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A model is presented for the structure and properties of active centers in lone-pair
semiconductors, based on the possibility of unique bonding configurations which can arise

from the presence of nonbonding orbitals.

It is shown that the lowest-energy neutral cen-

ter is unstable towards the creation of different positively and negatively charged centers,
thus resulting in a negative effective correlation energy. These centers yield gap states
which explain the unusual properties of lone-pair semiconductors.

Recent measurements of luminescence® and of
photoinduced optical absorption and electron spin
resonance® demonstrate the presence of gap states
in chalcogenide materials. The absence of spin
magnetism?® before photoexcitation has made a
chemical identification of the associated bonding
configurations difficult. Anderson* has proposed
a model to account for these properties based on
the idea that in amorphous and vitreous materials
the effective interaction between a pair of elec-
trons in the same state can be attractive because
of coupling to atomic motion. Street and Mott®
have specialized this idea by assuming that a
large density (~ 10*® ¢cm™3) of dangling bonds in
such materials act both as acceptors and donors
and that atomic motion sufficiently lowers the to-
tal energy to make the effective correlation ener-
gy negative, resulting in charged centers. These
charged centers in turn give rise to states in the
gap and explain the principal properties of chal-
cogenide glasses. The purposes of this Letter
are to describe the bonding configurations that
yield the relevant gap states, to show that a neg-
ative effective correlation energy is expected in
crystalline as well as in disordered chalcogen-
ides but not in tetrahedral materials, and to show
that the presence of 10'7—10'° ¢cm”2 centers is
plausible.

Ovshinsky® suggested that interactions between
lone-pair electrons” on different atoms and inter-
actions with their local environment result in lo-
calized states in the gap of chalcogenide glasses.
We utilize this concept to show that specific in-
teractions between nonbonding orbitals give rise
to unusual bonding configurations which we call
valence altevnation pairs (VAP’s). These config-
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urations result, for example, when two chalcogen
atoms, each twofold coordinated in its ground
state, form instead one positively charged three-
fold-coordinated atom and one negatively charged
singly coordinated atom. The creation of such a
VAP requires a relatively small energy, so that
the density of VAP’s in most glasses is relative-
ly large.

The important bonding configurations for chal-
cogens are shown in Fig. 1. The energy of a non-
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FIG. 1. Structure and energy of simple bonding con-
figurations for group-VI elements in amorphous semi-
conductors. In configurations, straight lines represent
bonding (o) orbitals, lobes represent the lone-pair (LP)
orbitals, and large circles represent the antibonding
(o*) orbitals. Arrows represent electrons with spin,
at left on atom or ion or at right in bonding configura-
tion. Energies are given using LP energy as zero.
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bonding lone-pair (LP) orbital is taken to be zero.
As a first approximation, we take the energy per
electron of any ¢ orbital to be —E,, independent
of the nature of the bond. Since antibonding (o*)
orbitals are always pushed up in energy more
than ¢ orbitals are pushed down,® the energy of a
o* orbital is E,+A, where A>0. Finally, when-
ever an additional electron is placed on an atom,
there is an increase in energy due to electronic
correlation. The correlation energy is smaller
if the electron is placed in a linear combination
of o* orbitals (U ,e) than if it is placed in a single
localized LP (U, ;) orbital. We expect that E, is
considerably larger than A, U,., and Uyp.

The lowest-energy configuration C,° is the or-
dinary, neutral, twofold-coordinated chalcogen
atom, which has an energy of —2E,.” The three-
fold configuration C,° and the single-coordinated
C,° have energies —2E,+A and -E,, respective-
ly. C,°, the dangling bond of Ref. 5, costs a full
bond energy E, and is thus energetically unfavor-
able.® The lowest-energy neutral defect is rath-
er C,°. However, we can show that C,° is unsta-
ble. Consider first the charge-transfer reaction,

2CL~Ct+Cy, . (1)

As is clear from Fig. 1, this reaction costs an
energy U .. Simply by breaking one of the three
bonds, C,” spontaneously becomes an ordinary
C,° converting a nearest-neighbor C,° site into a
singly coordinated chalcogen with the extra elec-
tron, C,”. This reaction

C3 +C,"=C,°+Cy @)

is exothermic if 2A—- (Uyp-U ) >0. The system
can thus lower its energy by transferring two o
and two o* electrons into the LP states of one
singly coordinated and one twofold-coordinated
chalcogen. The sum of Reactions (1) and (2) is

2C~C,t+C,. 3

Of course, the local-bonding picture of Fig. 1
gives only a rough estimate of the relative ener-
gies of localized states introduced by VAP’s.
Mixing between atomic states on the active cen-
ter and its neighbors will alter the energies. In
addition to the atomic rearrangements accompa-
nying the above configuration changes, there are
relaxation effects associated with a change in
charge state of a given configuration, as pro-
posed by Street and Mott.®> Denoting these relax-
ation energies by W, the reaction energy of (3)
becomes Uy, — 2A — W which should be negative
for most chalcogenide materials.®
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FIG. 2. Energy level diagram of Street-Mott model
showing the corresponding valence-alternation states
C;*, C,0, and C;". The notations are those of Street
and Mott (Ref. 5) except for an interchange of labels
A’ and C'.

Equation (3) is similar to Eq. (1) of Ref. 5 and
yields gap states equivalent to those of Street and
Mott. For clarity, they are sketched somewhat
differently in Fig. 2. Under equilibrium condi-
tions, the C,* and C,” centers occur in equal con-
centrations. Under optical excitation they give
rise to the levels A and A’, respectively. If a
C," center captures an electron either from the
conduction band (CB) or by photoexcitation from
the valence band (VB), a C3° center is formed
with the level spectrum shown in the middle of
Fig. 2. The C,° center is amphoteric and acts
either as a donor (levels B, C) or as an acceptor
(levels B’, C’). In a configurational-coordinate
diagram, the levels B and B’ would correspond
to nonvertical (thermal) transitions, whereas C
and C’ would correspond to vertical (optical) tran-
sitions. Removal of an electron from the C.° cen-
ter, either thermally (B) or by an optical transi-
tion (C), restores C,* and thus level A. The
processes involved when C,° acts as an acceptor
are less obvious. Consider an electron placed on
C,° without a change in configurational-coordinate
(optical transition to C’ from either VB or CB);
this produces a C,” center. The correlation en-
ergy of the extra electron in the antibonding states
of C;” causes C’ to lie above C. The C,” center
is unstable, however, as explained above. A bond
change occurs according to (2) yielding a C,~ cen-
ter with its level A’. The reverse reaction C,”
+hole— C,° can again be thought of as occurring
in two steps. First, a C,° is formed, a configura-
tion similar to a free radical. It lowers its ener-
gy by utilizing LP electrons on neighboring atoms
for bonding. The extent of this bonding depends
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on the environment. The lowest-energy state is
reached by bonding to a neighboring chalcogen
and converting it to a C,°.*°

We have shown that any one center can be in
either one of the three states—C,*, C,°, and
C, —and that the C.,° converts either into a C,*
or a C,” center depending on whether the physi-
cal situation utilizes the C,° as a donor or as an
acceptor. This remains valid when valence al-
ternation involves a group-V atom whose normal
coordination configuration is P,° (P stands for
pnictide and C for chalcogen atom). In As,Se,
for instance, there is thus the additional possibil-
ity of utilizing the s-like LP’s to form P,° con-
figurations which then lower their energy in the
reaction

2P ~P +C, . 4)

Interconversion C,” +hole =P, then involves a
change in bonding between a chalcogen and a
pnictide atom. The simple energy relationships
discussed above will be modified by the ionicity
difference between constituent atoms and hybrid-
ization effects. It should be emphasized that W,
in Fig. 2 involves a bond rearrangement in addi-
tion to atomic relaxation, whereas W* is a sim-
ple relaxation energy. Thus, we expect W 5"~
>W* and B’ not to be centered between A’ and C’.

A consequence of the interconversion of these
centers between say C,* and C,” is that their rel-
ative concentrations are shifted in space-charge
regions or if the material contains other donors
or acceptors falling above B or below B’, respec-
tively. Moreover, several neighbors are avail-
able for the interconversion steps. This leads to
configurations falling into a narrow energy spec-
trum and the possibility of a motion of a given
center by bond switching.

We now turn to the problem of estimating the
energy E,p required to create a VAP. Two C,°
centers are higher in energy than a VAP by the
magnitude of the effective correlation energy,
U.¢s, which is the separation between the levels
B and B’ in Fig. 2. (Experimentally, U~ - 3E,,
where E, is the mobility gap.) According to the
molecular energy diagram of Fig. 1 one needs 2A
for creating 2C,° from 2C,°. If there were no
nearest-neighbor mixing, the two o* electrons of
the two C,° would be near the middle of the con-
duction band (of width E ~g), formed by the o* or-
bitals of the C,°. In the solid, this mixing allows
the electrons to move down by an energy of about
3E 3 +W* +E* per electron, to the levels B. Thus
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we obtain

Eynp =2A=2(E 5y +W* +E*) - 3E, . (5)

1

Since 2(W* +E*)~3E, from Fig. 2, one finds that
EyAp can be quite small, provided that 2A is not
much larger than E - +E,.

For Se, one has E oy ~E,~2 eV and from pseu-
dopotential calculations,!* 2A ~ 3 eV. We tend to
believe that A is in fact somewhat larger because
we assume that the Se VAP density of ny,p ~ 10
cm™3 (as observed by ESR at low temperatures?)
was frozen in at the glass transition temperature
T, =310 K; then the relation ny,p ~nexp(—Ey,p/
2kT,), where n is the atomic density of 3x 10%
cm™® yields Ey,p ~0.8 eV. The observation'® of
threefold coordination in liquid Te confirms the
possibility of relatively small values of Ey,p in
some chalcogenides.

In materials with large dielectric constants, €,
and high T,, the C;* and C,” centers are prob-
ably randomly distributed. However, in materi-
als having low average covalent coordination,
relatively small € and low T,, the Coulomb at-
traction between C,* and C,” makes it likely that
there is a nonrandom distribution with an appre-
ciable density of intimate valence alternation
pairs (IVAP). For IVAP’s the creation energy
E y,p is reduced by M(R), the electrostatic ener-
gy of a pair with separation R.

We believe that VAP’s and/or IVAP’s account
for many of the unusual properties of chalcogen-
ide materials as explained by Street and Mott in
terms of their charged dangling-bond centers.
Furthermore, the reversible photostructural
changes commonly observed in these materials
may be the result of photoinduced creation of an
excess concentration of VAP’s. Moreover, the
degrees of freedom associated with bond switch-
ing and the chemical reactivity associated with
photoexcited VAP’s may also play an important
role in processes such as photoinduced diffusion,
crystallization, phase separation, and decompo-
sition.

In conclusion, we emphasize that the dominant
contribution to the negative effective correlation
energy and thus the behavior of valence alterna-
tion centers is chemical in origin. Therefore,
valence alternation plays an important role in
crystalline (albeit with additional steric con-
straints) as well as vitreous or liquid chalcogen-
ides. For group-V atoms, hybridization can al-
so result in valence alternation and to a negative
effective correlation energy. However, it is im-
portant to note that this process cannot occur for
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group-IV atoms, because they cannot be fivefold
coordinated. Thus, our model accounts for the
lack of spin pairing in tetrahedral materials.
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A new type of phase diagram for the metal-insulator transition in n-type semiconductors
and related systems is proposed. By starting from the Herzfeld criterion for the polar-
ization instability, it is argued that an intermediate ferroelectric phase may arise. The
ferroelectric and excitonic phases are shown to be complementary structures.

The metal-insulator phase transition (PT) in n-
type doped semiconductors can be estimated by
various criteria. Mott,' starting from the metal-
lic side, argues that the PT occurs once the
Thomas-Fermi screening length ¢ 1 decreases
so much that the screened potential assumes a
bound state. The corresponding criterion is g ¢
Xap=1, where aj is the donor Bohr radius. It
leads almost to the same numerical values for
the critical donor concentration n. as the criter-
ion? U/B =1 based on the Hubbard model with U the
intra-atomic Coulomb repulsion and B the band-
width of the uncorrelated problem. On the other
hand, if the metal-insulator PT is approached
from the insulating side, one expects, on account
of the Clausius-Mossotti (CM) relation

(e =1)/(e +2) =(4n /3)nap, (1)

a polarization catastrophe (PC) to occur for n —n,
=3/4nap, where @ is the donor polarizability
and € is the dielectric constant. It has been sug-
gested by Herzfeld® that the PC marks the onset
of metallic behavior of the system. All three cri-
teria lead almost to the same numerical values

of n..* If one neglects anharmonic strain effects,
it is also believed that the metal-insulator PT is
of first order® as originally proposed by Mott.*

In the following we study the problem from the
insulating side. It follows from a detailed discus-
sion of the PC presented in this Letter that a PC
can occur via a first- or second-order PT. Only
in the latter case € = asn —-n. and a ferroelec-
tric phase results, whereas in a first-order PT,
€ is discontinuous at ., and a metallic or ferro-
electric state may be reached.

Consider first the range of validity of Eq. (1).
Starting from the dilute limit, localized donor or-
bitals are appropriate, as is also the use of a sin-
gle-particle @,. The ground-state properties of
the system are then obtained via the dipole ap-
proximation®

-

pi=aDDz—aDkE#‘Tik'Pk' @)
1

Here f),- is the dipole moment induced on the ith
donor by the external electric field D,=€E,, where

E, is the total macroscopic field in the dielectric.
Note that the polarization surface charge densi-
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