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Abstract.1 The As2Se3-Tl3As2S3Se3 system was studied 
using differential thermal analysis, powder X-ray diffrac-
tion, as well as microhardness and density measurements 
and its phase diagram was constructed. The studied 
system contains a new quaternary compound ТlAs2Sе3S, 
which crystallizes in tetragonal structure. The temperature 
dependence of the electrical conductivity of alloys was 
studied.  
 
Keywords: chalcogenides, phase diagram, semicon-
ductors, solidus, glass formation.  

1. Introduction 

Arsenic chalcogenides and alloys based on them 
are known to be IR transparent and are widely used in 
optical information processing systems, in particular, in 
elements of acousto-optic lines and targets of vidicon 
video camera tubes [1-6]. Therefore, the search for new 
vitreous compound semiconductors based on As2S3 and 
As2Se3 is an urgent and interesting topic in both 
theoretical and practical aspects. Therefore, the important 
features and application areas of glassy alloys that can be 
obtained in As2Se3-Tl3As2S3Se3 system have been 
researched per the physico-chemical parameters. 
Previously, we investigated some quasi-binary sections of 
the As-Tl-S-Se quaternary system [7–10].  

The purpose of this work was to study the chemical 
interaction and glass formation in the As2Se3-Tl3As2S3Se3 
system. The compounds As2Se3 and Tl3As2S3Se3 have the 
following properties: As2Se3 is a vitreous semiconductor 
that melts congruently at 653 K and crystallizes in the 
monoclinic system with the unit cell parameters  
a = 1.2053, b = 0.989, c = 0.4277 nm, β =90°28′ (space 
group Р21/n) [11]. The density and microhardness of crys-
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talline As2Se3 are ρ = 4.618·103 kg/m3 and Нμ = 1280 MPa, 
respectively, and those of vitreous As2Se3 – 5.10·103 
kg/m3 and Нμ = 760 MPa, respectively [12].  

The compound Tl3As2S3Se3 was obtained in the 
vitreous state. It melts congruently at 553 K and 
crystallizes in the tetragonal system with the unit cell 
parameters a = 1.120, c = 0.923 nm, Z = 4 [13]. 

2. Experimental 

The interaction in the As2Se3-Tl3As2S3Se3 section 
was investigated within the 0–100 mol % Tl3As2S3Se3 
concentration range. Intermediate alloys were prepared 
from the As2Se3 and Tl3As2S3Se3 constituents in quartz 
ampoules evacuated to 0.133 Pa at 523–1073 K. Thermal 
annealing was used to crystallize glassy alloys. Cooling 
rates were 40–50 K/h. Physicochemical analyses of 
As2Se3–Tl3As2S3Se3 system alloys were performed both as 
glassy and crystalline state.  

The phase diagram was constructed using the data 
of differential thermal analysis, X-ray powder diffraction, 
microstructural analysis, as well as microhardness and 
density measurements.   

Thermal curves were recorded on a ”Termoscan-2” 
low-frequency temperature recorder at the heating rate of 
10 K/min. Temperature measurements of phase 
transformations were carried out by the combined 
chromel-alumel-thermocouples. Heating and cooling of 
the alloys were performed in tubular electrical resistance 
furnaces.  

Recording thermograms were carried out under 
vacuum. Alloys of the investigated system were heated 
and annealed in Stepanova evacuated sealed quartz 
vessels, which was placed in the hole of a steel block. 
Al2O3 was used as etalon. 

X-ray powder diffraction patterns were recorded on 
“D2 PHASER” diffractometer (Cu Kα radiation). The 
microhardness was measured with “Thixomet Smart-
Drive” microhardness meter under loads chosen by 
studying the microhardness of each of the phases. The 
microstructure of the alloys ware examined with an MIM-
8 microscope. The etchant used was 10 ml conc. 
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НNO3 : 5 ml H2O2, the etching time was 20 s. The 
densities of the alloys were determined picnometrically 
with toluene as a filler.   

The electrical conductivity of the alloys was 
measured by a standard bridge technique using samples in 
the shape of rectangular parallelepipeds. The experimental 
error was estimated at 2.7–3.0 %. 

3. Results and Discussion  

Alloys of the As2Se3-Tl3As2S3Se3 system had the 
form of dense, dark-black ingots. Alloys with 0–30 mol % 
of As2Se3 are stable in air, organic solvents and poorly 
soluble in mineral acids. Alloys with 30–100 mol % of 
Tl3As2S3Se3 are well soluble in concentrated mineral acids 
(HNO3 and H2SO4). All alloys of the system are well 
soluble in alkalis (NaOH and KOH). For crystallization 
the glassy alloys were annealed for 720 h at their crysta-
llization temperature. The system As2Se3-Tl3As2S3Se3 
alloys were studied before and after annealing.  

The DTA curves for annealed alloys show softe-
ning (glass transition) temperatures Тg. After long (720 h) 
annealing, the softening temperatures (398–453 K) 
disappear from the DTA curves, while features relating to 
solidus and liquidus were retained (Tables 1, 2).  

Table 1 shows that the softening temperature  
of glassy  alloys  change  from 398  to 453 K. Alloys with  

As2Se3-Tl3As2S3Se3 system before annealing are in fact 
one nontransparent phase. Individual phases in the alloys 
are very diffuse, and it is difficult to determine exact boun-
daries of solid solutions. After annealing the individual 
phases are well visible in the structure of glassy sampler. 

Microhardness measurements on cast alloys of the 
As2Se3-Tl3As2S3Se3 system show two sets of values 
(Tables 1, 2). One set corresponds to the microhardness of 
α-phase (As2Se3 based solid solution): Нμ = 1300–
1350 MPa, ρ = (4.62–5.20)·103 kg/m3. The other one 
refers to β-phase (Tl3As2S3Se3 based solid solution):  
Нμ = 1050–1100 MPa, ρ = (6.50–7.05)·103 kg/m3. After 
annealing of the As2Se3-Tl3As2S3Se3 alloys,  
the microhardness of α-phase was 760–780 MPa, ρ = 
= (5.10–5.60)·103 kg/m3; that of the β-phase was  
880–900 MPa and ρ = (6.80–7.18)·103 kg/m3.  

The above given data shows, that microhardness 
values of glasses are higher than the relevant crystals. 
Density values for glasses are lower than for the relevant 
crystals. To determine the glass formation region in the 
system, alloys were subjected to powder X-ray diffraction 
analysis before and after annealing. Before annealing 20, 
33.3, 50 and 100 mol % Tl3As2Se3Se3 alloys do not show 
diffraction peaks (Fig. 1). After annealing strong peaks 
appear in the diffraction patterns of these alloys (Fig. 2). 
This implies that all glassy alloys are completely 
crystalline after annealing.  

 

Table 1 

Composition, DТА results, microhardness, and density determination (glassy form)  
for alloys of As2Se3-Tl3As2S3Se3 system 

Components, mol % Microhardness, MPa 
α ТIAs2Sе3S β As2Se3 Tl3As2S3Se3 

Thermal effects, K Density,  
103·kg/m3 

P = 0.15 N 
100 0.0 453, 653 4.62 1300 – – 
97 3.0 448, 598, 638 4.69 1350 – – 
95 5.0 448, 563, 633 4.76 1350 – – 
90 10 443, 513, 618 4.90 1350 – – 
85 15 443, 513, 558 5.08 1350 – – 
80 20 438, 513 5.20 – – – 
75 25 438, 513,553 5.32 – 860 – 
70 30 438, 513, 573 5.85 – 860 – 

66.6 33.3 438, 578 6.15 – 860 – 
60 40 433, 493, 573 6.20 – 850 – 
50 50 418, 493, 548 6.25 – 840 – 
40 60 408, 493, 508 6.30 – 840 – 
35 65 403, 493 6.38 – –  
30 70 403, 493, 503 6.50 – – 1060 
20 80 398, 498, 523 6.67 – – 1070 
15 85 398, 508, 533 6.75 – – 1100 
10 90 398, 523, 543 6.90 – – 1100 
5.0 95 398, 528, 548 6.95 – – 1080 
3.0 97 403, 533, 553 6.98 – – 1080 
0.0 100 408. 553 7.05 – – 1050 
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Fig. 1. X-ray powder diffraction patterns of glassy alloys of As2Se3-Тl3Аs2S3Sе3 system:  
Аs2Sе3 (1); 20 (2); 33.3 (3); 50 (4) and 100 mol % Тl3Аs2S3Sе3 (5) 

 

Table 2 

Composition, DТА results, microhardness, and density determination (crystalline)  
for alloys of As2Se3- Tl3As2S3Se3 system 

Components, mol % Microhardness, MPa 
α ТIAs2Sе3S β As2Se3 Tl3As2S3Se3 

Thermal effects, K Density,  
103·kg/m3 

P = 0.10 N 
100 0.0 653 5.10 760 – – 
97 3.0 598, 638 5.20 780 – – 
95 5.0 563, 633 5.32 780 – – 
90 10 513, 618 5.42 780 – – 
85 15 513, 558 5.54 780 – – 
80 20 513 5.60 eutectic eutectic – 
75 25 513, 553 5.82 – 740 – 
70 30 513, 573 6.24 – 730 – 

66.6 33.3 578 6.49 – 720 – 
60 40 493, 573 6.54 – 740 – 
50 50 493, 548 6.58 – 740 – 
40 60 493, 498 6.62 – 740 – 
35 65 493 6.70 – eutectic eutectic 
30 70 493, 503 6.80 – – 900 
20 80 498, 523 6.80 – – 900 
15 85 508, 533 6.90 – – 900 
10 90 523, 543 6.98 – – 900 
5.0 95 528, 548 7.05 – – 890 
3.0 97 533, 553 7.10 – – 880 
0.0 100 553 7.18 – – 880 

 
The structure of alloys was studied also by 

microscopic method. The results of microstructural 
analysis showed that all obtained alloys are glassy. Before 
annealing, the alloy microstructure under the microscope 
appears dark in the form of a single phase. To find a new 
phase and range of solid solutions the alloys with the 
concentration range of 0–33 mol % Tl3As2S3Se3 were 
annealed at 440 K, and alloys with the concentration 
range of 33–100 mol % of Tl3As2S3Se3 were annealed at 
430 K for 800 h. After alloys crystallization the 
microscopic analysis was performed. As a result of the 
microstructural analysis we  found a limited region  of  the 

solid solution and one new compound of the composition 
TlAs2Se3S. 

Based on the results of physicochemical analysis of 
the samples, we constructed the phase diagram of the 
As2Se3-Tl3As2S3Se3 system (Fig. 3). The As2Se3-
Tl3As2S3Se3 system is a quasi-binary section of the 
quaternary system As-Tl-S-Se.  

The TlAs2Se3S compound was obtained with the 
ratio of 2:1. This compound TlAs2Se3S melts congruently 
at 578 K. In the As2Se3-Tl3As2S3Se3 system As2Se3-based 
solid solutions are formed up to 4 mol % Tl3As2S3Se3 and 
Tl3As2S3Se3-based solid solutions are formed up to 
16 mol % As2Se3.  
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Fig. 2. X-ray Powder Diffraction Pattern scan line system diagram 

of alloys of As2Se3-Tl3As2S3Se3 system: Аs2Sе3 (1);  
20 (2); 33.3 (3); 50 (4) and 100 mol % Тl3Аs2S3Sе3 (crystalline) (5) 

Fig. 3. Phase diagram  
of the As2Se3-Tl3As2S3Se3 system 

 

 
а)                                                   b)                                                      c)                                                        d) 

Fig. 4. The microstructure of alloys in the Аs2Sе3-ТI3Аs2S3Sе3 system: 5 (a);  
20 (b); 50 mol % ТI3Аs2S3Sе3 (c) and ТlАs2Se3S (compound) (d) 

 

Table 3 

The interplanar spacings (d, Å), hkl indices, and relative peak intensities in the XRD pattern of TlAs2Se3S 
Intensity dexp. dcalc. hкl 

18 5.0834 5.0898 200 
15 4.5606 4.5596 001. 210 
20 4.0005 3.8461 211 
30 3.3605 3.3844 221 
85 3.0585 3.0400 003 

100 2.8606 2.8205 222 
25 2.7503 2.7176 302 
50 2.6697 2.6243 312 
60 3.5206 2.5375 400 
40 2.3702 2.3769 411 
18 2.2804 2.2798 004 
18 2.1199 2.1186 332 
36 2.0399 2.0298 430 
18 1.8240 1.8239 005 
25 1.6720 1.6727 414 
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The liquidus of the As2Se3-Tl3As2S3Se3 system 
includes three primary crystallization fields: α-phase 
(As2Se3-based solid solutions), ТlАs2Se3S, and β-phase 
(ТlАs2Se3S- based solid solutions).  

At Tl3As2S3Se3 concentration interval of 0–
20 mol % the two-phase region (L+α) is formed between 
the liquidus and solidus curves.  

Two eutectic points of the system As2Se3-
Tl3As2S3Se3 have coordinates 513 K and 20 mol % 
Tl3As2S3Se3 and 493 K and 65 mol % Tl3As2S3Se3, 
respectively. In Fig. 4 the microstructures of various 
alloys of the system are given. The microstructure of the 
alloy indicates: a) the glassy monophase solid solutions; 
b) eutectic; c) the two-phase region; d) compound 
ТIАs2Se3S. 

There is a relationship between the glass formation 
and the character of the phase diagram in the system. This 
area is located in the concentration range of 0–20 mol % 
Tl3As2S3Se3. Within Tl3As2S3Se3 concentration of 20–
65 mol %, the structure is determined by the structure of 
Tl3As2S3Se3 glasses. The crystallization ability of glasses 
was investigated as a function of temperature, time and 
composition. 

It was known that crystallization of the glass 
corresponding to the compound in the system occurs 
easily, unlike crystallization of the glasses of eutectic 
composition. There is no detailed information in literature 
about it. 

The difficulty is mainly explained by the fact that 
crystallization of eutectic composition at the eutectic point 
crystallization temperature is very close to softening. 
Therefore, at the slightest deflection temperature, glass 
crystallization does not occur. With the introduction of the 
second component Tl3As2S3Se3 in the glass As2Se3 form 
small crystals and the glass crystallizes easily. Metallic 
bond formation adversely affects the formation of glass. 

Individuality of TlAs2Se3S compound was 
confirmed by DTA, XRD, density determination, and 
measurement of microhardness. 

For the TlAs2Se3S compound in vitreous state the 
microhardness Hμ = 860 MPa and ρ = 6.15·103 kg/m3 
while a microhardness of the crystalline state is equal to 
720 MPa with a specific of ρ = 6.49·103 kg/m3.   

It was established that the maximum obtained on 
diffractograms of the compound TlAs2Se3S for intensities 
and interplanar spacing differ from the initial components. 
This proves formation of new compound TlAs2Se3S in the 
system As2Se3-Tl3As2S3Se3. By the results of X-ray 
powder diffraction analysis, it was found that TlAs2Se3S 
crystallizes in tetragonal crystal system with unit  
cell parameters: a= 1.015; c = 0.921 nm; Z = 6;  
ρpic.= 6.49·103 kg/m3; ρrent.= 6.52·103 kg/m3.   

The interplanar spacings (d, Е), hkl indices and 
relative peak intensities in the XRD pattern of the 
TlAs2Se3S compound are presented in Table 3. 

Electrical conductivity of As2Se3-Tl3As2S3Se3 
glasses was studied at the temperatures of 300–350 K 
(Fig. 5). The samples used were in the form of a para-
llelepiped. According to our data, electrical conductivity 
of As2Se3 at room temperature is 8.2·10-11 Om-1·m-1, and 
the band gap is 1.68 eV, which agrees with the literature 
data. The temperature dependence of the electrical 
conductivity of alloys containing 5, 10 and 15 mol % 
Tl3As2S3Se3 are linear. The temperature dependence of the 
electrical conductivity of the samples 5, 10 and 15 mol % 
Tl3As2S3Se3 composition shows that the conductivity 
increase with the addition of a second component that 
appears due to the increase of metallization of chemical 
bond. With increasing temperature, the conductivity of the 
studied glasses increases significantly.  

The results of measurements of the electrical 
conductivity of the alloys glasses system As2Se3-
Tl3As2S3Se3 5, 10, 15 mol % Tl3As2S3Se3 in the 
temperature ranges of 290–350 K are shown in Fig. 5. 
Temperature dependence of the electrical conductivity 
shows that in As2Se3-Tl3As2S3Se3 system glassy alloys in 
all temperature ranges are semiconductor conductivity. 
The conductivity of the glassy alloys varies from 8.2·10-11 
to 1.8·10-8 Om-1·m-1 with addition of 5, 10, 15 mol % 
Tl3As2S3Se3 into the compound As2Se3. 
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Fig. 5. The temperature dependence of the electrical 
conductivity of glass As2Se3-Tl3As2S3Se3 system: As2Se3 (1);  

5 (2); 10 (3) and 15 mol % Tl3As2S3Se3 (4) 

4. Conclusions 

The phase diagram of the system was plotted. It 
was established that it is a quasi-binary section of the 
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quaternary As-Tl-S-Se system. At the ratio of the 
components 2:1 in the system one quaternary compound 
of composition TlAs2Se3S was found. The TlAs2Se3S 
melts congruently at 578 K and crystallizes in tetragonal 
structure symmetry with the unit cell parameters  
а = 1.015 nm, c = 0.912 nm, Z = 6, ρpik = 6.49·103 kg/m3, 
ρrent. = 6.52·103 kg/m3. The As2Se3-based solid solution in 
the system extends to 12 mol % Tl3As2S3Se3 and 
Tl3As2S3Se3-based solid solution extends to 16 mol % 
As2Se3. In the system two eutectic points at 20 and 
65 mol % Tl3As2S3Se3 and the temperature of 513 and 
493 K, respectively, are formed. All alloys of the system 
were obtained in the glassy state. The temperature 
dependence of the electrical conductivity of alloys 
As2Se3-Tl3As2S3Se3 was studied.  
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ФАЗОВІ РІВНОВАГИ В СИСТЕМІ As2Se3-Tl3As2S3Se3 
І ВЛАСТИВОСТІ СПЛАВІВ 

 
Анотація. За допомогою диференціального термічного 

аналізу, порошкової рентгенівської дифракції, а також 
вимірювань мікротвердості і щільності була вивчена система 
As2Se3-Tl3As2S3Se3 і побудовано її фазову діаграму. Встановле-
но, що система містить нову четвертинну сполуку ТlAs2Sе3S, 
яка кристалізується в тетрагональну структуру. Досліджено 
температурна залежність електропровідності сплавів. 

 
Ключові слова: халькогеніди, фазова діаграма, 

напівпровідник, солідус, склоутворення. 
 


