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Abstract

2D materials are becoming increasingly attractive for use in modern electronic devices due to new properties that can arise
from reduced dimensionality and the quantum confinement of charge carriers. Many studies are aimed at the search for
materials characterized by a layered structure, which allows obtaining chemically stable atomic layers without surface
broken bonds. Binary compounds of elements of IV (Si, Ge, Sn) and V (P, As) groups form layered structures in which two-
dimensional layers with covalent bonds are bound by weak van der Waals forces, and from this point of view they can be
considered as being promising 2D materials. However, it should be noted, that obtaining crystals of compounds of this class
is associated with significant difficulties due to the high vapor pressure of phosphorus. Attempts have been made to obtain
the GeP samples from tin melt solutions, which can significantly soften the synthesis conditions. The study of phase
equilibria and the construction of a phase diagram of the Ge—P-Sn ternary system would allow approaching the production
of both bulk and two-dimensional samples of germanium phosphide, as well as determining the possibility of alloying them
with tin.

In this study, based on the investigation of several alloys of the Ge—P—Sn ternary system using the X-ray phase analysis,
it was established that the phase subsolidus separation of the state diagram is carried out by the Sn P_-Ge, Sn,P.~-GeP,
Sn,P,-GeP and SnP_-GeP sections. The composition of the alloys corresponded to the figurative points of the intersecting
sections. A scheme of phase equilibria in the Ge-P-Sn system was proposed. This scheme assumes the existence of a
nonvariant peritectic equilibrium L+Ge < Sn,P.+GeP and eutectic processes L <> Ge+Sn+Sn P, and L <> Sn P,+GeP+SnP,.

The study of alloys using the differential thermal analysis method allowed determining the temperatures of these processes,
equal to 795 K, 504 K, and 790 K, respectively. The T-x diagram of the Sn—GeP polythermal cross section, which experimentally
confirms the proposed scheme, was constructed.

Keywords: Phase diagrams, Germanium phosphide, Tin phosphides, Ge-P—Sn system, Subsolidus phase separation

Acknowledgements: X-ray powder diffraction studies were performed using the equipment of the VSU Centre for Collective
Use of Scientific Equipment.

For citation: Semenova G. V., Sushkova T. P., Golentsova A. N. Phase subsolidus separation of the Ge—P-Sn ternary system.
Condensed Matter and Interphases. 2024;26(4): 745-754. https://doi.org/10.17308/kemf.2024.26/12450

JIna yumupoeanus: Cemenosa I. B., Cymkosa T. IT., TonenioBa A. H. ®a3oBoe cybconmaycHOe pasrpaHUYeHNe CUCTEMbI
Ge—-P-Sn. KoxdeHcuposanHbsie cpedsvl u mexcasuvie eparnuyst. 2024;26(4): 745-754. https://doi.org/10.17308/
kemf.2024.26/12450

< Galina V. Semenova, e-mail: semen157@chem.vsu.ru
© Semenova G. V., Sushkova T. P., Golentsova A. N., 2024

The content is available under Creative Commons Attribution 4.0 License.

745



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl M MexdasHblie rpaHuLbl

G.V.Semenova et al.

1. Introduction

The AVBY compounds have been known for
a long time and have been quite well studied
[1, 2]. However, their wide application was
extremely limited due to the complex conditions
of their synthesis. Recently, interest in these
compounds has significantly increased due to the
possibility of obtaining 2D materials based on
them. Along with research into graphene, black
phosphorus, and arsenic subgroup elements [3—
9], an active search for binary compounds that
can be used as 2D materials is being carried out.
AVBY compounds are characterized by a layered
structure with unequal bonds, which allow to
obtain these phases in the form of atomically thin
layers [10—14]. GeP samples in the form of two-
dimensional layers were obtained in [10], however,
the harsh synthesis conditions significantly
limit widespread use of this material, therefore
attempts to obtain this phase from a melt solution
in tin are being made. The authors [10] believed
that the addition of a low-melting component
such as tin, should soften the conditions for the
production of germanium phosphide, lowering
the synthesis temperature and the vapor pressure
of phosphorus in the system. However, in addition
to germanium phosphide, the presence of tin
phosphide was detected in the samples. In order
to predict the composition of the obtained
samples, it is necessary to know the nature of the
phase diagram of the ternary Ge-P-Sn system.
The process, as well as the optimal conditions
for obtaining materials with the required
composition and the characteristics can be
selected based on the nature of phase equilibria.

At the same time, information about the phase
diagram in the literature is very limited. The
following circumstances make the analysis of the
Ge-P-Sn ternary system quite difficult. If the Ge-
Snbinary systemis characterized by a eutectic type
of phase diagram [15], then in the other two Ge-P
and Sn-P binary systems there are intermediate
phases. The Ge-P system has been studied quite
well; germanium monophosphide GeP is the only
compound and melts by a peritectic reaction at
a temperature of 998 K and a pressure of about
4.6 MPa [16]. The nature of the equilibria in the
Sn-P binary system has not yet been definitively
established, especially in the region of high
phosphorus content. The system contains three
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intermediate phases with a similar rhombohedral
structure and space group R3m: Sn,P,, Sn,P, and
SnP, [17]. There is also information about the
existence of high-pressure phases, in particular,
SnP with tetragonal and cubic structures [18].
The existence of tin monophosphide at normal
pressures was first reported in [19], and P321,
P3m1,R3m1 were indicated as the possible space
groups. On the other hand, in a metallographic
study of the Sn—-P system for an equimolar
composition Vivian [20] demonstrated a eutectic
mixture of Sn,P_and Sn,P,. The author [21] thinks
that the contradictory results may be related to
the metastability of the SnP phase.

The authors of this study previously [22]
detected the SnP phase using X-ray phase
analysis (XRD) and X-ray electron microscopy
in alloys with equimolar composition, but after
prolonged annealing the phase decomposed. A
conclusion about the fairly high kinetic stability
of SnP below 773 K was made, but the question
of thermodynamic stability remained open. In
[23], the phase composition of samples obtained
for establishing equilibrium between tin and
phosphorus at given values of temperature and
phosphorus vapor pressure was determined.
Moreover, the tin monophosphide phase was not
recorded under any conditions, which may also
indicate the metastability of this phase.

In [24,25], based on the study of samples
of the Sn-P system using differential thermal
analysis (DTA), X-ray phase analysis and local
X-ray structural microanalysis, the existence of
a eutectic equilibrium L < Sn,P, + SnP, at 824 K
was established. The Sn,P, intermediate phase
was formed in the solid state according to the
peritectoid scheme at a temperature of less than
673 K. The coordinates of the points of four-phase
equilibrium were established by studying the
temperature dependence of the saturated vapor
pressure using the optical-tensimetric method:
synthetic equilibrium (Sn,P, + V + L + L) was
realized at 836 K and 0.6 atm; the eutectic
equilibrium point (L + V + Sn P, + SnP,) existed
at 820K and 2.8 atm. However, the SnP phase was
not detected, which confirms the version about
its metastability. Tin triphosphide, according to
[20], decomposes into two liquids of different
compositions, but the temperature of this
synthetic equilibrium has not been established.
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In [26], we studied the alloys of the Ge-Sn,P,
polythermal secttion of Ge-P—Sn ternary system
using differential thermal and X-ray phase
analysis methods. The samples were shown
to be a heterogeneous mixture of two phases:
germanium and tin phosphide with a Sn P,
composition. Neither tin lines nor germanium
phosphide reflexes were detected on X-ray
diffraction patterns. Two endothermic effects,
with the low-temperature effect occurring at
the same temperature (800 K) were revealed on
the thermograms of the samples. Thus, it was
concluded that this section is partially quasi-
binary (due to the synthetic transformation in the
tin-phosphorus system, since the stratification of
the liquid phase characteristic of a binary system
can affect the nature of the liquidus surface of
the ternary diagram in general, and, in particular,
on the appearance of the considered section).
However, in the study [26], when considering the
division of the diagram into partial systems below
the solidus, the appearance of the Sn.P, by the
peritectoid reaction was not taken into account,
which requires additional experimental research.

The aim of this study was the identification of
the nature of the phase subsolidus separation and
the presentation of a possible scheme of phase
equilibria in the Ge-P-Sn ternary system.

2. Experimental

The samples were obtained using a single-
zone furnace SNOL 4/1100 ALSCO1220. The
synthesis was carried out in quartz ampoules,
which were pre-graphitized to prevent any
possible interaction of the phosphorus with
the walls of the ampoule. The OSCH-9-5 red
phosphorus, OVCH-000 tin, and polycrystalline
zone-purified germanium GOST 16154-80 were
used to obtain the samples. The weighing was
performed on AR2140 scales with an error of = 1
10-% g. The ampoules with the weighed portions
of the starting substances were evacuated to a
residual pressure of 5-10-% Pa and sealed.

The furnace heating mode was as follows:
heating for 1 h to 693 K, then holding for two h
at the specified temperature, and then heating for
7 hto 1233 K and holding for 1.5 h. The samples
were then annealed for 150 h at a temperature
below the expected solidus. The annealing
temperature was selected based on the nature of
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equilibria in binary systems. For majority of the
studied alloys it was 623 K.

The samples were studied using differential
thermal analysis (DTA) in a programmable
furnace heating system at a heating rate of 3.5
K/min, using calcined aluminum oxide as a
standard. The samples and standards were kept
in Stepanov quartz evacuated vessels. The signal
from the chromel-alumel thermocouples was
digitized and processed using the “MasterSCADA”
computer program.

The X-ray diffraction was performed using
an ARL X’TRA diffractometer with Bragg-
Brentano ©-0 focusing geometry; the source of
radiation was an X-ray tube with a copper anode:
MCu-Koal) =0.1541 nm; A(Cu-Ko2) =0.1544 nm; a
step size of 0.04° and a counting time of 3 seconds.
The diffraction patterns were interpreted using
the ICDD PDF2 database.

3. Results and discussion

It should be noted that all binary compounds
in the analyzed system do not melt congruently,
as is assumed in the classical version of singular
triangulation. Thus, germanium phosphide
melts by a peritectic reaction [16], Sn P, and
SnP, decompose into two liquids of different
composition (synthetic equilibrium) [20], and
Sn.P, is formed in the solid state according to
the peritectoid scheme [24, 25]. Therefore, only
phase subsolidus separation is characteristic of
the studied triple system [27].

Possible variants for separation in the Ge—P-
Sn ternary system are shown in Fig. 1. The
position of the secant cuts may vary, therefore
experimental research is required for the
determination of the correct separation pattern
in the solid state.

To determine the subsolidus separation
scheme of the phase diagram, alloys with
compositions corresponding to the intersection
points of the sections (Fig. 2) were prepared, and
their phase analysis was carried out.

The Ge P, .,Sn, ,,(No. 1)sample corresponds
to the intersection of Sn,P,-Ge and Sn-GeP
sections. As shown in [26], it is a heterophase
mixture of germanium and tin phosphide Sn,P,,
which confirms the conclusions presented earlier.
The Sn,P.-Ge section separates the secondary
Sn,P.-Ge-Sn system, in which L<Sn P +Ge+Sn
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P

Fig. 1. Possible separation schemes in the Ge—P-Sn ternary system

Fig. 2. Alloy compositions corresponding to the inter-
section of sections in the Ge-P—-Sn system

equilibrium will be realized. This suggests
that the diagram partitioning presented in
Fig. 1a is incorrect. This conclusion was also
confirmed by the results of X-ray phase analysis
of Ge . Sn P, . (No.2)and Ge , Sn, P, ,, (No.3)
alloys, the diffraction patterns of which are shown
in Fig. 3a,b. The alloys did not contain a tin-based
phase, and the samples were a mixture of three
phases: germanium, germanium phosphide, and
Sn,P.. Since the figurative points of these alloys
are the intersection points of the Sn.P,-Ge and
SnP.-Ge sections with the Sn—GeP section, it can
be concluded that the indicated cuts will not be
secant cuts as the presence of neither Sn.P, nor
SnP, were recorded in the samples.

748

From this point of view, out of the variants
of the diagram division presented in Fig. 1, the
correct variant is 1c. In this case, the compositions
of the Ge . Sn ,P . (No. 2) and Ge ,Sn P ,,
(No. 3) samples belong to the triangle formed
by the figurative points of the germanium,
germanium phosphide and Sn,P, phases, which
also indicates that the Sn P.-Ge and Sn,P,.-GeP
sections are secant sections below the solidus.

If the division of the state diagram of the
considered system is performed by the Sn P -
GeP section, then for Ge, .Sn . P ,. (No.4) and
Ge,,Sn,, P, ,, (No.5) alloys we should observe the
coexistence of two phases, germanium phosphide
and Sn P.. This is demonstrated by the diffraction
pattern of the Ge, .Sn . P . (No. 4) sample,
shown in Fig. 3c. The diffraction pattern of the
Ge,,,Sn, P, .. (No.6) alloy, the figurative point of
which represents the intersection of two sections:
SnP.-Ge and Sn,P,—GeP is shown in Fig. 3d. In
the sample, GeP and Sn.P, are the main phases.

Summarizing all the results obtained by the
X-ray phase analysis, we can propose a scheme
of phase subsolidus separation in the Ge-P-
Sn system, performed by Sn,P.-Ge, Sn P .~GeP,
Sn.P,-GeP, and SnP,-GeP sections.

Alloys of the Ge—P-Sn system were also studied
using differential thermal analysis. Since the

samples belong to different polythermal sections,
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information can only be obtained by comparing
the lowest temperature effects on the heating
curves. Such effects correspond to invariant
equilibria involving a melt and three crystalline
phases. At the same time, even lower temperature
transformations in the solid state are possible
(with the participation of Sn.P,), but they are
usually rarely recorded by the DTA method. The
temperatures of the onset of the first effects for the
studied alloys are shown in Table, and thermograms
of Ge,, Sn, P ,, (No.3)and Ge,,Sn, P, .. (No.6)
samples are shown as the example in Fig. 4.
Alloys of the compositions Ge . Sn ,P, ..
(No.2)andGe,, Sn, P, (No.3)are characterized
by the same temperature of the onset of the
first effect (795*1 K). Because their figurative
points belong to the Ge-GeP-Sn P, triangle, it
can be stated that at this temperature a four-
phase invariant process is carried out in the

i
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system with the participation of the melt and
these three solid phases. Germanium phosphide
is formed according to the peritectic scheme,
then in the ternary system the L + Ge <« GeP
monovariant process should occur, and the four-
phase transformation should also be peritectic.
Accordingly, the following diagram of phase
equilibria in the germanium - phosphorus - tin
system can be proposed (Fig. 5).

The pU, line corresponds to the L+ Ge <> GeP
monovariant process and along the e U, curve
the L <> Ge + Sn P, process takes place, which is
also monovariant. At the U, point, a four-phase
L+ Ge < GeP + Sn P, transformation takes place.

The triangle formed by the figurative points
of tin, germanium and tin phosphide Sn P, also
has a four-phase transformation point (E,), at a
temperature probably very close to the melting
point of tin:

Table. Temperatures of the onset of the first effect for alloys of the Ge-P-Sn system

Alloy composition T,K Alloy composition T,K
NQ 1 GeO.ZOPO.SOSDOAO 800 * 1 NQ 4 Ge0.17P0.4SSnO.35 794 * 1
NQ 2 Ge0.36p0.3ésn0.28 795 * 1 Ng 5 Ge0.35P0.49Sn0.16 795 * 1
Ne3 Ge,, P, S0, . 796 £ 1 Ne 6 Ge,,,P, S0, 789 £1
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Fig. 4. Thermograms of alloys of the Ge—-P-Sn system.:. "a -Ge, , P

Fig. 5. Scheme of phase equilibria in the Ge-P-Sn
system and crystallization processes of the alloy of the
Sn-GeP cross section

eE L < Sn+S8nP,
e.E L & Sn+ Ge

ek, L« Ge+8npP,

E, L < Ge+Sn +Sn P

It should be noted that the phase diagram of
the Sn, P_—Ge section constructed in [21] based
on differential thermal analysis data is a eutectic
type diagram with coordinates of the eutectic

750

Snm;b - Ge, P

0.29 O.SSSnO.IS

0.417 0.44

point e, 800 K, 15 mol. % Ge. Thus, in e, point,
the L < Ge + Sn P, process is non-variant, carried
out at constant temperature and composition of
the melt.

Since the thermogram of the Geg,,Sn, P, ..
(No. 6) sample, shown in Fig. 5c, demonstrates a
lower temperature than the other alloys, it can be
assumed that the crystallization of this alloy ends
at the point of four-phase equilibrium, located
inside the triangle formed by the figurative
points of the solid phases: SnP,, SnP,, and GeP.

4" 3
Accordingly, the following processes occur:

UE, |L« SnpP,+GeP
ek, L < SnP, +Sn P,
L < SnP, + SnP, +GeP
The processes occurring in areas with high
phosphorus content and characterized by high
saturated vapor pressure require additional
research. Nevertheless, based on the data
presented in this study, it can be concluded that
in the Ge-P-Sn ternary system, the invariant
peritectic equilibrium L + Ge <> Sn P_+ GeP and
the eutectic process L <> Sn, P, + GeP + SnP, are
realized.

2
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This diagram does not contradict the T-x
diagram of the Sn—GeP polythermal section (Fig. 6),
constructed in this work. The investigation of this
section was interesting from a practical point of
view to explain the possibility of using tin as a
solvent, which was proposed by the authors [10].

For alloys with a tin content of more than
40 mol. % , lines of germanium, tin, and tin
phosphide of the Sn P, composition were recorded
on the diffraction patterns. The X-ray diffraction
data for the Ge,, P ,,Sn ., sample are shown as
an example in Fig. 7a. In the thermograms of
samples in this concentration range, the first
endothermic effect is realized at a temperature
close to the melt point of tin (Fig. 8a). This
confirms the presence of a four-phase equilibrium
L < Ge +Sn + Sn P, (E, point), and since double
eutectics in binary systems are degenerate, then
the E, point of the triple eutectic also exists in the
region of very high tin concentrations.

With a lower tin content in alloys, GeP lines
appeared in alloys along with Ge and Sn,P,
reflexes, which can be seen in the spectrum
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Fig. 7. Diffraction patterns of samples of the Sn—GeP polythermal cross section: a—-Ge_.P .Sn
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Fig. 8. Thermograms of alloys of the Ge—-P-Sn system: a -Ge, P

shown in Fig. 7b. The alloy, corresponding to
the intersection of the studied section with the
Sn,P.-Ge section, was a two-phase mixture of
germanium and tin phosphide, which confirms
the partially quasi-binary nature of the Sn P.-Ge
section. A study of alloys with a tin content of less
than 40 mol. % by differential thermal analysis
showed that the lowest endothermic effect in
temperature was recorded at a temperature of
795 K. When cooling samples whose composition
lies in the ab range, after the primary precipitation
of germanium L < Ge, the melting point falls
on the curve of the monovariant equilibrium
e6Ul. For alloys with even lower tin content
(bc segment) after the primary crystallization
follows the L + Ge <> GeP secondary process (the
pU, monovariant equilibrium line). However,
after, in any case, for all alloys a four-phase
process L + Ge <> GeP + Sn P, occurred, which
corresponded to a temperature of 795 K. This
is demonstrated by the thermogram of the
Ge,..P,..Sn . alloy shown in Fig. 8b.

0.35 0.35
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4. Conclusions

Based on the study of a number of alloys of
the Ge-P-Sn ternary system using the X-ray
phase analysis method, it was established that the
phase subsolidus separation of the state diagram
is performed by the Sn,P,.-Ge, Sn P.~GeP, Sn,P,-
GeP and SnP,-GeP sections. Taking into account
the type of phase diagrams of binary systems
and the established phase partition of the state
diagram of a ternary system, a scheme of phase
equilibria in the Ge-P-Sn system was proposed,
which assumes the existence of a nonvariant
peritectic equilibrium L + Ge < SnP, + GeP
and the eutectic processes L <> Ge + Sn + Sn P,
and L < Sn P_+ GeP + SnP.. The study of alloys
using the DTA method allowed determining
the temperatures of these processes, equal to
795 K, 504 K, and 790 K, respectively. The T-x
diagram of the Sn—GeP polythermal cross section,
experimentally confirming the proposed scheme,
was constructed.
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