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Abstract 
The goal of this work was to study phase relations in the ternary Si–Sn–As system: to establish cross sections, to construct 
a scheme of phase equilibria, and to identify the temperature of non-variant transformations.  
Ternary alloys were obtained through direct synthesis from simple substances and subjected to long-term solid-phase 
annealing. Alloys of four polythermal sections of the Si–Sn–As system were examined using X-ray phase and differential 
thermal analysis. The results of X-ray powder diffraction allowed establishing that the phase subsolidus demarcations was 
performed by the SnAs–SiAs2, SnAs–SiAs, Sn4As3–SiAs, and Sn4As3–Si sections.
As a result of the experiment, taking into account the theoretical analysis, we suggested a scheme of phase equilibria in 
the system that involved the implementation of eutectic and four peritectic invariant equilibria, and we used differential 
thermal analysis to determine the temperature of these four-phase transformations.
It was found that extended solid solutions were not formed in the system, and only a substitutional solid solution at least 
3 mol % wide was formed based along the SnAs–SiAs2 section based on tin monoarsenide.
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1. Introduction
Compounds of the AIVBV class in the form of bulk 

single and polycrystals have been actively studied 
since the 1970s, and the Department of General and 
Inorganic Chemistry of Voronezh State University 
also performed such studies [1–4]. Although 
some of these compounds possess semiconductor 
properties and electrophysical characteristics that 
are practically important, they had not been put to 
good use for a long time. This is mainly associated 
with the fact that many AIVBV compounds have a 
layered structure and can stratify into flakes when 
crystals are cut and ground, which was considered 
a significant drawback in the era of wide use of 
diamond-like semiconductors. 

Over the past 20 years, due to the rapid 
development of 2D technologies, researchers 
have again turned their attention to this 
class of compounds. Silicon and germanium 
monopnictides form a family of two-dimensional 
layered semiconductors with a possibility of 
changing the width of the band gap through 
the variation of the number of layers [5–8]. 
They can also be used as catalysts and materials 
for optoelectronic devices [9–11]. The peeling 
energy of silicon and germanium arsenides and 
phosphides can be compared to this value for 
graphene, which suggests a high probability of 
their successful production using mechanical 
peeling from bulk crystals [5, 6]. 

Bulk crystals of AIVBV compounds also have 
practical importance as they are capable of 
interlayer introduction reactions. Tin and silicon 
arsenides SnAs, Sn4As3, SiAs2, and SiAs are 
suitable materials for the creation of electrodes 
of alkali-ion batteries [12–14]. For example, 
Li2SiAs2 has a calculated band gap of 1.4 eV, 
low thermal conductivity at room temperature, 
and high electrical resistivity, and therefore it is 
highly promising as a lithium-ion conductor with 
lithium-ion conductivity at room temperature of 
7 μΩ/cm [13]. 

Functional properties of the material can be 
improved to some extent through doping and the 
use of solid solutions instead of pure compounds. 
From this point of view, it is important to study 
the phase diagrams of multicomponent systems 
formed by the elements of the IVA and VA groups. 
The phase diagrams of AIV–BV–СV systems with 
anionic substitution have been studied better 

as compared to the diagrams of the systems 
with cationic substitution [15, 16]. There are no 
publications on the state diagram of the Si–Sn–As 
system, which explains the relevance of this work

The goal of this work was theoretical analysis 
and experimental study of phase relations 
in a ternary Si–Sn–As system: establishing 
cross sections, constructing a scheme of phase 
equilibria, and identifying the temperature of 
non-variant transformations.

2. Experimental
2.1. Methods for Sample Synthesis

Due to the high melting point of silicon, 
which cannot be reached upon synthesis in quartz 
tubes, as well as the duration of the solid phase 
reaction and considerable vapour pressure of 
arsenic at high temperatures, the experimental 
study of the phase diagram of Si–Sn–As becomes 
a challenging process.

The samples with the compositions belonging 
to four polythermal sections of the SnAs–SiAs2, 
SnAs–SiAs, SnAs–Si, and SiAs–Sn ternary 
system were obtained by synthesis in a single 
zone furnace from simple substances in quartz 
ampoules vacuumed to the residual pressure 
of 5·10–4 GPa. KEF 4.5/0.1-43.5 silicon, OVCH-
000, and OSCH-9-5 arsenic were used for the 
synthesis. Arsenic was preliminary purified from 
oxides using vacuum sublimation. The weighing 
was performed on AR2140 electronic scales with 
the measurement error ±1·10–3 g.

Maximum temperature of the furnace heating 
upon synthesis was 1353 К, which is lower than 
the melting point of silicon (1683 К). To ensure 
the possibility of the heterogeneous reaction, the 
samples were held for six hours at 1353 К and after 
the synthesis they were subject to solid phase 
annealing for 250 hours at 753 К (the alloys of the 
SiAs–Sn section rich in tin were annealed at 473 К).

To make sure that the temperature and the 
duration of synthesis and annealing are enough 
for the silicon to react, a binary alloy was prepared 
in similar conditions, the composition of which 
Si0.48As0.52 corresponded to the eutectic mixture of 
SiAs2 and SiAs in the Si–As binary system. Peaks 
of silicon monoarsenide and diarsenide were 
observed on an X-ray diffraction pattern of this 
alloy while there were now silicon peaks. Therefore, 
the temperature and duration of synthesis and 
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annealing are enough for silicon to react completely 
in the conditions of our experiment.

2.2. Methodology of X-ray diffraction 
and differential thermal analysis

The alloys were studied using X-ray diffraction 
analysis (XRD) and differential thermal analysis 
(DTA).

X-ray phase analysis was performed using 
an ARL X’TRA diffractometer with Bragg–
Brentano Q–Q focusing geometry. The source of 
radiation was an X-ray tube with a copper anode: 
l(Cu‑Ka1) = 0.1541 nm; l(Cu-Ka2) = 0.1544 nm. 
The X-ray patterns were made with a step size 
of 0.04° and a counting time of 3 seconds per 
step. The determination error for the interplanar 
distances dhkl was below 5.10–4 nm. Parameters of 
the lattice of the phases were calculated using 
High Score Plus-305 program and specified using 
the Pauli principle.

Differential thermal analysis was performed 
on a DTA device with the programmed furnace 
heating with a heating rate 5 K/min (7 K/min 
for the most refractory samples). Heat treated 
chromel-alumel thermocouples and aluminium 
oxide were used as a reference. The signal received 
from the thermocouples was digitized and 
processed by the MasterSCADA software package. 
The determination error for the temperature of 
phase transformations was below ±1 K. The alloys 
of the studied system had a tendency to overcool, 
therefore the temperature of phase transitions 
was determined by the heating curves. In cases 
where the peak corresponding to the liquidus 
on a thermogram was stretched and fuzzy, the 
temperature was determined by the cooling curve 
with a correction for the overcooling value.

3. Results and discussion

3.1. Results of an X-ray study and a scheme 
of phase equilibria in a ternary system

As we were studying the Si–Sn–As ternary 
system for the first time, it was necessary to 
analyse the possibility of its separation into 
subsystems using cross sections. 

Two intermediate compounds were formed in 
the Si–As binary system: silicon monoarsenide 
that had a monoclinic crystal lattice and melted 
congruently at a temperature of 1386 K, and 
silicon diarsenide with an orthorhombic lattice, 

which decomposed according to the peritectic 
scheme into SiAs and a melt at 1250 K [17]. 
Silicon monoarsenide was a one-sided phase 
shifted towards silicon, while the stoichiometric 
composition practically coincided with the right 
border of the homogeneity region. The width of 
the homogeneity region of SiAs was 0.45 mol % 
at 1300 К [4,15]. Arsenic dissolves well in silicon, 
and the maximum solid phase solubility is about 
3.5 mol % As at ~1473 К [17].

In the Sn–As system, two intermediate phases 
were also formed [18]: tin monoarsenide with a 
crystal lattice of the NaCl type and Sn4As3 which 
melted congruently at 868 K and crystallised 
in the trigonal non-centrosymmetrical space 
group R3m, while the selected unit cell could be 
either rhombohedral or hexagonal [19]. Sn4As3 
had a pronounced homogeneity region (~3 mol 
%) directed towards the excess of tin [18]. In the 
Si–Sn system [20] there were no intermediate 
compounds, and a degenerate eutectic near tin 
was observed with a temperature of 231.9 °С, 
which was similar to the melting point of pure 
tin. Tin slightly dissolved in silicon, and the 
maximum solid phase solubility was 0.1 mol % 
achieved at a temperature of 1339 K.

Therefore, due to the nature of the melting of 
intermediate phases and the presence of visible 
regions of homogeneity in some of them, only 
subsolidus phase separation was possible. Figure 1 
shows four possible options for the division of 
a ternary system by cross sections (below the 
solidus) into subsystems, each of which had three 
solid phases coexisting in equilibrium. 

Arsenic can participate in equilibria with 
the closest phases SnAs and SiAs2, which means 
that a part of the concentration triangle with 
As the apex is separated in the only possible 
way. As an example, Figure 2a shows the 
X-ray powder diffraction spectrum of an alloy 
of the SnAs–SiAs2 section alloy containing 
20 mol % SiAs2. Peaks of silicon diarsenide and tin 
monoarsenide were observed, and the intensity 
of the peaks of the second phase were higher 
as it prevailed in this alloy. It should be noted 
that the (SnAs)0.97(SiAs2)0.03 sample was single-
phase, while ((SnAs)0.93(SiAs2)0.07 was a two-phase 
sample, which probably indicated the formation 
of a solid solution based on SnAs with a range of 
at least 3 mol % along the SnAs–SiAs2 section. 
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Table 1 shows the cubic lattice parameter 
(а) and unit cell volume (V) of the SnAs phase 
which is present in the alloys of the polythermal 
section SnAs–SiAs2. Parameters of the lattice 
were calculated using High Score Plus-305 
program and specified using the Pauli principle. 
Both the lattice parameter and the cell volume 
were slightly decreased as compared to the 
data for tin monoarsenide presented in the 
powder X-ray diffraction catalogue (PDF2-2012 
database). This indicated the formation of a solid 
substitution solution (tin atoms were replaced 
by smaller silicon atoms). The parameters of the 
orthorhombic SiAs2 lattice differed very little 
from the reference values. 

The Sn4As3–SnAs–SiAs2–SiAs trapezium 
could be divided into triangles corresponding 
to the equilibrium of three solid phases using 
two methods: the SnAs–SiAs cross section 
(Fig. 1a) or the Sn4As3–SiAs2 cross section (Fig. 
1b). If the second scheme is correct, the alloys 
whose compositions belong to the SnAs–SiAs 
section and are to the right of the crossing 
point with the Sn4As3–SiAs2 section should not 
contain tin monoarsenide and should contain 
Sn4As3. X-ray phase analysis showed that, on 
the contrary, SnAs was present in these alloys, 
while Sn4As3 was not, therefore, the scheme 
presented in Fig. 1b had to be excluded from 
consideration.

                                             c                                                                                                     d
Fig. 1. Schemes of phase equilibria in the Si–Sn–As ternary system

                                             a                                                                                                     b
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c
Fig. 2. X-ray powder diffraction patterns of the Si–Sn–As system: а – (SnAs)0.8(SiAs2)0.2; b – (SnAs)0.4(SiAs)0.6; 
c – (SnAs)0.8Si0.2. Phase symbols: ■ – Si, ● – SnAs, □ – SiAs, ∆– SiAs2, ▲– Sn4As3

a

b

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2023;25(2): 237–248

T. P. Sushkova et al.	 Phase relations in the Si–Sn–As system



242

The cubic phase of SnAs did not have many 
peaks but almost all of them were observed 
on diffraction patterns. Fig. 2b shows an X-ray 
diffraction spectrum of an alloy (SnAs)0.4(SiAs)0.6. 
Apart from the SnAs and SiAs peaks, several 
peaks of tin diarsenide could be observed. 
This is how we explain this fact: the process 
of crystallisation of the (SnAs)0.4(SiAs)0.6 alloy 
ended at point Р2 (Fig. 3), which corresponded 
to the four-phase peritectic transformation 
L + SiAs2 ↔ SnAs + SiAs. Apparently, the duration 
of synthesis and annealing was insufficient 
for this transformation to be fully completed, 
and there was a certain amount of unreacted 
silicon diarsenide left. The lattice parameter of 
tin monoarsenide present in the alloys with the 
SnAs–SiAs cross section and calculated using 
XRD data was slightly different from the reference 
value; the parameters а and b of the SiAs 
monoclinic lattice were slightly increased, while 
the parameter c was slightly decreased (Table 2). 
It can be concluded that the solid-phase solubility 
along the SnAs–SiAs section was very low.

The Sn–SnAs–SiAs–Si trapezium could be 
divided into triangles that corresponded to the 
equilibrium of three solid phases using three 

methods (Fig. 1a, c, d). If option (c) is correct, 
the SiAs–Sn cross section separates silicon, and 
silicon should not be identified in alloys with 
the compositions in the concentration triangle 
(in the plane of the figure, to be precise) located 
above this cross section. If option (a) is correct, 
SnAs should not be identified in the alloys with 
the compositions in the concentration triangle 
located below the Sn4As3–SiAs cross section. The 
most informative solution to this problem was the 
study of the samples of the SnAs–Si cross section. 

For example, we detected silicon in the 
(SnAs)0.8Si0.2 alloy by XRD, and its peaks were 
dominating (Fig. 2c), which makes the scheme 
presented in Fig. 1c incorrect. To choose between 
schemes (a) and (d), we must examine in more 
detail the paths of alloy crystallisation of the 
SnAs–Si polythermal section. Figure 3 shows 
two possible schemes of phase equilibria in a 
ternary system, corresponding to situations (a) 
and (d) in Fig. 1. The crystallisation processes 
proceeded similarly according to both schemes 
in the range of compositions rich in arsenic. The 
field of primary crystallisation of arsenic was 
limited by monovariant curves e3P1 and e1P1 along 
which the eutectic processes L → As + SnAs and 

Table 1. Lattice parameter and unit cell volume of tin monoarsenide present in the alloys  
of the SnAs–SiAs2 section

PDF2 data Composition of the alloys, mol f.,  SiAs₂

SnAs 0.03 0.07 0.2 0.4 0.6
а, Å 5.7248 5.7245 5.7206 5.7225 5.7217 5.7212

V/106 pm3 187.621 187.591 187.208 187.391 187.315 187.268

                                                   a                                                                                                 b
Fig. 3. Schemes of phase equilibria in the Si–Sn–As ternary system
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L → As+SiAs2 occurred, respectively. The four-
phase peritectic equilibrium L+As ↔ SnAs+SiAs2 
corresponded to point P1. 

The peritectic process L+SiAs ↔ SiAs2 
occurred along the p1P2 curve, while the eutectic 
process L → SnAs + SiAs2 proceeded along the Р1P2 
curve. Curves e1P1, Р1P2, and p1P2 limited the field 
of primary crystallisation of silicon diarsenide. 
The peritectic point P2 corresponded to the 
invariant equilibrium L + SiAs2 ↔ SnAs + SiAs.

Further processes were different for the 
two schemes. First, we will consider the option 
presented in Fig. 3a. Point P3 corresponded to the 
four-phase equilibrium with the participation of 
the melt and solid phases SnAs + SiAs + Sn4As3, 
and it was also peritectic, as it was located 
outside the triangle connecting the compositions 
of solid phases coexisting in equilibrium. The 
L →  SiAs  +  SnAs process proceeded along the 
Р2P3 curve. The p2P3 curve separated the primary 
crystallisation fields of SnAs and Sn4As3.

The Р3P4 curve separated the primary 
crystallisation fields of the Sn4As3 and SiAs phases. 
The eutectic process L → SiAs + Si proceeded along 
the e2P4 line and along the P4Е line: L → Sn4As3 + Si. 
Point P4 corresponds to the peritectic process L + 
SiAs → Sn4As3+Si. Point E was located inside the 
triangle of solid phases and corresponded to the 
eutectic equilibrium L → Sn4As3 + Si + Sn. It was 
degenerate, as the eutectics е4 and е5 in binary 
systems were degenerate.

In the second scheme (Fig. 3b), point P5 
corresponded to the non-variant peritectic process 
L + SiAs → SnAs+Si, while point P6 corresponded 

to the peritectic process L + SnAs → Sn4As3 + Si. 
The processes similar to the first scheme occurred 
with a further decrease of temperature (Fig. 3a).

We will consider a possible sequence of 
crystallisation processes for the (SnAs)0.8Si0.2 alloy 
in accordance with the first scheme. The figurative 
point of the melt was located in the field of primary 
crystallisation of SiAs. Once silicon monoarsenide 
crystals were separated from the melt, secondary 
crystallisation occurred along the Р3P4 curve, and 
the crystallisation process was completed at point 
P4: L + SiAs → Sn4As3 + Si. According to the second 
scheme (Fig. 3b), the (SnAs)0.8Si0.2 composition 
was in the field of primary silicon crystallisation, 
and once silicon was separated, the process 
occurred along the е2Р5 line and completed with 
the peritectic process L + SiAs → SnAs + Si.

Clear intense peaks of silicon and Sn4As3 
were observed on the diffraction pattern of the 
(SnAs)0.8Si0.2, while peaks of tin monoarsenide 
were absent (Fig. 2c). Similar diffraction patterns 
were also obtained for samples of the SnAs–
Si cross section that were richer in silicon, and 
only the intensity of the peaks changed. This 
allowed stating that the correct scheme is the 
one presented in Figs. 1a and 3a, according to 
which the subsolidus phase separation was 
performed by the SnAs–SiAs2, SnAs–SiAs, 
Sn4As3–SiAs, and Sn4As3–Si. sections. The lattice 
parameter of silicon present in the alloys of the 
section varied within the range of experimental 
error and without any patterns. The calculated 
parameters of the rhombohedral lattice of Sn4As3 
in a hexagonal device (Table 3) also did not allow 

Table 2. Lattice parameters of silicon monoarsenide present in the alloys of the SnAs–SiAs section

PDF2 data Composition of the alloys, mol f., SiAs
SiAs 0.2 0.3 0.4 0.6 0.8

a, Å 15.97 15.979 15.980 15.976 15.977 15.979
b, Å 3.668 3.670 3.672 3.669 3.667 3.666
c, Å 9.529 9.520 9.526 9.527 9.526 9.526
b° 106.0 106.1 106.1 106.0 106.0 106.0

Table 3. Lattice parameters of the Sn4As3 phase present in the alloys of the SnAs–Si section

PDF2 data Composition of the alloys, mol f., Si

Sn4As3 0.1 0.2 0.3 0.4 0.6 0.8

а, Å 4.089(1) 4.088 4.086 4.086 4.090 4.078 4.088
с, Å 36.059(6) 36.081 36.0174 36.006 36.140 36.120 36.119
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drawing a conclusion that a solid solution of 
any significant range was formed based on this 
compound.

We also studied several alloys of the SiAs–Sn 
polythermal section which did not participate 
in the subsolidus phase separation. This section 
crossed the Sn4As3–Si cross section, therefore the 
alloys with low and high tin content participated 
in different equilibria. X-ray phase analysis 
showed the presence of Sn4As3, Si, and SiAs phases 
in the (SiAs)0.8Sn0.2alloy (Fig. 4a), and Sn4As3, Si, 
and Sn phases in the (SiAs)0.4Sn0.6 alloy (Fig. 4b). 
This indicated that the process of crystallisation 
of the first alloy ended at point P4, while the 
crystallisation of the second alloy ended at 
point E (Fig. 3a).

3.2.	Results of differential thermal analysis of 
alloys. Determining the temperatures of four-phase 
transformations

In this work, differential thermal analysis was 
performed primarily to determine the temperature 
of four-phase equilibrium. It was impossible to 
plot Т-х diagrams of polythermal cross sections 
and the projection of the liquidus surface of the 
ternary system using experimental data only, as the 
maximum heating temperature (1273 K) was limited 
both by the technical properties of the furnace and 
by the risk of depressurisation of Stepanov’s quartz 
ampoules at high temperatures and arsenic vapour 
pressure. Therefore, liquidus was not achieved for 
all samples in the course of DTA.

Figure 5 shows thermograms of some 
alloys selected so that the temperature of the 

b
Fig. 4. X-ray powder diffraction patterns of the Si–Sn–As system: а – (SiAs)0.8Sn0.2; b – (SiAs)0.4Sn0.6. Phase 
symbols: ■ – Si, * – Sn, □ – SiAs, ▲ – Sn4As3

a
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c
Fig. 5. Thermograms of alloys: а – (SnAs)0.8(SiAs2)0.2; b - (SnAs)0.4(SiAs)0.6; c - (SnAs)0.9Si0.1; d - (SiAs)0.9Sn0.1; e - 
(SiAs)0.4Sn0.6

b

a
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beginning of the first effect on the heating curve 
corresponded to the temperature of a certain 
four-phase invariant equilibrium. For instance, 
the crystallisation process ended at point P1 
for samples of the SnAs–SiAs2 section, whose 
compositions were located to the left of the 
intersection point of this section with the р1Р2 
curve (Fig. 3a), On the thermogram of the alloy 
containing 20 mol. % silicon diarsenide, the 
temperature of the beginning of the first effect 
was 850±1 K (Fig. 5a), and this temperature 

corresponded to the four-phase process 
L + As ↔ SnAs+SiAs2. 

As for compositions located to the right of the 
intersection point of the SnAs–SiAs2 section and 
the р1Р2 curve, as well as for all alloys of the SnAs–
SiAs section, crystallisation was completed at 
point Р2 with the process L + SiAs2 ↔ SnAs + SiAs. 
For these alloys, we recorded the temperature 
of the beginning of the first endoeffect at 
847±1 K (Fig. 5b shows the thermogram of the 
(SnAs)0.4(SiAs)0.6 sample).

e
End of fig. 5

d
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We determined the temperature of the 
L + SnAs ↔ SiAs + Sn4As3 (p. Р3) peritectic process 
by thermography of (SnAs)0.9Si0.1 alloy. It was 
845±1 К (Fig. 5c). 

The temperature of peritectic transformation 
L + SiAs → Sn4As3 + Si (p. Р4) could be determined 
in the course of a thermographic study of the 
alloys that are rich in silicon of the SnAs–
Si section, as well as of the alloys of the Sn–
SiAs section with a high content of silicon 
monoarsenide. Fig. 5d presents a thermogram 
of the (SiAs)0.9Sn0.1 sample, and the determined 
temperature of the beginning of the first 
endoeffect was 840±1 К.

The crystallisation of the alloys of the Sn–SiAs 
section with a high content of tin ended at p. E 
(Fig. 3a) The temperature of the corresponding 
eutectic process L →  Sn4As3  +  Si  +  Sn was 
determined according to the DTA results of the 
(SiAs)0.4Sn0.6 alloy, and it amounted to 503±1 K 
(Fig. 5e), which is slightly lower than the 
temperature of tin melting.

4. Conclusions
We used X-ray diffraction analysis and 

differential thermal analysis to study the phase 
relations in the Si–Sn–As ternary system. It 
was established that the phase subsolidus 
demarcation was performed by the SnAs–SiAs2, 
SnAs–SiAs, Sn4As3–SiAs, and Sn4As3–Si sections. 
Taking into account the theoretical analysis and 
XRD results, we suggested a scheme of phase 
equilibria in the system that presupposed the 
existence of one eutectic and four peritectic 
invariant equilibria with the participation of a 
melt and three solid phases. Differential thermal 
analysis allowed identifying the temperatures at 
which these four-phase equilibrium occurred: 
L + As ↔ SnAs + SiAs2 (850±1 К); L + SiAs2 ↔ SnAs 
+ SiAs (847±1 К); L  +  SnAs ↔  SiAs + Sn4As3 
(845±1 К); L  +  SiAs →  Sn4As3 +  Si (840±1 К); 
L →  Sn4As3 +  Si  +  Sn (503±1 К). According to 
the X-ray diffraction analysis, the solid phase 
solubility along the studied sections was very 
small, and a solid replacement solution with a 
range of at least 3 mol % was formed only based 
on tin monoarsenide along the SnAs–SiAs 
section. Further examination of the Si–Sn–As 
system presupposes a more detailed study of this 
issue as well as a construction of Т-х diagrams 

of polythermal sections and projections of 
isotherms of the liquidus surface of the ternary 
system.
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