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Rich chemistry of copper in crystalline silicon
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~Received 20 January 1999!

The interstitial copper ion (Cui
1) is a very fast-diffusing impurity in Si. While the isolated interstitial is a

shallow donor, it reacts with impurities and defects and these reactions affect the electrical properties of the
material. Copper passivates shallow acceptors, forms pairs with various impurities, including itself, and pre-
cipitates at defects. Some Cu precipitates are strong electron-hole recombination centers. In this paper, inter-
stitial and substitutional copper, copper-acceptor pairs, and the precipitation of copper at a model nanodefect,
the ring hexavacancy, are studied in clusters at theab initio Hartree-Fock level. The chemistry of copper in Si
is not as simple as commonly believed, even in the case of Cui

1 . The interstitial ion is not in the 3d104sp0

configuration as often assumed, but transfers some electrons into the 4sp shell, which ultimately is responsible
for the various covalent interactions between copper and its host crystal. In addition to energy-optimized
configurations and binding energies, a number of details of the chemical interactions shed light on the behavior
of copper in silicon.@S0163-1829~99!00232-5#
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I. INTRODUCTION

Copper is a common impurity in silicon. Its propertie
have been studied experimentally for many years.1 Since
several excellent reviews have recently been published2–4

this introduction is limited to the key issues directly releva
to this paper.

Interstitial copper is believed to be a shallow donor in
and exists almost exclusively as the positive ion Cui

1 . Since
it reacts with various impurities~including itself!, its diffu-
sion is trap limited. The first measurements5 of the diffusiv-
ity of copper in Si found an activation energy of 0.43 eV, b
the most recent value6 D5(3.060.3)•10243exp2(0.18
60.01)eV/kBT (cm2/s) shows that the activation energy
substantially lower. It is close to the 0.24 eV predicted byab
initio Hartree-Fock~HF! calculations7 for the diffusion of
Cui

1 along the interstitial tetrahedral–hexagonal–tetrahe
~T-H-T! path.

It may be a surprise that Cui
1—the heaviest transition

metal~TM! ion in the 3d series—is such a fast diffuser whil
Ti i

1—the lightest ion in the series—cannot be made to d
fuse much at all up to the melting point of the material. T
activation energy for diffusion of Tii

1 , calculated7 at the
same level of theory as that of Cui

1 , is 3.29 eV. The strength
of the chemical interactions between various TM’s and the
host obviously varies considerably from one element to
other in the 3d series, and each of these elements must
studied in detail to understand the peculiarities of its inter
tions with the crystal.

The chemomechanical polishing of Si wafers with a slu
containing copper generates a rapidly-diffusing speciesX,
which passivates shallow acceptors.X was identified as Cu
by Preschaet al.,8 and Cu-acceptor pairs have been stud
by several groups.9–11 The dissociation energies are 0.61 e
for $Cu,B%, 0.70 eV for$Cu,Al%, and 0.71 eV for$Cu,Ga%.
Copper also forms pairs10,11 with TM’s such as Pt or Au,
with itself12 ~the substitutional–interstitial$Cus ,Cui% pair!,
and other complexes still unidentified, all with dissociati
PRB 600163-1829/99/60~8!/5375~8!/$15.00
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energies of the order of the eV.11,13 Copper weakly traps a
or near interstitial O since the intrinsic diffusivity of Cui

1

below room temperature is higher in floating zone than
Czochralski Si.3 Copper also interacts with common impur
ties such as C, P, As, and others. Abnormally high-annea
rates of divacancies (V2) in samples with surface-deposite
copper have been interpreted as being caused by the p
vation ofV2 by copper.14 Little is known about most of these
interactions.

Finally, copper has a strong tendency to precipitate
defects such as dislocations,15,4 grain boundaries,16

nanocavities,17–19 radiation-damaged regions,20,21 stacking
faults,22 etc. Copper forms star-shaped etch pits, and plate
in $111% planes.4 Such precipitates reduce the lifetime
charge carriers.23,24 A range of gap levels observed by dee
level transient spectroscopy~DLTS! have been assigned t
copper precipitates. These levels tend to form def
bands.3,4

Much of what is known about Cu in Si deals with larg
precipitates—visible for example by cross-sectional tra
mission electron microscopy or electron-beam induc
current—or long-range interactions such as the dissocia
of copper-acceptor pairs observed in transient-ion drift~TID!
experiments. These types of experiments reveal little ab
the local ~atomic-level! interactions. The microscopic natur
of the interactions involving Cu in Si are poorly understoo
Not surprisingly, most of the open questions are related
nearby interactions such as the following.

~1! If interstitial copper in Si is like the free ion, that is i
the closed-shell 3d104sp0 configuration, why does it interac
at all with impurities?

~2! What is the nature of Cu-acceptor interactions, a
why is the dissociation energy of Cu-acceptor pairs so lo
The binding energies of H-acceptor pairs are about tw
larger.25 The acceptor-dependence of these energies imp
that the interaction is not purely Coulombic.

~3! What are the interactions between copper and lat
defects of nanometer size or larger? Where does Cu fit
void, and what are the binding energies?
5375 ©1999 The American Physical Society
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5376 PRB 60S. K. ESTREICHER
~4! What is the origin of the electrical activity of coppe
precipitates?

This paper proposes answers to such questions on the
sis ofab initio HF calculations in clusters. Such calculatio
have been used to predict the activation energy for diffusi7

of Cui
1 and the structure of the passivated$Cu,B% pair.26

Preliminary binding energies and configurations27 confirm
that the methodology is appropriate.

Except for these HF studies, the theoretical work pu
lished so far has dealt with the prediction of trends foriso-
lated TM impurities atundistortedinterstitial T or substitu-
tional sites. Two types of approach have been used, w
varying degree of sophistication. DeLeoet al.28,29 used the
self-consistent scattered-waveXa method in a small cluste
to calculate the trends in the gap-level positions for sev
interstitial TM’s. Hemstreetet al.30,31 applied the same tech
nique to substitutional TM’s.

Zunger and Lindefelt32–34 avoided the cluster size an
surface problems by using a perturbative approach. They
gan with a perfect-crystal Green’s function, then added
TM impurity as a localized perturbative potential~for a re-
view, see Ref. 35!. Beeler et al.36,37 performed spin-
unrestricted, self-consistent, linear muffin-tin orbit
Green’s-function calculations for all the 3d TM’s at intersti-
tial and substitutional sites. In addition to trends in the g
level positions, they find that the early and late TM’s in
have a low spin. Finally, Lindefelt38 estimated the magnitud
of the relaxations around substitutional copper using an
pirical valence-force potential, and found a symmetric o
ward relaxation of the nearest neighbors~NN’s! by 0.24 Å.

The aim of the present paper is quite different. The po
tions of gap levels obtained at theab initio HF level are well
known to be only qualitative, and no attempt is made her
predicting the position of DLTS levels. Further, only copp
is discussed. However, these areab initio total-energy
quantum-chemical calculations. Geometry optimizations
performed with no symmetry assumptions for a range of
fect centers involving copper. The configurations, electro
structures, binding energies, and chemistry of these def
are obtained.

The methodology is discussed in Sec. II. Section III de
with interstitial and substitutional Cu, and Sec. IV discus
Cu-acceptor pairs. In Sec. V, the ring hexavacancy39,40 is
used as a model defect to study the interactions betw
several Cui

1’s and a nanometer-size void in the crystal. Se
tion VI contains a discussion and conclusions.

II. METHODOLOGY

The calculations were carried out at two complement
levels of theory. First, the geometries of the various co
plexes were gradient optimized with no symmetry assum
tions using the ‘‘approximateab initio’’ HF method of par-
tial retention of diatomic differential overlap~PRDDO!.41,42

This method contains no experimentally adjusted parame
~hence ‘‘ab initio’’ ! but calculates only;N3 two-electron
integrals~hence, ‘‘approximate’’!. In true ab initio HF cal-
culations, ;N4 two-electron integrals must be evaluate
whereN is the basis set size. The reduction fromN4 to N3 is
accomplished by clever orthogonalizations of the basis
that render four-center integrals vanishingly small. The b
ba-
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tom line is that PRDDO reproduces the results of minim
basis setab initio HF calculations at a fraction of the cost.
provides excellent geometries, but only approximate ener
ics and electronic structures. Note that optimizing the geo
etries of all the defects studied here at theab initio HF level
would be computationally prohibitive. For example, th
$Cu5,V6% complex involves 57 degrees of freedom!

The calculations were carried out in four H-saturat
clusters43 containing 22, 38, 44, and 100 Si atoms, resp
tively. The geometries optimized in the 38 and 44 host-at
clusters were used as inputs for single-pointab initio HF
~Ref. 44! calculations with split-valence basis sets and pol
ization functions on selected atoms. A few geometries w
reoptimized at theab initio HF level, with some symmetry
restrictions, in order to verify the PRDDO results~no dis-
crepancies were found!. In order to remove the core electron
from the calculations, Hay-Wadt pseudopotentials45 for Si
~and Al! and Stevens-Bash-Krauss pseudopotentials46 for Cu
~and Ga! were used. These pseudopotentials were succ
fully used in earlier calculations.7

In addition to equilibrium geometries and binding ene
gies, these calculations provide energy eigenvalues, bond
ders or degrees of bonding, overlap populations, and o
parameters.47 Mulliken charges allow one to compare th
amount of chargelocalizedon each atom. The population o
the various~atomic! orbitals provides valuable informatio
about the electronic configuration of the impurity. As not
above, the energy eigenvalues are not quantitative since
method does not optimize unoccupied states. The ‘‘cond
tion band’’ is unrealistically high in energy. However, th
energy eigenvalues that are isolated in the gap are alw
associated with localized states. These eigenvalues pro
information on the presence or absence of deep states a
ciated with a given defect. The results reported below w
obtained at theab initio HF level except for the Cu-accepto
charge distributions in the 100 Si-atom cluster, which a
PRDDO results.

III. INTERSTITIAL AND SUBSTITUTIONAL COPPER

The present calculations confirm the earlier result7 that the
lowest-energy configuration of Cui

1 in Si is at ~or rather,
very near! the T site. The activation energy for diffusion7

along the T-H-T path is 0.24 eV, very close to the mo
recent experimental value,6 0.1860.01 eV. The four nearest
neighbors~NN’s! to Cui

1 relax outward by less than 0.05 Å
The energy spectrum of Cui

1 shows no localized state in th
gap.

It costs1.67 eV to insert the free Cu1 ion into the T site
in Si. This value is very close to the experimentally det
mined activation energy of solubility of copper, 1.7 eV.1,18

Note that the experimental value is a heat of solution from
copper silicide, while the calculated energy difference
relative to the free Cu1 ion. The agreement between the tw
numbers should therefore not be overinterpreted.

The electronic configuration of Cui
1 is not 3d104sp0 as is

commonly assumed. This configuration is that of the fr
ion, but as an interstitial impurity in Si, copper promot
several electrons from the 3d into the 4sp shell and borrows
some electron density from its NN’s. This occurs even if t
self-consistent cycle begins with a 3d10 guess orbital occu-
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pancy. Cui
1 does notresemble a tiny hard sphere, but ove

laps~weakly but covalently! with its four NN’s, as shown in
Fig. 1.

The promotion of some electrons from the 3d to the 4sp
shells allows some weak but covalent overlap with the cr
tal. The 3d orbital with the largest population is 3dxy , that is
the orbital perpendicular to the T-H-T axis. The populati
of each of the four 4sp orbitals is about 0.9, a bit more in th
4pz orbital along the trigonal axis. This small excess pop
lation pulls Cui

1 just off the T site toward the nearest Si ato
on the trigonal axis. Since the bonding orbitals of the
atoms point away from the impurity, the overlap betwe
Cui

1 and its four NN’s is very weak, but it is covalent: th
overlap population is positive. The need to promote so
electrons from the 3d orbitals to the 4sp ones—thus allow-
ing some covalent overlap to occur—is much of the rea
why it costs energy to insert copper into the crystal. Sin
copper has partially occupied 3d and 4sp shells, it is able to
interact covalently with many impurities and defects, and c
hybridize in a variety of ways. This is illustrated in the re
of this manuscript.

The Mulliken charge on Cui
1 is not11, but close to zero

The 11 charge is delocalized further away from the inters
tial. Note that if Cui

1 were the 3d104sp0 ion, its ionic
radius48 would be less than 0.75 Å, its Mulliken charge e
actly 11, and its electrostatic potential would not look an
thing like that in Fig. 1. Since cluster or supercell calcu
tions artificially localize any excess charge, they a
inadequate to predict exactly how large a sphere aroundi

1

must be drawn to contain a net charge of11. However, an
examination of the changes in the charge distribution w
and without Cui

1 in the 100-Si atom cluster shows that th
11 charge is localized within a sphere of radiuslarger than
10 Å. This result is consistent with the shallow don
behavior24 assumed for interstitial copper. Cui

1 is not the
point charge it is often thought to be.

When Cui
1 and a ~neutral! vacancy get close to eac

FIG. 1. Cross section of the electrostatic potential around Ci
1

~at the center of the surface, in black!. The plot shows that the
electrostatic potential around copper extends to cover its four N
and that Cui

1 is not a spherical 3d104sp0 ball but promotes elec-
trons to the 4sp shell in order to overlap with its four NN’s.
-

-

i
n

e

n
e

n
t

-

-
e

h

other, copper becomes substitutional Cus
1 , the only charge

state of substitutional copper considered here. The ene
spectrum shows the presence of several unoccupied en
levels in the gap. Their number and position are basis
dependent, but their presence is not. The Koopman theo
ionization energy for this defect is negative, implying that
is an electron trap: adding one~or more! electron~s! occurs at
a gain in energy. Substitutional copper is four-fold coor
nated and overlaps covalently with its four NN’s. None
these Cu–Si bonds are true two-electron covalent bonds.
bond orders are small and the bonds weak. The defect is
close to, but not exactly, tetrahedral: Of the nine valen
orbitals associated with copper, the ones that have the lar
population are 3dzz, 3dxy , and 4pz . The four NN’s to cop-
per relax outward by less than 0.1 Å.

The energy gained in the reaction Cui
11V˜Cus

1 is 2.71
eV ~which does not include the formation energy of the v
cancy!. This is not a very large energy gain for a reacti
involving an interstitial impurity and a vacancy. It corre
sponds to about 0.6 eV for each Cu–Si bond~some energy
gain is associated with the reduction of the strain associa
with the vacancy!. For comparison, ones gains more than
eV by inserting a single H atom into a vacancy~which can
accomodate four of them!! ~Ref. 49! or a cluster of
vacancies,50 and the vacancy–self-interstitial recombinatio
releases 8.2 eV.51 It is possible that a single H interstitia
could expel copper from its substitutional site, and two H
certainly would. Since the standard preparation of Schot
diodes results in some H penetrating into the subsurf
layer,52 this could explain why it is difficult to detect subst
tutional copper by DLTS.

IV. COPPER-ACCEPTOR PAIRS

At low temperatures, copper removes2,3,10 the electrical
activity of shallow acceptors~in this paper,A stands for B,
Al, or Ga!. The long-range attraction betweenA2 and Cui

1 is
Coulombic. Here, ‘‘long-range’’ means within a capture r
dius Rc estimated2 at 50 Å or so. However, the coppe
acceptor dissociation energies reported in TID experime
are small and acceptor dependent, suggesting that the
interactions are not purely Coulombic. The dissociati
energies2 are 0.61, 0.70, and 0.71 eV for$Cu,B%, $Cu,Al%,
and$Cu,Ga%, respectively.

An earlier study at a similar level of theory26 showed that
a weak covalent bond forms between Cu and B, with cop
at the antibonding (AB) site of the acceptor. Thus, th
nearby interaction implies passivation rather than compen
tion. Preliminary results from the present work27 have shown
that, were the interaction purely Coulombic, the dissociat
energies should be substantially larger than reported in
experiments. But the calculatedtrends were identical~and
rather close! to the experimental ones:$Cu,Ga% is more
stable than$Cu,Al% ~by 0.08 eV!, which itself is more stable
than $Cu,B% ~by 0.19 eV!. The numbers in parentheses a
total energy differences for the fully dissociated ions. F
ther, the dissociation energy$Cu,B%˜Cui1B with copper at
the second-nearest T site from B was found to be 0.69 eV
value very close to the experimental one.

The present calculations involve three acceptors~B, Al,
and Ga! and a combination ofab initio calculations in 44
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Si-atom clusters and PRDDO calculations in the 100 Si-a
clusters. The results are as follows.

Geometry optimizations for the isolated acceptors sh
that A2 remains on center and that its four NN’s are dra
inward by 0.17 Å~in the case of B2) and pushed outward in
the case of Al2 and Ga2 ~by 0.06 Å and 0.04 Å, respec
tively!. The direction and magnitude of these relaxations
consistent with the sum of tetrahedral radii,53 which are 2.03
Å for Si–B, 2.35 Å for Si–Si, and 2.40 Å for both Si–Al an
Si–Ga. The corresponding sums with copper are 2.08 Å
Cu–B, 2.40 Å for Cu–Si, 2.46 Å for Cu–Al, and 2.45 Å fo
Cu-Ga.

The lowest-energy configuration with Cui
1 andA2 in the

same cluster occurs when copper is at theAB site of the
acceptor. In the optimized configurations, the internucl
distances are 1.98 Å for Cu–B, 2.15 Å for Cu–Al, and 1.
Å for Cu–Ga. There is some overlap between copper and
acceptor. It is bonding in the case of B and Al, but antibon
ing in the case of Ga. The largest changes in the Cu orb
populations relative to isolated Cui

1 occur in the 3dxy and
4pz orbitals, wherez is the copper-acceptor axis. When th
interaction is bonding, the population in 3dxy decreases and
that in 4pz increases. When the interaction is antibonding
is the 3dxy orbital that increases its population at the expe
of the 4pz , and the charge density on Cu looks a little mo
like a doughnut perpendicular to the trigonal axis. In the c
of Cui

1 , the population in 3dxy is 1.21. This changes to 0.77
0.91, and 1.35 for$Cu,B%, $Cu,Al%, and $Cu,Ga%, respec-
tively.

All the T sites in the cluster~other than the one immedi
ately next to theAB site of the acceptor! are local minima of
the potential energy for interstitial copper. The energy for
at these sites is higher than that of the$Cu,A% pair by several
tenths of an eV. For example, theA–Si–Cu configuration
~Cu antibonding to a host atom instead of the acceptor!, is
higher by 0.55, 0.58, and 0.57 eV for B, Al, and Ga, resp
tively. Along the most likely dissociation path, if one pul
Cu away from theAB site through the H site to the next
site on the samê111& axis, the energy goes up by 0.45 eV
the case of B. If one adds to that the 0.24 eV barrier at th
site, the calculated$Cu,B% dissociation energy becomes 0.6
eV, surprisingly close to the experimental value~0.61 eV!.
The energy difference is 0.88 eV for$Cu,Al% and 0.92 eV
for $Cu,Ga% ~experimentally, 0.70 and 0.71 eV, respe
tively!. These calculated values imply that most of the m
sured dissociation energy in the TID experiments2,10 corre-
sponds to the break up of the pair. Yet, these experim
drive copper far away from the acceptor, as if there were
need to overcome a long-range Coulomb attraction betw
the two species.

An analysis of the changes in the Mulliken charges on
and the acceptor in the same cluster shows that copper c
pensates the acceptor even at rather large separations.
implies a charge transferA21Cu1

˜A01Cu0 within some
volume around the acceptor. These calculations were
formed in the CuASi99H72 cluster in which the two impuri-
ties can be placed at local minima of the energy as far as
Å apart, both impurities still having two complete host atom
shells around them. Three configurations were conside
and the Mulliken charges compared. In each case, the ch
m
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in the charge on the copper and the acceptor atoms is
small. For example, in the case of Cu and Al, the passiva
configuration has10.01e on Cu and10.15e on Al. If Cu is
at a T site 4.4 Å away from Al, the charge on Cu is u
changed and that on Al drops to10.07e. When Cu is at a T
site 10.4 Å away from Al, it still has the same Mullike
charge, while that on Al drops further to10.05e. Thus, even
when copper and the acceptor are over 10 Å apart, they
not behave like11 and 21 point charges. Similar trend
occur in the cases of B and Ga. As noted above, the ch
on Cui

1 spreads out over many NN’s, and so does that ofA2.
When Cui

1 is in the neighborhood of the acceptor, the tw
charge clouds overlap and substantially cancel each ot
There is no immediate charge transfer$A,Cu%˜A21Cu1

when the Cu–A bond breaks.
Thus, while copperpassivatesthe acceptor in the lowest

energy configuration, itcompensatesit for separations at
least as large as 10.4 Å. Assuming a Coulomb potentia
short distances is therefore incorrect. The dissociation of
copper-acceptor pair does not reactivate the acceptor
the two species are at a substantial separation, where a
ready heavily screened Coulomb interaction kicks in.

V. COPPER PRECIPITATION AT INTERNAL VOIDS

The model intrinsic defect considered in the present st
is the ring-hexavacancy (V6), which is predicted39,40 to be
extremely stable and electrically inactive. This defect co
sists of an entire hexagonal ring missing from the crystal
is an ellipsoidal void of diameter 7.8 Å and thickness 4.4
It has trigonal symmetry, with 12 Si NN’s around the^111&
axis and two Si NN’s on the trigonal axis, which also pa
ticipate in the reconstruction. These 14 host atoms mus
included in all the geometry optimizations, in addition to a
impurities insideV6. There are two issues to consider wh
calculating the precipitation of Cui

1 .
First, the defect cannot build up too much charge. If o

assumes that several Cui
1’s precipitate and no electron i

ever trapped, the defect rapidly builds up excessive posi
charge and becomes a long-range repulsive center for a
tional Cui

1’s. This was proposed54 as the reason why coppe
precipitates much easier inn-type than inp-type Si. How-
ever, since copper precipitates are also observed inp-type
material, electrons must trap at the defect to maintain a sm
or zero net charge. Such a charge neutralization proces
assumed here.

Second, only total energy differences ofclosed-shell~spin
0! configurations are directly comparable. In principle, r
stricted open-shell calculations~ROHF! for the spin-12 con-
figurations could be carried out and would produce energ
that are comparable to the closed-shell~RHF! ones. How-
ever, optimizing geometries at the ROHF level for the co
plexes studied here is far too computer intensive, espec
since PRDDO is ill equipped to perform such calculation
Therefore, total energy differences involving only close
shell configurations are included below. The precipitation
Cui

1 at V6 was handled as follows.
~1! Cu1 is placed insideV6, the geometry optimized, an

the energy gainDE1 relative to Cui
1 is defined as

Cui
11V6˜$Cu1,V6%

11DE1 .



t

fo

t

fo

h
x-

e
la

h

or
t-
to

u
d

bi
ed
ng

-
s

i
e

p
ire
e

t i
h

all
eak
an a

ith

s
al
d

is

to
s
Si

me
the

ted
Si
s,
the

is
in
his

PRB 60 5379RICH CHEMISTRY OF COPPER IN CRYSTALLINE SILICON
The calculated gain isDE153.36 eV. It is then assumed tha
$Cu1,V6%

1 captures an electron, then traps Cui
1 . This defect

traps a second electron and the geometry of$Cu2,V6%
0 is

optimized. This defect, a closed shell, is the next trap
Cui

1 .
~2! Cu1 is placed inside$Cu2,V6%

0, the geometry opti-
mized, and the energy gainDE3 relative to Cui

1 is defined as

Cui
11$Cu2,V6%

0
˜$Cu3,V6%

11DE3 .

The calculated gain isDE354.94 eV. It is then assumed tha
$Cu3,V6%

1 captures an electron, then traps Cui
1 . This defect

traps a second electron and the geometry of$Cu4,V6%
0 is

optimized. This defect, a closed shell, is the next trap
Cui

1 .
~3! Cu1 is placed inside$Cu4,V6%

0, the geometry opti-
mized, and the energy gainDE5 relative to Cui

1 is defined as

Cui
11$Cu4,V6%

0
˜$Cu5,V6%

11DE5 eV.

The calculated gain isDE552.01 eV.
The process could continue for a larger void, but t

hexavacancy is filling up. This complex may grow, for e
ample involving sites for Cu outsideV6. This possibility is
not considered here.

The geometrical configurations of$Cun ,V6%
0 and

$Cun ,V6%
1 are very similar to each other. The electron r

moved from the neutral complex comes from a molecu
orbital rather delocalized aroundV6 and does not affect the
geometry much at all. The optimized configurations of t
$Cun ,V6% complexes withn50, . . . ,5 areshown in Fig. 2.
In V6, copper cannot be described as simply ‘‘interstitial’’
‘‘substitutional.’’ Instead, the geometry of all the 14 Si a
oms andn Cu atoms must always be reoptimized in order
find the lowest-energy configuration.

A careful analysis of the orbital populations of the C
impurities trapped inV6 reveals that the copper atoms bin
to the inner surface of the void using the nine valence or
als at their disposal. No two Cu’s are identically hybridiz
in the void. Yet several remarkable trends are worth notici

~1! In a void, the Cu impurities remainas far apart as
possiblefrom each other. In$Cu2,V6%, the two Cu’s are at
opposite inner surfaces. In$Cu3,V6%, the three Cu’s form an
isosceles triangle. In$Cu4,V6%, the four Cu’s form a rect-
angle in the plane ofV6, amd$Cu5, V6% is a pyramid, the tip
of which is on the trigonal axis.

~2! Cu–Si covalent overlapis preferred over Cu–Cu over
lap. This is consistent with the bond strengths in diatomic48

~2.3 eV for Cu–Si vs 1.8 eV for Cu–Cu!. As long as there is
plenty of room in the void, the Cu’s bind to different S
atoms. As the void fills up, some Cu–Cu overlap becom
unavoidable, and a few Si atoms bind to two Cu atoms.

~3! Each Cu forms weak covalent bonds toprecisely four
Si atoms. This observation is not simply based on a com
lation of Cu–Si internuclear distances, but on the requ
ment that, for a given$Cu,Si% pair, the degree of bonding b
non-negligible and the overlap population positive~that is, a
bonding overlap!. The ‘‘degree of bonding’’55 is a measure
of the amount of covalent overlap between two atoms. I
not proportional to the bond strength but is defined in suc
way that it is 2.0 for a 4-electron covalent bond~e.g., O2),
r

r

e
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r

e
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.

s

i-
-

s
a

1.0 for a two-electron covalent bond~e.g., H2), and 0.0 if the
bond is purely ionic~e.g., NaCl!. In the case of the$Cun ,V6%
complexes, the degrees of bonding involving copper are
in the 0.4 to 0.8 range, that is Cu always forms several w
bonds, and even the strongest ones are quite a bit less th
true two-electron bond~degree of bonding 1.0!.

~4! The sum of the degrees of bonding associated w
each Cu in any of the$Cun ,V6% complexes varies only in the
narrow range 2.3 to 2.6. Thus, the total number of electron
participating in the covalent bonding of Cu to an intern
void is always around five. These electrons are distribute
among four Cu–Si bonds~plus any Cu–Cu bonds!.

~5! The maximum strength of each of the Cu–Si bonds
0.9 eV~that is, less than the width of the gap!. This estimate
is obtained by dividing the binding energy of Cu
$Cun ,V6% ~relative to Cui

1) by the number of Cu–Si bond
involved. Since each copper forms four inequivalent Cu–
bonds with degrees of bonding ranging from 0.4 to 0.8, so
of the bonds are necessarily weaker than 0.9 eV. This has
following two consequences.

~5a! At least some of the energy eigenvalues associa
with the bonding/antibonding orbitals of the weak Cu–
~and Cu–Cu! bonds are in the gap. In the HF calculation
many energy eigenvalues are clearly visible in the gap of
energy spectrum for all the$Cun ,V6% complexes. The local-
ized ~deep! levels are associated with the Cu-Si bond. Th
shows that the electrical activity of copper precipitates
internal voids is associated with the weak Cu–Si bonds. T

FIG. 2. Energy-optimized configurations of the$Cun ,V6% com-
plexes forn50, . . . ,5, from top to bottom and left to right. The
copper atoms are in black~see text!.
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is consistent with the interpretation56,57 that the electrical ac-
tivity of copper precipitates originates at the interface b
tween Si and the precipitates.

~5b! The binding energy of a single hydrogen to
vacancy49 or vacancy aggregate50 is of the order of 3 eV~this
results from the formation of one strong Si–H bond!. Thus,
if interstitial hydrogen is present, it will easily displace C
from internal voids, since replacing even the strongest Cu
bond by a Si–H bond results in a gain of the order of 2 e
Such an effect has indeed been reported.18

A brief description of the configurations in Fig. 2 is a
follows.

In $Cu1,V6%, copper binds to four Si atoms on the inn
surface of the void. The four Cu–Si distances range fr
2.38 to 2.68 Å, and the degrees of bonding from 0.6 to 0
The binding energy relative to Cui

1 is 3.36 eV.
In $Cu2,V6%, the two copper atoms are as far from ea

other as possible~4.55 Å!, at opposite inner surfaces ofV6.
The Cu–Si bond lengths vary from 2.38 to 2.62 Å, and
degrees of bonding from 0.7 to 0.5.

In $Cu3,V6%, the three copper atoms form an almost p
fect isosceles triangle in the plane ofV6. The Cu–Cu dis-
tances are 2.75, 2.77, and 4.08 Å, respectively. One C
bound to the two other Cu’s, but the overlap is very sm
~degree of bonding<0.2 and overlap population;0.1). This
Cu is mostly bound to only two Si atoms, at 2.28 and 2.33
with degrees of bonding of 0.7 and 0.8. The other two c
pers form the usual four Cu–Si bonds, with bond leng
varying from 2.38 to 2.71 Å and degrees of bonding from 0
to 0.4. The binding energy of Cui

1 to this complex is the
highest in the series, 4.9 eV. The reason why this value i
large is not clear at this point. However, it indicates a te
dency for Cu to precipitate since, given a choice betwe
trapping atV6 or at$Cu2,V6%, copper would prefer the latter

The copper atoms in$Cu4,V6% form a perfect rectangle in
the plane ofV6. The rectangle has width 2.36 Å and leng
3.67 Å . There are two weak Cu–Cu bonds~degree of bond-
ing 0.4!, that is each of the four Cu’s is bound to one Cu a
four Si atoms. These bonds are similar to those descr
above.

Finally, $Cu5,V6% is a slightly distorted version o
$Cu4,V6%, with the fifth Cu forming the tip of a pyramid
with a rectangular base, the tip being on the trigonal axis
V6. The fifth Cu is eightfold coordinated but the degrees
bonding vary only from 0.2 to 0.4. The other coppers a
roughly as described above for$Cu4,V6%. The binding en-
ergy relative to$Cu4,V6% and Cui

1 is 2.01 eV.
Note that this value is consistent with the measured18 dis-

sociation energy of copper from internal voids, 2.260.2 eV.
However, our results show that some of the Cu’s trapped
a void are more strongly bound than others.

VI. SUMMARY AND CONCLUSIONS

Interstitial copper and its interactions with a vacanc
shallow acceptors, and an internal void are studied at theab
initio HF level in clusters ranging in size from 22 to 100
atoms. The geometries of the various defects are grad
optimized at the approximateab initio level ~PRDDO! and
the optimized geometries used as inputs for single-p
-

Si
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ab initio HF calculations with split-valence basis sets a
polarization functions on selected atoms.

The Cui
1 ion is at~or very near! the T site. It is not in the

chemically inert 3d104sp0 configuration. Instead, almos
four electrons are promoted from the 3d into the 4sp shell.
This allows copper to form weak but covalent bonds to
wide range of impurities and defects. Even the isolated
terstitial ion shows some covalent overlap with its four
NN’s.

The activation energy for diffusion7 of Cui
1 along the

T–H–T path is 0.24 eV, very close to the most rece
experimental6 value, 0.186 0.01 eV. It costs 1.67 eV to in-
sert the free copper ion into the T site in Si. This val
coincides with the experimentally determined heat of so
tion from a copper silicide~1.7 eV!.1,18

Substitutional copper, Cus
1 , is fourfold coordinated. Its

binding energy~relative to Cui
1) is 2.7 eV. It is an electron

trap. Cus
0 and Cus

2 are not considered here.
The lowest-energy configuration for interstitial copper

the same cluster as a B, Al, or Ga acceptor is at theAB site
of the acceptor. The overlap between Cu and the accept
weakly bonding in the case of B and Al, and weakly an
bonding in the case of Ga. The energy required to sepa
the copper-acceptor pairs by bringing Cu over the H site~to
the second-nearest T site from the acceptor! is 0.69, 0.88,
and 0.92 eV in the case of B, Al, and Ga, respectively. Th
values compare well with the dissociation energies measu
by TID, 0.61, 0.70, and 0.71 eV, respectively.

Since the copper-acceptor binding energies are withi
tenth of an eV or so of each other, it is difficult to pinpoi
the reason why the$Cu,B% pair is the weakest of the coppe
acceptor pairs. The most obvious reason is that the lat
relaxation around boron is the largest: B2 substantially pulls
its NN’s toward it, while Al2 and Ga2 leave the crystal
virtually unchanged. This affects the local environme
around copper, which cannot optimize both the Cu–Si a
Cu–B distances. The sum of the tetrahedral radii is in
range 2.35 to 2.45 Å for Si–Si, Si–Al, Si–Ga, Cu–S
Cu–B, Cu–Al, and Cu–Ga, but it is only 2.03 Å for Si–B

Once the$Cu,A% pair is broken, the Mulliken charge o
both Cu and the acceptor remain virtually unchanged
separations ofat least10.4 Å ~the maximum possible in the
largest cluster used here!. This implies that while copper
passivatesthe acceptor in the lowest-energy configuratio
the two speciescompensateeach other up to a fairly large
separation. The screened Coulomb attraction betweeni

1

andA2 kicks in only farther out.
The binding energies of Cui

1 to a monovacancy and
hexavacancy are summarized in Fig. 3. Note that vaca
clusters are used here to model internal voids. However, t
are believed to form in the core of dislocations15,58 as well,
where they become plausible gettering sites for impurit
such as TM’s. Copper shows a strong tendency to precipi
at internal voids such asV6. All the copper impurities in all
the precipitates studied here show a very similar behavio

~1! The Cu’s stick to the inner surface of the void an
remain as far away from each other as possible.~2! Cu–Si
bonding is preferred over Cu–Cu bonding.~3! Each Cu
binds to four Si atoms.~4! A total of about five electrons
participate in the bonding of each Cu~this includes the elec-
trons associated with the Cu and Si atoms!. ~5! Each of the
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Cu–Si bonds is substantially weaker than a two-electron
valent bond.~6! At least some of the bonding/antibondin
energy levels associated with the weak Cu–Si~and Cu–Cu!
bonds are in the gap, strongly suggesting that they are
sponsible for the electrical activity of Cu precipitates.~7!
Since the binding energy of one H to a cavity such asV6 is

FIG. 3. Energy of Cufree
1 ~a!, Cus

1 ~b!, $Cu1 ,V6%
1 ~c!,

$Cu3 ,V6%
1 ~d!, and$Cu5 ,V6%

1 ~f!, all relative to Cui
1 .
ci.

o-

r,

ac

r,

n

o-

e-

about 3 eV per Si–H bond, H will easily displace Cu fro
such precipitates, as observed.18 ~8! Finally, the binding en-
ergies of $Cun ,V6%

1 relative to $Cun21 ,V6%
01Cui

1 vary
with n. For n51, it is 3.36 eV. Forn53, it is 4.94 eV. For
n55, it drops to 2.01 eV. The latter value, which corr
sponds toV6 saturated with Cu’s, matches the experimen
value18 for the binding energy of Cu at internal voids, 2
60.2 eV relative to the solution in Si.

This paper did not address the interactions between Cui
1’s

and divacancies, but the hexavacancy results suggest tha
or more Cu’s will trap in$V2%, bind to its inner surface, and
change its electrical and optical properties. There is no r
son to suspect that the chemistry of copper in a divacanc
qualitatively different from that in the defects consider
here. The ‘‘passivation’’ of divacancies by Cu suggested
Ref. 14 is probably a substantial change in the electr
properties of the complex, making it look different, rath
than a passivation in the usual sense~no more electrically
active levels in the gap!.
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