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Abstract

 The paper presents the phase diagram of the Sn–As–Ge system. The diagram of polythermal Sn–GeAs section was constructed using the results of X-ray powder diffraction analysis and differential thermal analysis. We found that in a concentration interval with arsenic content of less than 50 mol%, four-phase peritectic  equilibria  L + SnAs ↔ GeAs + Sn4As3 (834 К) and L + GeAs ↔ Ge + Sn4As3 (821 К) are present. When the temperature is close to the melting point of pure tin, non-variant equilibrium with tin, germanium, and Sn4As3 is implemented as well. The study of Sn0.39As0.61–Ge0.28As0.72, SnAs–Ge0.4As0.6 and SnAs–GeAs2 sections and elaboration of the type of the SnAs–GeAs phase diagram demonstrated that polythermal sections SnAs–GeAs and SnAs–GeAs2 can perform phase subsolidus demarcation of the phase diagram of the Sn–As–Ge system. There are also invariant peritectic equilibria L + GeAs2 ↔ GeAs + SnAs (840 К) and L + As ↔ SnAs + GeAs2 (843 К) in the system.
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1. Introduction
A large number of experimental and theoretical studies of the properties of graphene have provoked considerable scientific interest in layered structures, and compounds of the АIVВV class in particular. АIVВV compounds are of great practical value for two reasons: their anisotropic electrophysical characteristics resulting from low-symmetry structure; and their layered crystal structure which allows for the intercalation of ions and molecules into the interlayer space.1-5 The presence of volatiles makes it rather difficult to synthesise such compounds, which is why attempts were made to obtain GeP samples in the presence of tin.5 In that study, Sn-doped materials with peculiar semiconductor properties were obtained. However, the lack of information about the phase equilibria of АIV–ВV–Sn ternary systems makes further research in this area rather problematic. Therefore, since the synthesis of multicomponent alloys is based on information about phase equilibria, the study of the phase diagram of the Sn–As–Ge system is of great importance.

This paper presents the results of an experimental study of Sn–GeAs, Sn0.39As0.61–Ge0.28As0.72, SnAs–Ge0.4As0.6, SnAs–GeAs and SnAs–GeAs2 polythermal sections, which was performed using differential thermal analysis and X-ray phase analysis methods. T-x diagrams of the sections were constructed, and the nature of phase equilibria in the ternary Sn–As–Ge system was analysed.
2. Experimental

2.1. Materials and Synthesis
The number of ternary alloys with compositions corresponding to Sn–GeAs, Sn4As3–GeAs, Sn0.39As0.61–Ge0.28As0.72, SnAs–Ge0.4As0.6, SnAs–GeAs and SnAs–GeAs2 polythermal sections, were prepared from the preliminary obtained binary compounds using high purity tin (99.999%), arsenic (99.9997%) and polycrystalline zone purified germanium (99.9999%). Weighing was performed on an AR2140 balance with an accuracy of ± 0.001 g. The preparation of samples was carried out using the one-temperature method in thick-walled quartz ampoules vacuumised up to the residual pressure of 0.05 Pa. During the synthesis of the samples, the temperature was measured using a chromel–alumel thermocouple with a TK–5.11 contact thermometer. The alloys were subjected to homogenizing annealing for 150 hours at 800–815 K.

2.2. Research methods
The study of the samples obtained was carried out on the differential thermal analysis (DTA) setup with a programmable heating of the furnace using OWEN TRM–151 and TRM–202 proportional-integral-differential controllers. The signal received from chromel-alumel thermocouples was digitized and processed by the MasterSCADA software package. In our experiments, the heating rate of DTA-setup was 2 K min-1.

Thermoanalytical studies were carried out using Stepanov quartz vessels.  The experimental substance was ground and placed in the vessels so as to fill the maximum volume, after which the vessels were vacuumised up to the residual pressure of 0.05 Pa.  Anhydrous analytically pure aluminum oxide was used as the reference substance.  Chromel-alumel thermocouples, used as temperature sensors, were calibrated according to the phase transitions temperatures of pure metals, often used as standards.6 Furthermore, Sn (99.999%), Sb (99.99%) and Ge (99.9999%) were used. Their physical and chemical properties are similar to the properties of the objects we were studying. The precision of determining the temperature of phase transition by the DTA-setup was within the limit of ± 2 K.

X-ray powder diffraction (XRD) analysis was performed using a powder diffractometer DRON 4–07 (Cо-anode, exposure step 0.1º, exposure time 3.0 seconds). The recorded X-ray powder diffraction patterns were interpreted using the Powder Diffraction File cards of International Centre for Diffraction Data.
3. Results and Discussion

In our  previous experimental study of polythermal sections Sn4As3–GeAs and SnAs–GeAs7  it  was  showed that a peritectic equilibrium L + SnAs ↔ Sn4As3 + GeAs was achieved in the Ge–As–Sn system at the temperature of 834 K.  This conclusion we confirmed by the study of the alloys of the polythermal section Ge–SnAs,8 that was based on the results of an X-ray diffraction analysis and differential thermal analysis. The existence of yet another invariant equilibrium  L + GeAs ↔ Ge + Sn4As3, which is realized at a temperature of 821 K, was also established.8 

In this paper, the alloys belonging to the Sn–GeAs section were studied. An X-ray diffraction analysis showed that for all the samples in the solid state, the presence of three phases is detected: irrespective of the composition, the lines of germanium and tin arsenide Sn4As3 are fixed.  Depending on the third phase contained in the alloys, the samples can be divided into two groups.  When the content of germanium arsenide is up to 60 mol.%, the alloys are a  heterophasic mixture of tin and germanium, as well as Sn4As3 (e.g., the X-ray diffraction pattern in Fig. 1a). For the alloys with germanium arsenide content of 67 - 94 mol.%, there are no reflexes characteristic of tin; on the contrary, lines indicating the presence of germanium monoarsenide in the solid phase appear, and the intensity of these lines increases with the enrichment of the alloys with this component (Fig. 1b). 
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Figure 1.  Diffractograms of the alloys of the polythermal section Sn– GeAs: a –0.33; b – 0.82 mol. f. GeAs.  The numbers denote: 1 – Sn4As3; 2 – Ge; 3 – Sn; 4 – GeAs.
The investigation of the alloys by differential thermal analysis showed that when the content of germanium arsenide is more than 60 mol.% three endothermic effects were fixed, and the low-temperature effect was observed at the same temperature of 821 K. According to our data obtained from the study of the polythermal cross section of Ge–SnAs, 8   this corresponds to the four-phase process L + GeAs ↔ Ge + Sn4As3. The second effect at 939 K was noted for the samples in the range of 82-94 mol.% GeAs compositions. The high-temperature effect corresponding to the liquidus on the heating curves was not very distinct, but was well reproduced on the cooling curves. For samples with a monoarsenide germanium content of less than 60 mol.%, the effect at 821 K was absent, for all the alloys of a given concentration interval, an endothermic effect is realized at 505 K.
Fig. 2 shows phase equilibria in the Sn–As–Ge system within the concentration interval of less than 50 mol.% As. This allows for correct interpretation of the experimental results of studying the T-x diagram of the Sn–GeAs section.
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Figure 2. Crystallization processes of the alloys of the polythermal section Sn – GeAs.
The presence of a horizontal section on the T-x cut chart (the first effect on heating curves) corresponds to a invariant four-phase equilibrium in the ternary system. According to an X-ray diffraction analysis in the composition range of less than 60 mol.% GeAs, there are three solid phases: tin, germanium and  Sn4As3. Thus, we can assume the existence of a four-phase equilibrium L ↔ Sn4As3 + Ge + Sn in the system, which is realized at a temperature of 505 K. Tin is absent in the region of compositions rich in GeAs, but three solid phases are still recorded: Ge, Sn4As3 and GeAs.  The alloys the compositions of which correspond to the concentration region ab (Fig. 2) of the polythermal section lie in the region of primary crystallization of the germanium monoarsenide L ↔ GeAs. Secondary crystallization is connected with the three-phase equilibrium line e3P2, along which the process L ↔ GeAs + Ge is carried out. The crystallization ends at Р2  point:  L + GeAs ↔ Ge + Sn4As3. The segment cd intersects the field of primary crystallization of germanium. After the primary crystallization, the figurative point of the liquid falls on the curve P2E3. The process ends with eutectic crystallization at the point Е3 (the temperature of this four-phase transformation noted by the DTA method is 505 K).  The sequence of processes will be as follows:  L ↔ Ge; L ↔ Ge + Sn4As3; L ↔ Ge + Sn4As3 + Sn. The segment cd also crosses the field of primary crystallization of tin. However, taking into account the degenerate nature of the eutectic processes е1Е3 и е2Е3 , it should be assumed that the four-phase and preceding three-phase processes will occur in a narrow concentration interval (p. Е3 – is degenerated) and it is not possible to investigate them. The presented reasoning makes it possible to interpret the data of differential thermal analysis and construct the T-x diagram of the polythermal section of Sn–GeAs (Fig. 3).
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Figure 3.  T-x diagram of the polythermal section Sn–GeAs.
While studing the SnAs–GeAs polythermal section7 it was suggested that this section is quasibinary and can be presented as a eutectic phase diagram with coordinates of the eutectic point 840 K and 20 mol.% GeAs.

The results of the experimental study of the polythermal section SnAs–Ge0.4As0.6 allowed us to elaborate the T-x diagram of SnAs–GeAs. The polythermal section SnAs–Ge0.4As0.6 starts from the figurative point of tin monoarsenide and from the double eutectic point (GeAs2+GeAs) in the Ge–As system. The alloys of the polythermal section SnAs–Ge0.4As0.6 are the mixtures of GeAs, GeAs2  and SnAs. Diffractograms of some of the alloys are given as an example in Fig. 4. 
The results of the differential thermal analysis showed that the first endothermic effect for all the samples of the SnAs–Ge0.4As0.6 section was observed at the temperature of 840 K. If there is an eutectic equilibrium with three solid phases SnAs + GeAs + GeAs2, a lower temperature corresponding to the melting of the triple eutectic should be expected. The results obtained can be explained, if we assume that the ternary Sn–As–Ge system includes a peritectic four-phase equilibrium L + GeAs2 ( GeAs + SnAs. Taking this into account, a T-x diagram of the polythermal section SnAs–Ge0.4As0.6 was constructed, and the form of the polythermal section SnAs–GeAs was specified (Fig. 5).
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Figure 4.  Diffractograms of the alloys of the polythermal section SnAs–Ge0.4As0.6: a – 0.15; b – 0.75 mol.f. SnAs. The numbers denote: 1 – SnAs; 2 – GeAs2; 3 – GeAs.
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Figure 5.  T-x diagrams of polythermal sections SnAs–Ge0.4As0.6 (а) and SnAs–GeAs (b).
In order to establish the nature of phase equilibria in the Sn–As–Ge system within the concentration interval of more than 50 mol.% of arsenic, an experimental study of the polythermal sections Sn0.39As0.61–Ge0.28As0.72 and SnAs–GeAs2 was carried out. The X-ray diffraction analysis of the alloys belonging to the polythermal section SnAs–GeAs2 allowed us to detect a heterophasic mixture of two phases – tin monoarsenide and germanium diarsenide (Fig. 6).
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Figure 6.  Diffractograms of the alloys of the polythermal section SnAs–GeAs2: a – 0.25; b – 0.85 mol.f. GeAs2. The numbers denote: 1 – SnAs; 2 – GeAs2.
Using differential thermal analysis allowed us to detect the endothermic effect in the samples of all concentration range at the same temperature of 843 K. The polythermal section Sn0.39As0.61–Ge0.28As0.72 goes through the double eutectic point (GeAs2 + As) in the binary system Ge–As and through the eutectic point (SnAs + As) in the Sn–As system. The alloys whose compositions belong to the polythermal section Sn0.39As0.61–Ge0.28As0.72 represent a heterophasic mixture of arsenic, germanium diarsenide, and tin monoarsenide (Fig. 7).
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Figure 7.  Diffractograms of the alloys of the polythermal section Sn0.39As0.61–Ge0.28As0.72: a – 0.10; b – 0.90 mol.f. Ge0.28As0.72. The numbers denote: 1 – SnAs; 2 – GeAs2; 3 – As.
Phase diagram of the Sn0.39As0.61–Ge0.28As0.72 section is shown in Fig. 8a. Differential thermal analysis demonstrated that in all the samples the first endothermic effect was observed at the same temperature of 843 K. Implementation of the same temperature at the section SnAs–GeAs2 (Fig. 8b) allows us to conclude that there exists a peritectic invariant equilibrium L + As ( SnAs + GeAs2.
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Figure 8.  T-x diagrams of polythermal sections Sn0.39As0.61–Ge0.28As0.72 (а) and SnAs–GeAs2 (b).
Thus, there are four equilibria of peritectic character in the ternary system of Sn–As–Ge:
1. L + As ( SnAs + GeAs2
2. L + GeAs2 ( GeAs + SnAs

3. L + SnAs ( Sn4As3 + GeAs

4. L + GeAs ( Ge + Sn4As3
Given that the eutectic points on the tin side are degenerate in the Ge–Sn and Sn–As systems, we can expect that the coordinate of the four-phase equilibrium point Е1 will be implemented in the tin-rich area of the alloys. Eutectic crystallization of three solid phases L ↔ Ge + Sn + Sn4As3 takes place at the Е1 point (Fig. 9).

The analysis of the nature of phase equilibria in the ternary Sn–As–Ge system, as well as the experimental study of polythermal sections Sn–GeAs, Sn4As3–GeAs, Sn0.39As0.61–Ge0.28As0.72, SnAs–Ge0.4As0.6, SnAs–GeAs and SnAs–GeAs2 using the methods of differential thermal and X-ray diffraction analysis, allowed us to construct a T-x-y diagram of the Sn–As–Ge system (Fig. 9).
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Figure 9.  Sn–As–Ge phase diagram.
It seemed impractical to use a 3D chart, whereas Sheila's scheme turned out to be quite informative and, most importantly, convenient for the analysis of the phase states and the processes of melting and crystallization, as well as for calculations and cross-sections building (Fig. 10).

The main objective was to reduce the three-dimensional diagram of the triple system to a one-dimensional scheme, which would give a clear idea of the phase equilibria in the system. We performed this reduction by taking into account nonvariant and monovariant transformations only, leaving out the concentration of phases and using only the temperature axis. The scheme shown in Fig.10 illustrates phase equilibria and successive (with decreasing temperature) crystallization processes in the ternary Sn–As–Ge system.
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Figure 10.  Flow diagram of the  Sn–As–Ge system.
4. Conclusions
An experimental study of the polythermal sections Sn0.39As0.61–Ge0.28As0.72, SnAs–Ge0.4As0.6, SnAs–GeAs, Sn4As3–GeAs and Sn–GeAs allowed us to find out that four invariant peritectic equilibria, which are L + As ( SnAs + GeAs2 (Т=843 К); L + GeAs2 ( GeAs + SnAs (Т=840 К); L + SnAs ↔ Sn4As3 + GeAs (Т=834 К); L + GeAs ↔ Ge + Sn4As3 (Т=821 К), are realized in the Sn–As–Ge system. The T-x-y diagram of the Sn–As–Ge ternary system has been constructed based on the study of the polythermal cross sections.
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