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The electronic structure of amorphous silicon models has been calculated with the tight-binding pa-
rameters of Chadi. An energy gap of —1.0 eV is obtained for a fully four-coordinated model, whereas

gap states occur for models with coordination defects. Dangling-bond gap states are well localized on
the three-coordinated site. Floating bonds lead to considerably less localized gap states with wave-

function amplitudes on the neighbors of the five-coordinated atom. The hyperfine splittings of these
coordination defects are calculated and compared to experiment.

PACS numbers: 71.25.Mg, 61.40.+b

The dominant paramagnetic defect in amorphous sil-
icon (a-Si) has been commonly believed to be the dan-

gling bond. Recently, however, Pantelides proposed that
the floating bond or 6ve-coordinated silicon atom is an
equally viable native defect in a-Si '

However, Phillips has argued that the growth kinetics
of a-Si 61ms is unfavorable for overcoordination defects,
but should instead favor dangling bonds as the dominant
defect. Stutzmann and Biegelsen observed that the Si
hyperfine data are completely consistent with the
dangling-bond model. Based on defect-state wave func-
tions and energies for Bethe-lattice-terminated nine-
atom Si clusters, Fedders and Carlsson inferred that
the ESR signal in a-Si:H arises from dangling bonds.

In this paper, we wish to clarify the controversy be-
tween the dangling and floating bonds by calculating
their electronic properties and presenting new results on
the differences between these two types of coordination
defects that should be useful for the interpretation of ex-
perimental data. Structural models containing both dan-
gling and floating bonds have been derived by Biswas,
Grest, and Soukoulis (BGS) from molecular-dynamics
simulations of the quenching of a melt of bulk Si. In
contrast to previous calculations, ' we do not ascribe a
speci6c structural geometry to the floating bond, but in-
stead allow it to assume an energetically favorable
configuration consistent with the amorphous network
topology. To meaningfully extract properties of the
coordination defects, we have also performed calcula-
tions for the Monte Carlo a-Si model generated by
Wooten, Winer, and Weaire (W3), in which all atoms
have a coordination of four.

The electronic-structure calculations were performed
with a nearest-neighbor tight-binding model consisting of
the minimal basis of one s and three p Si orbitals and the
tight-binding parameters derived by Chadi. ' The Chadi
tight-binding model has been extensively used to study
structural, electronic, and vibrational properties of crys-
talline Si and Si(111) and Si(100) surfaces with much
success. We have incorporated the standard 1/d scaling
of the interatomic matrix elements, together with a bond
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F&G. 1. Electronic densities of states for the W3 model
(solid line) compared to the BGS model (broken line). All
sites of the W3 model have coordination four, whereas the
BGS model has three- and five-coordinated atoms.

cutoff that is between the first and second peaks of the
radial distribution function g(r) of the a-Si models. The
interatomic interaction is described by the sum of the
electronic band-structure energy, and a repulsive two-
body potential is derived" by subtracting the band-
structure energy from accurate 6rst-principles total-
energy calculations for the diamond Si structure. '

The atomic positions obtained by the classical W3 and
BGS models (216 atoms) were used as input for the
tight-binding electronic-structure approach and the posi-
tions were then relaxed to the lowest energy. Within the
Chadi parametrization, a well-defined gap of —1.0 eV
exists for the four-coordinated relaxed W3 model (see
Fig. 1). The valence density of states (DOS), especially
the position of the p peak and the bandwidth, is in very
good agreement with photoemission measurements. '

The conduction band, however, is not given accurately
from Chadi's scheme, but this is less important for our
studies. In contrast to the W3 case, the relaxation of the
BGS atomic positions substantially reduced the gap
DOS from the structure obtained with the unrelaxed po-
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F&G. 3. Local structural geometries at (a) a dangling-bond
site, (b) a floating-bond site, and (c) a highly distorted four-
coordinated atom. The amplitudes of the wave functions of the
gap states generated by each configuration are shown, together
with representative bond lengths and bond angles.
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sitions. After this relaxation step, the BGS model had
twelve dangling bonds and four floating bonds. 27

We find that the DOS in the gap region arises from
either (i) dangling bonds, (ii) fioating bonds, or (iii)
strongly disordered four-coordinated sites. The projected 2.34 2.32 A
DOS on sites of diff'erent coordination (Fig. 2) displays 0.086

the large contributions of dangling bonds to the gap 2.35 A
states Wit. hin the Chadi model, neutral (D ), negative-0 ~ .002

ly charged (D ), and positively charged (D +) 23l A

dangling-bond states exist. The relative positions of
these charge states cannot be determined reliably with

O. I I I
the present scheme, although the D, D, and (D+) lev-

els comprise the lower (upper) peaks. Since the Chadi
parameters can overemphasize charge-transfer effects, a 56 93

Hubbard on-site repulsion (U) of 1.0 eV was used in the
calculations of Fig. 2, similar to previous calculations for 127

the Si(111)surface. '

The wave functions of the dangling bonds are very
strongly localized. We found two strongly localized
midgap states in each of which —57% of the wave func- a
tion was centered on the dangling bond, together with sso

very small amplitudes on neighboring atoms [Fig. 3(a)].
l39 21 I

The finite size of our a-Si model resulted in the hybridi-
zation among dangling-bond states. Interactions be-

I 14

tween defects in finite-size models have been noted in
1ST

previous work. ' To isolate individual dangling bonds,
we introduced "terminator" atoms on all dangling bonds
except the one being studied. The terminators had a sin-

gle s orbital with a site energy E, 0 and the same ss
and sp interactions as in Si. The terminators played a
role similar to H in a-Si:H in reducing gap states and
opening a gap of 0.45 eV in our model. This led to gap
states in which 40%-50% of the wave function was local-
ized on individual dangling bonds. These strongly local-
ized dangling-bond states are consistent with ESR re-
sults.

Saturating all dangling bonds in our model with termi-
nator atoms removes the interactions between dangling and floating bonds among the gap states. Each of the four float-
ing bonds in the model lead to a separate state either in the valence-band tail or in the gap region. In each of these
states (Table I), the amplitude of the wave function is vanishingly small on the central five-coordinated atom, but is dis-



VOLUME 63, NUMBER 14 PHYSICAL REVIEW LETTERS 2 OCTOBER 1989

Wave-function amplitudes, s and p components, and hyperfine shifts in the im-
mediate environment of the floating bonds (fb) and dangling bonds (db).

Energy
(eV)

—0.48
fb

0.25
fb

Atom

214
49

192
43
67

194
165
211
199
93

145

Coordination

0.003
0.147
0.131
0.104
0.036
0.023
0.003
0.184
0.124
0.123
0.066

2
CZj

0.31
0.22
0.23
0.08
0.16

0.13
0.07
0.08
0.22

p2

0.69
0.78
0.77
0.92
0.84

0.87
0.93
0.92
0.78

2 2
Qu gj

0.046
0.029
0.024
0.003
0.004

0.024
0.009
0.010
0.015

67
42
35

4
5

36
13
14
22

Si(111) ideal
Si(111)M 0.53 A

0.191
0.106

0.809
0.894

0.59
db

0.79
db

118
116
176
171
103
176
172
173
171

0.573
0.052
0.038
0.031
0.401
0.065
0.039
0.035
0.031

0.01
0.37
0.12
0
0.04
0.31
0.44
0.33
0.63

0.99
0.63
0.88
1.0
0.96
0.69
0.56
0.67
0.37

0.005
0.020
0.005
0
0.016
0.020
0.017
0.012
0.016

7
29

7
0

23
30
25
17
23

tributed over 3-5 four-coordinated neighbors of the
five-coordinated atom. More than half of the wave func-
tion is delocalized outside this six-atom cluster. The an-
isotropic nature of the wave function can be observed in
Fig. 3(b). These conclusions are consistent with the re-
sults of Fedders and Carlsson for canonical floating-
bond con flgurations.

These results for the floating-bond wave function are
physically plausible, since the four sp hybrids on the
five-coordinated atom should be occupied. The extra
floating bond then leads to an unpaired electron spin on
the neighboring atoms. Our results indicate this un-

paired electron is somewhat delocalized and can resonate
between three or four of the neighbors. We stress that
the picture of the floating bond consisting of a single
dominant site involving an unpaired electron spin with

one secondary atom' is inconsistent with our results.
A significant diQ'erence in the structural geometry at

the 6ve-coordinated sites in our a-Si model and the
"ideal" floating-bond configuration is the absence of
three collinear atoms. The 180 bond angle associated
with the collinear geometry generates considerable angu-

lar strain which is relieved by a lower-symmetry
structural distortion.

Electron-spin-resonance spectra' in a-Si:H indicate a
hyper6ne line with a splitting of —74 G from the central
ESR signal, arising from the interaction of an unpaired
electronic spin with a Si nuclear spin. The hyperfine

data have been interpreted as evidence both for' and
against ' the floating-bond con6guration. We examine
the hyper6ne splitting expected in our model, which is
given by

Here pj and Ij are the nuclear magnetic moment and
nuclear spin of Si. ps is the Bohr magneton. aj, p~,
and gj are the s and p components and amplitudes
of the electronic wave function on site j defined by

( y) P~q~(a~ )sj)+PJ (pj)), with aj +PJ 1. They are
given in Table I. We adopted the value of 31.5X10
cm from Ref. 19 for the electronic valence s wave
function at the nuclear site.

The floating-bond wave functions have large s com-
ponents aj Although the individual amplitudes gj on
the sites surrounding the five-coordinated atom are
small, a substantial product a~ gj is possible, resulting in
a distribution of hyper6ne splittings between —25 G and
67 G (Table I). This leads to an overall broadening of
the ESR line, rather than a sharp hyperfine feature. The
distribution of hyperfine splittings arises from the delo-
calized nature of the floating-bond wave function.

The s and p characters of the dangling bonds are very
sensitive to the structural geometry. In our a-Si model,
the dangling bonds are mostly p-like with a~ between
0.001 and 0.05, which leads to very small hyperfine split-

1493



VOLUME 63, NUMBER 14 PHYSICAL REVIEW LETTERS 2 OCTOBER 1989

tings. Results for the other dangling bonds are very
similar to the representative results in Table I. This is in
direct contrast to the Si(111) surface dangling bonds,
~here the s character is much larger, with aj- varying
from 0.19 for the unreconstructed case to —0.10 for an
inward surface relaxation of 0.53 A (Table I). The sur-
face calculations were also performed with the present
tight-binding model which, in fact, energetically favors
the unrelaxed Si(111) configuration rather than a more
planar geometry. The reduced s character of the a-
Si-model dangling bonds is due to large bond-angle dis-
tortions at these sites [e.g. , Fig. 3(a)I. We emphasize
that both strong localization as well as substantial s
character is needed to account for the hyperfine spectra.
One interpretation is that the observed hyperfine spectra
could arise from a class of dangling bonds that have a
narrow structural distribution very similar to the Si(111)
surface. Such dangling bonds may occur on the surfaces
of microvoids.

Finally, strongly disordered four-coordinated atoms in

both the BGS and W3 model give rise to DOS peaks in

the valence-band tail. These states emerge in DOS pro-
jected on individual atoms and are relatively insensitive
to the presence of terminator atoms. Four-member rings

of atoms, that have large bond-angle deviations, lead to
states in the valence tail (between —0.8 and —0.6 eV).
Individual atoms with large bond-angle deviations he, ,
exceeding 25' [see Fig. 3(c)],or weak Si—Si bonds, lead
to states that are less localized than either the dangling-
or floating-bond states. The large structural distortions
pull out bonding and antibonding states from the valence
and conduction bands and bring them towards midgap,
resulting in band-tail states.

In conclusion, floating bonds have substantially less lo-
calized wave functions than dangling bonds. Their wave
functions are centered on the neighbors of the five-

coordinated atom giving rise to a distribution of
hyperfine splittings.

We note, however, that there may be kinetic factors
that do not favor five-coordinated atoms. In previous
work, we found that introduction of microvoids in a-Si
networks decreased by an order of magnitude the num-
ber of floating bonds. This is due to the ability of the
floating bonds to diffuse easily and reach an internal sur-
face, where they could recombine with dangling bonds.
Discussion of such kinetic factors is an aspect for further
study.
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