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The overall features of the energies and atomic structures of the twist boundaries in Si have been ex-
amined by energy-minimization calculations using the transferable semiempirical tight-binding method,
and the results have been compared with those of the tilt boundaries in Si. First, the {122}3=9 tilt
boundary has been dealt with as a typical tilt boundary observed in polycrystalline Si. It has been shown
that the configuration consisting of atomic rings without any coordination defects can exist stably with a
relatively small interfacial energy, 0.32 J/m?, and with small bond-length and bond-angle distortions
within about +2% and about +20°, similarly to the other tilt boundaries. The twist boundaries with
different rotation axes and boundary planes, the (111) =7, {(011) ==3, and (001) 2 =5 twist boun-
daries, have been examined against various rigid-body translations parallel to the interface. It has been
found that the twist boundaries contain larger bond distortions or more coordination defects, and much
larger interfacial energies than those of the tilt boundaries, at least when they are constructed by ideal
surfaces. It seems that there do not exist deep or sharp energy minima against the rigid-body transla-
tions, differently from the tilt boundaries. About the (111) £=7 and (011) 2=3 boundaries,
configurations without any coordination defects can be constructed for proper translations. However, in
the {111) ==7 boundaries, large bond stretchings are inevitably introduced except at the sites of good
coincidence, and the (011) = =3 boundary frequently contains four-membered rings with large bond-
angle distortions. Thus the most stable configurations of these boundaries contain interfacial energies
over three times larger than the value of the £ =9 tilt boundary, and contain shallow states in the band
gap. On the other hand, the (001) =5 boundaries have very complex structures as compared with the
other twist boundaries. The interfacial energies are much larger than the other twist boundaries, the
configurations frequently contain coordination defects and deep states in the band gap, and there seem to
exist many metastable configurations with different bonding networks in a similar energy range, similarly
to the results of the same boundaries in Ge by Tarnow et al. [Phys. Rev. B 42, 3644 (1990)]. The present
different features of the respective twist boundaries can be explained by the morphology of the respective
ideal surfaces. It can be said that stable configurations of the tilt boundaries and other extended defects
in Si or Ge are constructed by arranging the structural units consisting of atomic rings without any large
bond distortions or coordination defects. For twist boundaries, such stable structural units cannot be
easily constructed, which causes the present greater structural disorder and larger interfacial energies.
This is the reason why twist boundaries are seldom found in polycrystalline Si as compared with the fre-
quently observed tilt boundaries.
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I. INTRODUCTION

Studies of grain boundaries in semiconductors are of
much importance in order to understand the properties
of polycrystalline semiconductors applied to solar cells or
various electronic devices such as thin film transistors
(TFT’s).! Disordered structures at grain boundaries often
strongly affect the electronic properties of semiconduc-
tors through the generation of shallow or deep states in
the band gap, or through interactions with impurities or
dopants. Grain boundaries in semiconductors are also of
interest as typical examples of grain boundaries in co-
valent crystals as compared with those in metals or in
ionic crystals.? The understanding of grain boundaries in
covalent crystals is very important for the development
of the high performance covalent ceramics such as SiC,
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AIN, or Si;N,, where grain boundaries dominate various
properties of ceramics such as sintering, mechanical,
chemical, and electronic properties.

In general, grain boundaries in crystals can be
classified and analyzed geometrically by the concepts of
tilt and twist boundaries and of the coincidence site lat-
tice (CSL).? Tilt and twist boundaries are geometrical ex-
tremes of grain boundaries defined by the relation be-
tween the rotation axis and the boundary plane, although
general boundaries contain both tilt and twist com-
ponents. The CSL is the intersection of the lattices of
two grains, and the coincidence index 2 is the reciprocal
density of coincidence lattice sites with respect to the
original lattice. The periodicity of the boundary struc-
ture can be analyzed by the periodicity in the plane in the
CSL. CSL boundaries with relatively small = values con-
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tain short periods, and can be formed for singular rota-
tion angles.

Nowadays, it is of considerable importance to under-
stand the structure and properties of grain boundaries in
materials from a microscopic viewpoint beyond the
geometric viewpoint described above, because the ener-
gies and properties of boundaries are primarily dominat-
ed by atomic and electronic structures of interfaces,
which finally depend on the bonding nature of materials.
It is also important to clarify the dependence of the prop-
erties of boundaries on the geometric conceptions,
through the understanding of atomic and electronic
structures.

Concerning grain boundaries in semiconductors,
significant advances have been made in the experimental
and theoretical understanding of the tilt boundaries in
elemental semiconductors such as Si or Ge.*”® The
symmetrical tilt grain boundaries exist frequently in poly-
crystalline Si or Ge, and these are usually CSL boun-
daries. Many high-resolution transmission electron mi-
croscopy (HRTEM) observations’ ~!? have indicated that
such tilt boundaries are constructed by arrangement of
the structural units consisting of atomic rings without
any coordination defects. Energy-minimization calcula-
tions'!3 have shown the stability of such configurations
and the applicability of the structural unit model'* to
such configurations. More quantitatively, theoretical cal-
culations using the tight-binding method!*~!° or the
first-principles  density-functional method?®~?? have
proved that such configurations of the CSL tilt boun-
daries in Si or Ge are stable with no false local energy
minima, and that such configurations contain no elec-
tronic states inside the minimum band gap between the
bulk valence-band maximum and the bulk conduction-
band minimum, although the boundary-localized states
are frequently generated at the band edges. These points
are consistent with the experiments, indicating that the
CSL tilt boundaries in Si or Ge are intrinsically electrical-
ly nonactive.’

However, there exist many experiments indicating the
presence of band tails®® ™2 or midgap states?® at grain
boundaries in Si. It can be considered"*?”?® that these
gap states should be associated with general disordered
grain boundaries containing greater structural disorder
than the observed CSL tilt boundaries, or with defects in
the CSL tilt boundaries, or with segregated or precipitat-
ed impurities or dopants. As the next step, one of the
most important subjects is to elucidate the origins of such
band tails or midgap states at grain boundaries from a
microscopic viewpoint.

On the other hand, there have been relatively few stud-
ies of twist boundaries in semiconductors. Experimental-
ly, twist boundaries are seldom found in polycrystalline Si
or Ge as compared with the tilt boundaries, and little is
known about stable atomic configurations. Thus there
remain basic questions such as why twist boundaries are
seldom found in Si or Ge as compared with tilt boun-
daries, or what atomic configurations twist boundaries
contain.

Several theoretical calculations have indicated that
twist boundaries in Si or Ge have fairly different features
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from those of tilt boundaries. We examined the
configurations and energies of various CSL (111) twist
boundaries in Si (Ref. 29) by using the bond orbital mod-
el, which corresponds to an angularly dependent intera-
tomic potential for tetrahedral semiconductors based on
the tight-binding approximation.!> The twist boundaries
are constructed by two ideal (111) surfaces, and
configurations without any coordination defects are at
least quasistable. However, the densities of bond distor-
tions and interfacial energies are very large compared
with the tilt boundaries. Phillpot and Wolf* also per-
formed energy-minimization calculations for several
types of twist boundaries in Si using the Stillinger-Weber
potential,’! which is an empirical interatomic potential
for Si. They obtained configurations with greater
structural disorder and larger interfacial energies than
the tilt boundaries. More quantitatively, Tarnow et al.*
performed energy-minimization calculations for the
(011) = =5 twist boundaries in Ge by using the ab initio
pseudopotential method. They examined the overall
features of energies and atomic structures against the
rigid-body translations, and found that there are no sharp
or deep energy minima against the translations parallel to
the interface in contrast to the tilt boundaries.’> The in-
terfaces contain many distorted or weak bonds and coor-
dination defects, which cause very large interfacial ener-
gies and gap states.

The first aim of the present study is to examine the
overall features of the energies and atomic structures of
various twist boundaries in Si as compared with the tilt
boundaries, and to investigate the reason why twist boun-
daries are seldom found in polycrystalline Si. We deal
with the (111) ==7, (011) ==3, and (001) ==5
twist boundaries in Si, which are typical CSL twist boun-
daries containing three types of rotation axes and bound-
ary planes. Energy-minimization calculations are per-
formed with respect to various rigid-body translations be-
tween the two grains. We use the transferable semiempir-
ical tight-binding (SETB) method,**3% which can give
atomic and electronic structures and energies of various
systems of Si more correctly than the usual SETB
method.*® For comparison, we also deal with a typical
symmetrical tilt boundary, the {122} 2 =9 tilt boundary
in Si, by using the same theoretical method. The (001)
twist boundaries in Si and the {(111) and (011) twist
boundaries in semiconductors have not been sufficiently
examined quantum-mechanically to date. For greatly
distorted systems of Si such as twist boundaries, electron-
ic structure calculations are essential in order to obtain
reliable results as compared with empirical potentials
such as the Stillinger-Weber potential.

As will be shown, the present results indicate that twist
boundaries in Si contain more distorted bonds or coordi-
nated defects and larger interfacial energies than the ob-
served tilt boundaries, and that stable structural units
without any large bond distortions or coordination de-
fects such as those in the tilt boundaries cannot be easily
constructed for twist boundaries. This is the reason why
twist boundaries are seldom found in polycrystalline
semiconductors, as compared with tilt boundaries.

The second aim of the present study is to examine the
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electronic structures of twist boundaries in Si as com-
pared with those of the tilt boundaries, and to investigate
the relations between the structural disorder and the elec-
tronic structure at interfaces. As will be shown, the twist
boundaries contain various kinds of structural disorder or
coordination defects, and these frequently introduce shal-
low or deep states in the band gap. Such local structural
disorder and gap states should be common to those in
general disordered boundaries in Si, and should be the
origins of the observed band tails or midgap states in
polycrystalline Si mentioned above. It should be noted
that the study of twist boundaries should contribute to an
understanding of general disordered boundaries contain-
ing gap states.

In the present paper, we primarily report results for
the energies and atomic structures of twist boundaries in
Si, and discuss the overall features of those of the twist
boundaries. The detailed analyses of the electronic struc-
tures will be given in our following papers.’” The present
paper is organized as follows. In Sec. II, the theoretical
method and computational scheme are described. In Sec.
III, the models and supercells of the (111) =7, (011)
>=3, and (001) Z=35 twist boundaries are presented,
and the rigid-body translations are defined. In Sec. IV,
results of energy-minimization calculations for the tilt
boundary and twist boundaries are reported and ana-
lyzed. Section V discusses features of the energies and
atomic structures of the twist boundaries in Si as com-
pared with the tilt boundaries.

II. METHOD OF CALCULATIONS

A. The transferable SETB method

We use the transferable SETB method>*3> coupled
with the supercell technique. The usual SETB method*®
deals with atomic and electronic structures and energies
of complex systems of Si containing a large number of
atoms, and has been shown to be quite useful for calcula-
tions of the symmetrical tilt boundaries in $i."*~2° How-
ever, the SETB method is less reliable for systems con-
taining greatly distorted bonds or coordination defects,
because the transferability for structures other than
four-coordinated ones is not necessarily guaranteed.'s®
The transferable SETB method has been developed in or-
der to overcome this problem, and can reproduce proper-
ly the binding energies and equilibrium volumes of vari-
ously coordinated structures of Si. Thus this method is
applicable to greatly distorted systems such as twist
boundaries.

In this method, the binding energy of the system,
which is the difference between the total energy of the
system and that of the isolated atoms, is expressed as a
sum of the band-structure energy E,, and the remaining
repulsive energy E . E, is a sum of occupied eigenen-
ergies by a tight-binding band-structure calculation with
a valence atomic orbital basis, and E ., is expressed as a
sum of short-range interatomic repulsive potentials, in
the same way as the usual SETB method. However,
differently from the usual SETB method, the behavior of
the two-center hopping integrals ¥V, (r) in the tight-
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binding Hamiltonian and that of the repulsive interatom-
ic potential ¢(r) are modified for large distances, and
these are smoothly truncated by attenuation functions
S(r) as

Vipm (r) =0, S(r)r =" (1)
and

@(r;)=A,S(rjr;", ()
where

S(r)=1/{1+exp[u(r—R.)]} . (3)

Nirm> V> 4, and R, are the parameters.

The present method has two characteristics as com-
pared with the other type of transferable method.*® The
first is that different values of v, u, and R, are used for
respective hopping integrals. Different exponent values
were selected following the work by Robertson,* and the
other parameters for the Hamiltonian were determined so
as to reproduce the first- and second-neighbor integrals in
the I;Ioamiltonian of diamond Si given by Pandey and Phil-
lips.

The second characteristic is that the interatomic repul-
sive potential has a dependence on the local environment

through the effective coordination numbers. 4;; in Eq.
(2) is given as
A4;=by—b,(Z,+Z;) . 4)

Z; is the effective coordination number of the atom i, and
is given by

Z,=3 CXP["}H("U_R:')Z] ) (5)
J#i
where
-1
R=3rse 7|3 | . (6)
J#i j#i

by, by, A, and A, are the parameters. All the parameters
for the repulsive potential were determined so as to
reproduce the binding energies and equilibrium volumes
of various phases of Si, including the dimer.

As shown in Ref. 35, these two points much improve
the representation of the atomic and electronic structures
and energies of various phases of Si as compared with the
other transferable method.’® The Hamiltonian, including
the interactions beyond the first neighbors, is suited to
various configurations, and the incorporation of the
dependence on the local environment into the repulsive
energy is especially important for the transferability. The
overlap interaction between the basis orbitals that is
neglected in the calculation of E,, in the SETB method is
one of the origins of the repulsive energy E,,. Strictly,
this interaction depends on the local environment
through the overlap matrix coupled with the Hamiltoni-
an. Thus this effect cannot be included properly in E,
by a simple sum of interatomic repulsive potentials as in
the usual method.
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All parameters used in the present study are listed in
Table I. As described in Ref. 35, we have made readjust-
ments of the two parameters b, and b, as compared with
the original values.’® These have been determined so as
to reproduce more correctly the binding energies and
equilibrium volumes of variously coordinated structures
of Si, with natural truncation of the interactions by the
attenuation functions of Eq. (3), although the interactions
after the second neighbors are artificially truncated in
Ref. 34.

Additionally, we have examined the applicability of the
present method with the new parameters to graphitic Si
as a three-coordinated structure, because the applicability
only to overcoordinated structures is examined in Ref.
35. The binding energy and equilibrium structure of a
sheet of graphitic Si have been calculated by using 18
special-k points,*! because the interlayer distance® is
large enough for the present method. The calculated
equilibrium bond length is 2.197 A, and the energy in-
crease against the diamond structure is 0.63 eV/atom. It
can be said that the present results are in fairly good
agreement with the ab initio results, 2.249 A and 0.71
eV/atom.*?

Thus it can be assumed that the present method can
deal with complex systems of Si containing overcoordi-
nated or undercoordinated atoms relatively correctly,
and with relatively short computing time. A shortcom-
ing of the present method is the overestimation of the
width of the bulk band gap as 2.2 eV. The conduction
band of the perfect crystal of Si is reproduced to be shift-
ed upward by about 0.7 eV by the present parameters.
This problem seems to be caused by the truncation of the
interactions in determining the parameters in Ref. 34.
However, the valence band and the shape of the disper-
sion of the lower part of the conduction band can be as
well reproduced as those in Ref. 40.

B. Electrostatic interactions

In the present calculations, the intra-atomic electro-
static interactions are included self-consistently through
the form of a Hubbard-like Hamiltonian. This should be
important for greatly distorted systems in order to
suppress unrealistic large charge transfers between
atoms. In this scheme, an on-site electron-repulsion term

H,=1US (n,—n?) ™
i
is added to the binding energy of the system. n; is the to-

TABLE 1. The parameter values in the transferable S].S,IB

method fog'_S)i (Ref. 35). AEsa?4'39 eV, A,=1.086 5A 2,
A,=8.511A ,by;=300.2715eVA’,and b; =4.8227 eV A".

Hopping integrals

Repulsive
sso spo ppo ppm potential
v . 4 3 2 2 5
7 €VA) —63.9 27.7 13.1 —2.94
p (A7H 596 596  2.55 2.55 2.55
R, (A) 317 3.17 3.83 3.83 3.83
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tal valence occupancy of the atom i, and n/ is that in the
perfect crystal, namely 4. In the Hamiltonian for the
electronic structure, the term U(n; —n}) is added to the
respective on-site terms, and the one-electron equation of
the Hamiltonian is solved self-consistently. The intra-
atomic interactions are summed up in Ey, and are finally
included in the binding energy as the form of Eq. (7) by
adjusting the total sum in E, . For the parameter, we use
U =2.0 eV, which corresponds to the value used for Si
clusters in Ref. 43.

In the usual SETB method, electrostatic interactions
are not dealt with explicitly. Recently, it has been shown
that self-consistent charge distributions can be approxi-
mated by the superposition of the neutral atomic charges,
at least in order to obtain binding energies.** This point
justifies the omission of the interatomic electrostatic in-
teractions in the usual method. However, this point also
indicates that unrealistic large charge transfers appearing
frequently in tight-binding calculations should be
suppressed by a proper scheme, such as the present
method or the local charge neutrality condition.** The
latter corresponds to the usage of an infinite large value
of U.

It should be noted that the effects of the intra-atomic
electrostatic interactions are not so large quantitatively in
the total-energy increases of the present boundaries. It
has been found that the local charge neutrality condition
generally gives the largest values for the total energy in-
creases, and that the scheme without any conditions gives
the smallest values with respect to the same atomic
configurations. The differences between these values do
not exceed several percent of the total energy increases in
the present case of the (011) =3 twist boundaries, for
example.

C. Lattice relaxation

All calculations of boundaries are carried out by use of
the supercell technique. The periodicity normal to the
interface is imposed by alternately stacking symmetric
boundary planes in addition to the two-dimensional
periodicity parallel to the interface of the CSL boundary.
Thus the conventional technique of band calculation can
be applied to the supercell with a large unit cell contain-
ing two interfaces.

For integration over the Brillouin zone, special-k
points*® are used. The density of the k points is large
enough. The lowest density of the k points used in the
supercell calculations is equal to that corresponding to 20
special-k points in the irreducible part of the Brillouin
zone of diamond Si. In order to avoid the problems of
degenerated states at the Fermi level, the occupancies of
the uppermost states are distributed among all the degen-
erated states.

In lattice relaxations, the atomic positions are relaxed
according to the atomic forces, although the atoms in the
central one or two atomic layers in the bulk regions be-
tween the interfaces in the supercells are fixed. In each
step of the relaxations, the atomic forces are obtained
after the self-consistent iteration, which is terminated if
differences between input and output occupancies of the
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respective atoms are all kept within a given tolerance. It
is 1073 electrons for small cells, and 10™* electrons for
large cells. The two types of cells are explained in Sec.
ITII. The relaxation is terminated if the atomic forces are
all smaller than 0.1 eV/A.

In relaxed configurations, the coordination defects are
analyzed by the coordination radius of 2.8 A. Of course,
the radius cannot be defined absolutely. Values from 2.7
to 2.9 A are used in studies of amorphous Si,*’ ~*° which
were determined by the first minima in the pair distribu-
tion functions of the calculated configurations of amor-
phous Si. Such a small dispersion should not change the
results of the analyses so much, although this might give
rise to several mutual transformations between three-
coordinated and five-coordinated defects.

III. MODELS OF BOUNDARIES
AND RIGID-BODY TRANSLATIONS

A. Models and supercell configurations

The twist boundaries in the present study are con-
structed by two ideal surfaces of two semicrystals, which
are formed by cutting the bulk crystal into two. Thus the
present boundaries contain no interstitials or vacancies.
The (111) =7 twist boundary is formed by rotating
ideal (111) surfaces around the {111) axis. The two
types of rotation angles, 38.2° and 98.2°, generate
different boundaries, although the size of the CSL unit
cell is identical. The (011) ==3 twist boundary is
formed by rotating ideal (011) surfaces around the 011)
axis. The boundaries with the two types rotation angles,
70.5° and 109.5°, can be transformed into each other by
introducing rigid-body translations parallel to the inter-
face. Thus the present study deals only with the bound-
ary with the rotation angle 109.5°. The (001) ==35 twist
boundary is formed by rotating ideal (001) surfaces
around the (001) axis. The two types of rotation angles,
36.9° and 53.1°, generate different boundaries, although
the size of the CSL unit cell is identical.

Figures 1-3 show configurations of respective twist
boundaries before lattice relaxations and without any
rigid-body translations. In these figures, the CSL unit
cells are indicated by dashed lines, and the CSL vectors
R, and R, are expressed by using the coordinate axes of
the lower crystals. In the present study, the rigid-body
translations parallel to the interface are defined as shifts
of the upper crystals from the configurations shown in
Figs. 1-3, and can be expressed by fractions of the vec-
tors R, and R,. The translations normal to the interface
are defined as compared with the ideal distances between
the planes in the bulk crystal. It should be noted that the
configurations in Fig. 3 are similar to those used in the
previous calculations of Ge (Ref. 32) for comparison.

We have used the following supercells for the relaxa-
tions against various rigid-body translations. The super-
cells of the (111) =7 twist boundary contain 84 atoms,
where the interfaces are repeated between six (111) atom-
ic layers. The distance between the interfaces is about 9.4
A. The supercells of the (011) ==3 twist boundary
contain 60 atoms, where the interfaces are repeated be-

MASANORI KOHYAMA AND RYOICHI YAMAMOTO 49

v‘. )

FIG. 1. Unrelaxed atomic configurations without transla-
tions for the (111) =7 twist boundaries in Si. (a) The 2=7
boundary with a rotation angle of 38.2°. (b) The £ =7 boundary
with a rotation angle of 98.2°. Two upper and two lower atomic
layers are projected along the (111) axis. Rigid-body transla-
tions are defined as shifts of the upper crystals as compared with
these configurations. The CSL unit cells are defined by
R,=ay[—3,2,1]/2 and R,=a,[1, —3,2]/2 as indicated by bro-
ken lines.

FIG. 2. Unrelaxed atomic configuration without translations
for the (011) ==3 twist boundary in Si with a rotation angle of
109.5°. Two upper and two lower atomic layers are projected
along the (011) axis. Rigid-body translations are defined as
shifts of the upper crystal as compared with this configuration.
The CSL unit cell is defined by R;=qao[—1,—1,1] and
R,=ay[2,—1,1]/2 as indicated by broken lines.
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tween five (011) atomic layers. The distance between the
interfaces is about 9.6 A. The supercells of the (001)
2 =35 twist boundary contain 60 atoms, where the inter-
faces are repeated between six (001) atomic layers. The
distance between the interfaces is about 8.1 A. In the re-
laxations, the atoms in the two central (111) layers, those
in the one central (011) layer, and those in the two central
(001) layers in the bulk regions are fixed at initial posi-
tions.

In order to obtain more quantitative results and to
search for the most stable configurations, we perform ad-
ditional relaxations of larger supercells with respect to
selected rigid-body translations which give relatively
stable configurations. The large supercells of the (111)
2 =7 boundary contain 168 atoms, where the interfaces
are repeated between 12 (111) layers, and the distance be-
tween the interfaces is about 18.8 A. Those of the (011)
2=3 boundary contain 156 atoms, where the interfaces
are repeated between 13 (011) layeros, and the distance be-
tween the interfaces is about 25.0 A. Those of the (001)
2 =35 boundary contain 140 atoms, where the interfaces

—>[130]

FIG. 3. Unrelaxed atomic configurations without transla-
tions for the {001) ==35 twist boundaries in Si. (a) The =5
boundary with a rotation angle of 36.9°. (b) The = =5 boundary
with a rotation angle of 53.1°. Two upper and two lower atomic
layers are projected along the {(001) axis. Rigid-body transla-
tions are defined as shifts of the upper crystals as compared
with these configurations. The CSL unit cells are defined
by R;=a,[3,1,0]/2 and R,=a,[—1,3,0]/2 or by R,
=ay[3,—1,0]/2 and R,=q,[1,3,0]/2 as indicated by broken
lines.
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are repeated between 14 (001) layers, and the distance be-
tween the interfaces is about 19.5 A.

B. Rigid-body translations and DSC unit cells

Rigid-body translations are introduced between the
two bulk crystals before the relaxations. The symmetric
properties and periodicity of the initial configurations are
naturally preserved in the relaxations. In such cases, the
meaningful translations parallel to the interface are limit-
ed within the irreducible part of the unit cell of the DSC
(displacement shift complete) lattice,’ as discussed in Ref.
32.

The DSC unit cells in the boundary planes of the 2=7,
2=3, and 2=5 boundaries are defined by R,/7 and
R,/7,R,/3 and R,/3, and R, /5 and R, /5, respectively,
and are 3, +, and % of the CSL unit cells, respectively.
Figures 4-6 show the irreducible parts of the DSC unit
cells of the present twist boundaries. The irreducible part
means that a translation parallel to the interface outside
the irreducible part leads to a configuration equivalent to
that with a translation in the irreducible part by the sym-
metric property. These irreducible parts have been found
by iterating relaxations of the present supercells with
various translations parallel to the interface by using the
Stillinger-Weber potential to save computing time. The
irreducible parts of the = =35 boundaries are identical to
those in Ref. 32.

In order to examine the overall features of the energies
and atomic structures of the present twist boundaries, we
have dealt with translations of the mesh points in the ir-
reducible parts of the DSC unit cells indicated by double

FIG. 4. DSC unit cells and the irreducible parts for (a) the
(111) =7 twist boundary in Si with a rotation angle of 38.2°,
and (b) that with a rotation angle of 98.2°. The DSC unit cells
are defined by R,;/7 and R,/7. The irreducible parts are en-
closed by double lines. The circles are the mesh points, and the
numbers indicate equivalent translations  generating
configurations that are equivalent to one another. The double
circles are the mesh points in the irreducible parts dealt with in
the present calculations. The numbers in the double circles
have the same meaning as the Trans. No. column in Table II.
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FIG. 5. DSC unit cell and the irreducible part for the (011)
3 =3 twist boundary in Si with a rotation angle of 109.5°. The
DSC unit cell is defined by R;/3 and R,/3. The irreducible
part is enclosed by double lines. The circles are the mesh
points, and the numbers indicate equivalent translations gen-
erating configurations that are equivalent to one another. The
double circles are the mesh points in the irreducible part dealt
with in the present calculations. The numbers in the double cir-
cles have the same meaning as the Trans. No. column in Table
III.

circles in Figs. 4—-6. The distances between the neighbor-
ing mesh points are 0.42 A for the =7 boundary,
0.78 and 0.55 A for the £ =3 boundary, and 0.43 A for
the 2 =5 boundary.

Concerning the translations normal to theo interface, we
have employed those optimized in the 0.1-A grid by lat-
tice relaxations using the Stillinger-Weber potential for
respective translations parallel to the interface to save
computing time. Of course, it is more desirable to optim-

(a)

FIG. 6. DSC unit cells and the irreducible parts for (a) the
{001) ==35 twist boundary in Si with a rotation angle of 36.9°,
and (b) that with a rotation angle of 53.1°. The DSC unit cells
are defined by R,/5 and R,/5. The irreducible parts are en-
closed by double lines. The circles are the mesh points, and the
numbers indicate  equivalent translations generating
configurations that are equivalent to one another. The double
circles are the mesh points in the irreducible parts dealt with in
the present calculations. The numbers in the double circles
have the same meaning as the Trans. No. column in Table IV.
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ize the translations normal to the interface by using the
transferable SETB method. For relaxations of large su-
percells with respect to several translations parallel to the
interface, the translations normal to the interface have
been optimized by iterating the relaxations of the small
supercells by using the transferable SETB method.

IV. ENERGIES AND ATOMIC CONFIGURATIONS
A. The {122} =9 tilt boundary

First, in order to examine the validity of the present
scheme, and in order to clarify the features of the tilt
boundaries, we have performed the relaxation of the
{122} 2=9 tilt boundary as a typical CSL tilt boundary
frequently observed in polycrystalline Si. This boundary
is constructed by rotating the two crystals around the
(011) axis by 38.9°, and the boundary plane {122} is
parallel to the rotation axis. The CSL unit cell in the
boundary plane is expressed by R;=ay[4,1,—1]/2 and
R,=a,[011]/2. We deal with an atomic model contain-
ing a glide-plane symmetry and consisting of a zigzag ar-
rangement of five- and seven-membered rings without
any coordination defects. This configuration has been
observed by HRTEM,”*!%12 and has been dealt with
theoretically.!>1%20

The supercell and the k points are the same as those
used in Ref. 19. The supercell contains 144 atoms, where
the distance between the interfaces is about 32.6 A. Only
the translation normal to the interface is permitted by the
symmetric property, and has been optimized by relaxa-
tions of the supercell of 80 atoms by using the transfer-
able SETB method. .

The optimized translation is +0.06 A. The calculated
interfacial energy E,, is 0.32 J/m?. The energy per
boundary atom is 0.11 eV. The relaxed configuration is
stable with small bond-length and bond-angle distortions
ranging from —1.6 to +1.5%, and from —16.2° to
+20.8°, respectively. No electronic states exist inside the
minimum band gap.

The present results are in good agreement with previ-
ous calculations of this boundary using band-structure
calculations,'”'>?° and this shows the validity of the
present scheme. For example, E,, are 0.32, 0.29, and
0.34 J/m? by the SETB method,'* by the ab initio pseudo-
potential method,”® and by the self-consistent tight-
binding method,'® respectively. The absolute values of
the bond-length deviations do not exceed 1.5%,%° and the
bond-length and bond-angle deviations range from —1.9
to +1.5% and from —16.0° to +19.9°, respectively.'’
No states exist inside the minimum band gap.

It should be noted that these features are common to
all previous results for symmetrical tilt boundaries in Si
or Ge based on band-structure calculations, including the
{211} ==3 boundary in Si,'*'® and the (001) tilt boun-
daries in Si (Refs. 16, 17, and 21) and Ge.22 In such cal-
culations, Eg, ranges from 0.26 to 0.46 J/m? in Si. The
maximum absolute values of bond-length and bond-angle
deviations are within several percent and within about
20°, respectively, which cause no states inside the
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minimum band gap, although localized states are fre-
quently generated at the band edges. In the present
study, the results for twist boundaries are compared with
these features of the tilt boundaries in Si or Ge.

B. The (111) =7 twist boundary

The calculated interfacial energies of the 84-atom cells
of the £ =7 boundaries with the rotation angles 38.2° and
98.2° are listed in Table II. In Table II, E; and the num-
bers of the coordination defects or the maximum bond
distortions are also listed. Ey is the uppermost occupied
level from the bulk valence-band maximum, which gives
information about the occupied gap states.

In these two boundaries, Egb ranges from 1.3 to 1.7
J/m?. Several configurations with three-coordinated de-
fects contain larger energies and deep states in the band
gap, although some configurations with no coordination
defects also contain large energies and deep states. The
configurations with no translation parallel to the inter-
face, namely those of Trans. 1, are the most stable in both
the boundaries, and contain no coordination defects.
However, these configurations have much larger interfa-
cial energies than the tilt boundaries, and contain shallow
states in the band gap as indicated by the values of Eg.
This is because the maximum values and densities of the
bond distortions are larger than those of the tilt boun-
daries.

The relaxed configurations of the 84-atom cells are
shown in Figs. 7 and 8. In both the boundaries, the most
stable configurations of Trans. 1 contain seven interfacial
bonds in the CSL unit cell. Within these seven interfacial
bonds, one type of bond at the coincidence sites, namely
at the corners of the CSL unit cells shown in Figs. 7 and
8, has very small bond distortions because this bond is
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parallel to the rotation axis. The other six interfacial
bonds in the unit cell have larger bond distortions.

Concerning the boundary of 38.2° shown in Fig. 7, the
bonding network of the configuration of Trans. 3 is simi-
lar to that of Trans. 1. In the configuration of Trans. 2,
as compared with that of Trans. 1, two interfacial bonds
in the CSL unit cell are broken, one new bond is formed,
and two dangling bonds remain. The bonding networks
of the configurations of Trans. 4 and Trans. 5 are similar
to that of Trans. 2. In the configuration of Trans. 6 as
compared with that of Trans. 3, two interfacial bonds in
the CSL unit cell are broken, one new bond is formed,
and two dangling bonds remain.

About the boundary of 98.2° shown in Fig. 8, the bond-
ing network of the configuration of Trans. 2 is similar to
that of Trans. 1. The configuration of Trans. 3 is formed
by switching three interfacial bonds in the CSL unit cell
of the configuration of Trans. 2. In the configuration of
Trans. 4 as compared with that of Trans. 2, two interfa-
cial bonds in the CSL unit cell are broken, one new bond
is formed, and two dangling bonds remain.

In both the boundaries, the changes of the
configurations from those of Trans. 1 by the translations
parallel to the interface can be explained as follows.
When the translations parallel to the interface are small,
the bonding network is not changed, although the ener-
gies and bond distortions are increased. Large transla-
tions cause the switching of the interfacial bonds, and
sometimes result in the generation of three-coordinated
defects.

The configurations of Trans. 1 are the most stable for
both boundaries. However, the energy minima at Trans.
1 against the rigid-body translations do not seem to be so
sharp or deep for both the boundaries. In order to exam-
ine this point more quantitatively, we have performed re-

TABLE II. Energies and structural disorder of the (111) £=7 twist boundaries in Si against the
rigid-body translations calculated by using 84-atom cells. The translations parallel to the interface are
expressed by fractions of the CSL vectors. T, is the translation normal to the interface used in the cal-
culations, which is optimized by the Stillinger-Weber potential. Eg, is the interfacial energy. Ep is the
highest occupied level from the bulk valence-band maximum. In the column for structural disorder,
the numbers of three-coordinated [dangling bond (DB)] or five-coordinated defects [floating bond (FB)]
in the CSL unit cell are listed. In cases with no coordination defects, maximum bond-length and bond-

angle deviations are listed.

Trans. No. Translation To‘, Eg Er
(XR,;, XR,) (A) (J/m?) (eV) Structural disorder

2=7 boundary of 38.2°
Trans. 1 (0.0, 0.0) -0.1 1.31 0.20 +4.5%, —24.0°
Trans. 2 (3> o) —0.1 1.38 0.66 DB:2
Trans. 3 (3rr %) —0.1 1.38 0.27 +5.9%, —27.1°
Trans. 4 (3p> =) —-0.1 1.33 0.65 DB:2
Trans. 5 (3 ) —0.1 1.38 0.65 DB:2
Trans. 6 (Fs 37) —0.1 1.69 1.15 DB:2

3 =17 boundary of 98.2°
Trans. 1 (0.0, 0.0) —0.1 1.32 0.41 +4.6%, —25.1°
Trans. 2 (3r> 3 —0.1 1.39 0.59 +6.6%, —28.9°
Trans. 3 (3 ) —0.1 1.51 0.45 +6.5%, —28.7°
Trans. 4 (% 2) —0.1 1.50 1.02 DB:2




laxations of the 168-atom cells of the boundaries of 38.2°
and of 98.2° with Trans. 1 and the optimized translations
normal to the interface, +0.10 A and zero, respectively.
The configurations and energies obtained are not so
different from those of the small cells shown in Figs. 7
and 8. Egb of the boundary of 38.2° is 1.28 J/m?, and
that of 98.2° is also 1.28 J/m?, although the latter is a lit-
tle larger. The energy per boundary atom is 0.51 eV for
both the boundaries. The bond-length and bond-angle
distortions of the boundary of 38.2° range from —1.4 to
+4.6% and from —23.5° to +21.3°, respectively, and
those of the boundary of 98.2° range from —1.4% to
+4.9% and —25.0°to +22.1°.

It is clear that the energy minima at Trans. 1 in both
boundaries are not so deep. The relaxed configurations of
Trans. 1 contain larger absolute values and densities of
bond distortions and larger interfacial energies than those
of the tilt boundaries. In particular, large bond stretch-
ings exist at the interfacial bonds and the neighboring
back bonds, except for the bonds at the coincidence sites.

These bond distortions of Trans. 1 generate shallow
states at the band edges. In these configurations of
Trans. 1, all the valence-band-edge states are occupied,
and E| indicates the uppermost valence-band-edge state.
It has been found that the value of Er become gradually
smaller through the relaxation procedure, and the values
of Ep for the 184-atom cells are smaller than those for
the 84-atom cells because of relatively small degrees of
bond distortions. The E of the 98.2° boundary for the
184-atom cell is 0.18 eV. The E of the 38.2° boundary
for the 184-atom cell is 0.05 eV because of only a few
shallow states at the valence-band edge. However, in this
boundary, there remain empty shallow states at the
conduction-band edge.

Generally, the configurations of the (111) =7 twist
boundaries are not so complicated compared with the
other twist boundaries described in the following subsec-
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FIG. 7. Relaxed atomic
configurations of the (111)
2 =17 twist boundary in Si with a
rotation angle of 38.2°, against
the rigid-body translations. The
atomic configurations for the six
translations in the irreducible
part of the DSC unit cell are
shown by the same arrangement
as the translations in Fig. 4(a).
Interfacial energies of respective
configurations are also shown in
units of J/m?.

tions. It seems that the features of energies and
configurations against the translations obtained by the
small cells are valid enough, although the translations
normal to the interface are not strictly optimized. This
simplicity can be explained by the morphology of the
ideal (111) surfaces, where respective surface atoms have

FIG. 8. Relaxed atomic configurations of the (111) ==7
twist boundary in Si with a rotation angle of 98.2°, against the
rigid-body translations. The atomic configurations for the four
translations in the irreducible part of the DSC unit cell are
shown by the same arrangement as the translations in Fig. 4(b).
Interfacial energies of respective configurations are also shown
in units of J/m?.
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only one dangling bond pointing to the direction normal
the surface. It is possible to construct configurations of
interfaces without any coordination defects for proper
translations, by creating interfacial bonds with such dan-
gling bonds facing each other at the interface. However,
large bond distortions, especially bond stretchings, are
inevitably introduced, except at the sites of good coin-
cidence, because the configurations of ideal (111) surfaces
do not have enough of a degree of freedom for relaxation.

C. The {011) ==3 twist boundary

The calculated interfacial energies of the 60-atom cells
of the =3 boundary with the rotation angle 109.5° are
listed in Table III. E, ranges from 1.1 to 3.1 J/m?. The
configurations with no coordination defects and relatively
small bond distortions have relatively small energies, and
the most stable configuration is that of Trans. 1. Howev-
er, this configuration also has a much larger interfacial
energy than that of the tilt boundaries, and contains shal-
low states in the band gap, because of the large density
and absolute values of bond distortions.

The relaxed configurations of the 60-atom cells are
shown in Fig. 9. The bonding network of the
configuration of Trans. 2 is similar to that of Trans. 1.
The bonding networks of the configurations of Trans. 5
and Trans. 8 are similar to that of Trans. 7. In the
configurations of these two groups of the same bonding
networks, there exist six interfacial bonds without any
coordination defects, and two four-membered rings with
large bond distortions in the CSL unit cell, respectively.
In these two groups of configurations, the configurations
of Trans. 1 and Trans. 7 are the most stable, respectively.
It can be said that there exist two shallow energy minima
at Trans. 1 and Trans. 7 against the rigid-body transla-
tions, although the configurations at these energy minima
still contain larger bond distortions and energies than
those of the tilt boundaries.

In the configurations between these energy minima,
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larger bond distortions or five-coordinated defects are in-
troduced, or very complex structures are generated. The
main difference between the configurations of Trans. 1
and Trans. 7 is the bonding network at one of the three
atomic chains along the [2,—1,1] direction in the CSL
unit cell. The configuration of Trans. 4 between these
two configurations contains the intermediate structure
with five-coordinated defects at this atomic chain. The
configurations with large translations along the
[—1,—1,1] direction such as those of Trans. 3, Trans. 6,
and Trans. 9 are very complex, and contain very large in-
terfacial energies with five-coordinated defects or large
bond distortions. In these configurations, several bonds
along the (011) surfaces are broken, and are used to form
interfacial bonds.

In order to examine the energy minimum at Trans. 1,
we have performed the relaxation of the 156-atom cell of
this boundary with Trans. 1 and the optimized transla-
tion normal to the interface, +0.10 A. However, the
configuration and energy obtained are not so different
from those of the 60-atom cell shown in Fig. 9. E,, is
1.02 J/m?, and the energy per boundary atom is 0.33 eV.
The bond-length and bond-angle distortions range from
—2.4 to +2.0% and from —35.5° to +28.5° respective-
ly. In particular, there exist large bond-angle distortions
associated with the two four-membered rings in the unit
cell. All the valence-band-edge states are occupied, and
Ep is 0.16 eV, which is the same as the value of the 60-
atom cell.

It can be said that this energy minimum at Trans. 1 is
not so deep. This configuration contains larger absolute
values and density of bond distortions, and a larger inter-
facial energy than those of the tilt boundaries. This
configuration contains the shallow states at the valence-
band and conduction-band edges inside the minimum
band gap because of the bond distortions.

We have also performed a relaxation of the 156-atom
cell of this boundary with Trans. 4 and the optimized
translation normal to the interface, +0.10 A. The

TABLE III. Energies and structural disorder of the (011) =3 twist boundary in Si against the
rigid-body translations calculated by using 60-atom cells. The translations parallel to the interface are
expressed by fractions of the CSL vectors. T, is the translation normal to the interface used in the cal-
culations, which is optimized by the Stillinger-Weber potential. E, is the interfacial energy. Ey is the
highest occupied level from the bulk valence-band maximum. In the column for structural disorder,
the numbers of three-coordinated [dangling bond (DB)] or five-coordinated defects [floating bond (FB)]
in the CSL unit cell are listed. In cases with no coordination defects, maximum bond-length and bond-

angle deviations are listed.

Trans. No. Translation 70‘, Eg Ep
(XR;, XR,) (A) (J/m?) (eV) Structural disorder

Trans. 1 (0.0, 0.0) +0.4 1.13 0.16 +3.1%, —35.8°
Trans. 2 (%, 0.0 +0.4 1.33 0.18 +4.0%, —35.9°
Trans. 3 (4, 0.0 +0.3 2.69 1.33 +4.9%, +40.1°
Trans. 4 0.0, ) +0.3 1.21 0.47 FB:2

Trans. 5 (> 15) +0.1 1.46 0.53 +9.1%, —30.6°
Trans. 6 Ly —0.2 1.73 0.29 +74%, +24.6°
Trans. 7 ©.0, b +0.3 1.19 0.16 +6.7%, —26.1°
Trans. 8 (35 ¢ +0.3 1.38 0.27 +6.9%,—27.1°
Trans. 9 © 3 —0.1 3.05 1.41 FB:12
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configuration obtained has a bonding network similar to
that of Trans. 7. Thus the configuration of Trans. 4 with
five-coordinated defects by the 60-atom cell shown in Fig.
9 seems to be only quasistable. However, the interfacial
energy is almost the same as that of the 60-atom cell (1.21
J/m?), and bond distortions as large as +8.1% and
—28.9° are contained.

Generally, the configurations of the (011) ==3 twist
boundary are not so complicated compared with the
{001) ==S5 twist boundaries described in Sec. IVD. It
seems that the features of energies and configurations
against the translations obtained by the small cells are
valid enough, although the translations normal to the in-
terface are not strictly optimized. For translations such
as Trans. 1 and Trans. 7, where the atomic rows along
the [2, —1,1] direction of the two (011) surfaces coincide
with each other at the interface, relatively stable
configurations without any coordination defects can be
constructed. This is also related to the morphology of
the ideal (011) surface, where respective surface atoms
have only one dangling bond, as well as to the ideal (111)
surface. However, surface atoms are connected to each
other by the bond along the surface, and dangling bonds
of neighboring surface atoms have different directions.
Thus configurations of interfaces frequently contain
four-membered rings with large bond-angle distortions.

D. The (001) =5 twist boundary

The calculated interfacial energies of the 60-atom cells
of the = =35 boundaries with the rotation angles 36.9° and
53.1° are listed in Table IV. E,, ranges from 2.2 to 2.9
J/m? for the boundary of 36.9°, and from 2.5 to 3.0 J/m?
for the boundary of 53.1°. It seems that the
configurations for the boundary of 36.9° have slightly
smaller energies than those for the boundary of 53.1°
However, the interfacial energies for both boundaries are
very large compared with the {(111) =7 and (011)
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FIG. 9. Relaxed atomic
configurations of the (011)
2=13 twist boundary in Si with a
rotation angle of 109.5°, against
the rigid-body translations. The
atomic configurations for the
nine translations in the irreduc-
ible part of the DSC unit cell are
shown by the same arrangement
as the translations in Fig. 5. In-
terfacial energies of respective
configurations are also shown in
units of J/m?.

2=3 boundaries. Three- or five-coordinated defects are
frequently contained, and there exists a configuration
with two-coordinated defects. Configurations with no
coordination defects have very large bond distortions
such as bond-angle distortions over +50°. All the
configurations contain deep states in the band gap.

The relaxed configurations of the 60-atom cells are
shown in Figs. 10 and 11. The configurations are very
complex as compared with the other twist boundaries.
All the configurations for the boundary of 36.1° shown in
Fig. 10 have different bonding networks. The differences
between the bonding networks of the configurations with
neighboring translations in Fig. 10 can be explained by
bond switching among the interfacial bonds and dimer
bonds along the surfaces.’> For example, the
configuration of Trans. 1 is generated from that of Trans.
4 by breaking one interfacial bond and one dimer bond at
the five-coordinated defect, and by forming one new in-
terfacial bond in the CSL unit cell. Thus two three-
coordinated defects and only one dimer bond exist in the
CSL unit cell of Trans. 1. The configuration of Trans. 2
is generated from that of Trans. 1 by breaking two inter-
facial bonds, and by forming one dimer bond and one in-
terfacial bond in the CSL unit cell. Thus the position of
one three-coordinated defect is changed. The
configuration of Trans. 5 is formed from that of Trans. 2
by breaking one dimer bond, and by forming one dimer
bond and one interfacial bond, which eliminates the
three-coordinated defects in the CSL unit cell.

About the configurations of the boundary of 53.1°
shown in Fig. 11, the bonding networks of the
configurations of Trans. 7 and Trans. 8 are similar to that
of Trans. 4, where four dimer bonds and four five-
coordinated defects exist in the CSL unit cell. The other
configurations have different bonding networks. The
differences between the bonding networks of the
configurations with neighboring translations in Fig. 11
can also be explained by the bond switching among the
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FIG. 10. Relaxed atomic configurations of
the (001) =35 twist boundary in Si with a ro-
tation angle of 36.9°, against the rigid-body
translations. The atomic configurations for the
seven translations in the irreducible part of the
DSC unit cell are shown by the same arrange-
ments as the translations in Fig. 6(a), with the
exception of the enclosed structure of Trans. 7.
Interfacial energies of respective
configurations are also shown in units of J/m?2.

TABLE IV. Energies and structural disorder of the {001) =35 twist boundaries in Si against the
rigid-body translations calculated by using 60-atom cells. The translations parallel to the interface are
expressed by fractions of the CSL vectors. 7, is the translation normal to the interface used in the cal-
culations, which is optimized by the Stillinger-Weber potential. E,, is the interfacial energy. Ej is the
highest occupied level from the bulk valence-band maximum. In the column for structural disorder,
the numbers of three-coordinated [dangling bond (DB)] or five-coordinated defects [floating bond (FB)]
in the CSL unit cell are listed. TD also indicates the number of two-coordinated defects in the CSL
unit cell. In cases with no coordination defects, maximum bond-length and bond-angle deviations are

listed.
Trans. No. Translation T;‘ E,, Er
(XR,, XR,) (A) (J/m? (eV) Structural disorder

3 =35 boundary of 36.9°
Trans. 1 (0.0, 0.0) +0.1 2.23 0.71 DB:2
Trans. 2 (35, 0.0) +0.1 2.30 0.60 DB:2
Trans. 3 ({5, 0.0) +0.4 2.42 1.17 DB:6
Trans. 4 0.0, ) +0.1 2.52 1.17 DB:1, FB:1
Trans. 5 (3% 35) +0.1 2.22 0.60 +6.6%, +53.0°
Trans. 6 0.0, 1) +0.3 2.86 0.93 FB:4
Trans. 7 (% 25) +0.1 2.34 1.05 DB:2

3=5 boundary of 53.1°
Trans. 1 (0.0, 0.0) +0.0 2.99 1.16 DB:2, FB:2
Trans. 2 (55 0.0) +0.7 2.69 0.93 DB:4, TD:2
Trans. 3 (%, 0.0) +0.5 2.69 1.12 DB:2
Trans. 4 0.0, 55) +0.2 2.80 1.08 FB:4
Trans. 5 (35> 2) +0.2 2.48 1.07 DB:1, FB:1
Trans. 6 (> 25) +0.1 2.56 0.72 +9.7%, +53.1°
Trans. 7 0.0, ) +0.2 2.70 1.12 FB:4
Trans. 8 (355 %) +0.2 2.76 1.17 FB:4
Trans. 9 (%> 1) +0.1 2.48 1.26 +14.7%, +50.1°




interfacial and dimer bonds. For example, the
configuration of Trans. 5 is constructed from that of
Trans. 4 by breaking one dimer bond, one interfacial
bond, and one back bond between the first and second
layers in the CSL unit cell, and by forming one new inter-
facial bond. Thus the configuration of Trans. 5 contains
three dimer bonds, one five-coordinated defect, and one
three-coordinated defect at the second layer in the CSL
unit cell. The configuration of Trans. 6 is generated from
that of Trans. 5 by breaking one dimer bond and two in-
terfacial bonds and by forming two interfacial bonds and
one back bond, which eliminates all the coordination de-
fects. The configuration of Trans. 9 is formed from that
of Trans. 6 by switching two interfacial bonds in the CSL
unit cell.

In both the boundaries, the configurations are very
complex, and it seems that there exist no sharp or deep
energy minima against the rigid-body translations. The
configurations of Trans. 5 and Trans. 1 for the boundary
of 36.9°, and those of Trans. 5 and Trans. 9 for the
boundary of 53.1° seem to be relatively stable. However,
the reason why these configurations are relatively stable
is not so clear compared with the shallow energy minima
observed in the (111) =7 and (011) 2 =3 boundaries.
There exists no clear tendency for the energies and atom-
ic structures against the translations, which is very
different from the other twist boundaries. Thus it might
be possible that other stable configurations with different
bonding networks are generated for other values of
translations normal to the interface.

In order to examine relatively stable configurations, we
have performed the relaxation of the 140-atom cell of the
boundary of 36.9° with Trans. 5 and the optimized
translation normal to the interface, +0.08 A. We have
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FIG. 11. Relaxed atomic configurations of
the (001) 3 =5 twist boundary in Si with a ro-
tation angle of 53.1°, against the rigid-body
translations. The atomic configurations for the
nine translations in the irreducible part of the
DSC unit cell are shown by the same arrange-
ment as the translations in Fig. 6(b). Interfa-
cial energies of respective configurations are
also shown in units of J/m?.

obtained a configuration with no coordination defects but
with a bonding network different from that of Trans. 5 by
the 60-atom cell shown in Fig. 10 in spite of the small
difference in the translation normal to the interface.
However, the energy and bond distortions are still very
large. E, is 2.05 J/m?, and the bond-length and bond-
angle distortions range from —2.5 to +16.0% and
—24.4° to +37.3° respectively. The energy per bound-
ary atom is 0.9 eV, which is much larger than those of
the (111) ==7 and {011) 2 =3 boundaries. Compared
with the configuration of Trans. 5 by the 60-atom cell,
the large bond-angle distortions over + 50° are eliminated
by switching two dimer bonds and two interfacial bonds
in the unit cell. However, very large bond-length distor-
tions over +16% are introduced. The Ep of this
configuration is 0.22 eV. The large bond distortions of
this configuration generate empty deep states in the band
gap.

We have also performed the relaxation of the 140-atom
cell of the boundary of 36.9° with Trans. 2 and the opti-
mized translation normal to the interface, +0.40 A. The
configuration obtained has a different bonding network
from that of Trans. 2 by the 60-atom cell. In this
configuration, the three-coordinated atom in the lower
crystal in the CSL unit cell shown in Fig. 10 is eliminated
by forming one interfacial bond, which results in the for-
mation of one five-coordinated atom in the upper crystal
in the unit cell. The E,, of this configuration is 2.08
J/m?, which is similar to the value of Trans. 5 above.

It seems that different translations normal to the inter-
face or different sizes of supercells generate various
configurations with different bonding networks for the
same translation parallel to the interface. These results
indicate the possibility that there exist many metastable



49 TIGHT-BINDING STUDY OF GRAIN BOUNDARIES IN Si: ...

configurations with different bonding networks for
respective translations parallel to the interface, and that
there exist many configurations with similar energies for
different translations.

It is clear that the (001) =5 twist boundaries in Si
have special complex features as compared with other
twist boundaries, such as complex configurations without
clear energy minima against the translations, many meta-
stable configurations with different bonding networks in a
similar energy range, and very large interfacial energies
with coordination defects or large bond distortions.
These features of the (001) ==35 boundaries in Si are
essentially similar to those found in the same boundaries
in Ge in Ref. 32. Many configurations shown in Figs. 10
and 11 seem to resemble those of Ge in Ref. 32. Of
course, detailed structures, numbers of coordination de-
fects, and features of energy values are different from
those in Ref. 32, because of the differences in materials,
the definition of the coordination, the translations normal
to the interface, and the method of calculations.

These complex features of the =35 boundaries can be
explained by the morphology of the ideal (001) surface.
In the ideal (001) surface, respective surface atoms con-
tain two dangling bonds pointing to different directions in
contrast to one dangling bond per surface atom in the
ideal (111) and (011) surfaces. This problem causes a
much larger density of dangling bonds per surface area
than those of the ideal (111) and (011) surfaces, and in-
creases the difficulty in constructing stable configurations
with as many dangling bonds reconstructed as possible,
which should result in large interfacial energies with
coordination defects or large bond distortions. This
problem also provides a very high degree of freedom to
construct various configurations through the formation
of dimer bonds or interfacial bonds, which should result
in a large variety of metastable configurations.

V. DISCUSSION

Concerning the comparison with the results in Ref. 30
using the Stillinger-Weber potential, we also performed
relaxations of the present boundaries by using the
Stillinger-Weber potential. It has been found that the
Stillinger-Weber potential tends to generate more five-
coordinated defects and to give smaller energy values for
disordered structures, especially containing five-
coordinated defects, as compared with the present
method. This tendency was observed in calculations of
amorphous Si.*”*® This is caused by the unrealistic ener-
gy decreases associated with overcoordinated defects by
the two-body function in the Stillinger-Weber potential
not properly supplemented by the increases in the three-
body function. We have found that the interfacial ener-
gies of the (111) ==7 boundaries are estimated to be
much smaller by the Stillinger-Weber potential, as report-
ed in Ref. 30, than the present values. This is also caused
by the unrealistic energy decreases due to the two-body
function in the Stillinger-Weber potential, because there
exist many atoms facing each other within the interaction
distance of about 3.8 A of the Stillinger-Weber potential
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at the interfaces of the ( 111) twist boundaries.

By the present calculations, it has been shown that
twist boundaries with three types of rotation axes and
boundary planes have different features of energies and
atomic structures, respectively. The (001) =5 boun-
daries have very complex configurations with very large
energies, and with many coordination defects or very
large bond distortions. There exist many metastable
configurations in a similar energy range, and no clear en-
ergy minima against the translations. On the other hand,
the configurations of the (111) 2=7 and (011) ==3
twist boundaries are not so complicated. There exist cer-
tain tendencies of the energies and configurations against
the rigid-body translations, and relatively stable
configurations without any coordination defects can be
constructed. The different features among these twist
boundaries can be explained by the morphology of
respective ideal surfaces, as discussed in Sec. IV.

However, even in the cases of the {(111) =7 and
(011) ==3 twist boundaries, it should be noted that the
bond distortions and interfacial energies of the most
stable configurations are still much larger than those of
the tilt boundaries. Such configurations exist not at
sharp or deep energy minima but only at shallow energy
minima against the rigid-body translations, differently
from the tilt boundaries.

Thus the present results clearly indicate the possibility
that twist boundaries generally contain greater structural
disorder and larger interfacial energies than tilt boun-
daries in Si. This point also has been discussed in the
theoretical study of the comparison between {001 ) twist
and (001) tilt boundaries in Ge.>* For twist boundaries,
it does not seem to be easy to construct stable
configurations without any large bond distortions or
coordination defects, and with sharp or deep energy
minima against the rigid-body translations like those of
the tilt boundaries, at least when they are constructed by
ideal surfaces.

Of course, it might be possible to construct more stable
configurations for the present twist boundaries by intro-
ducing point defects, by destroying the symmetrical prop-
erties, or by introducing a large-scale reconstruction
beyond the CSL unit cells or beyond several atomic lay-
ers. However, for twist boundaries, it does not seem to
be easy to construct stable configurations like those of the
tilt boundaries from the viewpoint of the structural units.
In stable configurations of the tilt boundaries in Si or Ge,
interfaces are constructed by arranging structural units
consisting of atomic rings such as five-, six-, and seven-
membered rings without any large bond distortions or
coordination defects. It should be noted that this is a
general feature of stable configurations for extended de-
fects in Si or Ge, such as dislocation cores, stacking
faults, or {113} planar interstitial defects, in addition to
tilt boundaries, as discussed in Ref. 50. In the cases of
twist boundaries, such types of stable structural units
cannot easily be constructed, which causes greater
structural disorder and larger interfacial energies for the
present twist boundaries. This is the reason why twist
boundaries are seldom found in polycrystalline Si or Ge
as compared with the tilt boundaries.
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Of course, the observed predominance of the (011) tilt
boundaries in polycrystalline Si (Ref. 51) or Ge should be
related not only to the interfacial energies, but also to the
process of the formation of grain boundaries. It is prob-
able that various (O011) tilt boundaries are formed
through faceting or splitting”*! after preferential forma-
tion of special stable interfaces such as {111} Z=3 tilt
boundaries or {111} stacking faults with very low interfa-
cial energies.!® We believe this point is the reason why
other types of tilt boundaries such as (001) tilt boun-
daries are seldom found in polycrystalline Si. However,
we believe the primary reason why twist boundaries are
seldom found is their high interfacial energies. Concern-
ing this point, it is not impossible that several twist boun-
daries are generated through faceting or splitting from
special stable interfaces, at least crystallographically. For
example, as can be seen in Fig. 9, the interface of the
{111} ==3 tilt boundary can be introduced perpendicu-
larly to the configuration of Trans. 1 of the {011) =3
twist boundary along the [2, —1,1] direction. Also, the
interface of the {211} £ =3 tilt boundary can be intro-
duced perpendicularly to the {011) =3 twist boundary
along the [ —1,—1,1] direction. Thus the £=3 bound-
ary in Si seems to exhibit faceting on the {111} and
{011} or {211} and {011} planes, as well as the {111}
and {211} planes.”’ However, the ==3 boundary ob-
served shows faceting only on the {111} and {211}
planes, and no facets or steps on the {011} plane have
been observed in Si or Ge. In other words, the faceted
3 =3 boundaries are all tilt boundaries on the {111} or
{211} planes, and do not contain (011) twist boundaries
on the {011} plane. We believe this is caused mainly by
the large interfacial energy of the (011) T=3 twist
boundary as compared with the {111} and {211} inter-
faces of the tilt boundaries,'®'® as is shown in the present
calculations.

Finally, the present results indicate that the disordered
configurations of the twist boundaries can be regarded as
models of local configurations of general disordered
boundaries, which are related to the observed band tails
or midgap states in polycrystalline Si. The present twist
boundaries contain shallow or deep states inside the
minimum band gap in contrast to the tilt boundaries.
Thus it is of much interest to investigate the electronic
structures of such disordered configurations. This should
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contribute to an understanding of the origins of the gap
states observed at grain boundaries in Si. Detailed analy-
ses will be given in our following papers.

VI. CONCLUSION

The overall features of energies and atomic structures
at twist boundaries in Si with different rotation axes and
boundary planes—the (111) ==7, (011) X=3, and
(001) ==5 twist boundaries—have been examined by
using the transferable SETB method. The results have
been compared with those of the tilt boundaries in Si. It
has been shown that twist boundaries contain larger bond
distortions or more coordination defects, and much
larger interfacial energies than those of the tilt boun-
daries. It does not seem that deep or sharp energy mini-
ma exist against rigid-body translations for the twist
boundaries. About the (111) =£=7 and (011) ==3
boundaries, configurations without any coordination de-
fects can be constructed for proper translations as well as
for the tilt boundaries. However, these contain larger
bond distortions and much larger interfacial energies
than those of the tilt boundaries, and contain shallow
states in the band gap. The (011) ==35 boundaries have
very complex structures and much larger interfacial ener-
gies than the other twist boundaries, and frequently con-
tain coordination defects and deep states in the band gap.
The different features of the respective twist boundaries
can be explained by the morphology of the respective
ideal surfaces. It can be said that stable structural units
consisting of atomic rings without any large bond distor-
tions or coordination defects similar to those in the tilt
boundaries are difficult to construct for the twist boun-
daries in Si. This is the reason why twist boundaries are
seldom found in polycrystalline Si as compared with the
frequently observed tilt boundaries.
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FIG. 10. Relaxed atomic configurations of
the {001) £=5 twist boundary in Si with a ro-
tation angle of 36.9°, against the rigid-body
translations. The atomic configurations for the
seven translations in the irreducible part of the
DSC unit cell are shown by the same arrange-
ments as the translations in Fig. 6(a), with the
exception of the enclosed structure of Trans. 7.
Interfacial energies of respective
configurations are also shown in units of J/m?.



FIG. 11. Relaxed atomic configurations of
the {001) £=S5 twist boundary in Si with a ro-
tation angle of 53.1° against the rigid-body
translations. The atomic configurations for the
nine translations in the irreducible part of the
DSC unit cell are shown by the same arrange-
ment as the translations in Fig. 6(b). Interfa-
cial energies of respective configurations are
also shown in units of J/m?,
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FIG. 8. Relaxed atomic configurations of the {(111) X
twist boundary in Si with a rotation angle of 98.2°, against the

rigid-body translations. The atomic configurations for the four
translations in the irreducible part of the DSC unit cell are

shown by the same arrangement as the translations in Fig. 4(b).

Interfacial energies of respective configurations are also shown

in units of J/m?.



FIG. 9. Relaxed atomic
configurations of the (011}
2 =13 twist boundary in Si with a
rotation angle of 109.5°, against
_ the rigid-body translations. The
A f P M~ 3 P { atomic configurations for the
:Qf.:‘:t?i--,iﬁtﬁ\ 48T o, 7 o o nine translations in the irreduc-
.(,,.‘4"?.-‘,‘ ,{@!'Jf"\_,. NG, L R ible part of the DSC unit cell are
"’-r’?- t"q’-? &y .' &y .' shown by the same arrangement
as the translations in Fig. 5. In-
terfacial energies of respective
configurations are also shown in
units of J/m?.
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