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THE PHASEFORMATION IN THE Ce2Se3-Sb2Se3-Bi2Se3 QUASI-TERNARY SYSTEM 

 

Based on the literature data, as well as the results obtained by the methods of 

physicochemical analysis, the character of phase formation in the Ce2Se3-Sb2Se3-Bi2Se3 quasi-

ternary system was determined. The phase diagrams of a number of internal sections (Sb2Se3-

CeBiSe3, Ce2Se3-CeSb1,5Bi1,5Se6, Bi2Se3-CeSb1,5Bi1,5Se6, CeSbSe3 -CeBiSe3), the isothermal section 

at 300 K, and the projection of the liquidus surface were constructed, the types and coordinates of 

non- and monovariant equilibria were obtained. The existence of six ternary compounds, 

S1(Ce8Sb2Se15), S2(Ce6Sb4Se15), S3(CeSbSe3), S4 (CeBiSe3), S5( CeSb1,5Bi1,5Se6 ) and S6 

(Ce8Bi2Se13), as well as regions of solid solutions based on the initial Sb2Se3 , Bi2Se3 , as well as 

S5 compounds was shown. 

Key words: Antimony and bismuth chalcogenides, REE chalcogenides, quasi-binary section, 

non-quasi-binary section, liquidus surface projections 

 

1. Introduction. 

Antimony and bismuth selenides are promising materials with a narrow band gap and a high 

absorption coefficient. Due to these features, they are important materials for optoelectronic 

applications [1, s.2], solar cells [3], thermoelectric converters [4-7], photoelectrochemical cells 

[8], optical recording [9], lithium-ion batteries [10, 11]. Moreover, they are also used as a 

topological insulator [12-14] and superconductors [15]. 

The introduction of atoms of rare earth elements (RFE) into the crystal structure of these 

compounds can lead to an improvement in these properties. 

The results of physicochemical interaction in the Ln2X3-Sb2X3- Bi2X3 (Ln-REE; X-S, Se, 

Te) systems are presented in a number works [16-26]. 

The purpose of present work is to study phase formation in the Ce2Se3-Sb2Se3-Bi2Se3 quasi-

ternary system. 

Previously, the ternary systems Ce-Sb-Se and Ce-Bi-Se were studied along the Sb2Se3-

Ce2Se3 and Bi2Se3-Ce2Se3 sections [18, s.19]. Ce2Se3 compound melts at 1970 K and crystallizes 

in a cubic singony [18, 19]. Sb2Se3 and Bi2Se3 melt at 863 and 979 K, accordingly [18, s.19] 

The Sb2Se3-Bi2Se3 boundary system is characterized by the formation of continuous solid 

solutions. 

The ternary systems Ce-Sb-Se and Ce-Bi-Se are characterized by formation of the  CeSbSe3 

Ce6Sb3Se15, Ce8Sb2Se15, CeBiSe3 and Ce8Bi2Se15 ternary compounds [18, s.19].  

2. Experimental part. 

2.1. Materials and Synthesis. 

The starting materials for the synthesis of initial compounds and intermediate alloys were 

high-purity elements cerium (7440-45-1), bismuth (7440-69-9), arsenic (7440-36-0), selenium 

(7782-49-2), purchased from by Alfa Aesar. 

The alloys were obtained by direct alloying of the components in quartz ampoules at 1000–

1200 K (depending on the composition) followed by slow cooling in the off-furnace rejime. 
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To obtain an equilibrium state, the alloys were subjected to homogenizing annealing at 

temperatures 50–100 K below the solidus temperature for two weeks. 

2.2. Research methods. 

The studies were carried out by a set of methods of physicochemical analysis, namely, 

differential thermal (DTA), X-ray diffraction (XRD), microstructural (MSA) methods and 

measurement of microhardness and density. 

The heating curves of thoroughly homogenized alloys were recorded on a BDTA-8M2 

pyrometer in an inert atmosphere using W-W/Re thermocouples, heating rate 40 K/min, 

temperature determination accuracy ±10 K while for NTR-73 pyrometer was 10 K/min, 

temperature determination accuracy ±5K. All observed effects were endothermic and reversible. 

XRD was performed on a Bruker D8 diffractometer (CuKα- radiation). 

MSA was performed on MBI-6 and MIM-7 microscopes. In the study of the microstructure 

of the alloys, an etchant with the composition of 10 ml of concentrated H2SO4 + 5 g K2Cr2O7 + 90 

ml H2O. 

The microhardness was measured on a PMT-3 microhardness meter at an optimally chosen 

load of 10, 20, and 30 g. depending on composition.  

3. Results and discussion. 

Based on the data obtained by the above methods, the phase diagrams of the Sb2Se3-CeBiSe3, 

Ce2Se3-CeSb1,5Bi1,5Se6 , Bi2Se3-CeSb1,5Bi1,5Se6 , CeSbSe3 - CeBiSe3 systems were constructed. 

In the article the following designations of compounds are adopted S1(Ce8Sb2Se15), 

S2(Ce6Sb4Se15), S3(CeSbSe3), S4 (CeBiSe3), S5( CeSb1,5Bi1,5Se6 ) and S6 (Ce8Bi2Se13). 

The Sb2Se3-CeBiSe3 section (Fig. 1) is quasi-binary, belongs to the eutectic type. When the 

ratio of the starting compounds is 1:1, the CeSb1,5Bi1,5Se6 quaternary compound with congruently 

melting at 1050 K is formed. This compound forms a eutectic with CeBiSe3 (the eutectic 

coordinates are 25 mol.% Sb2Se3, 700 K) and with an α-solid solution based on Sb2Se3 (25 mol.% 

CeBiSe3, 600 K). Regions of solid solutions were found in the system near Sb2Se3 up to 

approximately 5 mol.%, and based on CeBiSe3 up to 3 mol.% at room temperature. A region of 

solid solutions near CeSb1,5Bi1,5Se6 was also found up to approximately 2 mol.% Sb2Se3 and 1.5 

mol.% CeBiSe3 at 300K. 

Based on powder XRD data, it was found that the CeSb1,5Bi1,5Se6  compound crystallizes in 

a rombic lattice with unit cell parameters a=1.625; b=2.392; c=0.404 nm 

 

.  

Fig.1. Phase diagram of the Sb2Se3- CeBiSe3system 

 

The section Ce2Se3-S5(CeSb1,5Bi1,5Se6) is quasi-binary (Fig. 2), eutectic type. The eutectic 



corresponds to the composition of 50 mol.% S5 and 800K. Solubility based on S5 at 300 K reaches 

2 mol.% Ce2Se3. Solubility based on Ce2Se3 is practically not detected. 

 
Fig.2. Phase diagram of the Ce2Se3- S5 system 

 

The Bi2Se3-S5 section is also quasi-binary (Fig. 3), belongs to a simple eutectic type, eutectic 

coordinates: 70 mol.% S5 and 900K. The area of solid solutions based on the Bi2Se3 at 300 K 

reaches 10 mol.% S5 and based on S5 up to 5 mol.% Bi2Se3. 

 
Fig.3. Phase diagram of the Bi2Se3- S5 system 

 

The S2-S4 section (Fig. 4) is non-quasi-binary, crosses two subordinate triangles of the 

Sb2Se3- Ce2Se3- S5 and Ce2Se3- S5- S4 ternary system. 



 
Fig.4. Phase diagram of the S2- S4  system 

 

The liquidus curve of this section consists of three curves of primary phase crystallization: 

S6(Ce8Bi2Se15),Ce2Se3 and S2(Ce6Sb4Se15). All alloys of subordinate triangles complete 

crystallization in ternary eutectics: 

I. ж↔ S5 + Sb2Se3+ U2(CeSbSe3)              (500K) 

II. ж↔ S5 + U4(CeBiSe3) + Ce2Se3             (600K) 

Part of the system crosses particular triangles I and II, where the following peritectic 

transformations take place: 

         ж+ Ce2Se3 ↔ S1(Ce8Sb2Se15) + S5        (700K) 

         ж+ Ce2Se3 ↔ S3(CeSbSe3) + S5        (600K) 

         ж+ Ce2Se3 ↔ S6(Ce8Bi2Se15) + S4        (780K) 

The S3-S4 section (Fig. 5) is non-quasi-binary, crosses the S5–S4-Bi2Se3 subordinate triangle, 

where  

                ж↔ Bi2Se3 + S5 + S4                     (700K) 

                ж+ S6  ↔ S4 + S5                           (800K)  

eutectic and peritectic transformations occur: 

 
Fig.5. Phase diagram of the S3-S4 system 

 

Liquidus consists of three curves of the primary crystallization of the Ce2Se3 , S5  and α(S5)- 

phases. Solubility based on S5 is 3 mol.% at 300K. 



The projection of the liquidus surface of the Ce2Se3-Sb2Se3-Bi2Se3 ternary system was 

constructed based on the literature data on binary systems [27, 28] and experimental data of three 

quasi-binary and two non-quasi-binary sections (Fig. 6). 

The Ce2Se3-Sb2Se3-Bi2Se3 system is triangulated into four subordinate ternary systems: 

Sb2Se3- S5- Ce2Se3, Sb2Se3- S5- Bi2Se3 , Ce2Se3- S5- S4  and  S5- S4.  
8 fields of primary crystallization of initial components are defined in the system. The most 

extensive area is the field of crystallization of the S5 phase, and the smallest is the field of 

crystallization of the S4 phase. 

The Ce2Se3-Sb2Se3-Bi2Se3 system is characterized by the presence of 8 invariant eutectic 

(Е1-Е4) and peritectic (U1-U4) points, the coordinates of which are given in Table 1. 

The liquidus shows isothermal lines every 200 K, which control the course of monovariant 

curves. 

The solid-phase equilibria diagram of the Ce2Se3-Sb2Se3-Bi2Se3 quasi-ternary system  at 

300 K reflects the equilibrium of the solid phase in the subsolidus (Fig. 7). 

 
Fig.6. The projection of the liquidus surface of the Ce2Se3-Sb2Se3-Bi2Se3 quasi-ternary system. 

Fields of primary crystallization: 1-Ce2Se3; 2-S2; 3-S6; 4-S5; 5-S4; 6-Bi2Se3;7- Sb2Se3;8-S3 

Table 1.  

Nonvariant equilibria in the Ce2Se3-Sb2Se3-Bi2Se3 quasi-ternary system 

 

Point on the Fig.6 Equilibria Temperature, К 

Е1 L↔ Ce2Se3+ S5+ S4   605 

Е2 L↔  S5+ S4+  Bi2Se3 710 

Е3 L↔  S5 + Sb2Se3+ Bi2Se3 748 

Е4 L↔  Sb2Se3 + S5 + Ce2Se3 497 

U1 L+ S1  ↔ U1 + S5                            704 

U2 L+ S2  ↔ U2 + S5                            598 

U3 L+ S4  ↔ U3 + S5                            806 

U4 L+ Ce2Se3 ↔ U4 + S4 783 

 



 
Fig.7. Isothermal section of the Ce2Se3-Sb2Se3-Bi2Se3quasi-ternary system. 

q1 (S1), q2(S2), q3 (S3),α1 (S5 əsasında bərk faza), α (Ce2Se3 əsasında bərk faza) 

 

As can be seen from Fig. 7, the subsolidus of the ternary system consists of 16 fields of 

primary crystallization, of which 8 are two-phase and 8 are three-phase regions. 

CONCLUSIONS 

Based on the set of the obtained experimental results and literature data, the character of 

phase equilibria in the Ce2Se3-Sb2Se3-Bi2Se3 quasi-ternary system has been established. Phase 

diagrams of a number of internal cross sections, an isothermal cross section at 300 K, and 

projections of the liquidus surface are constructed, and the types and coordinates of non and 

monovariant equilibria are established. The data obtained can be used to select the compositions 

of alloys during directional crystallization from the melt. 
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XÜLASƏ 

S.H.Məmmədova, F.M.Sadıqov 

 

Ce2Se3-Sb2Se3-Bi2Se3 KVAZİÜÇLÜ SİSTEMİNDƏ FAZAƏMƏLƏGƏLMƏ 

 

Ədəbiyyat məlumatları və fiziki-kimyəvi analiz üsullarının nəticələrinə əsasən, Ce2Se3-

Sb2Se3-Bi2Se3 kvaziüçlü sistemində fazaəmələgəlmənin xarakteri müəyyən edilmişdir. Bir sıra 

daxili kəsiklərin (Sb2Se3-CeBiSe3, Ce2Se3-CeSb1,5Bi1,5Se6, Bi2Se3-CeSb1,5Bi1,5Se6, CeSbSe3 -

CeBiSe3) hal diaqramları, sistemin 300 K-də izotermik kəsiyi, həmçinin likvidus səthinin 

proüeksiyası qurulmuş, non və monovariant tarazlıqların tipləri və koordinatları təyin edilmişdir. 

Sistemdə altı üçlü birləşmənin S1(Ce8Sb2Se15), S2(Ce6Sb4Se15), S3(CeSbSe3), S4 (CeBiSe3), S5( 

CeSb1,5Bi1,5Se6 ) and S6 (Ce8Bi2Se13) mövcud olducu, həmçinin  Sb2Se3 , Bi2Se3  ilkin komponentlər 

və S5 birləşməsi əsasında bərk məhlul sahələri aşkar edilmişdir.  

Açar sözlər: Stibium və bismut xalkogenidləri, NTE xalkogenidləri, kvazi-binar kəsik, qeyri-

kvazi-binar kəsik, likvidus səthinin proyeksiyası 

 

  



РЕЗЮМЕ 

Ш.Х.Мамедова, Ф.М.Садыков 

 

ФАЗООБРАЗОВАНИЕ В КВАЗИТРОЙНОЙ СИСТЕМЕ Ce2Se3-Sb2Se3-Bi2Se3  

 

На основании совокупности литературных данных, а также результатов, полученных 

методами физико-химического анализа, установлен характер фазообразования в 

квазитройной системе Ce2Se3-Sb2Se3-Bi2Se3. Построены диаграммы состояния ряда 

внутренних сечений (Sb2Se3-CeBiSe3, Ce2Se3-CeSb1,5Bi1,5Se6, Bi2Se3-CeSb1,5Bi1,5Se6, CeSbSe3 

-CeBiSe3), изотермическое сечение при 300 К, а также проекция поверхности ликвидуса, 

определены типы и координаты нон- и моновариантных равновесий. В системе обнаружено 

существование  шести тройных соединений- S1(Ce8Sb2Se15), S2(Ce6Sb4Se15), S3(CeSbSe3), S4 

(CeBiSe3), S5( CeSb1,5Bi1,5Se6 ) и S6 (Ce8Bi2Se13), а также области твердых растворов на 

основе исходных Sb2Se3 , Bi2Se3 , а также соединения S5. 

Ключевые слова: Халькогениды сурьмы и висмута, халькогениды РЗЭ, квазибинарный 

разрез, неквазибинарный разрез, проекция поверхности ликвидуса  

 
 


