necessa
parallel to the electric field and current, which would be t

TABLE II. Wind valences for different alloying atoms in Al and
wind valences of Al, when position 3 is occupied by an alloyi
atomKAl

alloy normalized to the wind valence in pure AlKAl
pure.

Alloying atom
Noble Metals K(mV cm) KAl

alloy/KAl
pure

Cu 296 0.60
Ag 2102 0.58
Au 2373 0.34

Group IVA

Ti 2255 0.93
Zr 2556 0.80
Hf 2398 0.83

Other alloying atoms

Mg 210 0.91
Pd 2167 0.51
Si 2186 0.90

FIG. 8. K for Al in the initial and saddle-point position, and th
average over the migration path with 3d and 4sp alloying atoms at
position 3 in Fig. 1.
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case for a scalar wind valence. The wind force on an Al at
is changed due to the presence of a Cu atom near the m
tion path as shown in Figs. 2 and 3.

The work done by the wind force along the path suppo
particular jumps and can be used to characterize the w
force by the temperature-independent quantityK , defined in
Eq. ~9!. This vector is parallel to the jump path when th
atoms in the environment of the jumping atom are host
oms. For the jump of an Al atom near a Cu atom the
vectors also have other components. They lead to very su
changes of the jump probabilities as shown in Fig. 4 a
Table I. Therefore, the kinetics of the electromigration p
cess is slightly changed. On the other hand, these probab
changes for certain types of jumps do not induce migrat
because of symmetry.

The component leading to electromigration, given by E
~10!, is used in the definition of the effective valence@Eq.
~11!#. Our calculations give a value ofK5239 mV cm for
pure Al and a 2.5 times larger wind valence,K5
297 mV cm, for Cu in Al. A Cu atom occupying position
in Fig. 1 reduces the wind valence of the Al atom jumpi
from position 1 by 40 %.

It is interesting to consider the influence of these res
on the measured fluxes of Al as well as Cu atoms. If
jumps only with a Cu atom at position 3, the wind valence
Al is reduced by 40 %. On the other hand, if the probabil
of finding a Cu atom in each of the 18 positions of Fig. 1
1%, the wind valence is only reduced by 2%. The influen
of these changes in the effective valence therefore canno
predicted in a straightforward way. One of the importa
parameters in the electromigration process is the binding
ergy between vacancies and Cu atoms. If this energy is la
Cu atoms and vacancies form pairs, which are difficult
separate. Then two types of jumps are frequent, jumps o
atoms and jumps of Al atoms with a Cu atom at position
This means that the suppression of the wind valence wo
be large. It is clear that the implications of these calculatio
can only be estimated in combination with all other para
eters. This could possibly be done with a kinetic Mon
Carlo study of the atomic transport process, which takes
account the effective valences calculated here. Work al
these lines is currently in progress.

B. 3d and 4sp alloying elements

The 3d transition-metal alloying atoms, as investigated
this section, all experience a larger wind force than Cu. T
peak as a function of atomic number, which has been fo
experimentally13 and theoretically14–17 for the residual resis-
tivity, is qualitatively also reproduced by the wind valenc
but it is sharper and its position is shifted from Cr to F
These differences could be induced by the proximity of
vacancy or by the fact that the atom does not occupy a la
position during the jump. Another possible origin of the
differences could be the calculation procedure, which is d
cussed by comparing different calculations for the impur
resistivity.

Calculations in which the Fermi surface is approxima
by a sphere tend to underestimate the resistivity.14–16 How-
ever, a Green’s-function method similar to the one used
the present paper, taking this anisotropy into account,
ra-
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leads to an underestimate.17 For the alloying atoms with a
large number ofd electrons and 4sp alloying atoms, the
agreement with experiment can be improved using a mo
procedure to account for the amount of charge transfer du
the alloying atom.18 This procedure was found to be les
suitable for alloying atoms with a small number of 3d
electrons.17 The charge transfer is not accounted for se
consistently in the present implementation of our method
would be very interesting to calculate the electronic struct
of these alloys self-consistently and see how this changes
wind force.

A central result of our calculations is that the presence
one of these alloying atoms near the path of a jumping
atom can strongly reduce the wind force on Al. The larg
reduction, e.g., 80% in the case of Fe, was found for im
rities with a large wind valence. This conforms with the i
tuitive picture of a local current in the opposite direction
the applied current, induced by the alloying atom. It stands
reason that this induced current is large for strong scatter

C. Other alloying elements

The results for the noble metals indicate that Au sho
have the largest influence on the electromigration proper
of Al. The correlation between the wind valence of an allo
ing atom and the influence on the wind valence of a h
atom found in Sec. III B is confirmed by the calculations f
noble-metal alloying elements. However, experiments sh
that the addition of Ag or Au hardly changes the electrom
gration behavior.19 This shows that the correlation betwee
the driving force considered here and the macroscopic
havior is not so simple.

Alloying group-IVA elements are interesting for differen
reasons. Ti is often present in the substrate or in the pass
tion layer,20,21 whereas the addition of a small amount of
to a Al-Cu alloy leads to a decrease of the lifetime.21 As for
the noble-metal alloying elements, their influence on
electromigration behavior cannot be explained using th
calculations only.

The element Mg also reduces the electromigrat
kinetics.22,9 Interestingly, the wind valence of Mg is ver
small, i.e.,KMg5210 mV cm, which is even a factor of 4
smaller than the wind valence of a host Al atom. In the ca
of a very small or vanishing force, the alloying element
only transported due to the vacancy flux or, equivalently,
transport of host atoms. The wind valence obtained is in
esting in view of recent Blech experiments showing that M
migrates very slowly and seems to be left behind after the
has moved.22,9

The alloying element Pd shows interesting features
combination with other alloying elements. The addition o
small amount of Pd in combination with V has been sho
to improve the electromigration properties considerably23

Other experiments suggested that Pd inhibits electromi
tion in combination with hydrogen or Nb.21 The wind force
on Pd is larger than that on Cu. A Pd atom can decrease
wind valence of Al by a factor of 2.

It is interesting to finally consider Si in Al, because it
always present in electronic circuits. Its wind valence
about twice as large as for Cu, whereas it has hardly
effect on the wind valence of a nearby Al atom.
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Overall, we must conclude that at present a simple co
lation between our microscopic calculations and the ma
scopic electromigration behavior cannot be established.
calculations as they stand give only the driving force
particular jumps in the alloy, regardless of how often suc
jump takes place. It is to be hoped that this information
in the future be linked with other modeling approaches, le
ing to a more thorough and quantitative understanding
alloying effects in electromigration.

V. CONCLUSIONS AND OUTLOOK

Several effects of the addition of alloying elements
aluminum have been investigated theoretically by anab ini-
tio method. Even in pure Al the wind valence has been fo
to be anisotropic. The average over all the resulting jum
leads to a measurable wind force, which is parallel~or anti-
parallel! to the applied current. This measurable compon
of the force is calculated for pure Al to beK5
239 mV cm, which agrees well with recent experiments24

Our calculations show that most of the alloying eleme
have a larger wind valence than the host Al atoms. Thi
expected as the applied current is scattered by alloying
ments, but not by host atoms. For Cu we find a wind vale
which is 2.5 times larger than for Al. Almost all 3d alloying
elements have a large wind valence, with Fe having the l
est value, which is more than 30 times larger than for
v

o
A

e

e-
-

ur
r
a
n
-
f

d
s

t

s
is
le-
e

g-
.

The wind valence for these atoms follows roughly the imp
rity resistivity, as expected. The wind valences for the 4sp
alloying elements are rather low. Interestingly the wind v
lence for Zn, which has two 4s electrons, is found to be
smaller than for Al. Such a small value is also found for M
which has two 3s electrons. The latter result is consiste
with recent Blech-type experiments.22,9

The wind valence of the noble-metal alloying eleme
alone does not explain why Cu slows down the electromig
tion process whereas Ag and Au do not. The wind valenc
Ag is about as large as the one of Cu, while the wind vale
of Au is a factor of 4 larger.

A second alloying effect could be the change of the w
force on a host atom due to the proximity of an alloyi
atom. It turns out that this can increase as well as decr
the wind force and that these effects are more pronoun
when stronger scatterers are added. This is consistent
the picture that local currents are induced, which alter
wind valence with respect to the situation without alloyi
atom.

The problem of how to link these results with electrom
gration measurements has been discussed. Our micros
calculations, which give only the driving forces for particul
jumps, would need to be combined with kinetic simulatio
in order to achieve a more quantitative understanding of
loying effects in electromigration.
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14R. Schöpke and E. Mrosan, Phys. Status Solidi B90, K95 ~1978!.
15P. M. Boerrigter, A. Lodder, and J. Molenaar, Phys. Status Sol

B 119, K91 ~1983!.
16N. Papanikolaou, N. Stefanou, and C. Papastaikoudis, Phys. R

B 49, 16 117~1994!.
17J. P. Dekker, A. Lodder, and J. van Ek, Phys. Rev. B57, 12 719

~1998!.
18R. H. Lasseter and P. Soven, Phys. Rev. B8, 2476~1973!.
19F. M. d’Heurle, Metall. Trans. A2, 683 ~1971!.
20I. A. Blech and C. Herring, Appl. Phys. Lett.29, 131 ~1976!.
21K. P. Rodbell, D. B. Knorr, and J. D. Mis, J. Electron. Mater.22,

597 ~1993!.
22R. Spolenak, O. Kraft, and E. Arzt, Microelectron. Reliab.38,

1015 ~1998!.
23A. G. Dirks and R. A. Augur, Appl. Phys. Lett.64, 704 ~1994!.
24B. Ernst, G. Frohberg, and H. Wever, Defect Diffus. Forum143-

147, 1649~1997!.


