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ABSTRACT: The compression effects on the thermoelastic and thermodynamic properties of cubic zincblende silicon-
tin alloy (SiSn) were explored using a multi-methodological approach, deploying data mining methods, theoretical
equation-of-state parameters, and the Quasi-Harmonic Debye Model. We analyze the relative volume, isothermal bulk
modulus, thermal expansion coefficient, Debye temperature, sound velocity, and microhardness of the SiSn compound
under pressures up to 8 GPa. The study commences with the data mining-based searches for a structural model
and continues with an analysis of the pressure dependence of the relative volume using the Vinet equation of state,
followed by an investigation of the bulk modulus and other related thermoelastic properties. Moreover, the variation of
microhardness with temperature is predicted, demonstrating a patent progressive decline as the temperature rises from
0to 800 K. The thermodynamic properties of the SiSn compound have been explored using the quasi-harmonic Debye
model in temperatures ranging from 0 to 800 K and pressures ranging from 0 to 8 GPa, respectively. In addition to the
information not found in the literature and offered by this study, our work also establishes a simplified model that can
predict the evolution of microhardness as a function of temperature, firstly for the SiSn compound, and perhaps can
extend to group-IV semiconductors.
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1 Introduction

Group-IV semiconducting alloys possess immense potential for next-generation Si-based electronic
and photonic device applications [1]. To investigate the thermodynamic properties, structural parameters,
and elastic constants of cubic zinc-blende SiSn, Zhang et al. [1] employed first-principles calculations based
on density functional theory (DFT). In addition, using density functional perturbation theory (DFPT),
they attempted to accurately scrutinise the influence of high pressure on the dynamical properties (phonon
frequencies) of the ordered Sij 5Sny 5 alloy in the same phase.
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By applying the empirical pseudo-potential method (EPM), Amrane et al. [2] endeavored to explore the
electronic characteristics of SiSn and GeSn semiconducting materials, while Zaoui et al. [3] analyzed their
optical and electronic properties.

The presence of a band gap is one of the most typical properties of semiconductors [4]. For SiSn, the
indirect transition occurs at 0.91 eV, and for GeSn at 0.56 eV. The direct transition, on the other hand, appears
at 1.14 eV for SiSn and 0.063 eV for GeSn, respectively [3].

By integrating DFT with electron-phonon coupling theory, Huang et al. [5] demonstrated that silicon—
tin (SiSn) alloys exhibit remarkable thermoelectric performance at high temperatures. Moreover, Yalameha
and Nourbakhsh [6] investigated the effects of germanium (Ge) concentration and hydrostatic pressure
on the topological phase of SnSi;_Ge alloys through first-principle calculations. They concluded that all
SnSi;_xGey compositions are dynamically stable.

Using a plane-wave pseudopotential approach within the DFT framework, Elias [7] examined the
structural, elastic, electronic, optical, as well as thermodynamic properties of ordered SiGe, SiSn, and GeSn
alloys crystallizing in the zinc-blende structure. Likewise, Zhang et al. [8] drew upon DFT and DFPT
within the local density approximation (LDA) to analyse the structural stability, dynamical properties, elastic
constants, and thermodynamic behavior of SiGe, SiSn, and GeSn materials. They concluded, amongst other
things, that SiGe exhibits the highest structural stability among them.

A noteworthy experimental contribution was made by Tonkikh et al. [9]. They successfully synthesized
the zinc-blende phase of SnSin anocrystals by virtue of molecular beam epitaxy within a Si matrix,
subsequently confirmed by electron microscopy observations.

2 Theoretical Methods

The SiSn compound was investigated using a multi-methodological approach [10]. A multi-
methodological approach employs two or more distinct research methods (qualitative, quantitative, or
a combination) within one study or program to achieve a deeper understanding, offset the limitations
of individual methods, and enhance the strength of conclusions by examining a problem from various
perspectives. It frequently requires merging various approaches to grasp different aspects of a phenomenon,
yielding more profound insights than a single method could achieve alone, resulting in enhanced validation
and more comprehensive outcomes.

In this study, we have used three methods of investigation: Data Mining (DM), Equation of State (EOS),
and Quasi-Harmonic Debye Model (QHDM). For DM based searches, we have used the Web of Science
(WoS) database and Inorganic Crystal Structure Database (ICSD) [11,12]. To examine the behavior of the
thermoelastic properties of the SiSn material under hydrostatic pressure, we applied the third-order Vinet
equation of state (EOS) model [13,14]. Finally, the thermodynamic properties were computed using the
QHMD approach and the GIBBS code [15].

3 Results and Discussion
3.1 Data Mining-Based Searches for Qualitative Data

First, we have explored the WoS database searching for the SiSn compound. Recent theoretical and
experimental work has been found dealing with structural, elastic, and thermodynamic properties [1,8],
growth of SiSn alloys on Si or GeSn-buffered Si(100), SiSn semiconductors and heterostructures, com-
binatorial thin films, structural and optical characterization of SiSn alloys grown by molecular beam
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epitaxy, polycrystalline SiSn alloys grown on insulating layers, compositional dependence of the band-
gap of Ge-Si-Sn alloys, novel avalanche photodiode (APD) that utilizes the SiSn-on-Si, SiSn, and SiOC
composites [1,8,16-20].

In the next step, a data mining-based search of the ICSD Database was conducted based on similarities to
known crystallographic structures. The ICSD is the most complete database for inorganic crystal structures
(including minerals, metals, and alloys) with more than 300,000 structures [11,12]. This approach has been
effective in identifying additional structural modifications in a variety of chemical systems [21]. Consistent
with its previous successful applications, the well-established KDD (knowledge discovery in databases)
methodology, comprising selection, preprocessing, transformation, and evaluation, was employed [22-24].

As a result, we find a total of 321 crystal structures containing Si and Sn atoms. Most of those structures
come from experimental observations (205 inorganic structures), a great amount from experimental Metal-
Organic Framework (108 MOF structures), and only eight theoretical structures (Fig. 1). Out of these eight
theoretical structures, four of them contain additional Mg, Ca, O, and N atoms [25-28].
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Figure 1: Short diagram of the results of data mining-based searches in the ICSD database, finally resulting in 8
theoretical structure candidates containing Si and Sn atoms.

From the remaining four theoretical strcutures in the binary SiSn chemical system, only two modi-
fications were fond in the targeted SiSn compound: equilibrium cubic form, appearing in thezinc-blende
(B3) structure and crystallizing in the cubic F43m (no. 216) space group, with the Si atom in the 4a (0, 0,0)
and the Sn atom in the 4c (0.25, 0.25, 0.25) Wyckoff position (Fig. 2a) [1], and theoretical tetragonal model,
crystallizing in the P4/ncc (no. 130) space group (Fig. 2b) [29]. An additional two structures were found
theoretically in the Sig4Sn chemical system, appearing in the cubic P-43m (no. 215) and rhombohedral R3mR
(no. 160) space groups [30].

Figure 2: Visualization of SiSn modifications found after data mining in the ICSD: (a) equilibrium cubic form,
appearing in the zinc-blende (B3) structure and crystallizing in the F43m (no. 216) space group [1], (b) theoretical
tetragonal model, crystallizing in the P4/ncc (no. 130) space group [24]. Grey and blue spheres denote Sn and Si atoms,
respectively.
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Notably, there is a marked scarcity of published literature and documented crystal structures in major
databases regarding this system. This lack of foundational data underscores the necessity for further research
to enable robust data mining and machine-learning analysis. Consequently, this study represents a pioneer-
ing effort in the characterization of the SiSn system, establishing a framework for future investigations.

An analysis of the eight potential crystal structures within the ICSD database reveals that the majority
consist of non-stoichiometric or non-equilibrium phases. Conventionally, the cubic diamond phase—
specifically the cubic zinc-blende (B3) phase for binary compounds—represents the most prevalent and
thermodynamically stable equilibrium structure for Group-IV semiconductors. In the present study, we
focus primarily on the pressure dependence of the thermoelastic properties of the cubic zinc-blende (B3)
SiSn compound, utilizing equilibrium structural parameters reported in the literature [1]. Furthermore, we
predict the temperature dependence of microhardness using thermodynamic data also drawn from the same
source [1]. Our work also offers a simplified model that can predict the evolution of microhardness with
temperature. While this study focuses primarily on the SiSn compound, the findings may be extended to
other Group-IV semiconductors.

3.2 Pressure Dependence of the Relative Volume

In order to investigate structural properties and later derived mechanical properties under compression,
corresponding volumes of the zinc-blende type modification in the SiSn chemical system at pressures up to
8 GPa were analyzed. To examine the behavior of the structural parameters of the (B3) SiSn under hydrostatic
pressure, we applied the third-order Vinet equation of state (EOS) model [13]. This equation relates the
pressure p to the relative volume V/V through the following expression [13]:

1-x

P(V) =380 (=5 )expl (1-)] )

2
where, x = (V/Vo)l/a, andn =3(By-1) /2.
Hence, B, denotes the equilibrium bulk modulus, V refers to the volume of the unit cell at various

pressures, V; signifies the equilibrium volume, whereas By is the equilibrium pressure derivative of B.

Zhang et al. [1] maintain that the binary compound SiSn may crystallize in the zinc-blende lattice, as
demonstrated by the known material 3C-SiC. Based on the theoretical values of the lattice constant (ay =
5.81 A), the bulk modulus (B, = 72.47 GPa) and its pressure derivative (Bj = 4.40) [1], the variation of the
relative volume V/V,, with pressure for cubic zinc-blende SiSn material is listed in Table 1.

Table 1: Relative volume V/V) vs. pressure for SiSn material.

p (GPa) 0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
V/Vy 1.00 0.99 0.97 0.96 0.95 0.94 0.93 0.92 0.91

The relative volume of the SiSn material is observed to decrease steadily with increasing pressure up
to 8 GPa. It is known from the literature on other chemical systems that volume decreases with increasing
pressure and can even cause defects and phase transitions [31-34]. In the case of SiSn, as the pressure
rises from 0 to 8 GPa, the V/V| of SiSn decreases from 1 to 0.913. These results are essential for a deeper
understanding of the structural characteristics of the SiSn compound.
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3.3 Pressure Dependence of the Bulk Modulus

If one wants to investigate high pressure effect of inorganic material, it is of vital importance to
investigate the resistance to volume change under pressure, represented by the bulk modulus. The bulk
modulus B can be defined as the pressure p divided by the strain ¢ [35], or, in other words is defined
as the derivative of pressure p with respect to volume V' [36]. Within the framework of the third-order
Vinet equation of state (EoS) [13], the isothermal bulk modulus B can be evaluated under extreme pressure
conditions as follows [13,37]:

B(p) =Box*[2+ (n-1)x—nx*|exp{n(1-x)} (2)

hence, x = (V/V0)1/3, and 7 =3(By-1) /2.

The variations of B for SiSn vs. the pressure are listed in Table 2. As the pressure varied from 0 to
8 GPa, the bulk modulus of SiSn changed from 72.47 to 105.48 GPa. This is in agreement with other binary
compounds, e.g., cubic copper iodide [31] and BaTiO; compound [38], where the bulk modulus increases
with the increase of pressure.

Table 2: Bulk modulus vs. pressure for cubic (B3) SiSn material.

p (GPa) 0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
VIVy 72.5 76.8 81.1 85.3 89.5 93.5 975 101.5 105.5

3.4 Pressure Dependence of the Thermal Expansion Coefficient

Understanding the thermal expansion coefficient is indispensable for crystal growth, heterojunction
formation [39], and the design of semiconductor devices [40]. The thermal expansion behavior of the
SiSn compound under high pressure is examined under this heading. The volumetric thermal expansion
coefficient can be expressed as a function of pressure as follows [41,42]:

@ (p) = ag (B;(Op))_l ( Véf) )_1 3)

a9, By, and V| denote the equilibrium thermal expansion coefficient, the equilibrium bulk modulus,
and the equilibrium volume, respectively.

Eq. (4) can be derived by replacing the expression of Eq.(2) for the isothermal bulk modulus B
into Eq. (3), as shown below:

a(p)=apx 2+ (1 -1)x - nx*] exp{-n(1-x)} (4)

where x = (V/ Vo)l/ ’, 7 =3 (B —1) /2, and ay is the equilibrium thermal expansion coefficient.

With regard to the average value a7 = 0.5 x (4.3 +5.3) x 107® K™ = 4.8 x 107° K™! obtained from that
(4.3 x 107° K™!) for Si and that (5.3 x 107 K™!) for Sn, respectively [39]. The curve of the linear thermal
expansion coefficient ay, for SiSn material vs. the pressure p acquired in this work is plotted in Fig. 3. As the
pressure varied from 0 to 8 GPa, & of SiSn material changes from 4.8 to 3.61 x 107° K™,
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Figure 3: Linear thermal expansion coefficient a;, vs. pressure of cubic zinc-blende SiSn material.

3.5 Debye Temperature and the Sound Velocity
A simplified model that correlates the Debye temperature (6p) with the mass density (p) and the

Griineisen parameter (y) is expressed by the following equation [43-45]:

Op = 0po (p/po)” ®)

here, Op and p, denote the equilibrium Debye temperature and mass density, respectively. The Vashchenko-
Zubarev Griineisen parameter (y), the bulk modulus (B), and the pressure (p) are related through the
following expression [46]:

(30 3)

It is crucial to point out that B’ is the pressure derivative of the isothermal bulk modulus. It is given as
follows [47]:
x (1-17) +2nx?
1+ (gx+1) (1-x)

# -5 <(rx+2)] o)

where p is the pressure, x = (V/VO)I/S, and y=3(By-1)/2.

Considering the equilibrium theoretical value of the Debye temperature (6py = 3315 K) [1] and
substituting the expressions of Eqs. (2) and (7) into Eq. (6), followed by inserting the resulting relation
into Eq. (5), the pressure-dependent variation of the 6p for the SiSn crystal was determined, as depicted
in Fig. 4. The results indicate that the 6p of SiSn exhibits a monotonic increase with rising pressure. A
comparable qualitative trend of 0p variation has been documented for the SiSn compound [1], for the binary
compound calcium oxide (CaO) up to 65.2 GPa [44], for cubic gallium antimonide (GaSb) up to 6.2 GPa [45],
for OsB crystal up to 90 GPa [48], for the thermoelectric materials SrCuP and SrCuSb [49], and for several
other materials [50,51]. As the applied pressure increases from 0 to 8 GPa, the 6 of SiSn increases from 331.5
to 371.8 K.
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Figure 4: Debye temperature 0 vs. pressure for SiSn material.

To determine the average sound velocity (v,,) from the Debye temperature 6p, the following relation
can be employed:

Vm = kBGD/\3/ 67Tzh3N/V (8)

Herein h = h/2m, h refers to the Planck constant, ks is the Boltzmann constant, and N/V is used to
symbolize the concentration of atoms.

Table 3 lists the pressure dependence of the average sound velocity (v,,) for the SiSn crystal. It is evident
from the figure that v,, of SiSn increases nonlinearly with increasing pressure up to 8 GPa. A similar trend
has been reported for several materials, including the calcium oxide (CaO) compound [44], cubic anti-
ReOs-type CuzN material [52,53], orthorhombic Hg,GeO4 mineral material up to 10 GPa [54], and for
superconductor CuNNi; ternary material under pressureup to 20 GPa [55].

Table 3: Sound velocity v, vs. pressure p up to 8 GPa for SiSn crystal.

p (GPa) 0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
Vi (GPa) 3235 3280 3321 3360 3396 3430 3462 3492 3521

3.6 Pressure Dependence of the Microhardness

Several empirical formulas are commonly employed to estimate hardness from elastic constants. The
Vickers hardness, Hv, can be evaluated from the elastic moduli using the following expression [56,57]:

The k in the equation above designates the Pugh’s ratio (k = G/B).

Concerning the numerical values of the bulk modulus (B, = 72.5 GPa) and that of the shear modulus
(Go = 42.9 GPa) [1], the value of Hv, for the SiSn crystal is 7.25 GPa. Based on the evolution of the Debye
temperature 0p with both temperature and pressure, Zhang et al. [1] conclude that the SiSn crystal maintains
its hardness under elevated temperature and pressure conditions. Mukhanov et al. [58] undertakings have
been devoted to developing a simplified model describing the pressure dependence of hardness. The model
proposed by Mukhanov et al. [58] is expressed as follows: H(p) = C x B(p), where C = H(0)/B(0) [44,45].
Substituting the expression of Eq. (2) for the bulk modulus B into the previous expression to obtain Eq. (10)
as follows:
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H(p)=Hox[2+ (n-1)x - nx*]exp {n (1-x)} (10)

where x = (V/V0)1/3, n =3(Bj —1) /2, and Hj is the equilibrium hardness.

Upon replacing the value of Hy = 7.25 GPa in the previous equation, the pressure dependence of the
microhardness H for the SiSn is listed in Table 4. This reveals that the H of the SiSn increases gradually
alongside the rising pressure from 0 to 8 GPa. Similar qualitative behavior was reported for H for calcium
oxide material [44], gallium antimonide semiconductor [45], nano materials (CdTe, ZnTe) [59], InP;_,Sby
ternary alloys [60], and for both BP and BAs semiconductors [61].

Table 4: Microhardness H vs. pressure p up to 8 GPa for SiSn crystal.

p (GPa) 0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
H (GPa) 725 7.68 8.11 8.53 8.95 9.36 9.76 10.16 10.55

3.7 Temperature Dependence of the Microhardness

In a previous work, Mukhanov et al. [62] have discussed an interesting approach introducing the
Gibbs free energy of atomization to represent hardness-temperature dependence, which is applied to poly-
crystalline cubic zinc-blende boron nitride (c-BN) and monocrystalline diamond. Mukhanov et al. [58]
proposed a second model introducing both plasticity coefficient a and bulk modulus B to express the Vickers
hardness Hv as a function of temperature, which is given as:

«(T) B(T)
 (300) B(300)

Hy (T) = Hy (300) (11)

«(300) and a(T) above refer to the plasticity coeflicients at 300 K and at given temperature T,
respectively.

The influence of the temperature on plasticity (coefficient incorporated by the following empirical
equation) [58]:

a(T) = a(300) (1-e5F) (12)

where T, is the melting point.

Substituting the expression of Eq. (12) for a(T) into Eq. (11) in order to obtain Eq. (13) as follows:

Hy (T) = Hy (300) BI(S?)((L)) (1 - e*%%"‘) (13)

Moreover, the temperature dependence of the bulk modulus (Br) can be evaluated using the exponential
model proposed by Bioud et al. [63], as expressed by the following relation [63,64]:

B(T)=By—bTe ™/T (14)

Hence, By is the absolute zero-temperature bulk modulus, while b and T, are two parameters depending
on the compound under consideration.
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Substituting the expression of Eq. (14) for B(T) into Eq. (13) to obtain the simplified analytical model
expressed in Eq. (15) as follows:

Ty

b _To —21m
HV(T):HVO(l—B—OTe T)x(l—e3T) (15)

Considering the zero-pressure bulk modulus B(T) data reported by Zhang et al. [1], obtained using
the quasi-harmonic Debye model [14], the fitted parameters for the SiSn crystal are By = 70.2 GPa,
b=211x10"% GPa/K, and T, = 192.1 K.

For materials with cubic crystal structures, the melting temperature (T, in K) and the elastic constant
(C11, in GPa) are correlated according to the following relation [65]:

Tm = [553K + (5.91K/GPa) C;; (GPa)] + 300K (16)

Based on the numerical value of C;; = 118.5 GPa [1], the corresponding melting temperature (T},) for the
SiSn crystal is calculated to be 1253.34 + 300 K. To the best of our knowledge, no reported data are available
in the literature for the T, of SiSn in the cubic zinc-blende phase. By substituting all the aforementioned
parameters into the preceding equation (Eq. (16)), the temperature dependence of the microhardness (H)
for the SiSn is presented in Table 5 and illustrated in Fig. 5, respectively.

Table 5: Microhardness H vs. temperature T up to 800 K for SiSn crystal.

T (K) 0 200 400 600 800
H (GPa) 7.25 6.90 5.82 4.68 3.77

7.5
7.0
6.5
6.0
5.5
5.0
4.5
4.0 -
3.5

H (GPa)

0 100 200 300 400 500 600 700 800
Temperature (K)

Figure 5: Microhardness H vs. temperature for SiSn crystal.

One major advantage of the proposed approach is its simplicity for the evaluation of the hardness of the
SiSn compound, and it can extend to group-IV semiconductors. The results indicate that the microhardness
(H) of the SiSn crystal decreases progressively as the temperature rises from 0 to 800 K. Altough, the similar
qualitative behavior, which has been observed in other materials, including polycrystalline cubic boron
subnitride (c-BN) [58], B4C, SiC and AL, O;-based ceramics [58], single-crystal diamond [58], single-crystal
ReB, material [58], cubic zinc-blende SiC material from 0 to 1000 K [66], LaBg single crystal [67], YBg single
crystal [67], and for TiC single crystal [67]. Some differences have been noted on the trend of the curves H(T)
measured experimentally, such as the inflection points observed for LaBs, YBs and TiC single crystals [67].
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Above the inflection points, Chen et al. [67] found a high-accuracy in hardness measurement, and they
proposed straight lines for the fitting of the hardness as a function of temperature. Furthermore, Mukhanov
et al. [58] mentioned that the strong decrease of diamond hardness with temperature compared with other
materials, perhaps, is due to the lower thermal expansion of diamond.

The effect of temperature on the microhardness (H) of the SiSn crystal is found to be more pronounced
than that of pressure. Such pressure-temperature relations are also known in the literature on the TiNb alloys,
where theoretical data are confirmed with experimental results [68].

4 Thermodynamic Properties

The GIBBS code [15] has been used to complete the calculations of the thermodynamic properties. The
energy-volume (E-V) data inserted in the GIBBS code have been taken from Ref. [69]. The thermodynamic
properties of the SiSn compound have been studied using the quasi-harmonic Debye model at temperatures
ranging from 0 to 800 K and pressures ranging from 0 to 8 GPa, respectively. The variation of the Gibbs free
energy G as a function of pressure at various temperatures (0, 300, 600 and 800 K) for SiSn material was
illustrated in Fig. 6a, while the variation of G as a function of temperature T at different pressures (0, 2, 4, 6,
and 8 GPa) was shown in Fig. 6b, respectively.

-19600 -19600 |- b
—a—T=0K /2/4 P=8GPa (b)
~-A--T=300K oA =

19650 & 1-500K | () AT 9650 YTV TV IV vy—y

= *- T=800 K e _ —v—P=6GPa M o SN
g -19700 - i G 19700 B
< / £ 3 E P=4
3 ¥ o £
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o AT -SR] s S S
- = 00—
198001 2 ¢ - O 19800 |_—*—P=2GPa ey,
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-19850 - .* -19850 { _m— P =0 GPa \'\l\-\.\_
= \l\.
L —
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Figure 6: Relationships between Gibbs free energy G and pressure at various temperatures (a) and between G and
temperature under different pressures (b) for SiSn.

It can be seen from Fig. 6a,b that the Gibbs free energy G of SiSn semiconducting material increases
monotonically with increasing pressure, and inversely it decreases with increasing temperature. The decrease
asa function of the increase of temperature is also observed for the Helmholtz free energy in similar group-IV
alloys (SiGe, SiSn, and GeSn) [8].

Pressure and temperature dependencies of the unit cell volume V for SiSn semiconducting material are
presented in Fig. 7a,b, respectively. Notice that V decreases with increasing pressure at all temperatures of
interest. At temperatures of 0, 300, 600, and 800 K, the fits of our data regarding the volume V (in A3) for
SiSn obey the following quadratic expressions, respectively:

V =51.68 — 0.69p +1.94 x 1072 p? (17a)

V =52.38 - 0.78p + 2.43 x 10 % p* (17b)
P p

V =53.67 - 0.95p + 3.44 x 10~%p? (17¢)
p p

V =54.79 - 1.13p + 4.66 x 1072 p* (17d)

where the pressure is expressed in GPa.
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Figure 7: Plot between unit cell volume and pressure at various temperatures (a) and between unit cell volume and
temperature at various pressures (b) for SiSn.

At various pressures (0, 2, 4, 6, and 8 GPa), the best fits of our data regarding the unit cell volume
V (in A%) for SiSn as a function of temperature (in K) obey the following quadratic expressions, respectively:

V =51.63+1.69x 107> T + 2.96 x 10 °T? (18a)
V =50.29+1.49 x107° T + 1.86 x 107 T? (18b)
V =49.17+1.28 x10 > T +1.36 x 10° T? (18¢)
V =4819+1.11x107° T +1.09 x 10° T? (18d)
V =4733+0.98x10> T +0.93 x 107 T? (18e)

The variation in the bulk modulus By as a function of pressure and temperature for SiSn semiconducting
material is presented in Fig. 8a,b, respectively. It can be seen from these two figures that the bulk modulus
By of SiSn increases monotonically with increasing pressure from 0 to 8 GPa, and inversely, it decreases with
increasing temperature.
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Figure 8: Bulk modulus Byvis pressure at various temperatures (a) and plot between By and temperature at various
pressures (b) for SiSn.

The increasing of Br with increasing pressure and its decrease with increasing temperature were also
observed for the cubic zinc-blende SiSn compound [1]. At p = 0and T = 0 K, our calculation yielded a value
of Br = 70.53 GPa, which is in excellent agreement with the theoretical value (~71 GPa) reported by Zhang
et al. [1] and obtained from the same approach, while at p = 8 GPa and T = 0 K, our calculation yielded
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a value of By = 115.65 GPa, which is slightly higher than the theoretical value (~104.5 GPa) reported by
Zhang et al. [1].

At temperatures of 0, 300, 600, and 800 K, the fits of our data on By for SiSn obey the following quadratic
expressions, respectively:

Bt =70.56 +5.97p — 4.19 x 102 p? (19a)
p p

Br = 62.35+ 6.55p — 5.76 x 10”2 p> (19b)
P p

Br =50.26 +7.42p — 8.90 x 1072 p? (19¢)
1% p

Br = 40.69 + 8.27p —1.27 x 10~ p* (19d)

where both the bulk modulus Br and the pressure are expressed in GPa.

The variation in the Debye temperature 0, for SiSn semiconducting material as a function of pressure at
various temperatures and as a function of temperature at various pressures is presented in Fig. 9a,b, respec-
tively. It can be seen from these two figures that the Debye temperature 0p of SiSn increases monotonically
with increasing pressure from 0 to 8 GPa, and inversely it decreases with increasing temperature.
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Figure 9: Plot between Debye temperature 0y and pressure at various temperatures (a) and between 6p and
temperature at various pressures (b) for SiSn in cubic phase.

The increasing of 6p with increasing pressure and the decrease in the Debye temperature 0p with
increasing temperature were also observed for cubic zinc-blende SiSn binary compound [1], and for BaTiOs
compound [38]. At temperatures of 0, 300, 600, and 800 K, the fits of our data on 6p for SiSn obey the
following quadratic expressions, respectively:

0p = 332.41 +13.00p — 2.64 x 10" p* (20a)
Op = 319.65 +14.28p — 3.36 x 10~ p* (20b)
Op = 297.11 +16.68p — 4.79 x 10! p? (20¢)
Op = 278.09 +19.27p — 6.49 x 10" p* (20d)

where 0 is expressed in K and p is in GPa.

The lines represent the least-square fits of 0 (in K) at various pressures 0, 2, 4, 6, and 8 GPa, respectively:

Op =333.63-3.36 x107 2T - 4.67 x 107> T? (21a)
Op =358.99 —3.04 x 1072 T — 3.16 x 10> T? (21b)
Op =381.52-2.70 x 107> T — 2.48 x 107> T? (21¢)
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Op =402.00 —2.44 x 1072 T — 2.10 x 10> T? (21d)
Op =420.87 —2.24 x 107> T — 1.87 x 10> T? (21e)

Atp=0and T = 0 K, our calculation yielded value of 6p = 332.2 K, which is in excellent agreement
with theoretical value (~331.5 K) reported by Zhang et al. [1] and obtained from the same approach, while at
p=8GPaand T = 0K, our calculation yielded value of 0 = 419.7 K, slightly higher than the theoretical value
(~396.5 K) reported by Zhang et al. [1].

5 Conclusion

This study investigated the pressure dependence of the relative volume, isothermal bulk modulus,
thermal expansion coefficient, Debye temperature, sound velocity, and microhardness for the cubic zinc-
blende SiSn crystal. Data mining-based searches have been performed in order to obtain qualitative data for
further high-pressure investigations. As the applied pressure increases from 0 to 8 GPa, the relative volume
of the SiSn decreases from 1 to 0.913, while the isothermal bulk modulus rises from 72.47 to 105.48 GPa.
Hence, the linear thermal expansion coefficient decreases from 4.8 to 3.61 x 107 K™, whereas the Debye
temperature increases from 331.5 to 371.8 K.

The thermodynamic properties of the SiSn compound have been studied using the GIBBS code and
the quasi-harmonic Debye model in temperatures ranging from 0 to 800 K and pressures ranging from 0 to
8 GPa, respectively. The variation of the Gibbs free energy G as a function of pressure at various temperatures,
0, 300, 600, and 800 K, has been presented.

In addition, the microhardness (H) of the SiSn compound is calculated to be 7.25 GPa. The microhard-
ness H of the SiSn decreases progressively from 7.25 to 3.77 GPa as the temperature increases from 0 to
800 K. It is worth mentioning that no experimental investigation has been reported on the SiSn compound.
Therefore, the present results provide valuable theoretical predictions that may serve as a reference point
for future experimental and computational studies on the SiSn compound. Furthermore, the simplified
model established here can be useful to predict the dependence of the microhardness with temperature,
initially used for the SiSn system, and offers significant potential for broader application across the Group-IV
semiconductor family.
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