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Extended Si ˆ311‰ defects
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We perform total-energy calculations based on the tight-binding Hamiltonian scheme~i! to study the struc-
tural properties and energetics of the extended$311% defects depending upon their dimensions and interstitial
concentrations and~ii ! to find possible mechanisms of interstitial capture by and release from the$311% defects.
The generalized orbital-based linear-scaling method implemented on the Cray T3D is used for supercell
calculations of large-scale systems containing more than 1000 Si atoms. We investigate the$311% defects
systematically from few-interstitial clusters to planar defects. For a given defect configuration, constant-
temperature molecular-dynamics simulations are performed at 300–600 K for about 1 psec to avoid trapping in
the local minima of the atomic structures with small energy barriers. We find that interstitial chain structures
along the^011& direction are stable interstitial defects with respect to isolated interstitials. The interstitial
chains provide basic building blocks of the extended$311% defects, i.e., the extended$311% defects are formed
by condensation of the interstitial chains side by side in the^233& direction. We find that successive rotations
of pairs of atoms in the$011% plane are mechanisms with a relatively small energy barrier for propagation of
interstitial chains. These mechanisms, together with the interstitial chain structure, can explain the growth of
the $311% defects and related structures such as V-shape bend structures and atomic steps observed in trans-
mission electron microscopy images.@S0163-1829~97!03123-8#
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I. INTRODUCTION

The decreasing size of semiconductor devices requ
precise control of device structures, particularly dopant d
tributions. Ion implantation introduces energetic charg
atomic particles in a substrate for the purpose of chang
electrical, metallurgical, and chemical properties of the s
strate. The wide use of ion implantation is due to its prec
control over total dopant doses, depth profiles, and the
uniformity. However, ion implantation induces transient e
hanced diffusion~TED! of dopants: The diffusivity of the
dopants is abnormally enhanced for a transient period of t
after ion implantation.1 Many studies have suggested th
lattice damages, introduced during ion implantation, are
sponsible for fast diffusion of dopants.2,3

In particular, the diffusivity of boron during annealing i
ion-implanted samples is enhanced by many orders of m
nitude greater than B diffusivity in a thermal equilibrium2

This transient enhanced diffusion of B places limitations
the use of B1 implantation in fabricating submicron device
Boron TED occurs due to excessive Si interstitials, which
created by B1 implantation and contribute to the fast diffu
sion of B.1,3 The boron diffusion via pairing of B and S
interstitials has been supported by experiments and theor1

Experiments observe enhancement of the B diffusivity wh
Si interstitials are selectively injected by surface oxidatio4

and by Si1 implantation.3 First-principle calculations re
ported that the activation energy of B diffusion associa
with Si interstitials is the lowest among possible diffusi
550163-1829/97/55~24!/16186~12!/$10.00
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mechanisms.5,6 Therefore, the concentration of Si interstitia
after the ion implantation and during the thermal anneal
process is an important parameter to determine the fi
depth profile of B in the ion-implanted samples.

The concentration of Si interstitials depends on~i! the ion
implantation conditions, i.e., the incident energy and
dose, and~ii ! the temperature at which thermal annealing
performed. Implantation at a higher incident energy or wit
higher dose of the ions generates more Si interstitials. As
name transient enhanced diffusion indicates, the enha
ment factor of the B diffusivity decays as the thermal anne
ing proceeds, and eventually the diffusivity of the B co
verges to that in a thermal equilibrium. The temporal ext
of the enhanced diffusion of B decrease at higher annea
temperatures since the excessive Si interstitials migrat
the regular lattice sites in a shorter period of time.2 It is
observed that the temporal extent~duration of the boron
TED! is exponentially activated. The activation energy, d
pending on the ion implantation conditions, shows a la
variance: 1–5 eV.7,8

This activation energy summarizes complex processes
B diffusion in ion-implanted samples: generation, diffusio
and annihilation of the Si interstitials as well as the intera
tions of B with the B and Si interstitials. Recently, Eagl
shamet al.9 and Stolket al.10 suggested that emission of S
interstitials from particular extended defects, namely,$311%
defects, causes the boron TED. They observed that the
solution of the$311% defects occurs at the same time and t
temperature conditions as boron TED. The extended$311%
16 186 © 1997 The American Physical Society
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55 16 187EXTENDED Si $311% DEFECTS
defects are detected under B1 implantation at an inciden
energy of few tens of keV~Refs. 3 and 10! and the corre-
sponding activation energy of the boron TED was obtain
at 3–5 eV.7 The high value of the activation energy can
related to the stability of the$311% defects with respect to
isolated interstitials. However, boron TED has been also
served without detecting any macroscopic defect, when
energy of the B1 implantation decreases below 10 keV.8 A
lower activation energy~about 1 eV! was estimated for this
low-energy ion implantation. This low-energ
B1-implantation experiment suggests that the formation
stable $311% defects depends on the interstitial concent
tions. Furthermore, the observation of boron TED in the
sence of the observable$311% defects suggests that micro
scopic interstitial clusters may exist and contribute to the
diffusion by releasing interstitials at a lower energy cost. I
possible that the microscopic interstitial clusters are rela
to the$311% defects and the formation and dissolution of t
defects, from the interstitial clusters to the extended$311%
defects, can be explained by common mechanisms.

The proposition that the$311% defects are formed by con
densation of interstitials and provide interstitial sources d
ing boron TED has been supported by experiments usin
variety of procedures to inject Si interstitials into bulk sy
tems: The$311% defects are observed to be formed by s
face oxidation,4 by GeV-electron irradiation,11 and by ion
implantations.10

The $311% defects are often calledrodlike because they
are typically elongated along the^011& direction as much as
1 mm.11,12The width of the$311% defects ranges 1–100 nm
along the^233& direction, perpendicular to the elongatio
direction. The name$311% defects indicates the observe
habit plane13 on which the rodlike defects lie, namely, th
$311% plane formed by thê011& and ^233& directions.

Here we present total-energy calculations based on
tight-binding Hamiltonian scheme~i! to study the structura
properties and energetics of the$311% defects as a function
of their dimensions and interstitial concentrations and~ii ! to
find possible mechanisms of interstitial capture by and
lease from the$311% defects. We investigate the$311% de-
fects systematically from few-interstitial clusters to plan
defects. Our results can be summarized as follows.

~i! Interstitial chain: The basic building block of th
$311% defects. We show that an interstitial chain along th
^011& direction is stable with respect to isolated interstitia
The formation energy of the interstitial chains,Eint

f 52 eV
per interstitial, is smaller than the formation energies of i
lated interstitials, 3–5 eV. Interstitial chains constitute ba
building blocks of the$311% defects, i.e., extended defects o
the $311% habit plane can be constructed by arranging
interstitial chains along thê233& direction ~Secs. III and
IV A !.

~ii ! Stability of the$311% defects. Interstitial chains along
the ^011& direction are stable against the isolated interstiti
if they contain more than two interstitials. The formatio
energy per interstitial decreases linearly with the length
the interstitial chains along thê011& directions. More stable
extended$311% defects than isolated interstitial chains a
formed by condensation of interstitial chains along t
^233& direction. The interstitial concentration of the mo
d
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stable$311% defect, a planar defect, is 531014/cm2 ~Secs.
III, IV B, and VII !.

~iii ! Growth mechanism. The stability dependence of th
$311% defects on the interstitial concentration indicates t
finite-size interstitial clusters capture interstitials to grow in
the interstitials chains along thê011& direction. The elon-
gated interstitial chains are then further stabilized by cap
ing interstitials or interstitial chains side by side along t
^233& direction. This growth mechanism based on the sta
ity study is in good agreement with the experimental clai
that the elongation of the rodlike$311% defects along the
^011& direction precedes the growth in the width along t
^233& direction ~Sec. IV B!.

~iv! Propagation of the interstitial chains. We propose a
mechanism that can account for the motion of intersti
chains in the direction perpendicular to the chain direct
with a relatively small energy barrier. Successive rotations
pair atoms on the$011% plane displace the interstitial chain
The growth of the$311% defects along thê233& direction
can be explained by propagations of interstitial chains t
are attracted to and captured by the already existing$311%
defects. We show that V-shaped bend structure and ato
steps found in the transmission electron microscopy~TED!
images can be formed by combinations of the intersti
chains and the planar rotations~Secs. V and VI!.

II. CALCULATIONAL DETAILS

We perform total-energy calculations based on a line
scaling method in a tight-binding representation,14 using su-
percell methods at theG point. A tight-binding~TB! Hamil-
tonian developed by Kwonet al.15 is used to study the defec
structures. This TB Hamiltonian gives a good description
the relative energies and equilibrium volumes of the d
mond structure and the metallic phases. One flaw of
Hamiltonian is that its ground-state structure of the crys
line silicon is the clathrate structure, which has the sa
coordination of the diamond structure and consists of fi
and six-member rings.16 We find the calculated cohesive en
ergy of the clathrate structure is indeed 0.07 eV lower th
that of the diamond structure. In addition, the optical phon
frequencies of the diamond structure are overestimated
30% compared to the experimental values. However, this
Hamiltonian describes the elastic properties of the diam
structure with an error less than 5% compared to experim
and gives the formation energies of the point defects suc
vacancies and interstitials, which are in good agreement w
those by the local-density approximation~LDA !
calculations.17–21 The validity and accuracy of this TB
Hamiltonian to describe the diamond structure has been
dressed by several calculations which show good agreem
with the LDA calculations: reconstructions of the Si~100!
surface22 and the 90° partial dislocations in Si~Ref. 24! and
hydrogenated amorphous Si.24

The total-energy calculations of defects requires large
percells to obtain converged formation energies, mainly d
to the long-range structural relaxation. We use the orbi
based linear-scaling method implemented on the C
T3D.25 We choose a spherical localization of 6 Å for less
than 1% error in the total energy~about 30 meV per atom!
compared to those obtained by exact calculations
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16 188 55KIM, WILKINS, KHAN, AND CANNING
diagonalizations. The chemical potentialm is adjusted to
achieve the correct number of electrons with an error l
than 1025 electron charge. Significant charge transfer is p
vented by using a finite Hubbard-like term (U54 eV!; how-
ever, few differences are observed from a finiteU and
U50 in the relaxed atomic structures and in the total en
gies.

Figure 1 shows the smallest orthorombic unit cell used
study$311% defects. The@311# direction, normal to the habi
plane of the defects, is chosen as thez axis and the@01̄1# and
@23̄3̄# directions as thex andy axes, respectively. The un
lengths along the three principal axies areLx05a/A2,
Ly05aA11/A2, andLz05aA11 for the lattice constanta of
the diamond structure Si. The lengths of a computational
along the@01̄1# and @23̄3̄# directions are varied by choosin
integer multiples (nx ,ny) of Lx0 and Ly0 and the length
along the@311# direction atLz52Lz0. Values fornx and
ny are chosen so that the displacement of the atoms far f
the defect core is less than 0.02 Å with respect to the reg
lattice sites of the perfect diamond structure. Periodic bou
ary conditions are applied along all three directions. For
structural optimizations, initial configurations of the mod

FIG. 1. $311% defects. The three principal axes are along
@01̄1#, @23̄3̄#, and @311# directions. For the Si lattice constan
(a55.43 Å!, the dimensions of the unit cell areLx05a/
A2, Ly05aA11/A2, andLz05aA11. Supercell calculations at th
G point are performed by taking a computational cell whose siz
Lx5nx3Lx0 , Ly5ny3Ly0, and Lz523Lz0. Periodic boundary
conditions are applied in all three directions.
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structures are given properly and constant-tempera
molecular-dynamics~MD! simulations are performed a
300–600 K for about 1 psec to avoid trapping in the loc
minima of the atomic structures with small energy barrie
Then atomic positions are fully relaxed by using the steep
descent method until the atomic force on each atom is
than 0.01 eV/Å. The effective temperature of the relax
ionic configuration is less than 0.1 K.

We define the formation energy of a defect structure t
containsNint interstitials andNbulk Si atoms in a computa
tional cell as

Ef5Etot@Nint1Nbulk#2
Nint1Nbulk

Nbulk
Etot@Nbulk#. ~1!

The formation energy per interstitialEint
f 5Ef /Nint is used to

compare defects at a wide range of interstitial concentratio
A smallerEint

f corresponds to a more stable interstitial d
fect. Calculations using the LDA~Refs. 17–20! and using
the TB Hamiltonian15 found that thê 110& interstitialcy is
the most stable point defect with a formation energy
3.223.9 eV. Our total-energy calculation using a 1000-
supercell givesE^110&

f 53.9 eV.
A binding energy of interstitials with respect to isolate

interstitials is defined as

2Eb5Ef2NintE^110&
f ~2!

for E^110&
f , the formation energy of an isolated^110& inter-

stitialcy. A positive binding energy of a defect containin
interstitials indicates that the interstitial defect is stable w
respect to isolated interstitials.

III. INTERSTITIAL CHAINS ALONG THE Š011‹
DIRECTION

Here we discuss an interstitial chain structure that
stable against isolated interstitials and constitutes a build
block of the$311% defects. The interstitial chain structure
Fig. 2 shows that interstitial chains along the^011& direction
can be inserted into bulk Si without introducing any dangli
bond by stacking pair interstitials with a periodicity ofLx0.
This arrangement of interstitials along the^011& direction is
favorable since only two dangling bonds would be requir
for any finite-length interstitial chain.4,26Since the number of
dangling bonds per interstitial is inversely proportional to t
length of the chain, the interstitial chain becomes more sta
as it grows along thê011& direction. The interstitial chain
structures have also been used for an atomic model of pl
$311% defects by Takedaet al.27–30

The most simple defect configuration containing inters
tial chains, the structure in Fig. 2~a!, is obtained by inserting
an interstitial chain into bulk Si. By adding two interstitia
per plane, two bonds~dotted line! are broken and two seven
member rings are introduced along the6@311# directions.
The six-member ring at the center turns into two adjac
five-member rings. The bond-angle distortion ranges fr
223° to 20° and the bond-length distortion from20.13 to
0.03 Å. This chain configuration is a stable interstitial co
plex with a relatively small formation energy per interstitia
Eint
f 52.2 eV, compared to that of isolated interstitials~3–5

eV!.
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55 16 189EXTENDED Si $311% DEFECTS
More stable structures can be obtained by eliminat
five-member rings that share common bonds. A rotation
the atoms, connected by a solid bond indicated by an arr
converts the right five-member ring in Fig. 2~a! into a six-
member ring in Fig. 2~b! and lowers the formation energy t
1.7 eV. This defect structure is characterized by a s
member ring surrounded by five- and seven-member ri
and has a mirror symmetry with respect to the center of
six-member ring.31 While the concentration of the additiona
atoms is two per unit length (Lx0), this configuration appear
to have two interstitial chains due to its symmetry.

A rotation of the other solid bond results in an interstit
chain surrounded by six- and five-member rings in Fig. 2~c!.
This configuration has an inversion symmetry with respec
the center of the interstitial pairs. The formation energy

FIG. 2. Interstitial chain obtained by stacking pair interstitia
with a periodicity ofLx0 along thê 011& direction. The solid atoms
areLx0/2 into the plane with respect to the open-circled atoms.~a!
An interstitial chain inserted into bulk Si is surrounded by tw
adjacent five-member rings. The dotted lines denote the bonds
are broken by the addition of interstitial chains. This structure ha
formation energy of 2.2 eV per interstitial.~b! By a rotation of
atoms connected by a solid bond~arrow!, a more stable structure
with Eint

f 51.7 eV is obtained. The structure has a mirror symme
with respect to the center of the six-member ring. The dashed
indicates the$100% plane normal to the center line.~c! A rotation of
the other bond results in an interstitial chain configuration
Eint
f 51.7 eV. The symmetry of the structure is an inversion sy

metry with respect to the center of pair interstitials on the$311%
plane~dashed line!.
g
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-
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e
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1.7 eV per interstitial and the corresponding bond-angle
bond-length distortions are215°–20° and20.1–0.03 Å.
We label the structure in Fig. 2~b! as an I chain on the
$100% plane and that in Fig. 2~c! as an I chain on the
$311% plane, based on the symmetry of the interstitial chai
These stable interstitial chains constitute basic build
blocks of the$311% defects. Arranging interstitial chains sid
by side in thê 233& direction results in the formation of eve
more stable extended defects lying on the$311% plane.

The small formation energy per interstitial (,2 eV! of
the interstitial chain structures in Figs. 2~b! and 2~c! suggests
that microscopic defects containing only a few interstitia
may exist as stable structures as well. Interstitial clust
containing 2–6 interstitials are constructed by insert
finite-length interstitial chains into bulk Si. Table I gives th
formation energies per interstitial (Eint

f ) of finite-size inter-
stitial clusters. Generally,Eint

f decreases as the size of inte
stitial defects increases, while the binding energy increa
This Eint

f dependence on the number of interstitials, i.e.,
length of the interstitial chain, is consistent with experime
tal observation that the rodlike defects are extended along
^011& direction as long as 1mm.11,12,28The elongation of the
$311% defects in thê011& direction is the consequence of th
formation of the energetically favorable interstitial cha
structures. This observation agrees with the energetic a
ment based on the minimum dangling-bond ratio of t
^011& chain structures.

Table I shows that microscopic defects containing m
than two interstitials are stable with respect to isola
interstitials.32 A binding energy per interstitial can be inte
preted as an average energy required to release interst
from the interstitial clusters and the interstitial chains. T
energy cost to evaporate interstitials increases as the siz
the interstitial cluster grows: A smaller interstitial clust
would be dissolved at a lower annealing temperature or
shorter period of time. Recent experiments reported bo

at
a
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e

f
-

TABLE I. Formation energy per interstitial,Eint
f in Eq. ~1!, and

the binding energy,Eb in Eq. ~2!, of few-interstitial clusters. The
interstitial clusters are constructed by inserting interstitial cha
between bulk layers whose length is at least 6Lx0 along the@01̄1#
direction. The length of anNint-interstitial cluster along thê011&
direction isNintLx0/2. The orientation of the computational cells
chosen according to the symmetry of the interstitial chains. T
bottom row showsEint

f andEb/Nint for the line defect–infinite in-
terstitial chains along the@11̄0# direction ~Fig. 2!. The size depen-
dence ofEint

f ’s shows that the interstitial clusters can trap inters
tials to form more stable elongated structures.

I chain on the$311% planea I chain on the$100% planeb

Nint

~eV! Ef /Nint Eb Eb/Nint Ef /Nint Eb Eb/Nint

2 4.7 21.6 20.8 4.9 22.0 21.0
3 3.7 0.6 0.2 3.4 1.5 0.5
4 3.4 2.0 0.5 3.3 2.4 0.6
5 3.0 4.5 0.9 2.9 5.0 1.0
6 2.8 6.6 1.1 2.8 6.6 1.1
` 1.7 2.2 1.7 2.2

aOrientation of the computational cell:@01̄1#3@32̄2̄#3@311#.
bOrientation of the computational cell:@01̄1#3@01̄1̄#3@100#.
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16 190 55KIM, WILKINS, KHAN, AND CANNING
TED with a small activation energy (,2 eV! even when no
macroscopic defects are detected.8 The lack of extended de-
fects in their samples was attributed to the low-energy io
implantation condition. It is possible that few-interstitia
clusters or interstitial chains, which are stable with respect
isolated interstitials, are generated during the low-energy i
implantation and contribute to the boron TED by providin
interstitials during the thermal annealing.

IV. EXTENDED RODLIKE ˆ311‰ DEFECTS

A. Structure

Here we show that extended$311% defects can be con-
structed by arranging the interstitial chains along the^233&
direction. It has been observed that the rodlike defects elo
gated along thê 011& direction grow thicker along the
^233& direction, when there is a constant supply o
interstitials.12 Possible configurations consisting of two inter
stitial chains are shown in Fig. 3. Extended$311% defects can
be constructed by adding more interstitial chains along t

FIG. 3. Projections on the$01̄1% plane of the rodlike$311% de-
fects containing two interstitial chains. The solid atoms (d) are
deeper into the plane than the open-circled atoms (s) by Lx0/2.
Interstitial chains are specified by the upper atoms with respect
the$311% plane~dashed lines!: ~1! I ↑, when the upper atoms are ou
of the $01̄1% plane, and~2! I ↓, when the upper atoms are into the
$01̄1% plane. The rodlike$311% defects are believed to grow by
adding interstitial chains along the@23̄3̄# direction. Total-energy
calculations give the formation energy per interstitial at 1.5 eV f
~a! and at 1.6 eV for~b!. Seven-member rings (E7’s! form bound-
aries between the defects and the bulk Si, and they can be conve
into six-member rings (E6) by rotations of the solid bonds~heavy
lines!. In a similar way, an eight-member ringO8 can be converted
into either a seven-member ring (O7) or a six-member ring (O6).
The stability of theE7 andO8 units depends on the arrangement o
interstitial chains. A rotation of any solid bond of~a! increases the
total energy. However, more stable structures can be obtained
rotations of the solid bonds in~b! as far as the transformation doe
not introduce adjacent five-member rings.
-

to
n

n-

f

e

@23̄3̄# direction. As seen in Fig. 3, the$311% habit plane of
the defects is made of two orthogonal directions, the^011&
and ^233& directions. In forming defects extended along t
@23̄3̄# direction, the arrangement of interstitial chains shou
satisfy following conditions: when two interstitial chains a
separated byLy0/2 as in Fig. 3~a!, the pair include anI

↑ and
an I ↓; when separated byLy0, the pair consist of two identi-
cal interstitial chains, twoI ↑’s as in Fig. 3~b! or two I ↓’s.
Otherwise, dangling bonds are introduced and the co
sponding distortions in bond angles become much lar
than typical bond-angle distortions of620° of the stable
$311% defects. Indeed, molecular-dynamics simulations
600 K about 1 psec remove such configurations.

A different structure, an eight-member ring, is shown
Fig. 3~b!. When two interstitial chains are separated byLy0
in the@23̄3̄# direction, there are three possible configuratio
an eight-member ring (O8), a seven-member ring (O7), and
a six-member ring (O6). The three structures between tw
interstitial chains are related to each other by the same k
of planar rotations in Fig. 2. The eight-member ring in F
3~b! can be converted into anO7 or anO6 unit by rotations
of the solid bonds~heavy lines! on the $01̄1% plane. An
atomic model proposed by Takeda uses the eight-mem
ring as a basic unit in constructing the planar defects.27,29,30

However, we consider three possibilities, theO8, O7, and
O6 units between two interstitial chains separated byLy0.
For all the structures we have studied, the six-member ri
(O6) between interstitial chains are found to be unsta
with respect to theO8 or O7 units. A structure that forms a
boundary between the defects and the bulk Si is denote
E7 according to the notation introduced by Kohyama a
Takeda.29,30 Similarly to the eight-member rings, the seve
member rings (E7) can be converted into six-member ring
(E6) by planar rotations of the solid bonds in Fig. 3.

B. Energetics

The formation energies ofrodlike $311% defects contain-
ing few interstitial chains are listed in Table II. For examp
theE7IIO 8IIE 7 model structure has the following element
I , interstitial chains;O8, eight-member rings between th
interstitial chains; andE7, seven-member rings at the defe
boundaries. Among possible combinations of theO andE
units for the given arrangement of interstitial chains, co
figurations with a lower formation energy are listed in Tab
II. The rodlike defects become more stable with increas
number of interstitial chains (I units! in the @23̄3̄# direction
as seen from theEint

f ’s of Table II: the formation energy
decreases~i! when interstitial chains are added side by si
in the @23̄3̄# direction with a distanceLy0/2 @Table II, ~a!
→ ~e!# and~ii ! when interstitial chains are added in the@23̄3̄#
direction in the presence of anO unit @Table II, ~f! → ~i!#.

As seen in Table II, the eight-member rings (O8) are
stable when they are separated by a distance equal t
larger thanLy0. The formation energy of theE7IO8IE7
model structure is lowered by 0.1 eV by transformation
theO8 unit to a seven-member ring (O7). On the other hand
the eight-member ring ofE7IIO 8IIE 7 model is stable with
respect to theE7IIO 7IIE 7 structure. Similarly, we observe
that the seven-member ring at a defect boundary is stab
there are more than twoI units inserted betweenE7 and the

to

r

ted

by
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TABLE II. Formation energy of extended$311% defects consisting of interstitial chains. The compu
tional cell is 3Lx036Ly032Lz0 containing three unit cells in the@01̄1# direction for all listed model struc-
tures. The ratio of theI unit to the extent of defects is given in percentage, e.g., 3/6550% for the
E7IIO 8IE7 structure. The energy releaseDEI is defined in Eq.~3! upon adding an interstitial chain (I ) to the
rodlike defectX. Y denotes a defect structure constructed by adding anI with a distance of eitherLy0/2 or
Ly0 from the boundary interstitial chain of the defectX.

Nint ~% of I units! Eint
f

Model structure ~per unit cella! ~eV! DEI : X1I→Y

~a! E7IE7
b 2 ~67! 1.8c 1.2: ~a!1I→ ~b!

0.9: ~a!1I→ ~f!
~b! E7IIE 7 4 ~50! 1.5 1.6:~b!1I→ ~c!

1.0: ~b!1I→ ~g!

~c! E7IIIE 7 6 ~60! 1.3 1.2:~c!1I→ ~d!

0.6: ~c!1I→ ~h!

~d! E7IIIIE 7 8 ~67! 1.3 1.0:~d!1I→ ~e!
~e! E7IIIIIE 7 10 ~71! 1.3
~f! E7IO7IE7 or E7IO8IE6 4 ~40! 1.6 1.3:~f!1I→ ~g!

~g! E7IIO 7IE7 or E7IIO 8IE6 6 ~50! 1.4 1.1:~g!1I→ ~h!

1.3: ~g!1I→ ~i!
~h! E7IIIO 7IE7 or E7IIIO 8IE6 8 ~57! 1.3
~i! E7IIO 8IIE 7 8 ~57! 1.3

aUnit cell: Lx036Ly032Lz0.
bIdentical to theI chain on the$311% plane in Fig. 2~c!.
cEint

f 51.7 eV for a unit cellLx033Ly032Lz0.
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closestO or E unit. For example, the total energy increas
when the seven-member rings (E7’s! are converted into six-
member rings for theE7IIE 7 andE7IIO 8IIE 7 models.

We define an energy releaseDEI , when an interstitial
chain is added to a rodlike defectX containingNint intersti-
tials perLx0, as

DEI5~NintEint
f @X#12Eint

f @E7IE7# !2~Nint12!Eint
f @X1I #.

~3!

The formation energyEint
f @E7IE7#51.8 per interstitial is

used as the formation energy of an isolated interstitial ch
which contains two interstitials per unit lengthLx0. The en-
ergy releaseDEI for theE7IIO 8IE7 structure to capture an
interstitial chain and become theE7IIO 8IIE 7 structure is 1.6
eV per unit length (Lx0). On the other hand,DEI51.0 eV
for theE7IIIE 7 structure to become theE7IIIIE 7 structure.
The largerDEI for the E7IIO 8IE7 structure indicates tha
the E7IIO 8IE7 structure provides a more efficient sink
interstitials than theE7IIIE 7 structure, which contains th
same number of interstitials per unit cell. TheDEI ’s for the
E7IIE 7 structure suggest that the interstitials can be eva
rated with a smaller energy cost from theE7IIO 8IE7 struc-
ture than from theE7IIIE 7 structure.

Growth mechanisms of the$311% defects are suggested b
both theEint

f at different interstitial concentrations and th
energy releaseDEI , when an interstitial chain is added to a
existing$311% defect. Previously we showed that an inters
tial chain can exist as a stable structure against isolated
terstitials withEint

f ,2.2 eV, which is smaller than that o
isolated interstitials. The interstitial chain can provide a s
of interstitials to capture interstitial chains along the@23̄3̄#
s

n,

o-

-
n-

k

direction. Reactions that release a larger energy to captur
interstitial chain are more likely to happen during the grow
process.

We express the capturing of an interstitial chain by a ro
like $311% defect symbolically, as

•••IE1I→•••IIE 7 for d5Ly0/2,

•••IE1I→•••IOIE for d5Ly0 . ~4!

Hered is the distance of the additional interstitial chain fro
the boundary interstitial chain. Table II shows that the e
ergy release by the addition of an interstitial chain is simi
for either d5Ly0/2 or d5Ly0, which suggests that the
interstitial-chain capturing mechanisms in Eq.~4! are equally
likely to happen. In other words, an interstitial chain can
added next to the boundary interstitial chain with a distan
either Ly0/2 or Ly0. Consequently, theO units would be
randomly introduced and the$311% defects would have no
particular periodic arrangement of the interstitial chains.
fact, experiments observe no particular periodicity of t
$311% defects in thê 233& direction,28 while the periodicity
in the ^011& direction is identified to beLx0, which results
from the interstitial chain structure.

We denote the ‘‘interstitial density’’Dint to be a ratio of
the number of interstitialchainsto the total number of units
in the defects:

Dint[
N@ I #

N@ I #1N@O#1N@E#
. ~5!

We obtain the optimal ratio of the interstitial chains of 67
for the $311% defects based on the following results.~i! The
formation energy for the extended defects~3!–~5! in Table II
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is same with differences less than 0.1 eV. This format
energyEint

f 51.3 eV is smaller thanEint
f 51.4 eV of a planar

defect, i.e., an infinite sequence of the interstitial chains
the @23̄3̄# direction (•••IIII •••[/I /). ~ii ! The planar defect
consisting of sequences of theIIO 8 structure, the
•••IIO 8IIO 8•••[/IIO 8 / model, is found to be very stabl
with the smallestEint

f 51.2 eV among the model structure
we have investigated. This interstitial density~67%! is in
good agreement with the observed ratio ofI units, 62% from
high resolution transmission electron microscopy~HRTEM!
images.27

V. PROPAGATION OF INTERSTITIAL CHAINS

So far we have discussed the energetics of classes o
fects, from the interstitial clusters to the extended$311% de-
fects, solely in terms of the formation energies. It has b
shown that the interstitial clusters can bind interstitials a
become elongated interstitial chains along the^011& direc-
tion. The interstitial chains in turn grow to the extend
$311% defects by capturing interstitials along the^233& direc-
tion. We propose that successive planar rotations, which
troduce eight-member rings between interstitial chains se
rated by Ly0, can also displace interstitial chains. B
successive rotations of atoms connected by solid bond
Fig. 4, an interstitial chain characterized by the$311% habit
plane is displaced byD52a/A2 along the arrow~the @01̄1̄#
direction!, perpendicular to the@01̄1# chain direction. The
planar rotations connect two interstitial chain structures w
the sameEint

f 51.7 eV: theI chain on the$311% plane,@Figs.
4~a!–4~d!# and theI chain on the$100% plane@Figs. 4~b! and
4~e!#.

This kind of coordinated atomic motion was introduc
by Pandey as a diffusion mechanism of Si atoms in a ther
equilibrium without introducing point defects.33 He sug-
gested that successive rotations of nearest-neighboring a
in the $01̄1% plane and the$011% plane result in exchanges o
atoms and eventually displacements of Si atoms. The in
stitial chain configurations shown in Fig. 4 are related
each other byf;70° rotation of the pair atoms~solid
circles! in the $01̄1% plane.

ForEf , a formation energy of the interstitial chain,Eb , an
energy barrier for the propagation, andS, an entropy in-
volved with the propagation, the probability for an interstit
chain to propagate is proportional to exp$2(Ef1Eb2TS)/
kBT%. The propagation mechanism of the interstitial cha
via planar rotations has such desirable features:~i! no dan-
gling bond is introduced during the transformation due
atomic relaxations and thus a small energy barrier is
pected and~ii ! the entropy involved with the rotation may b
high because of the large extent of atomic relaxations
many possible paths.

An energy barrier for the transformation from the stru
ture of Figs. 4~a! and 4~b! is estimated in two ways. First, a
energy barrier for the rotation is estimated by calculat
total energies of saddle points and comparing the total e
gies with those of the interstitial chain structures. The cal
lations are performed at a fixed computation cell
4Lx033Ly032Lz0. This computational cell contains fou
solid bonds in the$01̄1% plane, which are not shown in Fig
4~a!. The saddle-point configurations are initially given b
n
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simultaneously rotating the atoms connected by the s
bonds byf515°, 30°, and 45° on the$01̄1% plane. The bond
length of the two atoms is chosen at the average value of
bond lengths of two structures in Figs. 4~a! and 4~b!. Then
structural relaxations of the initial configurations are p
formed by allowing all atoms to move, except for the tw
rotated atoms. The rotated atoms are fixed at the intermed
positions. The calculated energy barrier is 1.7 eV per bo
When the similar rotation of two atoms is performed in t
bulk Si without any interstitial, the energy barrier is abo
2.7 eV per bond.

Alternatively, the energy barrier is estimated by rotati
one bond at a time among four solid bonds in a compu
tional cell, which are underneath the solid bond in Fig. 4~a!
in the@01̄1# direction. For rotations of one to three bonds, t
total energy increases by 1.260.1 eV in comparison to those
of the interstitial chains in Figs. 4~a! and 4~b!. The corre-
sponding increase in the formation energies is less than
eV per interstitial. No dangling bond is introduced by the
planar rotations and the intermediate structures have bo
angle distortions of622°, slightly larger than the215°–
20° bond-angle distortions of the interstitial chain configu
tions in Figs. 4~a! and 4~b!.

The energy barriers estimated by two different paths s

FIG. 4. By succesive rotations of solid atoms connected by s
bonds, an interstitial chain on the$311% habit plane is displaced by
D52a/A2 along the perpendicular direction of the interstitial cha
~arrow!. The ^ denotes a reference atom. Intermediate structu
are characterized by the habit planes: the$100% plane for~b! and~d!
and the$311% plane for~c!, indicated by dashed lines. The forma
tion energy per interstitial of the illustrated structures is 1.7 eV
a fixed computational cell. The dimension of the cell
4Lx033Ly032Lz0.
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55 16 193EXTENDED Si $311% DEFECTS
gest that many possible combinations of the planar rotatio
which has an energy barrier less than 2 eV per bond, can
to the displacements of interstitial chains. The growth of
$311% defects along thê 233& direction during thermal
annealing10 can be explained by the coalescence of inter
tial chains that propagate via the planar rotations. The s
mechanism may be responsible for the unfaulting of
$311% defects, which relates the$311% defects with the per-
fect dislocation loops at high temperatures (.1000 K!.11

VI. STEP STRUCTURES AND V-SHAPED BENDS

We now show that step structures and V-shaped be
found in the extended$311% defects can be constructed b
combination of rotations of nearest-neighboring atoms on
$01̄1% plane together with the interstitial chain structures. R
tations of three solid bonds in Fig. 5~a! result in a displace-
ment of the right interstitial chain. The formation energy
the structures before and after the transformation is the s
at Eint

f 51.5 eV. The structure in Fig. 5~b! is similar to the
core model of the atomic steps observed in HRTE
images.28 The addition of interstitial chains to this defe
structure along the6 y direction ~the @23̄3̄# direction! leads
to the formation of a defect structure containing an atom
step. The two$311% habit planes shown as dashed lines
separated by a step height ofD5a/A11 along the$311%
direction, which agrees with that predicted in Ref. 24.

It has been observed that the$311% defects change hab
planes, for example, between the$311% and $31̄1% planes.
The atomic configuration around the bend where the h

FIG. 5. By rotations of three solid bonds, a rodlike$311% defect
containing twoI chains on the$311% plane~a! is transformed to a
step configuration with a height ofD5a/A11 along the@311# di-
rection~b!. The solid atoms are deeper into the plane byLx0/2 than
the open-circled atoms. The difference of the total energies per
cell of the two structures, which contains 528 bulk Si atoms, is l
than 0.1 eV and the correspondingDEint

f is less than 0.05 eV
Intermediate states after rotations of one or two solid bonds h
the sameEint

f .
s,
ad
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planes change can be identified as theI chain in the$100%
plane in Fig. 2~b!. We show in Fig. 6 that the interstitia
chains can be added to anI -chain $100% plane to form a
V-shaped defect. The initial configuration, when two inters
tial chains are added, is chosen so as to avoid the gener
of adjacent five-member rings by bond rotations on the$01̄1%
plane. The lowest-energy configuration of the bend struct
is found to have seven-member rings at the edges (E7): By
transformation of the six-member rings toE7’s, the total en-
ergy is lowered by 3.8 eV per cell,34 corresponding to
DEint

f 520.2 eV. The bond-angle distortion ranges betwe
217° and 26° and the bond-length distortion betwe
20.1 Å and 0.02 Å. The formation energy, 1.3 eV per inte
stitial, is comparable to that of theE7IIIE 7 model structure
at the same interstitial concentration of 6 per unit leng
Lx05a/A2. The defect can grow on both habit planes, t
$311% and $31̄1% planes, by capturing interstitials or interst
tial chains. The stability of theE7’s suggests that the add
tional interstitial chains are to be separated byLy0. In other
words, for the center interstitial chainĨ , the V-shaped bend
structure is likely to have an interstitial arrangement
•••IO8I Ĩ IO8•••.

VII. PLANAR ˆ311‰ DEFECTS

Extended$311% defects as wide as 100 nm along th
^233& direction are studied by approximating them as pla
defects that are periodic in both the^011& and the^233&
directions.35 Formation energies of planar defects, co
structed by combinations of interstitial chains (I ) and eight-
member rings (O8) along the@23̄3̄# direction, are listed in
Table III. As introduced by Kohyama and Takeda,29 the pe-
riodicity of a planar defect along the@23̄3̄# direction is speci-
fied by an arrangement ofI ’s andO’s within a unit cell,
which is denoted by //. For example, the /IIO 8 / model con-
tains twoI units separated by a distance ofLy0/2 in the@23̄3̄#
direction and oneO8 unit within a unit cell. The periodicity
of the /IIO 8 / model along the@23̄3̄# direction is 3(Ly0/2),
whereLy0/2 is the average width of each unit and the fac
3 is the total number of units within a unit cell.

The formation energy per interstitial of the planar$311%
defects is significantly smaller than that of isolated inters
tials and comparable to that of the extended$311% defects
with finite widths along the@23̄3̄# direction ~Table II!. The
stability of the planar defects against isolated interstitials
dicates that the$311% defects can grow indefinitely as long a
the interstitials are supplied, e.g., during the ion implantat
process. Among the model structures we have investiga
the /IIO 8 / model is the lowest in the formation energy p
interstitial (Eint

f 51.2 eV!. The density of theI units of the
/IIO 8 / planar defect is 67%, corresponding to the interstit
concentration of 531014/cm254/@Lx033~Ly0/2!#.

The model structure with adjacentO8 units along the
@23̄3̄# direction is energetically least favorable at the sa
interstitial concentration in comparing the /IIO 8 /,
/IIIO 8IO8 /, and /IIIIO 8O8 / models. In fact, segments in
cluding two adjacent eight-member rings,•••O8O8•••,
have not been identified as local structures of the exten
$311% defects.27,28When a planar rotation is applied on th
common bond shared by the neighboring eight-member ri
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of the /IIIIO 8O8 / model,Eint
f is lowered by 0.2 eV. The

stability of the eight-member rings of each structure is st
ied by applying planar rotations of the atoms that fo
boundaries between the eight-member rings and six-mem
rings along the@23̄3̄# direction. The last column of Table II
shows that theO8’s are stable when their separation is equ
to or larger thanLy0, consistently with the result of the finite
width $311% defects.

The difference of the Eint
f ’s of the /IIO 8 / and

/IIIO 8IO8 / models implies that the stability of the plan
defects is determined not only by the density of intersti
chains but also by the arrangement of interstitial chains. P
nar defects containing isolated interstitial chains betweenO
units (•••OIO•••) have higher formation energies tha
those without them at the same interstitial concentration.
energy gain by the transformation of one of the eig
member rings to a seven-member ring is insufficient
change the relative stabilities of the planar defects. Base
the Eint

f of the planar defects listed in Table III, we expe
that the /IIIO 8IIO 8 / and /IIIO 8 / planar defects to have
comparableEint

f to the most stable planar defect, th
/IIO 8 / model.

The formation energy of the planar defects we have d
cussed is obtained without allowing relaxation of the sup
cells. A supercell relaxation would have generated the

FIG. 6. Bend configuration of the$311% defects~bottom! ob-
tained by the addition of two interstitial chains to anI chain on the
$100% plane~top!. Insertion of interstitial chains results in breakin
of bonds~dotted lines!. The bottom structure contains six inters
tials per unit length ofLx0: two interstitials associated with theI
chain on the$100% plane and four additional atoms indicated b
arrows. A row of the center six-member rings along the@01̄1# di-
rection forms a boundary of the defects, which have the$311% and
$31̄1% habit planes~dashed lines!. This V-shaped defect has a mirro
symmetry with respect to the center of the six-member rings.
formation energies per interstitial are 1.7 eV~top! and 1.3 eV~bot-
tom!. Further growth of the defect can occur by the addition
interstitial chains on both habit planes.
-

er

l
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placement vector~Burger vector! around the core of the
$311% defects identified by TEM observations.13,28However,
we anticipate that therelative stabilityis correctly described
by the fixed cell calculations. The critical dimension to o
tain the converged formation energy for the planar defect
Lz , the length of the supercell in the@311# direction. We
obtain the formation energies of the planar defects
Lz53Lz0 and the formation energies are also listed in Ta
III. The formation energy is lowered by 0.08 eV on avera
for all the planar defects. The relative stability of the plan
defects is the same forLz52Lz0 and 3Lz0.

In Fig. 7 we show the formation energy of the defects th
are infinite along the @23̄3̄# direction and finite
(LD5nDLx0) along the@01̄1# direction. The elongation di-
rection of the$311% defects is always along the^011& direc-
tion. However, we study the hypothetical defect structu
with lengths (LD) shorter than the width in the@23̄3̄# direc-
tion to compare with the planar defects. Since the infin
limits of these defects (LD}`) are planar defects, we ca
compare the formation energy of the planar defects in Ta
III with Eint

f @`#, which can be extracted from the finite
length-defect calculations.

The defect structures in Fig. 7 are constructed by inser
a finite-length planar defect between bulk layers. The defe
become either the /I / or /IO8 / model structure at the infinite
limits. The formation energy increase linearly to the leng
along the@01̄1# direction:

Ef5Eedge
f 1NintEint

f @`#. ~6!

Then theEint
f of the defects with respect to the length

written as

Eint
f 5Eint

f @`#1Eedge
f /Nint}1/LD . ~7!

The slopesEint
f @`# of two kinds of defects is the formation

energy per interstitial at the infinite limits, i.e.,Nint
}LD→`. The slopes obtained from linear fittings are
good agreement with theEint

f ’s in Table III: 1.4 eV and 1.7

e

f

TABLE III. Formation energies per interstitial (Eint
f ) of planar

$311% defects consisting of interstitial chains and eight-mem
rings. The periodicity of the structures along the@23̄3̄# direction is
denoted by / /. The number of interstitials and the formation ene
are given per unit area,Lx033Ly0, in order to compare structure
with different periodicities along the@23̄3̄# direction. The same
computational cell is used for the total-energy calculations of all
listed structures with two choices for the length of the cell in t
@311# direction, 2Lz0 and 3Lz0. The last column shows the stabilit
of the eight-member rings and the most stable planar defects
can be obtained by rotations of atoms on$01̄1%.

Eint
f (eV)

Model structure Nint
a 2Lz0 3Lz0 Stability ofO8 units

/I / 12 1.35 1.27
/IO8 / 6 1.68 1.59 unstable, /IO7IO7IO8 /
/IIO 8 / 8 1.23 1.16 stable
/IIIO 8IO8 / 8 1.35 1.26 unstable, /IIIO 7IO8 /
/IIIIIO 8 / 10 1.24 1.18 stable
/IIIIO 8O8 / 8 1.48 unstable, /IIIIO 7O7 /

aPer unit area:Lx033Ly0.
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FIG. 7. Formation energy (Ef) per unit width (Ly0) with respect to the number of interstitials per unit width~left!; a schematic diagram
to show how the computational cell is constructed~right!. A slab with a finite length ofnDLx0, for an integernD51–4 , contains defect
structures based on the /IO8 / and /I / models. The slab is sandwiched between Si bulk layers along the@01̄1# direction with a fixed total
length of 6Lx0. A common width along the@23̄3̄# direction is chosen atLy0. The number of interstitials per unit width (Ly0) is proportional
to the length of the defects:Nint54nD for the defects based on the /I / model andNint52nD for those based on the /IO8 / model. The
formation energy is fitted by Eq.~6!. For the defects based on the /I / model, the values ofEedge

f andEint
f @`# are 8.4 and 1.4 eV, respectively

Eedge
f 56.1 eV andEint

f @`#51.7 eV for the defects derived from the /IO8 / model. The formation energy per interstitial decreases as
length increases as in Eq.~7!. At Nint→`, theEint

f ’s converge to those of the planar defects: 1.4 eV for the /I / model and 1.7 eV for the
/IO8 / model.
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eV for the /I / model and /IO8 / model, respectively. This
result confirms that the /I / model is more stable than th
/IO8 / model.

Finally, the ability of the$311% defects to capture or re
lease interstitials is studied by calculating an energy requ
to add an interstitial to the bulk Si in the presence of
planar defects~Fig. 8!. An interstitial is added at the hexago
nal site at a distance ofh from the $311% habit plane. The
eight-member rings of the /IO8 / planar defect can provide
efficient sinks of interstitials; the extra energy to add an
terstitial to the /IO8 / planar defect decreases with decreas
h: 3.2 eV at 16.5 Å and 1.5 eV at 10.1 Å. When the inte
stitial is added right above the eight-member ring~3.8 Å
from the habit plane!, about 0.1 eV energy is released. O
the other hand, an additional interstitial is not bounded by
/IIO 8 / planar defect. The energy required to add an inter
tial is 4.7–5.1 eV. This energy is comparable to the form
tion energy of an isolated interstitial at the hexagonal s
and larger than that of thê110& interstitialcy. These results
support the calculations showing that the saturation of in
stitials is achieved at theI density about 67% in the
/IIO 8 / structure~Table III!.

VIII. CONCLUSION

We have shown that interstitial chain structures elonga
along thê 011& direction constitute the basic building block
of the extended$311% defects. This interstitial chain configu
ration is favored due to the minimum ratio of dangling bon
per interstitial and small distortions in bond angles and bo
d
e

-
g
-

e
i-
-
s

r-

d

s
d

FIG. 8. Initial configurations to obtain the extra energy requir
to addoneinterstitial to the bulk system in the presence of a plan
defect. The additional interstitial is located at a hexagonal site w
a distanceh measured from the$311% plane on which the center o
interstitial chains lie~the dashed line!. Two cases withh1516.5 Å
andh253.8 Å are illustrated at the same time. The computatio
cell is 6Lx033Ly032Lz0. The distance of interstitials in the neigh
boring cells, i.e., the distances between images related by per
boundary conditions, is larger than the distance of the additio
interstitial to the habit plane of the planar defect. The interstiti
associated with the interstitial chains of the /IO8 / model structure
are indicated by arrows.
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lengths. Even finite-size interstitial chains, as small as tw
interstitial clusters, are found to be stable against isola
interstitials. A growth mechanism of the$311% defects can be
speculated from the dependence of theEint

f ’s on the dimen-
sions of the defects and the interstitial concentrations. T
growth of the$311% defects would occur first by~i! elonga-
tion of interstitial chains along thê011& direction and~ii !
the widening of the defects follows by capturing interstiti
chains alongside thê233& direction. We present an efficien
mechanism, rotations of atoms on the$011% plane, which can
lead to propagation of interstitial chains. The planar rotati
together with the interstitial chain structures, can be app
to explain growth process of the$311% defects and related
structures such as the V-shape bend structure and ato
steps. We observed that the most stable arrangement o
terstitial chains of the extended$311% defects is
•••IIO 8IIO 8••• and the optimal density of interstitia
-
d

e

l

,
d

ic
in-

chains is 67%, which is in good agreement with the expe
mental value of 62%.
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