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Abstract--The radiation-optical properties of vitreous semiconductors in the Ge-As-S system are studied near 
the 2D-3D topological phase transition. The results obtained are interpreted within the framework of the model 
of coordination defect centers, which are characteristic of chalcogenide vitreous semiconductors. 

INTRODUCTION 

Owing to their unique physical properties, chalco- 
genide vitreous semiconductors have a wide applica- 
tion in optical instrument making. Since these materials 
possess good light transmittance in the IR range, they 
are extensively used in the production of elements of 
optical fiber communication lines, highly efficient 
acoustooptic modulators and deflectors, antireflection 
layers, etc. [1, 2]. 

The photostimulated changes in the properties of 
chalcogenide vitreous semiconductors provided the 
basis for the creation of optical memory elements [3]. 
In a number of works concerned with the radiation- 
optical properties of chalcogenide vitreous semicon- 
ductors, it was demonstrates that these materials can be 
employed as sensitive elements in solid-state dosimet- 
ric systems for industrial purposes [4--6]. 

However, the radiation-induced effects in chalco- 
genide vitreous semiconductors are still not clearly 
understood. In particular, considerable attention has 
been focused only on the structurally simplest binary 
and quasi-binary systems based on vitreous arsenic 
trisulfide As2S3 and arsenic triselenide AsESe3, which 
exhibit a layered 2D-network [4, 5]. The radiation-opti- 
cal properties of structurally more complex chalco- 
genide vitreous semiconductors with a branched three- 
dimensional network have not been systematically 
investigated up to now. Similar explorations are espe- 
cially topical for chalcogenide vitreous semiconductors 
characterized by the 2D-3D topological phase transi- 
tion [7], for which anomalous radiation-induced effects 
should be expected by analogy with the photostimu- 
lated changes examined earlier [8, 9]. 

In this work, we studied the radiation-optical prop- 
erties of Ge-As-S ternary chalcogenide vitreous semi- 
conductors upon variation in the coordination number z 
from 2.4 to 2.8, i.e., below and above the 2D-3D topo- 
logical phase transition point (z = 2.67). 

EXPERIMENTAL 

Monolithic samples of chalcogenide vitreous semi- 
conductors in the As2S3-Ge2S3 system were synthe- 
sized upon cooling of melts in air after heat treatment 
in a "rocking" furnace at 1170 K for 1 day. The ingots 
thus obtained were annealed at temperatures 20-30 K 
below the glass transition point in order to relieve inter- 
nal stresses, which necessarily arise upon quenching. 
Then, the ingots were cut into plates 2 mm thick, 
ground, and polished to a high surface quality. The 
amorphism of the samples obtained was inspected 
against a characteristic shell-like fracture and the data 
of X-ray diffraction analysis. We synthesized the 
glasses of compositions AszaGel6S60 (z = 2.56), 
As16Ge24S60 (z = 2.64), AssGe32S60 (z = 2.72), and 
AsaGe36S6o (z = 2.76). Presumably, the first two glasses 
exhibit a layered (quasi-two-dimensional) 2D-struc- 
ture, and the last two glasses are characterized by a 
branched (quasi-three-dimensional) 3D-structure [9]. 

The samples were irradiated by ]'-quanta of a 6~ 
radionuclide source (E = 1.25 MeV) under usual condi- 
tions. The absorbed dose (4.4 x 10 6 Gy) was chosen 
reasoning from the dependence of the radiation- 
induced effects on the irradiation dose for vitreous 
As2S3 [4, 5]. 

The spectral characteristics of the optical transmis- 
sion x(hv) of the samples in the range of the fundamen- 
tal absorption edge were measured on a Specord M-40 
two-beam spectrophotometer (200-900 nm). In order 
to eliminate the possible errors connected with the 
location of the studied samples in an operating unit of 
the spectrophotometer, their surface was specially 
labeled. This allowed us to repeatedly reproduce the 
path of the probing light beam prior to and after the 
irradiation. The maximum error in measurement of the 
optical transmittance did not exceed 0.5%. All mea- 
surements were carried out the next day after the irradi- 
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ation and, then, after a time, in the course of a natural 
decay of the observed effect. 

The data obtained in such a way [i.e., the depen- 
dences x(hv), where hv is the energy of the probing 
light beam] were subsequently used for calculating the 
spectral characteristics of the optical absorption tz(hv) 

ct = din (1 -r)2"c 

where r is the reflectivity [10], and d is the sample 
thickness. 

By analogy with [11], it was assumed that, in the 
spectral range studied, the radiation-induced changes in 
the reflectivity of chalcogenide vitreous semiconduc- 
tors are negligibly small (do not exceed the limits of 
experimental error), and the changes in the optical 
transmittance 't:(hv) predominantly contribute to cz(hv). 
This assumption was experimentally supported using a 
specially designed mirror reflection attachment. 

The quantity A(z(hv)/txo(hv) [where oc0(hv) is the 
absorption coefficient of the unirradiated sample] was 
used as a quantitative characteristic for the description 
of the effects observed. In other words, in our experi- 
ments, the relative difference between the absorption 
coefficients of the probing light prior to and after the 
T-irradiation of the studied samples, which was calcu- 
lated for the given photon energy hv, was employed as 
a test parameter. 

RESULTS AND DISCUSSION 

From the analysis of the concentration dependences 
of the optical transmittance x(hv) for the studied 
glasses, it was found that their transmission edge is 
shifted toward lower energies hv (i.e., toward the long- 
wavelength spectral range) in going (with a change in 
the composition) from 2D- to 3D-structures. This result 
well agrees with the data obtained in [12, 13]. 

Similar conclusions can be made with respect to the 
spectral characteristics of the optical absorption coeffi- 
cient o~(hv) for chalcogenide vitreous semiconductors 
in the studied system. In general, this dependence for 
each sample can be represented in the form of a curve 
with two quasi-linear portions on a semilog scale 
(Fig. 1). The first (high-energy) portion is characterized 
by the slope ~i of about 11-16 eV -1. It is assumed that 
this portion is most likely determined by an exponential 
smearing of the exciton absorption line due to internal 
electric fields, e.g., fields of charged defects [14]. The 
slope r I of the second (low-energy) portion is of an 
order of several eV-L This portion of the tx(hv) curve is 
likely governed by the optical transitions in the range of 
exponentially decaying "tails" of allowed bands; the 
impurity absorption; and the scattering by internal 
inhomogeneities, striae, etc. [13, 14]. 

As the mean coordination number of chalcogenide 
vitreous semiconductors increases (i.e., as the compo- 
sition corresponding to the 3D-structure is 
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Fig. 1. Spectral dependences of the optical absorption coefficient for the (a) As24Ge16S60, (b) AsI6Ge24S60, (c) AssGe32S60, and 
(d) As4Ge36S60 chalcogenide glasses (I) prior to and (2) the next day after ~/-irradiation. 
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Fig. 2. Spectral dependences of the relative change in the optical absorption coefficient for the (a) As 24Ge16S60, (b) As16Ge24S60, 
(c) AssGe32S60, and (d) As4Ge36S60 chalcogenide glasses (1) the next day and (2) within two months after y-irradiation. 

approached), the slope of the high-energy portion 8 in 
the tz(hv)dependence decreases. Note that the low- 
energy portion of the curve virtually does not change 
substantially. 

The )'-irradiation of the studied glasses causes their 
absorption edge to be shifted toward the long-wave- 
length range, as was previously observed for binary 
chalcogenide vitreous semiconductor systems contain- 
ing arsenic [4, 5, 15, 16]. In this case, almost a parallel 
shift in the high-energy portions of the dependence 
tz(hv) is observed for the glasses with the 2D-structure, 
whereas, for glasses with the 3D-structure, the shift in 
the optical absorption edge is accompanied by a 
decrease in the slope ~i (Fig. 1). The slope of the low- 
energy portion r i increases, on the arrange, two times 
virtually irrespective of the composition of chalco- 
genide vitreous semiconductors. 

Let us consider the spectra of the radiation-induced 
decrease in the optical absorption Ao~(hv)l~(hv) for 
the studied chalcogenide vitreous semiconductor sam- 
ples (Fig. 2). They can be graphically represented in the 
form of asymmetric "bell-shaped" curves with a rather 
smeared maximum (A~)max,  an extended low- 
energy wing, and a steeper high-energy wing. The 
spectral location of the maximum hVma x is regularly 
shifted toward the low-energy range with an increase in 
the Ge content in the studied samples (this corresponds 
to a decrease in the band pseudogap in glasses). For the 
studied chalcogenide vitreous semiconductors with the 
2D-structure, the low-energy (monotonic) portion of 
the Ao~(hv)lob(hv) curve terminates at 1.55 eV and 

weakly depends on z. By contrast, for chalcogenide vit- 
reous semiconductors with the 3D-structure, this por- 
tion is appreciably shifted toward the low-energy range 
with an increase in the Ge content (the values of above 
parameters are listed in table). 

The magnitude (A(x./OtO)ma x of the total radiation- 
induced effect measured directly the next day after the 
)'-irradiation of the samples is minimum for chalco- 
genide vitreous semiconductors with compositions 
close to the 2D-3D topological phase transition (see 
table) and increases for glasses of compositions close 
to extreme compounds (As2S 3 and Ge2S3). 

It is found that the radiation-induced darkening is 
unstable and, during 2-3 months, gradually decays to a 
certain residual level corresponding to curve 2 in Fig. 2. 
Therefore, the total radiation-induced darkening effect 
in the studied chalcogenide vitreous semiconductors 
can be represented as a sum of two components: the 
dynamic component progressively decaying after the 
irradiation and the static component, which does not 
change for a long time after the irradiation of the sam- 
ples. 

Unfortunately, this feature has escaped the neces- 
sary attention in earlier investigations into the radia- 
tion-optical properties of chalcogenide vitreous semi- 
conductors [4, 5, 15, 16], in which only static compo- 
nent was considered. 

After the )'-irradiation of the samples, the low- 
energy portion of the curve Ao~(hv)ltzo(hv) consider- 
ably lowers in the course of the natural decay. Note that 
the absorption in the transparency region of the samples 

GLASS PHYSICS AND CHEMISTRY Vol. 26 No. 3 2000 



RADIATION-INDUCED EFFECTS IN Ge-As-S CHALCOGENIDE GLASSES 

Spectral characteristics of radiation-optical effects in the As--Ge--S chalcogenide glasses 

263 

Chemical 
composition 

As24Ge16S60 
As16Ge24S60 
AsaGe32S60 
As4Ge36S60 

2.56 
2.64 
2.72 
2.76 

Total effect 

hVmax, eV 

2.200 
2.145 
2.005 
1.990 

(A0t/OtO)ma x, 
rel. units 

0.81 
0.74 
0.71 
0.77 

Static (remaining) component 

hVmax, eV 

2.240 
2.180 
2.060 
2.060 

(A(t/o~0)max 

rel. units % 

0.46 57 
0.36 49 
0.35 49 
0.28 36 

Dynamic component 
(aot/~)m~x 

rel. units % 

0.35 43 
0.38 51 
0.36 51 
0.49 64 

Note: The relative contributions of static and dynamic components to the total value of (Aot/t~tO)ma x a r e  given m percentage. 

reaches a new level virtually for several weeks after the 
),-irradiation, whereas (A~tx0)mx continues to decrease 
and shift toward the range of the higher photon energies 
hr. This shift is more clearly observed for chalcogenide 
vitreous semiconductors with the 3D-structure, while, 
for compounds with the 2D-structure, the shift is 
weakly pronounced (compare Figs. 2a, 2b and 2c, 2d). 

The maximum value of the dynamic component, 
which is determined as the difference between the 
curves corresponding to the total and static effects 
(Fig. 2, curves 1 and 2, respectively), in general, 
increases with an increase in z. Moreover, this depen- 
dence exhibits a small plateau near the 2D-3D phase 
transition. In percentage terms with respect to the total 
effect, this tendency manifests itself even in a larger 
extent (see table). 

With a change in the chemical composition of 
glasses, the maxima of static component of the radia- 
tion-induced darkening (Fig. 2, curves 2) exhibit the 
regularities identical to those of the maxima corre- 
sponding to the total effect, i.e., are shifted toward the 
long-wavelength range with an increase in z. However, 
the magnitude of the static darkening (Atx/tXO)max regu- 
larly decreases with a small plateau near the 2D-3D 
topological phase transition. To put it differently, the 
static component of the radiation-induced darkening 
turns out to be maximum for chalcogenide vitreous 
semiconductors with the 2D-structure. 

Therefore, the concentration behavior of the static 
component, to a large degree, is responsible for the con- 
centration features in the total effect of the radiation- 
induced darkening of the studied chalcogenide vitreous 
semiconductors. The opposite dynamic effect (dynamic 
component) makes a smaller contribution to the total 
effect. 

The microstructural mechanism of the radiation- 
optical effect observed should be likely explained by 
the coordination defect formation studied earlier in 
detail for vitreous arsenic trisulfide [17, 18]. The spe- 
cific topological variants of the chemical bond switch- 
ing that occur with the formation of coordination 
defects are determined, as a whole, by the balance of 
their dissociation energies. The coordination defects 
can be experimentally identified using the differential 

REFERENCES 

1. Voiht, B. and Linke, D., Optical Glasses for Infrared 
Optoelectronics, in Physical Applications of Non-Crys- 
talline Semiconductors in Optoelectronics, Andriesh, A. 
and Bertolotti, M., Eds., Dordrecht: Kluwer Academic, 
1997, pp. 155-169. 

2. Seddon, A.B. and Laine, M.-J., A Review of Amorphous 
Chalcogenides as Materials for Infrared Bulk Acousto- 
Optic Devices, in Physical Applications of Non-Crystal- 
line Semiconductors in Optoelectronics, Andriesh, A. 
and Bertolotti, M., Eds., Dordrecht: Kluwer Academic, 
1997, pp. 327-341. 

3. Neserebryanye fotograficheskie protsessy (Silver-Free 
Photographic Processes), Kartuzhanskii, A.L., Ed., Lenin- 
grad: Khimiya, 1984. 

Fourier spectrometry in the range of vibrational bands 
corresponding to the main structural fragments of chal- 
cogenide vitreous semiconductors (100-500 cm-l). 
According to this approach, a partial recovery of opti- 
cal properties of the ),-irradiated samples, i.e., the 
occurrence of the dynamic effect, should be considered 
as a result of the defect annihilation in the course of nat- 
ural storage as is the case upon thermal annealing of 
),-irradiated binary glasses based on arsenic sulfide 
[19]. 

CONCLUSION 

It was demonstrated that the irradiation of the 
As2S3-Ge2S3 glasses by ),-quanta of 6~ radionuclide 
source (absorbed dose, 4.4 x 106 Gy) results in a long- 
wavelength shift in their fundamental absorption edge. 

The magnitude and the character of this effect con- 
siderably depend on the type of structure of the studied 
samples and change upon the 2D-3D phase transition. 

The microstructural mechanism of the radiation- 
optical effects observed is most likely associated with 
the coordination defect formation. 

ACKNOWLEDGMENTS 

We are grateful to V. Pamukchieva for preparing and 
donating samples. 

GLASS PHYSICS AND CHEMISTRY Vol. 26 No. 3 2000 



264 SHPOTYUK et al. 

4. Shpotyuk, O.I. and Matkovsky, A.O., Radiation-Stimu- 
lated Processes in Vitreous Arsenic Trisulphide, J. Non- 
Cryst. Solids, 1994, vol. 176, pp. 45-50. 

5. Shpotyuk, O.I., Matkovsky, A.O., Kovalsky, A.P., and 
Vakiv, M.M., Radiation-Induced Changes of Amorphous 
As2S 3 Physical Properties, Radiat. Eft. Defects Solids, 
1995, vol. 133, no. 1, pp. 1--4. 

6. Shpotyuk, O.I., Amorphous Chalcogenide Semiconduc- 
tors for Dosimetry of High-Energy Ionizing Radiation, 
Radiat. Phys. Chem., 1995, vol. 46, nos. 4-6, pp. 1279- 
1282. 

7. Tanaka, K., Structural Phase Transitions in Chalco- 
genide Glasses, Phys. Rev. B: Condens. Matter, 1989, 
vol. 39, no. 2, pp. 1270-1273. 

8. Vateva, E., Skordeva, E., and Arsova, D., Average Coor- 
dination Number Dependence of Photostructural Changes 
in Amorphous Ge-As-S Films, Philos. Mag. B, 1993, 
vol. 67, pp. 225-235. 

9. Arsova, D., Skordeva, E., and Vateva, E., Topological 
Threshold in GexAs40_xS60 Glasses and Thin Films, 
Solid State Commun., 1994, vol. 90, pp. 299-304. 

10. Ukhanov, Yu.E., Opticheskie svoistva poluprovodnikov 
(Optical Properties of Semiconductors), Moscow: 
Nauka, 1977. 

11. Lyubin, V.M. and Tikhomirov, V.K., Photorefraction and 
Photobirefringence in Films of Vitreous Semiconduc- 
tors, Fiz. Tverd. Tela (Leningrad), 1991, no. 7, pp. 2063- 
2067. 

12. Fekeshgazi, I.V., May, K.V., Mitsa, V.M., and Vaka- 
ruk, A.I., Optical Absorbability in Ternary Ge-As-S 
Glasses and Some Possibility of Its Application, Physi- 

cal Applications of Non-Crystalline Semiconductors in 
Optoelectronics, Andriesh, A. and Bertolotti, M., Eds., 
Dordrecht: Kluwer Academic, 1997, pp. 243-248. 

13. Feltz, A., Amorphe und glasartige anorganische Fest- 
karper, Berlin: Akademia, 1983. Translated under the 
title Amorfnye i stekloobraznye neorganicheskie tverdye 
tela, Moscow: Mir, 1986. 

14. Mott, N.F. and Davis, E.A., Electron Processes in Non- 
Crystalline Materials, Oxford (UK): Clarendon, 1971. 
Translated under the title Elektronnye protsessy v nekri- 
stallicheskikh veshchestvakh, Moscow: Mir, 1974. 

15. Domoryad, I.A., Kolomiets, B.T., Lyubin, V.M., and 
Shilo, V.P., Reverse Gamma-Structural Transformation 
in Vitreous As-Se, Fiz. Khim. Stekla, 1985, vol. 11, 
no. 5, pp. 595-597. 

16. Samserbinov, Sh.Sh., Gural'nik, R.M., Zhakup- 
bekov, B.S., Krotov, Yu.I., and Maksimova, S.Ya., On the 
Influence of Structural Defects on Optical Properties of 
Chalcogenide Glasses, Fiz. Khim. Stekla, 1987, vol. 13, 
no. 1, pp. 143-145. 

17. Shpotyuk, O.I. and Balitska, V.O., Coordination Defects 
in Vitreous As2S 3 Induced by Gamma-Irradiation, Acta 
Phys. Pol., A, 1997, vol. 92, no. 3, pp. 577-583. 

18. Shpotyuk, O.I., Photo- and Radiation-Induced Coordi- 
nation Defects in Amorphous Chalcogenides, Proc. 
SPIE-Int. Soc. Opt. Eng., 1996, vol. 2968, pp. 246-255. 

19. Shpotyuk, O.I., Temperature Stability of the Effects 
Induced by Gamma Irradiation in Vitreous Arsenic 
Trisulfide, Zh. Prikl. Spektrosk., 1987, vol. 46, no. 1, 
pp. 122-126. 

GLASS PHYSICS AND CHEMISTRY Vol. 26 No. 3 2000 


