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HYBRIDIZATION MODEL OF PHOTO-INDUCED METASTABLE ATOMIC
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Existing models of photo-induced metastable states in chalcogenides are reviewed. In amost
al of these models the metastable states are connected with specific local environment
causing the possibility of two wellsfor astructural unit. A model describing the appearance of
metastable atomic configurations in chalcogenide glassy semiconductors has been elaborated
in the present paper. In this model two-well potentials arise due to the properties of the main
structurd unit itsdf, regardless of atomic environment. Atomic potentials for this structural
unit of glass are calculated using Born-Oppenheimer adiabatic approximation. Vaues of
parameters alowing the gppearance of metastable states of structural units are discussed.
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1. Introduction

There are numerous data on photo-induced phenomena in the chalcogenide glassy
semiconductors (CGS). The scalar photo-induced phenomena are independent of light polarization.
Among them there are irreversible changes, such as densification and photopolymerization, and
reversible effects, for example the shift of the optical absorption edge. The reversible photo-induced
change of optica absorption of chalcogenide glassy semiconductors has been discovered in the early
70's[1-3]. Sincethat time many papers have been devoted to investigation of this phenomenon.

The detailed analysis of this phenomenon has been made in the books [4,5] and recently (in
2001) has been presented a the First Internationad Workshop on Amorphous and Nanostructured
Chal cogenidesin Romania[6-11].

In the end of 70's the vectorial photo-induced phenomena have drawn attention. These are
photo-induced anisotropies of dectrical and optical properties. The discovery of vectorid effects was
made by Zhdanov, Kolomiets, Lyubin and Malinovskii [12,13]. Lyubin and coauthors [14] have
observed photo-induced ani sotropy of reflection coefficient in films and bulk samples of As;Se; and
GexnAS0Ss. The photo-induced anisotropy of AsSe films conductivity has been studied in the paper
[15]. The photo-induced anisotropy of light scattering has been reported in the paper [16].

As to the mechanism of photo-induced phenomena, Tanaka et a. [17] has revealed that there
is reversble change of intensity and haf width of the first diffuse peak of the diffracted X-ray
intensity, which occurs simultaneously with reversible scalar phenomenon, namey — photodarkening.
So the reversible photodarkening is connected with photostructural change of the main structurd units
of CGS, not defects. It is very possiblethat the latest conclusion is valid for vectorial phenomena al so.

There are severa models which have been suggested to explain reversible photostructural
changes [18-21]. According to Kol obov and Adriaenssens [18], the reversible photostructural changes
are connected with relaxati on of tensions, which exist in samples of CGS.
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Tanaka [14] has considered the modd in which the interaction of chal cogenide atoms A and
B from different chains has been taken into account. During photon absorption the creation of exciton
is accompanied with replacing of weak Van der Waals interaction by a strong coulombic one and,
consequently, the atom A moves towards the atom B. The concept of sdf-trapped exciton has been
considered in the paper [15].

Almost al above-mentioned modds have considered two atomic positions, which are
determined by the nearest environment.

The vectorial reversible photoinduced transformations have been discussed in the papers [22-
24]. Grigorovici €t d. [22] proposed the two stages modd for these phenomenon. According to [17]
the firgt stage for scaar and vectoria effects is the same. In the vectorial case, oppositdy to scalar
one, the second stage leads to a preferentia orientation of covalent bonds due to the directiona
character of the interaction between valence dternation pairs dipole and éectric fied of the light
wave. Lyubin and Klebanov [23] discussed the mechanisms which are different for the cases of
excitation in different spectra ranges. According to Popescu [24] the vectorid effects may be
explained by existence of assembly of domains which can be partialy oriented by e ementary bond
breaking and rebonding processes.

2. Model

A model describing the appearance of metastable atomic configurations in cha cogenide
glassy semiconductors has been eaborated in the present paper. In this modd two-wel potentids
arise dueto the properties of the structural unit itsdf, regardless of occasional atomic environment.

In our modd the actual atomic coordinate is the angle between bonds of chal cogenide atom
and the actual atomic unit is the basic unit C,°. The taking into account LP éectrons of C,° unitsis a
very important feature of our modd. Then two-wdl potentials with very dlightly differentiating
atomic coordinates of minima have been obtai ned.

Let us consider the simplest CGS, namdy a-Se (Fig. 1). The hybridized wave functions and
the energies of these states can be written in the following form:

Wy = (8+ ppy /(L + )™ (1)
en= (Es+ WE)/(1+ 1) (1a)
Wep =p; @
Er=E, (29)
Whi2 = (S+ApL2)/(1+ A9)% ©)
ex = (es+ AN ep)/(1+2?) (33
vl
LP
?'“1
A

Fig. 1. The hybridized wave functions of selenium.



Hybridization model of photo-induced metastable atomic states in chal cogenides 1157

where p,, are the linear combinations of the atomic states px and py directed to the nearest ne ghbors.
(Es, 5) and (E,, p) arethe energies and wave functions of 4s and 4p dectrons of Se. The overlapping of
two Y, wave functions centered on the neighboring atoms, results in splitting of E, to bonding E,; and
antibonding E,- states with the following energies:

Exo=Ext VI 4
where we have supposed that the matrix eement of hamiltonian can be presented as a product of
constant V and overlapping integral 1. All coefficents in the hybridizated wave functions (1-3)
depend on angle ¢ between two bonds with the nearest neighbors due to requirement of ortogonality
[25].

<P, P2>=0 - 1+ A\°Cosp =0 (5)

<P, Pp>=0 -  1+AuCos(180- ¢/2)=0 (6)

- y,
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Fig. 2. The chain-like configuration of selenium. a The basic structural unit of selenium ( Cg)

in the ground state; b. the total energy vs. bonding angle for the casea; c. the basic unit
excited by aphoton; d. the total energy vs. bonding angle for the case b.

Fig. 2a shows the basic structural unit C,° of a chain-like selenium in the ground energy state.
This state corresponds to eectron configuration with two dectrons with u wave function, two LP
dectrons and two bonding € ectrons which take part in two bonds with two nearest neighbors.

So the six valence dectrons of sdenium are distributed as follows: two dectrons occupy the
hybridized state |, two dectrons are the LP dectrons and two e ectrons participate in the two bonds
with two nearest neighbors.

Fig. 2b shows the dependency of thetota energy

Eo=2¢, + 2Ep +2E; @)

of the basic structural unit on the angle [25], where ¢, is the value of equilibrium angle between two
bonds with the two nearest neighbors. The value of ¢, rather well coincides with the experimental
data ((1103°) for value of interatomic matrix e ement V of order several eectronvolts.
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Fig. 2c shows the same basic unit, which is excited by a photon. One can see that eectron
goes from LP state to antibonding one. This corresponds to transition of eectron from upper part of
valence band to lower part of conduction band. According to [20], the value of anglethat corresponds
to the minimum of adiabatic potential

E,= 2ey +Ep +Ex +2E; (8

of excited basic unit is equal to 105° for the same value of interatomic matrix d ement V (see Fig. 2d).

The most important feature of the dependencies shown in Fig. 2b and Fig. 2d is the presence of
minimain both cases, which correspond to slightly different values of the bonding angle (Fig. 3) and
so to different set of hybridization coefficients in the wave functions (1-3). Thisis the main reason of
two-well potential formation in our modd. The energy difference between two minima is of order
forbidden gap E4 because upper part of valence band is formed by LP states and lower part of
conduction band is formed by antibonding states.

A
E

Fig. 3. The energy minimafor the ground and excited state of chain-like selenium.

3. Conclusions

We have developed a modd for the photostructural changes in chal cogenides glasses. These
changes occur for the main structural unit of CGS and correspond to small deviation of angle between
bonds for different sets of hybridization coeffid ents.

References

[1] S. A. Keneman, Appl. Phys. Lett. 19, 205 (1971).

[2] J. S. Berkes, S. W. Ing, J. Hillegas, Appl. Phys. 42, 4908 (1971).

[3] J. P. Neufvillede, S. C. Moss, S. R. Ovshinsky, J. Non-Cryst. Sol. 13, 191 (1973/1974).

[4] Physics and Applications of Non-Crystalline Semi conductors in Optod ectronics. Edited by
A. M. Andriesh, M. Bertolatti, Proc. NATO ASI Series 3. High Technology. V. 36. Dodrecht-
Boston-L ondon: Kluwer Academic Press, 1997.

[5] A. V. Kolobov, K. Shimakawa. In the book Electroni c Phenomenain chal cogenide glassy
semiconductors. Edited by K. D. Tsendin, Science, Moscow. 396 (1996).



Hybridization model of photo-induced metastable atomic states in chal cogenides 1159

[6] K. Shimakawa, A. Ganjoo, J. Optod ectron. Adv. Mater. 3(2), 167 (2001).
[7] M. Frumar, Z. Cernosek, J. Jedelski, B. Frumarova, T. Wagner, J. Optoel ectron. Adv. Mater.
3(2), 177 (2001).
[8] A. Ganjoo, K. Shimakawa, J. Optod ectron. Adv. Mater. 3(2), 221 (2001).
[9] S. M. Messaddeg, M. Siu Li, D. Lezal, Y. Messaddeq, S. J. L. Ribero, L. F. C. Oliveira,
J. M. D. A. Rdlo, J. Optodectron. Adv. Mater. 3(2), 295 (2001).
[10] R. Todorov, K. Petkov, J. Optod ectron. Adv. Mater. 3(2), 311 (2001).
[11] A. Kikineshi, J. Optod ectron. Adv. Mater. 3(2), 377 (2001).
[12] V. G. Zhdanov, V. K. Malinovskii, Sov. Tech. Phys. Lett. 3, 387 (1977).
[13] V. G. Zhdanov, B. T. Kolomiets, V. M. Lyubin, V. K. Malinovskii, Phys. Stat. Sol. A52,
621 (1979).
[14] V. Lyubin, T. Yasuda, A. V. Kolobov, K. Tanaka, M. Klebanov, L. Boehm, PhysicaB 245,
201 (1998).
[15] V. Lyubin, M. Klebanov, V. K. Tikhomirov, Phys. Rev. Lett. 87, 21 (2001).
[16] V. Lyubin, M. Klebanov, S. Rosenwdks, V. Volterra, J. Non-Cryst. Sol. 164-166, 1165 (1993).
[17] K. Tanaka, S. lizima, K. Aoki, S. Minomura, Proc. of 6th International conf. on Amorphous &
Liquid Semiconductors, 442 (1976).
[18] A. V. Kolobov, G. J. Adriaenssens, Philos. Mag. B 69, 21 (1994).
[19] K. Tanaka, J. Non-Cryst. Sol. 59/60, 925 (1983).
[20] A. V. Kolobov, B. T. Kolomies, O. V. Konstantinov, V. M. Lyubin, J. Non-Cryst. Sal. 45,
335(1981).
[21] H. Fritzsche, J. Non-Cryst. Sol. 164-166, 1169 (1993).
[22] R. Grigorovici, A. Vancy, L. Ghita, J. Non-Cryst. Sol. 58-60, 909 (1983).
[23] V. Lyubin, M. Klebanov, J. Optod ectron. Adv. Mater. 3(2), 265 (2001).
[24] M. Popescu, J. Optod ectron. Adv. Mater. 3(2), 279 (2001).
[25] K. D. Tsendin, Inthe book Physics and Applications of Non-Crystalline Semiconductorsin
Optod ectronics. Edited by A. Andriesh and M. Bertolotti. Kluwer Academic Publishers,
Netherlands, 233 (1997).



