solid
state
communications

PERGAMON Solid State Communications 121 (2002) 417-421

www.elsevier.com/locate/ssc

Magnetic properties for metastable negative-U defects in
amorphous semiconductors

Nikolai T. Bagraeva’*, Lev N. Blinovb, Vladimir V. Romanov®

*A.F. Ioffe Physico-Technical Institute, 194021 St Petersburg, Russian Federation
®St Petersburg State Technical University, 195251 St Petersburg, Russian Federation

Received 22 November 2001; received in revised form 22 November 2001; accepted 28 November 2001 by E.L. Ivchenko

Abstract

Optically induced metastable centers are studied in As,S; chalcogenide glasses using the magnetic susceptibility technique
for 3.5 = T =300 K. The temperature dependencies of the magnetic susceptibility (y) exhibit spin instability of both a hole
center localized at a nonbonding lone pair chalcogen orbital and an electron center formed by an As p-orbital. The y fatigue at
low temperatures is shown to result from the negative-U dissociation of paramagnetic states 2D’ — D~ + D" that causes also
the absence of an ESR signal before illumination. Irradiation with light whose energy corresponds to the Urbach tail of the
absorption edge is found to result in a growing y signal that is due to optically induced paramagnetic states revealed also by
the EPR signals: D~ + D" + hv — 2D°, whereas subsequent irradiation with infrared light in the mid-gap bleaches both the
optically induced magnetic susceptibility and ESR signal to its cold dark efficiency. Metastable properties for paramagnetic
states located in the gap of As,S; are discussed in the framework of the negative-U reaction that is accompanied by the
restoration of the PL and the fatigue of the ESR signals and the magnetic susceptibility value. © 2002 Elsevier Science

Ltd. All rights reserved.
PACS: 71.23.cq; 71.38.Mx; 75.20.Ck
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1. Introduction

The models proposed to describe the localized states in
the forbidden gap of chalcogenide glasses are still far to be
applied in the interpretation of the photoluminescence,
optical absorption and ESR studies carried out on the
amorphous semiconductors [1-9]. The principal disagree-
ment in experimental results obtained using the ESR
[5,10-12] and AC conductivity technique [3,4] is the
number of unpaired spins that is rather lower
(<10"™ cm ™) than the value expected on the basis of the
density of localized states at the Fermi energy [1,2]. A weak
Curie paramagnetism at low temperatures is evidence of the
diamagnetism of pure chalcogenide glasses and pinning the
Fermi energy that is able to suppress the presence of
unpaired spins. The goal of this work is to demonstrate

* Corresponding author.
E-mail address: impurity.dipole @pop.ioffe.rssi.ru
(N.T. Bagraev).

the advantage of the magnetic susceptibility technique to
identify the negative-U properties for the intrinsic defects
found in chalcogenide glasses by the ESR measurements
under optical pumping.

2. Methods

Samples of glassy As,S; were prepared from 99.999%
pure elemental constituents in sealed quartz ampoules by
standard rocking furnace techniques followed by an air
quench. Some ESR signals were exhibited in cold dark
before illumination, which have been due to the presence
of residual iron-related centers [12]. The ESR signal near
the free-electron g value that can be related to the para-
magnetic states of dangling bonds has not been observed
before bandgap illumination. Temperature dependencies
of magnetic susceptibility were measured in the range
3.5-300 K with the magnetic balance spectrometer
MGD312FG. High sensitivity, 107°=107'° CGS, should
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be noted to be provided by the B dB/dx stability using this
installation. Pure InP samples characterized by temperature
stable magnetic susceptibility, y = 313.107° cm’/g, was
used to calibrate the B dB/dx values. The ESR spectra
were obtained at 4.2 K in a helium gas flow variable
temperature Dewar system with a standard Brucker-Physik
AG X-band (9 GHz) spectrometer, and an optical access
cavity. Paramagnetic component of magnetic susceptibility,
the ESR spectra and the red shift of a band edge absorption
coefficient are found to be optically induced by irradiation
with the 0.53 pm laser diode (4H-SiC) at low temperatures
whose energy corresponds to the Urbach tail of the absorp-
tion edge. Subsequent quenching of magnetic susceptibility
and ESR spectra as well as the restoration of initial spectral
dependence of a band edge absorption coefficient is
provided by the illumination with the 1.55 pm laser diode
(InGaAsP-InP). Besides, the subsequence of cooling
operations
300—3.5—300—3.5—300—3.5—300—35K— -
under 0.53 light illumination was used to study long time
photostructural transformations in glassy As,S;.

3. Results and discussion

The temperature dependence of magnetic susceptibility
shown in Fig. 1a demonstrates the Curie paramagnetism in
As,S; only at high temperatures, whereas at low tempera-
tures its reduction is revealed by two peaks that are evidence
of the spin instability from two different paramagnetic
centers. The effect found is rather similar to spin pairing
in magnetic sublattices [13] and seems to be due to the
formation of the pairs of the singlet dangling bonds that
belong to the S- and As-related centers. Therefore, such a
behavior of y at low temperatures is described by the
following relationship taking account of both the Curie
paramagnetism of residual dangling bonds in the first term
and the Van Fleck paramagnetism of their singlet pairs in
the second term
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where « is the exchange constant.

The concentrations of residual dangling bonds and their
pairs are found to be dependent on cooling rate that is
revealed by a following hysteresis in the y temperature
dependence. The dangling bond pairing causes also the
absence of some ESR signals at low temperatures, while
at high temperatures the ESR from dangling bonds cannot
be measured because of fast electron spin—lattice relaxation.
The y fatigue at low temperatures confirms the mechanism

+ ey

8
7t (a)
Tl

o

£l A

T gl f

x %

= ° 5 o0 o o1
gl e 2
T2 x 3
=

Sf

UL X =X (293)]x107 (g-cm™®)

| ! 1 !
0 50 100 150 200 250 300
T.(K)

Fig. 1. (a) The temperature dependence of the magnetic suscept-
ibility due to a hole center localized at a nonbonding lone pair
chalcogen orbital and an electron center formed by an As p-orbital
in As,S;: (1) cooling without light illumination; (2) after 0.53 wm
light illumination at 3.5 K; (3) subsequent 1.55 pwm light illumina-
tion at 3.5 K. (b) The temperature dependence of the magnetic
susceptibility due to a hole center localized at a nonbonding lone
pair chalcogen orbital and an electron center formed by an As
p-orbital in As,S; after subsequence of cooling operations
300—3.5—300—3.5—300—3.5—300—3.5K—--- under
the 0.53 wm light illumination.

of the ESR absence in the chalcogenide glasses without
previous illumination that has been suggested on the basis
of the negative-U conception [6—9]. In the framework of
this mechanism, the paramagnetic one-electron states of
dangling bonds dissociate spontaneously into empty and
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Fig. 2. Optically induced ESR spectra obtained by 0.53 wm light
illumination at 3.5 K in glassy As,S;.
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Fig. 3. (a) Growth curves of the optically induced magnetic susceptibility for glassy As,S; as a function of time under continuous 0.53 pm light
illumination at 3.5 K (a). (b) Subsequent reduction of optically induced magnetic susceptibility for glassy As,S; as a function of time

continuous 1.55 wm light illumination at 3.5 K.

two-electron states, 2D’ — D" + D ™. Therefore, optically
induced ESR signal growth (Fig. 1a) results from opposite
reaction: DY + D + hv — 2D° [12]. As a result of such
procedure, the y temperature dependence seems to be
described by the Curie law (Fig. 1a). The kinetics of the y
quenching (Fig. 3a) is rather similar to the time-dependent
ESR growth [10-12]. Besides, the one-electron para-
magnetic states that create deep levels in bandgap gives
rise to corresponding red shift in the spectral dependence
of the absorption coefficient (Fig. 4a) which has been found,
for the first time, by Bishop et al. [12].

The analysis of the EPR spectra as well as the magnetic
susceptibility data shows that the broad low field ESR line
and low temperature peak in the 1/y temperature depen-
dence result from the processes due to spin instability of
an electron center formed by an As p-orbital, whereas the
narrow high field ESR line and high temperature peak in the
1/x temperature dependence are attributable to a hole center
localized at a nonbonding lone pair chalcogen orbital. The
models of these negative-U centers that are responsible for
the self-compensation in As,S; seems to be suggested using
the following Anderson’s Hamiltonian [6,7,14]

H=P2M + @Q*2 + Ey(n1 +n )+ Unln| —FO;

F = (Fg +3F)By + F\B + (Fy —3F)By; By = By;
n=20,1,2; Bo=0—nD(1 —nl;
Bi=nlnl|l-2nlnl; 3F = eE cos 6; 2)

here P and Q are the canonical pulse and the center’s
coordinate; M and @ are the center’s mass and the force
constant; Ey and U, are the seeding electron energy and
the singlet-like electron—electron interaction at the center,
F, and B, are the EVI constants and the projection operators
for the charge states of a center with a full number of
electrons n = 0, 1, 2; the quantity 8F is the extent to which
the charged states perturbed when a center is located in
electric field E and 6 is an angle between the direction of
the field E and the coordinate Q. After diagonalization of the

Hamiltonian by the charged states of an amphoteric center,
the adiabatic terms E,(Q) are obtained (Fig. 5a)

Ey(Q)=@(Q — Qo — 6Q)2/2 & the D" -center;
E(0) = —L(E) + @(Q — 0,)*/2 & the D’-center;

E>(Q) = —L(E) + @(Q — 0, + 80)*/2 < the D™ -center;

where the potentials of one /;(E) and two I(E) electron
ionization of a dot indicate the change of the U(E)-energy
in the process of the capture of the phone and correlated
electrons DY — D’ — D~ (Fig. 5a)
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Fig. 4. Optically induced absorption spectra obtained at 3.5 K for
glassy As,Ss. (a) (1) after dark cooling at 3.5 K; (2) after 0.53 wm
light illumination at 3.5 K; (3) after subsequent 1.55 pm light
illumination at 3.5 K. (b) (1) after dark cooling at 3.5 K; (2) after
two subsequent cooling operations 300 — 3.5 — 300 K under the
0.53 wm light illumination; (3) after three subsequent cooling
operations 300 — 3.5—300— 3.5K under the 0.53 wm light
illumination.
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Fig. 5. Adiabatic potentials and equivalent one-electron band
scheme two-electron centers in chalcogenide glasses in metastable
state (a, a’) characterized by an internal electric field that is induced
by the dipole centers and in stable state after subsequence of
cooling operations 300 — 3.5 — 300 — 3.5 — 300— 3.5 — 300 —
3.5 K— --- under 0.53 wm light illumination (b, b’) that reduces an
internal electric field.

Iz(E) = 12 - F()SF/W,

L = —[2E, + Uy + (F3 — F)2e);

UE) = 21,(E) — Iy(E) = U — [Ey3F + GF)|U =21, — I

= Uy + 2F} — F} — F)e.

Thus, the change of the local effective correlation energy
for the D° and D~ position is subject to the polaron
shift W, = (Fl2 —F%)/Zce. Therefore, the energy of the
photoionization (D — D% and the kinetics of the capture

on the neutral paramagnetic centers (D°— D7) are
dependent on both internal and external electric field
(Fig. 5a and b).

The negative-U dissociation of one-electron states at low
temperatures is explained in the frameworks of the two-
electron adiabatic potentials (Fig. 5a and b) and equivalent
one-electron band schemes (Fig. 5a’ and b’), whereas the
metastability of the negative-U dangling bonds that is
defined by a barrier between two-electron and one-electron
states is revealed by the Curie dependence at high tempera-
tures which is evidence of the thermally excited D -states
(Fig. la). The metastable properties for the negative-U
dangling bonds are also revealed by a stabilization of one-
electron paramagnetic state after the 0.53 wm light
illumination at low temperatures, which is created by the
photoionization of the D -state: D™ + D~ + hv —» D" +
D+ e — 2D". The verification of the deep level position
in bandgap that belongs to the D° paramagnetic state is
demonstrated by subsequent 1.55 pm light illumination
which results in optically induced quenching of both the
magnetic susceptibility (Figs. 1a and 3b) and ESR signals
(Fig. 2) as well as bleaches initial band edge absorption
coefficient and PL spectrum in As,S; [12]. The same
kinetics of the quenching found by studying the y value
(Fig. 3b) and the ESR signals [12] should be noted to
define the concentration of the paramagnetic dangling
bonds.

The results obtained seem to be due to the As,S; samples
that contain the As- and S-related negative-U centers which
cause the electric dipoles (Fig. 6a). Optical generation of the
one-electron paramagnetic states is accompanied by the
disappearance of the dipole centers (Fig. 6b). These electric
dipoles seem to create the strong internal electric field
(~107-10% V cm ") that defines the metastable properties
for the dangling bonds (Fig. 5a and b) and the Urbach tail of
the absorption coefficient in chalcogenide glasses (Fig. 4a
and b) [15].

The metastable properties for dangling bonds in As,S; are
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Fig. 6. The As,S; chain that reveals the different versions of the negative-U centers such as a hole center localized at a nonbonding lone pair
chalcogen orbital and an electron center formed by an As p-orbital. (a) The Asy —As; and S{ —S; negative-U dipole centers that create internal
electric fields in glassy As,S; after its preparation accompanied by an air quench. (b) The paramagnetic As3 and S centers that are optically
induced by the 0.53 wm light illumination at 3.5 K. (c) Opposing As; —As; and S} —S; negative-U dipole centers that are not capable of
creating internal electric fields after subsequence of cooling operations 300 — 3.5 — 300 — 3.5 — 300 — 3.5 — 300 — 3.5 K — --- under the

0.53 m light illumination.
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found to be suppressed by the subsequence of cooling
operations 300 — 3.5 — 300 — 3.5 — 300 — 3.5 — 300 —
3.5 K— --- under the 0.53 light illumination (Fig. 1b). The
analysis of the dependence shown in Fig. 1b exhibits a
stabilization of singlet two-electron states (D) that is
revealed by the Van Fleck paramagnetism in the y tempera-
ture behavior. The effect found appears to be caused by self-
compensation of electric dipoles (Fig. 6¢) that gives rise to
reduction of the internal electric field (Fig. 5b) and corre-
sponding long time photostructural transformations in
glassy As,S; (Fig. 4b).

4. Summary

The magnetic susceptibility and ESR techniques have
been used, for the first time, to identify the metastable
properties for the negative-U intrinsic defects in glassy
As,S;. The electric dipole centers formed by negative-U
dangling bonds have been shown to define the Urbach tail
of the absorption coefficient spectra as well as to be
responsible for long time photostructural transformations
in chalcogenide glasses.
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