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Threshold restoration effects in c-irradiated chalcogenide glasses
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Abstract

The influence of annealing temperature Ta on the optical absorption edge in the previously c-irradiated glasses of Ge–Sb(As)–S

ternaries of pseudobinary �stoichiometric� Sb(As)2S3–GeS2 and non-stoichiometric Sb(As)2S3–Ge2S3 cut-sections is studied. It is

established that the post-irradiation thermally produced changes of the optical absorption edge differ in various Ta regions. Thresh-

old restoration effects are found beginning from some intermediate onset temperature Ton for all investigated glasses. Compositional

features of the apparent activation energies determined in corresponding Ta regions are analyzed. A possible mechanism for the

observed effects is discussed.

� 2005 Elsevier B.V. All rights reserved.

PACS: 71.55.Jv; 61.80.Ed; 61.82.Fk
1. Introduction

It is well known that sensitivity of physical and chem-

ical properties of chalcogenide glasses (ChG) to the ef-

fect of absorbed light and ionizing irradiation is very

interesting problem from fundamental and practical

viewpoints [1,2]. Recently, we have considered the effect

of high-energetic c-irradiation (E > 1 MeV) on the opti-
cal properties of some ternary ChG [3]. The long-wave

shift of optical transmission in fundamental absorption

edge region (�radiation-induced darkening effect�) has

been observed for majority of the investigated glasses

after the c-treatment and explained within radiation-in-

duced coordination defect formation concept [4]. The

magnitude of this effect essentially depends on the chem-

ical composition. Besides, the total radiation-induced ef-
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fect (RIE) consists of two post-irradiation components –

dynamic (relaxing with time) and static (remaining con-

stant about 2–3 months after irradiation) [3].

It is significant that the c-induced shift of the optical

absorption edge is reversible in cycle of irradiation and

annealing at temperature from the range 20–30 K below

glass transition temperature Tg [2]. Similar feature was

observed previously for photoinduced phenomena too
[5]. Apparently, this RIE�s reversibility would be utilized

for creation of c-irradiation sensors.

However, the research of irradiation-annealing cycles

cannot give us enough information to interpret the

nature of activation processes connected with the radia-

tion-induced defect formation in ChG. In this respect,

investigation of temperature influence on the optical

absorption edge of the preliminarily c-irradiated sam-
ples, beginning from ambient temperature up to near

Tg, would be very useful. We have already partially

considered similar task for vitreous v-As2S3 binary and

v-As–Sb–S ternary [2,6]. It should be noted that for

these glasses we have observed different character of

mailto:shpotyuk@novas.lviv.ua


994 O.I. Shpotyuk et al. / Journal of Non-Crystalline Solids 351 (2005) 993–997
temperature dependences of the post-irradiation

changes of the optical absorption edge in three various

temperature regions [6]. Unfortunately, some interpreta-

tion has been only made for intermediate range con-

nected with restoration of the optical absorption edge,

whereas analysis of two other regions has not been con-
ducted yet. Moreover, such research has not been so far

carried out for more complicated AIVBVCVI ternaries

(where AIV = Ge; BV = As,Sb; CVI = S,Se), which are

especially interesting due to their wide glass-forming re-

gions and specific features of compositional trends of

main physical properties [7].

Therefore, the aim of this paper is to investigate in

detail the influence of annealing temperature Ta on the
optical absorption edge of the preliminarily c-irradiated
glasses of Ge–Sb–S and Ge–As–S ternaries with wide

variations of �stoichiometric� and non-stoichiometric

chemical compositions.
2. Experimental

High-quality bulk samples (1–2 mm thickness) from

the stoichiometric Sb2S3–GeS2, As2S3–GeS2, and non-

stoichiometric Sb2S3–Ge2S3, As2S3–Ge2S3 cut-sections

of Ge–Sb–S, Ge–As–S ternaries (Table 1) with different

values of average coordination number Z (number of

covalent chemical bonds per atom of glass formula unit

calculated as shown in [7]) were prepared by conven-

tional melt-quenching method [10].
The ChG samples were irradiated by c-quanta at nor-

mal conditions of stationary radiation field created in

closed cylindrical cavity owing to concentrically estab-

lished 60Co (E = 1.25 MeV) sources [3]. Maximum tem-
Table 1

Apparent activation energies1 of the post-irradiation thermally enforced cha

ternaries

ChG composition x Z

Stoichiometric v-(Sb2S3)x(GeS2)1�x and v-(As2S3)x(GeS2)1�x

Ge28.125Sb6.25S65.625 0.1 2.63

Ge23.5Sb11.8S64.7 0.2 2.59

Ge23.5As11.8S64.7 0.2 2.59

Ge15.8As21S63.2 0.4 2.53

Ge9.5As28.6S61.9 0.6 2.48

Ge4.3As34.8S60.9 0.8 2.43

Non-stoichiometric v-(Sb2S3)x(Ge2S3)1�x and v-(As2S3)x(Ge2S3)1�x

Ge35Sb5S60 0.125 2.75

Ge27Sb13S60 0.325 2.67

Ge36As4S60 0.1 2.76

Ge32As8S60 0.2 2.72

Ge24As16S60 0.4 2.64

Ge16As24S60 0.6 2.56

1 The values of apparent activation energies of ECD and EAB have been exp

dependences using following relation: vmax � exp(E/kTa), where E correspon
2 Tg values were taken from Refs. given in square brackets.
3 Sign ��� before EAB means that we use the slopes with alternate angles c
perature in the irradiating camera did not exceed 320–

330 K during whole period of irradiation. Optimal accu-

mulated dose for the investigated ChG systems was

chosen in the range U = 2.2–4.4 MGy.

�Specord M-40� (200–900 nm) double beam spectro-

photometer was used for optical transmission measure-
ments before and after the c-irradiation at temperature

T = 290 K. The special marks were drawn on the sample

surfaces for prevention of measurement error connected

with sample position in device camera. Accuracy of the

measurement was ±0.5%.

Ta influence on the transmittance spectra of the pre-

liminarily c-irradiated ChG was studied in the tempera-

ture range from T = 290 K to near Tg with step 20–30 K
using a high-temperature camera HPS-222 (�Tabai�).
Time of heating of the investigated samples in the cam-

era was 30 min for each Ta value, which was controlled

with precision ±1 K. The samples were quenched on air

at T = 290 K during 30 min before every optical trans-

mission measurement.

Spectral dependence of radiation-induced relative

change of optical absorption coefficient Da/a0(hm) (a0
and a are the values of optical absorption coefficient be-

fore and three months after the c-irradiation, respec-

tively, obtained from transmittance spectra as shown

in [11], hm is photon energy) was chosen as the controlled

parameter for RIEs.
3. Results

Fig. 1 shows the spectral dependence of the c-induced
relative change of the optical absorption coefficient Da/
a0 = v in v-Ge28.125Sb6.25S65.625 (Z = 2.63,U = 3 MGy)
nges of the optical absorption edge in ChG of Ge–Sb–S and Ge–As–S

Tg (K)2 ECD (eV) �EAB (eV)3

718 [8] 0.24 ± 0.02 0.015

685 [8] 0.22 ± 0.02 0.013

618 [9] 0.13 ± 0.02 0.021

555 [9] 0.12 ± 0.02 0.006

515 [9] 0.11 ± 0.02 0.018

485 [9] 0.07 ± 0.02 0.026

643 [10] 0.20 ± 0.02 0.040

603 [10] 0.20 ± 0.02 0.035

682 [9] 0.10 ± 0.02 0

670–675 [9] 0.62 ± 0.05 0

620 [9] 0.51 ± 0.05 0

530 [9] 0.18 ± 0.02 0

erimentally determined from the quasi-linear part of ln vmax = f(103/Ta)

ds to ECD or EAB and k stands for Boltzmann constant.

alculating EAB and ECD.



Fig. 1. Spectral dependences of the c-induced relative change of the

optical absorption coefficient Da/a0 = v in v-Ge28.125Sb6.25S65.625
(Z = 2.63,U = 3 MGy) after thermal annealing at different tempera-

tures Ta. Black arrows show the typical evolution of v(hm) curves

with Ta.

Fig. 2. Post-irradiation (U = 3 MGy) thermally enforced changes of

the optical absorption edge determined by vmax = (Da/a0)max parameter

(the maximal value of the relative change of the optical absorption

coefficient a) versus thermal annealing temperature Ta for v-

Ge28.125Sb6.25S65.625 (Z = 2.63). The bold lines through experimental

points are drawn as a guide for the eye.
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after thermal annealing at different Ta. It can be seen

that annealing at the temperatures up to near Tg does

not completely restore c-induced darkening effect illus-
trated by v(hm) curve at Ta = 290 K. Nevertheless, as ex-

pected, the evolution of v(hm) curves with Ta takes place

for investigated ChG. At first, appearance of additional

thermally induced �darkening�, revealing themselves

through the slight increase of v values, can be distin-

guished at the low Ta range (290–373 K). Arrow 1

(Fig. 1) shows maximum value of this additional dark-

ening at Ta = 313 K. The post-irradiation thermally en-
forced restoration effect (i.e., thermally induced

�bleaching� expressed by v reduction) is detected when

Ta varies from 383 K to 563 K. Maximum restoration

value is marked by arrow 2. At higher Ta (603–653 K),

close to glass Tg considerable reversing increase of v val-

ues is observed (arrow 3, Fig. 1).

As known [12], RIE�s physical features can be ade-

quately interpreted using vmax = (Da/a0)max parameter
as shown in Fig. 1 (i.e., the maximum value of the rela-

tive change of the optical absorption coefficient a).
Fig. 2 demonstrates dependence of vmax versus Ta for

v-Ge28.125Sb6.25S65.625 (Z = 2.63,U = 3 MGy).

AB range from Ta = 290 K to TaB corresponds to the

region of relative low-temperature stability of the post-

irradiation RIE, which can be observed as the slight in-

crease of RIE characterized by the apparent activation
energy EAB equal, for example, 0.015 eV for v-

Ge28.125Sb6.25S65.625 (Table 1). For other investigated

ChG, EAB values are found to be in the vicinity of

0.01–0.02 eV too, except 0.04 eV for non-stoichiometric

v-Sb2S3–Ge2S3 or zero in the case of v-As2S3–Ge2S3.

BCD range represents the threshold region of strong

restoration of the post-irradiation RIE, beginning from
the onset temperature TaB = Ton to the maximal restora-

tion temperature TaD = Tmax. In the case of v-Sb2S3–

GeS2 and v-As2S3–Ge2S3, some anomalies in the Ton

vicinity, called saddle regions, are detected. Sometimes,

as observed for v-As2S3–GeS2, they are revealed too
slightly or, as in v-Sb2S3–Ge2S3, more essentially in the

form of breaks off or jumps. Because of these anomalies,

Ton can be determined only approximately as tempera-

ture variation range crosshatched in Fig. 2. It should

be noted that Ton values are typically close to 370–

400 K independent of ChG composition.

The maximal restoration temperature Tmax is the

greatest annealing temperature, which can be applied
to restore maximally the post-irradiation RIE without

sample destroying. Tmax values depend on glass compo-

sition and correlate well with Tg for the investigated

ChG, i.e., the greater is the Tg, the greater will be Tmax.

It is seen in Fig. 2 that the quasi-linear part of

lnvmax = f(103/Ta), which is presented by CD range with

some apparent activation energy ECD takes place. The

experiments show that ECD rises with Z within stoichi-
ometric v-As2S3–GeS2 (0.07 ± 0.02 eV at Z = 2.43 and

0.13 ± 0.02 eV at Z = 2.59) and demonstrates the shar-

ply defined maximum near Z = 2.7 (0.62 ± 0.05 eV) for

non-stoichiometric v-As2S3–Ge2S3 (Table 1). It should

be noted that two quasi-linear parts with different but

close activation energies can be distinguished for the lat-

ter system within CD segment for two investigated sam-

ples with Z = 2.64 and Z = 2.72. However, we have
chosen the average ECD value because it is difficult to

separate them fairly.
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Finally, DE range illustrates the high-temperature re-

gion at Ta close to Tg, where the sharp increase of the

post-irradiation RIE is seen. This range is not observa-

ble in stoichiometric v-As2S3–GeS2, while in non-stoi-

chiometric v-As2S3–Ge2S3 it is clearly shown only at Z

values higher than 2.7. On the contrary, in the ternary
Ge–Sb–S system, the DE range is well defined in stoichi-

ometric v-Sb2S3–GeS2 and negligible in non-stoichiome-

tric v-Sb2S3–Ge2S3.
4. Discussion

It is generally accepted that two principally different
kinds of structural defects are normally produced in

bulk ChG as a result of c-irradiation. The first one,

the nanoscale charged topological defects in the form

of over- (positively charged) and under-coordinated

(negatively charged) atomic pairs caused by radiation-

induced covalent bond re-switching, which are responsi-

ble for radiation-induced changes of the fundamental

optical absorption edge [2,4]. The second one, the micro-
scale inclusions in the form of more or less pronounced

phase-separated regions near the sample surface, con-

taining not only native, but also impurity atoms (prefer-

entially, oxygen, hydrogen, carbon, and some their

chemical compositions, absorbed from atmosphere dur-

ing radiation treatment), associated with radiation-in-

duced changes in the transmittance region [2,13].

Obviously, the first-kind defects are directly linked
with observed post-irradiation thermally enforced resto-

ration effects (BCD range, Fig. 2), connected with the

change of fundamental optical absorption edge. Ton

temperature can be considered as parameter of these de-

fects responsible for the beginning of their annealing.

This is confirmed by independence of Ton range (370–

400 K) on glass composition. As a consequence, given

defects are relatively stable to the annealing with tem-
peratures less than Ton (AB range, Fig. 2). With further

Ta increase, these defects are characterized by threshold

character of thermally induced annihilation, showing a

few anomalies in dependence on the defect type deter-

mined by the energetic balance of the corresponding

radiation-induced re-switching reaction, the relationship

between the number of hetero and homopolar covalent

chemical bonds in the nearest vicinity of charged atoms,
the free-volume distribution around coordination de-

fects, etc. [4,14].

By above reasons, the observed compositional trends

of activation energy Ea in the investigated ChG can be

explained by the formation of various radiation-induced

defect types with different energies for their thermally in-

duced annihilation. The greatest Ea values for the com-

positions with the largest Z (Ge-enriched ChG) in the
case of stoichiometric systems and with Z close to 2.7

for non-stoichiometric ones testifies for formation of
the most thermally stable radiation-induced defects in

such glasses. Indeed, on the one hand, the Ge-enriched

compositions and glasses with Z � 2.7 are characterized

by the largest free volume [12,15], which is favorable

condition for stabilization of the radiation-induced de-

fects [16]. On the other hand, the structural network of
above glasses is mainly based upon GeS4/2 structural

units, containing the most energy-capacious Ge–S bonds

[17]. So, the energies necessary for thermally induced

annihilation of defects connected with radiation-induced

re-switching of Ge–S bonds should be greater in com-

parison with other coordination defect types. Thus, the

nature of activation energy ECD can be tightly connected

with the nature of first-kind defects.
The second-kind defects, being produced by complex

thermoradiation influence owing to the relatively high

temperature in the cavity of 60Co c-source, cannot be

removed thermally. But they reveal the temperature-

activated behavior in the whole Ta range with the fol-

lowing more essential expression for some ChG nearby

Tg, giving as a result: (i) the region of the relative low-

temperature stability (AB range, Fig. 2) of the post-irra-
diation RIE with the apparent activation energies EAB

nearly 0.01–0.02 eV (the noted greater EAB value for

v-Sb2S3–Ge2S3 could be explained by stronger low-tem-

perature phase-separation processes); and (ii) the high-

temperature region (DE range, Fig. 2) of the sharp

increase of the post-irradiation RIE at Ta close to Tg,

typical for some ChG. The nature of this high-tempera-

ture region can be connected with sharp increasing
in optical scattering of the irradiated samples. We sug-

gest that such thermally stimulated scattering is well

pronounced in non-stoichiometric v-As2S3–Ge2S3 at

Z higher than 2.7 due to intensive high-temperature

phase-separation processes. Certain confirmation for

this assumption can be found in [7].

In this respect, DE range has to be expressed more

clearly for v-Ge–Sb–S because this system is character-
ized by the higher ability to phase-separation processes

than v-Ge–As–S due to crystallization ability of Sb

atoms [9]. Indeed, in the ternary v-Ge–Sb–S system,

the thermally stimulated scattering is well defined in

stoichiometric v-Sb2S3–GeS2, based on worse glass-

forming groups such as Sb2S3 and GeS2, on contrary

to stoichiometric v-As2S3–GeS2 where the thermally

stimulated scattering is not observed. Nevertheless, devi-
ations from stoichiometry in v-Ge–Sb–S ternary due to

additional homopolar chemical bonds within v-Sb2S3–

Ge2S3 improve the overall ChG stability against the

above high-temperature phase-separation processes.

To evolve the �pure� contribution of the second-kind

defects in the observed post-irradiation thermally en-

forced processes, we have studied Ta influence on the

optical absorption spectrum of c-irradiated (U = 3
MGy) Sb-enriched non-stoichiometric v-Ge15Sb25S60
sample (Z = 2.55), which normally does not reveal any



Fig. 3. v = Da/a0 parameter calculated at photon energies of 1.51 and

1.61 eV in v-Ge15Sb25S60 (Z = 2.55) caused by post-irradiation

(U = 3 MGy) thermal annealing versus Ta. The bold lines through

experimental points are drawn as a guide for the eye.
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observable RIE owing to high metalization ability of Sb

atoms [12]. The absence of radiation-induced shift of

absorption edge in this glass permits us to neglect the de-

fect formation connected with first-kind defects. The re-

sults of such experiment show that EAB value can reach

the level 0.08 eV, considerably higher in comparison

with c-sensitive ChG (Table 1), with following sharp

increasing of optical scattering at Ta close to Tg (Fig.
3). Comparison of activation energy EAB values for

non-sensitive (�0.08 eV for v-Ge15Sb25S60, Z = 2.55)

and c-sensitive (0.04 eV for v-Ge35Sb5S60, Z = 2.75)

non-stoichiometric ChG of v-Sb2S3–Ge2S3, taking into

account that EAB values slightly depend on glass compo-

sition (Table 1), testifies that c-sensitivity affects by some

way the low-temperature phase-separation processes.

Hence, lower EAB values for v-Ge–As–S (Table 1) could
be connected with higher sensitivity of this system to c-
irradiation in comparison with v-Ge–Sb–S [15].
5. Conclusion

Three different temperature regions have been revealed

on lnvmax = f(103/Ta) dependence in the investigated
ChG: (1) the region of the relative low-temperature stabil-

ity of the post-irradiation RIE from Ta = 290 K to the

onset temperature Ton = 370–400 K, which is indepen-
dent on ChG composition; (2) the threshold region of

the strong restoration of the post-irradiation RIE, begin-

ning from Ton to the maximal restoration temperature

Tmax which is greater for glasses with larger Tg; and (3)

the high-temperature region of the sharp increase of opti-

cal scattering of the irradiated samples atTa close toTg. It
is assumed that the presence of first and third regions can

be caused by the low- and high-temperature phase-sepa-

ration processes in glassy matrix. The origin of second re-

gion is associated with the existence of nanoscale charged

topological defects. Compositional features of activation

energies ECD in the threshold region nearby Ton temper-

ature testify about the c-induced formation of the most

thermally stable radiation-induced defects in the struc-
ture of investigated ChG at larger Z (Ge-enriched

samples) for stoichiometric systems and at Z � 2.7 for

non-stoichiometric ones.
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