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INTRODUCTION

High transmittance in the optical and IR region of spectra causes a
wide application of vitreous chalcogenide semiconductors (VChS) as
the elements of different optical devices [1,2]. However, a stability of
the VChS optical characteristics under the influence of high-energetic
jonising irradiation (E > 1 MeV) is not studied sufficiently well. The data
available in the literature are, as a rule, fragmentary with a great level of
ambiguities in the interpretations. In this connection, it is necessary to
overview and systematise the existing results.

The investigations of radiation-induced optical effects in VChS
originated from 1980" when the influence of high-energetic irradiation
on the mechanical properties of chalcogenide glasses had been more
or less studied [3,4]. Firstly, the radiation-stimulated optical changes in
bulk VChS were reported for the traditional representatives of these
materials — As-based sulpho/selenides [5-7]. Then As atoms were
substituted with Ge, Sb, as well as S and Se were substituted with Te
[8-13]. At present time, the IR and optical properties of many binary
VChS and glasses with different deviations from stoichiometry are
examined to the influence of high-energetic irradiations [8-20]. The
same effects in more structurally complicated multicomponent or mixed
VChS systems are investigated worse [21-25].

The optical effects stimulated by high-energetic electron, neutron and
gamma irradiation will be considered in this paper for different VChS
compositions obtained by the standard melt-quenching method.

OPTICAL CHANGES

it is well known, that all VChS possess the fundamental optical
absorption edge in the form of exponential tail or so-called Urbach tail
of absorption (see curve 0 in Fig.1) [26]. The slope of this tail is closely
connected with charged point defects concentration in VChS structure
[27].

Schematically all radiation-stimulated changes in this region of spectra
for VChS are shown in Fig.1. As it can be seen, there are two
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possible processes in the fundamental absorption edge region: 0-1 —
radiation-stimulated darkening effect and 0-2 — radiation-stimulated
bleaching effect. Analogous processes can be observed for the optical
transmittance region: 0-4 — radiation-stimulated decreasing of
transmittance and 0-3 — radiation-stimulated increasing of
transmittance. The number of experimentally observed results could be
described by the combination of these 4 processes. The absence of
any changes in one of the regions (0-0), as well as changes in the
slope of transmission characteristics, should be also taken into account
to combine the whole variety of possible radiation-stimulated
processes.
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Fig.1. The possible variants of radiation-stimulated changes of optical
transmission spectra in VChS systems: 0 — initial optical transmission curve, 1-
3, 1-4 and 2-3, 2-4 — optical transmission curves measured after irradiation

OPTICAL CHANGES, STIMULATED BY ELECTRON IRRADIATION

The rare data on the electron-stimulated optical effects concern mostly
of As- and Ge-based VChS compositions and were obtained in 80’s. It
was established [5,8-14], that radiation treatment of vitreous As,Ss;,
As,Ses, AszSes, AsySs:Sez and Ge,S; chalcogenide 1glasses with
electron beam (E=1 - 4.5 MeV, fluence P=10""-10" cm?s™ and dose of
irradiation ®=10">-10"° cm™) led to a long-wave shift of the transmission
curve in the fundamental optical absorption edge region. This process
corresponds to 0-1 shift in Fig.1. The magnitude of this effect depended
essentially on the chemical composition of glasses and their
stoichiometry. Thus, for As,S; VChS the greatest electron-induced
optical effect was observed. It sufficiently decreased after As was
substituted with Ge (in Ge,S;) as well as S was substituted with Se (in
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As,Ses), or Se with Te [9-13]. Within of As-S and As-Se glassy systems
the electron-induced optical changes increased with As content in
VChS compositions [10-13]. Radiation-oPtical effect increased linearly
also with dose of irradiation until ®~10'® cm?, and at greater doses
reached the saturation. No detectible changes of optical characteristics
were observed at ®<10'® cm™ for all VChS compositions.

Additionally, the electron-induced shift of the transmission curve in the
fundamental optical absorption edge region was accompanied with
simultaneous slope decrease. For example, for vitreous As,S; and
As,Se; the change in slope was evaluated as ~3 eV at ®=10"" cm?
[10]. So, it was concluded that electron irradiation at room temperatures
produces the additional charged point defects, which were formed
through the destruction under irradiation of chalcogen-chalcogen and
As(Ge)—chalcogen chemical bonds [14]. The clusterization of the above
defects with the consequent phase separation was also assumed.

The transmission decrease in the optical transmittance region was
observed for all investigated VChS (0-4 process in Fig.1). The
compositional and dose dependences of these changes, induced by
electron-irradiation at room temperatures (~300 K), were the similar as
in the case of the fundamental absorption edge  region [9-11].

The interesting effect was observed when the radiation treatment was
performed at the temperatures essentially lower, than the room
temperature. Thus, for example, As,S; irradiated at T=190-220 K
revealed a relatively weaker electron-induced optical changes in the
fundamental absorption edge region in comparison to the irradiated at
T=300 K one [12]. At the same time, such conditions of radiation
treatment led to the increasing of transmission in the optical
transmittance region (0-3 process in Fig.1) on the contrary to the effect
obtained at room temperature irradiation (decreasing of transmittance,
0-4 process) [12].

The electron-induced optical changes have a reversible nature. In the
case of vitreous Ge,S;, thermal annealing (at the temperatures below
the softening point Tg) completely restores the initial position of
transmission curve obtained before irradiation. The other investigated
VChS (As,Ses, AszSe,, AsySsSes) possessed a partial reversibility
[9,12]. It should be mentioned that the transmittance in the fundamental
optical absorption edge region restores faster than the transmittance at
greater wavelengths. An increasing of the annealing temperature leads
to a sharp increasing of the velocity of these restoration processes [12].
Recently, the dichroism in electron-induced optical changes was
discovered for vitreous As,S; [14]. It means that optical effect, induced
by electron irradiation, depends essentially on the positional
relationship of electron beam and sonde light beam of the
spectrophotometer.
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OPTICAL CHANGES, STIMULATED BY NEUTRON IRRADIATION

The neutron-stimulated optical changes are poorly investigated even for
binary VChS. Only some results were obtained in the middle of 90’s for
vitreous As,S;3 [7,8,16,17], As40Ss:Seg [8] and AsGeSe [16,17]. The
optical changes induced by neutron irradiation (fluence P=10""-10"* cm"
257 dose of irradiation ®=10"°-10" cm™, transmission measurements
were carried out through 3-8 moths after irradiation) are essentially
greater than those, induced by electron beam. Still, the qualitative
peculiarities of these changes are the similar: the long-wave shift of the
transmission curve in the fundamental optical absorption edge region
(0-1 process in Fig.1) and slope decrease of the latter are observed
after irradiation; the 0-4 process (decrease of transmittance in optical
transmittance region) is also detected. The linear increasing of the
magnitude of neutron-induced optical effect with the dose of irradiation
retains until the saturation at ®>10'® cm?® is reached. The neutron
irradiation with doses less than 10" cm™ produces no effects on the
optical VChS properties.

The additional peculiarities were obtained for neutron-stimulated optical
changes in vitreous As,S; and AsGeSe [16,17]. Purified waterless
As,S; exhibits the neutron-induced increasing of transmittance (0-3
process in Fig.1) in the wavelengths region > 1.1 um, in objection to
non-purified one. The introducing of Cu or Pb impurities (4-5 at. %) into
the AsGeSe matrix does not change the tendency of these VChS to
neutron-stimulated darkening effect and decreasing of transmittance in
optical transmittance region.

The radiation treatment with reactor neutrons leads to general
increasing of all optical losses in As;Sz and As,Ss:Seg fibers [7,8].
However, some additional maximums in optical loss spectra appear as
a result of irradiation. The neutron-stimulated short-wave shift is
observed for some of these bands. Thus, at the dose of ®=10"" cm™
(when the maximal neutron-induced optical losses are observed in
As,S; fiber), the optical loss maximum at 630 nm shifts after irradiation
in the region of smaller wavelengths and restricts in shape. This feature
was connected with partial crystallization of liquid phase regions
created under radiation treatment (20-40 um in dimension). The
neutron-induced optical losses in As,S; fiber can be partially reduced
by the thermal annealing [7].
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OPTICAL CHANGES, STIMULATED BY GAMMA IRRADIATION

There are many scientific works devoted to the gamma-induced effects
in VChS. However, only a small part of them concerns of the optical
changes in bulk chalcogenide glasses. The reason is that in the very
beginning thin films objects of VChS were used for investigations of
gamma-induced optical effects [6], and as a result small effects and
unmatched data were obtained. Now, it is well known that these effects
essentially enhance with thickness [20]. So, bulk VChS compositions
are more appropriated for gamma-stimulated optical effect studies.

The influence of the gamma irradiation on the optical properties of bulk
chalcogenide glasses is sufficiently studied for As-S, As-Se, As-Ge-S,
As-Ge-Se, Bi-As-Se, Sb-Ge-S VChS systems [20-25]. The
compositional and dose dependences for them are established. Let’s
consider these systems separately.

The equivalent of 0-1 process (darkening effect, see Fig.1) and slope
decrease in the fundamental absorption edge region was observed
after gamma irradiation (E=1.25 MeV, P=4-20 Gy/s, ®=10%10° Gy,
temperature during irradiation T~300 K) for all compositions from As-S,
As-Se, As-Ge-S, As-Ge-Se, Sb-Ge-S VChS systems [20-24]. The value
and the character of this long-wave shift depend essentially on the
chemical composition of VChS, their stoichiometry, thickness, as well
as on the dose of irradiation.

The recent investigations show additionally a great importance of the
temperature during gamma treatment and the period of natural storage
before measurements. The latter is important owing to the discovered
non-stability under the natural conditions of gamma-induced changes
[23]. In this connection the total radiation-optical effect should be
divided into two components: dynamic (gradually damping during 2-3
months of natural storage) and static (remaining to be a constant for a
long period of time). Unfortunately, this circumstance was not taken into
account in earlier researches, which resulted in bed agreement of the
experimental data, obtained by various authors.

The next regularities of the gamma-induced optical changes (static
component of the effect) in fundamental absorption edge region follow
from the available resuits:

the magnitude of the gamma-stimulated changes in binary VChS
systems increases with As content;

substitution of S atoms with Se ones leads to the decreasing of
magnitude of the darkening effect;

the increasing of Ge content in pseudobinary VChS compositions
results in increasing of the magnitude of static component;

the substitution of As atoms with Sb ones leads to the passivation of
gamma-induced optical changes and their disappearing in VChS with
high Sb concentration;
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introduction of Cu or Pb impurities (even at the rate of 1 at.%) into As-
Ge-Se VChS matrix completely annuls the sensitivity of above glasses
to gamma radiation;

the non-stoichiometric Ge-containing ternary VChS reveal a well-
expressed peculiarities (extrema) of the magnitude of gamma-induced
optical changes in the vicinity of transition point from two-dimensional to
three-dimensional type of glass structure;

the magnitude of radiation-optical darkening effect linearly increases
with dose and go into saturation at greater ®;

gamma-irradiation with ®<0.5 MGy at normal conditions produces no
detectible changes in VChS optical properties (thats why some
researchers didn’t obtain any effects in ternary As-Se-Te VChS
systems [21]).

Gamma irradiation of Bi-As-Se VChS leads to specific changes in
optical properties. When Bi concentration is low in the VChS
composition, the gamma-induced darkening effect (0-1 process in
Fig.1) is observed, while with increasing of Bi containing, the gamma-
stimulated bleaching effect (0-2 process in Fig.1) takes place [25].
There are no strict rules on the gamma-induced effects in optical
transmittance region of spectra for the observed VChS systems. These
changes are revealed through the both transmittance increase and
transmittance decrease depending on the chemical composition of
VChS, their structure and stoichiometry, conditions of preparation and
the parameters of irradiation (dose, temperature etc.). So, the whole
variety (0-0, 0-3, 0-4) of optical processes even within of the one VChS
system can be expected.

The radiation-optical effect has a reversible nature. Thermal annealing
(up to the temperatures 20-30 K below the softening point Tg)
completely or partially restores the initial transmission before irradiation.
The ratio of such restoration depends on the structural peculiarities of
the VChS.

IR IMPURITY ABSORPTION CHANGES

The application of bulk VChS in IR optics is limited by the number of
impurity absorption bands in 2.5-25 um wavelengths region
corresponded to different oxide, hydroxyl and hydride complexes.
However, their behaviour under the influence of high-energetic ionising
irradiation is still being poor investigated.

There is no available data on the electron-induced effects in this region
of spectra for VChS materials.

A few reports are devoted to the neutron-induced changes in impurity
absorption spectra of vitreous As,S; and AsGeSe [16,17]. Thus, it was
established, that neutron irradiation with ®=(1-5)-10"° cm? (P=5-10"
cm?s™, transmission measurements were carried out 3-8 moths after



Vlith ISPCS 2001 205

irradiation) of vitreous As,S; and AsGeSe leads to the increasing of
2.86 um impurity band (stretching vibrations of O-H complexes) for
As,S; and decreasing of the same band intensity for AsGeSe. The
second O-H stretching vibrational band (2.76 um) completely
disappears, and the intensity of O-H (6.25 um, in H-O-H groups)
deformation vibrations essentially decreases after neutron irradiation for
As,S3. Some absorption bands can appear in the IR impurity spectra as
the result of chemical elements transmutations under the neutron
irradiation. For example, the 4.95 um impurity absorption band in
vitreous As,S; corresponds to the Se-H bonds, where "°Se is the
product of nuclei reactions. The As-O absorption band at 12.8 um does
not change after neutron treatment as in vitreous As,S;z as in AsGeSe.
The other vibrational bands in AsGeSe (Ge-O, Se-H) shift in the long-
wave region of spectra and spread.

Gamma-induced (E=1.25 MeV, P=4-20 Gy/s, $=10%-10° Gy,
temperature during irradiation T~300 K) changes in IR impurity
absorption spectra are well investigated for vitreous As,S; and As-Ge-
S, Sb-Ge-S, As-Ge-Se VChS systems [18,19,28-30]. In the strict sense,
the decreasing/increasing of absorption band intensities is very slight
effect and depends on many factors, such as structural peculiarities,
purity of VChS samples, their amorphism, conditions of radiation
treatment, thermal prehistory and so on. Generally, as a rule, the
insignificant gamma-stimulated increasing of practically ail impurity
absorption band intensities is observed for all VChS [28-30]. However,
in [18] the gamma-induced decreasing of hydroxyl O,Hn, (2.77 um and
6.25 um) and hydride S-H (4.2 um) absorption band intensities in
vitreous As,S; is reported, while the radiation-induced changes in As-
Ge-Se glasses are to be neglectfully small at all.

The correlation between gamma-induced changes in IR impurity
absorption spectra and structural features, for example, is well
expressed for non-stoichiometric Sb-Ge-S system, where the maximal
decreasing of S-H band intensity corresponds to minimum of glass
compactness [30]. The influence of other factors on the gamma-
induced changes in IR impurity absorption spectra needs further
investigations.

CONCLUSIONS

The known data on the influence of electron, neutron and gamma
irradiation on the optical and IR properties of bulk VChS are
summarized in present report. The overviewed optical effects,
stimulated by different type of high-energetic ionising irradiation are
assumed to have the similar nature. The ambiguities and discordance
in the results, obtained by different authors, can be successfully
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explained by the different conditions of samples preparations, radiation
treatment and post-radiation history.
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