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Abstract.

Two methodological approaches to describe changes in the optical transmission spectra of
chalcogenide semiconductor glasses induced by high-energy y-irradiation are considered at the
example of glassy arsenic sulfides. The studied radiation-optical effects are ascribed to destruction-
polymerization transformations, both intrinsic and related to surface oxidation. Direct-chronology ex-
situ and backward-chronology in-situ measuring protocols can be utilized to parameterize them in
glasses, while the former includes unresolved input from natural and radiation-assisted physical
ageing in addition to mismatch between control and reference glasses. The reliable signature of
intrinsic radiation-optical phenomenology unbiased by competitive input from oxidation and physical
ageing is provided with in-sifu measurements for the same irradiated glass.

The developed approaches are probed for glassy AssoSeo and As30S70, which demonstrate
principally different responses on radiation-structural transformations and accompanied physical
ageing. Critical assessment is given on misleading speculations ignoring intrinsic changes in view of
competitive contribution from radiation-induced surface oxidation and thermally-assisted ageing.
Stoichiometric As>S3, showing dramatic changes in optical transmission spectra, is nominated as
canonical model object among chalcogenide glasses revealing highest sensitivity to y-irradiation.
These methodological solutions are in excellent agreement with structure-modification criteria
developed to parameterize compositional trends in radiation-optical response of chalcogenide glass.
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1. Background
Methodological problems related to radiation-induced metastability in glassy chalcogenides

Influence of high-energy ionizing irradiations on structure and properties of chalcogenide
semiconductor glasses (ChSGs), or so-called radiation-induced effects (RIEs) has been in a sphere
of tight interests of materials scientists since the earliest 1960s, the time of the pioneering research
initiated by [.A. Domoryad on y-irradiation response in mechanical and optical properties of glassy
g-Se, g-As40Se0 and g-AssoSeeo [1-3]. In the following decades of the 1970-1980s, the microstructure
mechanism of radiation metastability in ChGS-forming systems became a subject of scrupulous study
in view of their potential applications in industrial sensorics and irradiation-guided structure-
modification technologies (see, e.g. ref. [4] and literature therein).

The problem of radiation-induced metastability in the ChSG-forming systems concerns, in fact,
the nature of structural defects in high-entropy disordered state caused by disturbance of existing
chemical bonds, and followed by relaxation towards structural state with new bond distribution.
Within a common opinion, such structural modification (SM) can be ascribed to destruction-
polymerization transformations (DPTs) [4-14], meaning that metastability is related to novel bond
distribution in a glassy network obeying full saturation of covalent bonding in respect to the Mott’s
(8—N) rule [7]. It seems understandable, that chemical bonds destroyed in ChGS by irradiation can be
restored intrinsically via direct interaction of bond-constituting atoms with nearest neighbors
(intrinsic bond switching), or extrinsically owing to interaction with impurities absorbed from an
environment. In the former case, the pairs of diamagnetic over- and under-coordinated atoms
possessing an excess of positive and negative electrical charge, respectively, named coordination



topological defects (CTDs), appear in the irradiated ChSGs [4,8-14]. Alternatively, this process
proceeds as non-defective DPT, provided two bonds are switched simultaneously [15]. The impurity
dopants appear under extrinsic saturation of destructed chemical bonds, this occurring preferentially
at the surface of ChSGs [4,16]. The most essential impurity effect can be produced by interaction
with absorbed oxygen atoms (radiation-induced oxidation), replacing chalcogen in different bonding
configurations in a glassy network. In case of As-based ChSGs, formation of arsenolite AssOg
crystallites is favorable and almost independent on chalcogen type [4,17,18]. Typically, intrinsic and
extrinsic (impurity-related) DPTs occur together, forming complicated picture of competitive inputs
in overall RIE. Since the ChSGs are always in thermodynamically metastable state characterized by
an excess of configurational entropy, enthalpy and/or free volume, they tend with time towards
extrapolated state of supercooled liquid, this structural relaxation being called physical ageing [19-
26]. This process is known to be distinguish as natural physical ageing, when occurring under
ambient conditions (at room temperature), or induced physical ageing, when occurring under external
influences (such as photoexposure, irradiation, elevated temperatures, etc.) [25,26]. Possibility of
high-energy irradiation to affect the physical ageing especially in chalcogen-rich glassy networks
[26,27] introduces an additional ambiguity in the observed RIE. Also, the correct chronology protocol
of the experiment has to be used to capture static (residual) and dynamic (decaying with time after
irradiation finishing) RIE components [4].

These complications make an important problem on reliable methodology allowing unbiased
separation of contributions in an overall RIE, especially for implementation of irradiation-modified
ChSGs. Scrupulous methodological analysis is also crucial in view of recent publications [28-30]
trying to give a simplified interpretation of RIEs without distinguished inputs from all alternative
sources. So, at the present, an actual challenge is to identify unambiguously the intrinsic RIEs in the
ChSGs, separating competitive contributions from accompanied oxidation and physical ageing.

In these methodological notes, we’ll present a case of adequate solution of this problem based on
more than half-century experience in the RIEs study for archetypal binary g-As-S system, and propose
the SM criteria parameterizing radiation-optical response in different ChSG systems.

2. Experimental
2.1. Samples preparation, radiation treatment and optical characterization

Two representative samples of g-AsxSi00x system were selected, these being stoichiometric g-
As40Se0 possessing high sensitivity to RIEs [4,9-11] but no radiation-induced physical ageing and S-
rich g-As30S70 with pronounced ability to radiation-induced physical ageing [26,31-33].

The ChSG samples were prepared by melt-quenching route using respective quantities of high-
purity elemental ingredients, i.e. As (Alfa-Aesar, 99.99999%) and S (ASARCO, 99.999%), as
described in more details elsewhere [31-33]. For optical studies, the glassy specimens were cut as
plane-parallel discs (having ~1.5 mm in a thickness and ~10.0 mm in a diameter), and carefully
polished to high optical quality with alumina abrasives. Before irradiation, the samples were annealed
at 20 K below glass transition temperature 7 to eliminate stress in a bulk frozen at rapid quenching.
So the g-AsxSi00x samples prepared for irradiation can be characterized as thermally-aged ones, i.e.
preliminary affected to below-T, thermally-assisted physical ageing [26].

The y-irradiation was carried out at ambient conditions of stationary ®°Co radiation field (with an
average energy of E=1.25 MeV). The duration of y-irradiation treatment (up to 6 months) allows
accumulate a total dose up to 10 MGy (in the current case, this dose was about 3.0 MGy).
Temperature effect during such prolonged y-irradiation was not essential, since the maximum
temperature in the spectrometer chamber did not exceed 310 K.

Optical transmission spectra of the ChSGs samples were recorded in a region of their fundamental
absorption edge (450-1000 nm) using fiber-optics “AvaSpec-2048” (Avantes, the Netherlands), and
double-beam “Specord M-40” (Carl Zeiss, Germany) and ‘“Lambda-35" (Perkin-Elmer)
spectrometers. The uncertainty in optical transmission measurements did not exceed +0.2%. Optical
measurements were performed few days after y-irradiation and, at least, one month later. In such a
way, the dynamic RIEs [4,34] were excluded, and only static RIEs were parameterized.



2.2. On the methodological diversity in RIEs detection

Two principally different measuring protocols depicted on Fig. 1 can be used to detect the RIEs,
these being realized within (i) continuous in-sifu measurements in direct or backward chronology for
the same control sample affected by irradiation or (ii) discontinues cycles of ex-sifu measurements
for one control ChGS sample before and after irradiation, or two different samples, one being control
(irradiated) and other being reference (unirradiated).

The discontinues ex-situ optical measurements can be arranged in direct chronology for the same
ChSG sample taken in growing step-by-step sequence of the following structural states:

(1) initial state (i.e. unirradiated sample taken just before irradiation);

(2) y-irradiated state (the former sample taken after irradiation finishing);

(3) near-T, thermally-annealed (i.e. deeply aged [26] or very long aged [22]) state;

(4) rejuvenated (i.e. affected to over-T, heating-cooling cycle [26]) or as-prepared state.

Each of these stages is important to completely represent optical signature of RIE in the ChSG,
while inputs from intrinsic and impurity-related DPTs cannot be resolved adequately in this route,
unless the sample is completely cleaned from products of radiation-induced surface oxidation [27].
To minimize errors originated from discontinuity of ex-sifu optical measurements (within a few
months duration of y-irradiation), the special marks on the sample’s surface are necessary to restore
its position in respect to probe light beam as precise as possible (before and after y-irradiation).

However, this direct-chronology ex-situ procedure is ineffective for too prolonged measuring
cycles, when instrumentation errors of optical detecting systems may be subjected to essential
changes in an uncontrolled manner. In addition, the contribution of natural physical ageing in the
irradiated ChSG cannot be adequately resolved within this approach. Thus, the measured optical data
concern, in fact, the cumulative input from (i) RIE itself, (ii) natural physical ageing, and (iii) non-
reproducibility of optical detecting system.

To avoid uncontrolled time drift in optical detectors, ex-situ measurements can be arranged for
two identical ChSG samples taken as control (i.e. irradiated) and reference (i.e. unirradiated) ones.
In this case, the similarity between two samples should be precisely controlled at each stage, because
any difference becomes source of error in addition to unresolved contribution from radiation-assisted
physical ageing (see Fig. 1).

Within in-situ measurements arranged in backward chronology, the optical transmission spectra
are recorded for the same y-irradiated sample used to reproduce the following states:

(1) irradiated state (i.e. the ChSG sample taken just after irradiation);

(2) annealed state (i.e. the same irradiated sample annealed directly in spectrometer chamber);

(3) rejuvenated state (i.e. the same ChSG sample subjected to rejuvenation procedure by over-T,
heating-cooling cycle [26]).

The best reliability in radiation-optical phenomenology is provided within this backward-
chronology in-situ measuring owing to complete elimination of errors, associated with accurate
sample positioning in a spectrometer chamber and too prolonged time gaps between optical
measurements for tested ChSG sample taken in different states. The contribution of impurity-related
and intrinsic DPTs can be simply separated within this measuring protocol for the same y-irradiated
sample taken with cleaned or uncleaned surfaces. Since oxidation is most important just under
irradiation, we deal practically with the same oxidized ChSG sample affected to post-irradiation
thermal treatments (such as near-7, thermal annealing and/or rejuvenation), when all changes occur
due to intrinsic DPTs (so we can ignore the impurity-related effects such as radiation-induced
oxidation in the detected changes).

Unfortunately, the in-situ optical measurements cannot be simply realized in direct chronology
because of obvious difficulties in the recording optical transmission spectra for ChGS sample affected
to y-irradiation and different thermal-treatment procedures just in the irradiation chamber (i.e. in the
conditions of stationary °°Co radiation field).



3. Results and discussion
3.1. RIEs by direct-chronology ex-situ measurements

Optical transmission spectra of the same g-As40Se0 sample measured ex-situ in direct chronology,
i.e. before and after y-irradiation with 3.0 MGy dose and subsequent post-irradiation thermal
treatments are shown in Fig. 2.

The detected long-wave shift in optical transmission of y-irradiated glass corresponds to so-called
radiation-induced darkening [4] originated from both intrinsic and impurity-related DPTs, which
cannot be resolved unambiguously under ex-situ measuring protocol. Further thermal annealing at
the temperatures approaching glass transition temperature 7, tends the optical transmission of the
irradiated glass towards the initial state 1.2 (Fig. 2), revealing threshold-like behavior [4,35,36]. The
restoration is only partial because of the competitive contribution from radiation-induced oxidation.
Thus, the thermally-aged states for initial (solid-black curve, Fig. 2) and irradiated non-cleaned
sample (thin-black curve, Fig. 2) essentially differ in spectral positions and optical transmittances.
These states coincide for irradiated and initial samples only after removing the oxidized layer.
Intrinsic and impurity-related DPTs cannot be separated reliably in direct-chronology ex-situ
experiments because of difference in thermal effect for pure and oxidized ChSGs. Hence, the only
solution is to remove the oxidized layer from the surface of y-irradiated ChSG and repeat
measurements for this cleaned sample within the same thermal-treatment cycles.

Fortunately, such solution is simply possible for g-As-S, since arsenolite As4Os layer appeared at
the sample’s surface due to oxidation under y-irradiation can be easily removed by wet cleaning
[4,18,27,37,38]. Such arsenolite crystallites act as effective scattering centers reducing optical
transmission in near-bandgap region (due to Rayleigh scattering), as well as in mid-IR transmission
region (preferentially due to Mie scattering losses) [39,40]. This feature is well illustrated by Fig. 2
showing two different transmission curves for the same uncleaned (state 2.2) and cleaned y-irradiated
sample (state 2.1). It is seen that not only saturation level (i.e. optical transmittance), but also slope
of transmission edge are essentially modified in uncleaned y-irradiated g-Ass0Seo sample due to
oxidation. The shadowed space between these curves corresponding to thermally-aged states 1.2 and
3.2 (see Fig. 2) reproduces the region of unpredictable deviations in optical measurements, which
cannot be repeated reliably within this measuring protocol.

Noteworthy, such solution is unacceptable for Ge-based ChSGs like g-Ge-As-S [4,41,42], where
the residual Ge-oxidation effect cannot be eliminated by wet cleaning due to insolubility of GeOx
species [43]. For Ge-based ChSGs studied within direct measuring chronology and even cleaned after
irradiation, we have been never able to distinguish between intrinsic and impurity-related RIEs like
it was in g-As-S. That is why recent allegations nominating g-Geis3As21Se3.2 as “the best model
object” for RIEs in ChSGs [28-30] seems to be completely doubtful.

Thus, the direct-chronology measurements have many disadvantages due to time separation and
uncertainties between subsequent cycles of optical transmission spectra recording for initial
(thermally-annealed or rejuvenated) and y-irradiated (cleaned or uncleaned) samples. Simultaneous
measurements for two ChSG samples (unirradiated and y-irradiated) allows only partial solution,
since it is impossible to prepare such samples, which will be exactly the same in all aspects. Therefore,
the optimal methodology for intrinsic RIEs detection is to arrange the measuring cycles for the same
ChSG sample, ensuring as short as possible time gaps between its different states.

With respect to optical transmission spectra of g-As40Seo measured ex-situ in direct chronology
for different states (compare optical spectra in states 1.2, 2.2 and 3.2 on Fig. 2), it worth to underline
that incomplete elimination of the oxidized layer results only in partial restoration. It means that y-
irradiated ChSGs with some remnants of oxidation products is in a more darkened state as compared
to initial one. This finding is of high importance for ChSG tested in multiple irradiation-annealing
cycles. Indeed, in this case, preliminary y-irradiated samples affected to either thermal annealing or
slow heating-cooling treatment (the rejuvenation procedure) differ from initial ones not affected by
y-irradiation. Just this incomplete removing of oxidized surface layer along with prolonged time
intervals between separate measurements, sometimes exceeding a decade (i.e. more than ten years
after irradiation finishing, thus allowing very-long physical ageing), causes a situation, when totally



incomparable optical transmission spectra are detected for the same g-Ass0Se0 sample in different
experiments [28,29].

In an obvious contrast, the unprecedented example of correct direct-chronology ex-situ
methodological approach gives experimental research on reversible photoinduced changes in
intermolecular distance in amorphous As>S3 films performed by K. Tanaka more than four decades
ago [44]. The author used a set of identical films (deposited within the same technology), illuminated
by the same photon flux (at 77 and 290 K) in 10° Torr vacuum to avoid photooxidation, and
performed all XRD measurements in the same point-accumulation regime to improve reproducibility
of the results separated by relatively long time intervals between measurements.

3.2. RIEs by backward-chronology in-situ measurements

Optical measurements in backward chronology for the same y-irradiated ChSG sample provides
breakthrough solution in the RIEs phenomenology. Within this approach, the RIE is described due to
difference in optical transmission between y-irradiated and subsequently annealed ChSG sample. The
measuring protocol is based on predisposition that near-7, heating erases intrinsic y-induced effect,
restoring initial structure of unirradiated ChSG [4,31,35]. To ensure high accuracy, all post-irradiation
measurements are performed in-situ, i.e. the control y-irradiated ChSG sample is kept in the same
position in respect to the probe-light beam during all post-irradiation treatments. Thus, backward-
chronology in-situ measurements allow to avoid inaccuracies associated with sample positioning in
spectrometer chamber. To distinguish intrinsic and impurity-related RIEs, the cleaned ChSGs free of
radiation-induced oxidation products are to be used.

As an example, Fig. 3a shows optical transmission spectra of preliminary cleaned g-Ass0Seo
recorded in-situ in a backward chronology, i.e. in a sequence from y-irradiated state (curve 1), then
thermally aged at 20 K below T state (curve 2) to further rejuvenated state (curve 3). Strong bleaching
effect is evident for this y-irradiated sample as a result of thermal annealing (transition from optical
transmission curve 1 to 2, Fig. 3a) in full respect to [4,35], followed by darkening after rejuvenation
(transition from optical transmission curve 2 to 3, Fig. 3a). The optical transmission spectra of g-
As40Seo differ essentially in these states, providing information on magnitudes of intrinsic RIEs and
thermally-assisted physical ageing.

Because competitive effect of y-induced oxidation is simply excluded owing to wet cleaning, the
observed changes (Fig. 3a) can be attributed to “pure” DPTs related to redistribution of bonds. Thus,
the g-As40Se0 indeed serves as best canonical model object to study RIEs in ChSGs.

As a counterexample, let’s consider the similar changes in optical transmission spectra for non-
stoichiometric g-As30S70 (Fig. 3b) possessing high propensity to below-T} structural relaxation [31].
This sample demonstrates negligible y-induced effect (curve 1, Fig. 3b) in respect to thermally-aged
state (curve 2, Fig. 3b), despite considerable physical ageing for both states as compared with
rejuvenated one (curve 3, Fig. 3b). These peculiarities are in excellent agreement with known
compositional behavior of physical ageing in floppy networks of chalcogen-rich ChGSs [31,26,45],
just overriding the y-irradiation-induced DPTs responsible for intrinsic RIEs in this domain [4,31].

The evident advantages of such arranged measurements can be also well illustrated with famous
Keiji Tanaka’s in-situ experiment on photoinduced changes in g-As>S3 installed directly on
goniometer, showing the asymmetry of the first sharp diffraction peak [46].

3.3. On the compositional dependence of RIEs in g-As-S

Within comprehensive methodological consideration of RIEs in ChSGs caused by prolonged y-
irradiation at ambient conditions, it is important to note that in-situ measuring protocol should be
arranged in backward chronology in respect to post-irradiation thermal annealing and rejuvenation
procedures (as sketched in Fig. 1) to identify unambiguously contributions from intrinsic radiation-
induced DPTs and all accompanied inputs. The physical meaning of this simple statement is
convincingly evident from Fig. 4 showing compositional behavior of RIEs in g-AsxS100-x detected in-
situ in backward chronology (the studied samples were irradiated with 0.7 kGy/h dose rate at ambient
conditions and 3 MGy accumulated dose, as it was described in details elsewhere [31]). After



irradiation, these ChSGs were carefully cleaned from oxidation products, and only then subjected to
thermal annealing near glass transition temperature 7, and subsequent heating-cooling rejuvenation
procedure. The resulting curves shown in Fig. 4 correspond to the difference between sample’s optical
transmission (measured in-situ in backward chronology) in annealed (thermally-aged) or rejuvenated
state and y-irradiated state. It is clearly seen that radiation-induced darkening effect is proper to the
thermally-aged close-to-stoichiometry g-AsxSioox samples (x=36, 40, 42). If compared to the
rejuvenated (i.e. non-aged) ChSGs, only g-As40Seo and g-As4>Sss reveal radiation darkening, while
others (x=36, 33, 30) are dominated with blue-shifted optical transmission.

Noteworthy, strong dependence of irradiation response on pre-history of g-As3sSe4 sample can be
concluded from Fig. 4, e.g. darkening is observed for thermally-aged sample and bleaching for the
rejuvenated (as-prepared) one. Within ex-situ measurements arranged as stated in [14,17], i.e.
irrespectively to thermal pre-history effects, this sample can demonstrate either one of these responses
in its radiation sensitivity. In fact, such “strange” behavior is caused by overlapped contributions from
intrinsic DPTs (causing red shift in fundamental optical absorption edge) and radiation-assisted
physical ageing (causing blue shift in fundamental optical absorption edge), which can be reliably
resolved within in-situ backward-chronology measurements, thus giving a quite reasonable
explanation of this anomaly in terms of developed physical models [4-12].

3.4. On the parameterized SM efficiency in ChSGs

The methods of SM of ChSGs using external factors such as high-energy y-irradiation offer new
opportunities to achieve their better functionality. That is why development of SM criteria for ChSGs
is an important practical task in view of growing interest to these materials.

Previously, this problem was addressed by A.L Popov [47-50], who was the first giving
explanation for transient RIEs occurring just under irradiation. However, this approach is unable to
account for the effects of post-irradiation structural relaxation resulting in dynamic and static
components of RIEs. We assume that static component of metastable RIEs is related to DPTs, which
are connected with permanent switching of covalent chemical bonds in ChSG matrix, accompanied
by CTDs formation [4-14,51]. The initiating bond-destructive action is defined by energy transferred
into the irradiated sample due to external influence (photoexposure, high-energy y-irradiation,
irradiation with accelerated particles, etc.). It is possible to consider all variants of such DPTs in
dependence on ChSG chemistry [4,52], and select the most probable ones responsible for the
observed residual RIEs.

So, it seems reasonable to introduce the SM criterion for residual RIEs in ChSG (i.e. the
parameter reflecting directly the magnitude of radiation-induced optical changes) as product of
similar parameters describing transient in-situ RIEs (x1) calculated after Popov [47-50]) and post-
irradiation structural relaxation (x»):

K‘:Kl-(l—K‘z) (1)

By allowing variety of both x1 and x> parameters from 0 to 1, the SM criterion can be defined
within the same variation domain. In respect to eq. (1), the ¥ = 0 or absence of residual changes (static
component) corresponds to negligible contribution from transient changes, when x; approaches 0, or,
alternatively, very strong relaxation input, when x» approaches 1. On the contrary, the x = 1
corresponds to strongest residual SM occurring under essential transient changes (x; = 1) in ChSGs
possessing negligible relaxation (x> = 0). Among all known ChSGs, the maximum x; value is
attributed to g-Se, which does not demonstrate any stable residual y-induced changes at room
temperature [47]. In the same manner, the SM criterion increases in As»S3 — As2Ses — AsyTes row,
despite an obvious decaying tendency for metastable RIEs in this sequence [4,52-54].

The y-induced DPTs are revealed in the ChSG-forming networks owing to misbalance in covalent
bonding, local atomic coordination and intrinsic electrical field [4-14]. Therefore, the overall
contribution of structural relaxation to the metastable RIEs arises from corresponding inputs, these

being bond switching (x," ), free volume (x2’ ) and bond metallicity (x)"):

(1—](2):(l—KZAE)'(l—KfV)'(l—KéM). (2)



The bond switching input (x,°) is defined by redistribution of covalent chemical bonds

dependent on the balance between their dissociation energies [4,51]:
AE.

i
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where AE; is the energetic balance for the i-#4 bond-switching reaction selected via procedure [45];
Ey is the initial linking energy of glass matrix; 5, and 5, are the respective fractions of bonds

participating in this i-th bond-switching reaction, and Y is the normalization coefficient.

From energetic standpoint, the effect of short-wave shift in the optical absorption edge of ChSG
is caused by bond-switching reactions with positive barrier 4E > 0, while bond-switching reactions
with negative barrier AE < 0 result in long-wave shift [4,52]. So, the residual effect of radiation-
induced darkening should be associated with negative bond-switching reactions (4E < 0).

The free-volume input (x, ) available for structural relaxation is most rigorous condition,
which determines the metastability of RIEs in ChSGs [4,53-56]. In general, the close-packed atomic
networks make possible faster relaxation of induced changes. Therefore, the density of glass p, and
isocompositional crystal p.- can be used to estimate this input in an overall relaxation process:

A
KV 1B Le 4)
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However, the p.-cannot be found directly for ChSGs having no isocompositional crystals. In such
a case, the p., values can be averaged from densities of nearest crystalline compositions. This is most

controversial point, because the x,  values may be strongly governed by this choice. In g-AsxS100x

system with known densities for all glass-forming compositions (10<x<45) [7,57,58], considered in
connection with their crystalline counterparts such as sulphur S, As>S3 and some stable As-rich

molecular crystals (AssSs4 and AssS3), the highest x; =0.098 is found for g-As0Seo (for comparison,

the x,  extrapolated for AssSs and AssS3 are 0.062 and 0.047, respectively).

Interestingly, to estimate free volume effect on RIEs in g-As(Ge)-S(Se) ChSGs, some authors use
other parameter, defined as compactness multiplied by concentration of heteronuclear bonds, the
former being calculated for ChSG decomposed on boundary elemental components [59-61]. Despite
success of such approach in explaining photoinduced effects in some thin ChSG films, where homo-
to-heteronuclear bonds disproportionality obviously takes place [62], this approach is rather limited
because of more complicated structural motives in realistic glass-forming networks, which cannot be
simplified by sum of boundary elemental components.

The bond metallicity input (x,") concerns DPTs stabilization in a glass network due to local

electric charge distribution, like CTDs formation (when over-coordinated atom attains positive
charge, and under-coordinated atom attains negative charge):

Kéw = ZaMi “ X ®)

where «,,; and x; denote the degree of electron delocalization (i.e. bond metallicity) and fraction of

the i-th bond (after Harrison [63,64], each bond can be characterized by metallicity, covalency and
iconicity, using specific bond energies dependent on atomic terms), respectively.

By applying this approach to g-AsySi00-x characterized by chemically-ordered covalent-bonded
networks [65-67] under condition of bond-switching reactions with negative barrier (41E < 0) [4,52],
we obtain for SM efficiency two distinct maxima near g-As30S70 and g-As40Seo as shown in Fig. 5. It
seems this finding contradicts to optical transmission changes in g-AsxSi00x measured in-situ in
backward chronology (Fig. 4), showing single maximum for g-As40Seo. But, this discrepancy can be
simply explained by different weight of bond-switching reactions with negative barriers (4E < 0).

In As-S system, there are three bond-switching reactions with 4E < 0 shown in Fig. 6,
accompanied by (Ass",S1") CTDs formation (where sub- and super-scripts are respectively used to
denote local atomic coordination and electric charge excess) [4,52]. One can see from Fig. 5 that if



only hetero-to-homo-nuclear bond-switching reaction #6 (the numeration is accepted as in ref. [52])
with AE = -0.73 eV takes place, the x parameter indeed shows obvious maximum near g-As0Se0.
This was indeed verified experimentally for g-As40Seo [4,14,15,68-70].

Thus, we conclude that bond-switching reactions #2 and #10 (see Fig. 6) are not responsible for
residual RIEs in chemically-ordered covalent networks of g-As,S100-x.

4. Conclusions

In conclusive remarks, the methodological resolutions identifying unambiguously radiation-
induced optical effects in chalcogenide semiconductor glasses should account for intrinsic and
impurity-related destruction-polymerization transformations accompanied by post-irradiation
physical ageing. The ex-sifu optical measurements in direct chronology can be used to detect these
changes, but they are ineffective to parameterize reliably radiation-optical response because of
unavoidable drift in the sensitivity of detecting systems within prolonged and multiply repeated
measuring cycles, unresolved input from natural and radiation-assisted physical ageing, and eventual
mismatch between control and reference glass samples. It is convincingly shown that continuous in-
situ optical measurements realized in backward chronology for preliminary irradiated glass provide
an adequate signature of radiation-optical effect not biased by contribution from accompanied
oxidation and thermally-induced ageing. These conclusions are well justified for g-As40Se0 and g-
As30S70 demonstrating principally different responses on intrinsic radiation-structural transformations
and accompanied physical ageing. These methodological resolutions are in full agreement with
structural modification criterion developed to parameterize compositional trends in metastable
radiation-optical response of chalcogenide glasses.
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Figure captions:
Fig. 1. Methodological solutions for RIEs detection in ChGSs



Fig. 2. Optical transmission spectra of g-As40Seo (d~1mm) detected ex-situ in direct chronology,
showing two initial states for rejuvenated (solid-blue curve, state 1.1) and thermally-aged (solid-black
curve, state 1.2) samples, two after-irradiation states for cleaned (solid-red curve, state 2.1) and
uncleaned (thin-red curve, state 2.2) samples, and two thermally-aged states for irradiated cleaned
(solid-black curve, state 3.1) and uncleaned (thin-black curve, state 3.2) samples.

Fig. 3. Optical transmission spectra of preliminary cleaned g-As40Seo (a) and g-As30S70 (b) samples
(d=1.5 mm) detected in-situ in backward chronology in y-irradiated (1, black curve), then near-T7,
annealed (2, red curve) and rejuvenated (3, blue curve) states.

Fig. 4. Compositional behavior of RIEs (~3 MGy) in g-AsxS100x exemplified by changes in optical
transmittance due to longwave shift of fundamental absorption edge detected in-sifu in backward
chronology respectively to annealed (7un— Ty) and rejuvenated (75.; — T7) samples.

Fig. 5. The overall SM efficiency in g-AsxS100-x 0beying chemically-ordered covalent networks (bold
circuits envelop curve) as originated from different bond-switching DPT reactions.

Fig. 6. Stick-and-ball presentation showing negative-barrier bond-switching reactions (4E < 0) as
selected from all possible DPTs in binary As-S system [4,52] responsible for reversible long-wave
shift in optical absorption edge (see text for more details).



4 N N
RIEs by in-situ measurements RIEs by ex-situ measurements
L within continuous measuring cycle I within discontinuous measuring cycle )
f f N )
for one sample for one sample for two samples:
(the same sample): (the same sample): control (irradiated) and

S control (irradiated) ) {__control (irradiated) )\ reference (unirradiated) )
~ N [~ WA )
Measurements Measurements Measurements Measurements for

in direct in backward before irradiation and control (irradiated) vs.
\chronology chronology ) \after irradiation ) \reference (unirradiated) )
( N N ™
Sources of error: Sources of error: Sources of error:
\-uncertainty of measurements J| - unresolved contribution - unresolved input from

from natural ageing radiation-assisted ageing
| - mismatch between

kcontrol—reference samples )

Fig. 1. Methodological solutions for RIEs detection in ChGSs.

60

40

30

T, %

20 +

650 700 750

A, NM

0 1
550 600

Fig. 2. Optical transmission spectra of g-As40Se¢0 (d~1mm) detected ex-situ in direct chronology,
showing two initial states for rejuvenated (solid-blue curve, state 1.1) and thermally-aged (solid-
black curve, state 1.2) samples, two after-irradiation states for cleaned (solid-red curve, state 2.1)
and uncleaned (thin-red curve, state 2.2) samples, and two thermally-aged states for irradiated
cleaned (solid-black curve, state 3.1) and uncleaned (thin-black curve, state 3.2) samples.
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Fig. 3. Optical transmission spectra of preliminary cleaned g-As40Ss0 (2) and g-As30S70 (b) samples
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annealed (2, red curve) and rejuvenated (3, blue curve) states.
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Fig. 5. The overall SM efficiency in g-AsxSi100-x obeying chemically-ordered covalent networks
(bold circuits envelop curve) as originated from different bond-switching DPT reactions.



reaction #2: AE =-0.64 eV
(S-S) + (As-S) — (As-S) + (As-S)
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reaction #6: AE = -0.73 eV
(As-S) + (As-S) — (As-As) + (As-S)

reaction #10: AE = -0.73 eV
(As-As) + (As-S) — (As-As) + (As-As)

Fig. 6. Stick-and-ball presentation showing negative-barrier bond-switching reactions (4E < 0)
as selected from all possible DPTs in binary As-S system [4,52] responsible for reversible long-
wave shift in optical absorption edge (see text for more details).



