
Vol.:(0123456789)1 3

Journal of Electronic Materials 
https://doi.org/10.1007/s11664-023-10709-y

ORIGINAL RESEARCH ARTICLE

Effect of Sn Concentration on the Structural and Thermal Properties 
of  SnxSb20Se80−x  Glasses

Zaki S. Khalifa1  · S. H. Mohamed2

Received: 3 April 2023 / Accepted: 29 August 2023 
© The Author(s) 2023

Abstract
SnxSb20Se80−x bulk glasses were prepared using the well-known melt quenching technique, where x was taken as 7.5 at.%, 9.5 
at.%, 11.5 at.% and 13 at.%. X-ray diffraction (XRD) and differential scanning calorimetery (DSC) were used to monitor the 
crystallinity and transition temperatures, respectively. XRD examinations showed that the 7.5 at.% and 9.5 at.% compositions 
were purely amorphous, while the other two compositions exhibited a crystalline structure. DSC thermograms demonstrated 
that 7.5 at.% and 9.5 at.% alloys had a single crystallization peak, whereas for the 11.5 at.% and 13 at.% alloys, two exother-
mic peaks and three peaks appeared. The glass stability and kinetics of amorphization and crystallization were studied using 
different approaches. The correlation between topological constraints and the dimensionality of the growth was established.

Keywords  Chalcogenide glasses · constraints · dimensionality of the growth · glass transition temperature · activation 
energy

Introduction

Many applications are based on chalcogenide glasses.1 
Because of their academic and applied potential, Sn–Sb–Se 
glasses have attracted wide research attention, especially 
for infrared photonic applications.2,3 The correlation 
between infrared response and other properties has been 
investigated.3,4

Thermal analysis is a fundamental tool that is commonly 
used for studying glasses. Combined with x-ray diffraction 
(XRD), microscopy and spectroscopy complete the determi-
nation of transition points and structure.5 Moreover, electri-
cal conductivity has confirmed the thermal properties of the 
glass.6 Many theories have been developed to understand 
the nature of glasses, with the result that their behavior can 
be predicted.1,5 However, some rules have been violated, 
and discrepancies in results have been found in the litera-
ture. For example,  Imran7 reported one-dimensional growth 
of the  Sn–Sb–Se system, while Kumar et  al. reported 

three-dimensional growth.8 In addition, the boundaries of 
the vitreous domain may differ, and so interpretation of the 
results may disagree. This can occur for many reasons; one 
of the most important issues is the preparation procedure, 
mainly the thermal heating protocol and the quenching 
method.9,10 Sovoboda and  Malek11,12 attempted to compile 
a unified set of standards of the processes involved in non-
isothermal studies of glasses. Instrumental effects were con-
sidered in their studies.11,12

However, the substantial agreement among the efforts of 
different groups suggests that their efforts may integrate.1,5 
For example, the dimensionality of the growth which has 
been determined based on temperature can be determined 
based on time, as can the activation energy.13 The relation-
ship between the structure and properties is the core of mate-
rials science. In glasses, tuning the composition induces 
topological changes which in turn affect the properties and 
hence the potential applications of the glasses.2,3 The effect 
of Sn and/or Sb addition on the properties of a Se-based 
alloy has been studied before.2,3,7–10 However, conflicting 
results have been obtained regarding the compositional effect 
on the glass formation domain and the nature of the growth. 
For example, is the growth one- or three-dimensional?7,8

Regarding these facts, different considerations were taken 
in the present work. We carried out systematic experiments 
via XRD and thermal analysis for studying the thermal 
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stability and crystallization kinetics in the  SnxSb20Se80-x 
alloy system. The relationship between the structure and 
thermal properties of these alloys was also investigated, and 
the compatibility between growth parameters was assessed.

Materials and Methods

Granules of Sb, Se and Sn with 5N purity were used. Weigh-
ing of the materials was done according to the atomic per-
centages of the elements. The weighed quantities were 
sealed in quartz tubes under vacuum of  10−3 mbar. The 
sealed tubes were placed in a furnace and the furnace was 
heated to 860°C at a heating rate of 4°C/min. The tubes were 
agitated  once each hour for 12 h, at the highest temperature 
in order to achieve good homogeneity. The structure of the 
prepared samples was investigated using a high-resolution 
XRD system (PANalytical X'Pert Pro, Malvern Panalyti-
cal, UK) with  CuKα radiation, λ = 1.5406 Å, operated at 
45 kV and 30 mA. The XRD patterns were recorded in the 
2θ range of 5°–80°. The differential scanning calorimetry 
(DSC) measurements were performed on a Shimadzu DSC-
50 differential scanning calorimeter with scanning rates of 
10 °C/min, 20 °C/min, 25 °C/min and 30 °C/min. The meas-
urements were performed under a flow of dry nitrogen gas 
at a rate of 50 ml/min. The data were calibrated using the 
melting transition of indium at 157°C.

Results and Discussion

XRD Studies

XRD diffractograms are presented in Fig. 1. The amor-
phous nature can be clearly seen in the two compositions of 

 Sn7.5Sb20Se72.5 and  Sn9.5Sb20Se70.5. The crystallinity appears 
at the higher Sn content. The two crystalline patterns are 
identical with differences in the peak intensities and the 
appearance of a three extra peaks in the highest Sn content 
alloy. Examination of the powder diffraction files reveals 
that more than one phase exists. The peaks of the present 
samples match JCPDS card numbers 23-0602 and 75-1462 
for  SnSe2 and  Sb2Se3, respectively.

Many groups have studied this alloy with different com-
positions. Adam et al.2 mapped a ternary plot based on XRD 
results and theoretical models. Kumar and  Thangaraj9 found 
that Sn concentrations from 8 at.% to 18 at.% led to vitrifica-
tion of the corresponding alloys. Adam et al.2 and Wakkad 
et al.9 reported that a mixed amorphous-crystalline phase 
appeared at 12 at.% Sn  and complete crystallization took 
place at 13 at.%. While Xue et al.3 reported that  Sb2Se3 is the 
first separated phase,  others9 suggest that it is  SnSe2. Adam 
et al.14 reported that, besides the two binary phases, ternary 
phases can exist in the crystalline state.

DSC Results

Figure 2 presents the  Sn9.5Sb20Se70.5 glass thermograms, 
where one can see a glass transition step, a crystalliza-
tion exothermic peak and a melting endothermic peak in 
each thermogram. Similar results were obtained for the 
 Sn7.5Sb20Se72.5 glass. Figure  3 shows a glass transition 
temperature and two crystallization temperatures for the 
 Sn11.5Sb20Se68.5 composition. For the  Sn13Sb20Se67 alloy, 
there are three crystallization peaks. At 20 and 25 K/min 
heating rates, three peaks appear, and two of them merge to 
a single peak at a heating rate of 30 K/min. The values of 
transition temperatures are presented in Tables I, II and III.

Fig. 1  XRD of the as-prepared compositions.
Fig. 2  DSC thermograms of the as-prepared  Sn9.5Sb20Se70.5 alloy at 
different heating rates.
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In this study, XRD and DSC results confirm that both 
phases coexist in an amorphous matrix at Sn content of 
11.5 at.% and 13 at.%. Phase separation by annealing was 
reported by Xue et  al.3. Phase separation by changing 

the composition constituents has also been reported. For 
instance, Kumar et al.8 found that the common peak of the 
separated phases and the single phase peak for their ther-
mograms was the high-temperature peak. In this study, 
however, the low-temperature peak is common, as shown 
in Fig. 4. DSC results suggest that samples which contain 
11.5 at.% and 13 at.% Sn show peaks due to the two com-
mon phases, and the third may be due to  Sn2Sb4Se8 phase or 
similar ternary alloys. Cards of the three phases show simi-
lar peaks. See, for example, JCPDS card numbers 36-1207, 
36-1206, 23-0602, 89-3197, 89-0821 and 75.1462. In other 
words, they may overlap and/or coexist, but DSC results 
confirm that coexistence.

Effects of Sn Addition

Covalent bonding is the most likely in these compositions.15 
During preparation, the Sn content affects the three linked 
quantities: the average coordination number, the fraction of 
bonds and the overall mean bond energy. The average coor-
dination number is given  by2

where 4, 3 and 2 are the coordination numbers of Sn, Sb 
and Se atoms, respectively, and x, y and z are their mass 
percentages. Table IV shows that � values vary around 2.4, 
which has theoretical importance and has been verified 
experimentally.3

The fraction of the bonds was calculated from the chemi-
cal order model according to the following Eq. 2:

As seen in Table IV, the Sn–Se does not exceed the 44.5% 
upper limit for the previously reported glass transition.2 The 
fraction of Se–Sb bonds decreases much more slowly than 
that of Se–Se bonds with the increase in the Se-Sn bond 
fraction, as a result of the increase in the Sn content.

The overall mean bond energy can be calculated  from15:

(1)< 𝜇 >=
4x + 3y + 2z

4 + 3 + 2

(2i)fSn−Se =
8x

N

(2ii)fSb−Se =
6y

N

(2i)fSe−Se =
(2z − 4x − 3y)

N

(2i)N = 4x + 3y + 2z

(3i)< E >=< Ecl > + < E
rm

>

Fig. 3  DSC thermograms of the as-prepared  Sn11.5Sb20Se68.5 alloy at 
different heating rates.
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where  ⟨Ecl⟩ is the mean bond energy of the average cross-
linking per atom and  Erm is the average bond energy per 
atom of the remaining matrix.

⟨Ecl⟩ is given by

where Dcl is the cross-linking parameter and Ehp is the aver-
age heteropolar bond energy.

The energies of the involved bonds are 138.92, 195.98 and 
187.6  kJmol−1 for the D(Se–Se), D(Se–Sn) and D(Se–Sb), 
respectively.7

From Table  IV, it can be seen that the cross-linking 
parameter, the average cross-linking energy and the overall 

(3ii)⟨Ecl⟩ = DclEhp

(3iii)Dcl =
4x + 3y

x + y + z

(3iv)Ehp =

[
4xD(Se − Sn) + 3yD(Se − Sb)

]
[
4x + 3y

]

(3v)⟨E
rm
⟩ =

2
�
0.5 ⟨�⟩ − D

cl

�
D(se − Se)

⟨�⟩

Table I  Transition temperatures, 
stability parameters and fragility 
index of the  Sn7.5Sb20Se72.5 
glass

Heating 
rate β, K/
min

Tg, K ± 1 Tc, K ± 1 Tp, K ± 1 Tf, K ± 1 Tm, K ± 2 Tc-Tg, K ± 2 Trg S Hr mF

10 421.39 508.98 526.12 533.25 701.28 87.59 0.601 3.56 0.50 15.12
20 430.35 519.76 540.68 553.11 694.02 89.41 0.620 4.35 0.58 14.81
25 434.25 525.85 545.97 559.59 694.02 91.6 0.626 4.24 0.62 14.67
30 434.37 529.76 551.57 567.86 746.16 95.39 0.582 4.79 0.49 14.67

Table II  Transition 
temperatures, stability 
parameters and fragility index 
of the  Sn9.5Sb20Se70.5 glass

Heating 
rate β, K/
min

Tɡ, K ± 1 Tc, K ± 1 Tp, K ± 1 Tf, K ± 1 Tm, K ± 2 Tc-Tg, K ± 2 Trg S Hr mF

10 430.35 497.94 534.81 542.73 705.00 67.59 0.610 5.79 0.40 28.93
20 435.12 527.89 550.97 561.2 686.88 92.77 0.633 4.92 0.68 28.62
25 436.19 530.87 559.6 569.89 690.97 94.68 0.631 6.24 0.72 28.54
30 437.62 534.15 560.5 578.23 698.95 96.53 0.626 5.81 0.70 28.48

Table III  Transition 
temperatures, stability 
parameters and fragility index 
of the  Sn11.5Sb20Se68.5 glass 

Heating 
rate β, K/
min

Tg, K ± 1 Tc, K ± 1 Tp, K ± 1 Tf, K ± 1 Tm, K ± 2 Tc-Tg, K ± 2 Trg S Hr mF

10 441.77 521.05 535.85 543.76 730.48 79.28 0.610 2.66 0.41 28.94
20 447.61 530.01 554.53 567.89 729.32 82.4 0.614 4.51 0.47 28.57
25 447.73 538.48 560.13 576.66 722.85 90.75 0.619 4.39 0.56 28.56
30 449.87 547.64 564.18 582.61 730.82 97.77 0.616 3.59 0.59 28.42

Fig. 4  DSC thermograms of the as-prepared  Sn13Sb20Se67 alloy at 
different heating rates.
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mean bond energy increase with the increase in Sn content, 
while the average remaining matrix energy decreases.

The ratio of the covalent bonding possibilities of chalco-
gen atoms to those of non-chalcogen atoms which determine 
the deviation in stoichiometry and is given by the symbol r 
is presented in Table IV. The values of r indicate chalcogen-
rich alloys.9

From the thermograms (Figs. 2, 3 and 4) and Tables I, II 
and III it is clear that Tɡ increases with the increase in Sn 
content. This can be explained as follows: the increase in 
Sn content increases the average coordination number, the 
cross-linking parameter and the mean overall bond energy. 
It has been reported that bonds saturate in descending order 
according to their energy values.16 The bond energy of Se-Sn 
is higher than that of Se–Se, so the mean bond energy of the 
average cross-linking per atom, Ehp , will increase. Simul-
taneously, the decrease in the number of Se–Se bonds will 
enhance cross-linking and reduce the average energy of the 
remaining matrix. Due to the increase in the Sn content, the 
2-coordination-number Se is replaced by the 4-coordination-
number Sn. The probability of formation of local  SnSe4/2 
tetradedral structural units increases with the increase in Sn 
content which has been verified experimentally for simi-
lar compounds.17 And as a result, Tɡ and the overall mean 
energy  ⟨E⟩  increase.

Glass‑Forming Ability and Thermal Stability

Tables I, II and III summarize the characteristic tempera-
tures obtained from DSC thermograms of the composi-
tions  S9.5Sb20Se70.5,  Sn11.5Sb20Se68.5 and  Sn13Sb20Se67 at 
the stated heating rates. By increasing the heating rate, 
the onsets, peaks, and end sets of glass transition, crystal-
lization, and melting shifts towards higher temperatures. 
These shifts can be explained on the basis of the reduction 
of time needed to complete the corresponding processes. 
For example, because the glass did not take enough time to 
transform, the alloy resistance to crystallization increases 
with the increase in heating rate.13 Figure 2 shows DSC 
thermograms of the  Sn9.5Sb20Se70.5 composition at differ-
ent heating rates. Similar curves were obtained for the 
composition  Sn7.5Sb20Se72.5. Data are shown in Fig. 3 for 
the  Sn11.5Sb20Se68.5 alloy. It can be clearly seen that this 

composition shows two crystallization peaks. Figure 4 
shows DSC thermograms for the  Sn13Sb20Se67 compo-
sition. The ease with which the melt vitrifies without 
crystallization is referred to as the glass-forming ability 
(GFA). This has been linked to devitrification experiments 
by the quantity  ΔT .13

The reduced transition temperature of glass, Trg , is 
related to the GFA.

Trg was found to be inversely proportional to the crys-
tallization rate. In this study the values are close to 2/3, 
which is slightly smaller than those obtained by Farid and 
Aly.18 The Se content in their glasses was high.

Glass-forming tendency can be manifested by another 
parameter called the Hruby number,  Hr, where ΔT  can be 
normalized to take the  form13:

Here, the quantity ΔT  is directly proportional to the 
GFA, while the denominator is indirectly proportional to 
it. When the crystallization peak shifts,  Hr moves more 
rapidly.Hr values increase with an increasing heating rate, 
which can be seen clearly from Tables I, II and III.

Saad and  Poulain19 suggested the S parameter of stabil-
ity, which does not include the melting point temperature 
and can be used for comparisons between different com-
positions at the same heating rate.

From Tables I, II and III, it can be said that the S param-
eter increases for the same composition with the increase 
in the heating rate, but the increase is not straightforward. 
At least one value disrupts that increase. Finally, one can 
observe that the 9.5 at.% Sn composition has the high-
est values of ΔT  , Trg, S and Hr , followed by the 7.5 at.% 
Sn composition and finally the 11.5 at.% Sn composition. 
Thus, the stability follows the same order.

(4)ΔT = Tc − Tg

(5)Trg =
Tg

Tm

(6)Hr =
ΔT

Tm − Tp

(7)S =

(
Tp − Tc

)(
Tp − Tg

)

Tg

Table IV  Mean coordination 
number, cross-linking parameter 
and bonding energies, fractions 
and ratios as a function of Sn 
composition

Composition μ Dcl Ehp Ecl Erm E fSn–Se fSb–Se fSe–Se r

Sn7.5Sb20Se72.5 2.35 0.9 190.26 171.23 43.04 214.27 25.5 51.1 23.4 1.61
Sn9.5Sb20Se70.5 2.39 0.98 190.69 186.87 33.09 219.96 31.8 50.2 18 1.44
Sn11.5Sb20Se68.5 2.43 1.06 191.06 202.52 23.46 225.98 37.8 49.4 12.8 1.29
Sn13Sb20Se67 2.46 1.12 191.31 214.26 16.45 230.71 42.2 48.7 9.1 1.20
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Tɡ Heating Rate Dependence

Tables I, II and III indicate that with an increase in the heat-
ing rate, the glass transition temperature increases. This 
behavior can be verified by the following equation.13

This behavior is clear in Fig. 5. Therefore, this study pre-
dicts that at a heating rate of 1 K/min, the glass transition 
temperature will be 119.92 °C, 145.93 °C and 175.95 °C for 
the 7.5, 9.5 and 11.5 at.% compositions, respectively. B is a 
composition-dependent constant.

Activation Energy of Glass Transition and Index 
of Fragility

Structural unit rearrangements are associated with the trans-
formation from the glass to the amorphous state. The time 
required to undergo this process is called the relaxation time, 
which is dependent on the thermal history. The thermal his-
tory includes, for example, the cooling rate, heating rate, 
and annealing time and pressure.13 Moynihan and Kissinger 
developed two methods to calculate the activation energy 
of amorphization (Eɡ) (i.e. activation energy of glass transi-
tion).13 Moynihan's method depends on the thermal history 
of the sample. Equations 9 and 12 were used to calculate 
the activation energy of amorphization according to these 
methods. Their values were calculated using Fig. 6 and are 
listed in Table V.

(8)Tg = A + B ln (�)

(9)ln (�) = const −
Eg

RTg

The other one is termed Kissinger's method. Its derivation 
was based on considering the quantity of transformed frac-
tion and the activation energy.13 The transformation has been 
considered as a first-order transition obeying Eq. 10.

where k is an Arrhenius-type reaction rate 

where E is the energy of transformation, R is the universal 
gas constant, and ko is a frequency factor. This method has 
been used in amorphization and crystallization.13 It was used 
to calculate the activation energy of the glass transition in 
this study and many other  studies13,16:

(10)
d�

dt
= k(1 − �)

(11)k = koe
(−E∕RT)

(12)ln

(
�

T2
g

)
= const −

Eg

RTg

Fig. 5  Tɡ versus ln β for different compositions.

Fig. 6  Activation energy of amorphization according to the (a) 
Moynihan method and (b) Kissinger method
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Many theories have been put forth discussing the glass 
transition phenomenon.1,5 Viscosity and entropy are involved 
in many of them. Configurational degrees of freedom are 
frozen at a certain temperature according to the Vogel–Tam-
man–Fulcher (VTM) equation.1 Below Tɡ, only vibrational 
entropy can be considered. Therefore, heating defreezes the 
glass and allows it to rearrange to minimize its energy.

Viscosity and the relaxation time can be linked to the 
dynamics of structural relaxations above Tɡ. If their depend-
ence on temperature is of an Arrhenius type, then the activa-
tion energy is constant and the corresponding supercooled 
liquid is strong. If not, then it will be fragile.20

The VTM relationship can be used to give the fragility 
index, which can be determined in terms of the activation 
energy of glass transition as  follows20:

By using the values of glass activation energies deter-
mined by Moynihan's method, the values of mF were cal-
culated as shown in Tables I, II and III. It is clear that the 
obtained alloys are strong glass formers. The strongest of 
them has the lowest Sn content. This result agrees with the 
2/3 rule mentioned earlier.

Activation Energy of Crystallization

Crystallization takes place because of heating. The energy 
required to induce the amorphous-to-crystal transition is 
called the activation energy of crystallization, Ec. There is 
a similarity between the final equations used to estimate the 
activation energies of amorphization and crystallization. 
For example, peak shift methods were used in both calcula-
tions.1,13 Also, Eq. 9, which gives Ec according to Mahade-
van's method, is similar to that of Moynihan, which was 
used above to calculate the activation energy of the glass 
transition. The Kissinger method uses the same formula, 
except that it replaces Tg with Tp , as shown in Eq. 15. A 
fundamental equation in studying transformation kinetics  
was given by Avrami for the rate of the transformed fraction, 
which takes the form

(13)mF =
Eg

RTg ln 10

(14)� = 1 − e[−(kt)
n]

Table V  Amorphization and 
crystallization energies using 
different methods as a function 
of composition

Eg, kJ  mol−1 Ec, kJ  mol−1

Composition Moynihan Kissinger Mahadevan Modified Augis 
and Bennett

Kissinger Affify

Sn7.5Sb20Se72.5 121.97 144.71 105.17 99.14 97.02 80.31
Sn9.5Sb20Se70.5 238.28 231.12 97.59 93.12 88.65 92.87
Sn11.5Sb20Se68.5 244.73 221.65 94.09 89.62 85.14 92.87

Fig. 7  Activation energy of crystallization according to (a) Mahade-
van method, (b) modified Augis–Bennett method and (c) Kissinger 
method.
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Using Eqs. 11 and 14 Augis and Bennett modified Kiss-
inger formula (Eq. 16) to be written as Eq. 17.13

 Activation energies of crystallization by these methods 
are drawn in Fig. 7 and presented in Table V. Crystallization 
is a disorder-to-order structural relaxation, where disordered 
bonds change into an ordered network. According to the 
temperature-based methods, the activation energy of crys-
tallization decreases with the increase in the Sn content as 
shown in Table V. This result disagrees with that reported 
by Kumar et al.8 This may be explained in the difference 
between the two states. The energy barrier between the two 
configurations (ordered and disordered) decreases with the 
increase in Sn content due to the partial crystallinity. Fra-
gility index shows that the 9.5 at.% Sn is the strongest glass 
former, so it supposed to have the highest crystallization 
energy. In the same time, there are no peaks in the XRD at 
this concentration. XRD and DSC results show that the 11.5 
at.% Sn composition is a glass-crystal matrix, so the energy 
of transformation should be the lowest. On the other hand, 
the corresponding XRD reported by Kumar and  Thangaraj10 
does not show any peaks.

Temperature‑Based Reaction Order

Matusia et al. developed a method for calculating the dimen-
sionality of the growth and the effective activation energy of 
crystallization for non-isothermal phase transformations.13

(15)ln (�) = const −
Ec

RTp

(16)ln

(
�

T2
p

)
= const −

Ec

RTp

(17)ln

(
�

Tp

)
= const −

Ec

RTp

where n is the Avrami index or the order of the reaction, and 
m represents the dimensionality of the growth.13 The values 
of n in this study are given in Table VI, where n and m are 
related by n = m + 1 or n = m, and its value ranges from 1 to 
4. If nucleation exists for some reason before thermal analy-
sis, m will equal n. Nucleation and growth are involved in 
crystallization. Saturation of the nucleation centers at higher 
temperatures causes nonlinearity of relationship 15 at con-
stant heating rates.21 This might explain some of the curves 
in this study as shown in Fig. 8.

Time‑Based Reaction Order and Activation Energy 
of Crystallization

Avoiding the Avrami number,  Afify13 used Eq. 11 to esti-
mate the value of the crystallization activation energy. When 
the transformed fraction reaches about 0.63, the reaction rate 
can take the following form:

Plotting ln(k0.63) versus (1∕T063) as shown in Fig. 9 and 
presented in Table III, Ec values are determined. The trend of 
the calculated values is not significant. Equation 14 was used 
to obtain the reaction order n as follows. The corresponding 
plots are shown in Fig. 10.

At the  temperatures presented, n values for different com-
positions determined by this method are shown in Table VI, 
where n values determined by the Afify method confirm the 
values obtained by the temperature-based method.

From the above analysis, three-dimensional growth 
is suggested in this study. This result agrees with some 

(18)ln (− ln (1 − �)) = −n ln (�) − 1.052
mEc

RT
+ constant

(19)k0.63 = koe
(−Ec∕RT063)

(20)ln (− ln (1 − �)) = n ln (k) + n ln (t)

Table VI  Temperature-based 
and time-based crystallization 
order

Composition

Method Sn7.5Sb20Se72.5 Sn9.5Sb20Se70.5 Sn11.5Sb20Se68..5

Matusia T, °C n T, °C n T, °C n

258 4.29 265 4.78 277 5.69
260 4.25 268 4.6 283 5.78
265 4.73 274 4.47 289 4.65
270 4.97 286 4.09 294 3.31
277 4.47

Average of n Average of n Average of n
4.542 4.485 4.8575

Afify 4.78 4.31 3.64
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reports in literature concerning the same compound.8 The 
number of degrees of freedom equals the dimensionality m 
obtained above.1 Two equations have been used to correlate 
the dimensionality to the average coordination number.1,2,5

(21)NCO = m = 3 =
�

2
+ (2� − 3)

where Nco stands for the number of constraints. Equation 21 
gives a sharp value of 2.4 for � , while Eq. 22 yields an 
approximate number of 2.449. From Table IV, our results 
cover both these values. There is debate in the literature 
between the fixed value and the extended domain.1 The idea 
of an intermediate and self-organized phase was proposed 

(22)NCO = m = 3 =
�2

2

Fig. 8  (a), (b) and (c) ln(-ln(1-x)) as a function of 1000/T and (d), (e) and (f) ln(-ln(1-x)) as a function of lnβ.
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and experimental verifications have been reported for values 
below and above 2.4.22–29

In this study, the best glass former has an average coordi-
nation number of 2.35, and the value corresponding to the 
most stable glass is 2.39. Crystallinity begins at 2.43. Thus, 
Eqs. 21 and 22 may combine and extend. There is a range 
of percolative transition, but the best glass may be obtained 
at 2.4. The percolative transition from floppy to rigid has 
been confirmed experimentally for the given system and the 
transition onset was less than 2.4.3

Conclusion

Sn content was changed in the  SnxSb20Se 80−x alloy system, 
where x = 7.5, 9.5, 11.5 and 13 at.%. Materials with the first 
two percentages were completely amorphous while the other 
two were mixed glass–crystalline. According to DSC and 
XRD investigations, the crystalline phase itself is a mix of 
two or three crystalline phases. As Sn content increases, the 
mean coordination number, overall mean bond energy and 
the transition temperatures increased. Moreover, the increase 
in the Sn content induced crystallinity. At higher Sn content, 
the glass transformed to crystalline phases. The crystalline 
phase was grown in three dimensions. Using the theory of 
constraints, the glass shows a continuous change in the mean 
coordination number from the glass to the glass–crystalline 
alloy.
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