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ABSTRACT: Very recently, a new class of the multicationic and -anionic entropy-
stabilized chalcogenide alloys based on the (Ge, Sn, Pb) (S, Se, Te) formula has been
successfully fabricated and characterized experimentally [Zihao Deng et al., Chem. Mater.
32, 6070 (2020)]. Motivated by the recent experiment, herein, we perform density
functional theory-based first-principles calculations in order to investigate the structural,
mechanical, electronic, optical, and thermoelectric properties. The calculations of the
cohesive energy and elasticity parameters indicate that the alloy is stable. Also, the
mechanical study shows that the alloy has a brittle nature. The GeSnPbSSeTe alloy is a
semiconductor with a direct band gap of 0.4 eV (0.3 eV using spin−orbit coupling effect).
The optical analysis illustrates that the first peak of Im(ε) for the GeSnPbSSeTe alloy
along all polarization directions is located in the visible range of the spectrum which
renders it a promising material for applications in optical and electronic devices.
Interestingly, we find an optically anisotropic character of this system which is highly
desirable for the design of polarization-sensitive photodetectors. We have accurately
predicted the thermoelectric coefficients and have calculated a large power factor value of 3.7 × 1011 W m−1 K−2 s−1 for p-type. The
high p-type power factor is originated from the multiple valleys near the valence band maxima. The anisotropic results of the optical
and transport properties are related to the specific tetragonal alloy unit cell.

■ INTRODUCTION

The IV−VI compounds have aroused considerable recent
attention due to their extraordinary properties such as
anharmonic effects,1 weak lattice thermal conductivity,2,3

unprecedented thermoelectric performance,4−7 complex band
structure,8 chemical ultrahigh power factor,9 chemical stability,
and a lesser degree of toxicity.10 Some of these compounds
display ferroelectricity, paraelectricity, and superconductiv-
ity.11−13 In addition, most IV−VI compounds have a band gap
size14 that makes them suitable for devices such as infrared
detectors and lasers, nanoelectronics, and thermoelectrics.15,16

Semiconductor chalcogenides are a special class of IV−VI
compound materials that contain at least one element of the
following: tellurium (Te), selenium (Se), sulphur (S), or
polonium (Po). Due to their optoelectronic, microelectronic,
and high thermoelectric performance, chalcogenide com-
pounds have now become an intense area of scientific
research.17−21 Currently, chalcogenides are very interesting
for applications in all industrial sectors.22 So far, SnS,23,24

SnTe,25,26 SnSe,27−29 GeSe,30,31 GeTe,32−34 PbS,35−37

PbTe,38−40 and PbSe41,42 are among the most studied category
of IV−VI semiconductor chalcogenides. However, progressive

advancements are anticipated once it is possible to obtain
materials with any required characteristics which can be
adapted to particular applications. These materials will also
enable many new applications but not all properties are
obtainable directly by the fabricated elemental or binary
materials.43 Therefore, the most widespread and easiest
method to tune the properties is by making an alloy of two
or more different elements.
From this standpoint, several groups have experimentally

examined the alloying consequences of IV−VI compounds and
attained materials with preferable properties. Specifically, Hu
and co-workers44 investigated the impact of the alloying
element number on the electrical transport characteristic and
lattice thermal conductivity in SnTe, (Sn, Ge)Te, (Ge, Sn, Pb,
Mn), (Ge, Sn, Pb, Mn)Te, and (Ge, Sn, Pb)Te. Their results
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attest that the alloying enhances the power factors, the band
effective mass, and the character of the band. Furthermore, Qin
et al.45 reported a thorough investigation of p-type PbTe−
PbSe−PbS alloys and the results indicate that the alloying
plays an important role in the enhancement of the Seebeck
coefficient, power factor, and electrical conductivity and
reduction of the thermal conductivity. Likewise, remarkable
thermal efficiency has been observed in alloys of SnSe−SnS,46
PbSe−PbS,47 PbTe−PbS,48 PbTe−PbSe,49 and SnS1−xSex.

50

Moreover, high thermoelectric performance has been attained
in the following systems, GexPb1−xTe,

51,52 GeTe1−xSex,
53

PbSnTeSe,54 (Pb,Sn,Ge)Te,55 Pb1− xSn xTe-PbS,
56

Ge1−xPbxTe,
5,51 and (GeTe)1−2x(GeSe)x(GeS)x.

57 With regard
to optoelectronic properties, the alloying of semiconductors
brings about an increase in carrier mobility and an apparent
change in the optical properties.58−60 To illustrate, Tan et al.61

carried out a methodical study of the optoelectronic properties
of SexTe1−x alloys by the thermal evaporation method. Their
results revealed that SexTe1−x alloys are promising materials for
the manufacture of infrared photodetectors. Most importantly,
very recently, the GeSnPbSSeTe alloys were fabricated and
experimentally prepared by alloying six elements (Ge, Sn, Pb,
S, Se, and Te).62 The experimental and theoretical results
demonstrated that the obtained chalcogenide alloys are
kinetically metastable at ambient temperatures and stable at
the temperature of growth. Furthermore, electronic transport
measurements confirm that the fabricated high-entropy
materials are semiconductors, which can therefore make
these chalcogenide alloys promising for functional applications
such as in photovoltaics, thermoelectric devices, and
optoelectronics. To the best of our knowledge, there have
been no theoretical studies that report the physical properties
of this newly synthesized alloy (GeSnPbSSeTe). However, the
aforementioned study that focuses on the thermoelectric
properties inspires us to thoroughly investigate the unexplored
properties of (Ge, Sn, Pb) (S, Se, Te) chalcogenide alloys. We
also report some optoelectronic properties of chalcogenide
alloys built on the (Ge, Sn, Pb) (S, Se, Te) formula.
In the present work, we investigate the electronic, structural,

thermodynamic, and optical properties of (Ge, Sn, Pb) (S, Se,
Te) alloys using density functional theory (DFT). Our studies
reveal that this alloy, GeSnPbSSeTe, is a stable semiconductor
with a direct band gap. In addition, the obtained physical
properties may stimulate scientists and engineers to develop
and produce new types of optoelectronic and nanoelectronic
devices. We also wish to emphasize that the comparison of our
model results with experimental data can only be for a large
supercell size since the latter strongly depends on the method
of preparation and size of the alloy due to many structure
configuration probabilities.

■ RESULTS AND DISCUSSION
Structure Properties. The atomic structure of the alloy

and its super cell, for different views, is illustrated in Figure 1a.
The GeSnPbSSeTe alloy crystal structure has the space group
P1 and is composed of 36 atoms (involving 6 Ge, 6 Sn, 6 Pb, 6
S, 6 Se, and 6 Te atoms). After structure optimization, the size
of the alloy in the x-, y-, and z-direction is found to be 11.34,
9.69, and 12.34 Å, respectively. The perspective view of the
optimized atomic structure, with structural parameters such as
bond length and bond angles, is shown in Figure 1b. The
calculated Pb−S and Pb−Te bond lengths are 2.81 and 3.17 Å,
respectively, while the bond lengths of Ge−Te and Ge−Sn are

2.90 and 2.65 Å, respectively. We can see that they increase as
the atomic radius increases. The difference charge density of
the GeSnPbSSeTe alloy is shown in Figure 1c. The charge
accumulation and depletion are indicated by color, with blue
and yellow regions, respectively. The results show that the
positively charged Ge, Sn, and Pb atoms are surrounded by
negatively charged S, Se, and Te atoms. Based on the Bader
charge-transfer analysis, we find that the S, Se, and Te atoms
gain 0.95e, 0.83e, and 0.55e from the adjacent Ge, Sn, and Pb
atoms (see Table 1). According to the Pauling electro-
negativity scale, S (2.5), Se (2.4), and Te (2.1) atoms have a
larger electronegativity than Ge (1.8), Sn (1.8), and Pb (1.9)
which results in the significant difference in the electron
density.
The cohesive energy Ecoh is given by Ecoh = Etot − 6(EGe +

ESn + EPb + ES + ESe + ETe)/ntot, where EGe, ESn, EPb, ES, ESe,
ETe, and Etot represent the energies of isolated Ge, Sn, Pb, S,
Se, and Te atoms and total energy of the alloy, respectively,
and ntot is the total number of atoms. The cohesive energy is
found to be −3.36 eV/atom. The negative energy indicates
that the formation of the structure is exothermic.
The work function, Φ = Evacuum − EF, for the (100) alloy

surface is calculated using the electrostatic potential of the
alloy and where Evacuum is the energy of vacuum which is a
planar and EF is the Fermi energy. We find that Φ = 4.6 eV w is
higher than the corresponding value of Sn (4.2 eV82), Pb (4.1
eV82), Sn−Pb alloy (3.6−4.2 eV82), and In−Sn alloy (4.0−4.4
eV82) and less than the work functions of Te (4.9 eV83), Se
(5.9 eV83), and Ge (5.0 eV83).

Mechanical Properties. For mechanical properties such as
elastic constants, we used the stress−strain relationship based
on Hooke’s law to evaluate the elasticity: δij = Cijεij, where δij,
Cij, and εij indicate the stress, elastic stiffness, and strain
tensors, respectively (see the Supporting Information). Table 2
includes the values of elastic constants of the (Ge, Sn, Pb) (S,
Se, Te) alloy which is mechanically stable.77 All the diagonal
components have large values as compared to the other
components. The elastic constants are used to calculate other

Figure 1. (a) Different view of the atomic structure, (b) optimized
structure with structural parameters, and (c) difference charge density
of the GeSnPbSSeTe alloy.
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elastic parameters, for example, bulk modulus (B), shear
modulus (G), and Young’s modulus using Voigt−Reuss−Hill
approximation.78 In the Voigt regime, we find that the Young’s
modulus is 40.21 GPa, and the Poisson’s ratio is 0.22 which
means that the GeSnPbSSeTe alloy has a brittle behavior (it is
less than 0.3379). Also, we find that the bulk modulus (B) is
23.72 GPa which measures the ability of the alloy to resist
compressing under applied external force. The shear modulus
(B) is 16.48 GPa which represents the resistance of the shape
change of the alloy, where G increases as the rigidity of the
alloy increases. The B/G ratio describes the ductile or brittle
nature of the alloy, which is an important factor in mechanical
applications. We find that the ratio is 1.44 which indicates that
the GeSnPbSSeTe alloy has a brittle nature because it is less
than 1.75.80

Electronic and Optical Properties. Regarding the
electronic properties, the band structure of the GeSnPbSSeTe
alloy, Figure 2, shows a semiconducting behavior with a direct

band gap of 0.4 eV, at the Y symmetry point within the PBE
functional. Inclusion of spin−orbit coupling (SOC) decreases
the band gap to 0.3 eV with degenerate states as compared to
the PBE result. The corresponding density of states (DOS)
and projected DOS (PDOS) show that the p states of Ge, Sn,
and Pb are dominant in the conduction band, such as px and pz
while the s, px, and pz states of Se and Te are dominant at the
top of the valence band. The S, Se, and Te states are dominant
below −1 eV (see Figure 3). The inset figure shows that the Pb
states have more contribution at the bottom of the conduction
band, while Te and S states have minor contributions. On the
other hand, the Te states have large contributions in the
valence band, while Pb states have less contribution. The band
gap increases to 0.9 eV when the hybrid exchange−correlation
functional HSE06 is used. We can claim that the semi-
conducting direct band gap of the alloy is preserved within theT
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Table 2. Elastic Constants of the GeSnPbSSeTe Alloy

C11 C12 C13 C14 C15 C16

58.0 20.3 8.5 5.5 0.7 −8.32
C22 C23 C24 C25 C26 C33

33.1 6.1 −4.0 2.0 −4.4 53.05
C34 C35 C36 C44 C45 C46

−2.5 −8.4 4.7 21.9 −3.1 −2.3
C55 C56 C66

11.5 −2.3 12.6

Figure 2. Electronic band structure of the GeSnPbSSeTe alloy within
PBE and HSE06 functionals. The band structure with PBE + SOC
indicated as the inset. The Fermi level is set to zero.
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HSE functional. Only the edges of the valence band and
conduction bands are shifted to lower and higher energy,
respectively, as compared to the corresponding edges
determined by the PBE calculation.

Next, we discuss the optical response of this novel crystal
structure using the RPA method constructed over the HSE06
approach. The imaginary and real parts of the dielectric
function are illustrated in Figure 2a. Our results show that the
dielectric function of this compound becomes anisotropic
along the x-, y-, and z-directions. The anisotropic behavior of
the dielectric constants can be attributed to the tetragonal
structure of the alloy. The Im(ε) is the sum of all transitions
from the valence bands (VBs) to the conduction bands (CBs).
The first maximum of Im(ε) for this structure is located at

the energy 2.87, 2.82, and 2.29 eV along x-, y-, and z-
directions, respectively, which is in the visible range of light.
The static dielectric constants (real part of the dielectric
constant at zero energy) for this compound are calculated to
be 15.57, 14.62, and 14.97 for E∥x, E∥y, and E∥z, respectively.
In the Drude model, the plasma frequencies are defined by the
roots of Re(ε) with the x = 0 line72−74 and are calculated for
this system. The corresponding values of the first plasma
frequencies along x-, y-, and z-axes are at 3.06, 3.26, and 3.38
eV, respectively. Another root of Re(ε) with the x = 0 line for
this system occurs at an energy of ∼14 eV which is related to
the main plasma frequencies related to electron energy loss
spectra. The absorption coefficient, α, for this compound along
all polarizations is also plotted in Figure 4b. The absorption
edge of this structure occurs at an energy of 1.10 eV that is

Figure 3. DOS and PDOS of the GeSnPbSSeTe alloy. The Fermi
level is set to zero.

Figure 4. Imaginary and real parts of the (a) dielectric function, (b) absorption coefficient, (c) reflectivity, and (d) electron energy loss spectra as a
function of photon energy for the GeSnPbSSeTe alloy, as predicted using the random-phase approximation (RPA) + HSE06 approach.
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related to the optical transition from p-states of the VB of Te
atoms to the p-states of the CB of Pb atoms. It is evident that
this material possesses a strong absorption in the visible region
of light (∼105 cm−1) which is higher than the typical
absorption coefficient values of direct band gap semi-
conductors across the entire visible range.75 The main peak
of the absorption spectrum along all directions occurs around
7.44 eV, which exhibits significant UV absorption for this
compound.
The reflectivity for the GeSnPbSSeTe bulk system for all

directions of the electric field is shown in Figure 4c. Our results
show that the reflectivity at E = 0 eV is ∼35% resulting in
semiconductor behavior. Furthermore, the reflectivity for this
system in the energy range between 8−10 and 12−14 eV is a
maximum, while transmission is less in this energy range. For
photon energy greater than 15 eV, the reflectivity is the lowest
along all directions where the transmission reaches its
maximum. In the next step, we discuss the electron energy
loss spectraof GeSnPbSSeTe, as depicted in Figure 4d. The
electron energy loss spectroscopy EELS technique is useful in
revealing plasma resonance phenomena as distinct from
normal interband transitions.76 It is known that the sharp
peaks in the energy-loss function are associated with plasma
oscillations and consistent with the roots of Re(ε) with the x =
0 line. It is obvious that the GeSnPbSSeTe bulk system has one
main peak in the EELS spectra which is associated with the
plasma oscillations. The highest peak values in Figure 4d for
E∥x, E∥y, and E∥z are obtained at 14.05, 13.95, and 13.90 eV
for the plasmon energy. It is clear that at these energies, the
Re(ε) goes through zero (Figure 4a).
Thermoelectric Properties. The excellent features of the

band structure, such as multivalleys, direct band gap, and so
forth, of this alloy material prompted us to calculate its
thermoelectric coefficients: the Seebeck coefficient (S),
electrical conductivity (σ/τ), electronic thermal conductivity
(κe/τ), and power factor (S2σ/τ) along x-, y-, and z-directions
as a function of carrier concentration at 300 and 500 K are
shown in Figure 5. S increases for increasing temperature,
while it decreases for increasing carrier concentration, as
shown in Figure 5a,b. The |S| is proportional to Nv

3/2m*, where
Nv is the number of the degenerate band valleys and m* is the
carrier effective mass.81 Therefore, due to the presence of
multivalleys near the valence band maxima, the S for the p-type
doping is higher than that for n-type doping. Next, we
investigate the σ/τ and κe/τ, both these quantities increase
with respect to carrier concentration and we find that they are
significantly larger for the n-type doping at the same carrier
concentration. Additionally, the σ/τ and κe/τ for the both n-
type and p-type decrease with respect to temperature at fixed
carrier concentration because the carrier scattering rate
increases as temperature increases. A high power factor (PF)
plays an important role in achieving high thermoelectric
efficiency and Figure 5g,h illustrates the calculated PF as a
function of carrier concentration. The PF for the p-type
material is almost double that of the n-type due to the intrinsic
degeneracy of valence valleys, which shows that the p-type
thermoelectric properties are dominant in this material. The
optimal PF values are 3.27 and 1.62 (1011 W m−1 K−2 s−1) for
p-type doping at 500 and 300 K, respectively. We also find
significant anisotropy in the PF with PFz/PFx ∼ 1.64 for p-type
doping and PFz/PFx ∼ 2.33 for n-type doping at 500 K (due to
the specific tetragonal unit cell). The higher PF indicates that
this material can be promising for thermoelectric applications.

■ CONCLUSIONS
The density functional theory is employed to discuss the
structural, mechanical, electronic, optical, and thermoelectric
properties of a recently synthesized GeSnPbSSeTe alloy.
Notice that the cohesive energy calculations and elasticity
parameters indicate that the alloy is stable. We found that the
alloy is a direct semiconductor with a 0.4 eV band gap, while
with the SOC, the band gap decreased to 0.3 eV. The
dominant states at the top of the valence band are Se and Te
while at the bottom of the conduction band are Ge, Sn, and
Pb. The linear photon energy-dependent optical response of
the GeSnPbSSeTe bulk system, including the imaginary and
real part of dielectric function, absorption coefficient,
reflectivity, and electron energy loss spectra for all polar-
izations, was investigated at the RPA + HSE06 level. Our
results show that this material possesses strong absorption in
the visible region of light, suggesting its potential for
applications in optoelectronics, photovoltaics, and nano-
electronics. The multiple valleys around the valence band
maxima give rise to a high thermopower S, which leads to a
very high p-type PF, for example, even reaching 3.27 × 1011 W
m−1 K−2 s−1 at 500 K within the BTE transport mechanism.

■ COMPUTATIONAL METHODS
The structural optimization and electronic properties were
performed using the plane-wave basis projector augmented
wave (PAW) method in the framework of DFT. The
generalized gradient approximation (GGA) with the Per-
dew−Burke−Ernzerhof (PBE)63,64 functional was used for the
exchange−correlation functional as implemented in the Vienna
Ab initio Simulation Package (VASP).65,66 Moreover, for the

Figure 5. Electronic transport properties of GeSnPbSSeTe as a
function of carrier concentration for n-type-doped (left side) and p-
type-doped (right side) at 300 and 500 K. (a,b) Seebeck coefficient S,
(c,d) scaled electrical conductivity σ/τ, (e,f) scaled electronic thermal
conductivity κe/τ, and (g,h) power factor S2σ/τ.
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band structure calculations, spin−orbit coupling (SOC) was
included on top of GGA. Furthermore the hybrid functional
HSE0667 with the mixing parameter of 0.25 and a screening
parameter of 0.2 was used to calculate the band structure of the
alloy. Analysis of the charge transfer in the structures was
carried out using the Bader technique.68 The kinetic energy
cutoff for the plane-wave expansion was set to 500 eV and the
energy was minimized until its variation in the following steps
became 10−8 eV. To obtain optimized structures, the total
Hellmann−Feynman forces were reduced to 10−7 eV/Å. A 21
× 21 × 21 Γ-centered k-point sampling was used for the
supercell using the Monkhorst−Pack scheme.69 The optical
calculations were performed in the RPA70 method constructed
over the screened hybrid HSE06 functional using VASP. The
optical calculations, such as the imaginary and real parts of the
dielectric tensor (Im(ε) and Re(ε)), absorption coefficient
(α), reflectivity (R), and EELS spectra, were performed in the
RPA70 method constructed over the screened hybrid Heyd−
Scuseria−Ernzerhof functional (HSE06).67 The convergence
criterion for the electronic self-consistent loop was set to 10−6
eV. The optical and mechanical properties were evaluated
using a dense k-point grid of 8 × 8 × 8 Γ-centered
Monkhorst−Pack.69 More details on the calculation of the
optical and mechanical properties can be found in the
Supporting Information. The electronic transport coefficients
are obtained using the Boltzmann transport equation under
constant relaxation time approximations together with rigid
band approximation as implemented in the Boltztrap2 code.71

The electronic transport coefficients are calculated from the
following equations

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ

∫μ
σ μ

σ ε ε μ

ε μ
ε

ε

=
Ω

−

−
∂

∂

αβ
αβ

αβS T
eT T

f T

( , )
1

( , )
( )( )

( , , )
d0

(1)

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
∫σ μ σ ε

ε μ
ε

ε=
Ω

−
∂

∂
αβ αβT

f T
( , )

1
( )

( , , )
d0

(2)

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
∫κ μ σ ε ε μ

ε μ
ε

ε=
Ω

− −
∂

∂
αβ αβT

e T

f T
( , )

1
( )( )

( , , )
de 2

2 0

(3)

where T, f 0, μ, and Ξ(ϵ) represent the temperature, Fermi-
Dirac distribution function, chemical potential, and transport
distribution function, respectively. Ξ(ϵ) is obtained using the
following equation

∑ε δ ε ε τΞ = − ⃗α β α β

⃗
k v v( ) ( )( )

k
k k k k

,

where vk
α is the group velocity of the αth component with wave

vector k, τk is the relaxation time with wave vector k, and ϵ is
the energy of holes and electrons. For accurate calculation of
the electronic transport coefficients, we used a dense k-point
mesh of 16 × 16 × 16.
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