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Neutral boron-interstitial clusters in crystalline silicon
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The formation of B clusters inside ultrashallow junctions is one of limiting factors in the miniaturization
process of electronic devices. The assembling of these clusters corresponds to a reduction of the electrical
activity of the doping process. Exploiting hierarchically different simulation techniques, we investigate struc-
tural and electronic properties of small B clusters inside a crystalline Si matrix. Density-functional–theory-
tight-binding molecular dynamics simulations are carried out as scouts selecting the candidates to be analyzed
in depth viaab initio calculations. The latter provide insights into the electronic properties of the B clusters,
identifying the fingerprints of interstitialcy and chemical composition in their densities of states.
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I. INTRODUCTION

Boron is the most widely usedp-type dopant of silicon in
modern electronic devices. As technology generations
vance and devices reduce in size, it is necessary to creat
means of ion-implantation and rapid thermal annealing p
cess, sharp, ultrashallow profiles with high concentrations
electrically active B. However, two related processes, as
ciated with the implantation and the annealing, limit t
achievement of this goal. These are the transient enha
diffusion of B atoms during high-temperature anneali
when a large concentration of intrinsic defects is present1 and
the existence of electrically inactive, multiatom B-Si defe
complexes, resulting form the strong dopant supersatura
during the implant process. In particular, secondary ion-m
spectroscopies~SIMS! and electrical measurements2 in
B-doped silicon samples have shown that B precipitates f
at concentrations much lower than the equilibrium so
solubility, with detrimental effects for device properties.

The prediction of B distribution under implant condition
needs an accurate and efficient modeling of the B-Si clus
ing process. This has fostered several theoretical works in
past few years. The study of Pelaz and co-workers3 was
based on kinetic Monte Carlo simulations of experimen
SIMS profiles. They proposed that an interstitial-rich path
efficient in the early stages of the implant, while dissoluti
of clusters should happen through the subsequent m
slower release of Si-interstitial atoms. The Monte Ca
simulations have to rely on a set of values for clusters en
getics, and those used by Pelazet al.3 ranged from semi-
empirical to ab initio, and even experimental data are i
cluded in this set. Such heterogeneous variety of suppor
data makes their analysis questionable as far reliability.

More recent first-principles calculations4,5 have presented
the structures and energetics of boron-interstitial clus
~from here on denoted as BnIm) resulting from total energy
minimizations. They found the B3I1 cluster in its21 charge
state to be remarkably stable, acting thus as seed of nu
ation for further growth. The energy rank proposed by b
research groups clearly ruled out the occurrence of pure
0163-1829/2004/69~12!/125205~7!/$22.50 69 1252
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stitutional B clusters, indicating the presence of interstit
species as stability requirement for the assembled structu
Albeit concentrated on the clustering process of B in Si cr
tals, a thirdab initio work6 confirmed the structural result
obtained by Lenoskyet al.5 and by Liu et al.4 Despite the
very careful and thorough analysis covering structures
dynamics and despite the technological importance of
issue, an analogous detailed investigation on the electr
properties of the B clusters is not present in the literatu
Our work is intended as a contribution to this still une
plored topic. An accurate identification of possible extrins
electronic levels is the starting point for characterizing t
response of the aggregates to electrical driving. Furtherm
experimentally there is no direct way to detect the structu
of many B clusters because of their limited sizes. Therefo
the comparison between the calculated electronic struct
associated to a given aggregate and the measured fea
related to deep levels yields an additional tool for pinpoi
ing the structures present in the investigated sample.

It is clear that these problems are strongly heterogene
as to the level of accuracy required and the size of the s
tems to be simulated, and no single theoretical technique
face them all with the same effectiveness. The presenc
several B atoms and interstitial species forming aggreg
raises the number of degrees of freedom in the investiga
system, increasing the dimension of the configuration sp
to be investigated. Thus, we apply a hierarchy of differe
complementary methodologies to the investigation of B
defects properties in crystalline silicon, always upholdi
tight coupling and feedback among them. Combining tig
binding ~TB! simulations and first-principles calculations w
are able to locate the ground-state structures of neutral B
complexes with a limited computer cost, obtaining accur
formation and binding energies as a function of cluster s
and composition. The TB simulations serve as scouts se
ing the structures to be analyzed in depth via first-princip
calculations: the portion of the configuration space to be
plored with the more computer demandingab initio tech-
niques is in fact strongly reduced. Furthermore, the B
clusters are characterized in terms of their electronic str
©2004 The American Physical Society05-1
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tures to provide insight into the attribution of extrinsic leve
to particular clusters arrangements. We restrict so far ouab
initio study to the neutral B clusters, ignoring the possi
structures associated to charged structures. Our idea
identify structural fingerprints in the electronic properties
the clusters. A clear-cut attribution of electronic features
der neutrality conditions can be very helpful in an analysis
the experimental data. Particularly, we focus our attention
aspects in the electronic density of states~DOS! related to
interstitialcy and chemical nature of the aggregating ato
As already pointed out, this kind of analysis is still missi
in the literature.

The paper is organized as follows. In the following se
tion we describe the computational methods we have u
and we present the results on cluster geometries and ene
ics. In Sec. III the characteristics of the electronic structu
of BnIm clusters are presented, through the analysis of
calculated electronic density of states.

II. CLUSTERS GEOMETRIES AND ENERGETICS

Our results have been obtained within a dens
functional derived tight-binding~DFTB! ~Ref. 7! scheme and
they have been further analyzed by means of dens
functional theory~DFT! calculations.

DFTB is a tight-binding model that explicitly incorporate
the nonorthogonality of the basis set, which makes it m
transferable. Furthermore, it is constructed from dens
functional theory calculations via a series of well-defin
approximations. These characteristics allow considera
savings in the computational effort with respect to fullab
initio approaches, while still achieving remarkable accura
in the calculations. Details of the DFTB parametrization
Si-B interactions are described in our previous paper,8 where
the DFTB method has been applied to the investigation o
atomic diffusion in crystalline Si.

For each BnIm cluster composition considered here~i.e.,
for each numbern of B and m of interstitial atoms in the
complex!, we construct at first many possible structural ca
didates by educated guesses. We relax with DFTB the ato
positions in a 33333 replica of the conventional cubic cel
in order to find DFTB local energy minima and to extract t
relevant BnIm geometries. In this way, we are able to perfo
a large number of preliminary structural relaxations. A
stricted number of DFTB BnIm local minima are then used a
input of first-principles calculations performed within DF
and using the Viennaab initio simulation package~VASP!.9

The geometries obtained by the DFTB investigations are
fact further relaxed with the VASP code in a smaller 232
32 supercell, until the atomic forces are<0.01 eV/Å. Our
investigation has been restricted to neutral clusters~i.e., no
electronically charged!. In order to converge all properties o
relevance, we use a cut-off of 207 eV for the plane-wa
expansion and a Monkhorst-Pack 43434 grid for the
k-space summation. Ultrasoft pseudopotentials10 describe the
electron-ion interactions. We perform our calculations with
both the generalized gradient approximation~GGA!, in the
Perdew-Wang formulation,11 and the local-density approxi
mation~LDA !.12 Our discussion is based on the GGA resu
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but comparisons with the LDA ones are present. With t
choice of the cutoff parameters, we calculate the clus
binding energies as well as their electronic density of sta

The binding energyEb of a BnIm complex is defined here
as the energy needed to split the cluster inton isolated neu-
tral substitutional Bs atoms andm neutral Si self-interstitials.
Since the ground state of the latter is the split^110& dumb-
bell (X), the binding energy reads

Eb@BnIm#5$E@BnIm#2NSimSi2NBmB%2m•Ef@X#,
~1!

where the quantity in brackets is the formation energyEf of
the BnIm defect, calculated from the total energy valu
E@BnIm#, the numberNSi (NB) of Si ~B! atoms in the super-
cell and the relative chemical potentialmSi (mB). In the
present work, we takemSi as the total energy per atom o
bulk Si. Also, we consider the formation energy of neut
substitutional boron as the reference energy for format
energies of all other defects containing B atoms.

In Table I we report the binding energies of the BnIm
ground-state structures, as calculated from Eq.~1!. In order
to compare the binding energy pictures of the B-I cluster
obtained in the semiempirical and theab initio frameworks,
we list the DFTB values in first column and the DFT-GG
and DFT-LDA in second and third column’s, respective
Here we observe that not all values in Table I can be dire
compared, since, as we will discuss in more details in
following, in few cases the DFTB ground-state structur
differ from the GGA/LDA ones. Nevertheless, some arg
ments on the cluster energetics can be discussed from
table.

We note from Table I that DFTB binding energies diff
from DFT values, with the difference between DFTB a
LDA being more pronounced than with GGA values. T
discrepancy between DFTB and DFT values is more evid
in the case ofm52, where it increases withn at fixed m.
This points out to a DFTB overestimation of B-B and B-S
bond strengths. These features can be seen in Fig. 1, w

TABLE I. Binding energiesEb ~in eV! for the BnIm ground-state
structures. Our DFTB andab initio GGA and LDA results are re-
ported in first, second, and third columns, respectively. Last
columns show the values published in Refs. 4 and 5.

DFTB GGA LDA GGA ~Ref. 4! LDA ~Refs. 4 and 5!

B2I0 0.07 20.78 20.9 20.9/21.38
B3I0 20.11 21.20 22.2 22.3/21.54
B4I0 20.27 21.85
B1I1 0.43 1.15 0.91 0.5 0.4/0.79
B2I1 2.97 3.03 2.13 2.0 1.2Õ2.12
B3I1 4.22 4.14 2.87 3.0 2.2/2.72
B4I1 4.52 4.32 2.1 1.3
B1I2 3.23 2.74 2.5 2.3/2.2
B2I2 5.14 4.5 3.0 2.4/3.2
B3I2 6.72 5.58 4.1 2.6/4.4
B4I2 8.83 7.15 5.5 4.3/4.8
B5I2 9.5 7.67
5-2
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NEUTRAL BORON-INTERSTITIAL CLUSTERS IN . . . PHYSICAL REVIEW B69, 125205 ~2004!
we plot DFTB and GGA binding-energy values, for a bet
visual representation. It is also clear from the picture th
although the energetics of BnIm clusters obtained in the tight
binding model and from first-principles calculations diffe
in absolute values, some general characteristics do not
this we mean that, within all methodological frameworks
turns out that~i! pure substitutional BnI0 clusters are un-
stable, showing a negative binding energy;~ii ! Eb at fixedm
increases as a function of the numbern of B atoms;~iii ! Eb
levels up atn53 for m51, andn54 for m52.

Both LDA and GGA values follow the general trend
listed above. The two exchange-correlation functionals g
also the same BnIm minimum energy structures. Howeve
LDA binding energies are in general lower than GGA valu
by .1 eV. This is also consistent with the results on GG
and LDA binding energies obtained by Liu and co-worker4

that we report in last two columns of Table I.
In order to better understand these features of the

clusters energetics, let us first briefly present the G
ground-state geometries for the different compositions.
proceed by discussing structures with a fixed numberm of
interstitials and increasing numbern of B atoms.

As reported above, we find that pure substitutional cl
ters (m50) have negative binding energy if the number of
atoms involved isn>2. This is actually expected from geo
metrical considerations, since B-B distances in full subst
tional clusters are strained to match the Si-Si nearest ne
bor distance d52.36 Å, so that adding B atoms i
substitutional lattice sites becomes unfavorable.

As for the configurations of BnI1, LDA, and GGA equi-
librium geometries for neutral clusters coincide with the g
ometries reported in the work of Liuet al.,4 which are how-
ever obtained for negatively charged complexes.
particular, we obtain a substitutional Bs with a SiI in a
nearby tetrahedral site for B1I1, a B-B ^100&-dumbbell for
B2I1 and the bond-center interstitial BBC between two
nearest-neighbor Bs atoms for B3I1. In the B4I1 and B5I1
clusters, further Bs atoms are added to the B3I1 structure. As
already mentioned in Ref. 8, the DFTB calculations give
different geometry for the B1I1 with respect toab initio re-

FIG. 1. DFTB and DFT-GGA values of binding energy for BnI1

and BnI2 clusters, as a function of the number of B atoms.
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sults and we refer the reader to that paper for a more accu
discussion. Instead, we point out here that for the other BnI1
cases the DFTB and DFT geometries coincide.

We have already pointed out that the BnI1 binding energy
increases with the number of B atoms and it levels up an
53 in all frameworks. From there on, in fact, there is n
further binding-energy gain in adding B atoms while keepi
m51. This can be understood from the same argument
in the case of pure substitutional B clusters: the smaller v
ume of the B atoms and their tendency to be threefold co
dinated makes it less favorable to form B-B bonds betwe
substitutional sites.

We then turn to the BnI2 ground-state structures startin
for reasons that will be clear in the following, fromn53. As
it can be noticed in Fig. 2, the B3I2 geometry is similar to
that of the B4I2 complex: it is a planar structure, with th
four atoms of the defect lying on the (110) plane. The B4I2
structure originates from placing twô100& B-B dimers in
adjacent lattice sites. In BnI2 complexes withn>4, substi-
tutional B atoms are added to the B4I2 structure. Here also
the increase in binding energies levels up atn54, both in
DFTB and DFT calculations. We can thus indicate an up
ratio of B to interstitials atoms as.3:1.

As for the B1I2 and B2I2, DFT-GGA structures are differ-
ent from the DFTB ones. In particular, we show in Fig. 3 t
case of B2I2, with the ground-state DFTB and DFT-GG
configurations in the upper-left and lower-right panels,
spectively. The DFT-GGA configuration has been obtain
after a VASP relaxation of the metastable DFTB geomet
that is showed in the lower-left panel. This gives us the o
portunity to discuss some features of DFTB and DFT rel
ations.

According to the calculation strategy described above,
extract from the DFTB calculations four relaxed structur
with formation energy differences being within a range
.0.5 eV. The ground-state DFTB geometry@Fig. 3~a!#
looks like it is made up of a BB-dimer located in the midd
of the hexagonal ring of the silicon lattice. We further rel
the four DFTB structures withVASP, and we obtain a differ-
ent energy order among them, and slightly different ion
relaxations. We mention here that a typical VASP relaxat
of a DFTB geometry took<10 ionics iterations, resulting in

FIG. 2. Ground-state structures for B3I2 ~left! and B4I2 ~right!.
The arrows point to the two lattice sites where no Si atom
present. The four atoms forming the clusters are shown with sph
over the host silicon lattice~sticks!: Si-I with black spheres and
large atomic radius, and B atoms as white spheres.
5-3
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PAOLA ALIPPI, P. RUGGERONE, AND L. COLOMBO PHYSICAL REVIEW B69, 125205 ~2004!
a gain in computational time with respect to a fullab initio
relaxation procedure starting from a completely unrelax
structure. The DFT relaxation brought the ground-st
DFTB structure into a more symmetrical one, made up fr
two mixed Si-B dumbbell, oriented along the^110& and the
^100& directions. Moreover, another DFTB structure@Fig.
3~b!#, further relaxed withVASP, resulted to be almost degen
erate in energy with the previous one~both in LDA and in
GGA!: it is made up from the two stable single-specie int
stitials, the Si-̂110& and B-̂ 100& dumbbells @Fig. 3~c!#.
These twoVASP structures have a planar geometry. A thi
one, containing triangular shapes, is higher in energy~by
0.36 eV!. It corresponds to the complex found by Liuet al.
In general, the structures withm52 differ from the ones
published by Liuet al.,4 since all their BnI2 structures con-
tain triangles forming the surface of icosahedra and are
planar. Since that work was carried out entirely throughab
initio calculations, computationally more demanding, we
lieve that the discrepancy might be due to a less accu
sampling of the configurational space performed by Liuet al.
The DFTB calculations has given us access to a larger
tion of the B-I complex configuration space.

We also mention here that the DFT-GGA B1I2 ground
state has a planar geometry, consisting in two interstitial
oms forming a Si-B̂ 110& dimer located in the middle of the
silicon hexagonal rings.

Let us now turn briefly to a comparison of our bindin
energy values with those reported in previous works. Si
Liu and co-workers4 considered in their investigations a
possible charge states of the clusters, a comparison ca
consistently made only for the cases where the neutral s
is the lowest energy one. In Table I, we indicate in bold
binding energies of Ref. 4 where an exact corresponde
with our structures exists, both as what regards geome
and charge states. The values ofEb are calculated with dif-

FIG. 3. DFTB~left! andVASP ~right! relaxed structures for B2I2.
Selected atoms are shown with spheres over the host silicon la
~sticks!: all B atoms in the cell~white spheres! and the Si-I atoms
~black spheres, large atomic radius!. The arrows point to the lattice
sites where no silicon atom is present.
12520
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ferent choices of the reference energies. Our values ar
fact always referred to the neutral isolated defects Bs and
SiI-X. On the other hand, both LDA and GGA binding ene
gies of Ref. 4 are calculated with respect to isolated Bs

2 and
neutral SiI-X. In all cases where a consistent comparison
be made, we obtain larger values of binding energies. Th
correct, since the ground state of a substitutional B atom
the negatively charged Bs

2 , at all Fermi-level positions.13 If
two choices of the chemical potential are made in Eq.~1! the
binding-energy differenceDEb is in fact equal ton* DmB .14

From a separate calculation of GGA Bs
2 , we thus estimate

DEb.0.4 n eV, which is consistent with values reported
Table I. The reference states of Ref. 5 are instead the cha
defects Bs

2 and the self-interstitial SiI-Td11, the double
charged tetrahedral defect. Here, a comparison is also m
more difficult by the fact that the cluster geometries are
reported, and we cannot be sure of neutral ground-state s
ture correspondence.

In conclusions, although the calculated DFTB binding e
ergies are larger than the first-principles values, the DF
method is shown to be overall quite accurate in predict
the geometries of B-I clusters and the characteristics of
B-SiI bonds. Cluster geometries having the same comp
tion but different rearrangements of SiuB, SiuSi, and
BuB bonds differ in energy by few tenths of eV. This e
ergy difference might not be within the accuracy of t
DFTB method, resulting in slightly different order amon
stable and metastable structures with respect toab initio re-
sults. Nevertheless, the overall trends of the cluster ener
ics are accurately predicted by DFTB. At least to our know
edge, this represents a great improvement with respec
previous tight-binding investigation of the B-Si clusterin
process.15

III. DENSITY OF STATES OF NEUTRAL CLUSTERS

The electronic densities of states are calculated wit
Monkhorst-Pack 53535 k-points sampling, using theVASP

package. Only selected structures have been reported
The first step is the calculation of the DOS for the crystalli
Si matrix. The results are reported in Fig. 4~a!. Note that all
the DOS’s presented in this section are shifted accordin
the respective calculated Fermi energy (EF). We focus our
analysis on some characteristics of the DOS, that we
here: presence of gap states; their location with respec
EF ; presence of other localized states.

A known failure of density-functional theory calculation
is the determination of the silicon band gap. We decide no
use any band-gap corrections and we consistently obtain
the theoretical GGA lattice constant, a GGA band gap
Eg50.69 eV, smaller than the experimental gap of 1.13 e
but in accordance with other theoretical studies.16 Note that
the LDA gap isEg50.55 eV.

The other two panels of Fig. 4 collect the DOS for the
crystal with two kind of self-interstitial defects:~b! a dumb-
bell, Si-X, and~c! a tetrahedral Si atom, SiTd . In the latter
case there is a shift of the calculated Fermi level towards
conduction band, which can be interpreted as an effect of

ice
5-4



dr

O
o
e
th
u
on

ia

th

ca
re
io

te

.
to
ri

ow
t

te

e

d
of B

ted
ce-
la-
tio
-

he
ion
m-
urer
c-

ses

ol-
re

e-
the
Fig.

B

y

S

NEUTRAL BORON-INTERSTITIAL CLUSTERS IN . . . PHYSICAL REVIEW B69, 125205 ~2004!
over-coordination of the Si atoms surrounding the tetrahe
defect. Moreover, at an energy of about213 eV a clearly
localized peak appears. This feature is absent in the D
related to the perfect crystal, but it can be recognized als
the panel~b! of Fig. 4, closer to the bottom of the valenc
band than in the tetrahedral case. The analysis of
localized-DOS identifies these peaks to the structure aro
the defects, with a stronger character for the tetrahedral
These peaks should result from theA12T2 splitting induced
at the bottom of the valence band by the silicon interstit
as already discussed in literature.17 A final remark is on the
position of the Fermi level in the DOS of Fig. 4~b!: it corre-
sponds to a localized structure slightly above the top of
valence band. This feature is present in the DOS of panel~c!,
but corresponds to a fully occupied state. This difference
be ascribed to the different character of the localization
gion of the state: both peaks are attributed to the reg
around the defects, but the dumbbell is over coordina
while the tetrahedral has nearly a bulk configuration.

Figure 5~a! shows the calculated DOS for a B atom in a
substitutional site (B1I0), that is, the ideal doping position
As expected, the Fermi level cuts the DOS just above the
of the valence band, in accordance with the textbook desc
tion of a p doping. Interestingly, there are no features bel
the valence band. This indicates that the presence of
states observed in Figs. 4~b! and 4~c! might be traced back to
the interstitial character of atoms composing the aggrega

FIG. 4. Density of states of~a! silicon bulk, ~b! silicon intersti-
tial in the dumbbell, and~c! tetrahedral. The zero of the energ
scale corresponds to the calculated Fermi level associated to
structure. This procedure has been adopted for all the other DO
12520
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that is, to their spatial departure from a crystalline site. W
will discuss further this issue.

In Fig. 5~b! we report the DOS for the ground-state B1I1
defect (Bs1SiTd). We want in fact to extract from the plotte
DOS the features that can be ascribed to the presence
substituting a silicon atom or to the presence of both~B in a
lattice site and Si in a tetrahedral position!. All the features
already pinpointed from the analysis of the panels collec
in Fig. 4 are easily identified. The peak below the valen
band bottom is still present. The main difference is the re
tive intensity of the above features. For example, the ra
between the peak at.13 eV and a pronounced bulk struc
ture ~peak at.7.4 eV) changes from 0.64 (SiTd) to 0.18
(B1I1 :Bs1SiTd). The intensity seems to be related to t
chemical species involved in the bonding, while the posit
is determined by the interstitial character of one of the co
ponents. Further comparisons should help in putting on s
foots this physical picture. Therefore, we monitor the ele
tronic structure evolution during atomic relaxation proces
of the system containing a B atom toward the B1I1 :Bs
1SiTd compound.

Four snapshots of the relaxing configurations are c
lected in Fig. 6, while in Fig. 7 the corresponding DOS’s a
shown. The initial configuration@panel ~a!# corresponds to
the B atom in a slightly interstitial position and the corr
sponding DOS exhibits a structure close to the bottom of
valence band. We note also that in the four snapshots in
6 the symmetry of the defect configuration changes from C1h
to C3v . Increasing the interstitialcy of the Si atom~with a
consequent lowering of the intersticial character of the

the
’s.

FIG. 5. Density of states of a crystalline Si matrix with~a! a
single B atom in a substitutional site (B1I0) and ~b! a B1I1 defect
(Bs1SiTd).
5-5
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PAOLA ALIPPI, P. RUGGERONE, AND L. COLOMBO PHYSICAL REVIEW B69, 125205 ~2004!
position!, the peak is pushed out from the valence ba
@panel~b!#. In the panels~c! and ~d! the peak has assume
nearly its final position. It is interesting to note the oscillati
behavior of the intensity: stronger in panels~b! and~c! @and
also in Fig. 5~b!# than in panel~d!. This apparent discrepanc
is probably due to the interplay of two different degrees
intersticialcy~the one of B and the one of Si! and the elec-
tronic properties of the two species. It is practically impo
sible to identify from these sets of DOS’s the two contrib
tions to the effect. Thus, the criterion above proposed
connects the intensity to the chemical nature of the com
nents and the energy position to the interstitialcy deg
should be reformulated.

We have also examined other DOS’s, and a further in
cation of the subtle interplay between the two aspects is
tracted from the analysis of Fig. 8, where the DOS’s for
clusters~a! B2I1 and~b! B3I1 are collected. These aggregat
are characterized by the presence of interstitial B atoms w
out any interstitial Si. The structure below the bottom of t

FIG. 6. Snapshots of the relaxation of the system containing
atom toward the Bs1SiTd compounds. The panel~a! denotes the
starting position, the panel~d! a configuration closer to Bs1SiTd .

FIG. 7. DOS’s corresponding to the configurations collected
Fig. 6.
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valence band is absent in both DOS’s, pointing out the re
tively small perturbing effect of these particular B-clust
configurations on the low-energy part of the electronic sp
trum of the system. On the other hand, the localized pea
observed in both panels of Fig. 9 at.212 eV, i.e., both

B

n

FIG. 8. Density of states of~a! B2I1 and ~b! B3I1.

FIG. 9. DOS of~a! B3I2 and ~b! B4I2.
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NEUTRAL BORON-INTERSTITIAL CLUSTERS IN . . . PHYSICAL REVIEW B69, 125205 ~2004!
when interstitial atoms of different chemical species
present@B3I2, in panel~a!#, and when all interstitial are B
atoms@B4I2, in panel~b!#.

Thus, the symmetry lowering due to the presence of
terstitial atoms induces theA-T splitting of the electronic
states at the lower valence-band edge, while the rela
strengths of B-Si, Si-Si, B-B interactions shifts these el
tronic states upper or lower in energy~i.e., inside or outside
the valence-band core!. We conclude that it is not possible t
ascribe in a general and conclusive way the presence of e
tronic states at.212 eV to the cluster compositions.

A final remark concerns the electrical activity of the m
croaggregates, connected to the presence of states in th
of the system. Some configurations fulfill this requireme
and can contribute to the doping-induced carrier flow,
complete analogy with the behavior of a single substitutio
B atom. This is the case of B3I1 @Fig. 8~b!# and of B3I2 @Fig.
9~a!#, for example. However, it should be stressed that
electrical activity of such a cluster involves several B atom
each of them independently located in a substitutional
producing the same contribution to the electrical activ
than the aggregate. Thus, there is a clear decrease in
efficiency of the doping process, as far as clusters
formed. With larger clusters the ratioB atoms/electrical ac-
tivity even worsens, although gap states may occur. An in
esting point is related to the DOS’s of B2I1 ~upper panel of
Fig. 8! and B4I2 ~lower panel of Fig. 9! which show no
defect states in the fundamental gap. The configuration
pology of these clusters is particularly favorable for B atom
since they result to be three-fold coordinated, with a B
distance of;1.63 Å. This explains the absence of states
the band gap.
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IV. CONCLUSIONS

In this work we have combined the information extract
from semiempirical large-size simulation runs based on
DFTB approach withab initio calculations, exploring in this
way a very large portion of the configuration space of
aggregates in Si crystals. The comparison between the
sets of calculations validates several DFTB predictions
enables the identification of structures not picked out by p
vious first-principles studies. Although we have restrict
our investigation to neutral clusters, the picture extrac
from our calculations can provide insights in general mec
nisms of clustering, enabling the identification of speci
fingerprints. According to our results pure substitutional BnI0

clusters are energetically unfavorable with negative bind
energies. Interstitial companions are necessary to stab
the aggregates, and the binding-energy increases at a
number of interstitials by addition of B atoms to the stru
ture. The interstitialcy degree of the cluster and the chem
nature of its components interweave subtly in determin
localized features in the DOS’s, as pointed out by our ana
sis of the electronic properties. However, it is not possible
yield clear-cut criteria to quantify the single contributions
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