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Atomic structure and energy of the {113)planar interstitial defects in Si
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The atomic structure and energy of the [113}planar interstitial defects in Si have been examined by
energy-minimization calculations using the Stillinger-Weber potential, based on the atomic model re-
cently proposed by Takeda from the high-resolution transmission electron microscopy image. The
atomic model contains no dangling bonds and consists of the two kinds of structural units characterized
by an interstitial atom chain along the (110) direction and by an eight-membered ring. It has been
shown from the calculations that the atomic models, in which the arrangement and composition of the
two kinds of structural units are similar to the observed structure, can exist stably with relatively small
bond-length and bond-angle distortions, and with much smaller energy per interstitial atom than that of
the isolated self-interstitial in bulk Si. Through the calculations of models with various composition or
arrangement of the structural units, we have elucidated the stability of the eight-membered rings, the
mechanism of generation of the [113}defects, the origin of the observed arrangement of the two kinds
of structural units, and the mechanism of unfaulting of the [113} defects. It can be said that the [113j
planar defects are formed by the sequential generation of the structural units containing the interstitial
atom chain side by side on the [113} plane, and the structural units containing the eight-membered ring
are inserted separately so as to relax the strain energy of the sequence of the structural units. The un-

faulting is the transformation of the sequence of the structural units into the perfect crystal containing
additional two net [113}atomic layers under the simultaneous rigid-body translation. It is possible to
explain the structure and properties of the [113}planar defects in Si from the viewpoint of the arrange-
ment of the structural units containing no dangling bonds similar to the case of the (110) symmetrical
tilt grain boundaries in Si, and without any direct effects of impurities. This is originated from the gen-
eral nature of covalent crystals which demands that all the atoms are four coordinated.

I. INTRODUCTION

The {113}planar defects or rodlike defects are well
known as peculiar defects generated by electron or ion ir-
radiation only in Si or Ge. ' Under the subsequent irra-
diation, the defects often exhibit unfaulting into perfect
dislocation loops of interstitial-type on the {113j plane
without leaving any visible precipitates. Thus it is possi-
ble that the {113} defects are extended defects of self-
interstitial atoms on the {113}plane like a Frank-type
loop on the {111j lane. However, there have been no re-
ports on the aggregation of point defects on the {113}
plane in other materials. Therefore it is very interesting
to elucidate the atomic structure and the mechanism of
generation of the {113j planar defects. For this purpose,
a lot of experimental studies have been performed, and
various atomic models of the {113} defects have been
proposed. However, there have been no conclusive
models.

Recently, Takeda has carried out a high-resolution
transmission electron microscopy (HRTEM) observation
of the {113j planar defects with ( 110) incidence in Si,
and constructed a new atomic model from the cross-
sectional HRTEM image. The atomic model reveals a
new kind of lattice reconstruction involving self-

interstitials in the interior of a Si crystal, and is described
by arrangement of two kinds of structural units on the
{113}plane. These structural units consist of atomic
rings without any dangling bonds in the (110) projec-
tion. One kind of unit is characterized by an eight-
membered ring, and another kind of unit contains a self-
interstitial atom chain along the (110) direction, which
constitutes a tiny rod of hexagonal Si. It has been also
found that the two kinds of structural units are arranged
on the {113j plane without any long-range periodicity
along the (332) direction, although there exist some
short-range order along the (332) direction and the
periodicity along the (110) direction. This observation
is in good agreement with the observed electron
diff'raction. 9 Recently, it has been shown that the {113j
planar defects in Ge have isomorphic structure. '

It should be noted that the present atomic model of the
{113j planar defects has many features in common with
the atomic models of the (110) symmetrical tilt grain
boundaries in Si or Ge." Both structures are constructed
by arranging structural units consisting of atomic rings in
the (110) projection without any dangling bonds, and
have periodicity along the (110) direction. A lot of ob-
servations' ' and theoretical calculations' ' have
shown that several such models of the (110) symmetri-
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cal tilt boundaries in Si or Ge can exist stably. However,
eight-membered rings such as those in the present atomic
model of the {113] defects have never been observed in
grain boundaries in Si or Ge.

Now, it is of much importance to examine the stability
of the present atomic model of the {113]planar defects
through theoretical calculations of energies and relaxed
configurations. In this paper we perform energy-
minimization calculations of the atomic model of the
{113]planar defects using the Stillinger-Weber (SW) po-
tential. ' The calculated results are compared with those
of the (110) symmetrical tilt grain boundaries in Si.
And through calculations of various models with various
composition or arrangement of the structural units, we
investigate the stability of the eight-membered rings, the
origin of the observed arrangement of the structural units
in the {113]defects, and the mechanism of generation
and unfaulting of the {113] defects.

II. POTENTIAL

For calculations of energies and relaxed configurations
of the atomic models, we have used the SW potential. '

This is an empirical two- and three-body potential be-
tween atoms for solid or liquid Si. The two-body part in-
cludes a bond-stretching component, and the three-body
part includes both bond-stretching and bond-bending
components. The potential energy 4 of the system,
which is the total energy without the kinetic energy of
atoms, can be expressed by the SW potential as follows:
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The two-body function fz sharply increases at short
distances, has a minimum when r, is the first-neighbor
distance of bulk Si, and vanishes smoothly with r,
beyond 1.80o =0.694ao (ao is the lattice constant), which
is less than the second-neighbor distance of bulk Si. Thus
the sum of the first term in Eq. (1) includes only the
neighbor j within the cutoff distance 1.80o. from the
respective atom i. The three-body function h is nonzero
only when both r," and r;k are shorter than the cutoff dis-
tance 1.80o. Thus the sum of the second term in Eq. (1)
includes possible pairs of the neighbors within the cutoff
distance from the respective atom i. 8,k is the angle be-
tween the two vectors r,. and r,k. The bond-bending
effect is included through the form of (cos8~;»+ —,'),
which is zero for the ideal tetrahedral angle of bulk Si.

In the SW potential, it is possible to express the atomic
forces analytically as well as the potential energy by
differentiating the potential function. All the parameters
in the potential, A, B, y, c., k, o., and the cutoff parameter
1.80, have been determined so as to ensure that the dia-
mond structure is energetically most stable, and that the
calculated melting points and liquid-structure factors
agree with experimental results. In the present study, we
have used the original values of the parameters deter-
mined by Stillinger and Weber, ' although only the value
of o. has been readjusted so as to reproduce the correct
lattice constant in the computer. The difference in o.

from the original value is a slight decrease of about
0.000 04 nm.

The SW potential has been used with considerable suc-
cess in studies of various properties of the crystalline,
amorphous, and liquid Si. ' ' The SW potential has also
been used extensively in studies of atomic structures and
energies of lattice defects in Si such as point defects,
dislocations, and grain boundaries. ' The advantages
of the SW potential are that the range of applicability is
not limited to four-coordinated structures, and that ener-
gies and atomic forces are easily obtained with relatively
short computing time even for systems containing hun-
dreds of atoms, which enable us to perform molecular dy-
namics or energy-minimization calculations of complicat-
ed structures.

A weak point of the SW potential is that there are no
guarantees that the determined potential function and pa-
rameters can be applicable for any local environment.
This seems to be serious for structures containing atoms
whose coordinations are significantly different from the
ideal-crystal value of four, such as surfaces or clus-
ters, ' and various types of new model potentials
beyond pair potentials other than the SW potential have
been developed so as to improve the applicability and reli-
ability. ' However, in the present study, we deal with
the atomic models where all the atoms are four coordi-
nated. Thus we think that the present results by the SW
potential are reliable at least qualitatively.

Another shortcoming of the SW potential is that the
energy difference between diamond Si and hexagonal Si is
regarded as being zero. This might cause some uncer-
tainty in the calculated energies of the structures contain-
ing rods of hexagonal Si in the present models. However,
the energy difference between the two crystal structures is
small, which is estimated to be about 0.01 eV/atom by
the first-principles calculations, ' and we think that the
omission of this effect should have no serious effect on the
present results.
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III. ATOMIC MODELS AND COMPUTATIONAL
PROCEDURE

Figure 1(a) shows the (110) projection of the two
kinds of structural units constituting the model of the
[113] planar interstitial defects in Si proposed by Take-
da. One unit contains a self-interstitial atom chain along
the (110) direction, which belongs to a pair of six-

membered rings corresponding to a tiny rod of hexagonal
Si, surrounded by seven- and five-membered rings.
Another unit contains an eight-membered ring surround-
ed by five- and six-membered rings. The former and the
latter units are called an I unit and an 0 unit, respective-

ly, in the present paper. Each unit has the width of
[
—3, —3,2]ao/4 along the (332) direction, and repeats

( 1133
/(

= L332)

I 113]

~ 5332j
FIG. 1. The (110) projection of the structural units consti-

tuting the [113] defects in Si. (a} I and 0 units. (b} E and P
units. Atomic rings constituting the respective units are indi-
cated by the symbols of the units. The open and closed circles
indicate the atoms of the two difFerent atomic heights along the
( 110}direction.

periodically along the ( 110) direction. The I unit is con-
structed by inserting the interstitial atom chain in the 0
unit. It should be noted that the 0 unit has no self-
interstitials or vacancies, and the I unit contains two in-
terstitial atoms per period along the ( 110) direction.

Two other kinds of structural units on the [113}plane
can also be defined as shown in Fig. 1(b). The E units
constitute the edges of the [113]planar defects, namely,
the edges of the sequence of the I or 0 units along the
I332] direction, as shown in Ref. 32. And the P unit
constitutes the perfect crystal. All these units also have
the same width along the ( 332) direction.

It is possible to construct various models of the [113]
planar or rodlike defects without any dangling bonds by
arranging these four kinds of structural units on the
[113]plane. The cross-sectional HRTEM image can be

interpreted as the sequence of the I and 0 units such as
"IOIOIOIIOIOIIOIIIO. . . ,

" where the ratio of the I
units to the sum of all the units is 62%, and there exists
no obvious long-range periodicity in the arrangement of
the units. However, there exists some short-range order.
For example, 0 units are arranged separately at intervals
of one or two I units, occasionally three I units. In Ge,
an observed HRTEM image can also be interpreted as a
similar arrangement of the structural units, and the ratio
of the I units is 65%.'

In the present paper, for computational convenience,
we have dealt with only the models with the periodicity
along the (332) direction as well as the (110) direction.
For example, Fig. 1(a} shows the ~IO~ model where the I
and 0 units repeat periodically along the (332) direc-
tion. In the present paper, the symbols of the units
sandwiched by "~" represent the arrangement of the units

constituting one period along the (332) direction in the
periodic models. We think that it is possible to investi-

gate the stability of observed local structure or short-
range order by calculations of such models with periodi-
city along the ( 332 ) direction.

Energy minimization has been performed by iterative
relaxations of the atomic positions according to atomic
forces in the SW potential. Atoms in the region of the
width of about 3.3 nm on both sides of the planar defect
between the fixed bulk crystals have been relaxed under
the periodic boundary condition along the ( 332 ) and
(110) directions. Iterations have been terminated when
all the atomic forces are less than 0.01 eV/A.

In the starting configuration before relaxations, the
two bulk crystals are set at the positions with a given
rigid-body translation, and atomic positions of several

[ 113] atomic layers at the core of the planar defect are
given by hand properly. The rigid-body translation be-
tween the two crystals is defined as compared with the
perfect crystal structure containing no defects. In the
present paper, the translation means the shift of the
upper crysta1 against the lower crysta1 shown in Fig. 1,
and is expressed in the coordinates of Fig. 1. The es-
timated translation from the HRTEM image is
0.032a&&[116]. This value is close to that determined in
the diffraction imaging technique. The observed transla-
tion can be decomposed into the two components parallel
and normal to the [113] plane as 0.096ao[ —3, —3,2]/
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11+0.64ao[113]/11. Calculations have been performed
under the observed translation, and also the most favor-
able translations have been determined for respective
models by iterative energy minimization.

IV. RESULTS AND DISCUSSION

A. Calculated models and results

We have dealt with models with various compositions
or arrangements of the four kinds of structural units.
Models are constructed by increasing the density of the
aggregated interstitial atoms, namely the I units, from
0% to 100%. We have dealt with the models up to those
with fivefold periodicity along the ( 332 ) direction.
Table I shows the calculated results of the models under
the most favorable rigid-body translations, respectively.
Table II shows the results of the models with the density
of the I units equal or larger than 50% under the ob-
served rigid-body translation. In Tables I and II, the
models indicated by an asterisk are those of which at
least one period of the sequence of the structural units
along the (332) direction has been observed as local
structure of the {113j planar defects.

There exist several rules in the construction of models.
For example, the E units must exist at the edges of the se-

quence of the I or 0 units, and either side of the E unit
must be connected to the E or P units. Thus the E unit
cannot exist solely between the I units, differently from
the 0 units. The sequence of the two E units can be
transformed into the sequence of the two 0 units by
changing the bond topology. Of course, the present mod-
els do not include all the possible arrangements. Howev-

er, we think that the main important models have been
dealt with in order to accomplish the purposes of the
present paper as will be shown in Secs. IV B-IVF.

In Tables I and II, total energies per unit cell, interfa-
cial energies, and energies per aggregated interstitial
atom are listed as well as the ranges of the bond-length
and bond-angle distortions in the relaxed configurations.
The total energy values are defined as compared with the
perfect crystal of the same number of atoms. The interfa-
cial energy is the total energy divided by the area of the
interface. The energy per aggregated interstitial atom is

obtained by dividing the total energy per unit cell by the
number of aggregated interstitial atoms in the unit cell.

It should be noted that the comparison between the to-
tal energies or interfacial energies of the models contain-

ing different numbers or densities of the aggregated inter-
stitial atoms is rather meaningless. The total energy
values per unit ce11 should be compared with each other
after making equal the total numbers of aggregated or
isolated interstitial atoms between the models, for exam-

ple, by adding the energy of isolated self-interstitials in

bulk Si. The energy per aggregated interstitial atom
should be the most proper measure for judging the rela-
tive stability between the models as the structure of ag-
gregation of self-interstitials from the starting point of
the bulk crystal saturated with isolated self-interstitials
generated by electron or ion irradiation. Table III lists
the energies per aggregated interstitial atom of the main

stable structures for respective densities of the I units
within the present models.

In Tables I and II the differences between the results
for the two types of the rigid-body translations are sma11

qualitatively, although the energies are slightly larger in

Table II. In Table I the favorable translations of respec-
tive models are generally a dilatation along the ( 113)
direction coupled with a shift parallel to the (332) direc-
tion similar to the observed translation, although the
highly hypothetical ~O~ model has a peculiar translation.
The magnitude of the favorable translation generally in-

creases as the density of the I units increases, because the
translations are caused by the aggregated interstitial
atoms. Of course, the favorable translations depend on
not only the density of the I units but also the arrange-
ment of the units or the kinds of the units other than the
I units. The ~I~ model contains the highest density of the

aggregated interstitial atoms, where a dilatation along the
( 113) direction is largest and reaches nearly the width of
two net {113j atomic layers, ao/~11. This type of struc-
ture containing two net {113j atomic layers is connected
with the unfaulting as will be discussed in Sec. IV F.

It should be noted that the present calculated struc-
tures are planar defects with infinite two-dimensional
periodicity, or infinite periodic arrays of rodlike defects.
This feature is different from the observed {113j defects
with finite sizes. It can be said that the size of the defect
should influence the value of the rigid-body translation,
and the observed and calculated optimum values of
translations must be interpreted by considering this point
as discussed in Sec. IV B.

As shown in Table III, it should be emphasized that
the energies per aggregated interstitial atom in all the
present models are much less than the energy accom-
panied with one isolated interstitial atom in bulk Si,
which is the formation energy of a self-interstitial and is
estimated to be 5 or 6 eV in the calculations using the SW
potential or the first-principles density-functional
theory. This indicates the possible energy gains in the
generation of the present atomic structures from the bulk
crystal saturated with isolated self-interstitials. This is
because all the atoms can be four-coordinated in the
present models differently from isolated self-interstitials
in bulk Si. The detailed analyses of the calculated results
and the discussion are given in Secs. IV B-IV F.

&. Sta&iiity of the IIOI~ lIOIIOI ~ IIIO(, and )IIIO[ models

Within the present models, the (IO(, [IOIIO), (IIO(,
and ~IIIO~ models relatively well resemble the observed
structure, where 0 units are arranged separately at inter-
vals of one or two I units, occasionally three I units,
without any long-range periodicity, and the density of the
I units is 62%. These models can be regarded as local
structures constituting the observed structure.

The calculated results of these models in Tables I and
II are qualitatively similar to each other. It has been
shown that these models have stable configurations with
local energy minima within the topology of the models
under both types of rigid-body translations. The compar-
ison between the simulated images of the relaxed
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TABLE II. Summary of calculated results under the observed rigid-body translation, 0.032ao[116],
which corresponds to (0.14,0.64) in the expression in Table I ~

Rr
(%)

50

60

66
75
80

100

Model

I
EIIEI
lnool
lrol*

IEarEI
larool
lroaol'
lrrol'
lraol*
Irarol

Et.t
(eV/cell)

4.42
5.46
2.26
6.06
6,90
5.72
3.51
5.16
6.93
1.81

E;f
(J/m 3

0.724
0.894
0.742
0.794
0.904
0.749
0.767
0.845
0.909
1.185

(eV)

1.10
1.37
1.13
1.01
1.15
0.95
0.88
0.86
0.87
0.90

—2.2% to 3.5%
—2.4% to 5.0%
—1.4% to 2.6%
—2.4% to 3.5%%uo

—2. 1%%uo to 4.6%
—2.2% to 1.6%
—2. 1% to 1.7%
—2.1 % to 1.9%
—2. 1% to 2.0%
—2.5% to 1.0%

—21 ~
6' to 22.4'

—21 ~ 6 to 31.0'
—18.8' to 22.4'
—22.2' to 24.4
—22.4' to 30.2'
—20.8' to 22.4'
—20.6' to 22.4'
—21.3' to 24. 8'
—21.4' to 25.2'
—18.6' to 22.9'

TABLE III. Summary of calculated energies per aggregated
interstitial atom of main stable models for respective densities of
the I units under the two types of the rigid-body translations.

Rl
(%) Model

E;, under the
optimum translation

(eV)

E;, under the
observed translation

(eV)

20 fr EIEPI
zs IEIEII
33 IEIEI
40 IEIIEII
so IEnEI

lrol*
60 fronol*

lrrol*
75

I
IIIol*

go frIIIo f

1.60
1.57
1.50
1.16
1.10
1.12
0.93
0.85
0.83
0.84
0.87

1.10
1.13
0.95
0.88
0.86
0.87
0.90

configurations of these models and the observed HRTEM
images is now being performed. The bond-angle and
bond-length distortions in the relaxed configurations of
these models are relatively small within all the calculated
models. The absolute values of the bond-length distor-
tions do not exceed 3%, and those of the bond-angle dis-
tortions do not exceed 25'. These ranges are similar to
those in the previous theoretical calculations of symme-
trical tilt grain boundaries in Si.' ' This indicates the
possible existence of the present models as local struc-
tures of the t 113j planar defects in Si.

For more precise comparison, we have carried out
similar calculations of the I 221 I X=9 boundary, which
is a typical (110) symmetrical tilt grain boundary in Si.
We have dealt with the atomic model consisting of zigzag
arrangement of Ave- and seven-membered rings, of which
the stability has already been examined experimentally
and theoretically. ' ' ' Atoms in the region of the
width of 3.3 nm on both sides of the interface are relaxed
in the same way. The calculated interfacial energy is
0.454 J/m, which is in good agreement with the value by
Phillpot and Wolf using the same method. The op-
timum rigid-body translation is a dilatation of 0.013 nm
normal to the interface, and the bond-length and bond-

angle distortions range from —1.5% to +1.9%%uo, and
from —16.3' to +21.1', respectively. These results are
consistent with the previous theoretical results of this
boundary in Si through electronic structure calcula-
tions, ' ' ' although the energy is somewhat overes-
timated as compared with the previous results, which
should be a drawback peculiar to the SW potential.

It can be said that the range of the bond distortions in

the IIOI, IIOIIOI, IIIOI, and IIIIOI models is similar to
that in the [221I X=9 boundary in Si. However, the
maximum values of the bond distortions in these models
are somewhat larger than those in the {221I X =9 bound-

ary, and the calculated interfacial energies of these mod-
els are about 1.6 to 1.9 times larger than that of the I221I
2 =9 boundary. It can be said that a relatively high den-

sity of strain energy is contained in the present models of
the I113I defects as compared with the I221I X=9
boundary or other (110) symmetrical tilt grain boun-
daries in Si. This should be concerned with the nature of
quasistability of the I 113) defects that these defects are
generated only under special conditions and are
transformed and unfaulted frequently. '

The energies per aggregated interstitial atom of the
IIOI, IIOIIOI, IIIOI, and IIIIOI models are about 0.8 to
1.1 eV as shown in Table III, and much smaller than the
energy accompanied with an isolated self-interstitial atom
in bulk Si, which is estimated to be 5 or 6 eV as men-

tioned above. This also supports the possible existence of
the present structures.

About the rigid-body translations, it should be noted
that the most favorable ones for the IIOI, IIOIIOI, IIIOI,
and IIIIOI models are qualitatively similar to the ob-

served one as shown in Table I, which also supports the
possible existence of these structures. However, the cal-
culated optimum values are slightly larger than the ob-
served one in both the (332) and (113) directions. We
think that this difference might be caused by the finite

sizes of the rea1 planar defects as mentioned above, be-

sides possible errors in the present theoretical method or
the experimental observation. The finite sizes of the de-

fects should cause some suppression of the rigid-body
translation in the bulk crystal as compared with the ca1-

culated structures with infinite two-dimensional extent.
About the IIOIIOI model, we have found that this

structure is most stable as compared with other possible
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models containing the same density of the I units, such as
the (IIIOO( and ~EIIIEi models, as shown in Table II.
There exist relatively large bond-length and bond-angle
distortions especially in the )IIIOO) model. The present
result is in good agreement with the HRTEM observa-
tions, where the arrangement of the units similar to the

~
IIIOO~ model has never been found in Si or Qe.s'
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Here, we analyze the stability of the eight-membered
rings, namely, the 0 units. As shown in Table I, the ~0~

model consisting of the sequence of the eight-membered
rings on the f 113] plane has a stable configuration with a
local energy minimum under a peculiar translation.
However, this structure contains large bond-length and
bond-angle distortions as much as + 11.1% and +41.8',
and high strain energies. It can be concluded that this
structure should be unstable in the bulk crystal and
should be easily transformed into the perfect crystal by
shifting the crystals and changing the bond topology.

As shown in Tables I and II, the structure containing
the 0 units is not the most stable one for the respective
densities of the I units less than or equal to 50%. For ex-
ample, the IEIE~ model is more stable than the ~IOO~
model. And the ~EIIE~ model is more stable than the
~IIOO~ and ~IO~ models, although the energy difference
per aggregated interstitial atom between the ~IOI model
and the ~EIIE~ model is very small. On the other hand,
for the models in which the density of the I units exceeds
50%, the structure containing the 0 units can be the
most stable one as in the case of the ~IOIIO~ model.

It can be said that the 0 units (or the eight-membered
rings) are stabilized by being sandwiched separately be-
tween the I units. This point can be seen clearly in corn-
parison between the ~IO~ and ~IIOO~ models and between
the iIOIIO~ and ~IIIOO~ models in Tables I and II. The
structures of the BIO( and (IOIIO( models, where the 0
units are sandwiched separately between the I units, are
much more stable than the structures of the ~IIOO~ and
~IIIOO~ models, respectively, where the 0 units are adja-
cent to each other, in spite of the same densities of the I
units. There exist relatively larger bond-length and
bond-angle distortions associated with the eight-
membered rings in the ~IIOO~ and ~IIIOO~ models as ob-
served in the ~0~ model. The absolute values of the bond
distortions in these models reach as much as S%%uo and 30',
although those in the ~IOi and IIOIIO~ models do not
exceed 3% and 23.

Figure 2 shows the relaxed configurations and the
strain energies of respective atoms of the ~IO~ and IIIOO~
models under the most favorable translations. The ener-
gies of respective atoms can be obtained by partitioning
the energy terms in the SW potential into the respective
bonds and bond angles as shown in Eq. (1), and reflect lo-
cal distortions. It is obvious that the eight-membered
rings contain relatively large bond distortions and strain
energies in the ~IIOO~ model as compared with the ~IO~
model.

The present result that the 0 units or the eight-
membered rings can be stabilized by being sandwiched
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FIG. 2. The relaxed configurations and the strain energies of

respective atoms of the ~IO~ model (a) and of the ~IIOO~ model
(b) in Si under the optimum rigid-body translations.

separately between the I units is in good agreement with
the HRTEM observations, ' ' where all the 0 units are
arranged separately between the I units and no 0 units
neighboring side by side have been observed. In addition,
the present results mean that the density of the 0 units
does not exceed 50% in the sequence of the structural
units, which is also in good agreement with the observa-
tions.

D. Mechanism of generation of the f 113J planar defects

About the mechanism of generation of the t 113( pla-
nar defects, we think that the first stage is the formation
of the I unit in the bulk crystal, in other words, the for-
mation of a rodlike defect containing an interstitial atom
chain, under the condition of a lot of isolated self-
interstials. As discussed in Ref. 32, this rodlike defect
can be described as "EIE"by using the present structural
units. From the present results of the ~PEIEPt model
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FIG. 3. The relaxed configuration and the strain energies of
respective atoms of the jPEIEPj model in Si under the optimum
rigid-body translation. Dashed lines enclose the atoms of which

the strain energies are included in the sum of the strain energies
of the core region of a respective unit.

shown in Table I and Fig. 3, it can be said that such
atomic structure of the rodlike defect can exist stably
with relatively small bond-length and bond-angle distor-
tions and that the energy gain can be expected in the for-
mation of such rodlike defects from isolated self-
interstitials.

The second stage is probably the formation of neigh-
boring I units such as the process from "EIE"to "EIIE."
We think that the rodlike defects grow into the I 113j
planar defects by such sequential generation of the I units
side by side along the (332) direction on the I113j
plane.

About this point, the present calculations have shown
that there exist energy gains in the I units neighboring
side by side on the I 113j plane as compared with the iso-
lated I units. For example, in the results of the ~PEIEP~
and ~EIIEP) models shown in Table I, the energy per ag-
gregated interstitial atom in the latter model is smaller
than that in the former model. This indicates the energy
gain in the formation of the defect described as "EIIE"
as compared with two sets of the defects described as
ccEIE

In detail, in the ~PEIEP~ model, the sum of the strain
energies of 16 atoms at the I unit enclosed by a dashed
line in Fig. 3 is 1.12 eV, and the sum of those of 16 atoms
at the E units on both sides of the I unit enclosed similar-

ly in Fig. 3 is 1.32 eV. In the ~EIIEPI model, the similar
sums for the two I units are 1.21 and 1.21 eV, and the
similar sum for the E units is 1.30 eV. A greater part of
the strain energy is concentrated at the core region of the
structural units in both the structures. Although the
strain energy is slightly increased in the I units neighbor-

ing side by side in the ~EIIEP~ model, the total energy

per I unit or per interstitial atom can be reduced in the
)EIIEP~j model as compared with the ~PEIEP~ model be-

cause of the reduction of the number of E units per I

unit. Similar results can be obtained in the comparison
between the ~EIE~, ~EIIE~(, and ~EIIIE~ models, although
neighboring arrays of rodlike defects are very close on
the I 113j plane in these models.

Generally, all the isolated I units induce E units and
related distortions on both sides, respectively. On the
other hand, the I units neighboring side by side on the
I 113j plane generate such E units and distortions only at
the edges of the sequence of the I units, which causes
reduction of the total energy per I unit or per interstitial
atom. This should promote the growth of the sequence
of I units on the (113j plane rather than the generation
of isolated I units.

The present discussion of the mechanism of the genera-
tion of the I 113j defects is consistent with many observa-
tions, where elongated defects along the (110) axis are
generated initially and then defects tend to widen into
planar defects. ' Of course, the sites of nucleation and the
growth rate should be influenced by the environment in
the crystal, such as the stress distribution caused by other
defects or impurities. As discussed in Ref. 32, the steps
in the I 113j defects and related complicated structures
should be caused by such effects.

The present discussion about the generation of the
I113j defects does not include any direct effects of im-
purities. Of course, there have been experimental results
indicating the effects of impurities such as carbon in the
generation of the I113j defects. " It might be possible
that impurities are connected with the nucleation of the I
unit itself or the growth of the I unit, although the struc-
ture of the I 113j defects itself can be explained without
any effects of impurities.

E. Origin of the observed arrangement of the I and 0 units

As shown above, the mechanism of the generation of
the j113j planar defects can be explained by the nu-

cleation of the rodlike defects and the growth to the pla-
nar defects through generation of the I units side by side
on the I 113j plane along the (332) direction. However,
the observed structure contains not only the I units but
also the 0 units. The reason why the 0 units are con-
tained in the observed structures and the origin of the
stability of the observed arrangement of the two kinds of
structural units can be deduced from the present calcula-
tions as follows.

About the results of the models containing only the I
and 0 units from the ~IO~j model to the (I~j model shown
in Table III, tke energy per aggregated interstitial atom
initially decreases as the density of the I units increases.
Then the energy has a minimum at the I[IIIO) model, and
increases toward the ~II model. This trend is consistent
with the observed structure, although the observed densi-

ty of the I units is 62% in Si.
The reason for the above behavior of the energy per in-

terstitial atom in the models consisting of the I and 0
units can be explained by the following two effects. First,
the increase of the density of the I units means the de-

crease of the number of 0 units per I unit, which causes
the decrease of the energy per aggregated interstitial
atom, similarly to the case of the reduction of the number
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FIG. 4. The relaxed configuration and the strain energies of
respective atoms of the )IIO) model in Si under the optimum
rigid-body translation. Dashed lines enclose the atoms of which
the strain energies are included in the sum of the strain energies
of the core region of a respective unit.

of E units per I unit by the sequential generation of the I
units side by side on the {113]plane discussed in Sec.
IV D. Second, on the other hand, the increase of the den-
sity of the I units causes the increase of the strain energy
at the I units themselves. These two conflicting effects
dominate the above behavior of the energy per aggregat-
ed interstitial atom. In other words, the 0 units inserted
properly between the sequence of the I units act so as to
relax the strain energy at the I units, and the most favor-
able structure can be accomplished.

This point can be seen clearly by analyzing the strain
energies of respective atoms. Figure 4 shows the relaxed
configuration and the strain energies of respective atoms
of the ~IIO~ model. The sums of the strain energies of 16
atoms at the I unit in the ~IIO~ model enclosed by dashed
lines in Fig. 4 are 1.17 and 1.17 eV, and that of 14 atoms
at the 0 unit enclosed similarly is 1.02 eV. In the ~IIIO)
model, the similar sums for the I units are 1.31, 1.26, and
1.31 eV, and that for the 0 unit is 0.98 eV. In the ~IIIIO~

model, those for the I units are 1.34, 1.42, 1.42, and 1.34
eV, and that for the 0 unit is 1.00 eV. In the ~I~ model,
that for the I unit is 1.72 eV. All these results are those
under the optimum rigid-body translations, and a greater
part of the strain energy is concentrated at the core re-
gion of the structural units in all the structures. It is
clear that the strain energy at the I units increases as the
sequence of the I units becomes more dense from the ~IO~
model to the ~IJ model, and this effect counterbalances
the energy gain by reduction of the density of the 0 units.
And in other words, the 0 units are inserted so as to relax
the strain energy of the sequence of the I units.

This is the reason of the present result that the ~IIIOJ

model has the least energy per aggregated interstitial
atom. And this can well explain the arrangement of the I
and 0 units in the HRTEM observation. It can be said
that the reason why the interstitial atoms are aggregated
on the {113]plane in Si or Ge is the sequential genera-
tion of the I units side by side on the {113] plane and the
stabilization by introducing the 0 units.

However, some problems still remain. The observed
ratio of the I units is 62%, and the ~IOIIOJ or ~IIO~ mod-
els more resemble the observed structure than the calcu-
lated most favorable ~(IIIO) model, although the
difference in the calculated energy per interstitial atom is
small between these models. And there is no long-range
periodicity along the (332) direction in the observed ar-
rangement. We think that these problems might be ex-
plained by the effects of configurational or vibrational en-
tropy and finite temperature. Otherwise, there might ex-
ist the effect of the sizes of the defects, or the effect of the
kinetics in nucleation and growth of the defects. The
eight-membered rings seem to be connected with atomic
diffusion in growth of the defects. All these effects have
not been included in the present calculations. Of course,
there is the uncertainty caused by the present theoretical
method using empirical potential. However, it should be
emphasized that the present calculations have successful-
ly reproduced the trends of the observed structure, and
we have shown the main origin of the observed arrange-
ment of the structural units.

F. Mechanism of unfaulting of the {113]planar defects

0, 21

0, 0(J

The {113] defects are frequently unfaulted and
transformed into perfect dislocation loops of interstitial
type on the {113]plane. About the mechanism of the
unfaulting of the {113]planar defects, we think that the
unfaulting can be explained mainly by the transformation
of the sequence of the I units into the perfect crystal con-
taining additional two net {113] atomic layers. This can
be performed only by changing the bond topology at the
core of the I unit and introducing simultaneous addition-
al rigid-body translation mainly along the (332) direc-
tion.

Here, let us discuss the transformation of the sequence
of I units containing no 0 units, and discuss the effect of
the 0 units finally in this section. The necessary addi-
tional translation for the unfaulting of the sequence of the
I units is estimated as follows. For the structure where
the perfect crystal is cut along the {113]plane and the
two {113] atomic layers are inserted, one of the neces-
sary minimum rigid-body translations between the two
crystals, so as to maintain the crystal perfection, is
ao[113]/11 normal to the {113] plane plus—3ao[ —3, —3,2]/22 parallel to the {113]plane within
the same context of the present definition of the rigid-
body translation of the {113] defects. The optimum
translation of the ~I~ model in Table I can be expressed as
0.92ao[113]/11 plus 0.35ao[ —3, —3,2]/22. Thus the
necessary additional translation for the unfaulting of the
calculated structure of the ~JI~ model is a small dilatation
of 0.08ao[113]/11 plus a shift of —3.35ao[ —3, —3,
2]/22 parallel to the {113] plane. Of course, there exist
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other types of the necessary minimum translations so as
to maintain the crystal perfection when the two [113]
atomic layers are inserted, and there might exist other
possible crystallographic selections for the necessary ad-
ditional translation for the unfaulting. However, the
present type of additional translation is minimum for the
~I~ model and related structures.

In the present case, the change of the bond topology of
the I unit into the perfect crystal can be easily performed
only by rotating the interstitial atom chain around the
(110) axis as shown in Fig. 5, under the simultaneous
shift of the crystals on both sides of the defect discussed
above. This procedure is the transformation from the
hexagonal Si layers between the sequence of five- and
seven-membered rings into the diamond Si layers.

The present transformation of the planar defect into
the perfect crystal causes the dislocations at the edges of
the planar defect and results in a perfect dislocation loop.
The Burgers vector of such dislocations is ac[110]/2 as
examined experimentally, which can be understood by
the present discussion as the following equation:

ac[113]/11+3ao[3,3, —2]/22~ao[110]/2 . (4)

The core structure of such dislocations can be easily
explained by the E units in Fig. 1 which constitute the
edges of the [113]planar defects. After the neighboring
I units are transformed into the perfect crystal as shown
in Fig. 5, the five- and seven-membered rings in the E
units can remain without changing bond topology, and
such structures correspond to the reconstructed core
structure of the edge dislocation proposed by Hornstra.

The present mechanism of the unfaulting does not need
long-range atomic diffusion, which is consistent with the
observed rapid unfaulting. The energy gain in the un-

faulting should be determined by the relation between the
energy gain by the transformation of the sequence of the
I units into the perfect crystal and the energy increase by
the accompanied rigid-body translation and the forma-
tion of the dislocation loop. This procedure should be

13

~ t332j

FIG. 5. The mechanism of the unfaulting of the t 113] planar
defects in Si. The sequence of the I units (a) is transformed into
the perfect crystal (b) under the shift of the crystals along the
(332) direction. Arrows indicate the directions of the shift.
Dashed lines indicate the bonds which are changed through the
transformation.

dominated by the area of the planar defects. It should be
noted that the sequence of the I units contains a high
density of the strain energy as shown in the calculated in-
terfacial energies in Tables I and II.

Of course, in the [113]planar defects, the sequence of
the I units contains the 0 units as discussed in Sec. IV E.
In the present mechanism, the 0 unit between the I units
should be transformed into a similar unit containing dis-
torted eight-membered rings or a chain of vacancies
along the (110) direction, and this part seems to contain
larger energy than the 0 unit without additional absorp-
tion of self-interstitials. Thus the total energy gain in the
unfaulting should be also influenced by the presence of
the 0 units. It should be possible that the presence of the
0 units acts so as to stabilize the [113]planar defects in
the viewpoint of the prevention against the unfaulting in
addition to the viewpoint of the strain energy discussed in
Sec. IV E.

V. SUMMARY AND CONCLUSIONS

The atomic structure and energy of the [113] planar
interstitial defects in Si have been examined by computer
simulations using the Stillinger-%'eber potential, based on
the atomic model recently proposed by Takeda from the
cross-sectional HRTEM image. The atomic model is de-
scribed by arrangement of the two kinds of structural
units on the [113] plane, which consist of atomic rings
without any dangling bonds in the (110) projection.
One kind of unit is characterized by an eight-membered
ring, and another kind of unit contains an interstitial
atom chain along the (110) direction, which constitutes
a tiny rod of hexagonal Si. The former and latter units
are called an 0 unit and an I unit, respectively, in the
present paper. Also it is possible to define structural
units constituting the edges of the [113] defects and the
perfect crystal. It has been shown that the atomic models
where the composition and arrangement of the structural
units are similar to the observed structure, such as the
~IO~, ~IOIIO~, ~IIO~, and ~IIIO~ models, contain relative-

ly small bond-length and bond-angle distortions, of which
the range is similar to those in the ( 110) symmetrical tilt
grain boundaries in Si, such as the (221] 2 =9 boundary.
It has been shown that these models have much smaller
energies per aggregated interstitial atom than the energy
of an isolated self-interstitial in bulk Si. And the calcu-
lated optimum rigid-body translations of these models are
essentially similar to the observed one. All these results
indicate the possible existence of the proposed atomic
structure of the [113]planar defects.

Through calculations of various models with various
composition or arrangement of the structural units, we

have obtained a lot of interesting results that can well ex-
plain the observed structure and properties of the [113]
planar defects. The results and discussion are summa-
rized as follows.

(1) It has been shown that the eight-membered rings,
namely, the 0 units, can be stabilized by being
sandwiched separately between the I units. This is con-
sistent with the HRTEM observations, where the 0 units
are arranged separately between the I units and no 0
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units neighboring side by side on the {113I plane have
been observed. This means that the density of the 0 units
does not exceed 50%%uo.

(2) It has been found that the I units are more stable in
neighboring side by side on the {113I plane as compared
with isolated I units in the bulk crystal. Thus the mecha-
nism of generation of the {113[ planar defects can be ex-
plained by the nucleation of the rodlike defects consisting
of the I units and the growth to the planar defects
through sequential generation of the I units side by side
on the {113Iplane.

(3) It has been shown that the 0 units arranged sepa-
rately in the sequence of the I units act so as to relax the
strain energy at the sequence of the I units. This is the
main origin of the observed arrangement of the structural
units in the {113Iplanar defects, where the 0 units are
inserted separately at intervals of one or two I units, oc-
casionally three I units. The reason why the interstitial
atoms are aggregated on the {113I plane in Si or Ge is
the sequential generation of the I units on the {113)
plane and the stabilization by introducing the 0 units.

(4) The unfaulting of the {113I defects into the disloca-
tion loops can be explained as the transformation of the

sequence of the I units into the perfect crystal containing
two additional net {113I atomic layers. This can be per-
formed only by changing the bond topology at the core of
the I units with simultaneous additional rigid-body
translation along the ( 332) direction. It might be possi-
ble that the 0 units act so as to prevent the unfaulting.

In conclusion, we have shown that the atomic struc-
ture of the {113] planar defects in Si or Ge proposed by
Takeda can exist stably and that the atomic structure and
the mechanism of generation and unfaulting of the {113]
defects can be understood from the viewpoint of the ar-
rangement, energy, generation, and transformation of the
structural units without any direct effects of impurities.
The structural units in the {113I defects have the (110)
rodlike morphology and consist of atomic rings without
any dangling bonds as well as those in the (110) symme-
trical tilt grain boundaries or dislocations in Si or Ge.
This is one of the general features of lattice defects in co-
valent crystals such as Si or Ge, and is originated from
the nature of covalent bonding which demands that all
the atoms are four coordinated. It can be said that the
peculiar feature of the {113I planar defects in Si or Ge is
dominated by the general nature of covalent crystals.
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