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We perform total-energy calculations based on the tight-binding Hamiltonian sdfietoestudy the struc-
tural properties and energetics of the exten{lgétll} defects depending upon their dimensions and interstitial
concentrations angi) to find possible mechanisms of interstitial capture by and release frof@1ik 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 investigf®d Bheefects
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 extendiddll} defects, i.e., the extend¢@11} defects are formed
by condensation of the interstitial chains side by side in(288) direction. We find that successive rotations
of pairs of atoms in th¢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 imagg¢S0163-18207)03123-§

I. INTRODUCTION mechanism&® Therefore, the concentration of Si interstitials
after the ion implantation and during the thermal annealing

The decreasing size of semiconductor devices requiregrocess is an important parameter to determine the final
precise control of device structures, particularly dopant disdepth profile of B in the ion-implanted samples.
tributions. lon implantation introduces energetic charged The concentration of Si interstitials depends(Drthe ion
atomic particles in a substrate for the purpose of changingmplantation conditions, i.e., the incident energy and the
electrical, metallurgical, and chemical properties of the subdose, andii) the temperature at which thermal annealing is
strate. The wide use of ion implantation is due to its precisgerformed. Implantation at a higher incident energy or with a
control over total dopant doses, depth profiles, and the argaigher dose of the ions generates more Si interstitials. As the
uniformity. However, ion implantation induces transient en-name transient enhanced diffusion indicates, the enhance-
hanced diffusion(TED) of dopants: The diffusivity of the ment factor of the B diffusivity decays as the thermal anneal-
dopants is abnormally enhanced for a transient period of timexg proceeds, and eventually the diffusivity of the B con-
after ion implantatiort. Many studies have suggested thatverges to that in a thermal equilibrium. The temporal extent
lattice damages, introduced during ion implantation, are reef the enhanced diffusion of B decrease at higher annealing
sponsible for fast diffusion of dopants. temperatures since the excessive Si interstitials migrate to

In particular, the diffusivity of boron during annealing in the regular lattice sites in a shorter period of tifmé. is
ion-implanted samples is enhanced by many orders of maghbserved that the temporal extef@uration of the boron
nitude greater than B diffusivity in a thermal equilibrifm. TED) is exponentially activated. The activation energy, de-
This transient enhanced diffusion of B places limitations ofpending on the ion implantation conditions, shows a large
the use of B" implantation in fabricating submicron devices. variance: 1-5 eV:2
Boron TED occurs due to excessive Si interstitials, which are This activation energy summarizes complex processes for
created by B implantation and contribute to the fast diffu- B diffusion in ion-implanted samples: generation, diffusion,
sion of B} The boron diffusion via pairing of B and Si and annihilation of the Si interstitials as well as the interac-
interstitials has been supported by experiments and thebriedions of B with the B and Si interstitials. Recently, Eagle-
Experiments observe enhancement of the B diffusivity whershamet al® and Stolket al1° suggested that emission of Si
Si interstitials are selectively injected by surface oxiddtion interstitials from particular extended defects, naméBi 1
and by Si" implantation® First-principle calculations re- defects, causes the boron TED. They observed that the dis-
ported that the activation energy of B diffusion associatedsolution of the{311} defects occurs at the same time and the
with Si interstitials is the lowest among possible diffusiontemperature conditions as boron TED. The extengiztl}
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defects are detected under'Bimplantation at an incident stable{311} defect, a planar defect, is>610"% cn? (Secs.
energy of few tens of keRefs. 3 and 1Dand the corre- 1, IV B, and VII).

sponding activation energy of the boron TED was obtained (jii) Growth mechanismThe stability dependence of the
at 3-5 eV! The high value of the activation energy can be{311} defects on the interstitial concentration indicates that
related to the stability of th¢311 defects with respect to finite-size interstitial clusters capture interstitials to grow into
isolated interstitials. However, boron TED has been also obthe interstitials chains along th@11) direction. The elon-
served without detecting any macroscopic defect, when thgated interstitial chains are then further stabilized by captur-
energy of the B implantation decreases below 10 kBYA  ing interstitials or interstitial chains side by side along the
lower activation energyabout 1 eV was estimated for this (233 direction. This growth mechanism based on the stabil-
low-energy  ion implantation. This  low-energy ity study is in good agreement with the experimental claims
B*-implantation experiment suggests that the formation othat the elongation of the rodlikg311} defects along the
stable {311} defects depends on the interstitial concentra{011) direction precedes the growth in the width along the
tions. Furthermore, the observation of boron TED in the ab{233 direction(Sec. IV B. - .

sence of the observab§811} defects suggests that micro- (V) Propagation of the interstitial chaindVVe propose a
scopic interstitial clusters may exist and contribute to the BT€chanism that can account for the motion of interstitial
diffusion by releasing interstitials at a lower energy cost. It isC1ins in the direction perpendicular to the chain direction
possible that the microscopic interstitial clusters are relateéﬁv'th a relatively small energy barrier. Successive rotations of

: . . ir atoms on th¢011}; plane displace the interstitial chains.
to the{311} defects and the formation and dissolution of thePala N
defects, from the interstitial clusters to the extend8d1} The growth of the{311}; defects along the233 direction

. . can be explained by propagations of interstitial chains that
defects, can be explained by common mechanisms. P Y propag

ttracted t d tured by the alread i
The proposition that thE311 defects are formed by con- are attracted to and captured by the already exiiBi}

defects. We show that V-shaped bend structure and atomic

densation of interstitials and provide interstitial sources dur-Steps found in the transmission electron microscop&D)

ing boron TED has been supported by experiments using gnages can be formed by combinations of the interstitial
variety of procedures to inject Si interstitials into bulk sys- .h2ins and the planar rotatiofSecs. V and V.
tems: The{311} defects are observed to be formed by sur-

face oxidatiorf, by GeV-electron irradiatioht and by ion
implanta_tionsl,0 Il. CALCULATIONAL DETAILS

The {311} defects are often calletbdlike because they We perform total-energy calculations based on a linear-
are typ;cl:?ély elongated along t{@11) direction as much as  scaling method in a tight-binding representattruising su-
1 pm.=>*The width of the{311} defects ranges 1-100 "M percell methods at thE point. A tight-binding(TB) Hamil-
along the(233 direction, perpendicular to the elongation {onjan developed by Kwoet al25 is used to study the defect
direction. The nam¢g311 defects indicates the observed stryctures. This TB Hamiltonian gives a good description of
habit plané® on which the rodiike defects lie, namely, the the relative energies and equilibrium volumes of the dia-
{311 plane formed by th¢011) and(233 directions. mond structure and the metallic phases. One flaw of this

Here we present total-energy calculations based on thgamiltonian is that its ground-state structure of the crystal-
tight-binding Hamiltonian schem@) to study the structural |ine silicon is the clathrate structure, which has the same
properties and energetics of thgl1 defects as a function coordination of the diamond structure and consists of five-
of their dimensions and interstitial concentrations anhto and six-member ringgﬁ_ We find the calculated cohesive en-
find possible mechanisms of interstitial capture by and reergy of the clathrate structure is indeed 0.07 eV lower than
lease from the[311} defects. We investigate tH811} de-  that of the diamond structure. In addition, the optical phonon
fects systematically from few-interstitial clusters to planarfrequencies of the diamond structure are overestimated by
defects. Our results can be summarized as follows. 30% compared to the experimental values. However, this TB

(i) Interstitial chain: The basic building block of the Hamiltonian describes the elastic properties of the diamond
{311 defects We show that an interstitial chain along the structure with an error less than 5% compared to experiments
(011) direction is stable with respect to isolated interstitials.and gives the formation energies of the point defects such as
The formation energy of the interstitial chairf,,=2 eV vacancies and interstitials, which are in good agreement with
per interstitial, is smaller than the formation energies of isothose by the local-density approximation(LDA)
lated interstitials, 3—5 eV. Interstitial chains constitute basiccalculationst’~?! The validity and accuracy of this TB
building blocks of thg 311} defects, i.e., extended defects on Hamiltonian to describe the diamond structure has been ad-
the {311} habit plane can be constructed by arranging thedressed by several calculations which show good agreement
interstitial chains along thé233) direction (Secs. Ill and with the LDA calculations: reconstructions of the(B10
IV A). surfacé? and the 90° partial dislocations in 8Ref. 24 and

(i) Stability of the{311} defects Interstitial chains along hydrogenated amorphous %i.
the(011) direction are stable against the isolated interstitials The total-energy calculations of defects requires large su-
if they contain more than two interstitials. The formation percells to obtain converged formation energies, mainly due
energy per interstitial decreases linearly with the length oto the long-range structural relaxation. We use the orbital-
the interstitial chains along th®11) directions. More stable based linear-scaling method implemented on the Cray
extended{311} defects than isolated interstitial chains are T3D.*® We choose a spherical localizatiof ® A for less
formed by condensation of interstitial chains along thethan 1% error in the total energgbout 30 meV per atom
(233 direction. The interstitial concentration of the most compared to those obtained by exact calculations by
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structures are given properly and constant-temperature
molecular-dynamics(MD) 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.
Then atomic positions are fully relaxed by using the steepest-
> \\‘:’.7’.' ' descent method until the atomic force on each atom is less

m,// than 0.01 eV/A. The effective temperature of the relaxed
ionic configuration is less than 0.1 K.

We define the formation energy of a defect structure that
containsN;,; interstitials andN,, Si atoms in a computa-

tional cell as
Nintt Npuik
Ef:Etot[Nint+Nbqu]_ N — Eto Npud- (1)
?L;‘m’ \ bulk
,,?LZ‘ The formation energy per interstitiEJifm: Ef/N;, is used to
W2 compare defects at a wide range of interstitial concentrations.
A smaller Eifm corresponds to a more stable interstitial de-
é%'é‘ fect. Calculations using the LDARefs. 17—2p and using

the TB Hamiltonian® found that the(110) interstitialcy is
the most stable point defect with a formation energy of
3.2-3.9 eV. Our total-energy calculation using a 1000-Si
supercell gives/;;,=3.9 eV.

A binding energy of interstitials with respect to isolated

W ‘\I‘\
/A'A'l"""‘""'ﬁ"""""\ interstitials is defined as

—EP=E"~NinE{11 @

for EZnO), the formation energy of an isolatéd10) inter-
stitialcy. A positive binding energy of a defect containing
interstitials indicates that the interstitial defect is stable with
respect to isolated interstitials.

_FIG. 1. {311} defects. The three principal axes are along the
[011], [233], and [311] directions. For the Si lattice constant [1. INTERSTITIAL CHAINS ALONG THE (011
(a=5.43 A), the dimensions of the unit cell aré, =a/ DIRECTION
V2, Lyo=ay11/y/2, andL=ay11. Supercell calculations at the

I" point are performed by taking a computational cell whose size is Here we discuss an interstitial chain structure that is
Ly=nyXLyo, Ly=n,XLyo, and L,=2XL,. Periodic boundary stable against isolated interstitials and constitutes a building

block of the{311} defects. The interstitial chain structure in
Fig. 2 shows that interstitial chains along #@1) direction
diagonalizations. The chemical potential is adjusted to can be inserted into bulk Si without introducing any dangling
achieve the correct number of electrons with an error lespond by stacking pair interstitials with a periodicity bf.
than 10 ° electron charge. Significant charge transfer is preThis arrangement of interstitials along t{@L1) direction is
vented by using a finite Hubbard-like terrd €4 eV); how-  favorable since only two dangling bonds would be required
ever, few differences are observed from a finitle and  for any finite-length interstitial chaifi?® Since the number of
U=0 in the relaxed atomic structures and in the total enerdangling bonds per interstitial is inversely proportional to the
gies. length of the chain, the interstitial chain becomes more stable
Figure 1 shows the smallest orthorombic unit cell used taas it grows along th€011) direction. The interstitial chain
study{311} defects. Th¢311] direction, normal to the habit structures have also been used for an atomic model of planar
plane of the defects, is chosen as trexis and thg¢011] and {311} defects by Takedat al?>"~%°
[233] directions as the andy axes, respectively. The unit The most simple defect configuration containing intersti-
Iengths along the three principal axies akg,=a/\2, tial chains, the structure in Fig(a, is obtained by inserting
Lyo= a\/—]_/\/z andL = a\/—l for the lattice constarg of an interstitial chain into bulk Si. By adding two interstitials
the diamond structure Si. The lengths of a computational celper plane, two bond&lotted ling are broken and two seven-
along the[011] and[233] directions are varied by choosing member rings are introduced along theg 311] directions.
integer multiples §,,n,) of L,, and Ly, and the length The six-member ring at the center turns into two adjacent
along the[311] direction atL,=2L,,. Values forn, and five-member rings. The bond-angle distortion ranges from
n, are chosen so that the displacement of the atoms far fronr 23° to 20° and the bond-length distortion from0.13 to
the defect core is less than 0.02 A with respect to the regula@.03 A. This chain configuration is a stable interstitial com-
lattice sites of the perfect diamond structure. Periodic boundp|eX with a relatively small formation energy per interstitial,
ary conditions are applied along all three directions. For théE},=2.2 eV, compared to that of isolated interstitiéBs-5
structural optimizations, initial configurations of the model eV).

conditions are applied in all three directions.
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TABLE |. Formation energy per interstitiak!, in Eq. (1), and
the binding energyE® in Eq. (2), of few-interstitial clusters. The
interstitial clusters are constructed by inserting interstitial chains
between bulk layers whose length is at leaktfalong the[011]
direction. The length of al;,.-interstitial cluster along thé011)
direction isN;,;Lyo/2. The orientation of the computational cells is
chosen according to the symmetry of the interstitial chains. The
bottom row showsE],, andE®/N;y, for the line defect—infinite in-
terstitial chains along thgL10] direction (Fig. 2). The size depen-
dence ofE[,’s shows that the interstitial clusters can trap intersti-
tials to form more stable elongated structures.

Interstitial chain
(@) H,=22evV

Q

I chain on the{311} plané | chain on the{100 plané

Nint

eV) EYNp, E°  E"Ny, EUN, EP  EP/Njy
2 4.7 -16 -08 49 -20 -1.0
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

@rientation of the computational ce[loﬁ]x[BZA_zlx[C’ull].
bOrientation of the computational ce[l911]x[011]x[100].

1.7 eV per interstitial and the corresponding bond-angle and
bond-length distortions are-15°-20° and—0.1-0.03 A.
We label the structure in Fig.(8) as anl chain on the
{100} plane and that in Fig. 8) as anl chain on the
{311} plane, based on the symmetry of the interstitial chains.
These stable interstitial chains constitute basic building

FIG. 2. Interstitial chain obtained by stacking pair interstitials blocks of the{311} defects. Arranging interstitial chains side
with a periodicity ofL , along the(011) direction. The solid atoms by side in the(233) direction results in the formation of even
arel /2 into the plane with respect to the open-circled ato@@s. more stable extended defects lying on {341} plane.
An interstitial chain inserted into bulk Si is surrounded by two  The small formation energy per interstitiak@ eV) of
adjacent five-member rings. The dotted lines denote the bonds thifie interstitial chain structures in Figgb2 and 2¢) suggests
formation energy of 2.2 eV per interstitialb) By a rotation of -~ may exist as stable structures as well. Interstitial clusters
at,omeCO””eCtEd_by a solid bofarow), a more stable structure containing 2—6 interstitials are constructed by inserting
with i =1.7 eV is obtained. The structure has a mirror Symmeltfinjte jength interstitial chains into bulk Si. Table I gives the
with respect to the center of the six-member ring. The dashed “n?ormation energies per interstitiaEfn ) of finite-size inter-
indicates thg100; plane normal to the center ling) A rotation of . f ! . .

stitial clusters. Generallyg;,; decreases as the size of inter-

the other bond results in an interstitial chain configuration of>"" ) . o .
Ef .=1.7 eV. The symmetry of the structure is an inversion Sym_stltlal defects increases, while the binding energy increases.

metry with respect to the center of pair interstitials on fsa1y ~ This E{,. dependence on the number of interstitials, i.e., the
plane(dashed ling length of the interstitial chain, is consistent with experimen-
tal observation that the rodlike defects are extended along the
More stable structures can be obtained by eliminating/011) direction as long as Am.*2?8The elongation of the
five-member rings that share common bonds. A rotation 0{311} defects in th€011) direction is the consequence of the
the atoms, connected by a solid bond indicated by an arrowfjprmation of the energetically favorable interstitial chain
converts the right five-member ring in Fig(a? into a six-  structures. This observation agrees with the energetic argu-
member ring in Fig. ) and lowers the formation energy to ment based on the minimum dangling-bond ratio of the
1.7 eV. This defect structure is characterized by a six{011) chain structures.
member ring surrounded by five- and seven-member rings Table | shows that microscopic defects containing more
and has a mirror symmetry with respect to the center of théhan two interstitials are stable with respect to isolated
six-member ring'* While the concentration of the additional interstitials*?> A binding energy per interstitial can be inter-
atoms is two per unit lengthL(,), this configuration appears preted as an average energy required to release interstitials
to have two interstitial chains due to its symmetry. from the interstitial clusters and the interstitial chains. The
A rotation of the other solid bond results in an interstitial energy cost to evaporate interstitials increases as the size of
chain surrounded by six- and five-member rings in Fig).2 the interstitial cluster grows: A smaller interstitial cluster
This configuration has an inversion symmetry with respect tavould be dissolved at a lower annealing temperature or in a
the center of the interstitial pairs. The formation energy isshorter period of time. Recent experiments reported boron
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[233] direction. As seen in Fig. 3, th811} habit plane of
the defects is made of two orthogonal directions, {B&1)
and (233 directions. In forming defects extended along the
[233] direction, the arrangement of interstitial chains should
satisfy following conditions: when two interstitial chains are
separated by (/2 as in Fig. 8a), the pair include ah' and
anl!; when separated blyyo, the pair consist of two identi-
cal interstitial chains, twd ’s as in Fig. 3b) or two |!’s.
Otherwise, dangling bonds are introduced and the corre-
sponding distortions in bond angles become much larger
than typical bond-angle distortions af 20° of the stable
{311} defects. Indeed, molecular-dynamics simulations at
600 K about 1 psec remove such configurations.
A different structure, an eight-member ring, is shown in
4 Fig. 3(b). When two interstitial chains are separatedlijy
y in the[233] direction, there are three possible configurations:
- - an eight-member ringd@;), a seven-member rindY;), and
> Sy og 0.0“': QA a six-member ring Qg). The three structures between two
'.0‘ Yo :"\.‘"’"'r Y interstitial chains are related to each other by the same kind
‘ of planar rotations in Fig. 2. The eight-member ring in Fig.
_ 3(b) can be converted into a@; or anOg unit by rotations
FIG. 3. Projections on thg11} plane of the rodlikg311} de-  of the solid bonds(heavy line$ on the {011} plane. An
fects containing two interstitial chains. The solid aton®)(are  atomic model proposed by Takeda uses the eight-member
deeper into the plane than the open-circled ato®$ by L,o/2.  ring as a basic unit in constructing the planar defétts:*
Interstitial chains are specified by the upper atoms with respect tHowever, we consider three possibilities, tBg, O, and
the{311 plane(dashed lines (1) I, when the upper atoms are out Og units between two interstitial chains separatedLby.
of_the {011} plane, and(?) 1, when the upper atoms are into the For g the structures we have studied, the six-member rings
{011} plane. The rodlike{311} defects are believed to grow by (o) petween interstitial chains are found to be unstable
adding interstitial chains along th@33] direction. Total-energy with respect to th or O units. A structure that forms a
calculations give the formation energy per interstitial at 1.5 eV forbOundary between the defects and the bulk Si is denoted as

(a) and at 1.6 eV forb). Seven-member ringE(’s) form bound- . . .
aries between the defects and the bulk Si, and they can be convertE accog‘?,,gng. tq the notanon introduced b_y Kghyama and
akeda?®° Similarly to the eight-member rings, the seven-

into six-member ringsKg) by rotations of the solid bond$heavy ber ri b di . ber ri
lines). In a similar way, an eight-member rir@@g can be converted member rings E7) can be converted into six-member rings

into either a seven-member rin@¢) or a six-member ring Qg). (Ee) by planar rotations of the solid bonds in Fig. 3.
The stability of theE; andOg units depends on the arrangement of
interstitial chains. A rotation of any solid bond @) increases the B. Energetics

total energy. However, more stable structures can be obtained by . . . .
rotations of the solid bonds ifb) as far as the transformation does 1 1€ formation energies abdlike {311} defects contain-
not introduce adjacent five-member rings. ing few interstitial chains are listed in Table Il. For example,

the E;l1104lIE; model structure has the following elements:

: _ I, interstitial chains;Og, eight-member rings between the
TED with a small activation energy<(2 eV) even when no interstitial chains; and,, seven-member rings at the defect

macroscopic defects are detectebhe lack of extended de- boundaries. Among possible combinations of Beand E

fects in their samples was attributed to the low-energy ion- . ; . o )
. . » . ; X ... units for the given arrangement of interstitial chains, con-
implantation condition. It is possible that few-interstitial

clusters or interstitial chains, which are stable with respect tf|gurat|ons with a lower formation energy are listed in Table

) ) o i 91 The rodlike defects become more stable with increasing
isolated interstitials, are generated during the low-energy ion

implantation and contribute to the boron TED by providing humber Off mte:ﬁtlet'fll,(:h?nﬁl Eoulmtlsl)' Thth? [2333. direction
interstitials during the thermal annealing. as seen from int S O 1able [I. e formation energy

decreasesi) when interstitial chains are added side by side
in the [233] direction with a distancé. /2 [Table Il,_(a)
IV. EXTENDED RODLIKE {311} DEFECTS — (e)] and(ii) when interstitial chains are added in {233]
direction in the presence of a@ unit [Table II, (f) — (i)].

As seen in Table Il, the eight-member ring®4) are

Here we show that extendd®11} defects can be con- stable when they are separated by a distance equal to or
structed by arranging the interstitial chains along ¢883) larger thanL,,. The formation energy of thé&,;IOglE;
direction. It has been observed that the rodlike defects elormodel structure is lowered by 0.1 eV by transformation of
gated along the(011) direction grow thicker along the theOg unitto a seven-member rindd;). On the other hand,
(233 direction, when there is a constant supply ofthe eight-member ring oE;I1OglIE; model is stable with
interstitials'? Possible configurations consisting of two inter- respect to theE;I10I1E; structure. Similarly, we observe
stitial chains are shown in Fig. 3. Extendgil1} defects can that the seven-member ring at a defect boundary is stable if
be constructed by adding more interstitial chains along théhere are more than twounits inserted betweef, and the

20 =Ga® @ @
X D= maal | Oy &5 2 ._,g'« .
V. QU O G YO W

: ."’ ONT.Y 1o o (N S0 U L

\ =S ‘ O P )

g \ 1% et 6. & b Ry A0 Yoy

S car.carade

A. Structure
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TABLE Il. Formation energy of extendeB11} defects consisting of interstitial chains. The computa-
tional cell is 3 ,5X 6L X 2L, containing three unit cells in th@11] direction for all listed model struc-
tures. The ratio of thd unit to the extent of defects is given in percentage, e.g.=30% for the
E-l10g4lE; structure. The energy relea&, is defined in Eq(3) upon adding an interstitial chaim)(to the
rodlike defectX. Y denotes a defect structure constructed by adding with a distance of eithek /2 or
Lo from the boundary interstitial chain of the defect

Nin¢ (% of I units) =
Model structure (per unit cel®) (ev) AE,;: X+1=Y
(a) E/IE;° 2 (67) 1.8 1.2: @+1— (b)
0.9:(a@+1— (f)
(b) ESIIE, 4 (50) 1.5 1.6:(b)+1— (c)
1.0: (b)+1— (g)
(c) E;IIE, 6 (60) 1.3 1.2:(0)+1— (d)
0.6:(c)+1— (h)
(d) E5INNIE 8 (67) 1.3 1.0:(d)+1— (e)
(e E,IIIIE , 10 (71 1.3
(f) E;1041E; or E;10glEg 4 (40) 1.6 1.3:(H+1— (g)
(g) E;I104IE; or E;I1OglEg 6 (50) 1.4 1.1:(g)+1— (h)
1.3:(g)+1— (i)
(h) E5I11O51E; or E;I110glEg 8 (57 1.3
(i) E5I1OglIES 8 (57 1.3

4Unit cell: LyoX 6L yoX 2L 4.
b|dentical to thel chain on the{311} plane in Fig. 2c).
°El=1.7 eV for a unit cellL X 3L X 2L 5.

closestO or E unit. For example, the total energy increasesdirection. Reactions that release a larger energy to capture an
when the seven-member ringe{s) are converted into six- interstitial chain are more likely to happen during the growth

member rings for thé&,IIE; andE;I10glIE; models. process.
We define an energy releagek,, when an interstitial We express the capturing of an interstitial chain by a rod-
chain is added to a rodlike defeXtcontainingN;,, intersti-  like {311} defect symbolically, as

tials perL,q, as
< lE+l—---1IE; for d=L/2,

AE = (NintEjn X]+ 2E[ [E7IE7]) = (Nin+ 2)Efp [ X+1]. . IE+1—>---10IE  for d=L. @
()

Hered is the distance of the additional interstitial chain from
the boundary interstitial chain. Table Il shows that the en-
ergy release by the addition of an interstitial chain is similar
or either d=Lyo/2 or d=L, which suggests that the
interstitial-chain capturing mechanisms in E4). are equally
likely to happen. In other words, an interstitial chain can be
added next to the boundary interstitial chain with a distance
for the E,II1E ; structure to become the,II11E ; structure. ?;t:decr)rIT']i’;/izm?ordlzjyé’édcggjetﬂgfﬁyaé?ggtsuwgsu|\évohu;sebﬁo
The largerAE, for the E;71104lE; structure indicates that particular periodic arrangement of the interstitial chains. In
the E;110gIE; structure provides a more efficient sink of ¢, exneriments observe no particular periodicity of the
interstitials than thee;Il11E ; structure, which contains the {311} defects in the233 direction?® while the periodicity

same number of interstitials per unit cell. TA&’s for the the (011) direction is identified to bé o, which results
E-IIE, structure suggest that the interstitials can be evapOsom the interstitial chain structure.

rated with a smaller energy cost from tBellO gl E; struc- We denote the “interstitial densityD,, to be a ratio of

ture than from thee/II1E 7 structure. the number of interstitiathainsto the total number of units
Growth mechanisms of tHg11} defects are suggested by i the defects:

both theEifnt at different interstitial concentrations and the

energy releasAE,, when an interstitial chain is added to an N[I]

existing{311L defect. Previously we showed that an intersti- Dint= N[1]+N[O]+N[E]" )
tial chain can exist as a stable structure against isolated in-

terstitials withE[.,<2.2 eV, which is smaller than that of We obtain the optimal ratio of the interstitial chains of 67%
isolated interstitials. The interstitial chain can provide a sinkfor the {311} defects based on the following resuls. The

of interstitials to capture interstitial chains along {233] formation energy for the extended defe@s—(5) in Table I

The formation energ)Eifm[E7lE7]:1.8 per interstitial is
used as the formation energy of an isolated interstitial chai
which contains two interstitials per unit length,. The en-
ergy releasé\E, for the E;l1104lE structure to capture an
interstitial chain and become tiig 11O gl E ; structure is 1.6
eV per unit length I,5). On the other handAE,;=1.0 eV
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is same with differences less than 0.1 eV. This formation
energyE! ,=1.3 eV is smaller thaig!,,= 1.4 eV of a planar (@) =4,
defect, i.e., an infinite sequence of the interstitial chains in )
the [233] direction (- - - 1111 - - -=/I/). (ii) The planar defect
consisting of sequences of thélOg structure, the
---110gl10g- - - =/110g/ model, is found to be very stable
with the smallesE! ,=1.2 eV among the model structures
we have investigated. This interstitial densi§7%) is in =
good agreement with the observed ratid afits, 62% from
high resolution transmission electron microscdp\RTEM)
images?’ od
(€) o=
V. PROPAGATION OF INTERSTITIAL CHAINS ©

So far we have discussed the energetics of classes of de-
fects, from the interstitial clusters to the extend&d 1} de-
fects, solely in terms of the formation energies. It has been @),
shown that the interstitial clusters can bind interstitials and
become elongated interstitial chains along {041 direc-
tion. The interstitial chains in turn grow to the extended
{311 defects by capturing interstitials along %283 direc-
tion. We propose that successive planar rotations, which in-
troduce eight-member rings between interstitial chains sepa-
rated by Lo, can also displace interstitial chains. By
successive rotations of atoms connected by solid bonds in
Fig. 4, an interstitial chain characterized by #8411} habit
plane is displaced by =2a/\/2 along the arrowthe[011]
direction), perpendicular to thé011] chain direction. The
planar rotations connect two interstitial chain structures with  FIG. 4. By succesive rotations of solid atoms connected by solid
the Samfifnt: 1.7 eV: thel chain on thg 311} plane,[Figs. bonds, an interstitial chain on t§811 habit plane is displaced by

4(a)—4(d)] and thel chain on thg/100; plane[Figs. 4b) and A=2a/2 along the perpendicular direction of the interstitial chain
4(e)]. (arrow). The ® denotes a reference atom. Intermediate structures

This kind of coordinated atomic motion was introduced &€ characterized by the habit planes:{theg plane for(b) and(d)
by Pandey as a diffusion mechanism of Si atoms in a thermai"d the{311} plane for(c), indicated by dashed lines. The forma-
equilibrium without introducing point defectd. He sug- tlon_energy per |nte_rst|t|al of the |IIustr§ted st_ructures is 1.7 eV f_or
gested that successive rotations of nearest-neighboring atorﬁE f"fgl_ C?(rgrl’_mat'onal cell. The dimension of the cell is
in the {011} plane and th¢011 plane result in exchanges of =~ 07 2-y0™ =20
atoms and eventually displacements of Si atoms. The intesimultaneously rotating the atoms connected by the solid
stitial chain configurations shown in Fig. 4 are related tobonds by¢=15°, 30°, and 45° on thf©11} plane. The bond
each other byg$~70° rotation of the pair atomgsolid length of the two atoms is chosen at the average value of the
circles in the {011} plane. bond lengths of two structures in Figgatand 4b). Then

ForE', a formation energy of the interstitial chal, , an  structural relaxations of the initial configurations are per-
energy barrier for the propagation, ai®l an entropy in- formed by allowing all atoms to move, except for the two
volved with the propagation, the probability for an interstitial rotated atoms. The rotated atoms are fixed at the intermediate
chain to propagate is proportional to éx{E'+E,—TS/  positions. The calculated energy barrier is 1.7 eV per bond.
ksT}. The propagation mechanism of the interstitial chainsWhen the similar rotation of two atoms is performed in the
via planar rotations has such desirable featu(gsno dan-  bulk Si without any interstitial, the energy barrier is about
gling bond is introduced during the transformation due to2.7 eV per bond.
atomic relaxations and thus a small energy barrier is ex- Alternatively, the energy barrier is estimated by rotating
pected andii) the entropy involved with the rotation may be one bond at a time among four solid bonds in a computa-
high because of the large extent of atomic relaxations antional cell, which are underneath the solid bond in Fig) 4
many possible paths. in the[011] direction. For rotations of one to three bonds, the

An energy barrier for the transformation from the struc-total energy increases by 2.1 eV in comparison to those
ture of Figs. 4a) and 4b) is estimated in two ways. First, an of the interstitial chains in Figs.(d and 4b). The corre-
energy barrier for the rotation is estimated by calculatingsponding increase in the formation energies is less than 0.2
total energies of saddle points and comparing the total enerV per interstitial. No dangling bond is introduced by these
gies with those of the interstitial chain structures. The calcuplanar rotations and the intermediate structures have bond-
lations are performed at a fixed computation cell ofangle distortions of+22°, slightly larger than the- 15°—
4L,0X3LypX2L,. This computational cell contains four 20° bond-angle distortions of the interstitial chain configura-
solid bonds in thg011} plane, which are not shown in Fig. tions in Figs. 4a) and 4b).
4(a). The saddle-point configurations are initially given by  The energy barriers estimated by two different paths sug-

©) o
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planes change can be identified as thehain in the{100
plane in Fig. 2b). We show in Fig. 6 that the interstitial
chains can be added to dnchain {100 plane to form a
V-shaped defect. The initial configuration, when two intersti-
tial chains are added, is chosen so as to avoid the generation
of adjacent five-member rings by bond rotations on{0}
plane. The lowest-energy configuration of the bend structure
is found to have seven-member rings at the ed@e3:(By
transformation of the six-member ringsEg’s, the total en-
ergy is lowered by 3.8 eV per ceft, corresponding to
AE! ,=—0.2 eV. The bond-angle distortion ranges between
—17° and 26° and the bond-length distortion between
—0.1 A and 0.02 A. The formation energy, 1.3 eV per inter-
stitial, is comparable to that of the,IIIE ; model structure

at the same interstitial concentration of 6 per unit length,
L,=a/\/2. The defect can grow on both habit planes, the
{311 and{311} planes, by capturing interstitials or intersti-
tial chains. The stability of th&-’s suggests that the addi-
tional interstitial chains are to be separatedly. In other

words, for the center interstitial chain, the V-shaped bend

structure is likely to have an interstitial arrangement as
FIG. 5. By rotations of three solid bonds, a rodl§&L 1 defect .. .|08|T|08. ..

containing twol chains on thg311} plane(a) is transformed to a

step configuration with a height af=a/\/11 along the[311] di-

rection(b). The solid atoms are deeper into the pland_ky/2 than VII. PLANAR {311} DEFECTS

the open-circled atoms. The difference of the total energies per unit .
cell of the two structures, which contains 528 bulk Si atoms, is less  Extended{311 defects as wide as 100 nm along the

than 0.1 eV and the correspondidEl, is less than 0.05 ev. (233 direction are studied by approximating them as planar

Intermediate states after rotations of one or two solid bonds havéleéfects tf;gt are periodic in both t{@11) and the(233
the sameE! . directions?™ Formation energies of planar defects, con-

structed by combinations of interstitial chaing @nd eight-
gest that many possible combinations of the planar rotationgnember rings Qg) along the[233] direction, are listed in
which has an energy barrier less than 2 eV per bond, can leatRble 1. As introduced by Kohyama and Takedahe pe-
to the displacements of interstitial chains. The growth of thefiodicity of a planar defect along tH@33] direction is speci-
{311} defects along the(233 direction during thermal fied by an arrangement dfs and O’s within a unit cell,
annealing® can be explained by the coalescence of interstiwhich is denoted by //. For example, thé® g/ model con-
tial chains that propagate via the planar rotations. The sami@ins twol units separated by a distancelgf/2 in the[233]
mechanism may be responsible for the unfaulting of thedirection and oneg unit within a_unit cell. The periodicity
{311 defects, which relates th@11} defects with the per- of the 1105/ model along thg233] direction is 3(¢/2),
fect dislocation loops at high temperatures1000 K).! whereL (/2 is the average width of each unit and the factor
3 is the total number of units within a unit cell.
The formation energy per interstitial of the plaq&11}
defects is significantly smaller than that of isolated intersti-
We now show that step structures and V-shaped bendsals and comparable to that of the extend@d 1} defects
found in the extended311 defects can be constructed by with finite widths along th¢233] direction (Table Il). The
cambination of rotations of nearest-neighboring atoms on thstability of the planar defects against isolated interstitials in-
{011} plane together with the interstitial chain structures. Ro-dicates that th¢311} defects can grow indefinitely as long as
tations of three solid bonds in Fig(# result in a displace- the interstitials are supplied, e.g., during the ion implantation
ment of the right interstitial chain. The formation energy of process. Among the model structures we have investigated,
the structures before and after the transformation is the santhe 1104/ model is the lowest in the formation energy per
atEl,=1.5 eV. The structure in Fig.(B) is similar to the interstitial (E/,=1.2 eV). The density of thd units of the
core model of the atomic steps observed in HRTEM/IIOg/ planar defect is 67%, corresponding to the interstitial
images’® The addition of interstitial chains to this defect concentration of &% 10"/ cmP=4/L,oX3(L,y/2)].
structure along the- y direction (the [233] direction leads _The model structure with adjacef@g units along the
to the formation of a defect structure containing an atomiq233] direction is energetically least favorable at the same
step. The two{311} habit planes shown as dashed lines arenterstitial concentration in comparing thell®g/,
separated by a step height Af=a/\/11 along the{311 /1110 4lOg/, and AI110 gOg/ models. In fact, segments in-
direction, which agrees with that predicted in Ref. 24. cluding two adjacent eight-member rings;-OgOg- - -,

It has been observed that tha11} defects change habit have not been identified as local structures of the extended
planes, for example, between tfi811} and {311} planes. {311} defects?"?® When a planar rotation is applied on the
The atomic configuration around the bend where the habitommon bond shared by the neighboring eight-member rings

VI. STEP STRUCTURES AND V-SHAPED BENDS
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TABLE IIl. Formation energies per interstitiaE{,,,) of planar
{311 defects consisting of interstitial chains and eight-member
rings. The periodicity of the structures along {i#33] direction is
denoted by / /. The number of interstitials and the formation energy
are given per unit ared,,oX 3L, in order to compare structures
with different periodicities along th¢233] direction. The same
computational cell is used for the total-energy calculations of all the
listed structures with two choices for the length of the cell in the
[311] direction, 4,5 and 3. The last column shows the stability
of the eight-member rings and the most stable planar defects that
can be obtained by rotations of atoms {&i1}.

El(eV)

Model structure N;,;® 2L, 3L, Stability of Og units
ni 12 135 1.27

104/ 6 1.68 1.59 unstable]©,10,10g/
N0Og/ 8 123 1.16 stable

/1110 gl0g/ 8 135 1.26 unstable]l1O;104/
Mo g/ 10 124 1.18 stable
/11110 gOg/ 8 1.48 unstable,ll110 ,0,/

Per unit areal ;X 3L .

FIG. 6. Bend configuration of th¢311} defects(bottom) ob-  placement vectorBurger vector around the core of the
tained by the addition of two interstitial chains to lwhain on the {311} defects identified by TEM observatiofis2® However,
{100 plane(top). Insertion of interstitial chains results in breaking we anticipate that theelative stabilityis correctly described
of bonds(dotted lineg. The bottom structure contains six intersti- by the fixed cell calculations. The critical dimension to ob-
tials per unit length oL,o: two interstitials associated with tHe  ain the converged formation energy for the planar defects is
chain on the{100 plane and _four addltlopal atoms |ndlicate.d by L,, the length of the supercell in tHe811] direction. We
arrows. A row of the center six-member rings along [B&1] di-  yhiain the formation energies of the planar defects at
rection forms a boundary of the defects, which have{Bt1} and L,=3L, and the formation energies are also listed in Table
{311} habit planegdashed lines This V-shaped defect has a mirror . .

. . : lIl. The formation energy is lowered by 0.08 eV on average
symmetry with respect to the center of the six-member rings. Th? Il the bl defects. Th lati tability of the ol
formation energies per interstitial are 1.7 €dp) and 1.3 eV(bot- or all tné planar detects. 1he relative stability of the planar
tom). Further growth of the defect can occur by the addition ofdefeCtSf is the same fdr,=2L and 20
interstitial chains on both habit planes. In Elg.. 7we show the formation energy of the defept_s that

are infinite along the [233] direction and finite

of the /11110 gOg/ model, E! , is lowered by 0.2 eV. The (Lp=npl,o) along the[011] direction. The elongation di-
stability of the eight-member rings of each structure is stud+ection of the{311} defects is always along tH®11) direc-
ied by applying planar rotations of the atoms that formtion. However, we study the hypothetical defect structures
boundaries between the eight-member rings and six-membaeith lengths () shorter than the width in th233] direc-
rings along thd233] direction. The last column of Table Ill tion to compare with the planar defects. Since the infinite
shows that th®g's are stable when their separation is equallimits of these defectsl(yx) are planar defects, we can
to or larger thari 4, consistently with the result of the finite- compare the formation energy of the planar defects in Table
width {311 defects. Il with Ef[>], which can be extracted from the finite-

The difference of theEf /s of the 104/ and length-defect calculations.

/1110 4104/ models implies that the stability of the planar  The defect structures in Fig. 7 are constructed by inserting
defects is determined not only by the density of interstitiala finite-length planar defect between bulk layers. The defects
chains but also by the arrangement of interstitial chains. Plabecome either thd / or /I0Og/ model structure at the infinite
nar defects containing isolated interstitial chains betw®en limits. The formation energy increase linearly to the length
units (---Ol1O---) have higher formation energies than along the[011] direction:

those without them at the same interstitial concentration. The ¢ ot ‘

energy gain by the transformation of one of the eight- E'=Ecaget NintEind ©1. (6)
member rings to a se\_/_e_n-member ring is insufficient toThen theE-ft of the defects with respect to the length is
change the relative stabilities of the planar defects. Based ORvitten as n

the E/, of the planar defects listed in Table Ill, we expect

that the “IO?”08/ and M110 g/ planar defects to have Eifm:Eifm[oo]JfE.f;dge/Nmt“l/LD- )
comparableE;,;, to the most stable planar defect, the
/110 g/ model. The slopesE! [=] of two kinds of defects is the formation

The formation energy of the planar defects we have disenergy per interstitial at the infinite limits, i.eNjq
cussed is obtained without allowing relaxation of the super>Lp—. The slopes obtained from linear fittings are in
cells. A supercell relaxation would have generated the disgood agreement with thg/,,’s in Table Ill: 1.4 eV and 1.7
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FIG. 7. Formation energyH(") per unit width Lyo) with respect to the number of interstitials per unit widift); a schematic diagram
to show how the computational cell is constructedht). A slab with a finite length ohpL,q, for an integemp=1-4 , contains defect
structures based on théOg/ and A/ models. The slab is sandwiched between Si bulk layers alonf0tig direction with a fixed total
length of @.,4. A common width along thg233] direction is chosen dt,o. The number of interstitials per unit width. (o) is proportional
to the length of the defectd;,,;=4np for the defects based on th& /model andN;,,=2np for those based on thé@g/ model. The
formation energy is fitted by E6). For the defects based on tHé model, the values cELdgeandEifm[oo] are 8.4 and 1.4 eV, respectively;
E;dgeze.l eV andg/ [*]=1.7 eV for the defects derived from theQs/ model. The formation energy per interstitial decreases as the
length increases as in E(f). At N;,,—, the El’s converge to those of the planar defects: 1.4 eV for ttieriodel and 1.7 eV for the
/10g/ model.

eV for the 1/ model and VOg/ model, respectively. This
result confirms that thel/ model is more stable than the _
/10g/ model. T
Finally, the ability of the{311} defects to capture or re-
lease interstitials is studied by calculating an energy required
to add an interstitial to the bulk Si in the presence of the
planar defect$Fig. 8. An interstitial is added at the hexago-
nal site at a distance df from the {311} habit plane. The
eight-member rings of thel®g/ planar defect can provide
efficient sinks of interstitials; the extra energy to add an in-
terstitial to the IOg/ planar defect decreases with decreasing

h: 3.2 eV at 16.5 A and 1.5 eV at 10.1 A. When the inter-
stitial is added right above the eight-member ri(®&y8 A
from the habit plang about 0.1 eV energy is released. On
the other hand, an additional interstitial is not bounded by the
/110g/ planar defect. The energy required to add an intersti-
tial is 4.7-5.1 eV. This energy is comparable to the forma-
tion energy of an isolated interstitial at the hexagonal sites
and larger than that of thel10 interstitialcy. These results

support the calculations showing that the saturation of inter; Fdlg. 8. _Ir;itialt_ct:_oln:igtur:atig)nli to otbtair_1 tTﬁ extra energ}; req:;ired
stitials is achieved at thd density about 67% in the 0 addoneintersiial fo the bu'k system In e presence ol a planar

defect. The additional interstitial is located at a hexagonal site with
/110g/ structure(Table Il1).

a distancen measured from thé311} plane on which the center of
interstitial chains liglthe dashed line Two cases witth;=16.5 A
VIIl. CONCLUSION andh,=3.8 A are illustrated at the same time. The computational

) » ) cell is 6L,oX 3LoX 2L 5. The distance of interstitials in the neigh-
We have shown that interstitial chain structures elongate@loring cells, i.e., the distances between images related by periodic

along the(011) direction constitute the basic building blocks poundary conditions, is larger than the distance of the additional
of the extended311} defects. This interstitial chain configu- interstitial to the habit plane of the planar defect. The interstitials
ration is favored due to the minimum ratio of dangling bondsassociated with the interstitial chains of tH©4/ model structure
per interstitial and small distortions in bond angles and bondire indicated by arrows.

2 LZ(}
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lengths. Even finite-size interstitial chains, as small as twochains is 67%, which is in good agreement with the experi-
interstitial clusters, are found to be stable against isolatethental value of 62%.

interstitials. A growth mechanism of t§811} defects can be

speculated from the dependence of Efg’s on the dimen-
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