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Kinetics of light-assisted physical ageing in S-rich arsenic sulphide glasses
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Abstract.

The obtained results show that kinetics of light-assisted physical ageing in S-rich glasses can be well fitted

with stretch-exponential Kohlrausch-type function, in which exponent -values and the effective time relaxation
constant T depend on the wavelength of incident photons. The obtained S-values exhibit well-expressed minimum for
the structural relaxation stimulated by light with energy of quanta comparable with the optical gap of the material.

This effect is found to be similar to Se-rich glasses.
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1. Introduction

Recently, it was shown that kinetics of dark- and light-assisted
isothermal physical ageing, expressed through the enthalpy
losses AH(t), in Se-based chalcogenide glasses (ChG)
can be well fitted with stretch-exponential Kohlrausch-type
function [1,2]:

B
AH(t) = AH™ [1 — exp (—%) } (D

where A H™ is the maximum enthalpy a glass can lose after
infinitely long period of physical ageing, 7 the effective time
constant and § a so-called Kohlrausch exponent or stretching
parameter (also known as non-exponentionality or dispersiv-
ity index), ranging between O (high-dispersive process) and
1 (single exponential relaxation) [3,4].

In the case of light-assisted physical ageing in selenide
ChG, Kohlrausch exponent B and effective time relaxation
constant t are found to be dependent on the wavelength of
incident photons and duration of storage [2]. The obtained
B-values for Se-rich ChG grouped around 3/7 and 1/3 val-
ues [2]. The first value was directly predicted by Phillips
field-free axiomatic diffusion-to-traps model [5], while the
second one = 1/3 required either an assumption on three
distinct channels, one of them being effectively relaxational,
or the application of field-forced relaxation and fractal
models [6]. Slight deviations of the experimentally obtained
B-values from the theoretically predicted ones were associated
with additional contribution from other less efficient relax-
ational channels not accounted by the model [2]. However,
all of the above Se-based ChG with non-zero light-assisted
physical ageing effect were also characterized by a non-zero
effect of dark physical ageing [7], and vice versa—all of the
glasses with negligible dark physical ageing effect were also
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characterized by insignificant light-assisted physical ageing
effect [8]. Therefore, coupling between these two effects,
as well as the pure contribution of light-assisted structural
relaxation into the parameters of Kohlrausch-type function
describing the overall physical ageing kinetics, remain an
open question. To break the coupling between dark- and
light-assisted physical ageing effects one would need to
investigate glasses with negligible dark component of phys-
ical ageing, but significant light-induced structural relax-
ation. The best candidate for such investigations can be found
among the As-S glasses, because they possess almost ~1
order higher sensitivity to photoexposure (or other type irra-
diation) in comparison to selenide glasses [8], As-Se ChG
being their typical representatives.

So, in present paper the kinetics of enthalpy losses in
S-based ChG under the exposure to the light of different
discrete wavelengths at the ambient conditions are stud-
ied and compared to the previous data obtained on isomor-
phic Se-based ChG [2]. The structural relaxation through the
glass-to-supercooled liquid transition interval is investigated
by conventional differential scanning calorimetry (DSC)
technique.

2. Experimental

The glasses of As,Sigo—. (x = 25, 30 and 40) were prepared
by conventional melt quenching route in the evacuated quartz
ampoules from a mixture of high-purity precursors. The fur-
nace was rocked at the maximum temperature (500-700°C
depending on the composition) for 10-24 h to homogenize
the melt. The compositions were chosen owing to the glass-
forming regions of the above ChG systems and previous data
on the kinetics of physical ageing effects in dark and under
the influence of various external factors [9—11].

Amorphous state and the composition of as-prepared
glasses were controlled visually by a characteristic conch-
like fracture, data of X-ray diffraction and X-ray photoelectron
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spectroscopy. Homogeneity of the obtained glasses was
inferred from the IR microscope inspection and Raman spec-
troscopy data. Bulk samples in the form of thick (~3 mm)
plates, prepared for DSC measurements, were used for the
investigations. Before the experiment had started, all sam-
ples were rejuvenated by heating to ~40 K above the cor-
responding onset values of glass transition temperature (7)
to erase any thermal prehistory of the samples. The cooling
rate during rejuvenation procedure was equal to the heating
rate of DSC measurements (5 K min~"). Then the identical
batches of rejuvenated samples were stored at room tem-
perature (7,~295 K) in the dark or under the illumination
with continuous light of different discrete wavelengths (430,
505, 590, 620, 660, 720, 780, 970 nm) obtained from
light emitting diode (LED) sources (Roithner LaserTechnik
GmbH, Austria). The width of half maximum of emission
lines for each wavelength did not exceed ~50 nm. The power
of every LED was chosen in order to keep a constant photon
flux (~2.5 x 10'® photons cm~2 s~!) for each wavelength.
It was controlled during the whole period of light irradia-
tion by Optical Power Meter PM100A equipped with Ther-
mal Power Head S302C. The irradiation chamber was built
in such a way that it allowed temperature control and air con-
vection to prevent substantial heating of the samples during
photoexposure.

Samples were measured with conventional DSC routinely
after certain periods (<60 days) of storage in the dark or
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under the light exposure to obtain kinetic curves, assuming
that the rejuvenated samples are quite close to the as-prepared
ones. The DSC measurements were performed on NET-
ZSCH 404/3/F microcalorimeter pre-calibrated with a set of
standard elements, the DSC curves were recorded in the dark
(ex situ) at the ambient atmosphere with 5 K min~! heating
rate. Same calibration procedure was repeated each time dur-
ing routine kinetics measurements. Three independent DSC
measurements were performed in each case to confirm the
reproducibility of the obtained results. DSC curves of the
rejuvenated samples were compared each time after the age-
ing test and no essential differences were obtained between
them. In particular, the value of specific heat capacity jump
ACp(Ty) did not change for a given composition neither
after the illumination nor after the dark storage and the ini-
tial value of 7, was recovered after each rejuvenation, which
confirms that the glass had undergone only physical ageing,
eliminating any crystallization or phase separation effects
from consideration. Raw DSC data were processed using
Netzsch PROTEUS ANALYSIS® PC software package.

3. Results and discussion

Typical DSC curves recorded for AspsS7s, As3oS79 and
Asq0Seo0 glasses after equal time intervals of dark stor-
age and illumination with light of different discrete wave-
lengths are shown in figure 1. Compared to dark, significant
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Figure 1. Typical DSC curves of (a) Asy5Se7s, (b) As30S70 and (¢) AsaoSeo samples recorded after

10 or 60 days of storage in the dark or under the exposure to the light of different wavelengths.



Kinetics of light-assisted physical ageing

light-assisted physical ageing is recorded in As;sS7s and
As30S70 glasses under photoexposure with certain wave-
lengths (figure la and b), while negligible changes after 60
days (maximum period used) of photoexposure are observed
in DSC curves of As4Seo glass (figure 1c). Light-assisted
physical ageing in AsysS7s and As3pS7o glasses is revealed
by DSC as development of strong endothermic peak super-
imposed on the endothermic step of glass transition signal
and its displacement towards higher temperatures (figure la
and b), similar to selenide ChG [1,7,11]. However, the mag-
nitude of light-assisted physical ageing effect in arsenic sul-
phide glasses is ~1 order larger than analogous changes
in arsenic selenide glasses of same compositions (compare
AszoSero and As3pS7g, for example [8]). This difference was
attributed earlier to a significant role of valence alternation
pairs (VAPs) [8,12], which formation is known to be more
efficient in sulphides than in selenides (magnitude of the
induced darkening effect associated with VAPs formation
decreases in the row S — Se — Te) [13]. The difference
in the integrated areas under the DSC signal of aged and
rejuvenated (non-aged) ChG is directly proportional to the
enthalpy losses AH', which is used in further analysis of
ageing kinetics.

Kinetics of enthalpy losses AH(¢) for S-rich glasses
caused by their dark storage and exposure to a light of dif-
ferent discrete wavelengths are shown in figure 2 for AsysS7s
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and As3pS7o glasses. It is clearly seen that dark physical
ageing component (caused by 60 days period of storage in
the dark at room temperature) in these ChG is negligible. On
the other hand, maximum light-assisted physical ageing is
achieved by the exposure to the light with energy of the pho-
tons comparable to the optical gap of Asy5S75 and As3pS7o
glasses [8].

If thermal contribution is excluded, which is shown to be
the case for this kind of experiment earlier [2], the observed
AH(t) kinetics can be related exclusively to the light-
assisted structural perturbation within the glass network. Fit-
ting of A H (¢) kinetics shown in figure 2 to the equation (1)
was performed in OriginPro(© software with amplitude, S
and t parameters freed. The iterative Levenberge-Marquardt
method of nonlinear least-squares minimization was used to
obtain the best fit to the experimental curve. The initial con-
ditions used to start the fitting procedure were identical for
each kinetic curve, being 1 J ¢!, 0.5 and 5 days for ampli-
tude, B and T parameters, respectively. The fitting shows that
B and t exhibit a resonant-like behaviour (figure 2) within
the range of expected optical gap Eg-values [9,10], similar to
the results obtained earlier for Se-rich ChG [2]. It can be seen
that obtained S-values for the S-rich ChG subjected to close-
to-bandgap irradiation is definitely lower than the value 3/5
or 3/7, predicted by Phillips fields-free axiomatic diffusion-
to-traps model [5]. Within this model, the dimensionless
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(Colour online) Left panel: AH (¢) kinetics of light-assisted physical ageing in S-rich

AsxS100—x glasses and their best fits (solid lines); right panel: spectral dependence of fit parameters as
obtained from fitting A H(¢) curves with function (1). The dotted lines are drawn as guide to the eyes.
Optical gap Eg-values are taken from the study by Feltz [9] and Borisova [10].
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fractional parameter S is considered as topological parameter
dependent on the effective dimensionality d* of the config-
uration space, in which the excitation diffuses, and is given
by B = d*/(d" + 2) [5]. The effective dimensionality in
the diffusion-to-traps universal minimalist model is defined
as d* = fd, where d is the dimension of Cartesian scattering
space and f the fraction of channels activated for the partic-
ular relaxation process. In the simple case of d = 3 with all
channels activated (f = 1), a stretching exponent of 8 = 3/5
is obtained [5]. If the equipartitioning of the relaxation chan-
nels into short- and long-range contributions can be assumed
and only one channel is effective (the other being cyclical,
ineffective or minor), then § = 3/7 is obtained owing to
f = 1/2. It is shown to be the case for short-term physical
ageing of Se-based ChG [2].

In the case of the investigated S-rich ChG exposed to the
close-to-bandgap light, fractional parameter B approaches
1/3 value, indicating that a fraction of channels activated
for this relaxation process should be close to f = 1/3 if
diffusion-to-traps model applies. Following the above for-
malism, we should either assume that light activates three
channels, only one of them being relaxationally effective, or
topological dependence of 8 on the effective dimensional-
ity d* is different in the presence of external fields (caused
by photoexposure) and in the case of field-free structural
relaxation. In the case of external field, B = 1/3 value
can be directly predicted by field-forced relaxation fractal
model [6,14]. Because dark physical ageing is miniscule
in AsysS7s and As3zpS79 samples during first 60 days, the
channels responsible for light-assisted structural relaxation
in these glasses should be exclusively related to the interac-
tion with light. Let us consider a possible physical origin of
such channels.

When the energy of incident photons approaches bandgap
value the probability of VAPs formation increases drastically,
which could be well inferred from a spectral dependence
of photo-darkening [13,15] relying mostly on these defects.
The VAPs usually appear as pairs of under-coordinated neg-
atively charged and over-coordinated positively charged dia-
magnetic defects accompanied by structural rearrangements
at the medium-range ordering of glasses [12,16]. Because
photoexposure occurs from surface to bulk, there should be
a gradient of VAPs concentration and generated charge car-
riers (holes and electrons) through the sample. Therefore,
diffusion of these species towards bulk should occur, which
together with the external electric fields of charged VAPs
would decrease the effective dimensionality d* for the relax-
ation process, as predicted by the field-forced relaxation frac-
tal model [6]. Then, 8 ~ 1/3 value can be achieved as a
result of field-forced relaxation theory [6,15]. Because dark
physical ageing is negligible in As;5S75 and As3pS7o glasses
(figure 2), B~ 1/3 purely corresponds to structural relaxation
caused by close-to-bandgap light.
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4. Conclusions

So, contrary to structural relaxation during short-term dark
physical ageing, where B~3/7 corresponds to the value
predicted by the Phillips field-free diffusion-to-traps model
when one of two relaxation channels is activated and effec-
tive, the structural relaxation during light-assisted physical
ageing occurs with the reduced effective dimensions, lead-
ing to B-values close to ~1/3 in agreement with the Phillips
field-forced diffusion-to-traps model. The decrease in effec-
tive space dimensionality is assumed to be caused by inequi-
librium concentration of VAPs and transient charge carriers
generated by close-to-bandgap light.
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