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A nonempirical localized-orbital approach is used to calculate the electronic structure of As, S3, As4S4, As2Se3,

As4Se4, and As, Te, crystals. Contributions of s, per, and p lone-pair orbitals to the various molecular levels are
illustrated. Densities of occupied states agree closely with experimental photoemission data. The fundamental

absorption edges in As, S, and As, Se, are found to correspond to indirect gaps, but with several other indirect
and direct transitions within a few tenths of an eV of the indirect edge, consistent with most of the optical-
absorption studies. The method is readily applicable to the electronic structure of fully coordinated random

networks but because of the severe self-consistency problems we are unable to tackle problems associated with

thermal relaxation at wrongly coordinated atoms.

I. INTRODUCTION

Although the electrical and optical properties
of the arsenic chalcogenides and other V-VI com-
pounds have been the subject of a great deal of
experimental and theoretical effort, ' ' we still
have comparatively little firm knowledge about
electron states in these materials. In the crystal-
line form unit cells are large, typically containing
twenty atoms, and no first-principles band-struc-
ture calculations have been performed. However,
it is important to have a clear understanding of the
electronic structure of such crystals before we
can hope to reach any meaningful conclusions about
the local bonding structure in the chalcogenide
glasses or to interpret the processes involving
localized states in these materials.

The techniques of x-ray and ultraviolet photo-
emission spectroscopy have been used to deter-
mine the valence-band density of states of many
crystalline and amorphous compounds of this
class' ' of materials. The present work reports
a nonempirical calculation of the electronic struc-
ture of several chalcogenides and finds densities
of occupied states in very close agreement with the
photoemission data. The contributions of s, po,
and p lone-pair orbitals to the various molecular
levels are illustrated.

The fundamental absorption edges in As,S, and

As,Se, are found to correspond with indirect gaps
in the band structure; these are complicated by
the presence of other indirect and direct transi-
tions within a few tenths of an eV of the indirect
edge, consistent with most of the optical-absorp-
tion data. Finally, a brief consideration is given
to the localized states associated with a few of the
types of defects which could occur in these sys-
tems and their relationship to the model put for-
ward by Anderson' and extended by Street, Mott,
and Davis" to explain some of the properties of

amorphous materials.
As, S, occurs as orpiment in a monoclinic struc-

ture" with eight As atoms and 12 S atoms in the
unit cell. Every atom satisfies its normal valence
requirements; each S atom is bonded to two near-
est-neighbor As atoms with a bond angle close to
90' while As atoms are coordinated to three S
atoms in a triangular pyramidal unit. The result-
ing structural network consists of infinite layers
of puckered As-S bonds in a plane containing the
a and c axes with weak bonding between the layers.
Cleavage in the crystal occurs along planes per-
pendicular to the b axis. Within the sheets the
As,S, molecules form spiral chains parallel to the
c axis and there is some similarity to the struc-
ture of selenium. As, S, (realgar) is a molecular
crystal containing eight atom units" in which the
atoms retain their expected near-neighbor coor-
dination but each As atom is now bonded to two S
atoms and one As atom. As,Se„"and As,Se„"
are isomorphous with orpiment and realgar, re-
spectively.

The structure of crystalline As, Te, is quite dif-
ferent from the other two arsenic chalcogenides' '5;
all Te atoms occupy threefold coordinated sites
while the As sites are either tetrahedrally or oc-
tahedrally coordinated. However, it appears that
this unusual coordination does not carry over into
amorphous As, Te, films. " Illustrations of the
atomic arrangements in all these crystal struc-
tures may be found elsewhere. """

The only previous calculations of orbital ener-
gies in the orpiment-structure crystals are those
of Chen, "Bishop, and Shevchik' and Gubanov and
Dunaevskii. " Chen used the extended Huckel pa-
rametrization to derive the energies of an appro-
priate set of hybridized basis orbitals but he did
not calculate an electronic density of states. His
predicted valence-band widths are much smaller
than those observed by photoemission studies. 4
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Bishop and Shevchik4 applied a very simple tight-
binding model to fit their observed photoemission
spectra. They simulated an isolated layer of
crystalline As2S, or As,Se, by a unit cell contain-
ing five atoms and 20 basis functions (s and p or-
bitals). Orbitals were not permitted to interact
beyond nearest neighbors and matrix elements for
these interactions were determined mainly from
the experimental density of states of the consti-
tuent elements. From this model Bishop and

Shevehik deduced a band structure in fair agree-
ment with the experimental data (Fig. l) which
feature a broad s band 10—15 eV below the Fermi
level, a bondinglike p band at about 4 eV and non-
bonding p bands at 1 eV.

Qubanov and Dunaevskzj. "performed an approx&-
mate pseudopotential calculation using a modified
Lowdin procedure. The great complexity of the
structure made the standard pseudopotential meth-
od unsuitable, but the perturbation-theory ap-
proach of the Lowdin procedure should make it
possible to calculate energy levels in a small en-
ergy range close to the forbidden gap. A reason-
able value of the band gap was obtained, but it is
difficult to reconcile the large separation of neigh-
boring valence or conduction bands (comparable
to the forbidden gap itself) in their results, which
in this respect differ sharply from the results re-
ported here.

Two calculations have recently been reported
for the As4Se, molecule. Chen" has performed
an extended-Huckel-theory calculation. This re-

produced three of the four structural features of
the valence band' x-ray photoemission spectra
(XPS)but differed in the bonding character of some
of the molecular orbitals compared to the more
successful complete-neglect-of -differential-over-
lap calculations. e

II. BAND-STRUCTURE CALCULATIONS

A. Method

The method employed is identical to that applied
elsewhere to the electronic structure of the group-
V" and group-VI" elements and will not be de-
scribed in any detail here. A basis of atomic s and

p valence level orbitals is used; while this repre-
sentation should be quite adequate to describe the
lower bands we should treat the conduction levels
with some caution as in reality these may include
appreciable admixture with d states and other
high atomic states. The potential at any point in
the crystal is approximated as the free atom po-
tential" of the nearest atomic site, more distant
nuclei being treated as fully screened by the va-
lence electrons.

An isolated atom at site j with Hamiltonian H,.
= T+ V,. has s and p valence orbitals $0, , given by

where l labels the angular momentum of the or-
bital. These free-atom orbitals ' were used as
trial solutions in the pseudopotential equations"
for the localized orbitals in the solid

where V,. is the perturbation introduced into the
Hamiltonian for the isolated atomic site g by the
neighboring atom j. Most of the perturbation
from any site will be projected out by orbitals
localized on that site so that the unperturbed atom-
ic orbitals and energy levels should form a rea-
sonable approximation to the self-consistent so-
lution for the local orbitals in Eg. (l). We can
then expand eigenfunctions tt),. of the full solid
Hamiltonian H in the local basis and, provided
only that the 1.ocal orbitals form a linearly inde-
pendent set, the one-electron energy levels E,
are determined by the secular equation
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FIG. 1. Valence-band densities of states deduced from
XPS spectra (Ref. 4) for crystalline As, S~, As, Se3, and
As& Te3.

where suffixes rn, n on the orbital now label both
the site and angular momentum type. The practi-
cality of this approach for evaluating total energy
changes under distortion and hence for discussing
relaxation effects in a disordered covalent network
has been described elsewhere. ""
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B. Band-structure results

As„S,

15 10 5
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As, 5e4

In Fig. 2 the calculated densities of states for the
molecules As, S4 and As,Se, are shown. While it
would be quite possible to calculate the densities
of states for the full monoclinic crystals by this
method, intermolecular interactions between or-
bitals are so small that we expect the result to be
negligibly different from a slightly broadened ver-
sion of that for the isolated molecule. (An ex-
amination of a small number of 0 points in the
crystal Brillouin zone suggested a maximum dis-
persion in the levels of about 0.2 eV for the va-
lence band and less than 0.1 eV in the conduction
band. ) For plotting the figures we have used (a) a
Gaussian smoothing function of half-width 0.35 eP
for valence and conduction levels and (b) a smooth-
ing function of half-width 1 eV applied to the va-
lence band to simulate the experimental XPS reso-
lution. There is almost complete agreement with
the XPS data of Salaneck et a/, .' The individual
levels lie very close to the complete neglect of
differential overlap results. ' In both cases the
highest occupied molecular orbital is derived
principally from As-As 0-bonding p orbitals; the

As, S,
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FIG. 3. Density of states in As283 (orpiment) calcula-
ted from a 12-point sampling of the Brillouin zone. The
details associated with Fig. 2 apply.

present calculation may slightly overestimate the
splitting off of this state from the rest of the oc-
cupied band because we have not included the
charge transfer effects which will tend to lower
the As 4p atomic level relative to the p level of
the more electxonegative chalcogen. The failure
of the extended Huckel calculation" to produce any
asymmetry in the high-energy peak of the spec-
trum probably arises partly from an overestimate
of such charge transfer effects. A further con-
sideration of the relative As and chalcogen p lev-
els is given below in connection with the magnitude
of the band gap.

Figures 3, 4, and 5 show the calculated densi-
ties of states for crystalline As,S„As,Se„and
As, Te„respectively. In these structures, since
the crystals do not contain finite molecules we
have averaged over a small number of points in

the Brillouin zone before applying a smoothing
function. For the sulphide and selenide, XPS ex-
periments' are hardly able to detect any differ-
ences from As,S, and As,Se4, respectively, and we
do indeed find that for low resolution the differ-
ences are very slight. As we mentioned earlier,
As, Te, has a quite different crystal structure.
The change in local coordination produces distinct
alterations in the shape of the lower half of the
calculated occupied bands and these results are

As, Se

10 5
BINDING ENERGY (eV)

FIG. 2. Densities of states in As484 and As4Se4 calcu-
lated using (solid line) a Gaussian smoothing function
of half-width 0.35 eV for valence and conduction levels
and (broken line) a smoothing function of half-width 1 eV
applied to the occupied band to simulate experimental
XP8 resolution.

15 10 5 0
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FIG. 4. Calculated density of states in crystalline
As2Se3. The details associated with Fig. 3 apply.
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the absorption coefficient cy. On cooling to 4 'K

there is a further shift of the absorption edge but
no appreciable sharpening of the features. Their
data suggest that at 77 K there are indirect gaps
at 2. 1 eV for E&c, 2. 1 and 2.03 eV for E )( e, with
the first direct gaps at 2.19 and 2.28 eV for E&c
and 2.26 eV for E II c.

Since states near the valence-band edge are
predominantly on the chalcogen lone-pair P orbital
while states near the conduction-band edge con-
ta, in roughly equal contributions from the two types
of atoms, the magnitude of the calculated gap be-
tween occupied and unoccupied states depends
quite sensitively on the relative As and chalcogen

P levels. For the sulphides the illustrated results
were calculated using the Ha, rtree-Fock atomic
levels of Clementi": For As, E&= -9.9 eV and
for S, E~= —11.9 eV. The calculated energy gap
of 1.7 eV in As,S, is a little smaller than its ob-
served value (-2.'l eV). For Se, Ref. 22 gives E~

= —10.S eV and a gap of only 1.0 eV was obtained,
which is again about 1 eV less than the experi-
mental gap. The calculated gap increased to 1.6
eV when the Se level was lowered by 1.0 eV and

the latter value was used in the figures and in the
subsequent discussion. For Te no gap was ob-
tained using2' E,= —19.0 eV and E = —9.7 eV, but
a gap of about 0.5 eV opens up (Fig. 5) when the
ehalcogen P level is again lowered by 1 eV. It is
unlikely that all of the errors in the calculated
gaps arises from differences in the atomic levels
of the two atoms however. In the similar calcula-
tions for the elemental chaleogens, gaps tended to
be about 1 eV too small, perhaps partly because
of the crudeness of the local potential which was
used and the neglect of the exchange contribution
to the gap." Also the repulsive effects discussed
in Sec. IV and in Ref. 20 tend to raise the Pe orbit-
als and will thus increase the size of the gap.

Because the number of atoms in the unit cell is

TABLE I. Energies (in eU) of the four highest valence levels and the four lowest conduction
levels at various points in the Brillouin zone for As&83, As2Se3, and As2Te3.

As2S3

(0,0,0)

-8.58
-8.59
—8.73
-8.85

-10.63
-10~ 73
-10.89
-10.92

As2Se3

(0,0,0)

-8.34
—8.56
—8.66
—8.80

-10.69
-10.75
—10.88
-10.89

( ~,0,0)

-8.50
—8.53
—8.72
-8.88

-10.79
—10.86
-10.88
—10.91

(0,—,0)

—8.39
-8.41
—8.45
—8.52

—10.82
—10.82
-10.94
—10.95

-8.51
—8.59
—8.65
—8.71

-10.76
—10.84
-10.90
-10.90

-8.37
-8.42
—8.56
—8.70

—10.58
-10.62
-1Q.66
-10.75

-8.45
-8.45
-8.46
-8.46

—10.79
-10.79
-10.85
-10~ 89

—8.57
-8.65
—8.87
-8.88

-10.47
-10.57
-10.86
-10.87

As& Te3

(0,0,0)

-8.61
-8.65
—8.75
—8.82

-10.59
-10.68
—10.76
-10.81

—8.54
—8.73
-8.84
—8.86

-10.69
-10.70
—10.81
—10,82

—8.26
-8.30
—8.36
—8.48

—10.66
—10.70
—10.75
—10.75

—8.62
-8.69
—8.70
—8.77

—10.69
-10.80
—10.82
-10.85

-8.20
—8.35
-8.39
—8.49

-10.31
-10.38
-1Q.43
-10.49

—8.30
-8.34
-8.38
—8.43

-10.57
-10.57
-10.75
—10.84

—8.52
—8.61
-8.84
-9.03
—9.45
-9.54
-9.60
—9.61

-8.61
-8.61
-8.71
-8.71
-9.47
-9.47
-9.57
—9.57

—8.28
—8.28
—8.58
-8.58
-9.73
-9.73
—9.90
-9.90

—8.65
—8 ~ 71
—8.78
-8.93
-9.41
-9.48
—9.51
-9.55

-8.30
—8.30
—8.33
—8.33
—9.65
—9.65

—10.07
-10.07

-8.66
-8.66
—8.93
—8.93
—9.43
—9.43
-9.62
-9.62

-8.23
-8.23
-8.36
-8.36
—9 ~ 65
—9.65
-9,86
-9.86
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so large, the Brillouin zone is narrow and bands
are extremely flat. An illustration of the band
structure would not be particularly informative
and instead we present in Table I the positions of
a few of the eigenvalues near to the gap region for
several points in the zone. The minimum direct
gap occurs at or near I'. However the maxima
in the valence bands occur around the symmetry
point A = (—,',0, —,') and the two upper valence bands
provide to the conduction-band minimum at 1 in-
direct gaps which are 0.16 and 0.09 eV smaller
than the direct gap. The relative sizes of these
gaps are quite consistent with optical data" al-
though we have not investigated the transition
probabilities for polarized light in more detail.

Optical studies of As,S, suggest an absorption
edge similar in complexity to the As,Se, edge but
at slightly higher energy. Evans and Young" re-
ported an indirect edge with several overlapping
absorption bands at 2.9, 3.0, and 3.2 eV (E II c)
and 3.0, 3.1, and 3.3 eV (E&c) The c.alculated
results of Table I also predict an indirect gap in
As,S, complicated by several indirect and direct
transitions within a few tenths of an eV of the
fundamental edge.

III. AMORPHOUS NETWORKS AND DEFECT STATES

An "ideal" amorphous semiconductor is gen-
erally considered to consist of a collection of
atoms connected by a network of covalent bonds in
a disordered array such that each atom has its
normal coordination of nearest neighbors, i.e.,
4 for Si or Ge, 3 for As or Sb, 2 for Se or Te,
etc. In addition to x-ray diffraction studies, " the
chemical shifts observed in electron spectroscopy
for chemical analysis experiments" provide evi-
dence for such a structure in the chalcogenide
glasses. At the composition As, Se, it is found
that bonds are predominantly between unlike atoms
but the increasing numbers of like-atom bonds can
be detected as the composition is varied. These
ideal structures will have a definite gap in the one-
electron spectrum although a slight tailing of the
valence- and conduction-band edges may occur as
a result of the small local distortions in bond
lengths and angles.

In real amorphous films we might expect that
there arise a certain number of defect sites which
lack this normal coordination. The way in which
adjacent parts of the network have developed may
prevent a site from satisfying its valence require-
ments and we are left with a "dangling bond". The
number of such sites will depend on the method
of sample preparation and especially on the depo-
sition temperature. Whereas ESR experiments"
provide firm evidence for such singly occupied

states in the group-IV materials, in which they
are thought to be associated with divacancies, all
the indications are that singly occupied localized
states in the gap do not occur in the ground state of
chalcogenide glasses. Careful experiments hw e
been unable to detect an ESR signal, low-tempera-
ture Curie paramagnetism or variable range hop-
ping in these glasses, yet photoluminescence,
photoconductivity, field effect, and drift mobility
experiments and the pinned Fermi energy all indi-
cate that these materials do contain a high con-
centration (-10"eV ' cm ') of defect states

Anderson' was the first to put forward a model
that pins the Fermi energy without producing free
spins. He suggested that the network contains
more covalent bonding sites than pairs of electrons
and that all electrons are paired in bonding states
because of an effective attractive Hubbard inter-
action between up and down spin electrons on the
same bond site; the attractive interaction caused
by the drawing together of the two atoms in a bond
more than compensates for the repulsive Coulomb
interaction U. The model has an energy gap for
one-electron excitations but the two-electron
spectrum extends right down to zero energy.
These two-electron excitations are envisaged as
new covalent bonds in the structure and while they
cannot be excited optically or lead to ordinary
electronic conduction they do provide the mech-
anism for pinning the Fermi energy in the middle
of the one-electron gap and lead to a linear term
as observed in the specific heat. "

Street, Mott, and Davis" have applied Ander-
son's concept of an effective attractive interaction
of paired electrons to point defects in chalcogenide
glasses. They assume that a dangling bond state
may be occupied by zero, one or two electrons,
labeled D', D', and D, respectively, and that lat-
tice distortion is sufficient to make exothermic
the reaction

2D -D'+D (2)

All defect sites are then either positively or nega-
tively charged in the ground state. They find that
such a model can provide a unified description of
many of the electrical and optical properties of
chalcogenide glasses.

A characteristic property of the chalcogens in
an amorphous network is the relative ease with
which they can change coordination. In the nor-
mal lattice each neutral S or Se atom is covalently
bonded to two other atoms and has two electrons
in a lone-pair state. In a random network it may
be energetically favorable for an atom which, be-
cause of the local topography, could not otherwise
satisfy its normal valence requirements, to ap-
proach and bond with an already doubly coordinated
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FIG. 8. Electron levels at the zone center calculated
for a periodic arrangement of As2Se3 unit cells contain-
ing a point defect: (a) perfect crystal; (b) Se atom in
three-fold site; (c) As atom in two-fold site; (d) Se atom
with a dangling bond. The atomic s and p energy levels
are at —17.61 and —9.90 eV for As and at —20.83 and
—11.79 eV for Se.

chalcogen. The surplus electron may either re-
main in a state localized around this defect or gain
binding energy by pairing with a singly occupied
dangling bond electron elsewhere in the network
leaving a triply coordinated chalcogen with a posi-
tive charge. The driving energy for the process
comes from the extra covalent bond which has
been formed. Since the bonding in chalcogens
comes almost entirely from the overlap of p states
and the bond angles are quite close to 90' the bind-
ing provided by the third bond in the D' arrange-
ment can be almost as strong as that from each
of the other two; this would not be the case at a
group-IV atom where there is no free direction
for the extra bond.

Results for various types of unrelaxed defect
sites are displayed in Fig. 8. The 80 different
electron levels at the zone center were calculated
for a periodic arrangement of As, Se, unit cells
containing a point defect. Figure 8(a) is for the
perfect crystal, in (b) one of the As atoms has
been replaced by a Se atom, in (c) a Se atom was
replaced by an As atom, and in (d) an As atom
was replaced by a Se atom and no interactions
were allowed between this atom and one of its three
neighbors. Since the two types of atoms are of

similar size, (b) and (c) should provide fairly
realistic models for a threefold coordinated Se
atom and a twofold coordinated As atom, respec-
tively; (d) is a somewhat artificial model for gen-
erating a Se atom which is bonded to only one
other atom in the lattice. The calculations have
not been carried to self-consistency here; the
diagonal energies in the tight-binding determinant
must vary to some extent according to the local
charge on each atom and are thus also a function
of the state occupation numbers but for simplicity
we have kept the atomic levels constant throughout
(-9.90 and -11.79 eV for p states, -17.61 and
-20.83 eV for s-states on As and Se, respectively).

In the perfect crystal there is a gap in the one-
electron spectrum between -10.48 and -8.88 eV.
New states are introduced within this gap by the
presence of defects. The threefold coordinated
Se defect had a level at -9.63 eV; this state was
comprised almost entirely of antibonding p orbit-
als between the new Se atom and its three neigh-
bors. This level is highly localized because in our
model all three of the neighbors are also atoms
(a one-dimensional trigonal chain of Se atoms
would have its conduction-band edge at -9.58 eV
using the present parameters); if some of the
neighbors were As atoms the state would grow
larger and move closer to the conduction-band
edge.

For the doubly coordinated As defect the states
at -10.44 and -10.13 eV are comprised principally
of the As-As bonding orbitals at the defect. The
new level at -9.77 eV is about 50~F0 localized on the
As P orbital in what would have been the Se lone-
pair direction but on the neutral defect is now the
As dangling bond.

For the Se dangling bond model, the highest oc-
cupied state is at -10.42 eV and shows no notice-
able localization on the defect atom. The higher
unoccupied levels at -9.4 and -8.9 eV are -50%
localized in Se-Se antibonds on the atom neighbor-
ing the defect; these states arise only because our
method for the creation of a Se dangling bond auto-
matically creates at the same time Se-Se bonds on
an adjacent atom. An alternative method for mod-
eling Se dangling bonds is to compare the results
for a finite one-dimensional trigonal chain" with
those for an infinite chain. Using the same pa-
rameters, the infinite chain has a gap in the spec-
trum between -10.96 and -9.58 eV; a, finite (15-
atom) chain has levels in the gap at -10.80 and
-10.79 eV corresponding to even and odd combi-
nations of the dangling bond states. About 20% of
the weight of each state is localized on each of the
two end-most atoms at either end of the chain.
There are no gap states at the conduction-band
edge.
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IV. TOTAL ENERGY CONSIDERATIONS

As discussed elsewhere" for the elemental
group-V and group-VI materials, equilibrium in-
teratomic distances come about as a balance be-
tween attractive bonding forces and the repulsive
terms characteristic of filled shell systems. The
attractive term is essentially the off-diagonal ppo
interaction (Q~, IVI I p~, ) which provides the approx-
imate average lowering of electrons in the bonding

p band relative to the lone-pair band. The repul-
sion comes about because the diagonal energies in

the pseudopotential equations are raised as the
atoms are brought together. Multiplying (l) on the
left by Q', , we can estimate this repulsion by

Between two As atoms or two Se atoms the bond-
ing ppo interactions are approximately 2.1 and
2.4 eV, respectively, at the nearest-neighbor dis-
tances. Thus in Se the center of gravity of the
bonding band lies just over 2 eV below the lone-
pair band and the unoccupied antibonding band lies
a similar distance above the highest valence states.
With two bonding electrons per atom we should
have a cohesive energy of about 5 eV per atom
were it not for the repulsive self-energy term
which reduces the cohesion by about 60/p. A simi-
lar balance occurs in As; for both elements the
experimental binding energy in the solid is about
2, 0 eV per covalent bond and the same will be
true of their compounds provided bond length and
bond angle distortions are not large. Thus the ef-
fective attractive electron-electron interaction
U"' in Anderson's model can be as large as the
mobility gap in the one-electron spectrum of ex-
tended states and in that case the Fermi level may
be pinned very effectively near the middle of the
one-electron gap and at the same time the optical,
conductivity, and photoelectric gaps may be equal. '

For the perfect crystal unit cell the sum of the
56 doubly occupied energy levels at I', neglecting
the diagonal repulsive terms in the atomic levels,
is 138.8 eV less than that for the isolated atoms.
The difference is equal to 5.8 eV per bond in the
attractive part of the binding energy (slightly lar-
ger than twice the ppo interaction because the s
orbital and second-neighbor interactions also give
small contributions to the bonding term). The re-
pulsive terms will reduce this bond energy by about
60%.

An accurate calculation of the energy associated
with the creation of a dangling bond is difficult
since it would require a very careful treatment of'

the self-consistent redistribution of charge on the
atoms surrounding the defect. However this en-
ergy is probably smaller than in the more highly
coordinated elements (in silicon, for example, the
surface energy is about l eV per dangling bond").
For the infinite one-dimensional chain of Se atoms
the bonding terms were found to give a contribution
of E, = 5.7 eV to the cohesive energy per atom.
Since the observed cohesive energy is 2.1 eV, this
corresponds to a repulsive term of 3.6 eV between
each pair of atoms. For the 15-atom neutral chain
the total bonding contribution was found to be only

3.6 eV less than 15 E, and in separating a pair of
atoms to create two dangling bonds we regain the
repulsive intera, ction between them. Whereas in
the infinite chain all bonding and lone-pair states
are filled, in the neutral finite chain the creation
of two vacant levels 1.0 eV above the atomic p lev-
el pushes down the total energy of the occupied
levels, regaining pa,rt of the energy needed to
break a bond. An additional repulsive term arises
from the slight charge build-up at the ends of the
chain but we conclude that the energy associated
with each dangling bond is likely to be less than
half the cohesive energy per bond, i.e. , less than
1 eV, and that it is quite reasonable to expect that
such defects are present in chalcogenide glasses.

No ESR signal is observed and therefore no neu-
tral dangling-bond states can be present at low

temperatures. A possible explanation" is that
the reaction (2) is exothermic. Because of the severe
self-consistency problems, it is not possible to
confirm this hypothesis at the present time. How-
ever, the energy needed to place both electrons in
the same dangling bond state (the Hubbard U) will
be fairly small since the states are not highly lo-
calized and if we assume that the network distorts
so that the newly formed covalent bond has ap-
proximately the same strength a.s any other bond
in the undistorted network, the condition for (2)
to be exothermic is simply that U is less than the
vacancy creation energy. Under this condition in
the ground state some of the defect chaleogens be-
come threefold coordinated positive centers and
an equal number become singly coordinated nega-
tive centers with paired electrons in the dangling
bond state just above the valence-band edge. The
strong lattice distortion effects accompanying the
different occupation numbers at the defects ean
explain many of the unusual electrical and optical
properties of the glasses. ' ' In particular, they
explain why the Fermi level is pinned although no
vertical one-electron transitions can occur be-
tween the ground state and states deep in the gap.
A state deep in the gap can arise by thermal re-
laxation after a neutral defect has been produced
by optical excitation and it is presumably this



ELECTRONIC STRUCTURE OF ARSENIC CHALCOGENIDES

state that is responsible for the metastable ESR
signal and weak absorption band down to 0.8 eV
induced by illumination of As,Se, with band-gap
radiation. '"

Finally, we note that another way to estimate
the relative As and Se p levels in the self-consis-
tent system is to use the observed bond strengths.
For the three bonds As-As, Se-Se, and As -Se
these are 46, 49, and 52 Kcal/mole, respectively. "
Thus the heteropolar bond strength lies about 0.2
eV above the average of the homopolar bonds. If
each bond is made up of hybrids of energies E„,
E~ with an interaction V the bonding and antibond-
ing levels are given by

E= 2(E„+—Es)+ 2[(E~ Es)'-+4V']'~'.

For E„-E~«2V the heteropolar contribution to
the strength of the doubly occupied bonding level
becomes (E„Es)2/4V-. As we have shown, 2V- 5 eV which implies a difference in E„-E~ of
about 1.5 eV. Since bond angles at the chalcogens
average SO' and those at the As atoms average
about S7, the difference in As and Se p levels may
be slightly larger than the energy difference be-
tween the bonding hybrids.

V. CONCLUSIONS

Using a very simple tight-binding model and
without the need for any empirical fitting of the
interactions between near-neighbor atomic orbi-
tals we obtain a description of the electronic struc-
ture of crystalline chalcogenides consistent with
their experimental properties. In particular we
fmd that the absorption edges of As, S, and As,Se,
are made up of several closely spaced indirect
transitions. The method is readily transferable to
the electronic structure of fully coordinated ran-
dom networks but because of the severe self-con-
sistency problems we are unable to tackle the
problems associated with thermal relaxation at
wrongly coordinated atoms.
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