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Abstract 

The presented study shows how the incorporation of silver changes the structure and physical 

properties of chalcogenide glass (GeS2)50(Sb2S3)50. Nine samples with silver content (0-25 at. 

%) were studied to give a detailed picture. The structure and its changes were analyzed by 

Raman spectroscopy. The main structural units of the (GeS2)50(Sb2S3)50 glass and its medium 

range order were described. Interaction of silver and hosting (GeS2)50(Sb2S3)50 matrix was 

described by a set of chemical reactions. The weakest part of the hosting matrix, two 

interconnected SbS3/2 pyramids, was identified. Such structural motif was identified as the 

doorway for silver incorporation. The material hardness is significantly increased by up to 

26% due to silver addition. The ability of silver to fill cavities in a glass is responsible for the 

observed hardness increase. Electronic properties and silver ion mobility were examined by 

impedance spectroscopy and radioactive tracer diffusion. The purpose of the presented study 

is to give an instructive description of how silver change the structure of the studied 

chalcogenide glass and give a complex feeling of how the silver changes its physical 

properties. 
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1. Introduction 

Silver doped chalcogenide glasses compared to undoped chalcogenide glasses exhibit red-

shifted absorption, higher index of refraction and steep increase in electrical conductivity. 

Introduced silver into chalcogenide glass became cation Ag+. The charge of the Ag+ cation is 

compensated by C1
-(one-fold coordinated chalcogen) [1, 2] . The silver doped chalcogenide 

glasses, with Ag concentration higher than  5 at.%, are a good ionic conductor [3]. Increase 

of the electrical conductivity could reach up to 11 orders of magnitude (from 0 to 30 at.% of 

Ag) [4].The good ionic conductivity and ability of silver to form a conductive filament make 

silver doped chalcogenide glasses a good candidate for a Conductive Bridge RAM memory. 

The Conductive Bridge RAM memory is today one of the most promising applications of 

silver doped chalcogenide glasses with an industrial significance[5]. The (GeS2)y(Sb2S3)1-y 

glasses belong among the important pseudo-binary chalcogenides. These glasses are 

attractive for  silver doping because of two main reasons : 1) the (GeS2)y(Sb2S3)1-y glasses are 

well described, as they were object of numerous studies regarding glassforming properties 

[6], structural properties [7-10], optical properties [11], and mechanical properties[12]; and 2) 

the silver doping of ternary GeSbS glasses has not yet been studied in detail. The aim of the 

present work is to describe how silver influences the structure and the physical properties of 

the chalcogenide bulk glass (GeS2)50(Sb2S3)50. The structural changes, hardness evolution and 

electronic / ionic properties are of the special interest. 

2. Experimental 

 



2.1. Glass preparation 

The samples Agx((GeS2)50(Sb2S3)50)1-x glasses where x = 0, 0.1, 1, 5, 7.5, 10, 12.5, 15, 17.5, 

20, and 25 were prepared. Appropriate amount of elements (Ge, Sb, S, Ag) of 5N purity was 

sealed into evacuated silica ampule. Each batch has about 10 g. Synthesis was done in a 

rocking furnace at temperature 970 °C for 36 hours. Then the samples were quenched  from 

temperature 700 °C into the water and annealed for 3 hours ca. 20 °C under Tg. Composition 

and glass homogeneity was tested by SEM microscope Lyra 3 (Tescan) equipped with EDX 

analyser AZtec X-Max 20 (Oxford Instruments), and Bruker AXS diffractometer D8. The 

DSC measurements were performed using Q2000 heat-flow calorimeter (TA Instruments). 

Microhardness was measured by Hanemann’s microhardness-meter with Vickers' pyramid, 

supplied with a Zeiss-Neophot microscope. Density of samples was measured by Archimedes 

method. 

2.2. Raman spectroscopy 

   Raman scattering spectra were measured by Dimension P2 system (Lambda Solution, 

USA) Spectra were excited with a laser operating at 532 nm (output power 5 mW). Reduced 

Raman intensity of glasses Raman spectra were calculated considering the Gammon–Shuker 

equation [13] 

2.3. Microhardness 

Microhardness was measured by Vickers method. There was applied a load of 80 g for 10 

seconds. The six measurements were done for each sample. 

2.4. Electrical conductivity measurement 

The dimension of each bulk sample was about 5x5 mm and thickness about 1 mm. The both 

sides were polished and Pt sputtered. Impedance spectroscopy measurement was performed 



by impedance spectrometer Autolab PGSTAT204 in frequency range 10 mHz – 100 kHz 

from 20 °C up to 150 °C. The sample of Ag15((GeS2)50(Sb2S3)50)85 composition was measured 

at Alpha-A Analyser from Novocontrol and at Keysight E4991B Impedance Analyser (at 

higher frequencies). 

2.5. Radioactive tracer diffusion measurement 

   Radioactive tracer diffusion (RTD) measurement was performed at three glass composition 

Agx((GeS2)50(Sb2S3)50)1-x where x=0, 7.5, and 15. Seven samples were prepared from each 

composition. A drop of radioactive 110mAgNO3 was deposited on top of sample. The drop was 

kept for a certain period and dried. The samples, containing radioactive silver on their 

surface, were encapsulated into the ampules and annealed at different temperatures from a 

couple of hours to a couple of days. The penetration profile of silver inside annealed samples 

was evaluated by a multistep process. As first, the total gama activity was measured by 

scintillation counter. After that, a few units of microns from top of the samples were grinded. 

The both steps were repeated ca. 8 times. 

 

3. Results 

 

3.1.General 

 

The prepared sample without silver (GeS2)50(Sb2S3)50 has a red colour but with an increasing 

content of silver the samples became gradually darker and metallic shiny. The density of the 

samples increases proportionally to the content of silver as shown in Fig. 1. The value of 

glass-transition temperature Tg declines steeply for small concentration x  5, then decrease 



slowly as shown in Fig. 1. XRD and SEM microscopy prove that samples are glassy where 

silver concentration x ≤ 15. The samples are glassy with crystalline inclusions for x ≥ 17.5. 

The crystalline inclusions are separated by a glassy phase and represent a minor portion (ca. 5 

%) of the whole sample (Fig. 2.). XRD results show that crystals are antimony for samples 

x = 17.5, 20, and 25 at. % and argyrodite [14] Ag8GeS6 for sample x = 25. The corresponding 

crystallization patterns are shown in the previous work [15]. The antimony crystals are 

rhombohedral (R3m – 166) – the lattice parameters were: a = 4.3105 Å, c = 5.6404  Å. The 

argyrodite (Ag8GeS6) crystals are orthorhombic (Pna21–33) – the lattice parameters were a = 

15.149 Å, b = 7.476 Å, c = 10.589 Å. The antimony crystals in samples with x = 20, 25 have 

a needle like shape (Fig. 1e). Their pattern was revealed after a wet etch in NaOH solution. 

The sample where x = 25 was phase separated into micro and macro levels. SEM microscopy 

reveals the microscopic spheres, ca. 3 microns in diameter (Fig. 2 d,f). As well macroscopical 

sphere of diameter ca. 6 mm was found. The composition of the metallic like sphere was 

80 at. % Sb, and 20 at. % Ag. The XRD measurement of the macroscopic sphere reveals, the 

Sb crystals rhombohedral (R3m – 166) – the lattice parameters were: a = 4.3105  Å, c = 

5.6404  Å, and dyscrasite Ag3Sb crystals orthorhombic ( Pmnm 59) – the lattice parameters 

were: a = 5.9900  Å, b = 5.2400  Å, c = 4.8500. The macroscopic sphere decreases the 

content of the Sb by 10 % and Ag by 3 % in the glassy part of the sample as was proved by 

EDX measurement. The phase separation of the sample where x = 25 affects the density and 

impedance measurement as shown in the Figures (1) and (6). EDX analysis of studied 

samples (x = 0 - 20) confirmed that their overall composition is close to the nominal values. 

3.2.Structural changes observed by Raman spectroscopy 

 



Raman spectra of the studied hosting matrix (GeS2)50(Sb2S3)50 are in good agreement with 

Raman spectra of the similar glasses of Ge-Sb-S system [6, 7, 16-18]. All the data were 

scaled by area and decomposed in a series of Raman peaks. (Fig. 3).  

   The Raman band between 200 and 450 cm-1 can be decomposed into 7 bands with maxima 

near 250, 283, 318, 340, 360, 388 and 414 cm-1. The three main Raman bands, located at 340, 

318 and  283 cm-1, have been attributed to symmetric stretching vibrations of corner- sharing 

GeS4/2 tetrahedra and to asymmetric and symmetric stretching vibrations of SbS3/2 pyramids. 

The smaller bands at 360, 388 and 414 cm-1 can be ascribed to the edge-shared GeS4/2 

tetrahedral symmetric stretching vibrations, to asymmetric stretching vibrations of corner-

shared GeS4/2 tetrahedra and bridging sulfur vibrations in the S3Ge-S-GeS3 structural units, 

respectively. The band 250 cm-1 can be assigned to vibrations of Ge-Ge bonds in S3Ge-GeS3 

ethane-like structural units. The broad band of low intensity in the region 100 – 200 cm-1 can 

be decomposed into 2 bands at 150 and 170 cm-1 corresponding to asymmetric bending 

vibrations of GeS4/2 and Sb-Sb vibrations in units S2Sb-SbS2. 

   The changes of the bands in Raman spectra induced by silver incorporation could be 

separated into two regions (1 and 2) according to silver concentration in the sample: 

 

1) Silver concentration (0.1 – 15 at. %) 

There main Raman bands: symmetrical vibration SbS3/2 (283 cm-1), asymmetrical vibration of 

SbS3/2 (318 cm-1), vibration of corner-sharing (CS) GeS4/2 tetrahedra (340 cm-1), decreases its 

intensity due to the interaction with silver. Those three bands were called “REACTANTS” 

(Fig. 4a).It is worthy to note, that the band of symmetrical vibration SbS3/2 (283 cm-1) 

decreases quasi proportionally while silver concentration increases in the sample. Two 

Raman bands with a homopolar bond: S2Sb-SbS2 (170 cm-1), and ethane-like unit S3Ge-GeS3 

(250 cm-1) increase their intensity with the increasing content of silver. Those two bands were 



called “PRODUCTS”.(Fig. 4b). The first silver addition generates band at 212cm-1, such a 

band was found in Raman spectra of thin film Ag2S [19]. As well the presence of (pyro-

(GeS3-
3.5), meta-(GeS2-

3), di-(GeS1-
2.5) thiogermanate tetrahedra was identified [20-22]. These 

structures are evidence of the presence of non-bridging sulphur.  

 

2) Silver concentration (17.5 - 25 at. %) 

An important change in the structure takes place when silver concentration in the sample 

reaches 17.5 at. %. The small part of antimony crystalizes. Antimony in the crystalline phase 

is presented in samples with concentration of silver (17.5 - 25 at. %). In Fig. 4a,b it is visible, 

that amount of “REACTANTS” and “PRODUCTS”  when x ≥ 17.5 maintain roughly same 

level. There is only one significant change, the drop of the signal of S2Sb-SbS2 (170 cm-1). 

 

3.3.Microhardness 

Microhardness of the studied material increases with the increasing content of silver. 

Microhardness maximum is reached at silver concentration x = 17.5. After that, a significant 

drop of microhardness is observed. The maximal value of microhardness is higher by 26 % 

than the initial value of microhardness for x = 0 (Fig. 5). Each imprint of a diamond indentor 

shows the presence of cracks in each corner. Quality, of size measurement of the indentor 

imprint, was increased by using SEM microscopy (regarding to high quality optical 

microscopy). The result of sample microhardness for sample where x = 0 is in very good 

agreement with literature [12]. 

3.4.Electrical properties 

The impedance spectroscopy measurement shows that DC conductivity of samples (x = 1 -

 20) increases exponentially (Fig. 6a). The sample x = 0 was not measured because of very 



low conductivity. Activation energy of DC electric conductivity decreases linearly (Fig. 6b). 

The measured impedance spectra follows the Time Temperature Superposition [23]. 

Impedance spectra of all samples were fitted (Fig. 7) by using a combination of two 

contributions shown in Eqs. (1 - 3). The first one is Dyre’s model that describes ionic 

transport under a random distribution of potential barrier [24]. The complex conductivity 

*() is given as 
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where (0) is the DC conductivity, max is maximum hoping relaxation time and  is the 

angular frequency. The second contribution describes a polarization of blocking electrodes, 

an effect that accompanies ionic conductivity at “lower” frequencies [25]. Overall complex 

conductivity *() is given by a summation of bulk and interfacial responses 
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where the bulk conductivity represents *
bulk() and the interfacial conductivity 

*
interface().The symbol f is the spectral weight of interfacial conductivity. The bulk complex 

conductivity is *
bulk() = b1 + ib2 and the complex interfacial conductivity  

*
interface() = i1 + ii2. Substituting the values of *

bulk() and *
interface() in above 

equation, we obtain 
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where the subscribts b and i represents the interfacial and bulk regions, respectively.  

3.5.Radioactive tracer diffusion experiment 



The results of the radioactive tracer diffusion RTD experiment for samples where x = 0, 7.5 , 

and 15 are presented in Fig. 8. The measured RTD coefficients Dtracer were compared to 

calculated ones D via Nernst-Einstein relation 

𝐷𝜎 =
𝜎𝑖𝑘𝑇

𝑁(𝑍𝑒)2
    (4) 

where i is the ionic conductivity obtained by impedance measurement. N is the number of 

mobile ions, Z is the ion charge, e is the charge of electron, k is the Boltzmann constant and T 

is the absolute temperature. The number of mobile ions is calculated based on assumption 

that all introduced silver became silver ions. The calculated and measured RTD coefficients 

are close together, but their curves have different slopes and hence different activation 

energies (Tab.1). The diffusion coefficient for the sample without silver could be evaluated 

only in case of the RTD experiment. The silver that diffuses in the sample where x = 0 is the 

one which is added artificially on top of sample in a drop of 110mAgNO3 (see section 2.5).  

   The Haven ratio HR was calculated using equation (5) [26, 27].  

𝐻𝑅 =
𝐷𝑡𝑟𝑎𝑐𝑒𝑟

𝐷𝜎
    (5) 

The results are presented in Tab. 1. The calculated Hr gives more than one value. The Hr is 

in our case dependent on the temperature, because of the different slopes of the measured 

Dtracer and the calculated D  diffusions coefficients as shown in Fig. 8 and Table 1. 

4. Discussion 

4.1.Understanding of the structural changes based on Raman spectroscopy 

Our aim is to understand the way of silver incorporation into the hosting matrix 

(GeS2)50(Sb2S3)50. It is vital, first of all, to know how the hosting matrix is built and which 

kind of information can Raman spectroscopy provide. In the first section (4.1.1.) the structure 



and the medium range order of the system (GeS2)y(Sb2S3)1-y is described. The same approach 

will be applied in the second section (4.1.2.) to describe the glass (GeS2)50(Sb2S3)50. The third 

section (4.1.3.) describes the object of this study, silver incorporation in the hosting matrix 

(GeS2)50(Sb2S3)50. 

4.1.1. Structure of (GeS2)y(Sb2S3)1-y 

Now we try to explain, based on the previous studies, how Raman spectroscopy helps to 

describe the structure of system (GeS2)y(Sb2S3)1-y.The same approach will be used in the next 

section to describe our studied glass (GeS2)50(Sb2S3)50. Lin et al. made an important analysis 

of the structure of the system (GeS2)y(Sb2S3)1-y [7]. They were able to describe the structure 

and medium range order of that system. They explained why the Raman signal corresponding 

to ES and CS GeS4/2 tetrahedra vanishes once y ≤ 60. The situation when y = 60, is for the 

system (GeS2)y(Sb2S3)1-y a compositional threshold. This is the state when each GeS4/2 

tetrahedra could be separated by the SbS3/2 pyramid (ratio is 3:4). Once there is in the system, 

a sufficient amount of Sb2S3 pyramids (y ≤ 60) they separate GeS4/2 tetrahedra. It is a moment 

when the Raman signal of ES and CS GeS4/2 vanishes. There is an obvious strong tendency of 

Sb2S3 pyramids to separate the GeS4/2 tetrahedra. The medium range order is proposed, based 

on that finding, in the case of the system (GeS2)y(Sb2S3)1-y [7]. Because there are no figures 

showing integrated intensities of Raman signal of (GeS2)y(Sb2S3)1-y in the work of Lin et al. 

we would like to use results presented in work of R. Svoboda et al.(Fig. 9) [9]. In Fig. 9, it is 

visible that the signal of CS GeS4/2 tetrahedras is decreasing with increasing content of Sb2S3. 

The signal of CS GeS4/2 tetrahedras tends to minimize once the compositional threshold is 

reached (y < 60). This is the confirmation that Sb2S3 pyramids separate GeS4/2 

tetrahedras.This information will be used in the next section to describe the structure of the 

studied hosting matrix (GeS2)50(Sb2S3)50. We can also get quantitative information from 

Raman spectroscopy of studied glass (GeS2)y(Sb2S3)1-y. We found in the work of R. Svoboda 



et al. [9], that there is one Raman signal which is proportional to y. The signal is a 

symmetrical vibration of the SbS3/2 pyramid (190 cm-1) which is proportional to the content 

of Sb2S3 (Fig. 9). There is no information about content of GeS4/2 itself, only about two 

interconnected units of CS or ES GeS4/2. 

4.1.2. Structure of (GeS2)50(Sb2S3)50 

Now we describe the glass (GeS2)50(Sb2S3)50, which is the hosting matrix for silver 

incorporation. Such a glass has excess of SbS3/2 pyramids compared to GeS4/2 tetrahedras. 

Once we follow the rule mentioned above, that SbS3/2 pyramid tends to separate GeS4/2 

tetrahedras, we can find by a simple combination [8], that the glassy matrix (GeS2)50(Sb2S3)50 

is organised in that way:  

1/3 of SbS3/2 pyramids have neighbours : 3 GeS4/2 tetrahedras 

1/3 of SbS3/2 pyramids have neighbours : 2 GeS4/2 tetrahedras and 1 SbS3/2 pyramid 

1/3 of SbS3/2 pyramids have neighbours: 1 GeS4/2 tetrahedra and 2 SbS3/2 pyramids 

In the hosting matrix (GeS2)50(Sb2S3)50 there will be 80 % of SbS3/2 pyramid – GeS4/2 

tetrahedra connections and 20 % of SbS3/2 - SbS3/2 pyramid connections. However, this is an 

ideal description of hosting matrix (GeS2)50(Sb2S3)50. Results of our study and also Fig. 9 

show that there is small quantity of CS GeS4/2 tetrahedras which remain even for y  60. 

4.1.3. Silver incorporation in (GeS2)50(Sb2S3)50 

We propose 4 main chemical reactions of silver with the hosting matrix (GeS2)50(Sb2S3)50 (1-

4), which include stoichiometric coefficients.  
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We drew, for better comprehensibility, that silver is “attacking” some existing position in the 

structure (1-4). In fact silver presence prevents these parts of the glassy matrix to be built. 

The products of reactions are S2Sb-SbS2, ethanlike S3Ge-GeS3 and non-bridging sulphur with 

silver cation. Reactions (1,2) are responsible for the decrease of Raman signal sym. SbS3/2 

pyramid (283 cm-1), and reaction (4) is responsible for the decrease of signal CS GeS4/2 

tetrahedra (340 cm-1) (Fig. 4a). 

   Further, a possible explanation, which one of reaction (1-4) is preferred and why, is given. 

The interconnection of SbS3/2 pyramid and GeS4/2 is in hosting matrix more preferred (section 

4.1.1) and thus expected to be stronger. We suggest that the connection of two units SbS3/2 

and connection of two units GeS4/2 is weak therefor the reaction (2) and (4) are favoured 

ones. To distinguish which one of the reactions (2) or (4) is preferred, we can rely on two 

findings. Firstly, the binding energy of Sb-S (260 kJ/mol) is lower than Ge-S (265 kJ/mol) 

[28]. Secondly, the study of the system GeSbS poor in chalcogen shows that the formation of 

Ge-S bonds is enhanced at the expense of Sb-S bonds[29]. Then we can decide that reaction 

(2), where the silver presence cuts the Sb-S bond (or more precisely silver prevents this bond 

from being created) will be the preferred one. Based on these findings we assume that the two 



interconnected pyramids SbS3/2 in reaction (2) are the doorway for silver incorporation in the 

glass (GeS2)50(Sb2S3)50. 

   The antimony crystallization takes place once the content of silver is higher than 15 at. %. 

We can see in Raman spectra that amount of “REACTANTS” and “PRODUCTS” does not 

change, only the content of S2Sb-SbS2 (170 cm-1) drops (Fig. 4b). We propose, that starts 

conversion (5) take place. This reaction consumes the structure S2Sb-SbS2 and produces the 

antimony. 
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The last question is why reaction (2) does not continue and is replaced by reaction (5), 

although there is still ca. 70 % SbS3/2 left (Fig. 4a)? A possible explanation could be that the 

reactant (interconnected pyramids SbS3/2) is depleted. In the hosting matrix (GeS2)50(Sb2S3)50 

there is only 20 % of connection represented by two interconnected SbS3/2 pyramids, as 

mentioned before in section 4.1.2. 

4.2.Microhardness 

The microhardness of studied samples increases with the increasing content of silver until 

concentration of silver reaches 17.5 at.% as shown in Fig. 5. There are two interesting facts 

related to that change. First one is that hardness increases while Tg is decreasing (Fig. 1). This 

is opposite to the empirical finding, that Tg is proportional to hardness of a material [30-32]. 

This rule is probably valid in the case of the glasses with covalent bonding character. The 

present system has a mixture of covalent and ionic bonds. Second one is the observation 

which relates to hardness and chemical bonding strength. Hardness of material is directly 

connected to the bonding strength between the atoms of a material. We do know that silver 

cuts and terminates structural chains by producing non-bridging sulphur with silver cation -S-



Ag+ (section 4.) Silver addition is responsible for reducing the content of strong Ge-S 

(265 kJ/mol) and Sb-S (260 kJ/mol) bonds in favour of newly created weak homopolar bonds 

Ge-Ge (185 kJ/mol) and Sb-Sb (175 kJ/mol) [28].  

   The silver itself is incorporated in the structure at the end of the structural backbone, and is 

bonded to the one sulphur by an ionic bond (Fig. 10). Silver in such a situation does not 

contribute to increase of glass network connectivity and thus to hardness increase. 

Now we know that hardness increase does not originate in the increasing of the bonding 

strength and glass network connectivity. The position, which silver occupies in the hosting 

matrix, is probably responsible for the hardness increase. The density functional / molecular 

dynamics simulation performed by Akola et. al, shows that in, chalcogenide glasses 

Ge0.42S0.58 and AsS2 are cavities that occupy 40 % of the total glass volume [33, 34]. Once 

silver is added in a concentration of 20 resp. 25 at.% the volume of cavities drops to 5 % of 

the total glass volume. The silver fills the cavities. The explanation why glass without silver 

has lower hardness could be found in fact that empty cavities collapse easily, once the 

external force is applied. When the silver is added the cavities are filled it prevents them from 

collapsing. The silver acts like a filling of the glassy structure. This is the way how the silver 

increases the hardness of the studied glass. 

   To demonstrate that the increase of hardness by 26 % from x = 0 to x = 17.5 (Fig. 5) is 

significant, we would like to compare our results with system (GeS2)y(Sb2S3)1-y. The hardness 

in such a system increases with increasing content of GeS2. But the hardness increases only 

by 17 % once content of GeS2 increase from y = 0.2 to y = 0.9 [12]. We speculate that the 

sudden drop of hardness for the silver content exceeding 17.5 at% could be associated with 

appearance of crystalline phase of antimony, see Fig.2 [35].  

 

4.3.Electrical properties of Agx((GeS2)50(Sb2S3)50)1-x 



DC conductivity of Agx((GeS2)50(Sb2S3)50)1-x samples increases by 8 orders of magnitude 

from 5x10-14 S/cm (x = 0.1) to 4.9x10-6 S/cm for x = 25. The increase of the DC conductivity 

is exponential for 1 ≤ x ≤ 20. The character of electric conductivity is ionic as seen from the 

pronounced effect of electrode polarization (Fig. 7) and from the comparison of diffusion 

coefficients (Fig. 8). Increase of the DC conductivity with increasing silver content  is smooth 

without a sudden change as was observed in other silver doped chalcogenides. This proves 

indirectly that the glassy matrix (GeS2)50(Sb2S3)50 does not tend to be phase separated in the 

silver rich and silver poor phase [36, 37]. From the fact that, the DC conductivity does not 

change its exponential character when antimony crystals occur (x = 17.5) we can deduce that 

the antimony crystals (Fig. 2e) are not interconnected. Antimony has a high electrical 

conductivity (2.4x104  S.cm-1). Interestingly the DC conductivity and the electric activation 

energy are very close to the results of the similar glasses (Ge28Sb12Se60)1-xAgx studied by 

Bychkov et al.[38]. The changed trend of DC conductivity and electric activation energy Ea 

for a sample where x = 25 is probably caused by phase separation and by decreased content 

of silver in glassy part of sample, as mentioned before in section 3.1. 

4.4.Radioactive tracer diffusion experiment 

The temperature dependence of the diffusion coefficient deduced from the RTD experiment 

shows the Arrhenius behaviour. Measured RTD coefficients are comparable with calculated 

diffusion coefficients (Fig. 8). But there are differences in activation energies of the tracer 

diffusion experiment (Ed) and impedance measurement (Ea) as shown in Table 1. This results 

in dependency of Haven ratio on temperature. For the sample with 7.5 % at. of silver it is 

surprising that Dtracer  D. This results in Haven ratio value higher than 1 (Haven ratio should 

be in range 0-1) [26, 27]. We do not know the origin of the discrepancy. We do repeat 

impedance measurement on newly prepared samples to exclude experimental error. The 

obtained results were the same. The RTD experiment gives reasonable data sets. The 



measurement for each temperature gives a data set with coefficient of determination 

R2  0.98.  

5. Conclusion 

The present study shows the way of silver incorporation into the chalcogenide glass 

(GeS2)50(Sb2S3)50. Firstly, structural motifs in hosting matrix were described, and then 

reactants and products of interaction of hosting matrix with silver were identified. The 

structural motif of two interconnected pyramids SbS3/2 is most likely the weakest part of the 

hosting matrix and is decomposed first. This is the first report to the author’s knowledge that 

silver presence increases significantly the hardness of chalcogenide glass. The hardness is a 

macroscopic parameter and is dependent on the overall bonding strength between the 

constituting atoms of material. As was shown, the silver presence lowers the strength of 

bonds between the (Ge, Sb, S) atoms. Then increase of the hardness should origin elsewhere 

than in bonding strength. Most likely, the ability of the silver, to fills the cavities present in 

the glass, is responsible for the hardness increase. The performed impedance and RTD 

measurement shows that the studied material is an ionic conductor. Ionic conductivity 

increases with increase of silver content up to 8 orders of magnitude. 
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discussion. 
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Fig. 1. Density and glass-transition temperature of the Agx((GeS2)50(Sb2S3)50)1-x. 

 



 

Fig. 2. a-f) SEM images of samples Agx((GeS2)50(Sb2S3)50)1-x a) x = 15 glass without a crystals, b) 

x = 17.5 with antimony crystals , c) x = 20 with antimony crystals d) x = 25 phase separated antimony 



sphere is visible e) x = 20 after wet etch in NaOH solution with needle like antimony crystals 1-2 

microns in length, f) x = 25, EDX mapping identifies antimony sphere  

 



Fig. 3. Decomposed Raman spectra of Agx((GeS2)50(Sb2S3)50)1-x for silver concentration 0, 1, 15, 17.5, 

and 25 at.% 

 



Fig. 4. a) and b) integrated intensities of decomposed Raman peaks corresponding to particular 

vibration normalized with respect to the overall integral area. a) “REACTANTS” are units identified 

by Raman spectroscopy corresponding to the structural motifs in the hosting matrix, B) 

“PRODUCTS” are newly created structural motifs by reaction with silver. Lines were used as a guide 

of eye. 

 

Fig. 5. Microhardness of the Agx((GeS2)50(Sb2S3)50)1-x samples. Hardness increases up to 26 % 

(x = 17.5).   



 

Fig. 6. a) DC conductivity and b) electric activation energy of Agx((GeS2)50(Sb2S3)50)1-x at 293 K (for 

x = 0.1 - 25). 

 



Fig. 7. Impedance spectra of the sample with 15 at. % of silver at 293 K. Model curve is based on 

equations (1-3) . Inset shows the electrode polarization effect of the samples where x = 10, 12.5, and 

15 at 293 K.  

 

Fig. 8. The comparison of the diffusion coefficients. 1st obtained by Radioactive Tracer Diffusion 

experiment and 2nd by calculation from DC conductivity.  



 

Fig. 9. Data taken over from R. Svoboda et al. show integrated intensities of deconvoluted Raman 

peaks in the system (GeS2)y(Sb2S3)1-y. Data are normalized with respect to the overall integral area. 

The signal of CS GeS4/2 minimizes for y < 60 when compositional threshold is reached. The signal of 

symmetrical vibration SbS3/2 pyramid is proportional to the content of Sb2S3. 

 

 

Fig. 10. Structure detail shows the silver bonded by ionic bond with sulphur. Silver terminates the 

structural chain.  
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