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Thermoelectric properties of XX-
and XY-stacked GeS/GeSe van der
Waals heterostructures from DFT
and BTP calculations

Fredy Mamani Gonzalo¥*, Mauricio Jeomar Piotrowski?, Eduardo Rodriguez Delgado?,
Carlos Armando Polo Bravo?, Jesus Alfredo Chacaltana Garcia?, Jorge Sabino Ayala Arenas® &
Efracio Mamani Flores'***

This study utilizes density functional theory (DFT) and the Boltzmann transport equation (BTE) to
investigate the structural, electronic, and thermoelectric properties of germanium sulfide (GeS) and
germanium selenide (GeSe) monolayers, along with their van der Waals (vdW) heterostructures.

We analyzed XX-stacked and XY-stacked configurations, where the XX configuration features

direct atomic stacking, while the XY configuration exhibits staggered stacking. Our first-principles
calculations indicate that the formation of GeS/GeSe heterostructures results in a reduction of
bandgaps compared to their bulk and monolayer counterparts, yielding bandgap values of 0.91 eV for
the XX configuration and 0.84 eV for the XY configuration. Stability assessments reveal that the XY
configuration is more stable, demonstrating a lattice thermal conductivity of 15.21 W/mK compared
to 17.95 W/mK for the XX configuration T 300 K. The thermoelectric properties were systematically
evaluated across a temperature range of 300-800 K, revealing high Seebeck coefficients of 1.51 mV/K
for the XX heterostructure and 1.39 mV/K for the XY heterostructure. reflecting their excellent charge
transport capabilities. Notably, the figure of merit (ZT) at 800 K was calculated to be 0.90 for the XX
configuration and 1.01 for the XY configuration, underscoring the superior thermoelectric performance
of the XY heterostructure. These findings contribute to a comprehensive understanding of 2D GeS/
GeSe heterostructures for thermoelectric applications and provide a solid foundation for future
research and technological advancements in this domain.

In an era where environmental pollution represents a serious threat to life on Earth!=3, research has increasingly
focused on mitigating this problem through new technologies and sustainable energy conversion methods.
These efforts aim to replace fossil fuels, which contribute to environmental pollution by releasing greenhouse
gases that have detrimental effects on our ecosystem?~”. Renewable technologies such as solar cells have emerged
as promising alternatives by harnessing the abundant energy resources provided by the sun®-!°. Another notable
approach is thermoelectric (TE) materials as an alternative to harness wasted energy such as heat emitted by
electronic devices, body heat, and solar radiation, through the Seebeck effect, heat is directly converted into
electrical energy. However, there are still challenges to obtain high thermoelectric efficiency so the search
continues. One way to study the physical properties of a large number of materials is through theoretical
predictions since they provide a cost-effective and efficient way in materials exploration and design, ultimately
accelerating the discovery of new thermoelectric materials, in this way, it also helps to attack the environmental
problem!!~16, Numerous studies are currently being conducted to improve the efficiency of thermoelectric
materials'’~%3.

The efficiency of thermoelectric materials at a specific temperature is determined by the dimensionless figure of
merit (ZT), which is given by the following equation
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where S, o, k., ki, and T are the Seebeck coefficient, electrical conductivity, electronic thermal conductivity,
lattice thermal conductivity, and the absolute temperature, respectively?’. In this equation, S?¢ is commonly
referred to as the power factor (PF) of thermoelectric materials. A high ZT value indicates a high energy
conversion efficiency, which is achieved with a high Seebeck coefficient and high electrical conductivity but
low thermal conductivity. However, balancing these parameters is challenging because of their interdependent
nature, making it difficult to achieve the desired inverse relationship between electrical and thermal transport
properties.

The primary composition of the major thermoelectric materials currently on the market and those expected
to emerge in the near future are predominantly centered on tellurides?®~?’. However, there are significant
limitations to the use of tellurium, and a notable challenge is its high cost due to its scarcity in the Earth’s crust,
therefore, it is advantageous to discover new materials that reduce the dependence on Te. A great alternative lies
in GeS and GeSe, in addition to their abundance on Earth, these materials feature lower toxicity, environmental
compatibility, and chemical stability?®, these properties make them suitable for a wide range of applications,
such as high-sensitivity photodetectors® or gas sensing. Furthermore, it has been shown that GeS and GeSe
demonstrate high thermoelectric efficiency in their orthorhombic phase®!, likewise, experimental studies have
shown that doping GeSe with Na helps to decrease the thermal conductivity to 1.06 W/mK at 300 K, in addition,
GeS and GeSe are shown to be non-toxic?. Likewise, a high ZT = 2.12 was predicted for n-doped Pnma GeSe
at 900 K32, while, for GeS a maximum figure of merit of 0.73 at 700 K was calculated®*. On the other hand, the
bilayer setup showed a maximum ZT of 1.95 in armchair direction for electron doping in bilayer GeSe**. Hao
et al.»> employed first-principles-based methods to predict a substantial enhancement in the ZT in hole-doped
GeSe crystals oriented along the crystallographic b-axis, with maximum ZT values ranging from 0.8 at 300 K to
2.5 at 800 K. Subsequently, Rakshit et al.?® revealed that GeS possesses a maximum ZT of approximately 0.73 at
700 K. Additionally, Zhao et al.*® reported a ZT of about 1.3 at 923 K, and Lee et al.’” determined an enhanced
performance in PbSe-based materials, achieving a thermoelectric figure of merit of approximately 1.5 at 800 K.
Many other studies have demonstrated significant potential for improving ZT values*®*-*, indicating promising
thermoelectric properties*>#4,

Asanother strategy to improve physical properties, researchers have shown that constructing heterostructures
can lead to improvements in their properties compared to the pristine material*>~*’, furthermore, numerous
findings confirmed that monochalcogenide-based heterostructures are promising for high-efficiency solar cell*,
optoelectronics®®, photocatalysis®, thermal energy harvesting®!, and essentially, a great improvement in ZT has
been demonstrated for SnSe/Sn$ heterostructure™.

Inspired by these intriguing features of heterostructures, especially for studies of monochalcogenide materials,
we investigate the thermoelectric properties of bulk and monolayer (ML) GeS and GeSe as well as GeS/GeSe
heterostructures by computational simulation employing the density functional theory (DFT) and Boltzmann
transport theory (BTT) approach to systematically explore the Seebeck coeflicients (S), electrical conductivity
(0), electronic thermal conductivity («.), and the ZT of GeS/GeSe XX and GeS/GeSe XY vdW heterostructures.

Computational methodology

The structural and electronic properties of bulk materials, monolayers (GeS and GeSe), and their heterostructures
were investigated using first-principles DFT calculations performed within the Quantum Espresso package™.
Stability was assessed through ab-initio molecular dynamics (AIMD) simulations conducted with the Vienna
Ab initio Simulation Package (VASP)** and Phonopy™. The exchange-correlation energy was modeled using the
generalized gradient approximation (GGA) parameterized by Perdew, Burke, and Ernzerhof (PBE)*°. However,
standard DFT functionals like PBE often underestimate the bandgaps of semiconductors and insulators. To
overcome this limitation, we employed the range-separated hybrid Heyd-Scuseria-Ernzerhof (HSE06)
functional®”>® calculated using VASP. Additionally, to capture the long-range van der Waals (vdW) interactions
crucial for layered monolayers and heterostructures, we incorporated the dispersion-corrected DFT-D3
scheme™. Structural relaxations were conducted until the forces on all atoms were below 10~ Ry/Bohr, and the
stress components were under 0.5 kbar. The Brillouin zone was sampled using a Monkhorst-Pack®® k-point mesh
of 8 x 8 x 8 for bulk materials and 6 x 6 x 1 for monolayers, a shown in Fig. 1a and b. A kinetic energy cutoff
of 70 Ry for the plane-wave basis set was utilized, with a convergence study performed (Figs. S2-57). A vacuum
region exceeding 20 A was included to eliminate spurious interactions between periodic images of monolayers
and heterostructures.

To determine the thermal conductivity of the lattice, both second-order (harmonic) and third-order
(anharmonic) interatomic force constants (IFC) were employed. The second-order harmonic IFC was calculated
using the finite displacement method with Phonopy®!, incorporating rotational summations according to the
Born-Huang®? constraints implemented in HiPhive®. 7 x 7 x 1 supercells and a 2 x 2 x 1 k-point mesh were
used. For the third-order anharmonic IFC, 3 x 3 x 1 supercells were employed with Phono3py®, applying the
linearized Boltzmann transport equation (LBTE)®* and a Q-grid of 65 x 65 x 1 were employed . The anharmonic
IFC calculation was performed with a cutoff radius greater than 7.57 A. Since the conductivity in the z direction
influences the results for a 2D material, a scaling factor was applied by multiplying by h. = z/h.ss, where zis the
unit cell length in the z direction and A is the effective monolayer thickness, considering van der Waals radii
of 1.93 A of Ge which is located on top and bottom of all monolayers an heterostructures, and evaluating the
conductivity tensors in the x and y directions. Finally, a dense k-point mesh of 150 x 150 x 1 and 100 x 100 x 1
was used for monolayers and heterostructures, respectively.
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Fig. 1. Top view: (a-d) and side view: (e-h) of GeS monolayer, GeSe monolayer, GeS/GeSe XX, and GeS/GeSe
vdW heterostructures. The lattice parameters are a and b. The bond lengths between the atoms are d; and ds

, and the bond angles are represented by 6, and 6s. dpqcing is the distance between the monolayers in the GeS/
GeSe XX and GeS/GeSe XY vdW heterostructures.

The heterostructures were constructed by stacking GeS and GeSe monolayers in XX and XY sequences, in
the XX sequence, the Ge atoms of GeSe and GeS are vertically aligned, as depicted in Fig. 1c and g. Conversely,
in the XY sequence, the Ge atoms are laterally shifted, aligning with the S atoms of the GeS monolayer, as
shown in Fig. 1d and h. The lattice mismatch between GeS and GeSe monolayers is calculated using the formula
|A] = (I —ly)/l, where I represents the lattice parameter along the a (or b) direction of the top layer, and [,
corresponds to the lattice parameter of the bottom layer. Considering only the puckered phase was considered for
both monolayers, the heterostructures were fully relaxed using the PBE functional, with subsequent calculations
based on these relaxed structures. To explore the thermoelectric properties of the relaxed heterostructures, we
computed the electron transport properties, including S, o, and ., using the semi-classical BTE as implemented
in the BoltzTraP2 code®® over a temperature range of 300-800 K. The BoltzTraP2 code evaluates the transport
distribution function (TDF) by Fourier expanding the band energies derived from the DFT calculations.
Subsequently, the electrical conductivity tensor 0,5 and the Seebeck coefficient tensor .S, are computed from
the TDF using semi-classical expressions derived from the Boltzmann transport equation under the relaxation
time approximation (RTA). These expressions are represented by Egs. 2 and 3:
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The electronic thermal conductivity tensor ¢ is then determined from the Wiedemann-Franz law given by

the Eq. 4:
+00
/ } de,

where e represents the electric charge of an electron, {2 denotes the volume of reciprocal space, ¢ stands for
the carrier energy, f represents the Fermi distribution function, ;1 denotes the chemical potential, and T is the
absolute temperature. These transport tensors provide valuable insights into the thermoelectric performance
of the investigated heterostructures. The figure of merit (ZT) plays a crucial role in discussing thermoelectric
properties as it indicates the efficiency of converting heat into electricity. As per Eq. 1, achieving a high ZT
necessitates high values of the Seebeck coeflicient and electrical conductivity, while aiming for low electrical
thermal conductivity. However, attaining these desired values is challenging, as suggested by the Wiedemann-
Franz law®’, which states that a high value of o corresponds to a high value of k. (k. = o LT).
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Results and discussion

Structural properties

Our investigation commenced with a thorough examination of the bulk structures of GeS and GeSe, as illustrated
in Fig. S1. We conducted meticulous convergence tests to determine the optimal computational settings for
both the k-point mesh density and the plane-wave energy cutoff, as depicted in Figs. S2 and S3. Following the
establishment of accurate computational parameters, we proceeded with structural optimization calculations to
ascertain the lattice parameters of the bulk materials. For bulk GeS, our calculations revealed an orthorhombic
crystal structure with the Pnma space group and optimized lattice parameters: ¢ = 3.67 A, b= 4.44 A, and
¢ =10.77 A. Similarly, bulk GeSe exhibited an orthorhombic Pnma symmetry, consistent with both theoretical
predictions®® and experimental measurements®. Refer to Table S1 for detailed structural parameters of the bulk
materials.

The primary monolayers of GeS and GeSe were derived by extracting layers from the three-dimensional GeS
and GeSe bulk structures, both of which belong to the space group Pmn2,. These monolayers can exhibit two
distinct geometries: buckled (B)”® and puckered (P). In our analysis, we focused on the puckered geometry for
both, GeS and GeSe monolayer, as depicted in Fig. 1a and b. Our investigation revealed that the lattice parameters
of the GeS monolayer are a = 3.67 A and b = 4.46 A, while for the GeSe monolayer, they are calculated as
a=23.79 A and b = 4.66 A. These values closely align with previous theoretical studies’®7, as shown in Table 1.

Within these monolayers, strong covalent bonds are established, with each atom bonded to three atoms
of the opposite type. The puckered geometric structures display distortions in the cation-anion bond angles,
particularly evident in the side view along the b direction for both the GeS and GeSe monolayers (see Fig.
le-f). Importantly, these monolayers exhibit metastability, a characteristic observed in experimental fabrication
processes”> 7>,

Following the examination of individual GeS and GeSe monolayers, we constructed vdW heterostructures by
stacking them in different configurations: XX and XY. This involved optimizing the interlayer distance (dpqcing
) between the GeS and GeSe monolayers to form a GeS/GeSe XX and GeS/GeSe XY vdW heterostructures,
which exhibit unique structural properties resulting from the combination of distinct monolayer materials. For
the GeS/GeSe vdW heterostructures, the optimized lattice parameters are a = 3.73 A and b = 4.56 A. Detailed
information on the bond lengths (dge—g(se) and ds(se)—ce)> bond angles (0ge—ge and O5(s¢)—sse))> and dapacing
are provided in Table 1.

Furthermore, Table 1 presents the binding energy (£;) and lattice mismatch (A) between the GeS and GeSe
monolayers for both the XX and XY heterostructure configurations. Ej quantifies the strength of attractive
interactions between the GeS and GeSe monolayers within the heterostructure. A more negative value of
E) indicates stronger interlayer adhesion and a more stable heterostructure configuration (see Fig. 2). This
parameter plays a crucial role in determining the overall stability and cohesiveness of the heterostructure,
thereby influencing its structural integrity and potential applications.

To assess the stability of the vdW heterostructures, we computed the Fj, using Eq. 5:

B - Eap — (Ea+ Ep) 7 )
S

where E4 and Ep represent the energies of the isolated monolayers, E 45 is the total energy of the GeS/GeSe
XX or XY vdW heterostructure, and S is the area of the unit cell. Our calculations reveal that the XY stacking
configuration of the GeS/GeSe vdW heterostructures exhibits higher stability than the XX stacking. Specifically,
the XY configuration demonstrates a significantly higher Ej value of — 19.35 meV/A2, compared to — 14.08
meV/A? for the XX stacking. This higher binding energy indicates greater thermodynamic stability for the XY
configuration. Moreover, we determined the optimal interlayer distances corresponding to these binding energy
values to be 3.32 A and 2.92 A for the XX and XY stackings, respectively (see Fig. 2).

To demonstrate the dynamic stability of GeS and GeSe monolayers as well as GeS/GeSe vdW heterostructures
in XX and XY stacking configurations, we used phonon dispersion calculations, where the absence of imaginary

Material Lattice parameters | dGe—s(Se) ds(se)-ce Oce—Ge ) | O5(5¢)-5(5¢) ©) dspacing | Fy Aa/b
0= 36766 |, 242 |d 245 | 1048 B 5 = 93.90
b= 4.46 @z | (S =2 5—Ge = 2.45 : 5-5 = 93.
0 =316 |, 259 | d 2.56 0012 |9 97.30
b= 4.66 (4277) Ge—Se — 4.9 Se—Ge = 4.9 g Se—Se = .
= dge—s =242 |dg_qe = 2.45 | 1048 fs_g = 93.
Ges/Gese xx | =373 AGes 45-Ge 0 s-s =930 |, —14.08 | 3.17/4.29
b = 4.56 dge—s5e = 2.56 | dge—qe = 2.59 | 99.92 95(’75% = 95.75
= _g = 2.4 _Ge = 2.45 | 104.8 _g=93.
Ges/Gesexy | =3T3 dge-s =242 |ds-g. =245 O5-s =939 | —19.35 | 3.17/4.29
b = 4.56 dG(ﬁ*S(‘ =2.59 dS(i*G(’, =2.56 | 99.92 95{)75& =97.30

Table 1. The lattice parameters (a and b) in A, bond lengths between atoms (dge—g(se)> ds(se)—Ge) in A, bond
angles (Oce—ce» O5(5¢)—5(se)) in degrees, interlayer distance (dspqcing) in A, binding energy (£;) in meV/ A2,

and lattice mismatch (A in % along a/b direction) were calculated using the PBE functional for GeS and GeSe
monolayers, as well as for GeS/GeSe XX and GeS/GeSe XY vdW heterostructures.
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Fig. 3. Calculated phonon dispersion of (a) GeS/GeSe XX vdW heterostructure and (b) GeS/GeSe XY vdW
heterostructure along the high-symmetry point within the first Brillouin zone.

phonon modes in the dispersion curves of the monolayers (Fig. S8a,b) and of the GeS/GeSe vdW heterostructures
(Fig. 3) confirmed their dynamic stability. These results are in good agreement with previous theoretical studies”®.
Additionally, an ab-initio molecular dynamics (AIMD) calculation was carried out for GeS/GeSe XX and XY,
where its stability is confirmed, Fig. S9. These results align with the binding energy calculations, collectively
affirming the higher thermodynamic and structural stability of the XY stacking over the XX configuration. The
convergence of these complementary theoretical techniques provides a comprehensive understanding of the
relative stability and lattice properties of these vdW heterostructures.

Electronic properties
The electronic properties of GeS and GeSe materials were investigated across their bulk, monolayer, and van der
Waals (vdW) heterostructure configurations, employing DFT calculations as the primary analytical tool. We
utilized two distinct exchange-correlation functionals: the generalized gradient approximation with the Perdew-
Burke-Ernzerhof (GGA-PBE) functional, and the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional.
The use of the HSE06 functional was motivated by the known tendency of the GGA-PBE approximation to
underestimate the bandgap values in these materials. For the bulk materials, the HSE06 functional revealed
bandgaps of 1.77 eV for GeS and 1.54 eV for GeSe, whereas the GGA-PBE underestimated these values, yielding
1.21 eV for GeS and 0.87 eV for GeSe (see Table S2 and Fig. S15). This underestimation by GGA-PBE is a
well-known limitation arising from the self-interaction error and the absence of exact non-local Hartree-Fock
exchange”’. The HSEO06 functional, which incorporates a fraction of exact Hartree-Fock exchange, provides an
improved description of the electronic structure and more accurate bandgap predictions for these materials.
Specifically, the conduction band minimum (CBM) is located at I" point and the valence band maximum
(VBM) is located along the I'-X path (0.39 0.00 0.00), resulting in an indirect bandgap of 1.76 ( close to
experimental result, 1.587%) eV. Similarly, the calculations with HSE06 hybrid functional also yielded indirect
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bandgaps for the monolayers, albeit with a different distribution of the critical points. As depicted in Fig. S10
c), for the GeS monolayer, the VBM is situated at Y-I" (0.00 0.38 0.00) point, whereas the CBM lies along the
I"-X (/0.40 0.00 0.00), leading to an indirect bandgap of 2.49 eV. Analogous behavior is observed for the GeSe
monolayer in Fig. S10b), where at PBE level, the VBM is located at the Y-I" (0.00 0.40 0.00) point, and the CBM
at Gamma-X (0.39 0.00 0.00), resulting in an indirect bandgap of 1.23 (1.1678 and experimental value of 1.147%)
eV. Likewise, the HSE06 level showed an indirect bandgap of 1.80 eV for GeSe monolayer at the same points as
PBE, as shown in Fig. S10d). In contrast, the HSE06 functional predicted significantly larger bandgaps.

Building upon our investigations of the bulk and monolayer forms, we further explored the electronic
properties of XX- and XY-stacked GeS/GeSe van der Waals (vdW) heterostructures. Figure 5a, exhibits an
indirect bandgap of approximately 0.91 eV for GeSe/GeSe XX heterostructure, while XY has 1.02 eV, which is
very close to 0.98 eV from a theoretical study of GeS/GeSe”®, where compared to GeS or GeSe monolayer, in
Fig. 5a and b, the CVM shows a slight degeneracy, this may occur due to the absence of inversion symmetry in
the layer structures, which causes a splitting in the energy bands, however, to obtain the effective mass, we use
the semiparabolic CBM at ['-X. Furthermore, GeSe/GeSe XY in I'-X of CBM shows a steeper curve than XX,
these bands have similar behavior for both PBE and HSE06. Likewise, the atomic projected of electronic band
structures of XX and XY vdW heterostructures are observed in Fig. 4 at PBE level, where in both heterostructures
the VBM is governed by Se atoms indicating the important role of Se for p-type doping. On the other hand, the
conduction band shows contribution of all 3 atoms, however, the Ge atom shows greater contribution, especially
at the CBM points indicating a great potential in electrical conductivity in the n-region.

In Fig. 5¢ and d, a clear difference in the bandgap by HSE06 compared to PBE is shown, this increase is
due to the exact exchange portion of 25 %, which provides an improved description of the electron-electron
interactions and leads to more reliable bandgap predictions. In Fig. 5¢, the GeSe/GeSe XX heterostructure
exhibits an indirect bandgap of approximately 1.42 eV. Similarly, Fig. 5d shows the band structure of the GeSe/
GeSe XY vdW heterostructure calculated with the HSE06 functional showing an indirect band gap of 1.34 eV,
and VBM and CBM occur at the I'-X and Y-T" points in the Brillouin zone for both heterostructures, the values
reported in this study are very close to a recent study’®. The creation of the heterostructures efficiently reduced
the bandgap at PBE and HSE06 level compared to their monolayer forms (Table 2).

Thermoelectric properties

The accurate prediction of thermoelectric properties, such as the Seebeck coefficient, electrical conductivity,
and electronic thermal conductivity, is crucial for evaluating the potential of materials for various applications®.
In the previous section, we calculated the electronic band structures of the GeSe-GeS-based van der Waals
heterostructures using two different exchange-correlation functionals, PBE and HSE06. However, in this section,
we solely utilize the computationally efficient Perdew-Burke-Ernzerhof (PBE) functional within DFT to
generate the band structures as input for the calculation of thermoelectric properties employing the BoltzTraP2
code®®, the reason is because PBE offered bandgap results closer to the experimental ones, both for GeS and GeSe
monolayer”?, and while HSE06 offers more accurate results in majority of materials, it turns out to be highly
computationally demanding, while BoltzTraP2 requires a dense mesh of points-k. Furthermore, the choice of
the PBE functional is a well-established practice in the field of thermoelectric materials research, as it has been
demonstrated to provide reliable qualitative trends and relative comparisons of thermoelectric performance
among different material systems, despite its inherent limitations in accurately predicting bandgaps. Importantly,
the use of the PBE functional in this study aligns with the established practices in the field of thermoelectric
materials research, facilitating direct comparisons with previously reported results and enabling a consistent
framework for evaluating the thermoelectric performance of the investigated vdW heterostructures relative to
other material systems.
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Fig. 4. Atomic projected band structure for the van der Waals heterostructures: (a) GeS/GeSe XX, and (b)
GeS/GeSe XY using the PBE functional.
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Fig. 5. Band structure and bandgap indications for the van del Waals heterostructures: (a) GeS/GeSe XX, and
(b) GeS/GeSe XY using the PBE functional; and (c) GeS/GeSe XX, and (d) GeS/GeSe XY using the HSE06
functional along high-symmetry k-points.

Material i) 5 BB (eV) E;I SE06 (eV) | Bandgap (PBE) | Bandgap (HSE06)
GeS ML 1.76 (1.69%,1.667%) | 2.49 Indirect Indirect
GeSe ML 1.23 (1.14%,1.107%) | 1.80 Indirect Indirect
GeS/GeSe XX | 0.91 1.42 Indirect Indirect
GeS/GeSe XY | 1.02 1.34 Indirect Indirect

Table 2. Bandgap values and types calculated for GeS ML, GeSe ML, GeS/GeSe XX, and GeS/GeSe XY using
PBE and HSE06 funcionals.
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Fig. 6. The thermoelectric properties of GeS monolayer: (a) Seebeck coeflicient (S), (b) electrical conductivity
(o), (c) electronic thermal conductivity (k.), and (d) the figure of merit (ZT) as a function of chemical
potential in the temperature range from 300 to 800 K.

In Figs. 6 and 7 the thermoelectric properties of GeS and GeSe monolayers are illustrated, where in a) the
Seebeck coefficient (S) shows a decrease due to its sensitivity to temperature, and is inversely proportional to the
temperature gradient®!, p-type materials display a positive Seebeck coefficient since the predominance of holes
governs the conduction of the material. Conversely, n-type materials, characterized by an excess of electrons,
exhibit a negative Seebeck coefficient, contributing significantly to the conduction of the materials, similarly,
the electrical conductivity (o) is related to temperature, as seen in Eq. 3, furthermore, in Fig. SI11a,b it can be
seen that above the Fermi level, in CBM it is dominated by both Ge and Se, this is reflected in the electrical
conductivity for n-type GeS and GeSe ML, where in Figs. 6b and 7b a more pronounced peak is observed in
the n-region. Likewise, in Figs. 6¢ and 7c it was noted that there is a predominance in values of the chemical
potential greater than 0 for the electronic thermal conductivity (.), where this does not present drastic changes
due to temperature.

Based on DP (deformation potential), relaxation time were calculated for both, monolayers and heterostructures
using Eq. 6, applying uniaxial external strain in the range of — 1-1% (Figs. S13 and S14). Negative values indicate
tensile strain, while positive values indicate compression. The relaxation time (7) was calculated using the equation:

- m*
;= Hepm 7 (6)
e
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(0), (c) electronic thermal conductivity (x.), and (d) the figure of merit (ZT) as a function of chemical
potential in the temperature range from 300 to 800 K.

Electron Hole
Material mE/mg | My /Mo | paps | papy | mE/mo | My/Mo | pap s | papy | T ()
GeS ML 0.48 0.33 193.55 | 155.56 | 0.30 0.20 510.33 | 140.180l@ 14
GeSe ML 0.51 0.34 185.90 | 157.85 | 0.22 0.15 185.96 | 42.85x3] (414
g;S/Gese 0.54 0.36 115401 | 69.75 | 0.17 0.12 395.07 | 95.37g G 13
GeS/GeSe XY | 0.44 0.30 2001.00 | 148.50 | 0.19 0.13 312.43 | 123.68¢ 013

Table 3. Effective mass of electrons and holes along x direction (m*/my) and y direction (m; /my), carrier
mobility (112p), and relaxation time (7) at 300 K.

where pop is the carrier mobility of two-dimensional materials, m* is the effective mass, and e is the charge of an
electron. The effective mass and the carrier mobility can be calculated with the following equations:

_ 671302D (7 )

D = e TmrmEs 4
PE\

= K2 e ) 7b

m ( e ) : (7b)

where k denotes the wave vector, E represents the energy associated with the wave vector k, # is the reduced
Planck constant, Csp is the elastic modulus, Fj is the deformation potential, and 7 ( \/m) is the average
effective mass. The values of effective mass and relaxation time for monolayers and vdW heterostructures are
detailed in Table 3. Where, the results obtained by applying this theory to determine Cy D and Ej; are represented
in Figs. S13 and S14 for a vacuum level (E,qcyum) of 3.09, 3.36, 5.64, and 5.62 eV for GeS ML, GeSe ML, GeS/
GeSe XX, and GeS/GeSe XY, respectively, as shown in Fig. S12.

On the other hand, the lattice thermal conductivity is associated with the phononic modes A, which is
obtained using the linearized Boltzmann transport equation (LBTE), and is given in terms of the Cartesian
components a3 por

, 1
af _
" Z; ke T2V

X {folwaqxi T)L+ folwa: T))(Fwg )5 Fa ) -

(8)

Where q is the vector in reciprocal space. The equilibrium distribution function fy(wq ;7)) is evaluated for
angular frequency wq, A and temperature T . The vector Fy 5, which is obtained by solving the LBTE, is directly
linked to the phonon ifetime? The term (-++)q indicates that an average is performed over the first Brillouin
zone. Where in Fig. S18a the x; calculated for GeS and GeSe ML are depicted and we can notice that in the case
of GeSe, the x; is lower than the experimental value 1.57 W/mK at 300 K82,

These parameters combined, through the Eq. 1 lead to the figure of merit (ZT), where for GeS ML (GeSe ML)
exhibit a high thermoelectric efficiency at 800 K of 1.83 (1.73), as illustrated in Figs. 6 and 7d, where the GeS
monolayer presents a higher peak in the p region, meanwhile, GeSe monolayer shows a n-type behavior, because
the maximun peak is located at positive values of the chemical potential.

In contrast to the monolayers, the thermoelectric properties of XX and XY vdW heterostructures are shown
in Figs. 8 and 9. For instance, the calculated values of the Seebeck coefficient for the XX vdW heterostructure
are depicted in Fig. 8a. At 300 K, a high Seebeck coeflicient of 1.58 mV/K is observed, due to the inverse
proportionality with the temperature gradient, at 800 K the Seebeck coefficient presents the minimum value,
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Fig. 8. (a) Seebeck coeflicient, (b) electrical conductivity, (c) electronic thermal conductivity, and (d) figure of
merit of GeS/GeSe XX vdW heterostructure as a function of chemical potential in the temperature range from
300 to 800 K.
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Fig. 9. (a) Seebeck coeflicient, (b) electrical conductivity, (c) electronic thermal conductivity, and (d) figure of
merit of GeS/GeSe XY vdW heterostructure as a function of chemical potential in the temperature range from
300 to 800 K.

this could indicate a low thermoelectric efficiency at high temperatures. Similarly, the XY vdW heterostructure,
in Fig. 9a, exhibits a high Seebeck coeflicient of 1.55 W/mK at 300 K.

In Fig. 8b, the electrical conductivity of the XX vdW heterostructure is shown as a function of the chemical
potential. The maximum calculated value for n-type charge carriers was 426.82 x 10° 1/Qm with a chemical
potential value of 2.13 eV at 300 K. At a maximum temperature of 800 K, the electrical conductivity shows a
decrease to 167.13 x 10° 1/Qm for n-type, which is due to the predominance of intrinsic phonon scattering
mechanisms at high temperatures, also considering the rough shape of the heterostructure and the contribution
of many bands of Ge and Se atoms a to de conduction band. Likewise, the GeS/GeSe XY vdW heterostructure
presented similar properties, as shown in Fig. 9b, with values of 542.68 x 10° 1/Qm for n-type charge carriers at
a chemical potential of 2.02 eV at 300 K. The electrical conductivity shows a temperature-dependent behavior,
reaching a value of 197.65 x 10° 1/Qm at 800 K, this trend is closely linked to the underlying dynamics of charge
carrier scattering and phonon interactions at elevated temperatures. Under these conditions, phonon-phonon
interactions and electron-phonon scattering become more pronounced causing the probability of electron
scattering with phonons to increase significantly limiting the mobility of charge carriers since electrons or holes
are more frequently deflected by lattice vibrations, reducing their ability to move freely through the material.
Furthermore, the relaxation time (7) representing the average time between scattering events plays a crucial role
in this behavior. As the temperature is increased, the enhanced scattering leads to a reduction in the relaxation
time, as illustrated in Fig. 10b.

The electronic thermal conductivity shows a similar behavior to the electrical conductivity since both are
linearly related, we find that at room temperature, the GeS/GeSe XX vdW heterostructure demonstrates a
maximum electronic thermal conductivity for n-type carriers of 310.21 W/mK, as depicted in Fig. 8c at room
temperature, meanwhile, a minimum value of . of 290.11 W/mK was found at 800 K. Similar but slightly
lower values were reported for n-type carriers in the case of the GeS/GeSe XY vdW heterostructure, which is
589.07 W/mK at room temperatures, as shown in Fig. 9c, we report 197.65 W/mK at 800 K, unlike o, a large
of variation in electronic thermal conductivity at high temperatures, this can be attributed to a combination
of saturation effects, the dominance of electronic contributions, and intrinsic characteristics of GeS and GeSe
that make the thermal response stable in that temperature range. Another important factor that contributes
to thermal conductivity is the lattice thermal conductivity (x;), which plays a very important role in boosting
thermoelectric efficiency, since unlike S, o, and kappa,, the x; does not depend on the carrier concentration, in
this study, a lattice thermal conductivity of 15.21 W/mK was calculated for GeS/GeSe XX at room temperature,
as depicted in Table 4, meanwhile, a higher value of 17.95 W/mK was computed for GeS/GeSe XY at room
temperature, Fig. 10a. On the other hand, at high temperatures, the lattice thermal conductivity decreases to 5.61
(6.60) W/mK for the GeS/GeSe XX (GeS/GeSe XY) heterostructures, which could primarily due to Phonon-
Phonon Umklapp scattering, grain boundaries and dislocation scattering. Compared with the electronic thermal
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Fig. 10. (a) Lattice thermal conductivity and (b) relaxation time of GeS/GeSe XX and XY vdW
heterostructures in the temperature range from 300 to 800 K.

Material $ (mV/K) | o (10°1/Qm) | K, (W/mK) | K; (W/mK) | ZT

GeS ML 1.58 73.03 52.39 1.16 0.64
GeSe ML 1.55 28.23 20.27 0.32 0.47
GeS/GeSe XX | 1.51 426.82 310.21 15.21 0.13
GeS/GeSe XY | 1.39 542.68 589.07 17.95 0.16

Table 4. Seebeck coefficient (S), electrical conductivity (o), electronic thermal conductivity (x.), lattice
thermal conductivity (k;), and figure of merit (ZT) were calculated using the PBE functional for GeS and
GeSe monolayers, as well as for GeS/GeSe XX and GeS/GeSe XY van der Waals heterostructures, all values are
presented at 300 K.

conductivity, there is no significant contribution from the lattice thermal conductivity to the total thermal
conductivity which is ko = Ki + Ke.

A high value of the Seebeck coefficient, electronic electrical and thermal conductivity but low lattice thermal
conductivity led to a maximum thermoelectric efficiency at 300 K (800 K) of 0.13 (0.84) for the GeS/GeSe XX
vdW heterostructure in the n-region. Conversely, the GeS/GeSe XY vdW heterostructure exhibits a higher peak
in the p-region, demonstrating that the stacking arrangement of GeS and GeSe monolayers can shift the material
from p-type to n-type with a ZT = 0.83 at 800 K, as shown in Fig. 8d. The ability to alter charge carriers is crucial
for thermoelectric devices, as both p-type and n-type materials are necessary for efficient performance. This
transition from p-type to n-type occurs due to changes in the distribution of electrons and holes within the
heterostructure when the geometry is modified. The high ZT values, especially in the XY configuration, suggest
that GeS/GeSe heterostructures are promising candidates for high-temperature thermoelectric applications, such
as waste heat recovery, where materials with high thermal resistance and electrical efficiency are required. The
ability of these heterostructures to maintain excellent performance across a wide temperature range (300-800 K)
makes them suitable for use in power generation and cooling devices in industrial processes or in thermoelectric
generators for automotive and aerospace applications.

Conclusions

We have performed an extensive study on the structural, electronic, and thermoelectric properties of GeS and
GeSe materials in various forms, including bulk, 2D monochalcogenide monolayers, and GeS/GeSe (XX and XY)
vdW heterostructures. This investigation utilized a combination of first-principles calculations and BTE approach
to provide a comprehensive understanding of these materials. Through material engineering, we created two
heterostructures by vertically stacking monochalcogenides. Among these, the XY heterostructure demonstrated
greater stability than the XX vdW heterostructure and exhibited lower lattice thermal conductivity. The
formation of heterostructures resulted in a significant reduction in the bandgap of the monolayers. Specifically,
the GeS/GeSe XX and GeS/GeSe XY vdW heterostructures showed remarkable stability, with bandgaps of 0.91
eV and 1.02 eV, respectively at PBE level. The analysis of the thermoelectric properties revealed high Seebeck
coefficients and electrical conductivities for these heterostructures, which contributed to their excellent
thermoelectric performance. The GeS/GeSe XX vdW heterostructure achieved a high thermoelectric figure of
merit (ZT) of 0.84 at 800 K, while the GeS/GeSe XY vdW heterostructure exhibited an even higher ZT value
of 0.83 at the same temperature. This indicates that the most stable heterostructure also exhibited the highest
thermoelectric figure of merit, highlighting the potential of these materials for thermoelectric applications. The
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creation and analysis of GeS/GeSe vdW heterostructures have shown that these materials possess favorable
electronic and thermoelectric properties. The stability, reduced bandgap, high Seebeck coefficient, and high
electrical conductivity of these heterostructures underscore their promise for future thermoelectric applications.

Data availability

All data relevant to this study are presented in the manuscript, and its supplementary information files. Any
remaining questions or requests for additional details regarding the datasets should be directed to the corre-
sponding author.
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