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Tight-binding study of the electronic structure of amorphous silicon
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We have performed tight-binding calculations on a model of an amorphous silicon sample
generated previously by a molecular-dynamics simulation employing the Stillinger-Weber po-
tential. The sample consists of 588 atoms and contains a high density of Boating-bond defects.
Two tight-binding calculations are presented, one using the widely accepted Chadi parameters,
which include only nearest-neighbor interactions, and the other using the parameters recently
proposed by Allen, Broughton, and McMahan (ABM) [Phys. Rev. B 34, 859 (1986)j for a
nonorthogonal basis set. Comparison of the densities of states shows similar behavior in the
valence band, but the electron density near a defect is less localized with the ABM parameters.
It is also found that the projected density of states on the fivefold-coordinated atoms is very
close to that on the fourfold-coordinated atoms, while the projected density of states on the
threefold-coordinated atoms is distinctly different and has more states in the gap.

Currently, there is much interest in the study of arnor-
phous silicon and, especially, in identification and char-
acterization of the defects in this material. For years
the predominant defect was believed to be the threefold-
coordinated atom or dangling bond. Pantelides, though,
has suggested that the fivefold-coordinated atom or
floating bond is actually the major defect. Different
interpretationss s of the electron-spin-resonance (ESR)
spectra give different conclusions as to which defect ac-
tually dominates. To model the structural properties,
several molecular-dynamics (MD) simulations7 ~2 have
been done using model interatomic potentials. The re-
sulting samples contain predominantly floating-bond de-
fects in most cases. An exception is Ref. 9 in which
the major defects in the amorphous silicon are associ-
ated with dangling bonds.

The electronic structure for these defects is of great
interest and is useful in their characterization. Theoret-
ical studies have been performed for clusters terminated
by Bethe lattices and for the aforementioned MD-
generated samplers where dangling bonds were the major
defect. Since the number of atoms involved is beyond the
present capability of first-principles approaches, all these
calculations used the tight-binding method. These pre-
vious studies showed that the dangling-bond states are
well localized at the central atom while the Boating-bond
states have amplitudes spread over the neighbors of the
fivefold-coordinated atom. Based on the characteristics
of the wave functions, it was suggested that the ESR hy-
perfine splitting is more likely due to the dangling-bond
states. '3 "

In this study we examine the electronic structure of a
model amorphous-silicon sample generated by a recent
MD simulation by Luedtke and Landman . This sam-
ple differs from that used in Ref. 15 in several respects.
It was obtained via direct slow cooling from the melt

with the Stillinger-Weber interatomic potential. ~ The
unit cell consists of 588 atoms, the largest number used
in a simulation to date. The resulting sample contains far
more floating than dang'ling bonds and the overall num-
ber of defects is quite large; about 22% of the 588 atoms
are characterized as coordination defects. Among these
defects, 121 are fivefold-coordinated atoms and only 3 are
threefold coordinated. It therefore allows us to study
easily the effects on the electronic structure of a large
number of floating-bond defects and their mutual inter-
action.

As noted, the tight-binding method is the only prac-
tical option at the present time to study the electronic
structure of a system containing such a large number of
atoms. To make systematic comparisons, we performed
the calculation with two different sets of parameters for
the 8 and p orbitals. The first set of parameters is the
widely adopted one proposed by Chadi. It includes only
the first-nearest-neighbor interaction and a scaling fac-
tor (proportional to inverse-distance square) is used for
different bond lengths. The second set of parameters,
proposed by Allen, Broughton, and McMahan~o (ABM),
is derived by fitting the band structure of several difFer-

ent crystals and involves nonorthogonal overlap integrals.
The overlap and energy integrals are represented by poly-
nomials in terms of the atomic separation. The range of
interaction goes up to the third-nearest neighbors in the
diamond structure. For the calculation of amorphous sil-
icon, we used a distance cutoff of 4.7 A for these param-
eters. A supercell consisting of 588 atoms is constructed
with periodic boundary conditions. There are four or-
bitals per atom, and the resulting Hamiltonian matrix
is of the size 2352x2352. Since the energy dispersion is
expected to be insignificant for this small Brillouin zone,
only the eigenvalues at the I' point are evaluated.

The calculated density of states (DQS) of the amor-
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phous sample is shown in Figs. 1(a) and l(b) for the two
sets of parameters, respectively. The histogram is con-
structed by using an energy interval of 0.25 eV. It is well
known that there are three peaks in the valence-band
density of states of the crystal that correspond to, from
lowest energy to highest, the 8 states, mixed 8-p states,
and p states. Results for the amorphous sample in Fig. 1
show that the first two peaks merge into a shoulder (at
energies below —5 eV) and that the p-state peak (near
—3 eV) is similar to that in the perfect crystal. This
result agrees with what is observed in experiment and
also with previous calculations, even though our sample
has far more fivefold defects.

Although the overall features in the results of the two
sets of parameters are similar, there are some visible dif-
ferences in Figs. 1(a) and l(b). One of them is the po-
sition of the p peak which diAers by about 1 eV in two
curves. Another difFerence is the number of states in the
gap region. Since the number of defects in the sample is

quite high, there are quite a few states in the gap. The
ABM parameters, which include up to the third-nearest-
neighbor interactions, give more states in the gap than
the Chadi parameters, which include only the nearest-
neighbor interactions. It is also worth mentioning that
after summing over occupied bands, the number of elec-
trons per atom can dier by as much as 10' for certain
atoms when diA'erent sets of tight-binding parameters are
used. Thus one has to be cautious in making quantita-
tive comparisons for certain physical properties obtained

from the tight-binding calculations.
In order to investigate the contribution from difer-

ent defects, one needs to examine the projected density
of states on atoms with difFerent coordination numbers.
The weighting is determined by the projection of the
wave functions on individual atoms. The results using
the ABM parameters are plotted in Fig. 2 for three-
fold-, fourfold-, and fivefold-coordinated atoms, respec-
tively. [There are two curves in Fig. 2(b) which will be
discussed later. ] It is interesting to find that the curves
in Figs. 2(b) and 2(c) are very similar, namely, the pro-
jected density of states on the fivefold-coordinated atoms
is almost indistinguishable from that on the fourfold-
coordinated atoms. This makes it diFicult to isolate the
contribution to the density of states from the fivefold de-
fects. There exist states in the gap even for the fourfold—
coordinated atoms because many of them have distorted
tetrahedral bonds and some are neighbors of fivefold de-
fects.

Since states associated with fivefold defects will be
spread over the neighboring atoms, one should in fact
examine the projected density of states on those neigh-

(a) threefold atoms

(b) fourfold atoms

(Q

CD

O

V)

CD

C) (b) ARM

Q
Q
Q

~~0
0 (c) fiv

-15 -10 -5

Energy (ev)

-15 -10 -5 0
Energy (eV)

5

FIG. 1. Calculated density of states for the 588-atom
amorphous-silicon sample using the (a) Chadi (Ref. 19) and

(b) ABM (Ref. 20) tight-binding parameters. The energy zero
is set at the top of the valence band in a perfect crystal.

FIG. 2. Projected density of states for the amorphous
sample on (a) threefold-, (b) fourfold-, and (c) fivefold-
coordinated atoms using the ABM parameters (Ref. 20). For
comparison, the curves have been normalized by the number
of atoms involved. The thick line in (b) indicates the result
for those fourfold-coordinated atoms which are neighbors of
fivefold defects and the thin line for all fourfold-coordinated
atoms.
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boring atoms instead of the central ones. We have iden-
tified those atoms which are neighbors of isolated fivefold
defects (i.e. , all the neighbors of a fivefold defect which
themselves are fourfold-coordinated atoms). The pro-
jected density of states for them is shown by the thick
line in Fig. 2(b). Compared with the result for all of
the fourfold-coordinated atoms [thin line in Fig. 2(b)],
the efI'ect of the fivefold defects can be observed: some
states are pulled from the top of the valence bands and
the bottom of the conduction bands into the gap. The
eA'ect, although visible in our analysis, is not dramatic.
On the other hand, the projected density of states for the
threefold-coordinated atoms [Fig. 2(a)] is significantly
diA'erent from the other three curves in Fig. 2. A much
larger fraction of states are within the gap region and the
efFect is much more prominent.

YVe examine next the electron density around defect
atoms for individual states. For the dangling bonds, we

find that the electron density is much more localized on
the central atom (especially for states in and near the
gap). Figure 3 shows a threefold-coordinated defect along
with the electron densities for a state 0.2 eV below the
Fermi level. This configuration is roughly tetrahedral
with the angles and bond lengths marked in the figure.
The electron population on each atom, calculated by us-

ing ABM parameters, is also shown. (The wave function
of a single state is normalized in such a way that the av-

erage density is 1.0 per atom in the cell. ) It is clear that

the central atom has a much higher electron population,
coming from the dangling bond. This is also found us-
ing Chadi's parameters and is consistent with previous
studies '3 "

The electron densities for the floating bonds are espe-
cially interesting. For some eigenstates, those atoms that
are the central atoms of a Boating bond are more apt to
have lower electron densities than one or two of their
neighboring atoms which may have quite large electron
densities. For some of our floating bonds the electron
density is very large on those atoms which are further
away (but still nearest neighbors) from the central atom.
One configuration is shown in Fig. 4 for a state 0.2 eV
above the Fermi level. The geometry involves a roughly
collinear arrangement (similar to what is said to be the
canonical arrangementi) with the three remaining atoms
and the central atom close to being in a plane or cone
roughly perpendicular to the axis of the nearly collinear
atoms. The atoms involved in these collinear arrange-
ments are usually the farthest or nearly farthest atoms
from the central atom. Therefore, these collinear atoms
(not including the central atom) typically have the largest
electron densities of the particular eigenvalues that we
looked at, although the absolute values could vary quite
considerably in diA'erent atomic configurations.

When comparing the two diA'erent sets of parameters it
is interesting to note that Chadi's parameters give much
higher local electron densities than the ABM parameters,

FIG. 3. Atomic configuration near a threefold-
coordinated atom. The angles and bond lengths are marked.
The electron population of a dangling-bond state (with an en-

ergy 0.2 eV below the Fermi level using the ABM parameters)
is shown on each atom. The wave function is normalized in
such a way that the average density is 1.0 per atom in the
unit cell.

FIG. 4. Atomic configuration near a fivefold-coordinated
atom. Selected angles and bond lengths are marked. The
angle between the three almost-collinear atoms is 162'. The
electron population of a Qoating-bond state (with an energy
0.2 eV above the Fermi level using the ABM parameters) is
shown on each atom. The wave function is normalized in such
a way that the average density is 1.0 per atom in the unit cell.
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even though the latter gives more states in the gap. This
is probably due to the fact that the ABM fitting includes
up to third-nearest neighbors and, therefore, the electron
densities are more spread out over these more distant
neighbors.

In conclusion, we have performed calculations on
the electronic structure of amorphous silicon using the
tight-binding parameters proposed by Chadi (orthog-
onal basis) and by Allen, Broughton, and McMahan
(nonorthogonal basis). The sample which we used in our
study was previously generated by molecular-dynamics
simulations and contains mostly floating-bond defects.
The density of states is fairly similar to that found in
other calculations for samples with fewer defects and in
which the defects are mostly dangling bonds. The pro-
jected density of states on the fivefold-coordinated atoms

is almost identical to that on the fourfold-coordinated
atoms, while the projected density of states on the
threefold-coordinated atoms is significantly dift'erent and
has more states in the gap. We also found that the charge
distribution of a threefold-defect state is largely localized
on the central atom and is localized on neighboring atoms
for a fivefold-defect state; this is consistent with the re-
sults of previous studies. Comparison of the two sets of
parameters shows that the Chadi's parameters give more-
localized charge distribution than the ABM parameters.
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