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Formation and annihilation of a bond defect in silicon:
An ab initio quantum-mechanical characterization
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The electronic structure and bond properties of a lattice defect in silicon formed by the incomplete recom-
bination of a vacancy-interstitial pair are described by combining tight-binding molecular-dynami@aband
initio Hartree-Fock calculations. The defect structure consists of a large nuclear distortion nearly perfectly
compensated by electron charge rearrangment. The reaction path for its annihilation is reported and described
in terms of an electron-density topological analysis within the quantum theory of atoms in molecules approach.
[S0163-182698)04001-9

I. INTRODUCTION the microstructural evolution of silicon in various conditions
such as, for instance, under irradiation.

The migration and interaction of native point defects in  In this work we present a comprehensive theoretical in-
silicon affects many micro- and mesoscopic properties oestigation of the chemical nature and bonding properties of
bulk samplege.g., mass transport, annealing of implantationthe I-V complex. Our goal is to provide a complete and
damage, crystal-to-amorphous transition, nucleation of exaccurate atomic-scale description of the ground-state elec-
tended defects The physics of the vacancy and self- tronic structure of the defect, as well as to characterize the
interstitial has attracted, therefore, several theoretical and ennihilation reaction which recovers the usual diamond lat-

perimental studies aimed to derive an accurate atomic-scal¥®- T0 this aim we combine TBMD simulations—used to
model of their formation, migration, and interaction. generate the defect structure—width initio Hartree-Fock

Coalescence of like defects determines intermediate steﬁé‘lcudlat'?ns alnd the danall_lyﬁlts ofﬂt1he rles;JItln_g V\{[avetfunctlons
for the formation of microdefects, like voids or dislocation In order to Solve and enfignten the electronic structure prop-
loops. On the other hand, the interaction between defects Oefm_es. T_he theoretlca_l methods used in t_h|s W(.)rk are de-

e . ' ) . scribed in Sec. II, while the results of our investigation are
different species governs the microstructural evolution fa

r ; X
S T . resented and discussed in Sec. Ill.
from equilibrium, e.g., during ion implantation. As for the P ISeu I

I'?ltter process, i_t has_ been recently dgmons'Fi‘_aimt a ba_r- Il. COMPUTATIONAL DETAILS
rier for the annihilation of a vacancy-interstitial pair exists.
This result was obtained by means of tight-binding molecu- A. The defect geometry

lar dynamics(TBMD) computer simulations and confirmed  |n Fig. 1 we show the atomic equilibrium configuration of
previous suggestiofishased on experimental evidence. Inthe |-V defect. This structure was obtained by placing a va-
Ref. 1, Tanget al. showed that whenever a single vacancycancy at the third nearest-neighbor position of a self-
(V) and self-interstitial () approach each other from dis- interstital dumbbell along th€110) direction (i.e., in the
tances larger than two bond lengths, a defect, namettthe plane containing the dumbbgliAfter that, atomic relaxation
complex is created. The structure is not a number defectwas allowed by TBMD. A 216-atom simulation cell and the
since it does not involve any deficit or excess of atomstight-binding representation by Kweet al2 were used. Fur-
Rather, it consists in a large and locally confined geometricather details about the defect generation can be found in Ref.
deformation of the crystal lattice as due to the rotation of al, whereas a preliminary investigation of the electronic struc-
Si—Si bond in thg110) plane(i.e., in the plane containing ture of thel-V complex is reported in Ref. 4.
the self-interstitial defect which corresponds to @110 The TBMD simulation predicts the two defective atoms to
dumbbel). be substantially tetracoordinated, with an internuclear dis-
Thel-V complex is rather stable at room temperature, thegance shortef2.27 A) than in the ideal latticé2.36 A), one
energy barrier for its recombination beingl.2 eV, accord- regular silicon atom lying at 2.46 A and the remaining two at
ing to TBMD simulations. The resulting lifetime of the de- 2.39 A. The analysis of the electronic structure of the
fect ranges from the order of hours Bt 300 K to micro- complex confirms the tetracoordination of the defective at-
seconds at high temperaturdgypical of an annealing oms and the covalent bulklike nature of their bonding inter-
process Moreover, the annihilation path of theV complex  actions.
requires a sizeable perturbation in the bond pattern of the It is apparent from Fig. 1 that the defect has actually no
host matrix. Therefore, such a defect could play some role imeminiscence of its origin, hamely an interstitial-vacancy
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FIG. 1. Stick-and-ball representation of the equilibrium geom-
etry of the BD complexblack circles.

pair. In other words, the structure is better described as a
bond defectBD) rather than a two-defect complex. Hereaf-
ter we will refer to thel -V complex as thé8D complex The
electron density analysis reported in the following will sub-
stantiate this statement.

As for the BD annihilation, five representative silicon
cluster structuresset ) were selected for our electron den-
sity investigation from the 216-atom TBMD simulation.
Each cluster was built by expanding a centersymmetric clus-
ter of 32 Si atoms around the midpoint of the internuclear
axis of the BD complex and by saturating the resulting dan-
gling bonds with 38 pseudohydrogen atoinslaced at the
corresponding Si atom positions of the TBMD simulation.
As evidenced in Fig. 1, no double-bonded hydrogens were
introduced in any of the considered clustéfgure 2 shows
the structural arrangement of Si atoms around the BD com-
plex, along its evolution. The ang®A’ A changes from 43°
in the BD defect(top panel to the tetrahedral value in the
nondefective clustetbottom panél Variations of this angle
along the BD evolution sketch a reaction path coordisate  FIG. 2. Stick-and-ball representation of the BD complex along
(s=0, BD complex;s=1, nondefective clustir the reactlc_m patts for its annlhllatl_op.s:O:_BD compl_ex;s:lz

In order to study the effect of the constraint of Constantnondefectlve crys_tal. The cpnnectwﬂy of Si atoms is inferred from
AA’ distance during the TBMD simulatidha second set € €lectron density analysis.

(set 1) of smaller clusters was built, each one consisting of
the eight innermost Si atoms caged by 18 H atoms placed at
Si-H =1.48 A. The set Il cluster geometries were then opti- The wave functions for the investigated systems were
mized by freezing only the H atom locations and the reactiorevaluated with theab initio restricted Hartree-FockRHF)
coordinates. method, using a finite basis set of Gaussian functions, in the

B. Methods
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usual molecular orbital as a linear combination of atomicwherer, denotes the position of the nucleus of the corre-
orbital approximatior?.By using only restricted spin orbitals sponding atom. Atomic moments account for the polariza-
(RHF formalism) we assume that no radical intermediatestion of the atomic electron densities, due to chemical bond-
are involved in the BD rearrangeménflthough the RHF  ing and chemical bonding distortions. Atomic changes along
method is of a less standard use than density-functional afs are also enlightened by variations in the atomic volumes
proach in solid-state physics, the former has recently(Q)=[,dr, where—in order to get a finite value—the in-
achieved considerable success in the description of crystalegration is over the region of spa€k enclosed by the in-
line systems. In particular Pisaet al® have shown that pe- tersection of the atomic surface of zero flux with a particular
riodic RHF calculations on crystalline silicofusing a envelope of the electron densi§The V002(Q) values used
double-Z-plus polarization basis peire able to reproduce in this paper correspond to the 0.002 a.u. envelope. These
the electron density and the electron moment distributiorvolumes yield molecular sizes that can be employed in de-
almost within the experimental error. This result is in agree-scribing the closer packing found in the solid stHtehe
ment with the second-order errors for all one-electron opera@TAM permits the investigation of chemical systems on a
tors guaranteed by the exact HF solutfoRurthermore, the common basis, as the theory uses only information contained
use of a local(Gaussiaji—as opposed to nonlocdk.g., in the electron density(r). No arbitrary partitioning of the
plane wavg—basis set is mandatory in our case owing to themolecular electron density in the Hilbert space spanned by
local character of the BD complex and of its annihilationthe adopted basis set is introduced as it is common in Mul-
process. liken’s population analyst§ or one of its many modifica-
The electron density rearrangement alengas investi-  tions.
gated within the quantum theory of atoms in molecules In addition to determining the boundary condition for a
(QTAM) approach. A comprehensive exposition of QTAM proper open system, the gradient vector fieldp¢f) also
is given in Ref. 10, while a very condensed outline on theprovides a definition of the molecular structure or generally
physical basis of this theory may be found in a recent issuef the pairwise interactions present in an assembly of atoms.
of this journal*! Applications of QTAM to solid-state pack- Two atomsQ and Q' are linked to one another if their
ing effects on electron denstfyand to the description of nuclei are connected by a line, the atomic interaction line
structural changes in solitfs'* have recently appeared. Cen- (AIL), wherep(r) is a maximum with respect to any lateral
tral to the QTAM theory is the definition of proper open displacement from the line. The point where the density
systems, that is of that subset of the open subsystems of agytains its minimum value along an AlL is a critical point in
system which are described by correct equations of motiop(r) [i.e., Vp(r.)=0] and it is called a bond critical point
for their observables. These subsystems are identified withiiBCP). EachQ — Q' pairwise interaction has associated its
QTAM with the atoms in a moleculer, more generally, corresponding BCP and interatomic surf@,Q’). The
with the atoms in any assembly of atoms like a cluster or ggcal properties op(r) at BCP have been demonstrateth
crystal. The definition of an atom in a molecule of the  sum up very concisely the nature of the interaction occurring
average values of its observables and of their equations @fetween the two linked atoms.
motion are obtained through a generalization of the variation |n this work we have investigated the valuespgf) and
of the action-integral operator introduced by Schwinger  of its Laplacian at the BCP’s of the interactions involving the
the derivation of the principle of stationary action. This gen-defective atoms. The electron density at BCP is expected to
eralization is unique as it applies only to regions of realdecrease with increasing bond lendthwhile the value of
space that satisfy a particular constraint on the variation ofhe Laplacian—the sum of the three eigenvalugs
the action integral of the subsystef a constraint that re- (N{<\,=<\j) of the Hessian op(r) at the BCP—indicates
quires{ to be bounded by a surfacof local zero flux in  whether the major contractions of the electron density in the

the gradient vector of the electron densitfr) interatomic surface are parallel or perpendicular to the AlL.
The former ¥2p>0) are typical of the closed-shell interac-
Vp(r)-n(r)=0 VreS. (1) tions (ionic bonds, hydrogen bonds, van der Waals mol-

. S ecules, while the latter §2p<0) characterize the interac-
Since the elelctlron d|str|but|.on for a many—eleqt.ron SySten”{ions(covalent and polar bongsesulting from sharing of the
generally exhibits local maxima qr_ﬂy at the positions of NU-glectron density between atoms. The two negative curvatures
clei, the quantum boundary condition given in E#). yields at BCP define the bond ellipticity

a partitioning of a chemical system in a disjoint set of mono-
nuclear regions or atoms. As a result of this partitioning the N
system average of an observable is given by a sum of atomic e= 1
contributions. In this paper we will detail the changes along

s of the atomic electron populatiomg((2)

=)\—2—1, (4)

a measure of the extent to which the electron density is pref-
erentially accumulated in a given plane at BERSimilarly
N(Q):j p(r)ydr (2)  one may definé a local ellipticity at each point of the AL
Q and the resulting trend of values shows how the electron
o density distribution deviates from cylindrical symmetry
and of the atomic first momenjs({2) along the AIL.
In addition to supplying an analysis of the characteristics
__ _ of atomic interactions, the Laplacian field allows one to re-
w@) J (r=ro)p(rdr, ® cover also the chemical model of localized bonded and non-



57 FORMATION AND ANNIHILATION OF A BOND DEFECT ... 173

TABLE |. Relative energiesgunits eV} along the BD evolution
reaction coordinateAE(? and AE(2 data refer to set | and set I
cluster, respectively.

refers tos functions, while the remaining ones concern shells
containings and p functions sharing the exponents. This
basis is referred to as 3-@1%° For the set Il clusters the

effect of polarization functions was investigated by supple-

AA'B s AEtemp AE[} AE(} menting the 3-2@ basis with a single set of five-type
; i * ; 23

43° 0.00 0.00 0.00 0.00 Gau§3|ar|15 on eallch Si gtdﬁerG basis set . -
49° 0.09 4025 40.70 4016 The cluster electronic structures were obtained with the

o GAUSSIAN-94 (Ref. 24 program and the resulting wave func-
65 0.33 +1.24 +1.32 +2.05 . .

o tions were used as input for themPAC (Ref. 25 package.
o1 0.73 "1.78 228 242 The latter performs the topological analysis of @hg) and
109° 1.00 -3.51 -3.26 -3.57 b polog y

V2p(r) scalar fields, and evaluates QTAM atomic properties.

bonded pairs and to characterize local concentrations
(V?p<0) and depletions {?p>0) of the electronic _
distribution2®22 The Laplacian field of an isolated atom re- ~ 1able | reports the energy changag, with respect to
flects the quantum shell structure by exhibiting a correspond3=0 @long the BD evolution path. The RHF calculations on
ing number of alternating shells of charge concentration angOth cluster sets confirm that the BD complex rearranges to
charge depletion, beginning with a region of charge concenthe nondefective ;ystem through a significant energy barrier.
tration at the nucleus. Upon bonding, local maxima andlhe set|RHF estimat€l.32 eV is only 6% greater than the
minima are formed in the valence shell charge concentratioff BMD estimate(1.24 eV). When geometry relaxation is al-
(VSCO) of a bonded atom and their number and propertieéo‘_"’ed in the RHF calculatlonsset 1), the barrier is further
depend on the linked atoms. Changes in the chemical envf&ised to 2.05 eV. Table Il lists the BCP properties for the
ronment of an atonfnumber, type, and geometrical arrange- bond interactions in the BD complgx along_ the_ anmh.llatlon
ment of its neighbonsare mirrored in changes of number, p_a_th. Also _reported are the properties at Si—Si BCP in bulk
magnitude, and location of its Laplacian local maxima in theSilicon, which closely resemble those of theA’ BCP at
atomic VSCC. These Laplacian maxima are referred to a§=1-00(cluster simulation of the nondefective sysfefthus

bondedor nonbondednaxima according to whether they are the innermost part of the nondefective cluster represents cor-
located close to or far off AlL’s. rectly the bulk and as a consequence the adopted clusters

should adequately mimic the BD annihilation process. The
QTAM predicts that all the Si atoms remain tetracoordinated
along the procesg-ig. 2), though the properties of the bond
A double-zeta basis set consisting of 13 atomic orbitalsnteractions change dramaticallffig. 3). The BD annihila-
(AO's) (4s and ), resulting from 3-3-2-G contractions, tion requires the breaking &-B (A’-B’) and the formation
and 2 AO’s (&), resulting from 2-G contractions, were of A-B’ (A’-B) bonds, whereas thA-C type bonds are
used for Si and H, respectively. For Si the first contractionretained along the whole reaction path. In the BD complex

Ill. RESULTS AND DISCUSSION

C. Computations

TABLE II. Si-Si BCP properties in bulk, in set | and set(lialues in parenthesgslusters. Bond lengths
are expressed in A andV?p in a.u.

Bond Length(A) p V2p €
s=0 (BD complex

A-A’ 2.27(2.2) 0.081(0.090 -0.104(-0.133 0.04(0.03
A-B 2.46(2.45 0.064(0.066 -0.056(-0.065 0.01(0.01)
A-C 2.39(2.39 0.070(0.07) -0.072(-0.079 0.02(0.01)
s=0.09

A-A’ 2.27 0.084 -0.112 0.05
A-B 2.62 0.053 -0.033 0.02
A-C 2.36 0.072 -0.079 0.02
s=0.33

A-A’ 2.27(2.19 0.084(0.095 -0.114(-0.15) 0.12(0.19
A-B 3.01(2.97 0.030(0.028 +0.013(+0.03) 0.41(2.91)
A-C 2.33(2.39 0.074(0.072 -0.071(-0.069 0.12(0.05
s=0.73

A-A’ 2.27 0.081 -0.104 0.03
A-B’ 2.69 0.049 -0.028 0.01
A-C 2.33 0.075 -0.090 0.01
s=1 (nondefective system

A-A’ 2.36(2.3H 0.073(0.073 -0.083(-0.089 0.00(0.00
bulk 2.36 0.074 -0.087 0.00
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FIG. 4. Values of the ellipticity along tha-A’ bond.

0.73 about 2/5 of the bulk value and the Laplacian is positive,
thus denoting a marked shift towards a closed-shell-type in-
teraction. At this step th& atoms appear to be only formally
tetracoordinated, since they exhibit three covaléand
strong bonds that lie nearly on a plane and a fourth weak
closed-shell interaction out of this plane. The hybridization
of A atoms is therefore closer &p? rather tharsp®, a result
confirmed below by the Laplacian topology. TAeA' and
A-C bonds exhibit a significative increase of their ellipticity
values, while maintaining covalent character and the other
BCP properties similar to those at=0. By analyzing the
values of the curvatures and the direction of the associated
eigenvectors, it turns out that the electron chargé)ise-
moved from theAA'B plane along theAA’ bond, and(ii)
accumulated in planes perpendicular to th€C' plane,
along AC bonds. This mechanism, which is due to the for-
mation of theA-B closed-shell interaction with the accom-
anying (concomitant removal of charge from the internu-
clear region, is at variance with the ustfaccumulation of
charge in ther-bond direction. Figure 4 shows the trend of
(s=0) theA-A’ distance is shortene@.27 A) with respect the ellipticity values alond\-A’ for the BD complex and for
to the bulk(2.36 A), while theA-B distance(2.46 A) shows the s=0.33 configuration. The departure from the ideal tet-
the opposite behavior. Tha-C distance(2.39 A) is quite  rahedral coordination induces in both cases a removal of
similar to the bulk value and remains nearly constant alongharge from theAA’B plane with two maxim&and corre-
the reaction patls. The BCP properties of the BD complex sponding ellipticity maximp associated with the two geo-
indicate that all the bonds remain covalent as in the perfeatetrically distortedA-B (A’-B’) bonds. The larger is the
lattice, while the observed changes in the valuep gind  distortion and the consequent closed-shell nature ofAte
V?2p agree with the reported internuclear distances—the derbond (5=0.33, the higher are the maxima€0.26) associ-
sity and the absolute value of the Laplacian decreafimg ated to the charge removal.
creasing with increasing(decreasing bond distance. The Finally, ats=0.73 theA-B bond is broken and a nei-
low ellipticity values show that all the bonds in the BD com- B’ bond is formed, thus reconstructing the Si-Si network as
plex nearly retain the cylindrical symmetry. in the bulk. The bond ellipticities decrease and approach
At s=0.33 the Si-Si bonds are quite different in naturezero, a value eventually reachedsat1.00. The new bond
with respect to either the BD complex and the nondefectiveformed is far from being covalent in natuf¢he ratio of
system. The geometrical relaxation in the TBMD simulationparallel to perpendicular curvature being three times that of
dramatically increases th#&-B and only slightly decrease the the regular Si-Si bond though the Laplacian at BCP is al-
A-C distance. TheA-B and A-B’ distances turn out to be ready negative.
nearly equal3.01 and 3.08 A, respectivelput only theA- Table Il also shows the effect of full geometry relaxation
B chemical interaction appears to be formed according tdset Il clusters on the BCP properties along the reaction
QTAM. However this interaction differs completely from the coordinate. The picture obtained with the larger and con-
usual Si-Si bond, since the electron density at BCP lowers tatrained cluster¢set ) is qualitatively confirmed. First also

1.00

FIG. 3. Contour plotsAA'BB’ plane of the electron density
(left) and its LaplaciariV?p (right) for the BD complex along its
annihilation path. Atomic interaction lines and boundaries are su-
perimposed on the electron density plots. The valence shell char
concentration— V2p maxima are denoted by dots.
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TABLE lIl. Value of —V?p (a.u) at the VSCCbondedand TABLE IV. Si atomic basins properties in bulk and in set |
nonbondedmaxima(see Fig. % of Si in set | clusters and in the clusters, along the coordinate. All quantities are in a.u. Only the
bulk. magnitude of dipole moments is reported. The parallel component

of dipole moment is defined as follow§) for atomA u is the
CP s=0 s=0.09 =033 s=073 s=1 projection of u along vectorA-A’; (i) for atomB, w| is the pro-
jection along the vectdB-A*, whereA* denotes the regular lattice
Atom A site; (iii) for atomC w; is the projection along vectdg-A.
1 0.118 0.126 0.132 0.118 0.100
2 0.093 0.099 0.126 0.112 0.098 s N(Q) V002(Q2) m ©
3 0.073 0.050
3* 0041 0097 AMA
Atom B 0.00 13.720 126.3 0.64 0.63
4 0081 0069 0078 0073 0098 009 13.702 128.3 0.79 0.79
Bulk 0.106 0.33 13.962 141.8 1.30 1.27
0.73 13.853 138.8 0.81 0.80
1.00 13.996 139.5 0.05 0.02

in this case the nondefective system mimics adequately tHgtgg“ B

bulk. Second the RHF geometry relaxation shorten#the 14.011 155.7 0.13 -0.13
distance with respect to the TBMD prediction for the BD 0.09 14.029 158.6 0.29 -0.29
complex, but this distance does not notably change fron?-33 14.135 167.3 0.89 -0.89
s=0 to s=0.73. Finally the trend on BCP properties agrees?-/3 14.026 155.1 0.57 -0.56
with that found for set I. In particular, &=0.33, the ellip- 1.00 13.988 1455 0.13 0.11
ticity increases are confirmed and tAeB bond is predicted Atom C
to be even weaker than in setthe density decreasing and 0.00 13.851 165.9 0.22 0.07
the Laplacian increasing at BEPin spite of a slightly 0.09 13.810 163.4 0.24 0.18
shorter internuclear distance. 0.33 13.641 156.4 0.67 0.67
The changes in the number and magnitudebohded 0.73 13.745 157.1 0.26 0.23
(BM) and nonbonded(NBM) maxima of atomsA and B 1.00 13.834 161.0 0.11 -0.01
along the annihilation process are detailed in Table Il. In theBulk atom 14.000 136.7 0.00 0.00

bulk each silicon atom exhibits four equivalent BM’s, tetra-
hedrally arranged along the four Si-Si bond8g. 5). The
electron density rearrangement due to the formation of thegq,, pointing toward®’ . Finally ats=1 the four concentra-
BD complex, reduces the local symmetry around aténs (ions of A are nearly equivalent and close to the bulk value,
andB and removes the degeneracy+V°p values(Fig. 5 5o confirming that the nondefective cluster adequately mim-
and Table 1l). TheB atom retains four- V2p maxima along ics the bulk.
the whole reaction path, thus preserving th&?p charge Complementary information about the annihilation pro-
concentration pointing towards-A’ even at large Si-Si dis- cess is provided by the changes in the atomic properties
tances. On the other hand, moving from the BD complexgiongs as listed in Table IV for the set | clusters. The cor-
along the annihilation path, atoA undergoes a substantial responding properties for the set Il clusters follow the same
decrease of the concentration labeled as 3 and pointing tqrends and are not discussed for the sake of being concise.
wardsB, until this concentration disappearssat0.33 where  The first important observation is that the sum of the electron
A exhibits Only three maxima. These latter maxima and th%opu|ations Of the defective atomsl‘z_ ZB+4C) remains
A nucleus are nearly coplanar and theiV?p values have nearly constant and smaller by about 0.4—0.6 electrons with
significantly increased with respect to the bulk. B pic-  respect to the nondefective system. The table also shows that
ture for atomA at this stage of the annihilation process is such charge depletion involves only the atoms of tppin
confirmed. At the next stepsE&0.73) theA atom exhibits the BD complex, while by proceeding alosgC atoms also
again four maxima, but the concentration labeled asir8  pecome involved. The population Gfreaches a minimum at
Table Il and characterized by a very lowV?p value, is  s=0.33 in correspondence to a local maximum population
for the A atom induced by the formation of ap?-sp® bond
betweenA andC. On the other hand, thB atom is always
Bulk BD Complex more populated than in the bulk and its population raises up
to 14.14 electrons &=0.33. By considering their volume
per electron, as provided by thO02N () ratio, the atoms
A andB are, respectively, more charge compressed and more
charge depleted than in the nondefective system.

As what concerns the validity of our cluster simulation,
one may note that in the nondefective system the population
deficit of the “defective atoms” (A+ 2B) linked to silicon
atoms only, amount to 0.032 electron charges. This tiny defi-

FIG. 5. Numbering and location of V2p bonded maxima in  Cit is one order of magnitude smaller than the observed in-
the BD complex and in the bulk. crease of the electron transfer from the defective atoms
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(2A+2B+4C) to the surroundings, found at each step ofatoms, while as=0.73 the charge leakage is evenly distrib-
the annihilation path with respect to the nondefective systermuted amongA and C atoms. At the barrier top the fol@
On the basis of this observation, we feel confident that theatoms are largely deprived of charge 0.772 electrons
significant leakage of an electron experienced by the defeawhile the charge accumulation of the tlBoatoms is strongly
tive atoms along the annihilation path is physically soundenhanced+0.294 electrons thereby maximizing the charge
and not just the result of some spurious effect due to theransfer within the defective atoms. The reported charge re-
cluster model. arrangments parallel the energy changes aleinthe more
The atomic dipole moment magnitudes are finally re-unbalanced is the charge removal from defective atoms, the
ported in the Table IV. Due to symmetry, the atomic dipolehigher is the energy destabilization of the corresponding
p equals zero in bulk Si, while in the defective clusters,atomic environment. This observation rationalizes the exis-
noticeable dipoles arise as a consequence of the lattice disence of a barrier for BD annihilation and the smallest energy
tortion induced by the formation and annihilation of the BD destabilization occurring &=0.73, in spite of the observed
complex. The changes of the atomic dipoles alengre largest(+0.634 electronsleakage of electrons to the sur-
dominated by changes in their parallel component This  roundings at this reaction step. The reach of the barrier top
latter is defined as the projection afalong theA-A’ (C-A) also involves a change of atomshybridization froms p® to
vector for atomA(C) and as the projection gi along the sp?, as evidenced from the calculated vanishing of their
vector B-A* for atom B (A* denoting the regular lattice bonded maxima pointing toward® atoms and the concomi-
site). Within this definition, a positivénegative value for  tant increase in magnitude of their remaining bonded con-
w indicates that the atomic centroid of negative chargecentrations. Inspection of the bond characteristics=20.33
moves outwardsinwardsg the cluster inversion center. So in shows that only weak, closed-shell-like interactions occur
the BD complex atom®A and C are polarized outwards, between atom# andB at the barrier top. This confirms the
while atomsB concentrate charge toward the defective systesults of theV?p topological analysis and the only formal
tem. Such a mechanism reaches a maximuns=a0.33 tetracoordination oA atoms at this nuclear configuration.
where the displacements of centroids from nuclear positions In conclusion, the present study of the BD complex and
are as large as 0.025-0.050 A. The atomic dipole magnits annihilation path demonstrates that QTAM may enhance
tudes in the nondefective system, though different from zeropur understanding of the defect electronic structure and of
are about one order of magnitude lower tharsa0.33. the mechanisms accompanying and governing its evolution.
A “chemical” description of the migration path is obtained
using a theoretical tool firmly rooted in quantum mechanics.
o _ ) The combination of TBMD simulations of defect formation,
Our ab-initio RHF calculations on both constrained and first-principles calculations of their electronic structure, and
relaxed silicon clusters confirm the existence of a barrier fofne topological analysis of the associated electron densities

the annhilation of the BD complex found at the TBMD level. are |ikely a promising tool for the study of defect properties
The RHF estimate of such a barrier and of the relative stag pylk materials.

bility of the complex is in good agreement with finite-
temperature TBMD simulations.

Our electron-density analysis indicates that in the BD
complex about 0.5 electrons are subtracted from the defec- L.C. acknowledges computational support by INFM un-
tive atoms(i.e., from the 2+ 2B+4C set of atoms of Fig. der initiative “Progetto di Supercalcolo’{project “Com-

5) and transferred to the surroundings. This charge leakageuter Simulations of Radiation Effects in Silicon”C.G.
persists over the BD annihilation path. What is mostlyacknowledges support by the Human Capital and Mobility
changing along is the relative contribution of the defective program of the European Community under Contract No.
atoms. In the BD complex charge is remowvenly from A CHRX-CT93-0155.
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