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The atomic and electronic structure of the {113} planar interstitial defects in Si has been examined by
using the transferable semiempirical tight-binding method, based on the reconstructed atomic model.
The present results quantitatively confirm our previous conclusion obtained by use of the Stillinger-
Weber potential [Phys. Rev. B 46, 12305 (1992)] regarding the energy and atomic structure. The
features of the electronic structure resemble those of reconstructed 110) tilt boundaries in Si. There
exist no electronic states inside the minimum band gap in accordance with the small bond distortions, al-
though defect-localized states are generated, especially at the conduction-band edge. Large portions of
such localized states exist at the eight-membered rings and neighboring five-membered rings. Effects of
bond distortions, odd-membered rings, and hexagonal six-membered rings at the defects on the local
electronic structure have been observed, which are essentially consistent with those found in calculations
of grain boundaries in Si. Possible origins of the gap states associated with the {113} defects have been

discussed.

I. INTRODUCTION

Elucidation of the atomic structure and mechanism of
generation of the {113} planar defects in Si or Ge has
been one of the long-standing difficult problems in the
field of lattice defects in semiconductors.'”* The {113}
planar or rodlike defects are induced by electron irradia-
tion, ion implantation, or thermal annealing only in Si or
Ge. The defects are considered to consist of an aggrega-
tion of supersaturated self-interstitials, because the de-
fects often exhibit unfaulting into perfect dislocation
loops of interstitial type. However, it is very strange that
interstitial atoms are aggregated not on simple planes
such as {111}, {110}, or {100}, but on {113} planes.

Recently, this difficult problem has been solved by an
effective combination of experiments using high-
resolution transmission electron microscopy (HRTEM)
and theoretical calculations.’™'® By using {110) cross-
sectional HRTEM observations in Si (Ref. 5) and Ge,%”
an atomic model has been constructed.” The model is de-
scribed by an arrangement of two kinds of structural
units, I and O units, on the {113} plane. These units con-
sist of atomic rings without any coordination defects,
similar to those in reconstructed ( 110) tilt boundaries in
Si or Ge.!'! An I unit contains a self-interstitial atom
chain along the {110) direction. The core of this unit
corresponds to a tiny rod of hexagonal Si. An O unit
contains an eight-membered ring and contains no inter-
stitial atoms. In the observed sequence of units along the
(332) direction, the ratio of I units is 62% in Si (Ref. 5)
and 65% in Ge,® and there exists no long-range periodici-
ty. However, some short-range order is observed. For
example, O units are arranged separately at intervals of
one or two I units, occasionally three I units. These ob-
servations and the model are consistent with the observed
electron-diffraction patterns.!?

On the theoretical side, we have examined?® the stability
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of the proposed atomic model by energy-minimization
calculations using an empirical interatomic potential for
Si, the Stillinger-Weber (SW) potential.'!* It has been
shown that the models, in which the arrangement and
composition of structural units are similar to the ob-
served structure, can exist stably with relatively small
bond distortions and with much smaller energy per inter-
stitial atom than that of an isolated self-interstitial in
bulk Si. Calculations!* using another kind of interatomic
potential’® have also shown the relative stability of a
similar model. Further, our calculations of various mod-
els® have shown that I units are more stable when neigh-
boring side by side on the {113} plane than isolated I
units, and that the insertion of O units can stabilize the
sequence of I units. These points induce the mechanism
of generation of the planar defects and the origin of the
observed arrangement of the units. Recently, it has been
shown that the calculated configurations coincide well
with HRTEM observations,”!° and a generalized view of
the structure and mechanism of generation of the {113}
defects has been discussed from a viewpoint of successive
nucleation of I units, namely line interstitial defect (LID)
structures.!”

In this paper,'® the atomic and electronic structure of
the {113} planar defects is examined by using the tight-
binding electronic theory. The quantitative reliability of
empirical potentials is not enough in cases with large
bond distortions or coordination defects, because such
potentials do not directly deal with electronic structure.
In addition, the SW potential regards the energy
difference between diamond Si and hexagonal Si as being
zero, although this value is indeed very small. In this pa-
per, we apply the transferable semiempirical tight-
binding (SETB) method!”!8 to the same atomic models as
our previous ones.® This method deals directly with elec-
tronic structure, and thus can reproduce energies and
atomic structures of complex systems including hexago-
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nal Si more quantitatively. Regarding the electronic
structure of the {113} defects, it is of much interest to ex-
amine the effects of a peculiar atomic configurations; for
example, the effects of eight-membered rings, interstitial
atom chains, rods of hexagonal Si, odd-membered rings,
or bond distortions. It is also of much interest to com-
pare the electronic structure with those of {(110) tilt
boundaries'®~?° containing similar structural units. Re-
cently, the effects of structural disorder in tilt and twist
boundaries in Si have been investigated in detail?>?* by
using the same theoretical method.

II. METHOD OF CALCULATIONS

Energy minimization is performed by using the
transferable SETB method for Si.!”"!® This method was
developed in order to overcome the weak point of the
usual SETB method,?>?% that the transferability of struc-
tures of Si other than four-coordinated ones is not neces-
sarily guaranteed. The details of this method were given
in Refs. 18 and 24. The binding energy is expressed as a
sum of the band-structure energy E,, and the remaining
repulsive energy E,.,. The former is obtained by tight-
binding band calculations with the valence atomic-orbital
basis, and the latter is given as a sum of short-range
repulsive interatomic potentials. As compared with the
usual SETB method, the behavior of the two-center in-
tegrals in the Hamiltonian and that of the interatomic
potential are modified for large distances, and these are
smoothly truncated. In addition, the dependence on the
local environment is incorporated into E, through the
effective coordination numbers. Thus this method can
more quantitatively deal with energies and atomic struc-
tures of complex systems of Si than the usual SETB
method and the SW potential, as discussed in Refs. 18
and 24.

This method also well reproduces electronic structure.
However, there exists the weak point that the width of
the bulk band gap is slightly overestimated as 2.2 eV, al-
though the valence band and the shape of the dispersion
of the lower part of the conduction band can be well
reproduced. For self-consistency, an on-site electron
repulsion term is included through the form of a
Hubbard-like Hamiltonian with the value of U used in
Ref. 27, although this effect is not so significant in present
systems without any coordination defects.

In this paper, we deal with the |IO| and |IIO| models,
following our previous paper.! In these models, the
structural units sandwiched by “|” are repeated periodi-
cally along the (332) direction in addition to the periodi-
city along the (110) direction for computational con-
venience. The composition and arrangement of the units
in these models resemble the observed structure relatively
well,’ as discussed in Ref. 8. The two-dimensional
periodicity on the {113} plane in the |IO| model is a rec-
tangular lattice, although that in the |IIO| model is a
face-centered-rectangular lattice because of the different
height along the {110) axis in the sequence of the units
along the (332) direction.

Three-dimensional supercells are constructed by re-
peating planar defects periodically along the (113 ) direc-
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tion. In the unit cells, 44 net {113} atomic layers are
contained, and interstitial atom chains in I units are addi-
tionally contained as two central net {113} atomic layers
between 22 atomic layers on both sides. Thus the unit
cell of the supercell for the |I0| model contains 90 atoms,
and that for the |IIO| model contains 136 atoms. In the
notation where the X and Y axes are parallel to the
(332) and (110) directions in addition to the Z axis
along the (113) direction, the primitive vectors of the
supercell for the |IO| model are R,=(R,,0,0),
R,=(0,R,,0), and R;=(T,,0,R;+T7,), where R,
=v22a,/2, R,=V2ay/2,and R;=2V'11a,. T, and T,
are the components of the rigid-body translation between
the two bulk crystals. The primitive vectors for the |IIO|
model are R,=(R,,R,,0), R,=(—R,,R,,0), and
R;=(T,,0,R;+T,), _where R,=3V22a,/4,
R,=V2a,/4,and R;=2V'1la,.

Integration over the Brillouin zone of the supercell is
performed by using 16 special k points?® per irreducible
part, which is 1 of the whole zone for both the models.
The density of the special k points has been examined by
using the supercell configurations of bulk crystals with
the same size and the same periodicity. In lattice relaxa-
tion, the symmetric properties of configurations are
preserved. Two respective {113} layers in the bulk re-
gions on both sides of the unit cells are fixed at positions
with the observed rigid-body translation between the two
crystals, 0.032a,[116].> The widths of relaxed regions in
the unit cells are the same as those in our previous paper.
In each step of the relaxation, atomic forces are obtained
after the self-consistent iteration, which is terminated if
the differences between the input and output occupancies
are all kept within 1075 electrons. The relaxation is ter-
minated if all the atomic forces are less than 0.1 eV/A.

ITI. RESULTS AND DISCUSSION

In Table I, energy values and bond distortions of re-
laxed configurations are listed with the previous results®
using the SW potential under the same rigid-body
translation. Table I also lists the results of the {221}
==9 boundary in Si obtained by both the methods®?* as
a typical reconstructed {110) tilt boundary in Si. Figure
1 shows the relaxed configuration of the |II0| model.

The energy per aggregated interstitial atom E;; is the
most proper measure for judging the relative stability as a
structure of aggregated self-interstitials. The present
values of the two models are much less than the energy of
an isolated self-interstitial atom in bulk Si, which is es-
timated as to be about 4—6 eV by the ab initio method,?®
the SW potential,>® and the tight-binding method.?! The
bond-length and bond-angle distortions in the two models
are small, and do not exceed 3% and 25°, respectively,
similarly to those in the =9 boundary. All these results
indicate the stability of the present atomic models, which
is in good agreement with the previous results. The re-
laxed configurations are also very similar to the previous
ones, which were shown to coincide with the observed
HRTEM images and electron-diffraction patterns.” !°

Of course, there exists substantial differences between
the present and previous results in the absolute energy
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TABLE 1. Energy values and bond distortions of the relaxed configurations of the |I0| and |IIO|
models of the {113} planar defect in Si under the observed rigid-body translation (Ref. 5). Ej is the
total-energy increase per interstitial atom against the energy of the perfect crystal of the same number
of atoms. Ej is the interfacial energy. Ar and A0 indicate the ranges of the bond-length and bond-
angle distortions, respectively. Values in the parentheses are those obtained by the SW potential (Ref.
8). Results of the {221} £=9 boundary in Si obtained by the present method (Ref. 24) and by the SW

potential (Ref. 8) are also listed.

Eis Eif
Models eV) (J/m?) Ar AB

| 10| 0.92 0.60 —1.8% to +2.8% —17.9° to +24.0°
(1.13) (0.74) (—1.4% to +2.6%) (—18.8° to +22.4°
| 10| 0.68 0.60 —2.2% to +1.9% —20.1° to +23.3°
(0.88) 0.77) (—2.1% to +1.7%) (—20.6° to +22.4°)
>=9 boundary 0.32 —1.6% to +1.5% —16.2° to +20.8°
(0.45) (—1.5% to +1.9%) (—16.3° to +21.2°

values. The energy values are overestimated in the SW
potential by about 20-30 %, similarly to the case of the
2 =9 boundary. It should be noted that the energy value
of the £ =9 boundary by the present method is similar to
the results by the usual SETB method!>?! and by the ab
initio method,?® which indicates the quantitative reliabili-
ty of the present method. On the other hand, the relation
between the present values of the two models is similar to
the previous one by the SW potential. It is important
that the present value of E, for the |II0| model is much
smaller than that for the |IO| model, similarly to the pre-
vious results, because the |IIO| model more closely
resembles the observed structure with respect to the com-
position and arrangement of the units. In this way, it can
be said that the present results quantitatively support our

FIG. 1. Relaxed configuration of the |ITO| model of the
{113} planar defect in Si. Atomic positions are projected along
the (110) direction, and open and closed circles indicate the
atoms with the two kinds of heights along the (110) direction.
Atomic rings constituting 7 and O units in one period are indi-
cated by stars and asterisks, respectively. Atoms labeled a—h
are those of which the local densities of states (LDOS’s) are
given in Fig. 3. The atoms labeled a and a’, for example, are
those symmetrically equivalent to each other.

previous conclusion® regarding the energy and atomic
structure of the {113} planar defects.

Figure 2 shows the calculated band structure and
defect-localized states of the relaxed configuration of the
|IT0]| model. The band structure is shown along the lines
in the two-dimensional Brillouin zone with k,=0, and
the defect-localized states are defined by the distribution
of wave functions to the atoms of structural units. Of
course, the two-dimensional band structure is meaningful
only for such periodic configurations. However, it should
reveal essential features of electronic structure of the se-
quence of I and O units with the observed short-range or-
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FIG. 2. Band-structure and defect-localized states of the
|I70| model of the {113} planar defect in Si. In the left panel,
all the eigenstates are plotted along the lines in the two-
dimensional Brillouin zone. In the right panel, the states for
which the probability that an electron is located on the atoms of
the atomic rings of the structural units exceeds 75% are plotted.
The dotted curves indicate the projected band edges of the
perfect crystal. Points O, 1, 2, and 3 correspond
to (0,0,0), (w/R,,0,0), [w7/R,,7/(2R,)— =R, /(2R}?),0], and
[0,m/(2R,)+ 7R, /(2R 2),01], respectively, in the Brillouin zone,
where R, =3V22a,/4 and R, =V2a, /4.
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der in the (332) direction.

The essential features of the band structure and local-
ized states in Fig. 2 are similar to those of the [I0| model,
and resemble those of the reconstructed {110) tilt boun-
daries in Si.'?”%% There exist no electronic states inside
the minimum band gap between the valence-band max-
imum and the conduction-band minimum in accordance
with the small bond distortions. However, there exist
defect-localized states at the band edges, especially at the
conduction-band edge, and at the pseudogaps within the
valence band as shown in Fig. 2. In the |IO| model,'¢
such localized states are remarkable mainly at the
conduction-band edge and at the pseudogaps within the
valence band. The defect-localized states in both the
models resemble the boundary-localized states in the
reconstructed {110) tilt boundaries in Si.1*721%5

Figure 3 shows the local densities of states (LDOS’s) of
the atoms in the core region of the |IIO| model. Symme-
trically equivalent atoms have the same LDOS’s. The
LDOS’s are calculated by using 32 uniform mesh points
in the irreducible part of the Brillouin zone, and are
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b -0.9%~+1.9%
L= —5.9°~+5.8°
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FIG. 3. LDOS’s of the atoms in the core region of the |IIO]
model of the {113} planar defect in Si. LDOS’s of the atoms la-
beled in Fig. 1 are shown with the ranges of associated bond-
length and bond-angle distortions. The dashed lines indicate
the bulk density of states, which is the LDOS of the central
atom in the bulk region of the supercell.
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broadened by Gaussians.?»?> It is possible to examine the
origins of the localized states and the effects of structural
disorder by analyzing the distribution of wave functions
and the LDOS’s.

First, it has been found that large portions of the local-
ized states at the conduction-band edge exist at the
eight-membered rings and neighboring five-membered
rings in both the models. For example, about the local-
ized state at the conduction band edge at point 2 in Fig.
2, the probability of 55.5% exists among the eight-
membered ring, the neighboring five-membered ring con-
taining atoms a, b, and A, and the symmetric five-
membered ring containing atoms a’, b’, and A’ in the unit
cell in Fig. 1. The sum of the probabilities at atoms 4 and
h' is 14.2%, and the sum of those at the atom neighbor-
ing atom b in the five-membered ring and the symmetric
atom is 13.6%. Similar distributions have been found for
other conduction-band edge states in Fig. 2 and for those
in the |I0| model. In one such localized state in the |IO|
model, the probability of 70.3% exists among the eight-
membered ring and two neighboring five-membered rings
equivalent to those in the |IIO| model. The sum of the
probabilities at atoms equivalent to atoms A and h’ is
20.3%, and that at atoms equivalent to atoms g and g’ is
13.8%.

In the |II0O| model, another kind of distribution of the
conduction-band-edge state has been found at point 1 in
Fig. 2, together with localized states with the above-
mentioned kind of distributions. In this state, the proba-
bility of 51.5% exists among the five-membered ring con-
taining atoms d and e and the symmetric five-membered
ring. The sum of the probabilities at atoms d and d’ is
the largest; 20.6%.

The distributions of the defect-localized states at the
conduction-band edge are consistent with the clear in-
creases at the band edges in LDOS’s of atoms d, g, and A
in Fig. 3. There seems to exist a tendency that the atoms
associated with large bond-angle distortions contain large
portions of the localized states at the conduction-band
edge, because atoms d, g, and & have relatively large
bond-angle distortions. This tendency is also found in
the |I0| model, and was found in the =9 boundary.?
This is consistent with the general effects of bond distor-
tions found in the calculations of grain boundaries in Si.?°

However, it should be noted that the present defect-
localized states are not sharply localized at specific atoms
but exist among the atoms of the structural units, or are
not localized along the (110) direction. Thus the origins
of the localized states at the conduction-band edge should
be the peculiar configurations themselves containing
bond-angle distortions and peculiar atomic rings. This is
similar to boundary-localized states in the reconstructed
(110) tilt boundaries.?*

Second, the localized states at the bottom of the
valence band found in the |II0| model in Fig. 2 should be
caused by bond shortening. Large portions of these
states exist among atoms with markedly shortened bonds
and the neighboring atoms, such as atoms e and e’ and
atoms of the ordinary six-membered rings in the O unit.
These atoms are associated with bond shortening by
about 2%. On the other hand, the maximum bond shor-
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tening in the |IO| model does not exceed 2%. Localized
states at the bottom of the valence band have also been
found in calculations of grain boundaries in Si containing
shortened bonds,? although such bonds are associated
with four-membered rings.

Third, there exists a particular kind of change in the
shape of the valence-band DOS at many atoms in the
core region, especially at atoms a, b, f, and A in Fig. 3.
In these atoms, the densities are increased at the two
minima among the three peaks of the bulk valence-band
DOS, namely s-like, s-p mixing, and p-like peaks, and de-
crease at the s-p mixing peak. Also, the p-like peaks are
somewhat sharpened. Similar changes are also found in
the [I0| model, and were found in the =9 boundary.?
This kind of change can be attributed to general effects of
odd-membered rings as discussed in Ref. 25, because all
atoms with marked changes belong to odd-membered
rings. However, this kind of change does not seem to be
a simple topological effect, but seems to be related to
rather intermediate-range order as discussed in Ref. 25.
This is because such changes are markedly not observed
at all members of odd-membered rings but at atoms sur-
rounded by several peculiar rings. These changes, cou-
pled with the effects of bond distortions, could be con-
nected with observed changes in the valence-band DOS
in amorphous Si by x-ray photoemission spectroscopy
(XPS).3?

Fourth, there exists a local electronic structure similar
to that of bulk hexagonal Si at hexagonal six-membered
rings of I units. The LDOS of atom e in Fig. 3 has a
striking resemblance to the DOS of bulk hexagonal Si
shown in Fig. 4. In both valence-band DOS’s as com-
pared with that of bulk diamond Si, the densities are de-
creased at the s-p mixing peak and are increased at the
valley between the s-p mixing peak and the p-like peak.
The p-like peak is sharpened by the decrease at the lower

DOS
T

-12 -8 =1 0 1
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FIG. 4. DOS of bulk hexagonal Si calculated by the present
method. The dashed line is that of bulk diamond Si. The first-
neighbor distance in the hexagonal structure is equal to that in
the equilibrium diamond structure. For the hexagonal struc-
ture, 1728 uniform mesh points per whole Brillouin zone have
been used, and 2048 uniform mesh points have been used for the
diamond structure. The broadening has been performed in a
similar way to LDOS’s.
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side of the peak. A similar resemblance seems to exist at
atom d in Fig. 3. Similar changes in LDOS’s were also
observed in calculations of a {111} stacking fault and a
{111} =3 twin boundary in Si (Ref. 22) consisting of
arrangements of hexagonal six-membered rings. The
DOS of bulk hexagonal Si in Fig. 4 as well as that of bulk
diamond Si is well reproduced, as compared with the ab
initio results.>

However, it should be noted that no LDOS bears a
striking resemblance to the DOS of bulk hexagonal Si in
the |IO| model. Atoms d and e in the |IIO| model are lo-
cated at the center of four hexagonal six-membered rings
of two I units arranged side by side. It seems that ar-
rangements of hexagonal six-membered rings associated
with two or more I units arranged side by side are neces-
sary to generate LDOS’s bearing a striking resemblance
to the DOS of bulk hexagonal Si.

Finally, it should be noted that the present results of
electronic structure do not include effects of nonperiodi-
city in the arrangement of the structural units in the
(332) direction, or effects of the edges of planar defects.
Concerning the effects of the nonperiodicity, we believe
that the present results reveal the essential features of lo-
cal electronic structure in the observed nonperiodic ar-
rangement of the units with short-range order. This is
because essential features of local electronic structure
should depend on local environments in Si. Of course,
the localization behavior of the defect-localized states
along the (332) direction should be enhanced in such
nonperiodic arrangements of the units.

Concerning the effects of the edges of planar defects, it
can be considered that the edges of arrangements of I and
O units in the (332) direction should contain no deep
electronic states in the band gap, because E units at the
edges should have no coordination defects nor greatly
distorted bonds, as shown in our previous paper.® How-
ever, the edges in the (110) direction may contain coor-
dination defects or greatly distorted bonds, although
atomic structures of such edges have not been examined.
Thus, if electronic states inside the minimum band gap
were associated with the {113} defects, these may be
caused by configurations at the edges in the (110) direc-
tion. Associated point defects or impurities also may
cause such gap states. Nevertheless, it can be concluded
that arrangements of I and O units with the observed
short-range order should contain no electronic states in-
side the minimum band gap, although defect-localized
states should exist at the band edges.

IV. SUMMARY

By using the transferable SETB method, we have ex-
amined the atomic and electronic structure of the {113}
planar defects in Si based on the reconstructed atomic
model. Concerning the energy and atomic structure, the
present results quantitatively confirm our previous con-
clusion by the SW potential. The |IO| and |ITO| models
are stable with relatively small bond distortions and with
much smaller energies per interstitial atom than that of
an isolated self-interstitial in bulk Si. The relaxed
configurations are very similar to our previous ones, and
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the relation between the energy values of the two models
is also similar to our previous one, although the SW po-
tential somewhat overestimates the energy values. Con-
cerning the electronic structure, the models have features
similar to those of the reconstructed {110) tilt boun-
daries in Si. There exist no electronic states inside the
minimum band gap in accordance with the small bond
distortions. However, there exist defect-localized states
especially at the conduction-band edge, of which large
portions frequently exist among the eight-membered
rings and neighboring five-membered rings. We have
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found the tendency that atoms with large bond-angle dis-
tortions contain large portions of such localized states.
The effects of bond shortening, odd-membered rings, and
hexagonal six-membered rings at the defects on the local
electronic structure have also been observed. The present
effects of structural disorder are essentially consistent
with those found in calculations of grain boundaries in Si.
Possible gap states associated with {113} planar defects
may be caused by complex structures at the edges of the
planar defects in the (110) direction, or by associated
point defects or impurities.
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