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The quantitative features of bimaolecular decay rd axation kinetics are ana ysed for radiation-
optical properties of chalcogenide glasses of ternary As,S;-GeS,,,S0,S;-GeS,; and As,S;-
GeS; systems in dependence on their chemical composition. It is shown, that the observed
concentration dependences of rel axation parameters have monotonic character in the glasses
of stoichiometric As,S;-GeS,, and Sh,S;-GeS, cut-sections, while anomal ous extremum-like
behaviour is observed in the point of expected 2D-3D phase transition in non-stoi chiometric

As;Ss-Ge,S; glasses

1. Introduction

It is well known that a so-called bimolecular relaxation function (RF) M,,(t), describing the
relative change of control parameter 7 withtimet as

Mﬂ(t)=u=(l+£j_, )
o = Nw

where 7is some materid-related time constant,

Noistheinitia amplitude of the control relaxation parameter (17, =7, when t=0),

N isthefinite value of the control relaxation parameter (1., =/, when't o),
often determines the degradation kinetics in different kinds of topologicaly-disordered solids [1-4].
In a more comprehensive way, this RF is introduced as exact solution of general degradation
equation taken in a power-like form [1,3]

dy
=7, 2
p” n @)

provided a=2 and B=0. The latter condition means that relaxation rate of the chosen control

dg . . -
parameter E isindependent on thetimet. The sameis proper dso to monomolecular RF, giving a

simple exponential behaviour in relaxation kinetics, but, in contrast, the relaxation rate of
bimol ecular degradation is directly proportional not to the first, but only to the second power in 7.
This bimolecular kinetics is proper to relaxation processes determined by recombination of specific
defect centres of opposite nature — vacancies and interstitials, €ectrons and holes, over- and under-
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coordinated atoms, etc. [5]. It iswdl known that the bimolecular RF successfully describes the [ow-
temperature decay kinetics of photoconductivity in solids (Vazer modd) [6]. Sometimes, when the
overal relaxation process can be decomposed on individual contributions from independent types of
defects, the observed power-law decay behaviour can be explained in term of standard bimol ecular
kineticstoo [5].

The decay kinetics observed in post-irradiation effects in glassy-like cha cogenide materias
and reveadled itsdf through time dependence of their radiation-induced properties (first of al,
optica) can be mentioned as typicd example of bimolecular rdaxation [7,8]. Thus, in particular, it
was established, that fundamental opticd absorption edge of chalcogenide glasses (ChG) shifts in
long-wave region in the result of corresponding decreasing in their band-gap energy, caused by
irradiation of high energetic (E > 1 MeV) ®Co y-quanta. These so-called dynamic radiation-
induced changesisnot stablein time after irradiation inthenorma conditions of samples storage,
slowly decreasing during 2-3 months to some residual value in dependence on ChG composition
[7,8].

The god of this work is to analyse the compositiona features of bimolecular decay
relaxation kinetics for radiation-optical properties of ternary Ge-As(Sb)-S ChG taken along two
typica glass-forming sections, the first one being restricted by stoichiometric arsenic (or antimony)
trisulphide As,S; (Sh,Ss) and germanium disulphide GeS,, and the second one being restricted by
stoi chiometric As,S; and non-stoi chiometric Ge,S; sulphi des.

2. Experimental

The investigated ChG samples of A$,S:-GeS,, ShSs-GeS, and As,S;-Ge,S; cut-sections
characterised by average coordination number Z or, in other words, by humber of covalent chemical
bonds per one atom of glass-formula unit (in the supposition on full saturation of covalent bonding
within glass-forming network), were chosen as follows:

(A$:S3).(GeSy)1. at x=0.1 (Z=2.63), x=0.2 (Z=2.59), x=0.4 (Z=2.53) and x=0.6 (Z=2.48);
(S02%:):(GES;) 1.« at x=0.1 (Z=2.63), x=0.2 (Z=2.59), x=0.3 (Z=2.55) and x=0.4 (Z=2.53);
(AS:S:)x(GESs)1x &t X=0.1 (Z2=2.76), x=0.2 (Z=2.72), x=0.4 (Z=2.64) and x=0.8 (Z=2.48).

The non-stoi chiometric Sh,S;-Ge,S; chemica system was excluded from our consideration
because of diminishingly small amplitude of the observed radiation-induced changes [9].

The above ChG samples of different chemical compositions were prepared from high-purity
edemental constituents with direct synthesis in evacuated quartz ampoules. The standard rocking
furnace technique followed by conventional melt-quenching route was applied [10]. After synthesis
all ingots were air-annealed at a temperature of 20-30 K bdow Ty during 3-5 h to diminate
structurally-intrinsic imperfections (bubbl es, cracks, incorporated strains and inclusions, €c.). Then
they were cut into plates about 1-2 mm in thickness and 10-15 mm in diameter, the sample surfaces
being polished to optical quality with 1 um alumina. It was confirmed using X-ray diffraction and IR
microscopy techniques that phase separation and crystallization processes did not occur in the
investigated sampl es.

The value of atomic compactness Jcal cul ated via the following formula [11]:

Z/uixi
- , VZE
5:'\/_p'_1:-v° , ©)

a a

where X, (4, g — atomic part, mass and density of i-dement within glass-forming network,
respectively,
V, —average molar volume (the ratio of molar weight M to experimenta glass density p),

Vo =Va- D H7%_ average molar free volume,

i pi
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was used as additional parameter for structura characterization of the prepared ChG. Apart from, the
va ue of free volume per one atom of glass matrix VOA was estimated for each ChG to develop an

adequate interpretation for microstructural origin of the observed relaxation phenomena. These
parameters were calculated using known data on main physica-chemical properties of the
investigated ChG [10,12].

The samples were irradiated with y-quanta in the normal conditions of stationary radiation
fidd, crested in a closed cylindrical cavity by concentricaly established ®Co (E=1.25 MeV)
radioisotope capsules. The accumulated dose for (A$:S:).(GeS;):. ChG was 2.2 MGy, for
(Sh,S3)x(GeS;)1. ChG was 1.0 MGy and for (As;S3)x(Ge:Ss)1.« ChG was 3.0 MGy, the absorbed dose
power being at the leve of afew Gy/s in all cases. The latter determined maximum temperature in
glass bulk, which did not exceed 310-320 K during a whole period of y-irradiation (from 2 to 6
weeks).

The optical transmission spectra of the investigated ChG were measured in the vicinity of
fundamental absorption edge before, just after y-irradiation and in some controlled moments during
3-months samples storage, using two-beam “Specord M-40" spectrophotometer (200-900 nm).
Specia marks were drawn on the sample surfaces in order to exclude errors caused by possible
displacements in sample position respectively to probe light beam. As aresult, the maximum error in
optica transmission measurements did not exceed 0.5 %.

The observed radiation-optical effects reveal themselves dearly through long-wave (low-
energetic) shift of fundamenta optical absorption edge (darkening effect) [7-9]. So the vaue of
relative increase in optical absorption coefficient Aala,, was used as control relaxation parameter 77
in our experiments. The anal ytical description for rdaxation kinetics was carried out taking maximal
va ue of n=(4dl a,)max. Since radiation-optical effectsin theinvestigated ChG can be associated with
specific structura defects having anomalous atomic coordination [6], the direct corrdation exist
batween defect concentration and value of control relaxation parameter ;. The observed decay
kinetics in radiation-optical properties of ChG corresponds to annihilation of these defects after y-
irradiation switching-off [7-8].

3. Results

First of al, it should be emphasised once more that bimolecular RF is the most suitable one
to describe adequately the decay re axation kinetics in radiation-optical properties of ChG, when
comparison is made with al other dternative resolutions theoretically possible for genera
differential equation of post-irradiation degradation [2-4].

The values of 1, and 1 parameters proper to bimolecular RF describing decay kinetics in
radiation-optical properties of theinvestigated ChG are presented in Table 1.

It is obvious that compositional dependencies of 7, and 1 parameters have a smooth
monotonical character for ChG of stoichiometric (As;S3)«(GeS;)1x and (Sh,S:).(GEeS;);1.x Systems.
Thetime constant 7 decreases in both cases, while 77, amplitude increases with Z for (As,S;)<(GeS;)1-
« and decreases for (Sh,S3)«(GeS,)1.x ChG.

At the sametime, the anoma ous character is observed in dependence of 77, and 7 parameters
on average coordination number Z for non-stoichiometric (A$,S:)x(GeSs)1x System, the extreme
va ues being observed near Z = 2.7 (in the point of possible 2D-3D topological phase transition [12-
13]). Thus, the time constant T and amplitude of rdaxation parameter no reveal maximums in the
vicinity of this point. This anomaous compositional behaviour is observed not only in radiation-
optica, but other chemica-physica properties of theinvestigated ChG too [12-15].
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Table 1. The values of 7o and 7 parameters of bimolecular RF, described decaying kinetics
of radiation — optical propertiesin  ternary  A$$:)x(GESy)1x (ASS)x(GeS3)1x  and

(S0255)(GES,)1.x ChG.
Sctucrura -chemica parameters of ChG Parameters of bimolecular RF
X Z o, % VOA, A3 Mo, 0.€. 7, days
(A%:S:)(GES,)1-x
0.1 2.63 -11.4 3.16 0.36 112.7
0.2 2.59 -7.4 1.96 0.39 94.3
0.4 2.53 -6.7 1.73 0.43 73.7
0.6 2.48 -6.6 1.72 0.47 39.0
(ASS)(GeSs)1x
0.1 2.76 -7.4 1.97 0.54 20.0
0.2 272 -8.8 2.35 0.59 34.1
0.4 2,64 -9.2 2.46 0.43 54.1
0.8 2.48 -6.8 1.76 0.30 234
(S0255)(GESy) 1%
0.1 2.63 -8.78 242 0.72 197.5
0.2 2.59 -6.94 191 0,42 130.5
0.3 2.55 -4.70 1.28 0.28 126,6
0.4 2.53 -3.54 0.96 0.09 72.1

4. Discussion

It is wel known that structura fragments of different dimensionaity can co-exist
simultaneously within coval ent-bonded matrix of topologically-disordered solids like ChG. Thus, in
part, 1D-dimensional or chain-like, 2D-dimensiona or layered and 3D-dimensiona or spatially
cross-linked glass-forming blocks can be distinguished in ChG containing divaent two-fold
coordinated chalcogen (S, Se or Te), trivalent three-fold coordinated pnictide (As, Sb or Bi) and
tetravalent four-fold coordinated germanium Ge atoms in dependence on their composition [10,16].
That is why compositional effects in ChG are often revealed themsdves through topological
specifics of their glass-forming network. In other words, not only chemical, but also topol ogical
phase transitions are possible with compasition changein ChG.

One of the above mentioned phase transition, which has a strict topological nature, is
observed at Z=2.4, it being connected with “floppy-to-rigid” (or 1D-2D) structural transformation
[17,18]. Itis assumed for this case that average constraint per one atom is close to 3. When atomic
system has a smaller constraint (less than 3), it is under-coordinated, when more — over-coordinated.

This gpproach K. Tanaka stretched on more structurally complicated ChG with 2D-
dimensiona layer-like and 3D-dimensiona Ge-based units, fore seeing the possibility for anal ogous
2D-3D topological phase transition at Z = 2.7 [19]. He bdieved that quasi-layered 2D-dimentional
structure is dominant at Z<2.7, while in the case of Z>2.7 the glass structure spontaneously transfers
into 3D-dimensional spatially cross-linked network. Despite its simplicity, this version on the nature
of Z = 2.7 phase transition cannot be accepted within Fillips-Thorpe rigidity concept as strict
counterpart of mechanical “floppy-to-rigid” phase transition in the point of Z = 2.4 [18]. Therefore,
chemical origin [14,15] or microphase separation processes [20,21] are often adopted to explain the
above anomal ous behaviour near Z = 2.7.

As to the investigated ternary Ge-As(Sh)-S systems, they are built mainly with 2D-
dimensiona pyramidd AsS;, (or SbSy,) and 3D-dimensiona tetrahedral GeS,, complexes [10]. A
small amount of Ge-enriched Ge;Sg, structural groups appear only in non-stoichiometric As,Ss-
GeS; compositions at high Z values.

The studied stoichiometric As,S;-GeS, and Sh,S;-GeS, ChG have no any phase transitions
in the whole Z range (Z vaues change from 2.4 to 2.67 for boundary compounds). The high
saturation leve of covaent chemical bonds in SbSy, pyramids leads to the weakening of radiation-
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induced defect formation processes within (Shy,Ss)«(GeSy)1« system, while in (AS:Ss)«(GES,)1-«
systems the both components (As-based AsSs, and Ge-based GeSy,) are sensitive to high-energetic
y-irradiation. As a result, the essential difference is observed in compositional dependencies of
numerical parameters of bimolecular RF (17, and 7) for theseChG.

Thetime constant 7 only decreases with average coordination number Z in both As,S;-GeS;
and Sh,S;-GeS, systems, illustrating the common tendency to the stretching in decay relaxation
kinetics with increase in the content of free volume (see Tablel). In other words, the duration of
dynamic component of radiation-optica propertiesin the above stoichiometri ¢ systems increase with
structural dimensionality of glass-forming network (rise in Z), presumably, owing to small atomic
compactness J (or, which is equiva ent, owing to large content of free volume per one atom of glass

matrix V,*). It should be noted that the higher absolute values of time constant 7 are observed for
stoichiometric Sh-based ChG in comparison with As-based ones, having the greater atomic
compactness 0 and smaller free volume VOA. So, the duration of the investigated decay reaxation

process is daemined by not only atomic compactness, but chemica nature of glass-forming
network too.

The initial amplitude of the control relaxation parameter 77, shows a monotonic growing
dependence with Z for Sh,Ss-GeS,; system and decaying one for As;S;-GeS, system (Table 1). This
behaviour is explained that both As- and Ge-related atomic subsystems are sensitive to radiation
influence, while Sh-rel ated subsystem | eads to the weakening of radiation-induced changes owing to
high metdisation levd of covdent chemica bonds [22]. It should be noted that the observed
monotonic character in compositional changes of rdaxation parameters in the investigated
stoichiometry systems agrees wel with monotonic character in compositional dependences of

atomic compactness dand free volume V.

On the contrary, within non-stoichiometric ternary system (A$,S:)x(Ge:Ss)1.«, the character
of radiation-induced processes essentially changes. Near Z=2.67 point, where the minimal atomic

compactness dand maximal free volume V. are achieved, the greatest time constant 7is observed.

So, despite stoichiometry of theinvestigated ChG, the greater free volume of glass-forming network,
the higher value of time constant 7in post-irradiation relaxation process (see Table 1).

5. Conclusion

The observed bimolecular decay relaxation kinetics shows the monotonic compositional
behaviour in stoichiometric As,S;-GeS, and Sh,Ss-GeS, ChG, while extremum-like behaviour
revedls in the vicinity of 2.7 average coordination number within non-stoi chiometric As,S;-GeSs
ChG. These features wdl corrdate with compositional dependences of atomic compactness and free
volume for al ChG systems.
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