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may be the loss of translational symmetry of the
lattice with microscopic strains occurring over
dimensions of the order of some unit cells. While
we cannot identify the dominant defects, it would

appear that the thin-film growth process mini-
mizes those defects that may be partly respon-
sible for bulk NbGe having a T, of some 6 K.
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A model is discussed which for the first time provides a unified description of many
electrical and optical properties of chalcogenide glasses. It is proposed that localized
gap states are at dangling bonds, and that lattice-distortion effects are sufficiently strong
that these states exhibit an effective negative electron-electron correlation energy.

In noncrystalline semiconductors, it is known

that localized states in the gap determine many
of the electrical properties. For example, the
work of Spear on amorphous silicon shows them
to be responsible for the pinned Fermi energy,
recombination in photoconductivity, variable-
range hopping, and observation of ESR.' Spear
proposes that divancancies are present which
have properties similar to those in the crystal. '
This defect acts either as a deep donor, or as an

acceptor lying at higher energy in the gap. The

separation between the two states is the Hubbard
correlation energy.

The situation in chalcogenides is different.
Neither an ESR signal, ' Curie paramagnetism at
low temperatures, ' nor variable-range hopping'
has yet been observed. Despite this, ample evi-
dence that these materials contain high concen-
trations of defect states comes from photolumi-
neseence, ' field effect, ' photoconductivity, '
drift mobility, " and a pinned Fermi energy. '
Several different energy levels have been suggest-
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ed to explain these experiments, but there has
been no satisfactory explanation of the origin of
these states. In this paper, we discuss a new
model which can account for all these observa-
tions in terms of a single defect.

A first attempt to give a model that pins the
Fermi energy without producing free spins was
made by Anderson. " He supposed that there are
more bonding states than pairs of electrons, but
that all such states are either doubly occupied or
empty. The reason given for this is that the po-
laron energy gained by the contraction of a bond
more than compensates for the electron repul-
sion, and so an effective negative correlation en-
ergy results. Here, we apply this concept specif-
ica1.ly to point defects and obtain a model which
can explain a wider variety of phenomena than
Anderson' s.

We consider As, Se, and suppose that it contains
10"-10"cm ' dangling bonds. These are point
defects at which the normal coordination (2 for
Se, 3 for As) cannot be satisfied because of the
constraints of local topography; the neutral dang-
ling bond therefore contains an unpaired electron.
We assume that a dangling bond may be occupied
by zero, one, or two electrons, and label these
states D+, D, and D, respectively, the super-
scripts denoting the total charge of the center.
Following Anderson, "we also assume that local
lattice distortion occurs when the electron occu-
pation of the dangling bond changes and that it is
sufficiently strong for the reaction

2D'-D '+D ™

to be exothermic. All defect centers are there-
fore either positively or negatively charged and
D' only occurs by excitation.

The strongest evidence for our model comes
from photoluminescence studies of As, Se, and
As,S,. A charge on the radiative recombination
center was deduced from excitation spectra and
thermal quenching experiments. " Furthermore,
the broad emission band which also occurs in the
crystal and the energy difference between absorp-
tion and emission (Stokes Shift) are a consequence
of strong lattice distortion. ' Experiments also
suggested that the recombination centers are at
dangling bonds. "

The strong lattice distortion has a profound ef-
fect on the energy levels of electrons at the dang-
ling bonds, yielding properties similar to I cen-
ters or small polarons. Possible transitions of
an electron between the valence band and D ' are
illustrated in a configurational-coordinate dia-
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FIG. 1. (a) Configurational-coordinate diagram for
the singly occupied dangling bond; the lower level rep-
resents D+ plus the filled valence band. The upper lev-
el represents D with a hole at the top of the valence
band. (b) Combined level diagram for both the singly
and doubly occupied dangling bonds, as described in
the text. Energy definitions of TV&, TV2, and U are also
included.

gram shown in Fig. 1(a). E„and Ec are optical
excitation and recombination energies and are
"vertical" because of the Franck-Condon princi-
ple. E~ is the difference between the total energy
of the ground and excited states and is the energy
of thermal excitation. For simplicity, we as-
sume that the local vibrational frequency is un-
changed by the electronic transition and there-
fol e

E~-Ex=Ex-Ec=~'
where W' is the "polaron energy. " An equivalent
diagram applies to the electron energy levels of
the doubly occupied center.

The six important energy levels of the singly
and doubly occupied centers are shown in Fig.
1(b)." Levels p, B, and C are, respectively,
E„, E~, and E„.above the valence band, and
represent the transitions in Fig. 1(a). A', B',
and C' are the corresponding energies of the
doubly occupied center. ~+ and 5" are the re-
spective polaron energies. U' is the true correla-
tion energy, the difference between the electron
energy of the one-electron and two-electron
stRtes Rt sd8'fIIscQl distortional conf lgurRtlons,
and —U is the effective correlation energy when
distortion is included. E and E define the posi-
tions of the energy levels relative to the band
edges; their magnitudes are inferred below.

We assume the following state of affairs to pre-
vail. An interaction with valence electrons on
neighboring atoms is responsible for the local
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lattice distortion. In chalcogenides, lone-pair
orbitals form the upper part of the valence band;
bonding states are much deeper and antibonding
states form the conduction band. " A dangling
bond interacts primarily with neighboring lone
pairs because bonding electrons are located be-
tween bonding atoms. D+ is strongly attracted to
such a lone pair, bonding with it by distorting its
environment. A large electronic energy is re-
leased in this way because the lone-pair electrons
are transformed into deep bonding states; this in
itself argues strongly for local distortion. An ex-
tra electron introduced into this D ' complex oc-
cupies the next highest level, which is the con-
duction-band-like antibonding orbital. Because
of the charge on D', a shallow donor level re-
sults. This is represented by level A in Fig. 1(b)
as we have assumed no change from the configu-
ration of the unoccupied O'. Thus, E' is a typi-
cal donor binding energy and hence not greater
than about 0.1 eV.

In contrast to D', the two electrons on D can-
not form a covalent bond with a neighboring atom
but instead occupy a valence-band-like lone pair.
An acceptor level is formed because of the charge
on D and we find that E =E ' using a similar
argument as for D '. The configuration of D' lies
intermediate between that of D' and D and there-
fore approximate equality of W and TV is ex-
pected.

A discussion follows of the interpretation of
various experiments according of the above mod-
el. Because of lattice distortion, it is no longer
possible to assign a single energy to a localized
state. In particular, the energies of thermal and
optical transitions differ by the polaron energy.

(a) DC conductivity. —In As, Se, the observed
activation energy is 0.9 eV and the band gap 1.9
eV' (values extrapolated to 0 K). In our model,
the Fermi energy is pinned midway between
levels B and B', at energy W, + U/2 above the
valence band. [The energies W., and U are de-
fined in Fig. 1(b).] The expected similarity of
8"' and 8' automatically positions EF near mid-
gap.

(b) Drift mobility. —Experimentally, the mech-
anism is a trap-limited drift of holes and the ob-
served activation energy is 0.45-0.06 eV." The
trap is D which rapidly captures a hole through
the Coulomb interaction and the energy required
to thermally re-excite the hole is 8', .

(c) Optical absorption. In the absence —of D'
centers, the only optical transitions involving the
dangling bond are from the valence band to D '

~= G/2bN, (5)

Combining Eqs. (5) and (3), we find that o h has

(level A) and from D (level C') to the conduction
band. The energies are E —E' and E,-E, re-
spectively, both of which are close to E, . These
transitions successfully account for the shallow
absorption tail near the band edge, "and for the
absence of absorption at lower energy.

(d) Photolumines cence .—This occurs when an
electron-hole pair is excited very close to a
charged center. " If the center is D then the
hole will be captured nonradiatively, leaving the
conduction-band electron to make an optical tran-
sition to the resulting O'. The relevant energy
level in Fig. 1(b) is A' and the Stokes shift (ex-
perimentally about 1.0 eV') is 2W +E =2W, .
Thus we predict a Stokes shift which is approxi-
mately twice the drift mobility activation energy,
in agreement with experiment [see section (b)
above]. The alternative possibility of recombina-
tion through D' leads to a similar Stokes shift.

(e) Photoconductivity. —Free photoexcited elec-
trons and holes are rapidly captured by D' and
D, in each case contributing to an excess con-
centration ~ of D' centers. Photoconductivity
0

p Q results from thermal exc itation of these
trapped "holes" to the valence band. Hence,

o „„=const ~exp(- W, /k T).

The rate determining recombination is Reaction
(1) which occurs when an electron tunnels be-
tween two D' centers. The recombination rate is
therefore b(~+Nr}. Here Nr is the thermal
equilibrium concentration of D', proportional to
exp(- U/2k T) since the Fermi energy is midway
between B and B'. Although exothermic, Reac-
tion (1) involves a small polaron hopping energy,
and possibly a small disorder energy. The po-
laron term originates because the electronic en-
ergy U' must be overcome before tunneling can
occur. Thus, b is expected to be weakly activated
and we denote its energy by V. The magnitude of
b can be estimated by assuming that Reaction (1)
proceeds by phonon-assisted tunneling' over a
distance equal to the average separation of the
centers. Elsewhere" we show that reasonable
agreement with observation" is obtained.

The rate equation for recombination is'

d nN/dt=G —b[(~)'+ 2Nrc&'],

where C" is the photogeneration rate. There are
two limiting cases of interest. Aegime I:

From Eq. (4) in the steady state,
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activation energy W, —U/2 —V, and from Eq. (5),
7'= Ati/G has energy —(U/2+ V). o„b is propor-
tional to G. Regime II: N~« ~. In this case,
Eq. (4) gives

~= (G/b}»' (6)

From Eqs. (6) and ('3}, the activation energies
for c z and 7 are now W, —V/2 and —V/2, re-
spectively. Here o „varies as v'G.

These two regimes of 6 dependence are clearly
observed in the photoconductivity of all chalco-
genide glasses so far investigated. In regime II
of As,Se„"the observed activated energy of v

gives V=0. 16 eV, a small value as suggested.
The activation energy of o „ is 0.37 eV and im-
plies W, =0.45 eV, in agreement with that ob-
tained from the drift mobility. In regime I, the
activation energy of cr „ is —0.25 eV; U is there-
fore about 1.0 eV, a value which is fully consis-
tent with the position of the Fermi level.

(f) Finally, we consider the recent experiments
of Bishop, Strom, and Taylor. " In As,Se„ they
observe a metastable ESR signal, induced by
illumination with above-gap radiation. An asso-
ciated induced absorption band extending down to
-0.8 eV is also seen, and both effects may be
quenched by illumination with below-band-gap ra-
diation. We propose that the ESR active centers
are singly occupied D', induced by trapping of
free electrons and holes. These are metastable
at low T because of the activation energy V of
Reaction (1). Optical transitions from D to ex-
tended states in the bands involve levels A' or G'

in Fig. 1(b) and therefore occur at energies
greater than about E,/2. The presence of meta-
stable D' at low T also accounts for the fatiguing
of photoluminescence. '

A more detailed discussion of this model to-
gether with a comparison with the different ideas
of Emin, Seager, and Quinn's and also with the
quite different behavior of silicon, is given in

another paper. '
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