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First-principles investigation of
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Thermoelectric materials play a crucial role in energy conversion technologies by enabling the direct
transformation of heat into electricity, offering a promising route for sustainable energy harvesting.
This study investigates the thermoelectric properties of the two-dimensional Sn,Sbg monolayer
using first-principles calculations within the density functional theory (DFT) framework, combined
with Boltzmann transport theory. We systematically compute the electrical conductivity, Seebeck
coefficient, and electronic contribution to thermal conductivity using the BoltzTraP code. At the same
time, the relaxation time is determined via an Arrhenius approach, enabling the estimation of absolute
transport coefficients. The lattice thermal conductivity is also obtained through a semi-empirical
method that accounts for phonon contributions. The thermoelectric figure of merit (Z7) is evaluated
across various chemical potentials and temperatures, revealing strong anisotropy between the x

and y transport directions. At room temperature (I' = 300 K), the maximum ZT values reach 0.5 for
electrons and 0.35 for holes. As the temperature increases, the thermoelectric efficiency improves,
with the highest ZT reaching 0.81 for electrons along the x direction at 7' = 900 K. At the same time,
hole transport becomes nearly isotropic with ZT' = 0.72 in both directions. These results establish
Sn4Sbg as a strong candidate for thermoelectric applications, demonstrating significant efficiency
from ambient to high temperatures. The material’s favorable transport properties and high Z7 values
make it an excellent prospect for energy conversion technologies. Future research should focus on
experimental validation and potential optimizations through strain engineering and doping strategies
to enhance performance.

Keywords Two-dimensional systems, Thermoelectric properties, Physical properties, Density functional
theory

Two-dimensional (2D) materials have been extensively studied due to their electromechanical, electronic,
and thermal properties, making them promising candidates for various nanotechnological applications'2. In
particular, their high surface-to-volume ratio and strong electronic confinement allow for precise manipulation
of their properties, rendering them highly attractive for devices and emerging technologies® in electronics?,
photovoltaics®, sensing®, and other fields’. In the energy transition context, thermoelectric materials have
garnered significant interest due to their ability to directly convert waste heat into electricity, contributing to
energy efficiency and sustainability efforts®-'°. Consequently, investigating and developing new thermoelectric
materials can substantially impact recovering wasted energy from industrial processes and enhancing renewable
energy generation, thereby reducing dependence on fossil fuels'!.

From a thermoelectric perspective, 2D materials offer remarkable advantages, as the reduced dimensionality
can decrease lattice thermal conductivity'? while simultaneously improving electronic transport'3, both crucial
factors for optimizing thermoelectric performance!*~'6. This phenomenon arises, among other factors, due
to enhanced phonon scattering in low-dimensional structures, effectively suppressing unwanted thermal
dissipation!”. Additionally, these systems exhibit characteristic vibrational modes known as flexural phonons,
which play a fundamental role in further reducing thermal conductivity'®. The ability to engineer these materials’
structural and chemical properties further enables fine-tuning their electronic characteristics to maximize
thermoelectric efficiency'®. As a result, the search for novel 2D materials with high thermoelectric potential has
become a key focus of theoretical and computational research!®2.
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The use of high-performance computational approaches has driven recent advancements in material
discovery. The study conducted by Lyngby and Thygesen employed a crystal diffusion variational autoencoder
(CDVAE) to predict novel 2D materials, significantly expanding the known space of stable structures?!. Their
model was trained on a dataset of 2,615 2D materials with formation energies up to 0.3 eV/atom above the
convex hull, generating 10,000 new materials, among which 8,599 were identified as potentially stable. Moreover,
2,004 of these structures exhibited formation energies within 50 meV/atom above the convex hull, suggesting
a high likelihood of experimental synthesis?!. These newly predicted materials were incorporated into the
Computational 2D Materials Database (C2DB)?, making them accessible for further investigations.

Among the materials predicted through this approach, some monolayers were subsequently analyzed
in theoretical studies focused on thermoelectric transport. For instance, CdBr, Cdl, and Janus Cd2Brl were
examined by Wu et al., who reported significant electrical conductivity and Seebeck coefficient values, in
addition to reduced thermal conductivity?. Their study highlighted the thermoelectric potential of theoretically
predicted 2D materials; however, it represented only a tiny fraction of the vast material space identified by
Lyngby and Thygesen?!.

Complementarily, IV-VI 2D compounds, such as SnS and SnSe, were investigated by Shafique and Shin,
revealing the considerable figure of merit (ZT) values across different temperatures and crystallographic
directions, demonstrating that Sn-containing structures can exhibit competitive thermoelectric performance?*.
Among the various nanomaterials studied by Lyngby and Thygesen, Sn4Sbs - a two-dimensional material with
AB; stoichiometry and an energy above the convex hull of 0.02 eV/atom - has not yet been investigated in
the literature regarding its electronic and thermal transport properties, leaving its viability for thermoelectric
applications an open question.

In this work, we investigate the thermoelectric properties of SnsSbg through calculations based on density
functional theory (DFT) and Boltzmann transport theory. We analyze its electronic and structural properties,
including band structure and electronic density of states, and key thermoelectric transport parameters such
as Seebeck coefficient, electrical conductivity, and electronic thermal conductivity, computed using the
Boltzmann Transport Properties (BoltzTraP) software within the relaxation time approximation. Additionally,
we assess its anisotropic characteristics, reflected in directional variations in transport behavior. The lattice
thermal conductivity and relaxation time were determined based on well-established methodologies, allowing
the thermoelectric ZT to be computed. Our results indicate that SnySbg exhibits a ZT of approximately 0.8
at temperatures of 600 and 900 K, a competitive value among 2D thermoelectric materials, highlighting its
potential for thermal-to-electric energy conversion applications.

Results and discuss

The structure investigated in this study was selected from the C2DB database*»*> and corresponds to the
stoichiometry SnsSbsg, also referred to by its structural formula SnSbz. Tin-based compounds (Sn) are widely
recognized for their promising thermoelectric properties, attributed to the combination of high electrical
conductivity and intrinsically low thermal conductivity. In particular, Sny Sbs exhibits a moderate band gap,
suggesting that it can maintain favorable thermoelectric performance even at relatively low temperatures.

Moreover, when considering all Sn-containing monolayers available in the C2DB database (Sb2, Sba, Sny,
SnSb, Sna, SnySbs, SneSba), SnySbg exhibits the lowest energy above the convex hull, with A Hpui = 0.02eV/
atom?®. This result indicates that this structure has the highest thermodynamic stability among the considered
compositions, implying a greater feasibility for experimental synthesis.

Although the SnsSbsg system investigated here, whose simplified stoichiometry corresponds to SnSbo,
has not yet been reported in the experimental literature, it exhibits structural and electronic features that are
closely related to those of established thermoelectric materials such as SnSbaTe4?, SnTes?, and SbaTes?.
In particular, the relaxed structure of SnySbsg presents a layered arrangement and anisotropic bonding patterns
similar to the directionally bonded frameworks found in these chalcogenide systems.

First-principles calculations confirm the dynamical and thermodynamic stability of the compound under
standard simulation conditions, with no imaginary phonon modes and a negative formation energy®>?. The
lack of experimental reports may be attributed to the possible metastable character of this compound or to
synthetic challenges, such as phase competition in the Sn-Sb binary system and the tendency of antimony-
rich compounds to form complex polymorphs or undergo phase segregation. Despite these challenges, the
predicted transport properties, including high Seebeck coefficients and anisotropic power factors, indicate that
SnySbg may represent a viable chalcogen-free analogue within the thermoelectric material landscape. These
characteristics suggest that it could be stabilized under non-equilibrium synthesis conditions, such as molecular
beam epitaxy?® or high-pressure techniques®’, which have been successful in accessing layered phases beyond
the thermodynamic ground state.

The nanomaterial crystallizes in an orthorhombic configuration and belongs to the PM2:B
symmetry group, with a cohesive energy (Econ) of —1.91 eV/atom, calculated using the expression
Econ = (Esnysby — 4Esn — 8FEs1b)/12, where Esy,sby is the total energy of the monolayer, Es, and Esy, are
the energies of isolated Sn and Sb atoms, respectively, and 12 represents the total number of atoms in the unit
cell of SnySbs. Furthermore, no intrinsic magnetization was observed in this structure. Figure 1 presents the
optimized atomic structure of SnsSbg from different perspectives, highlighting the unit cell.

Structuralanalysisreveals the presence of two predominant chemical bonds, Sn-Sb and Sb-Sb, withbondlengths
of 2.87 A and 2.91 A, respectively. The in-plane lattice parameters of the optimized geometry are a = 4.35 A and
b = 11.48 A. In contrast, the out-of-plane lattice parameter is ¢ = 30.0 A, with @ = 8 = v = 90.0°, indicating
orthorhombic symmetry. Although the system is modeled directly as an isolated monolayer, its geometric
thickness, measured as the vertical distance between the outermost atoms, is approximately 6.85 A. The larger
value of the ¢ parameter arises from the inclusion of a vacuum layer along the z-axis, a standard procedure in
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Unit cell

Fig. 1. Top and side views of the atomic structure of the SnsSbg monolayer. The unit cell is highlighted,
illustrating the arrangement of Sn (green) and Sb (purple) atoms. The left panel presents the top view, while
the upper and right panels display side views obtained by rotating the structure by 90° along the x- and y-axes,
respectively.
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Fig. 2. (a) Electronic band structure of SnsSbg along high-symmetry points in the Brillouin zone. The dashed
line represents the Fermi level, and the highlighted yellow region indicates the band gap. The arrow marks a
transition between the valence and conduction bands. (b) Projected density of states showing the contributions
of Sn and Sb atomic orbitals. The shaded area corresponds to the total density of states.

first-principles simulations of two-dimensional materials, which aims to suppress spurious interactions between
periodic images and ensure a proper description of an isolated monolayer.

In Fig. 2, we present the electronic band structure and the projected density of states (PDOS) along the
high-symmetry points of the unit cell: I' = (0.0,0.0,0.0), X = (0.5,0.0,0.0), U = (0.5,0.5,0.0), and
Y = (0.0, 0.5,0.0). The analysis of the band structure confirms that Sn4Sbs is a semiconductor with an indirect
bandgap, where the valence band maximum (VBM) is located at I" and the conduction band minimum (CBM)
at Y. The calculated bandgap is 0.64 eV, a relevant value for thermoelectric applications due to its potential
operation at relatively low temperatures.

The band dispersion exhibits significant variations along different directions in the Brillouin zone. Most
bands are dispersive, which is favorable for electronic transport and charge carrier mobility. Although some
segments near the valence band maximum, particularly between the I" and Y points, show reduced dispersion,
they are not flat in the strict sense. These moderately dispersive features may contribute to an increased density
of states near the Fermi level, potentially enhancing the Seebeck coefficient while preserving reasonable mobility.

Regarding the PDOS, the p orbitals of Sb are the primary contributors to electronic conduction, dominating
both the valence and conduction bands. The p orbitals of Sn also contribute, particularly near the Fermi level. The
d orbitals of Sn have a negligible impact, indicating that electronic correlation effects are minimal. The overlap
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between the electronic states of Sb and Sn suggests a degree of hybridization that enhances band dispersion and
promotes electronic transport, further reinforcing the thermoelectric potential of SnsSbs.

The electronic transport properties were described as functions of temperature (T) and chemical potential
(), utilizing the energy-dependent conductivity tensor o5 (€) in conjunction with the Fermi-Dirac distribution
function fo. This frameworK’s chemical potential is inherently linked to the voltage applied across the material.
The transport coeflicients, including electrical conductivity (o), Seebeck coeflicient (S), and electronic thermal
conductivity (x), were determined through the following expressions:

o (T, 1) = é/&ij(ﬁ) {_WO(GCC’E’M)} de, (1)
-0
ST = gy | F9(Oe=1) [ng“)} de, @
and
KT = g [ (e [W} de, ©

where Q denotes the unit cell volume, e represents the elementary charge, and i, j correspond to Cartesian
indices. The transport coefficients, o;; (T, 1) and x°°(T, ), were obtained under the assumption of a constant
relaxation time 7 within the RTA framework.

Additionally, the lattice thermal conductivity (k) and relaxation time (7) were evaluated following the
methodologies previously established by our group®!*2. The thermoelectric figure of merit (ZT) was calculated
using:

2
(kL + Ke)

where T represents the absolute temperature.

The transport properties were examined within the relaxation time approximation (RTA) framework,
considering an isotropic model in which transport characteristics remain direction-independent and electronic
band dispersion remains unaltered. The o, the electronic contribution to thermal conductivity (x.), and the
Seebeck coefficient were computed using the BoltzTraP code™.

To obtain the thermoelectric properties, we employed the electronic band structure of SnsSbg (see Fig. 2)
as input for the BoltzTraP software. This software solves the Boltzmann transport equation by interpolating
the electronic bands under the constant relaxation time approximation. The transport coeflicients, including
electrical conductivity, the Seebeck coefficient, and the electronic contribution to thermal conductivity, were
analytically determined as described in the methodology section.

The Seebeck coeflicient is obtained in absolute units since the constant relaxation time approximation is
adopted. In contrast, the electrical and thermal conductivities are expressed regarding the relaxation time
parameter. These coefficients are measured in units of (Qm s)~! and W/mKs, retaining the time unit (s)
associated with the relaxation time. Consequently, to obtain absolute values for the electrical conductivity and
the electronic component of thermal conductivity, it is necessary to express the relaxation time as a function of
temperature and apply it to the transport parameters.

The electrical conductivity was calculated using the BoltzTraP software. Based on these results, an Arrhenius
plot was then constructed for p = 0.0 eV. The relaxation time was subsequently extracted from this plot
following the methodology described in Reference®!. In this context, Fig. 3(a) presents the electrical conductivity
as a function of temperature along the x and y directions, assuming 1 = 0.0 and constant relaxation time. The
SnySbg system exhibits pronounced anisotropy in electronic transport, with the electrical conductivity along
the x direction being significantly higher than in the y direction. This difference is associated with a considerably
higher electronic mobility along the x direction, reflecting the material’s intrinsic structural characteristics. The
stronger interaction between atomic sites in the SnySbsg structure along the x direction compared to the y
direction further contributes to this behavior (see Fig. 1).

At zero chemical potential (1 = 0.0 eV), the increase in electrical conductivity along the x-direction with
temperature can be attributed to enhanced thermal excitation of charge carriers. As the temperature rises,
more electrons are thermally promoted from the valence to the conduction band, leading to a higher carrier
concentration and, consequently, increased electrical conductivity. This behavior is typical in semimetallic or
narrow-gap materials, where thermal activation has a significant influence on transport properties. In contrast,
the observed decrease in lattice thermal conductivity with increasing temperature is primarily due to intensified
phonon-phonon scattering. At elevated temperatures, the phonon population increases, which enhances the
probability of Umklapp scattering processes. These events reduce the phonon mean free path and thus suppress
the lattice thermal conductivity. This temperature-dependent decline is a well-known characteristic of crystalline
systems, particularly in low-dimensional materials, where phonon transport is strongly affected by anharmonic
interactions.

Additionally, the inset of Fig. 3(a) presents the Arrhenius plot for each component of the electrical
conductivity tensor. The linearity of the data confirms the thermally activated behavior of electrical conductivity,
which is characteristic of semiconductors.
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Fig. 3. (a) Electrical conductivity as a function of temperature along the x and y directions for the SnsSbg
monolayer, assuming a chemical potential of x = 0.0 and constant relaxation time. The inset presents the
Arrhenius plot of the electrical conductivity components, from which the linear coefficients 3. and Byy

are obtained. (b) Relaxation time as a function of temperature for both transport directions, highlighting the
anisotropic behavior of the system.

The slope of the angular fit A allows for the estimation of the material’s energy bandgap, given by
Eand gap = —2kBA, where kp is the Boltzmann constant. A bandgap value of approximately 0.6 eV was
obtained, consistent with the value derived from the electronic band structure (see Fig. 2).

The coefficients Sz, and Byy, which correspond to the linear coefficients of the Arrhenius fit for each
component, are also essential for determining the electronic relaxation time 7. The relaxation time is computed
using the following equation:

I(Ty) log (T'(Tv))
I(T) log (TRe(T))

m(T) = RN Ty), (5)

where Ty is the reference temperature used for fitting, 77°f represents a relaxation time previously calculated for
a similar system, and I'(T") is an auxiliary function defined as:

0(T) = log (”f)) ©

Based on this approach, using the estimated values of the linear coefficients 3., = 44.6 and Sy, = 42.4, and
given that the method requires a reference relaxation time from a similar system, we adopted 7(300) = 29.4 fs
from the SnSe system34. Furthermore, the auxiliary function was determined as FRe‘C(SOO) = 32.79. Thus, we
derived the relaxation time expression as a temperature function for the x and y directions, as illustrated in Fig.
3(b). The relaxation time decreases with increasing temperature, a behavior expected due to enhanced phonon
scattering®’. The difference in relaxation times between the x and y directions reinforces the influence of the
material’s anisotropic structure on its electronic and thermal transport mechanisms.

Once the relaxation time was obtained as a function of temperature, we multiplied the electrical conductivity
and the electronic thermal conductivity component by 7 at the same temperature value. In Fig. 4, we present:
(a) the electrical conductivity o, (b) the electronic part of thermal conductivity, (c) the Seebeck coefficient, and
(d) the power factor 525, as functions of chemical potential, which is related to hole concentration (negative
potential) and electron concentration (positive potential).

From Fig. 4(a), we observe that, similarly to the case of zero chemical potential, i.e., in the absence of excess
charge carriers, the transport tensors exhibit anisotropy along the x and y directions. Within the chemical
potential range from —2 to 2 eV, the conductivity along the x direction is consistently higher than along the
y direction. For holes, the conductivity in the x direction exhibits two maxima around 2.0 x 10° (Q m)~' at
—1.2 eV and —1.9 eV, while in the y direction, a peak of approximately 1.0 x 10° (2 m)~* appears at —1.6 V.
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Fig. 4. Electronic transport properties of the SnsSb8 function of components potential at different
temperatures (300 K, 600 K, and 900 K). The results are presented for the x (blue) and y (red) transport
directions. (a) Electrical conductivity, (b) electronic thermal conductivity, (c) Seebeck coefficient, and (d)
power factor. The shaded regions indicate the hole (left) and electron (right) doping regimes.

For electrons, the conductivity peak in the x direction occurs at 3.5 x 10° (2 m) ™! at 1.6 eV, whereas in the y
direction, the maximum reaches approximately 1.4 x 10° (2 m)~! at 2.0 eV.

It is also noteworthy that temperature influences electrical conductivity. We find that increasing temperature
negatively impacts conductivity by examining the peak conductivity values for electrons and holes. For instance,
the electron transport peak at ;1 = 1.6 eV decreases from 3.5 x 10° to 2.8 x 10° (Q m)~* as temperature
increases, which aligns with the fact that charge accumulation rises with temperature, creating a barrier for
further carrier injection into the conduction band.

Figure 4(b) presents the electronic contribution to thermal conductivity. Although peak asymmetries are
less pronounced than those observed in electrical conductivity, the maximum value still corresponds to electron
carriers rather than holes. A key distinction is that temperature enhances electronic thermal conductivity,
which negatively affects thermoelectric performance, highlighting the importance of selecting nanomaterials
with moderate band gaps for such applications. Furthermore, according to the thermoelectric figure of merit
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equation 4, an increase in electronic thermal conductivity reduces ZT, indicating that higher temperatures lower
thermoelectric efficiency.

Continuing the analysis, Fig. 4(c) shows the Seebeck coefficient for hole and electron transport. The plot
reveals a maximum near the Fermi level, crucial for charge transport. Additionally, there is an asymmetry in the
peak positions, with the peak associated with electrons being closer to the Fermi level, thus contributing more
significantly to electronic transport. Notably, the Seebeck coefficient reaches a maximum value slightly above
1000 11 V/K, characteristic of highly efficient thermoelectric materials®>.

Finally, Fig. 4(d) presents the power factor (¢.S?), which quantifies the efficiency of purely electronic
thermoelectric conversion. The power factor tensor also exhibits strong anisotropy between the directions of
x and y. The highest conversion efficiency for holes occurs at 1 = —0.3 eV, while for electrons, the peaks are
around i = 0.2 eV. Additionally, we observe that conversion efficiency increases significantly with temperature
for both types of carriers. Overall, purely electronic thermoelectric conversion is more efficient for electrons,
with a peak efficiency of approximately 0.013 W/mK? for electrons and 0.006 W/mK? for holes at 900 K.

It is worth noting that the most significant variations in the transport properties, namely electrical
conductivity, thermal conductivity, Seebeck coeflicient, and power factor, occur within the chemical potential
range of approximately —1 eV to +1 eV. This behavior stems from the underlying electronic structure,
particularly the proximity of this window to the band edges. In this region, the DOS exhibits sharp features,
and small shifts in the chemical potential can substantially alter the carrier distribution and their transport
contributions. Moreover, at finite temperature, the Fermi-Dirac distribution broadens, but states far from the
Fermi level contribute less significantly due to lower occupation probabilities or reduced group velocities. As a
result, the —1 to +1 eV window encompasses the most transport-active regime of the material and corresponds
to realistic doping levels that can be experimentally achieved. This explains the concentration of peak values and
key trends in this range across all transport tensors.

To determine the overall SnySbg monolayer thermoelectric conversion efficiency, we incorporate thermal
effects by dividing the power factor by the sum of the lattice thermal conductivity arising from phonons and the
electronic contribution. This leads to the figure of merit ZT, which quantifies the system’s total efficiency. This
calculation requires an additional transport property, the lattice thermal conductivity due to phonons (~r).

In this study, we adopt a semi-empirical approach based on fitting an Arrhenius expression, where the
slope coefficient o provides a vibrational parameter defined as Evis = —2rxpB«, with £p being the Boltzmann
constant, characterizing the average phonon motion®. Within this framework, the thermal conductivity at
T = 300 K is determined using the following expression:

v X EviB

FL(300) =~

7

where v represents the average phonon frequency, L is the lattice parameter, and ¢ is a free parameter adjusted
for a system similar to the one under investigation. All calculations within this approximation were performed
using the MOPAC16 software®’, which employs a semi-empirical approach with PM7 parameterization®.

To calibrate the free parameter §, we used the thermal conductivity components of SnSe, which are reported
as 2.5 W/mK and 2.0 W/mK along the x and y directions, respectively. To reproduce these values, we determined
that the free parameter values should be set to 6.5 K and 8 K for the x and y directions, respectively. Applying
these calibrated values to the system investigated in this work, we obtained thermal conductivity values at
T =300Kof kr,ec = 1.12W/mK and k1 yy = 0.91 W/mK.

To obtain the thermal conductivity curve as a function of temperature, we assumed that most 2D materials
in the literature exhibit a temperature dependence that follows approximately ~ 7' (insert references). In
Fig. 5, we present the lattice thermal conductivity as a function of temperature along the x and y directions,
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Fig. 5. Lattice thermal conductivity as a function of temperature along the x and y directions for the SnsSbg
monolayer. The inset presents the Arrhenius plot used to determine the vibrational parameter Evig, which
characterizes the average phonon motion and is crucial in estimating K 1.
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Fig. 6. Thermoelectric figure of merit (ZT) as a function of chemical potential for the SnsSbs monolayer
along the x and y transport directions, considering both hole (negative chemical potential) and electron
(positive chemical potential) transport. The shaded regions indicate the hole-doped (left) and electron-doped
(right) regimes.

demonstrating a degree of anisotropy. The inset panel displays the Arrhenius plot used to determine the
vibrational parameter.

Once all necessary transport parameters were obtained, we calculated the thermoelectric efficiency using
the figure of merit ZT, as defined in Equation 4. The evaluation of ZT was performed over a range of chemical
potentials from —2 eV to 2 eV, considering both hole and electron transport along the x and y directions. Figure
6 presents ZT as a function of chemical potential.

For the SnySbg system, ZT exhibits anisotropy between the x and y directions, as expected from the
previously discussed transport parameters. Another relevant observation is that the highest efficiency occurs
near the Fermi level for holes and electrons, within the chemical potential range of —0.7 eV to 0.8 eV. At room
temperature (1" = 300 K), the efficiency along the x direction is 0.35 for holes and 0.5 for electrons. In contrast,
along the y direction, ZT reaches 0.28 for holes and 0.26 for electrons, indicating a significant thermoelectric
effect even at room temperature, without requiring an external heat source.

As the temperature increases to 7" = 600 K, a general enhancement in thermoelectric efficiency is observed.
In the x direction, ZT values increase to 0.68 for holes and 0.78 for electrons, while in the y direction, values
of 0.59 and 0.39 are obtained for holes and electrons, respectively. This trend continues at an even higher
temperature of 7' = 900 K, with ZT values in the x direction reaching 0.72 for holes and 0.81 for electrons.
Meanwhile, in the y direction, ZT is 0.72 for holes and 0.59 for electrons.

At T = 900 K, ZT becomes isotropic for hole transport, with both x and y directions exhibiting a value of
0.72. However, moderate anisotropy persists for electron transport, with values of 0.81 and 0.59 along the x and
y directions, respectively. Additionally, ZT appears to saturate in the x direction for both charge carrier types,
whereas, in the y direction, further increases may still be possible beyond 7" = 900 K.

For the two-dimensional SnsSbg system investigated in this study, the highest thermoelectric efficiency for
holes occurs in the x and y directions, with a ZT value of 0.72. In contrast, the highest efficiency is along the
x direction for electrons, with a peak ZT of 0.81. These results suggest that SnsSbg is a strong candidate for
thermoelectric applications over a wide temperature range, from room to high-temperature regimes.

Methodology

The structural and electronic properties of the two-dimensional SnsSbg monolayer were explored using DFT
as implemented in the Quantum ESPRESSO (QE) software®. The calculations were carried out within a plane-
wave pseudopotential framework, adopting the generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional®.

Structurally optimization was performed to determine the equilibrium geometry by minimizing the total
energy and atomic forces, alongside optimizing the stress tensor. A plane-wave energy cutoff of 70 Ry was
employed to ensure numerical accuracy, with the atomic forces converging to below 0.01 eV/A. A vacuum
spacing of approximately 23 A was applied along the out-of-plane (z) direction to prevent spurious interactions
due to periodic boundary conditions. The electronic structure calculations, including the band structure and
projected density of states, utilized a Monkhorst-Pack k-point grid of 18 x 18 x 1.

Summary and conclusions

This study investigated the thermoelectric properties of the two-dimensional SnsSbg monolayer using first-
principles calculations combined with Boltzmann transport theory. Our results reveal that the material exhibits
a moderate indirect bandgap and pronounced anisotropy in electronic and thermal transport properties.
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The computed thermoelectric figure of merit, ZT, indicates that SnsSbg achieves high thermoelectric
efficiency, particularly at elevated temperatures. At 7' = 900 K, the maximum ZT values reach 0.72 for holes
in the x and y directions and 0.81 for electrons along the x direction. These results position Sny Sbg as a strong
candidate for thermoelectric applications across a broad temperature range, from room temperature to high-
temperature regimes.

Moreover, we observe that transport anisotropy diminishes with increasing temperature, particularly for hole
transport, where ZT becomes nearly isotropic at 7" = 900 K. Additionally, the saturation trend in ZT at high
temperatures along the x direction suggests enhanced thermal stability, which is advantageous for thermoelectric
applications requiring long-term operational reliability.

Overall, our findings establish Sn4Sbg as a promising material for thermoelectric energy conversion, offering
a well-balanced combination of high electrical conductivity, moderate thermal conductivity, and a strong
Seebeck response. All results reported in this work are theoretical predictions based on first-principles and
Boltzmann transport calculations. Experimental synthesis and validation remain essential future steps. Future
studies should also explore optimization strategies, such as strain engineering and doping, to further enhance
the thermoelectric performance of this material.

Data availability
The datasets utilized and/or examined throughout the present study are accessible upon reasonable request from
the corresponding author.
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