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Structural defects in glassy As,Se, are classified and labeled according to the constituent like-atom bonds and
malcoordinated atoms. A selection rule is formulated to reduce the number of allowed Fermi-level pinning
reactions. An elementary Bethe-lattice model is introduced as a starting point for a discussion .of the electronic
structure of simple defects. The defect states are found to be very different from those in Se; deep gap states arise in
As,Se, because of unique bond orbitals, whereas they occur in Se due to unique 7 interactions between orbitals.
Malcoordinated Se atoms are expected to give rise to hydrogenic levels in As,Se;, in contrast to Se. Surprisingly, the
undercoordinated pnictide defects are positively charged in this model. Finally, defect creation energies and densities

at T, are discussed.

1. INTRODUCTION

In recent years, there has been considerable
progress made in both experimental and theoreti-
cal aspects of the study of chalcogenide glasses.
Much of this work was stimulated by Anderson’s
hypothesis that a strong electron-phonon coupling
could give rise to a spin-pairing “negative U,”
thereby explaining the pinning of the Fermi level
in the absence of paramagnetism.! Several more
detailed models have since been proposed. Some?3
assumed that the one-electron gap is washed out
by a smooth distribution of bond strengths, and in-
voked two-electron effects to explain the experi-
mental properties of the glasses. On the other
hand, the defect models put forward by Mott,
Davis, and Street* and Kastner, Adler, and Fritz-
sche® assigned the negative U and other experi-
mental properties to distinct structural defects in
the glass. This approach is based on the idea that
the distribution of bond strengths remains sharply
peaked (i.e., that weak bonds are less likely to
occur than broken or extraordinary bonds) because
covalently bonded atoms tend to seek one of a few
natural bonding configurations. The interconver-
sion of these coordination defects, with their asso-
ciated gap states, is then used to explain the nega-
tive U, the Stokes-shifted photoluminescence, the
photoinduced ESR and IR absorption, and other ex-
periments.*® Finally, it should be pointed out that
several other defect-related models have been
suggested,™!° including the recent raft model of
Phillips.” Also, Emin has proposed a model based
on small polarons.!!

Quite recently, the defect model has received
new support from experiments which shed light
upon the photoluminescence mechanism,!? the val-
ence alternation pair (VAP) radial distribution
function,*®*® and the density of states in the
gap.'*'® However, these experiments are gener-
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ally not sensitive to the bonding configuration of
the defects involved, so that identification of de-
fects remains highly model dependent. It is here
that theory can play a role. For example, recent
work,'® " based upon total energy calculations and
identification of gap states responsible for the
photoinduced ESR, has led to the surprising result
that the neutral defect in glassy Se is onefold,
rather than threefold, coordinated.

Unfortunately, however, theory and experiment
have not yet combined to give a coherent picture
of the defects responsible for the properties of
chalcogenide glasses. In large measure, this is
due to the fact that experiments are usually more
conveniently done on As—Se and As-S glasses,
whereas the theory tends to focus on the simpler
case of glassy Se. Experimentally, some of the
properties of heteropolar and homopolar glasses
appear similar, and the distinction between the two
is often blurred. However, there are important
differences. For example, both the photolumines-
cence efficiency and photoinduced ESR intensity
are much lower in Se than in As,Se,, and both ex-
periments show quite different dopant dependencies
in the two cases.!® Moreover, it is now becoming
clear that the properties of individual defects in
As,Se, and Se are expected to be quite different.
The coordination defects in glassy Se have deep
gap states whose origin can be traced to an anoma-
lous 7m-bonding mechanism which does not earry
over to the case of heteropolar glasses.!® Thus
the corresponding deep gap states are not ex-
pected in As,Se,. On the other hand, the heteropo-
lar glass allows for anomalous bond orbitals (like-
atom bonds and nonbonding As orbitals) which will
give rise to deep gap states having no counterpart
in pure Se.?® Clearly the two kinds of systems
must be treated quite differently.

In this paper, we will attempt to bridge some of
these gaps by applying the ideas developed in the
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study of glassy Se (Ref. 18) to the case of As,Se,.
Because the structures are more complicated and
the defect possibilities more numerous in As,Se,,
serious theoretical calculations are still in their

infancy. Nevertheless, by using some simple mod-

els, and arguing by analogy with the case of Se
where appropriate, we will be able to say quite a
bit about the nature of intrinsic structural defects
in the heteropolar glass. The discussion will be
carried out using As,Se, as a model system, but
many of the conclusions may be applicable to sul-
fide or telluride glasses as well.

In Sec. II, we discuss various methods for clas-
sifying defects, and attempt to identify those de-
fects which are most likely to occur. Section III
provides a detailed discussion of the electronic
structure of the various defects, with an emphasis
on similarities and differences with respect to Se.
In Sec. IV we present a speculative discussion of
defect total energies, and discuss the structural
equilibrium at T, which determines the defect
densities in the glass. Finally, we summarize
our results in Sec. V.

II. CLASSIFICATION OF DEFECTS

In order to introduce the concept of defects, we
must first define what is meant by a glass that has
no defects. To visualize such a “perfect glass,”
consider a continuous random network such as the

one shown in Fig. 1(a). Every As atom has its pre-

ferred threefold coordination satisfied, every Se
atom has its preferred twofold coordination satis-

(a) (b)

(c) (d)

FIG. 1. Schematic diagram of a random network with
(a) no defects, (b) many like-atom bonds but no co-
ordination defects, (c) many malcoordinated atoms but
no like-atom bonds, (d) many malcoordinated atoms
but no like-coordinated-atom bonds. Solid circles
represent As, open circles Se.
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fied, and every bond is heteropolar. We will adopt
the point of view that the perfect glass is the low-
est-energy disordered structure, and that every
deviation from the perfect-glass structure costs
energy.

Such deviations take the form of various point
defects in the glass. Figure 1(b) shows an amor-
phous network in which As and Se atoms retain
their preferred coordination, although a large
number of “wrong®” or like-atom bonds (LAB’s)
occur. On the other hand, Fig. 1(c) depicts a
structure containing many malcoordinated® atoms
(MCA’s), but no LAB’s. If the system tries to
lower its energy by minimizing the number of
LAB’s and MCA’s present,? then we expect the
material to consist of a “bulk” network having the
perfect-glass structure, interrupted occasionally
by a defect containing one or more LAB’s or
MCA’s.

A sampling of possible defect configurations is
given in Fig. 2. The defects have been categorized
according to the number of MCA’s and LAB’s they
contain. Thus, our energy minimization principle
implies that the defects in the upper left-hand re-
gion of the chart are the most likely ones, other
things being equal. We have developed a notation
which uniquely designates each defect; these are
shown to the right of each configuration. The let-
ters C and P correspond to chalcogen and pnictide,
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FIG. 2. Defect topologies organized according to
number of malcoordinated atoms (marked by arrows) and
number of like-atom bonds. Solid circles As, open
circles Se. External bonds are understood to connect
to a chalcogen atom of the bulk glass structure.
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respectively, and the subscript denotes the coor-
dination, following many previous authors. Each
superscript prime indicates one LAB connected to
that site, and multiple MCA’s are represented us-
ing a molecular notation for the smallest cluster
of sites which includes all the MCA’s.

Obviously there are many more possibilities for
defects than are shown in Fig. 2; we have at-
tempted to include the simplest and most interest-
ing ones. The most elementary defects are the
single MCA’s (C,, C,, P,, P,) and the single
LAB’s (P4, Cj}). (P, has been left out because the
s-p hybridization puts it in a class by itself.) The
simplest close defect pairs (“intimate valence al-
ternation pairs” or IVAP’s)® are the nearest-
neighbor pairs P,C, and C;C; and the second-
neighbor pair C,P,C,. If a Se is substituted for an
As (or vice versa) a CJ (or PJ) center results; an
interchange of neighboring Se and As atoms gives
rise to a P{C; IVAP. Phillips’s outrigger contains
acy.’

Note that the substitutions and interchanges have
the property of conserving the structure of the bulk
glass, as can be seen by comparing Figs. 1(a) and
(d). In particular, they allow the system to avoid
bonds between like-coordinated atoms. (That is,
twofold coordinated sites are always bonded to
threefold sites, and vice versa.) We shall use the
term “like-coordinated-atom bond” (LCAB) for a
bond connecting two sites with the same coordina-
tion number, in analogy to like-atom bonds
(LAB’s). If it is energetically favorable for the
glass to avoid LCAB’s, we say the LCAB principle
is in force. This possibility provides an alterna-
tive to the LAB principle, assumed earlier, which
supposes that like-atom bonds are unfavorable. In
the absence of MCA’s, a LCAB is a LAB and vice
versa, but different coordination defects will be
expected depending on which principle is in force.

The LAB principle can be given a physical moti-
vation, based on the fact that the partial ionic
character of a heteropolar bond makes it stronger
than the average of the two different homopolar
bonds. The difference AE in bond energies D can
be estimated from the As-Se electronegativity dif-
ference AX (Ref. 9):

AE=D(As - Se) —3[D(As — As) +D(Se - Se)]
=(AX)2=0.2 )

expressed in units of eV. . Thus the fraction of
like-atom bonds frozen in at the glass transition
temperature is expected to be on the order of
exp(-.AE/kT‘,)§ 5X107%, Put another way, this
argues that a defect with » LAB’s is at least 100
times as likely as a similar defect with z +1
LAB’s. However, the foregoing assumes that the

energy cost of a LAB is independent of its local
environment. It probably is not; for example, one
could argue that a C, atom will be more electro-
positive than a normal C,, and may therefore al-
low chalcogen neighbors at no extra cost in energy.
Moreover, an argument can be made in favor of
the LCAB principle if one assumes that the con-
tinuous random network consists of a disordered
arrangement of layers with the internal structure
of those in the crystal. In that case, defects which
preserve the layer structure will be favored. The
LCAB-free defects (basically As—Se substitutions)
are of this structure-preserving type.

The same argument applies much more certainly
to structural defects in crystalline As,Se,. Alter-
native defects (e.g., vacancies, or interstitials co-
valently bonded to neighboring layers) introduce a
minimum of two MCA’s, while a simple substitu-
tion has only one MCA and is entirely strain free.
In fact, the assumption that the LCAB principle
dominates the crystal while the LAB principle
dominates the glass may provide a natural explana-
tion for the higher photoluminescence quantum ef-
ficiency and absence of fatigue in crystalline
As,Se, (Ref. 23) if the dominant nonradiative center
in the glass contains a LCAB. For definiteness,
we will proceed on the assumption that the LAB
principle dominates in the glass, but we will pay
special attention to the substitution and interchange
defects as we go along.

Table I shows an alternative classification
scheme which is also instructive. Defects have
been categorized according to two properties: (i)
The “natural charge state” (the charge on the de-
fect when all the valencelike states are filled with
electrons and all the conductionlike states empty;
that is, when no carriers are trapped), and (ii)
the “chalcogen excess.” The latter is defined as
the number of Se atoms, over and above the usual
As,Se, ratio, introduced by the defect. For ex-

TABLE I. Classification of defects according to
chalcogen excess and natural charge state.
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ample, if an As~Se bond in the bulk is broken and
an extra Se atom inserted, a C} (Se LAB) defect
results; thus the chalcogen excess of this defect
is QC(C;) =+1. Similarly, a Se atom removed from
the bulk creates two P, defects, so that @ (P,)
=-3. The chalcogen excess of any defect can be
obtained in this way. The glass can thus become
Se rich (As rich) by incorporating defects with @,
>0 (Q,<0).

This stoichiometry dependence is not the only
interesting feature of the chalcogen excess. The
defect model has been able to explain Fermi-level
pinning in the absence of paramagnetism by the
interconversion of defects from one natural charge
state to another.*® For example, the reaction
(C,)" = (CY)* is accomplished by breaking (reform-
ing) a bond. However, the reaction C; —C}is im-
possible because breaking a bond adjoining the C,
results in a P,, not a C,. We can systematize
these considerations by noting that @ (C,) =+3
while @,(Cy) = -3, so that the reaction C,~C, can
only occur if a Se atom is physically removed
from the vicinity of the defect. Thus, such a re-
action is forbidden, no matter what local relaxa-
tions take place, because atoms are not free to
migrate at temperatures below the glass transition
T,. The charge state of a defect may easily be
changed by trapping or emitting carriers, but the
chalcogen excess of a defect is permanently fixed.
Therefore, Fermi-level pinning reactions must be
accomplished by horizontal transitions in Table I.
This “selection rule” greatly restricts the number
of allowed defect interconversion processes in
heteropolar glasses.??

It may come as a surprise that the P, and P, de-
fects are assigned positive natural charge states.
This is a consequence of the fact that a nonbonding
As p orbital is more correctly identified as a con-
duction-band state than a valence-band state, as
will be discussed in Sec. III. If one then considers
transitions between the relatively favorable defects
in the upper left-hand region of Fig. 2, one finds
very few simple candidates for the pinning mecha-
nism. These are shown by arrows in Table I. The
most prominent candidates are almost certainly
C; —(C3)* and perhaps C] ~~P;. The others involve
bond switching, not simply bond breaking and
forming; they require a compensating population
of some other negatively charged defects to main-
tain charge neutrality, and they involve the rela-
tively unfavorable P, and P, defects (see Sec. IV).

Above T, atoms become free to migrate, and
an equilibrium is set up among the populations of
defects of differing chalcogen excess. The estab-
lishment of this equilibrium, which determines the
defect densities frozen in.at T, will be discussed

£
in Sec. IV. We turn now to a discussion of the

electronic states associated with the defects of in-
terest.

III. ELECTRONIC STATES

As a starting point, we consider crystalline
As,Se,;. Because the short-range order, or local
chemical configuration, is expected to be the most
important factor in determining the density of
states, we expect the perfect glass to have bands
and gaps similar to those in the crystal. As,Se,
forms into a layered orpiment structure with 20
atoms per unit cell., Figure 3 shows the theoreti-
cal density of states for this structure, as calcu-
lated by Bullett? using chemical pseudopotentials.
It is in good agreement with x-ray photoelectron
spectroscopy (XPS) measurements.? The Se non-
bonding states near -1 eV overlap the o-bonding-
like states near -4 eV to form the principle val-
ence band, and the o*-like conduction band is cen-
tered near 2 eV. There are also two lower-lying
s bands.

In order to make a simplified model, we consid-
er a first-neighbor tight-binding Hamiltonian with
just three p orbitals per site. Moreover, each
layer is distorted slightly to make all bond angles
precisely 90°, so that the structure of Fig. 4(a) re-
sults. Since all bonds are now parallel to the x,

y, or z axis, the systems of p,, p,, and p, orbitals
decouple into three noninteracting subsystems
which may be solved independently. The interac-
tion diagram for any one such subsystem, in terms
of o0 and m bonds, is shown in Fig. 4(b). Next, the
bulk perfect glass will be represented by a Bethe-
lattice version of this interaction diagram, which
is shown in Fig. 5(a). Finally, we will use the
cluster-Bethe-lattice method (CBLM)®* to model
defects. For example, a P, defect results from
breaking a bond in Fig. 4(a); the corresponding
CBLM interaction diagrams are shown in Fig.
5(). Similarly, the interaction diagram for over-
coordinated defects or like-atom bonds can be

A VAVAR
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FIG. 3. Theoretical density of states for crystalline
As,Se; as given by Ref. 20. The zero of energy is the
valence-band maximum.
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i

(b)

FIG. 4. (a) Right-angle version of As,Se; layer. Solid circles are As, open circles Se. (b) Corresponding inter-
action diagram for p , orbitals; double lines represent V,, single lines V,.

modeled as shown in Figs. 5(c) and 5(d).

The resulting model is an elementary example
of the CBLM, and is easily solved using Green’s-
function techniques. Before proceeding, however,
it is necessary to comment upon the many simpli-
fying assumptions which went into this model. We
have effectively omitted interlayer interactions by
choosing a nearest-neighbor Hamiltonian; we have
chosen 90°bond angles and omitted s and d orbit-
als; and we have obscured the ring topology by in-

(a) BL. (b) B
BL3 BL
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o 2y BL1>-°-0-0-4 L (x)
iy BL13 iv.z
0? BL2 L3 v)
b BL, Bl3
BL)3 (BL1 (z)
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BL BL.
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BL1; gBLZ
BL2 Bl3 (z)

FIG. 5. (a) Interaction diagram for Bethe-lattice
structure. Solid circles As, open circles Se; double
lines V,, single lines V;. The semi-infinite trees BLy,
BLjy, and BL3 are defined by the arrows. (b) Interaction
diagram for the P,, p,, and p, orbitals of the P, cluster—
Bethe-lattice structure. Notations at As bonds indicate
which semi-infinite tree is to be attached. (c) Same
for C;. (d) Same for Cj.

troducing the Bethe lattice. We have been moti-
vated in these choices by the fact that the interlay-
er interactions are weak;* that the s-p hybridiza-
tion does not dominate the bonding (average As and
Se bond angles are 100 and 94°, respectively, in
the erystal)®’; and that the rings in As,Se, are
large and are presumably randomized in the glass
anyway. Moreover, we are guided by the philoso-
phy that we are looking for trends when defects
are introduced into the glass; it is expected that
perturbations due to s states or interlayer inter-
actions will act equally, to a first approximation,
upon the defect and bulk states.

A more serious problem is the fact that the cal-
culations are not self-consistent. For this rea-
son, the location of gap states in this model cannot
be taken at face value. We will rely here upon the
lessons of an earlier study on glassy Se, in which
we carried out much more thorough calculations.®
In addition to a simple tight-binding model for Se,
exactly analogous to the one just described for
As,Se,, we also carried out more sophisticated
tight-binding calculations on isolated defects and
realistic self-consistent pseudopotential calcula-
tions on superlattice structures containing defects.
It was found, for example, that self-consistency
requires certain tight-binding parameters to be
altered in the vicinity of defects. We will fre-
quently argue by analogy to Se in order to predict,
in general terms, the effects which would be intro-
duced into our very simple model by self-consis-
tency or other complications.

Let us turn now to a detailed consideration of
our elementary model. It contains two kinds of
basis orbitals: Se p orbitals, to which we assign
energy level E(pg,)=0 by convention, and As p
levels at E(p,,)=A. Since As is more electro-
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positive than Se, A is positive, and we choose A
=1.98 eV following Bullett.?® These basis levels
are shown in the center of Fig. 6. Consider now
the bulk Bethe-lattice of Fig. 5(a); focusing on the
dominant o bonding, we note that it contains three
kinds of bond orbitals. These are the heteropolar
o and o* bond-orbitals and the nonbonding Se p or-
bital, shown at left in Fig. 6. Taking V =2.42 eV
(Ref. 28) we find, expressed in units of eV,

(@) =5 +[<2ﬁ)2+v§]1/2=3.54, (22)
E(pg,)=0, (2b)
E(c)=% -[(%)2+ V§]1/2=-1.65 . 2c)

When 7 interactions are included [we let V,=1.05
eV (Ref. 28)] and the Bethe-lattice model is solved
using standard Green’s-function techniques,?® the
o and o* levels broaden into the bands shown at the
extreme left of Fig. 6. The lone-pair band occurs
at E =0 eV but remains unbroadened, a peculiar
artifact of the bonding geometry of the model. It
therefore avoids overlapping with the o-bonding
band, leaving a secondary gap where the real glass
has none. The o and lone-pair bands are valence
bands, while the o* band forms the conduction
band. In our model, the fundamental gap occurs
between 0 eV and

A A 2 1/2
E(0* band min) =3 +[(—§) +(V,+ V,)z]

(2d)
or 2.61 eV.

Also shown at the right of Fig. 6 are the other
five simple bond orbitals which can occur in glassy
As,Se,, but only in the presence of defects. Note
that several of these bond orbitals (the nonbonding
P as OTbital and the homopolar o¥ and o, orbitals)
have energy levels within, or close to, the funda-
mental gap:

E(0%)=V,=2.42, (2e)
E(p,)=4=1.89, (2f)
E(0,)=A-V,=-0.53, (2g)

all expressed in eV. As we shall see, it is these
orbitals which give rise to the gap states of inter-
est in As,Se,. It is the electronegativity difference
which is responsible for raising the p,, level out
of the lone-pair band, and shifting the o, and o%
levels out of the ¢ and o* bands.

Let us begin our survey of defects by consider-
ing the simple like-atom bonds. This is a class of
defects which has no counterpart in glassy Se. In
Figs. 7(a) and 7(b) we present the density of states
(as obtained from the Green’s function) for the bulk
Bethe lattice and for the C} defect (Se LAB), re-
spectively. The locations of the o, pg,, and o*
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FIG. 6. Energy levels relevant to a -As;Se;, as determined from simple model of text. o interactions between basis
p orbitals (center) give rise to bulk bond orbitals (left) and defect bond orbitals (right).  interactions between the
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FIG. 7. (a) Density of states for Bethe-lattice struc-
ture. (b) Local density of states, averaged over sites
near the defect, for Cj like-atom bond. (c) Same for
Pj like-atom bond. Certain features discussed in the
text are labeled according to their dominant character.
Schematic diagrams show the structure (solid circles
As, open circles Se; external As bonds are understood
to have Bethe-lattices attached). The fundamental gap
extends from 0 to 2.61 eV. Note that a Lorentzian broad-
ening of half-width 0.05 eV has been introduced by the
Green's-function calculation.

bulk bands in Fig. 7(a) correspond exactly with
those shown at the extreme left of Fig. 6. The new
features which arise at the C} defect can be under-
stood by referring to the corresponding interaction
diagrams in Fig. 5(c). Note that the system of x
orbitals contains a new o-bonded pair of pg, orbit-
als. The resulting o, level falls within the gap at
2.42 eV (see Fig. 6); when embedded in the bulk,

it is shifted slightly deeper into the gap by the 7
interactions to form the state at 2.02 eV, below
the conduction-band edge in Fig. 7(b). (The defect
is neutral when this state is unoccupied.) Similar-
ly, there is a og, state appearing just at the bottom
of the bonding band. (There is also some splitting
of states out of the lone-pair band due to slight
changes in the interactions near the defect, but
this may be an artifact of the lack of lone-pair
bandwidth.) We expect the situation to be similar
for the states of the CJ defect, which appears in
the raft model of Phillips.”

The situation for the P} defect of Fig. 7(c) is
similar, but now a pair of As p orbitals give rise
to 0,, and o}, bond orbitals. Notice from Fig. 6
that the 0, level lies quite close in energy to the
Se nonbonding orbitals. In fact the o, bond orbital

interacts via a direct 7 interaction with two neigh-
boring pg, orbitals, giving rise to 7 and 7* com-
plexes. The 7* complex would occur at

Ex(0,, _ps.)=£(92_Agl +[<E_(%é§2> 2+ Vﬁ]”z

(2h)

or 0.82 eV, if isolated. This is the origin of the
gap state at 0.87 eV in Fig. 7(c). (The defect is
neutral when this gap state is fully occupied.)
Presumably this state will not be quite so far
above the valence-band edge when a lone-pair band
of nonzero width is considered, and it may be in-
homogenously broadened by variations in the local
environments of the defects. Finally, notice that
a state appears to emerge just at or below the con-
duction-band edge as well. This occurs because
the o* bandwidth results from 7 interactions which
couple the Se side of one ¢* bond orbital to the As
side of the next, while the 7 interaction along the
As—As bond couples to the As side of both ¢* or-
bitals. The o* orbitals have more As than Se char-
acter (a consequence of the electronegativity dif-
ference), so the effective interaction at the As-As
bond is atypically large, resulting in 7 and 7*(o*
—o*) levels just below and above the conduction-
band edges.

Next, we turn to the simple coordination defects.
Figures 8(a) and 8(b) show the density of states in
the vicinity of an under- or overcoordinated Se
atom, respectively. One finds no deep gap states,
although the additional interactions among o and o*
orbitals in the neighborhood of the C, defect give
rise to strong resonances near the corresponding
band edges. The lack of deep gap states is a con-
sequence of the fact that no novel bond orbital or
interaction has been introduced. This is unlike the
case of C, and C, defects in amorphous Se, where
a direct 7 interaction between nonbonding or o*
orbitals gives rise to deep gap states. In As,Se,,
direct 7 interactions between o* orbitals already
occur in the bulk, and no direct 7 interactions be-
tween Se nonbonding orbitals (NBO’s) are intro-
duced by the C, defect, because the neighboring
site contains an As atom.

At this point we must point out that the single
MCA defects are not neutral in their natural
charge states, unlike the LAB’s. The C, and C,,
for example, have charges -1 and +1, respective-
ly, if the valence bands are fully occupied and the
conduction band empty. This means that while
these defects will not support deep gap states,
they will support hydrogenic acceptor and donor
levels. Consider, for example, the neutral C, de-
fect, which has one electron in the conduction
band. If that electron were localized to the defect
site, each atom would be approximately neutral,
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FIG. 8. Local density of states for simple malcoord-
inated atom defects. (a) Cy, (b) C3, (c) Py, and (d) P;.
Details of Fig. 6 apply.

and self-consistency would not be important. In-
stead, that electron tries to go into a conduction-
band state, leaving behind a positive charge which
in fact traps the electron in a hydrogenic orbit.
The same self-consistency argument applies to a
hole on the neutral C, defect, which gives rise to
a hydrogenic acceptor level.

Unlike the C, and C,, the undercoordinated P,
and P, defects do introduce a new bond orbital,
namely, an As nonbonding orbital. When isolated,
this orbital lies at E =4, below the conduction-
band edge. In the P, defect it interacts with a Se
NBO via a direct 7 interaction, and moves further
upward ~0.3 eV, to form the state at 2.27 eV in
Fig. 8(c). In the P, there is a second NBO which
remains near its unperturbed energy on the same
As site, giving rise to a second defect state in
Fig. 8(d).

For a neutral P, the gap level is half-occupied,
and for a P, the lower gap level is fully occupied
while the higher one is empty. Self-consistency
should not be important at these defects, because
the gap states are well localized and the sites com-
prising the defect are therefore individually neutral.
Note that if the Fermi levelfalls near midgap (as it
is known to do experimentally), the P, and P, will
carry charge +1 and +2, respectively. The usual
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FIG. 9. Local density of states for substitution and
exchange defects. (a) Py, (b) C5', and (c) P;C3'.
Details of Fig. 6 apply.

picture of coordination defects in chalcogenides
considers the undercoordinated defects to be
naturally negatively charged, but the conventional
wisdom fails here because the As NBO level falls
closer to the conduction band than to the valence
band. This unusual state of affairs is due to the
electronegativity difference, which shifts the p,,
level well above the pg, valence levels (see Fig.
6). Physically, a P; is unfavorable because the
extra electron would be highly localized to an elec-
tropositive As site. Of course, in a lone-pair
semiconductor, the unoccupied As p orbitals on
the P; will be unstable towards dative bonding with
a neighboring pg, (or even s,,) lone pair.? Thus it
appears that undercoordinated pnictide defects are
unlikely to occur at all (see also Sec. IV). How-
ever, if local bonding constraints occasionally for-
bid such dative bonding, we expect the resulting
defects to be positively charged.

The last class of defects to be considered expli-
citly will be the substitutions and interchanges.
As pointed out in Sec. II, these are likely to occur
as defects in crystalline As,Se,, or perhaps as a
consequence of the LCAB principle in the glass.
If an As atom is substituted for a Se, the P} defect
of Fig. 9(a) results. The LAB’s give rise to the
twofold degenerate o, level near 0.45 eV, and the
As NBO on the P, site gives rise to the level near
midgap. (It lies lower in energy than in the P, be-
cause of an interaction with o* orbitals.) The de-
fect is neutral when the As NBO is half-occupied;
this state is highly localized and self-consistency
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should not be important. The resulting picture is
quite consistent with the work of Bullett,?® who has
carried out chemical pseudopotential calculations
on the substitutional defects. (In the latter calcu-
lation, the introduction of the correct bond angles
breaks the twofold degeneracy, giving rise to a
pair of o, -like states above the valence-band
edge.)

Figure 9(b) shows the density of states near the
C” defect, in which a Se atom has replaced an As.
The gap state below the conduction-band edge is
threefold degenerate and has most of its character
on o orbitals at the defect. Just as for the C; de-
fect in pure Se, the threefold degeneracy will be
broken when the bond angles are allowed to differ
from 90°, and a nondegenerate state willfall some-
what lower in the gap. Self-consistency arguments
suggest that this state will be lowered further still
by the negative self-energy shift at the defect site
which is necessary to restore charge neutrality.
Once again we have good agreement with the pre-
vious results of Bullett,?® who finds a triplet of gap
states centered ~0.4 eV below the conduction-band
edge.

Finally, the result of interchanging nearest-
neighbor As and Se atoms is shown in Fig. 9(c).
The density of states resembles a superposition
of the C7’ and P}, except that the degenerate orbit-
als have been split by the lowered symmetry. The
defect is neutral when the As NBO state near mid-
gap contains two electrons. It would be quite pos-
sible to go on considering more complicated de-
fects in detail. As the last examples illustrate,
however, once we have understood the nature of
the gap states introduced by individual LAB’s and
MCA’s, the essential features of the more complex
composite defects can readily be predicted.

IV. DEFECT CREATION ENERGIES

We shall end this paper with some brief specula-
tions about defect creation energies, defined as
the ground-state total energy of a given defect con-
figuration minus that of the same set of atoms in
the bulk. The electronic contribution to this dif-
ference is'®

€
0Ey= 3 [ dni0-nolde, (3)
where 71, and 7{ are the local density of states on
atom i for the defect and bulk configurations, re-
spectively. This is not the entire expression for
the total energy, however, because the latter also
includes the Coulomb repulsion between cores and
other corrections. K these are modeled as a con-
stant repulsive energy R per bond,'®:2% 30 the re-
sulting contribution is

GER=% Z (c;=c)), )

1

where ¢, and ¢} correspond to the coordination
number of the ith site in the defect and bulk, re-
spectively. Finally, the defect creation energy is

Etot=6Eel+6ER+Qeue—chJ‘c’ (5)

Here @, is the charge on the defect and @, is the
chalcogen excess. The chemical potentials u,
(Fermi level) and u, are introduced as a reminder
that the difference in energies of two defects with
different charge states, or different chalcogen ex-
cess, is not uniquely defined. However, the heat
of reaction for any physically realizable defect in-
terconversion process is independent of the chemi-
cal potentials, since numbers of electrons and
atoms must be conserved.

Estimates of defect total energies are notorious-
ly difficult; realistic calculations are available
only for pure Se,'” and these demonstrate that sim-
ple models which are based solely upon discreet
bond-orbital energies, and which neglect intercore
repulsion, give decidedly inadequate results.
Adler®® has recently modified such a simple model
to include a constant repulsive R per bond, in
order to give zeroth-order defect energy esti-
mates. However, such a model still does not in-
clude the effects of nonzero bandwidths or gap
states and resonances; nor can it account for
electronegativity differences, charge transfers,
or the partial ionic character of bonds in the het-
eropolar glasses.

As was pointed out in Sec. II, the latter effects
are expected to give the simple LAB defects a
creation energy on the order of 0.2 eV. The crea-
tion energy of MCA’s, however, is undoubtedly
larger (30.5 eV in Se)*! and much harder to esti-
mate. The electronic binding energy gained (lost)
in forming (breaking) a bond will be at least partly
compensated by the corresponding 0E,. It may be
overcompensated, in which case the bond will pre-
fer not to form,; it is difficult to predict, a priori,
whether this will be so. In the case of pure Se, it
was found that the bond prefers to be broken, i.e.,
C3~ C{ is exothermic.!” However, this is largely
due to the anomalous 7 interaction which stabilizes
the C, defect; we have shown this does not occur
at the C, defect in As,Se;. In fact, none of the sim-
ple MCA’s (C,, C,, P,, P,) shows analogous 7~
bond stabilization, and itis likely that the corre-
sponding creation energies are closer than in pure
Se. The (C{)° defect will, on the other hand, ex-
hibit this 7-bond stabilization, and it may be lower
in energy than the C} despite the necessity of add-
ing a LAB.

There is some reason to expect the chalcogen



MCA’s to be preferred over the pnictide ones.
Adler®® points out that the Coulomb U for creating
the P; (or P3) involves placing two electrons (or
holes) on a highly localized orbital, and is there-
fore larger than for the C, or C,. Moreover, the
neutral C, or C, has a hole or electron in a band-
edge state, rather than at the bond-orbital energy
(band center); this lowers the energy with respect
to the zeroth-order model. The corresponding
stabilization does not take place for P, or P, de-
fects, again because of the deep gap nature of the
As NBO levels.

It has been proposed® that the electronegativity
difference will favor the P} defect over the C3, and
the C7 over the P;. However, this will only be the
case if the extra electron or hole is constrained to
reside on the defect site itself. As shown in Sec.
I, the Pj; is quite unfavorable for this reason,
with the extra electron localized predominantly to
a single As NBO. On the other hand, the argument
fails for the Cj3, in which the added hole is shared
by o* orbitals which have more As than Se charac-
ter. (For the same reason, the CJ cannot be ruled
out as the source of the broad “As center” seen in
optically induced ESR experiments.*') In the ab-
sence of compelling arguments to the contrary, we
therefore follow Adler®® in assuming that the large
s-p promotion energy makes P, defects relatively
unfavorable, although this may be compensated in
part by the increased strength of the more highly
directed tetrahedral bonds.

Of course, defects must occur in pairs (or trip-
lets, etc.) whose total charge and chalcogen excess
are constrained to zero in pure As,Se;. I we as-
sume that the defects are frozen in at the glass
transition temperature TL,,5 then the density of each
defect is n, exp(—Em/kT ‘,), with n, being roughly
the density of atomic sites and E, ; given by Eq.
(5). The chemical potentials u, and p, are then
determined by the requirements of charge neutral-
ity and the stoichiometric ratio of the glass. For
example, the estimate of Eq. (1) suggests that the
neutral C; and P; LAB’s will be by far the most
common defects. In order to have an As,Se, alloy
we require the densities of the two defects to be
equal

nog'Etot(cé)/’a'z%noe‘Etot‘Ps')/"Te. (6)

Since 0Ez=Q,=0, @, =21 for these defects, Eq.
(5) gives

B, 25[0E ,(C)) - OF,, (P3)] (1)
and
n(C}) =n (P;)
=p,exp{-3[0E,,(C) +0E, (P)/RTS.  (8)

(Note that if the defects occur only in close pairs,®
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the Boltzmann prefactor would be the sum rather
than the average of the C} and P} energies, and a
considerably lower density of defects would occur,
reflecting the loss of the entropy of mixing.?
Therefore distant pairs will predominate unless
the binding energy of a pair exceeds the average
creation energy, which is unlikely for neutral de-
fects.)

K. is plausibly on the order of a tenth of an eV
or less, so that the last term of Eq. (5) is probab-
ly never very important for coordination defects.
That is, the chalcogen excess of the coordination
defects in As,Se, (which presumably pin €,) is not
constrained to balance, since it can easily be com-
pensated by LAB’s elsewhere in the glass. For
the same reason, the concentrations of the various
coordination defects are not expected to be highly
stoichiometry dependent.

The picture which emerges of the glass at T,
then, is of a fairly high density (perhaps ~10%
cm™®) of LAB defects. If the P} gives rise to a
0,s-like states above the valence-band edge as ex-
pected, the observed intrinsic hole mobility must
be governed by extended state conduction or fast
hopping among this manifold of states, as sug-
gested by Halpern.® Scattered among the LAB’s
would be a smaller number (~10'® cm™3) of charged
coordination defects. These would be dominated
by the lowest-energy charge-compensated pair
[possibly C; and C3, which would occur, for ex-
ample, at a density of

noexp{-3[0E,, (C;) +3E,, (C)V/kT } o)

in analogy to Eq. (8)]. One or both members of
this pair could then give rise to the neutral excita-
tions responsible for the photoinduced phenomena,
and to the negative-U pinning of the Fermi level
via one of the horizontal reactions in Table I, e.g.,
C; —(CYH".

This picture is admittedly speculative, and the
identification of those defects actually involved
would require realistic total energy calculations
or new experimental information. Moreover, the
effects of interactions between charged defects
may be important, and have not been discussed
above. Nevertheless, given our present state of
knowledge in this area, we believe this description
to be a plausible starting point for developing a
viable model for defects in the heteropolar chalco-
genides.

V. SUMMARY AND CONCLUSIONS

We have developed a scheme for classifying and
labeling defects in terms of the constituent like-
atom bonds (LAB’s) and malcoordinated atoms
(MCA’s). The concept of like-coordinated-atom
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bonds (LCAB’s) is also discussed, and the fact
that LCAB’s are suppressed for defects in crystal-
line As,Se, is offered as a possible explanation for
experimental indications that certain nonradiative
recombination centers occur only in the glass.

We have shown that each defect is characterized
by a chalcogen excess which characterizes its con-
tribution to the deviation from an exact 2:3 stoi-
chiometry, and we have pointed out that conserva-
tion of chalcogen excess imposes a constraint upon
the possible defect interconversion processes
which can pin the Fermi level below T,.

Next, an elementary Bethe-lattice model is pre-
sented and solved for a selection of simple defects
involving LAB’s and MCA’s. While the results of
such a simple model cannot be taken at face value,
we know how they are modified in more realistic
(e.g., self-consistent) calculations for Se, and we
can use this knowledge to predict the gross fea-
tures of a realistic calculation in As,Se;. Our
primary result is that defects in As,Se; are quite
different from those in Se, and arise for entirely
different reasons. While in Se, gap states arise
at onefold and threefold sites because of unique 7
bonding between bond orbitals on the defect and its
neighbors, in As,Se, they are associated with
unique bond orbitals (like-atom bond ¢ and o* or-
bitals and As NBO’s). Thus, while C, and C, de-

fects give rise to deep gap states in Se, they admit
only hydrogenic levels in As,Se;. Deep states do
exist, however, at LAB’s and at undercoordinated
pnictide sites. We believe that the latter defects
(P, and P,) will not be negatively charged, as pre-
viously thought, but rather positively charged due
to the position of the As nonbonding p orbitals near
the conduction-band edge in As,Se,.

Finally, we discuss the structural equilibrium
of the glass at T,, and introduce a new chemical
potential pu, which reflects the relative abundance
of chalcogen atoms with respect to pnictides. We
argue that the creation energies of the simple
LAB’s will be low (and will fix p_), so that a large
number of LAB’s (perhaps ~10%° cm™) will perme-
ate the glass. We then suggest that a smaller
density (perhaps ~10'® cm™) of coordination de-
fects, predominantly on chalcogen sites, is re-

sponsible for the negative-U properties and the

pinning of the Fermi level.
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