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Theab initio pseudopotential method was used to study the boron diffusion and pairing process in crystal-
line silicon. The results show that substitutional B attracts interstitial Si with a binding energy of 1.16 0.1 eV.
We show that B diffusion is significantly enhanced in the presence of the Si interstitial due to the substantial
lowering of the migrational barrier through most likely a kick-out mechanism. The resulting mobile boron can
also be trapped by another substitutional boron with a binding energy of 1.86 0.1 eV, forming an immobile
and electrically inactive two-boron pair along a^001& direction. It is also found that the pairing of these two
boron atoms involves the trapping of a Si interstitial. Alternatively, two B pairs that do not trap the Si
interstitial were found to be energetically unfavorable. All of these findings are consistent with experimental
results.@S0163-1829~96!04631-0#

I. INTRODUCTION

Dopant diffusion in Si has been a subject of interest for
many years.1 However, despite much experimental2–4 and
some theoretical work,5 not much is yet known about the
atomic-scale migration mechanisms and paths of the dop-
ants. These concerns are also of great technological conse-
quence. As the minimum feature size of Si-based semicon-
ductor devices decreases and gradually approaches the
dopant diffusion length during processing conditions, lateral
broadening of source-drain junctions caused by transient en-
hanced diffusion~TED! of implanted dopants during rapid
thermal annealing becomes a critical process limiting the de-
velopment of new technologies. In particular, B implantation
followed by RTA atT.700 °C leads to broadening of the
as-implanted B profile by several thousand Å in times as
short as 15 min.6 Understanding and accurately modeling
TED of dopants in silicon are therefore critical issues, from
both a fundamental and a technological viewpoint.

Experimentally, dopant diffusion and TED can be studied
by using dopant marker layers embedded in epitaxially
grown Si superlattice structures. Excess Si interstitials can be
injected from the surface by either surface oxidation or ion
implantation. Excess vacancies can be generated using sur-
face nitridation. The amount of dopant diffusion is monitored
by measuring the dopant density profile using secondary-ion
mass spectroscopy or spread resistance measurements and
comparing to reference samples. In the case of B dopant in
Si, several phenomena have been observed. First, B diffusion
of the marker layer is significantly enhanced under oxidation
or ion implantation. The amount of enhancement decreases
as the marker layer is placed deeper in the bulk. On the other
hand, when vacancies are injected through surface nitrida-
tion, B diffusion is initially suppressed. These results clearly
show that B diffusion is dominated by the coupling of the B
dopant to the Si self-interstitial. Moreover, on the basis of
these experimental results, Cowernet al.2–4 have argued that
B diffusion must proceed through a kick-out reaction mecha-

nism. In this process, a Si self-interstitial~Si i) kicks out a
B s atom into the interstitial position. This Bi is then capable
of migrating long distances along the tetrahedral-hexagonal
channels before falling back into a substitutional site. Sec-
ond, when the local B concentration is high, an immobile
and electrically inactive B region at the peak of the B density
profile is commonly observed following oxidation or high
dose implantation, even for B concentrations below the solid
solubility limit in Si. The fraction of immobile B decreases
as the depth of the marker layer increases. In the case of B
ion implantation, at large enough dose, the implanted profile
can also develop an immobile and electrically inactive B
region, most likely due to B clustering and precipitation.
However, these clusters have not been detectable in high-
resolution cross-section transmission electron microscopy
~TEM!, suggesting that the clusters only contain a few B
atoms.7

Due to a series of breakthrough developments in theoreti-
cal methods and rapid increases in computational power,ab
initio methods based on the density functional theory~DFT!
and the local density approximation~LDA ! have been devel-
oped to the point that large systems with as many as a few
hundred atoms can now be studied accurately. These calcu-
lations can then lead to a quantitative understanding of the
energetics of single defects and impurities as well as their
mutual interactions. Previously, Nichols, Van de Walle, and
Pantelides5 carried out the most complete studies of the sub-
stitutional B and interstitial Si pair~B s-Si i) including the
kick-out mechanism, using a 32-atom supercell. However,
Löwdin perturbation theory8 was used to include plane
waves from 10 to 20 Ry and in addition not all atoms were
fully relaxed in the search for the low-energy configurations.
No B pair result was included by Nichols, Van de Walle, and
Pantelides. Tarnow, on the other hand, has studied several
configurations of interstitial and substitutional B~B i-B s)
pairs9 in addition to Bs-Si i pairs.

10,11However, small super-
cells together with small plane-wave cutoffs were used to
determine the lowest-energy configuration and no accurate
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values of the binding energies were provided.
In this paper we present results of anab initio study to

determine quantitatively the interaction of Bs with a Sii and
the energetics of B pairing in Si using 64-atom supercells. A
fully converged set of plane waves was used to expand the
electronic wave function with each atomic position fully re-
laxed according to theab initio forces.

The rest of the paper is arranged as follows: In Sec. II, we
discuss our calculational method; in Sec. III, we present our
results of Si self-interstitials, Bs-Si i pairs, as well as B-B
pairs; the summary of this paper will be presented in Sec. IV.

II. METHODS

The present calculations use the density functional theory
with the local density approximation to determine quantita-
tively the energetics of the interactions between point defects
and B dopants in Si. A Ceperly-Alder12 exchange-correlation
potential parametrized by Perdew and Zunger13 was used. A
nonlocal and norm-conserving pseudopotential constructed
using the scheme of Troullier and Martins14 was used to
describe the valance electron interactions with the atomic
core. The nonlocal components of the pseudopotential were
expressed in the separable form of Kleinman and Bylander.15

Typically, the calculations were performed in 32- and 64-
atom unit cells with a fixed volume corresponding to a Si-Si
bond distance of 4.443 a.u. in pure Si, which is the experi-
mental value of equilibrium distance~the theoretical equilib-
rium lattice constant is 1% less than the experimental value!.
A plane-wave basis set with a cutoff energy of 20 Ry was
used to expand the electronic wave functions for both Si and
B. We have tested up to 40 Ry for the plane-wave energy
cutoff in 32-atom cells and found that the relative energies
were all converged to within 0.1 eV.

Two to eight specialk points in a 32-atom supercell and
one to four specialk points in a 64-atom supercell were used
to sample the first Brillouin zone. The exact number of spe-
cial k points used depends on the symmetry of the configu-
rations and supercell sizes. Special care was taken to ensure
that thek points used are equivalent to a 23232 special
k-point mesh16 in the first Brillouin zone of a 64-atom su-
percell, which allows unambiguous analysis of effects of the
supercell size. Thek-point convergence has been checked by
using up to a 43434 specialk-point mesh in the 64-atom

supercell and the relative~defect! energy differences were
found to be converged within 0.1 eV in all cases tested. The
conjugate gradient iterative scheme17 was used to obtain the
self-consistent solutions of the one-electron Kohn-Sham
equations.18 The Hellmann-Feynman theorem was used to
evaluate the forces on all atoms that are allowed to move
freely. The quasi-Newton method was used to find the re-
laxed atomic positions.

Unless specifically noted, we will report results for the
64-atom supercell. In addition, the result using a simple va-
lence force model19–21 indicates supercell effects are less
than 0.1 eV in the 64-atom cell system in all test cases we
have studied. Therefore, we will not include the correction
from the valence force model. All results presented here are
for neutral systems. Charged defects are expected to play an
important role, however, and their studies are currently under
way.

III. RESULTS

A. Si self-interstitial

The lowest-energy configuration for a neutral interstitial
Si is the ^110& dumbbell configuration. Its charge density
along the (1̄10! plane is shown in Fig. 1. In this configura-
tion, two Si atoms displace along the@110# direction by
about one bond distance, sharing one single lattice site. The
two Si atoms were found to form a weak bond, as shown in
Fig. 1, with a bond distance 3% longer than the normal Si
bond length. All the atoms along the@110# direction going
through the interstitital site relax outward. The relaxation is
largest for the first-nearest-neighbor shell, about 6% of the
bond distance away from their respective lattice sites. Inter-
estingly, contrary to our original thought, all the atoms along
the @ 1̄10# direction going through the interstitial site also
relax outwards with the nearest-neighbor atoms relaxing the
most, about 6% of the bond distance, similar to the first
nearest neighbors along the@110# direction. One reason is
that the two dumbbell atoms displace from the lattice site not
only along the@110# direction, but also along the@001# di-
rection, compensating for some of the outward movement for
atoms along the@110# chain while at the same time also
pushing out the atoms along the@ 1̄10# chain. Secondly, the
bond distance between the interstitial and its first nearest

FIG. 1. Charge density contour plot on the
(1̄10! plane through the@110#-split Si interstitial
atoms. The positions of Si atoms are indicated by
the filled circles.
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neighbors along the@ 1̄10# chain expands more than 5%, in-
dicating a weaker bond, which also pushes out the@ 1̄10#
chain atoms. The stress field along the@ 1̄10# chain, however,
dies off much more quickly than that along the closely
packed @110# chain, even though the first shell atoms all
relax by a similar amount.

The formation energyEf(Sii) of such a Si interstitial can
be defined as

Ef~Sii !5E~Si65!2
65

64
E~Si64!, ~1!

whereE(Si65) is 65-atom supercell total energy including
one Si interstitial andE(Si64) is the 64 bulk atom total en-
ergy. The formation energy is 3.26 0.1 eV, in excellent
agreement with the 3.3-eV result from a recentab initio
calculation22 using the Car-Parrinello approach,23 among
other DFT-LDA calculations.24–29 The Si interstitial at the
hexagonal site is only about 0.1 eV higher than the^110&

self-interstitial configuration. As a matter of fact, the hexago-
nal interstitial has slightly lower energy than the^110& self-
interstitial in a 32-atom supercell calculation. This is because
the ^110& interstitial creates larger stress field in its neigh-
boring Si lattice than the hexagonal interstitial, which may
not be able to relax fully at a smaller 32-atom supercell. A
larger 64-atom supercell will allow better relaxation of the
stress, which further lowers the energy of the^110& intersti-
tial compared to the hexagonal one.

B. Substitutional boron

Under equilibrium conditions and the limit of low B con-
centration, B atoms occupy substitutional sites in a Si dia-
mond crystal lattice. In our calculations, we have found that
the first-nearest-neighbor Si atoms relax towards the substi-
tutional B atom by about 12%. It is interesting to note that in
a Si vacancy, if we only consider symmetrical relaxations
without Jahn-Teller distortions, the Si atoms in the first-
neighbor shell relax inward by only about 11%. This can be

FIG. 2. Charge density contour plot on a
(1̄10! plane of two substitutional boron and inter-
stitial pair complexes. Si atomic positions are in-
dicated by open circles while boron atomic posi-
tions are indicated by filled dots. Configuration
~a! has the Si interstitial next to the boron atom
while configuration~b! has the Si interstitial next
to another Si atom, which is a nearest neighbor to
the B atom.
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understood because of the short Si-B bond distance and the
fact that the first shell Si atoms tend to relax more to take full
advantage of the bonding energy. In the case of a vacancy,
however, there is no bonding energy to be gained by inward
relaxation.~The Si-Si bond between the first shell atoms is
not formed if only symmetrical relaxation is allowed. How-
ever, if Jahn-Teller distortion is allowed, the symmetry will
indeed be lowered and there is bonding between first-shell
atoms.! We have also compared the Si-B distance in a ficti-
tious SiB compound withb-SiC structure. The bond distance
is about 15% shorter than the Si-Si bond. Clearly, 12% bond
distance reduction in the substitutional B case is a compro-
mise between an ideal Si-B bond length~15%! and zero
stress to the neighboring Si lattice~0%!. The second-shell Si
atoms have been relaxed by 3% of the bond distance.

C. Boron-Si pair

As discussed above, B diffusion in Si is drastically in-
creased in the presence of excess self-interstitials, which
leads to TED. Therefore, it is important to study the Bs-Si i
complexes. Configurations formed by a Bs and a Sii can take
one of at least three forms: B interstitial, which is formed by
interstitial Si kicking out the substitutional B atom, B substi-
tutional with Si interstitial close by, and B-Si interstitialcy
~one B, one Si atom sharing one single site!. The lowest-
energy configurations we found are all of the second type. In
Fig. 2, two lowest-energy configurations having similar total
energy are shown together with their respective charge den-
sity contours on the~110! plane. Both have the B in the
substitutional site and the Si interstitial close to a nearby
tetrahedral (T) site. Configuration~a! has the Si interstitial
next to the B atom while in configuration~b! the Si intersti-
tial is next to another Si atom, which is a first nearest neigh-
bor to the B. The two configurations have similar energy
with the energy for configuration~a! only 0.13 eV lower than
that of configuration~b!. Both are lower in energy than a
well separated neutral Si interstitial and neutral B substitu-
tional. The binding energy of such a configuration relative to
well separated neutral defects is defined by

Eb~Si-B!5E~Si65!1E~Si63B!2E~Si64B!2E~Si64!,
~2!

where Si63B is the substitutional B configuration in a 64-
atom supercell and Si64B is the B-Si complex in a 65-atom
supercell. The binding energy for configuration~a! and con-
figuration ~b! is 1.16 0.1 and 1.06 0.1 eV, respectively.

The binding energy between interstitial Si and substitu-
tional B can come from several sources. One such source for
the binding energy comes from the electronic structure con-
tribution. The tetrahedral Si has a defect state close to the
bottom of the conduction band, which in the neutral state is
occupied by two electrons. The neutral substitutional B has
room for one more electron to occupy the defect state near
the top of the valence band. Therefore, the combined system
can lower its total energy by transferring one electron from
the state near the bottom of the conduction band of tetrahe-
dral Si to the state near the top of the valence band of the
substitutional B. This energy gain can more than offset the
energy cost to convert â110& interstitial to a tetrahedral
(T) one. Another source is stress compensation. Interstitial

Si exerts a compressive stress on the Si lattice while substi-
tutional B exerts a tensile stress. It is known from elasticity
theory that two defects of opposite stress will attract each
other, and that this interaction of elastic fields will lower the
crystal energy. The third possible source can come from the
electrostatic contribution due to this electron transfer from
tetrahedral Si interstitial to B substitutional. However, since
all of the defect states involved are very extended, this part
of the contribution should be relatively small.

Interstitial B, which plays an important role in the so-
called ‘‘kick-out’’ B diffusion mechanism, has relatively
higher energy than the lowest-energy Bs-Si i complexes of
Fig. 2. Interstitial B at the hexagonal (H) site has energy
about 0.4 eV higher than the Bs-Si i configuration of Fig.
2~b!, and the tetrahedral (T) site energy is another 0.3 eV
higher than theH site. For the neutral states, there is no
additional energy barrier from oneH site to anotherH site
through aT site other than the energy difference between the
T site and theH site, which is only 0.3 eV. The calculation
of the energy barrier for the initial kick-out is much more
complicated. It can be calculated by placing the B atom at a
few points between substitutional position in configuration B
and the finalH position and then relaxing all the atoms ex-
cept the B atom while maintaining the overall center-of-mass
position unchanged. We have found that in a 32-atom super-
cell the migration barrier for the B atom to be kicked out and
become an interstitial B from the configuration of the
B s-Si i pair is about 1.0 eV. After that, the interstitial B can
then migrate along theT-H path with 0.3-eV migration en-
ergy. These energy barriers are illustrated schematically in
Fig. 3. Note that based on this picture, the barrier for the B in
the T-H channel to return to the B-Si pair complex of Fig.
2~b! ~the reverse kick-out reaction! is 0.6 eV, which is 0.3 eV
higher than the migration energy barrier in the channel. The
higher reverse kick-out reaction barrier compared to the in-
terstitial migration barrier allows the B interstitial to migrate
quite a long diffusion length before falling back to its sub-

FIG. 3. Schematic energy diagram for the kick-out mechanism
of B diffusion in Si. The substitutional B atom is being kicked out
by an interstitial Si atom into the interstitial region. The resulting B
interstitial can then migrate along the hexagonal-tetrahedral-
hexagonal path for quite a long distance before falling back to an-
other substitutional site. The energy barrier for the initial kick-out is
about 1.0 eV. The energy barrier for the final reverse kick-out in the
absence of vacancies is 0.6 eV, which is much higher than the B
interstitial migrational barrier 0.3 eV.
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stitutional position. The interstitial B diffusion length in-
creases as the temperature decreases, contrary to the intuitive
thinking. This is due to the fact that while at low temperature
it takes longer for the interstitial B to overcome the migra-
tional barrier of 0.3 eV to make a jump to anotherH site, it
takes even longer for the B interstitial to overcome the re-
verse kick-out barrier of 0.6 eV. Therefore, the net effect is
that, at low temperature, the B interstitial is able to make
more jumps within theT-H interstitial channel before falling
back to a substitutional position, resulting in a longer diffu-
sion length. Futhermore, even when the B interstitial is being
kicked back to its substitutional site, if the Si interstitial is
still bound to the B atom, the B atom will still have a chance
to be kicked into interstitial region and continue to migrate,
adding to its diffusion length.

For certain dopant elements, a large percentage of dopant
atoms never dissociate with the Si interstitial so that the dif-
fusion length is long enough for the dopant atom to reach the
surface or interface and segregate. For example, Griffin,
Crowder, and Knight observed P segregation of up to 50% of
the implant doses with low enough annealing temperatures at
Si/SiO2 interfaces.31 For B, this could also occur at suffi-
ciently low temperatures. However, it is estimated from this
calculation that the temperature would be too low to have
any measurable diffusion.

The anomalous temperature dependence of interstitial B
diffusion length is consistent with the experimental observa-
tion that the enhancement of B diffusion increases when the
temperature decreases.30 Cowernet al.2–4 were able to mea-
sure the diffusion length experimentally, which demonstrated
such a temperature dependence unique to the diffusion
mechanism through intermediate species. However, it is not
possible to determine experimentally if the intermediate spe-
cies is a B interstitial generated from a kick-out mechanism
or a B-Si complex as shown in Fig. 2 since any intermediate
species with a break-up barrier higher than its migrational
barrier will demonstrate such a temperature dependence. On
the other hand, from our calculation, we are able to deter-
mine that, at least within neutral defect systems, even though
the initial kick-out barrier is similar to other migrational
mechanisms in which the B atom stays substitutional, due to
the fact that the interstitial B has a much longer diffusion
length, the kick-out mechanism will still dominate.

Regardless of actual mechanisms for interstitial assisted B
migration, compared to the approximately 4.9-eV migra-
tional barrier for a concerted exchange mechanism without
Si interstitials,5 the presence of excess interstitial flux greatly
reduces the migrational barrier for B and increases B diffu-
sivities that has been clearly demonstrated in B marker layer
experiments.7,2–4 The enhancement of B diffusivity should
increase with increasing Si interstitial density. Since Si inter-
stitials come mainly from the surface or just below the sur-
face in both the TED and surface oxidation experiments, the
surface should have the highest self-interstitial density since
the Si bulk may have various traps for self-interstitials such
as vacancies or carbon impurities.32 This explains why B
diffusivity is the largest near the surface and steadily de-
creases as the position of the B marker layer is deeper inside
the bulk.7

D. Boron-boron pair

At higher B concentration, B dopant clusters will also
become important, especially in the presence of a large ex-
cess of self-interstitials, which leads to a large number of
mobile B atoms. Therefore, we have also carried out a study
of a mobile Bi bound to a Bs . This is likely the first step for
B clustering. We have identified the lowest-energy configu-
ration to be two B atoms displaced along a^001& direction
occupying one lattice site. The B-B pair forms a very strong
bond of length about 68% of ideal Si-Si bond length. Since B
has a smaller atomic size than Si, this configuration should
create much less strain than if two Si atoms occupy the same
two sites. We also note that in this configuration, each B has
three nearest neighbors~two Si atoms and one B atom! while
all Si atoms have four nearest neighbors. This is nearly the
ideal coordination for both B and Si atoms in a covalent
bonding environment. The pairing process can be described
by the following reaction:

Bs-Sii1Bs→Bi1Bs→Bi-Bs , ~3!

i.e., a Bs-Si i complex becomes mobile likely through a
‘‘kick-out’’ mechanism and then binds with a substitutional
B, forming a Bi-B s pair. Using the lowest energy for each
configuration, we found that this reaction has a large energy
gain of 1.86 0.1 eV. Combined with 1.1-eV binding energy
for the pairing of interstitial Si and substitutional B, the total
energy gain for the reaction

Sii1Bs1Bs→Bs-Sii1Bs→Bi-Bs ~4!

is 2.96 0.1 eV. This reaction is limited by the density of
free Si interstititals as well as the B density and can only go
significantly forward on the condition of both a large enough
local B density and large amount of mobile Si interstitials.
The resulting Bi-B s pair is immobile due to its large binding
energy as well as its strong bonding with its neighboring Si
atoms. It is impossible to find a migration path that only
breaks one or two bonds while still keeping two B atoms
together. Moreover, we have found that this Bi-B s pair is
electrically inactive.

The interstitial-substitutional B pair was first studied us-
ing ab initio methods by Tarnow.9 However, supercell sizes
and plane-wave cutoffs much smaller than those used in the
present calculation were employed. In addition to the^100&
split B pair, Tarnow has also proposed the^111& split con-
figuration in which two B atoms split along a^111& direction
sharing one single site. We have also studied the energetics
of the ^111& split B pair. The relaxed structure indicates a
B-B bond length of 66% of the ideal Si-Si bond length. One
of the B atoms splits away from the ideal lattice site but
toward another Si atom in thê111& direction by 39% of the
ideal Si bond length while the other one splits away along
the opposite direction by 27% of the Si bond length. More-
over, our calculation shows that this configuration, while still
electrically inactive, is about 0.2 eV higher in energy than
the ^001& split configuration.

The results presented above are consistent with recent
TED experiments usingd-doped superlattices,7 which found
immobile and electrically inactive B regions. These immo-
bile B regions were found in the B marker layers closest to
the surface where the Si interstitial flux is the highest, and
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also in the B implanted region where large implant doses
provided both the large interstitial flux and large B concen-
tration required for the reaction to go forward. This immo-
bile B region may also be the result of large clusters or even
B precipitation, which would require higher-order processes
than those described here. Nevertheless, the B clusters were
not detectable in high-resolution cross-section TEM, sug-
gesting that the clusters only contain a few B atoms.7 The
^001& split configuration for B pairs is also consistent with
the structure suggested by ion channeling experiments.33,34

Our B clustering results also imply that a Si interstitial is
trapped during the process of forming a B pair. We have also
looked at the possibility that a Si interstitial is ejected back to
the Si lattice while forming a B pair. In this case, both B
atoms should be substitutional and the formation process can
be expressed as

B-Si1Bs→Bs2Bs1Sii . ~5!

We have found that the lowest-energy configuration for a
B s-B s pair is two B atoms occupying neighboring lattice site
relaxing towards each other to form a strong B-B bond. The
bonding character between the two B atoms is evident in Fig.
4~a! where the charge density contour on the@110# plane
containing both B atoms is shown together with the atomic
positions. Interestingly, another configuration, which is
shown in Fig. 4~b!, with these two B atoms relaxing away
from each other, therefore unbonded, is also a total-energy
local minimum. The unbonded configuration has near perfect
coordinations for both B and Si atoms, and creates a smaller
stress than the bonded configuration. However, in a 32-atom
cell calculation the bonded structure is still lower in energy
by 0.5 eV. This is because the bonding energy between two
B atoms is large enough to offset the energy costs of the
imperfect coordination number and the large stress field. It is
interesting to note that in a smaller eight-atom supercell cal-
culation, the bonded configuration has higher energy than the
unbonded one. It is not surprising, though, since the eight-
atom cell does not allow sufficient stress relief, thus biasing
the results towards low stress configuration. Our calculations
also show that, primarily due to the large formation energy to
create a free Si interstitial, the reaction in Eq.~5! has an
energycostof 1.7 eV, compared to an energygain of 1.8 eV
if the Si interstitial is trapped as in Eq.~3!. Furthermore, the
bonded configuration of the B substitutional pair is electri-
cally active, which is contrary to the experimental finding.
Therefore, the present calculation does not favor the impor-
tance of reejecting all Si interstitials during the B clustering
process, at least when only two B atoms are involved.

IV. SUMMARY

In summary, we have usedab initio methods with a 64-
atom supercell, well convergedk-point sampling, and full
relaxation of atomic positions, to study the neutral Si inter-
stitial and its pairing with a B substitutional atom, as well as
the pairing of two B atoms in Si. For Sii , we find the lowest-
energy configuration to be thê110& dumbbell with a 3.2
60.1-eV formation energy, in excellent agreement with pre-
vious calculations.22 The hexagonal interstitial is only 0.1 eV
higher in energy within LDA. For Bs , we found the first-
nearest-neighbor shell Si atoms relax inwards by 12% of the

Si-Si bond length with a relaxation energy of about 1.2 eV.
The electronic structure of the substitutional B is consistent
with the behavior of an electron acceptor. We have also iden-
tified two almost degenerate~0.1-eV energy difference! low-
energy configurations of the Bs-Si i pair with binding ener-
gies of 1.16 0.1 eV relative to the energy of the well
seperated neutral Bs and Sii . Furthermore, we have found
that the migration barrier for B diffusion in Si is greatly
reduced in the presence of Sii , with diffusion occurring pre-
dominantly through the kick-out mechanism. This is the
source of transient enhanced diffusion in which the B diffu-
sivity is much enhanced in the presence of excess Si inter-
stitials. We have also found that a mobile Bi can be trapped
by a Bs atom to form a Bi-B s pair. The lowest-energy con-
figuration of such a Bi-B s pair is the^001& split configura-
tion where all B and Si atoms have the perfect coordinations.
The total energy gain going from two separated Bs and one

FIG. 4. Charge density contour plot on the (11̄0! plane of two
substitutional boron pair configurations. Si atomic positions are in-
dicated by open circles while boron atomic positions are indicated
by filled dots. Configuration~a! is the bonded configuration be-
tween the two substitutional boron atoms while configuration~b! is
the nonbonded configuration between the two boron atoms.
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Si i to the formation of a Bi-B s pair is 2.960.1 eV. The
resulting Bi-B s pair is immobile and electrically inactive.
These results are all consistent with the experimental find-
ings that, under high Si interstitial flux, there exists an im-
mobile and electrically inactive B region at the peak of B
density profile. Additionally, we have studied an alternative
process in which a Bs-B s pair is formed with Sii returned to
the bulk. Our calculations show that this reaction is unlikely
since it is energetically unfavorable and the resulting B-B
pair is electrically active, contrary to the experimental find-
ings. Finally, we would like to emphasize that all results
mentioned above are from calculations of neutral systems.

Charged state effects are also essential to the full understand-
ing of dopant diffusion in Si and such studies are currently
under way.
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