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Lattice-strain field induced by ˆ311‰ self-interstitial defects in silicon

Paola Alippi*
Istituto Nazionale per la Fisica della Materia and Dipartimento di Scienza dei Materiali,
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Formation energies and equilibrium configurations of self-interstitial$311% defects in silicon are determined
by tight-binding molecular dynamics simulations as well as by the characterization of the lattice-strain field
around the defect complex. By means of the determination of the atomic stress distribution, we discuss how the
lattice strain may influence the formation mechanisms of the planar$311% structures. A correlation between
structural features and electronic properties is also discussed through the analysis of defect-related orbital
occupations and inverse participation ratios.
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I. INTRODUCTION

The presence of defects in bulk silicon affects its physi
properties on a length scale comparable with the typ
sample dimensions that experimental techniques can p
and that modern technological applications are in need o
particular, extended interstitial structures with a well-defin
orientation plane have been shown to cause sizeable cha
in the properties of the dopant species in silicon.1 The so-
called $311% defects have been observed in electron irra
ated as well as ion implanted silicon in a temperature ra
of 300°C,T,800°C.2,3 Such rodlike defects show up in
transmission electron microscopy~TEM! observations as in
terstitial structures elongated in the^110& direction, having
the $311% plane as their habit plane.3 At higher temperature
extended $311% defects evolve into dislocation loops
whereas inB-implanted silicon their dissolution during the
mal annealing deeply affects the diffusion mechanism of
dopant specie. Experimental investigations1 have in fact cor-
related the$311% ’s evaporation during the annealing proce
with the detection of an enhanced diffusion of boron, wh
penetrates into the bulk of the sample as deep as 0.1mm
with respect to its equilibrium diffusion length. These wor
have indicated that, at high implantation ener
(.10 keV), the $311% ’s are the source of excess se
interstitial defects that in turn contribute to the boron diff
sion. Understanding the evolution from small like-defe
clusters torodlike structures, and further to planar$311% de-
fects, is thus a key issue for a basic understanding o
microstructural evolution under bulk processing.

Atomic models of$311% defects have been built up sinc
their discovery,2 on the basis of the defect images obtain
by TEM experiments.3,4 In the attempt to characterize th
basic building block of these defects, a given interstit
structure is inserted into the perfect-crystal matrix and
nearby atomic bonds are locally rearranged through educ
guesses. In the early work of Tan,2 it is pointed out that the
introduction of â 110& chain of interstitial atoms in the per
fect diamond structure requires a minimum number of d
PRB 620163-1829/2000/62~3!/1815~6!/$15.00
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gling bonds. This is an energetically-favored pathway in b
Si, as pointed out since the seminal paper by Chadi
Chang.5 Thus, following Tan,2 all the atomic models of the
extended$311% defects have been built up placing seve
^110& chains close together on the$311% plane. The insertion
of such a basic building block~hereafter referred to as theI
chain! in the crystal lattice causes the formation of five- a
seven-membered atomic rings around the defect core. A
ticular arrangement of theI chains on the$311% plane results
in a succession of six-membered rings. This defect struc
can be seen as a local precipitate of hexagonal silicon on
$311% plane. From atomistic simulations of TEM images, t
presence of eight-membered rings~in the following denoted
as O rings! separating groups ofI chains along thê233&
direction, has been first detected by Takeda.3 The O ring
units are unusual in other kinds of silicon extended defe
such as dislocations faults or grain boundaries, and see
be peculiar of the$311% structures.

Following those TEM analyses, few theoretical studies6–8

have been presented. Structure stability and growth me
nisms have been discussed mostly in terms of the calcul
formation energies of different defect structures, modelled
periodic repetitions of unit blocks containing different a
rangements ofI chains andO rings. The introduction ofO
rings was indeed found to be energetically favored both
classical molecular-dynamics simulations6 and within tight-
binding frameworks.7,8

Our goal is to contribute to the investigation of the$311%
planar defects through the study of the lattice stress fi
around the defect complex. In particular, for reasons that
be clear in the following, we choose to analyze the structu
that the work of Kimet al.8 has shown to be the more stab
among those containing the same number of interst
chains. By comparing the spatial distribution of the stre
tensor for different defect geometries we will discuss t
dynamical processes involved in the$311% ’s formation. The
stress tensor distribution can give, in fact, access to the c
acterization of preferred growth directions of the defect,
well as of an effective range for the capture/emission of
1815 ©2000 The American Physical Society
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1816 PRB 62PAOLA ALIPPI AND LUCIANO COLOMBO
terstitial atoms from the defect cores.9 Moreover, the transi-
tion between confined cluster structures and planar def
could be also discussed by comparing the stress distribu
in the two cases.

In the next section~Sec. II!, a brief description of the
computational framework is given, while in Sec. III w
present and discuss our results, analyzing the energetic
formation and the lattice-strain field of the defect structur
A complemental discussion of the electronic properties
also presented, based on calculated inverse participatio
tio. Finally, conclusions are drawn in Sec. IV.

II. COMPUTATIONAL SCHEME

We perform tight-binding molecular dynamics10 ~TBMD!
simulations within the TB representation for Si developed
Kwon et al.11 This representation has been shown to g
accurate results for Si bulk properties11 as well as correct
formation energies of various native point defects~vacancy
and interstitial! when compared to first-principle densi
functional results~in the local density and the generalize
gradient approximation! as well as quantum Monte Carl
calculations.12,13 The unit cell used in order to study th

$311% defects has orthorhombic symmetry, with thex̂,ŷ, and
ẑ axes parallel, respectively, to the^01̄1&, ^23̄3̄&, and^311&
directions of the diamond lattice. The lengths of the unit c
axes areLx5a0/A2, Ly5A11/2a0, andLz5A11a0 (a0 be-
ing the lattice constant of the silicon diamond lattice!, result-
ing in a total number of 44 atoms per unit cell.

A molecular-dynamics study of the$311% defects requires
the use of large simulation cells, since periodic bound
conditions as well as constant-volume simulations are be
used. In order to avoid artificial interactions between ima
defect structures, the use of thenx ,ny ,nz replica of the unit
cell along the three directions is mandatory. Since all$311%
structures studied here are periodic along the^01̄1& direction
it is possible to setnx51. However, the choice ofny andnz
forces the size of a typical system to be in the range betw
.500 and.800 atoms. From the analysis of the spat
extension of the atomic stress distribution, we decide in f
to set the spatial separation between end-of-defect atom
the defect core and of its periodic image along theŷ and ẑ
direction to be larger than.12 Å. In order to handle such
large cells, we use the linear-scaling order~N!-TBMD
method based on the polynomial Fermi operator expan
introduced by Goedecker and Colombo10,14 and efficiently
implemented in its parallel version on the Cray T3E.

We also mention here that a first qualitative insight on
the stability of the atomic configurations used as start
models of the$311% defect structures is first gained v
molecular-dynamics simulations employing the Stillinge
Weber interatomic potential.15 TBMD simulations within the
O~N! scheme are performed on these structures, applyin
finite-temperature annealing procedure~up to 600 K!. Accu-
rate defect formation energies are finally obtained by me
of total energy calculations, performed on the structures
nealed and relaxed at zero temperature, with the conv
tional TBMD scheme based on a full diagonalization of t
TB matrix.

In order to investigate the stability of these structures,
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developed a careful analysis of the stress introduced in
crystal by the presence of the$311% defect. The values of the
stress tensorsab for a system ofN interacting particles with
potential energyU can be calculated from the following
expression:16

sab5
1

V K (
i 51

N S piapib

mi
2r ia¹ ibU D L

t

. ~1!

Here,r ia andpia are thea components of, respectively, th
position and the momentum vector of thei th atom, while
^•••& t indicates the time average of the quantity within p
rentheses. We remind here that in our TB picture the pot
tial energy isU5EBS1Urep , i.e., the sum of the band
structure energyEBS and the repulsive potentialUrep .

To discuss the spatial localization of the strain introduc
in the crystal by a defect structure, an atomistic picture of
stress is more useful, in order to identify stress contributio
from different regions of the simulation cell. In principle
such atomic decomposition could be derived from Eq.~1!
itself, since the latter is a sum ofN termssab

i defined for
each particlei. The above equation is valid for any particle
particle interaction that is a differentiable function of th
vector positions$r j%:U contains all the many-body interac
tions andsab

i is thus a function of all particle coordinate
The TB formalism however gives a much simpler formu
tion of the atomic stress tensorsab

i , sinceEBS andUrep can
be written as sum of pairwise terms depending on the
tance vector of any atom pair. Thus, the atomic level str
tensor can be written as16

sab
i 5

1

V K r ia(
j 51

N

Fb
( i j )L

t

, ~2!

whereF( i j )52]U/]r i j is the force between atomsi and j
andF( i j )5FBS

( i j )1Frep
( i j ) .

We remind here that the stress tensor is defined in lin
elasticity theory starting from the total forceF acting on a
given volumeV of the material. The relation defining th
stress tensor is in factFa5*((b]sab /]xb)dV. The spatial
partition of the stress tensor suffers from a gauge problem
an atomistic picture, this means that two definitions of t
atomic stress tensors i that differ by a factorDs i are equiva-
lent, provided that

(
b

]Dsab
i /]xb50.

We notice however that, even though absolute values of
atomic stress tensor are not meaningful, it is neverthe
correct to consider relative values that are obtained wit
the same gauge choice. In the next section, in fact,
present our results on the stress field distribution for
$311% ’s, obtained comparing the values ofsab

i calculated for
different defect structures.

III. ENERGETICS AND STRESS ANALYSIS

We have investigated different structures for$311% de-
fects, which are shown in Figs. 1–7. As explained above,
defect unit block is an infinitê 01̄1& chain of interstitial
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PRB 62 1817LATTICE-STRAIN FIELD INDUCED BY $311% SELF- . . .
atoms inserted into the crystal lattice. The periodic bound
conditions imposed on the simulation cell allow the inves
gation of two kinds of defect structures: those in Figs. 1, 2
and 5 have finite size along the^23̄3̄& direction, while the
one in Fig. 6 is infinitely extended in both^01̄1& and^23̄3̄&,
modelling thus an infinite planar defect. As a further ca
Fig. 7 represents an example of configuration often dete
in TEM pictures of the$311%,1 i.e., two structures having
finite size along thê311& and ^31̄1̄& directions, that cross
each other forming aV-shaped defect.8

After the insertion of theI chains, the atomic bonds su
rounding the interstitial atoms rearrange themselves in o
to minimize locally the strains. This is what happens, in fa
after the application of a first thermal annealing cycle~up to
600 K!, whose effect is to bring the structure in a local e
ergy minimum. Once it has been stabilized at zero temp
ture, some of the bonds are rotated in order to investig
slightly different configurations of the defect core that we
not obtained at once by the initial thermal annealing pro

FIG. 1. Relaxed structure~at T50 K) for a singleI chain in two
possible configurations~see discussion in the text!. A color code
indicates the value of the atomic stress tensorsab

i , calculated from
Eq. ~1!: atoms under positive compressive stress are marked
light gray, while black has been used to indicate atoms under n
tive tensile stress.
ry
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dure. A molecular-dynamics run is again performed on th
structures, in order to relax them at zero temperature.

Figures 1–7 show$311% defects viewed along thê01̄1&
direction, as the typical defect images obtained by TEM o
servations. Differentn-membered bond rings~i.e., closest
paths connecting all neighboring atoms17! can be recognized
and different sequences of them can be identified along

^23̄3̄& direction ~that is marked with a black arrow in th
pictures!. Table I reports the formation energies of the stru
tures studied, together with a comparison with previous t
oretical studies. The formation energiesEf are obtained sub-
tracting the TB total energyEB of a perfect-crystal unit cell
with NB bulk atoms from the total energyEBI of a defect
configuration containingNI interstitial atoms, as

Ef5S EBI2
~NB1NI !

NB
EBD , ~3!

while the formation energies per interstitialEf
I are calculated

simply by Ef /NI and are listed in Table I. In the table, eac
structure is identified by the sequence ofn-order rings along

th
a-

FIG. 2. Relaxed configuration for a$311% defect containing a
single I chain between two six-membered rings. The same co
code of Fig. 1 is used.

FIG. 3. Atomic stress distribution for aI11 cluster in the geom-
etry predicted by the TB calculations of Bongiornoet al. ~Ref. 18!.
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1818 PRB 62PAOLA ALIPPI AND LUCIANO COLOMBO
the ^23̄3̄& direction and the number or interstitial that it co
tains, those numbers being reported in the first two colum

We start discussing the results for structures containin
single I chain ~Figs. 1 and 2!. The three configurations
present different rearrangement of the atomic bonds aro

FIG. 4. Relaxed configurations and atomic stress distributi
for $311% defect containing twoI chains. Upper panel:I chains are
placed atLy/2 distance. Lower panel:I chains atLy distance, with
the formation of anO ring. The same color code of Fig. 1 is use

FIG. 5. Relaxed configuration and atomic stress distribution
a $311% defect containing threeI chains, with a sequence of six
membered rings. The same color code of Fig. 1 is used.
s.
a

nd

the I chain, giving the sequences indicated in Table I
5-I -5, 5-I -67, 76-I -67. We see that the formation energi
per interstitial of these defect configurations are differe
with the last two being degenerate at 1.6 eV. In agreem
with previous studies,7,8 we find that these values are in a
cases lower than for the most stable self-interstitial defe
the calculatedEf

I are in fact in the range.1.6–2.05 eV,
compared to a formation energy of 3.2–3.9 eV for the dum
bell structure, as given by first-principle calculations and a
by the present TB model.12 This indicates that clustering o
interstitial atoms forming an infinitely lonĝ01̄1& chain is
favored as compared to separate isolated interstitial ato
With respect to the work of Kimet al.,8 we find, in general,
formation energies that are lower by about 0.2 eV, althou
the TB representation adopted in both works is the same.
think this is due to the present more careful relaxation p
cedure: a thermal annealing procedure has been chose
order to bring the structures to their relaxed atomic grou
state, whereas the steepest-descent method was used
work of Kim et al.8

We further calculate the atomic stress tensor accordin
Eq. ~2! for each structure, and show in Figs. 1–7 the resu
for the hydrostatic component, namely,sh51/3 Tr sab .

s

r

FIG. 6. Relaxed configurations and atomic stress tensor for
periodic uIOu defect. The same color code of Fig. 1 is used.

FIG. 7. Relaxed configuration for theV-shaped defect. The sam
color code of Fig. 1 is used.
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PRB 62 1819LATTICE-STRAIN FIELD INDUCED BY $311% SELF- . . .
We set the zero level of the stress at 1024 eV/Å:3 atoms with
sh below this threshold are not shown by circles in Fig
1–7, while those under compressive and tensile stress
colored, respectively, in light gray and black.

Comparing the structures in the upper panel of Fig. 1 w
that in Fig. 2, we notice first of all that the stress tensor
different spatial distributions, even though the values ofEf

I

differ only by few tenths of eV’s. In the upper panel of Fi
1 it is evident that tensile stress extends along the@001# plane
crossing theI chain, while atoms just below and above theI
chain are under compressive stress. However, if the sequ
of n membered rings along the^23̄3̄& direction isI-67 ~as in
the lower panel of Figs. 1 and 2!, atoms at thê23̄3̄& end of
the defect core are under compressive stress, while te
stress extends now in the@010# direction perpendicular to the
defect plane.

The structure in Fig. 2 has been assumed8 as the building
block of the extended$311% defect. It is energetically stable
as indicated by the values ofEf

I and it stabilizes locally an
hexagonal Si structure: the insertion of theI chain leads, in
fact, to the formation of two coplanar hexagonal rings lyi
on the^01̄1& plane~the 6-I -6 sequence!. The stress analysi
shows that the atoms of theI chains shared by two hexagon
rings are under zero stress, as a consequence of the he
nal structure of this particular defect core.

In a previous theoretical work18 the energetics and th
geometries of smallI clusters containing up to 11 atoms ha
been studied within the same TB picture adopted here. V
ues of the formation energy per interstitial are lower th
those obtained for a finitê01̄1& chain containing the sam
number of interstitial atoms.8,18 In Fig. 3, we show the re-
laxed configuration for a cluster of 11 interstitial atoms o
tained by Bongiornoet al.18 This defect structure is elon
gated in thê 110& direction and hasEf

I 52.27 eV, larger than
the corresponding value obtained for the infiniteI chain of
Fig. 2 ~1.6 eV!. Comparison of theseEf

I values may sugges
that, in the initial stage of the growth, the leading mechan
for defects nucleation is not theI chain formation, but that
more compact and smaller clusters are favored. In this
spect, it is useful to compare the stress distributions for
infinite I chains of Figs. 1 and 2 with the one calculated
the elongatedI cluster in Fig. 3, in order to discuss the po
sible transition from finite-dimension structures to the e
tended ones. We notice how the stress in Fig. 3 is very

TABLE I. Formation-energies per interstitial atom,Ef
I ~in eV!,

for the$311% defect structures considered in this work. The first tw
columns report the succession ofn-membered rings along the^233&
direction and the number ofI chains of each structure.

NI 2c Ef
I ~eV!

5-I -5 1 2.05~2.2!
5-I -67 1 1.58~1.8!
76-I -67 1 1.60~1.8!

76-I -66-I -67 2 1.21~1.5!
76-I -686-I -67 2 2.01~1.6!

76-I -6-I -6-I -67 3 1.13~1.3!
IO 1 1.35~1.68!

V shaped 4 1.86~1.3!
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calized on the atoms belonging to the cluster. This beha
is very different from the much wider spatial distribution
the stress for theI chain~Fig. 2!. The latter involves, in fact,
a more extended structural relaxation of the lattice. Acco
ing to these results it can be argued that, for a limited num
of interstitial atoms, small cluster structures elongated in
^110& direction are energetically preferred and introdu
very localized lattice distortions. The stress distributions
Figs. 1 and 2 suggest also that the subsequent formatio
the I chain, the building block of the$311% defect, is driven
by the energetic balance in which the energy cost of spre
ing the lattice distortion in a larger region of space is co
pensated by the local stabilization of a tiny hexagonal ph
of silicon.

The stress analysis has been carried out also for confi
rations containing twoI chains. These are obtained introdu
ing a new I chain to the relaxed structure of Fig. 2 an
performing a thermal annealing cycle. Following Kimet al.,8

we set the distance between the twoI chains along thê23̄3̄&
direction toLy/2 andLy ~upper and lower panel of Fig. 4!. In
the latter case, the relaxed configuration presents the for
tion of an eight-membered ring between the twoI chains, as
in the lower panel of Fig. 4. In accordance with previo
work,8 we find, in fact, that theO rings are stable whenI
chains are separated by a distance equal toLy . The calcu-
lated formation energies per interstitial are 1.21 eV~structure
in upper panel! and 2.01 eV~lower panel structure!.

The color code shows that the atoms belonging to
defect cores are under tensile stress. As already discusse
Fig. 2, atoms belonging to the seven-membered rings
lying at the ^23̄3̄& ends of the defect core are under com
pressive stress. Comparing the two panels in Fig. 4, we
that the presence of anO ring between twoI chains intro-
duces a new feature in the stress distribution: atoms belo
ing to the I chains are under almost zero stress, and ten
stress extends on the planes perpendicular to the$311% plane
and crossing theO ring. We calculated also the bond-ang
distortions around the defect: we found that the seven-
eight-membered rings introduce a much wider distort
with respect to the perfect crystal than five-membered ri
do. The build up of compressive stress around the seven-
eight-membered rings, in spite of their smaller atomic de
sity with respect to the perfect crystal, can be thus interpre
only by bond-bending force mechanism.

For a further comparison, we show in Fig. 5 a defect
configuration containing threeI chains separated by aLy/2
distance, where the sequence ofI chains and six-order rings
(6-I -6) builds up a more extended hexagonal structu
From Figs. 4 and 5 we conclude that when several 6-I -6 unit
blocks are packed together along the^23̄3̄& direction, as in
Fig. 5, a high degree of tensile stress is localized on
atomic planes surrounding the defect. We remind, in fa
that the hexagonal structure in the core of the defec
strained, since it does not lie on its natural plane but on
$311%. The stress distribution of Fig. 4 suggests that t
tensile stress can be relieved when a less compact structu
formed, as it is the case when the eight-membered rin
introduced in the structure between two adjacentI chains.
This result agrees with the indications coming from atom
simulations of TEM pictures: configurations with subsequ
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1820 PRB 62PAOLA ALIPPI AND LUCIANO COLOMBO
I chains along thê23̄3̄& direction are not favored, and th
relative occurrence ofI chains deduced from experiments
approximately 67 %.7

In Fig. 6, a different$311% structure is presented, infi
nitely extended along bothx̂ and ŷ axes. The unit block tha
is periodically repeated consists of a singleI chain and anO
ring. This structure has a formation energy per intersti
equal to 1.35 eV. As is evident from the picture, few atom
planes above and below the$311% plane are under stress. Th
stress distribution has different features with respect to th
observed in all previous finite configurations, i.e., the pr
ence of compressive stress on the^23̄3̄& end-of-defect atoms
and of tensile stress extending along directions perpendic
to the $311% plane. Hence, these features seem to be du
the presence of thê23̄3̄& edges and disappear for structu
that are also periodic in thê23̄3̄& direction. The atomic
decomposition of the stress is here similar to the one in
lower panel of Fig. 4, confirming that the introduction of th
eight-membered ring into the hexagonal defect core built
by the I chains does indeed alter the lattice strain field.

Finally, Fig. 7 shows aV-shaped defect, i.e., the crossin
of two defect structure like that in Fig. 2, lying along th

^23̄3̄& and ^23̄3& directions. Here again compressive stre
shows up at the edge atoms and tensile stress on the^010&
planes; moreover, the stress distribution shows that the
sile stress is also localized on atoms inside the kink.

In order to further substantiate the above structural an
sis, we have also investigated the electronic structure of
$311% defect configurations, analyzing the degree of locali
tion of the electronic states on individual atoms. The inve
participation ratio19 I (Cn) has been taken as a measure
the spatial localization of the electronic stateCn . I (Cn) is
defined from the tight-binding coefficientsali

n , projections of
Cn on the basis functionf l(Ri) localized on thei atom, as

I ~Cn!5N

(
i l

~ali
n !4

F(
i l

~ali
n !2G2 . ~4!
s

al
ic

se
s-

lar
to

e

he
e
up

s

en-

ly-
he
a-
se
f

In the limiting cases of extended (ali
n 51/N) or localized

(ali
n 5ad ik) electronic statesI (Cn) assumes the values of

andN, respectively.
We consider first the 6-I -6 structure of Fig. 2, where we

noticed first of all that there is no appearance of electro
states in the gap. The building block of the defect has in f
all Si atoms fourfold coordinated: since no atom with high
lower coordination is introduced in the crystal lattice, n
dangling bonds are to be expected. The situation would b
course different for a finiteI chain. For what concerns th
inverse participation ratio calculations, the degree of loc
ization of the electronic states is very small; all IPR valu
are in fact below.10. We stress here that the same feat
is found for all other defect structures~Figs. 4–7!.

IV. CONCLUSIONS

In summary, we have investigated the stress field aro
chosen atomic models of silicon$311% defects, relaxed a
zero temperature by means of TBMD calculations. We ha
shown that a local rearrangement of the atomic bonds aro
the defect complex may influence the stress distribution, s
gesting a way to discuss the formation mechanism of
$311% defects. The structural analysis is consistent with
electronic structure where no gap state-related features
found, in accordance with the fourfold coordination chara
ter of all investigated structures.
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