SPECIFICITY OF THERMALLY INDUCED CRYSTALLIZATION IN THE GLASSES OF Аg-As-S-Se SYSTEM
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Abstract: Semiconducting glasses of Agx(As40S30Se30)100-x (x ≤ 15 at. %) type were synthesized from high purity elementary components by the melt quenching method in a cascade heating regime. The measurements were realised using a differential scanning calorimeter (DSC), in non-isothermal regime of work at diﬀerent heating rates. It was found that glasses with x ( 3 at. % of Ag show crystallization, whereby this process is complex and appears as double stage egzothermic reaction, and most likely it is the formation of crystalline centers As2S5 and AgAsSe2. Activation energy of crystallization Еc for the samples representing the behaviour of investigated system (x = 3 and 10 at.% of Ag) was determined using the isokinetic methods of Kissinger, Mahadevan and Augis and Bennett. A significantly higher value of the Еc for the first process in glass with a higher Ag content and a significantly lower value of the Еc related to the second crystallization process are explained with the higher percentage dopant share in the matrix and the greater tendency to crystallize. Using the Ozawa method, for analyzed compositions a volume nucleation mechanism was established. By comparing the results of the use of the Šatava and Ozave-Chen methods, three-dimensional growth of crystal centers has been found.

Keywords: chalcogenides, crystallization, activation energy, nucleation 
1.INTRODUCTION
Chalcogenide glasses belong to family of non-oxide glassy alloys, which contain a large amount of chalcogen elements Se, S and Te from VI group of the Periodic Table. These glasses behave as semiconducting materials. They are being used in computer memories, erasable high density optical memories, photoconductive applications etc.. Silver doped chalcogenide glasses are also used as high sensitivity ionic sensors [1-3]. Due to these technical advantages, silver containing chalcogenide glasses have been extensively studied during the last few decades. The main interest in these materials being their electrical conductivity which changes by several orders of magnitude upon silver doping. Whether or not a silver-containing glass becomes an ionic conductor depends on the total silver concentration, on the homogeneity of the resulting glass and on the constituent chalcogen element [4]. Phase separation, leading to an inhomogeneous structure, can occur in silver-chalcogenide glasses and considerably influence their ionic conductivity [5,6]. 

The introduction of a content of silver in chalcogenide glasses also causes several changes in the thermal behavior such as thermal stability and the glass-forming ability. The low free energy of crystallization of Ag (48 kcal/mol) is a reason to consider the introduction of Ag in chalcogenide glasses used for phase change optical recording [7, 8]. 

Therefore, this paper will review some results of thermal properties investigations of Agx(As40S30Se30)100-x glassy system. Experimental data are obtained by application of DSC as a quantitative technique that enables detection of all the effects in the material during its thermal treatment, as well as the determination of some important thermal parameters. Namely, the knowledge of the crystallization process kinetics in chalcogenide glasses involves determination of several parameters such as activation energy, Avram index, constant rate, etc., and it is crucial for determination of optimal crystallization conditions in these materials. It also allows the extrapolation of kinetic behavior of the studied series of glasses in different conditions, which is very important from the application point of view.

A special focus in the article is put on investigation of crystallization process mechanism and determination of all relevant parameters of kinetic analysis. 
2. EXPERIMENT
Chalcogenide semiconducting glasses of Agx(As40S30Se30)100-x system (x ( 15 at. % Ag) were synthesized from high-purity elemental components by the melt-quenching method in a cascade heating regime. Details of this technological procedure are given in the previous publication [9]. The amorphousness of the synthesized materials was confirmed by the X-ray method. 

In order to study the thermal characteristics of the investigated chalcogenides the measurements were performed on DSC METTLER TOLEDO 822 in non-isothermal regime, within the inert and dynamic atmosphere of nitrogen. For the needs of performing the DSC experiment, bulk samples of about 10 mg were placed in aluminum pens and thermally treated at different heating rates in the temperature range 300-770 K. 
3. RESULTS AND DISCUSSION
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Figure 1 shows the DSC curves of the compositions with x=0, 0.5, 3 and 10 at.% Ag as representative of the investigated series of samples. The presented curves are recorded at a heating rate of β = 10 K / min, which proved to be optimal for measurements on the DSC METTLER TOLEDO 822 device. The first, endothermic process (peak 1) is noticed in all other compositions and refers to the kinetic effect of softening. It is a consequence of restructuring at the molecular level and is characterized with parameter Tg. For the compounds with a minimal dopant fraction this phase transformation is the only effect observed. On the DSC curves of the samples with x ( 3 at.% Ag an exothermic effect (peaks 2 and 3) is registered, and represents the crystallization process followed by endothermic reaction (peak 4), i.e. by melting of crystallized structural units. The absence of crystallization phenomenon in glasses with a small proportion of dopant atoms indicates that there is no significant structural reorganization in these compounds during heating. At this point, it should also be noted that the silver doping effect on Tg value in the analyzed glasses is not unambiguous. Detailed analysis of the behavior of compositions with high silver content (the example is the sample with x = 10 at.% Ag) shown that not only that phase transition begins at almost the same temperature, but the kinetic effect of softening is manifested as a double peak. This points to the occurrence of phase separation on the micro-level. Phase separation phenomenon as a consequence of silver doping was also observed in other chalcogenides [5, 6]. 


It is also noticed that in compounds with x ( 3 at.% Ag, crystallization phenomenom is expressed as a complex and two-step exothermic reaction taking place at temperature close intervals. On the other hand, the DSC curves of the composition with x = 10 at. % and higher atomic percentage of silver are characterized by clearly separated crystallization effects, which occur at lower temperatures compared to glasses with a smaller dopant content. However, since the melting process of crystallized fractions is registered in an almost identical temperature range, it can be concluded that the same structural units crystallize. Taking into account the position of this effect on the temperature scale and on the basis of structural units selection that Ag forms in interaction with As, S and Se from the aspect of favoring the energy-stable chemical bonds [10], it is possible to assume the formation of crystalline centers As2S5 and AgAsSe2. Table 1 gives the characteristic temperatures of the above-mentioned processes for the selected compositions with x = 3 and 10 at. % Ag. The shift of temperature Tp corresponding the maximum of the crystallization process to lower values as a function of silver content (Table 1) was also recorded in other chalcogenide [image: image9.jpg]£ =20 K/min
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glasses [11].
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In order to carry out the kinetic analysis of crystallization processes in glassy Agx(As40S30Se30)100-x system, the represented compounds with x = 3 and 10 at. % Ag were additionally thermally treated with 4 different heating rates. The obtained DSC curves are illustrated in Figure 2. The maximum of crystallization processes was shifted to higher temperatures and the peaks areas also increased with increase of the heating rate in both compositions (Figure 2, Table 1). This conventional thermal phenomenon is a consequence of the crystallization rate increase with increasing heating rate.
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In the process of determining the crystallization activation energy Ec, an isokinetic approach was applied. In this manner, the Kissinger method was selected as one of the methods [12]. It is widely used in kinetic analysis due to the fact that satisfactorily describes kinetic parameters for a wide range of heating rates in the case of both homogeneous and heterogeneous crystallization reactions. The relation that describes this model is:
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where Tp is the temperature of maximum of crystallization processes and K0 is the frequency factor.

Figure 3 illustrates the application of Kissinger model on the composition with x = 10 at.% Ag, for the first and second crystallization process. The values of [image: image12.jpg]25D
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parameters Ec i K0 obtained by linear fitting of experimental data are given in Table 2. The same procedure is applied on the sample with x = 3 at.% Ag, and corresponding values are also shown in Table 2. Presented results indicate on significantly higher value of the activation energy for the first crystallization in the glass with a higher Ag content and a significantly lower value of quantity Еc related to the second crystallization process. As the activation energy is an indicative parameter of the crystallization rate, it means that glass Ag10(As40S30Se30)90 is characterized by a higher crystallization rate in the first stage of this process compared to the glass with 3 at. % Ag in its composition. This is explained with the higher percentage dopant share in the matrix and the greater tendency to crystallize. The same trend is shown by values of the factor K0, associated with the degree of transformation in the glass during the thermal treatment, and indicates the affinity for crystallization. From the group of methods based on the parameters of the maximum of enthalpy changes, along with the Kissinger method, a method of Mahadevan and associates [13] is often used in the kinetic analysis. It is given with relation:
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Its aplication on investigated materials is illustrated in Figure 4 for the composition with x = 10 at. % Ag as an example. The corresponding activation energy values for both samples are given in Table 3. 
This parameter could also be determined using model of Augis and Bennett [14]. This model is significant because it represents the extension of the Kissinger equation application on description of the heterogeneous reactions with Avram's exponent n, and its calculation is based on original equation for the crystallization rate [15]. It is described with the term:
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where T0 is the starting temperature in DSC experiment. 

From the linear dependence slope (shown in Figure 5 for the sample with x = 10 at. % Ag, the values of the quantities Ec and Ko are determined, and the corresponding values are shown in Table 2. There is a compatibility of the calculated parameters with respect to all three methods. This points a significant conclusion about the satisfactory applicability of any of the methods used in the kinetic analysis of crystallization processes in glassy Agx(As40S30Se30)100-x system.


Crystallization is a complex process consisting of nucleation with the possibility of further growth of crystalline entities in the material. Therefore, it is necessary to determine the order of reaction n (Avrami index) and the dimensionality of the crystal centers growth m in the process of kinetic analysis implementation. Matusita-Sakka relation [16] was used to determine the mechanism of crystallization processes in the examined glasses:
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where ( is the crystalline fraction.

Namely, from the linear dependence slope 
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 for a given temperature it is possible to calculate the order of the reaction n - Ozawa method [17]. The application of this method to the first crystallization process in glass Ag10(As40S30Se30)90 is shown in Figure 6 (left), and the corresponding values of the Avram index of the first crystallization reaction for both studied glass are shown in Table 3. They indicate a volume nucleation mechanism. The absence of n values for the second crystallization process is due to the inability to select the same temperatures at which crystallization takes place at all heating rates due to a significant shift of this effect to the T scale (Figure 2).
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Also, from the linear dependence slope of a function 
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 (the Šatava method [18]) it is possible to calculate the parameter mEc. The application of this method on the glass with a higher dopant content is presented in Figure 6, on the right. It can be noted that experimental points corresponding to the beginning of the crystallization process are omitted in the fitting process. Namely, the crystallization rate at this stage is too large and at these temperatures it is not possible to read off the crystallized fractions with satisfactory accuracy. The obtained values for the quantity mEc for both representative compositions are given in Table 3.

The value of the Avram index can be estimated using modified Ozawa-Chen method [19] as well. This method is also based on the Matusita-Sakka relation and allows the determination of quantity mEc/n from the slope of the function 
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 at given crystalline fraction. Figure 7 shows the application of this method to the experimental data for the glass Ag10(As40S30Se30)90. In this case the reaction order n is obtained by dividing the parameters of Šatava and Ozawa-Chen methods, and the corresponding values for the samples Ag3(As40S30Se30)97 and Ag10(As40S30Se30)90 are shown in Table 4. It is also possible to note the satisfactory agreement between the calculated and the estimated values of the parameter n. Finally, knowing the values of all the quantities that define the crystallization mechanism, it was found that crystallization takes place voluminously, with two-dimensional and three-dimensional growth of crystalline centers in the compositions representing the behavior of the Agx(As40S30Se30)100-x system.
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4. CONCLUSION

DSC measurements of semiconducting glassy Agx(As40S30Se30)100-x system indicated the absence of crystallization reaction in the samples with smaller silver content. For the compounds with x ( 3 at. % this phase transformation was registered as a complex and two-step effect. Also, for the glasses with x ( 10 at. % of dopant content the micro level phase separation phenomenon was detected. In the kinetic analysis of observed crystallization processes, an isokinetic approach was applied. The results of the application of Kissinger, Mahadevan and Augis-Bennett methods indicated the high consistency of obtained results as well as the greater affinity for crystallization as a consequence of silver doping. In order to determine the parameters characterizing the mechanism of crystallization processes, Ozawa, Šatava and Ozawa-Chen methods were used. It was concluded that in the compositions representing the behavior of investigated system, the crystallization takes place voluminously, with two-dimensional and three-dimensional growth of crystalline centers.
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Figure1. DSC curves of glassy Agx(As40S30Se30)100-x system 
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Figure 2: DSC curves of Ag3(As40S30Se30)97  (left) and Ag10(As40S30Se30)90 (right)








Table 1: Characteristic temperatures of thermal processes in the glasses Ag3(As40S30Se30)97 and Ag10(As40S30Se30)90


β [K/min]�
x = 3 at. % Ag�
x = 10 at. % Ag�
�
�
Tp1 [K]�
Tp2 [K]�
Tm [K]�
Tp1 [K]�
Tp2 [K]�
Tm [K]�
�
10�
550.79�
594.05�
647.9�
511.01�
556.96�
658.6�
�






�Figure 3: Kissinger method applied to the sample Ag10(As40S30Se30)90





�Figure 4: Mahadevan method applied to the sample Ag10(As40S30Se30)90








�Figure 5: Augis-Bennett method applied to the sample Ag10(As40S30Se30)90











Table 2: Activation energies of crystallization processes in the glasses Ag3(As40S30Se30)97 and Ag10(As40S30Se30)90


Method�
x = 3 at. % Ag�
x = 10 at. % Ag�
�
�
I peak�
II peak�
I peak �
II peak�
�
�
Ec


[kJ/mol]�
K0


[s-1]�
Ec


[kJ/mol]�
K0


[s-1]�
Ec


[kJ/mol]�
K0


[s-1]�
Ec


[kJ/mol]�
K0


[s-1]�
�
Kissinger�
80�
2.85(102�
165�
3.64(109�
123�
3.27(107�
98�
8.45(103�
�
Mahadevan�
90�
-�
175�
-�
131�
-�
107�
-�
�
Augis-Bennet�
80�
3.14(104�
165�
2.21(1011�
121�
1.87(109�
97�
7.68(105�
�
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Figure 6: Ozawa-Chen method applied to the sample Ag10(As40S30Se30)90








Table 3: Parameters of Matusita-Saka relation  for  glassy Agx(As40S30Se30)100-x  system


x [at. %]�
mEc/n


[kJ/mol]�
mEc


[kJ/mol]�
Ozawa method


n�
n*�
�
�
I peak�
II peak�
I peak�
II peak�
I peak�
I peak�
II peak�
�
3�
73.94�
141.35�
220.39�
376.41�
2.25�
2.98�
2.66�
�
10�
136.11�
113.41�
456.95�
498.04�
4.06�
3.36�
4.39�
�
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Figure 5: Ozawa method (left) and Šatava method (right) applied to the sample Ag10(As40S30Se30)90
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