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In this study, density functional theory, combined with the Quantum
ESPRESSO simulation package, was employed to investigate the
thermoelectric properties of two-dimensional materials SiS and SiS.. The
results show that the Seebeck coefficient of SiS reaches its optimal value
at T = 400 K, while that of SiS, is maximized at T = 300 K. This
indicates that both materials exhibit great potential for converting thermal
energy into electrical energy. Specifically, the Seebeck coefficient of SiS
is 2.53 mV/K, which is higher than that of SiS: at 2.22 mV/K. The
electronic thermal conductivity of SiS is 8.39x10* W/mK, significantly
higher than that of SiS., which is 1.42x10"* W/mK. In addition, other
characteristic parameters such as electrical conductivity and power factor
were also analyzed to provide a more comprehensive evaluation of the
thermoelectric performance of SiS and SiS.. These findings not only shed
light on the thermoelectric characteristics of two-dimensional SiS and
SiS: but also suggest promising applications of these materials in
advanced energy technologies.

NGHIEN CUU TU NGUYEN LY PAU VE TINH CHAT NHIET DIEN
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TU KHOA

Tinh chét nhiét dién

Ly thuyét phiém ham mat do
Hé sb Seebeck

Vit liéu 2D

Vit liéu nhiét dién

Trong nghién ctru nay, 1y thuyét phiém ham mat do, két hop véi goi mo
phong Quantum ESPRESSO, di duoc sir dung dé khao sat cac tinh chét
nhiét dién cua vat liéu hai chiéu SiS va SiS.. Két qua cho thiy hé sé
Seebeck cua SiS dat gia tri toi wu tai T = 400 K, trong khi d6 cua SiS:
dat cyc dai tai T = 300 K. Diéu nay cho thiy ca hai vat liéu déu thé hién
tiém nang 16n trong viéc chuyén ddi nang lwong nhiét thanh niang lwong
dién. Cu thé, h¢ sé Seebeck ciia SiS 14 2,53 mV/K, cao hon so véi SiSe
& mirc 2,22 mV/K. D9 dan nhiét dién tir cia SiS 1 8,39x10™ W/mK,
cao hon dang ké 50 véi SiS: & muc 1,42x10 W/mK. Ngoai ra, cac dai
lugng dac trung khac nhu do dan dién va hé sb cong suét cling dugc
phan tich nham danh gi toan dién hon hiéu suit nhiét dién cua SiS va
SiS.. Nhitng phat hién nay khong chi lam sang to cac dac tinh nhiét dién
clia SiS va SiSz hai chiéu ma con goi mé nhitng ng dung trién vong
clia cac vt li¢u nay trong céc cong nghé ning lugng tién tién.
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1. Introduction

Two-dimensional (2D) materials with efficient thermoelectric energy conversion capabilities
play a crucial role in optimizing energy use and minimizing environmental impact. Due to their
unique electronic-and thermal properties, numerous 2D materials, such as graphene and
phosphorene, have demonstrated potential to enhance thermoelectric performance through
optimization of microstructure and electronic characteristics [1]. Notably, metal chalcogenide
compounds like MoS: and WS: stand out for their exceptional electrical conductivity, unlocking
possibilities for applications in optoelectronics and transistors [2]. Additionally, hexagonal boron
nitride (h-BN), with its excellent insulating properties and high thermal stability, contributes to
improving the performance of semiconductor devices [3]. Beyond thermoelectrics, 2D materials are
also utilized in diverse fields such as biosensors, drug delivery systems, and renewable energy
solutions, including photovoltaic panels and long-lasting batteries [4], [5]. Thanks to their structural
and property diversity, these materials are paving the way for new technological breakthroughs,
revolutionizing energy management approaches and driving sustainable solutions [6].

Among 2D materials, monolayer SiS has garnered significant attention due to its outstanding
properties, including a lattice constant of 3.29 A and an energy bandgap of 2.18 eV [7]. Another
study indicates that SiS exhibits higher electron mobility than hole mobility, making it suitable
for applications in electron or hole separation [8]. Furthermore, research by Y. Guan and
colleagues reveals that the energy bandgap of SiS. is 1.39 eV, with the maximum valence band
(VBM) and minimum conduction band (CBM) located at high-symmetry points [9].

In this study, the density functional theory (DFT) method is employed to analyze the
thermoelectric properties of the 2D materials SiS and SiS, revealing their significant potential in
modern devices. The findings not only confirm their ability to convert energy and improve device
performance but also open new savenues for the development of sensors, energy-absorbing
materials, and advanced applications in electronics and clean energy technologies.

2. Calculation method

The theoretical calculations in this study were performed using the Quantum ESPRESSO
software [10], employing the density functional theory (DFT) with norm-conserving
pseudopotentials for Si and S elements. The structures of the 2D SiS and SiS: materials were
optimized with an energy cutoff of 60 Ry and a charge density cutoff of 600 Ry [11]. The k-point
grid was selected as 12x12x1 for both SiS and SiS: using the Monkhorst-Pack method [12], with
a vacuum region along the z-direction set to a thickness of 20 A [13]. The PBE (Perdew-Burke-
Ernzerhof) exchange-correlation functional was used within the GGA approximation.
Calculations were performed to investigate the electronic and thermal properties of the materials
at various temperatures. The structural optimization process was carried out at 0 K, with forces
on each atom limited to less than 5x1072 Ry/a.u. and stress not exceeding 5x102 GPa [14],
ensuring accurate equilibrium states of the monolayer SiS and SiS: structures, providing a
foundation for the thermoelectric property analysis.

3. Results and discussion

To fully evaluate the thermoelectric properties of the 2D materials SiS and SiS.,
computational studies were conducted on key parameters such as the Seebeck coefficient (S),
electrical conductivity (o), electronic thermal conductivity (Ke), and power factor (PF). These
parameters were calculated using the following formulas [15]:

g AV

1
= (1) 0=;~(a k,=LoT 3) PF=S’c  (4)

http://jst.tnu.edu.vn 162 Email: jst@tnu.edu.vn



TNU Journal of Science and Technology 230(14): 161 - 167

where AV is the voltage difference across the material (V), AT is the temperature difference
across the material (K), p is the resistivity (Q-m), L is the Lorenz constant (L = 2.45x10°®
WQK2) and T is the absolute temperature (K).

3.1. Seebeck coefficient
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Figure 1. Seebeck coefficient of 2D materials: (a) SiS; (b) 2D SiS,; (c) Relationship between temperature
and Seebeck coefficient of 2D materials SiS and SiS,

Figure 1 illustrates the dependence of the Seebeck coefficient (S) on temperature (T) for two
2D materials, SiS and SiS.. Specifically, at room temperature (300 K), the 2D SiS material does
not generate a voltage difference (S = 0), indicating no ability to convert thermal energy into
electrical energy. As the temperature rises to 400 K, a voltage difference (S # 0) begins to appear,
indicating thermoelectric conversion capability, as shown in Figure la. In contrast, SiS. generates
a voltage difference (S # 0) even at room temperature, demonstrating better thermoelectric
conversion performance than SiS under normal conditions, as shown in Figure 1b. This indicates
that SiS. performs more efficiently at room temperature, while SiS requires higher temperatures
to achieve optimal performance. Specifically, the Seebeck coefficient of SiS reaches a maximum
of 2.53 mV/K at 400 K, which is higher than that of SiS> at 2.22 mV/K at 300 K. This suggests
that while SiS requires higher temperatures to exhibit thermoelectric conversion and it has a
higher Seebeck coefficient than SiS: when ideal conditions are reached. Both materials show a
decrease in S as temperature increases, reflecting an inverse relationship between S and T, which
reduces energy conversion efficiency at higher temperatures (Figure 1c).
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The analysis results show that both SiS and SiS: exhibit symmetrical n-type and p-type
characteristics, meaning the positive and negative values of S are equal in magnitude, reflecting
electrical balance between free electrons and holes. At room temperature, SiS. converts thermal
energy into electrical energy more efficiently, making it suitable for thermoelectric sensors in
standard environments. Meanwhile, SiS achieves its highest efficiency at 400 K, making it
suitable for thermoelectric applications in high-temperature environments, such as waste heat
recovery or high-power electronic devices.

3.2. Electrical conductivity
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Figure 2. Electrical conductivity of 2D materials: (a) SiS; (b) SiS2;
(c) Electrical conductivity values as a function of temperature for 2D SiS and SiS:

The research results on the conductivity (o) of 2D materials SiS and SiS: as a function of
temperature are presented in Figure 2. For SiS, ¢ begins to appear and increases when the
chemical potential exceeds + 0.7 eV. Additionally, ¢ in the p-type region is greater than in the n-
type region, indicating that holes play a dominant role in conduction. Temperature has a stronger
effect on o in the p-type region, as shown in Figure 2a. Meanwhile, the 2D material SiS: exhibits
conductivity when the chemical potential is at + 0.5 eV and tends to increase, particularly in the
n-type region, suggesting that free electrons are the main contributors to conduction. This reflects
SiS.'s more rapid and stable electrical conductivity in high-temperature environments, as shown
in Figure 2b.

Moreover, the maximum conductivity of SiS reaches 5.38x10" S/m at T = 300 K,
significantly higher than that of SiS: at 0.7x10" S/m. Notably, the conductivity (g) of both
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materials is nearly temperature-independent, ensuring stability across over a wide temperature
range, as seen in Figure 2c.

Thus, it can be observed that the 2D material SiS has superior conductivity (), making it
suitable for devices that require strong and stable conduction. Conversely, SiS2, with its ability to
conduct at room temperature, is ideal for low-temperature sensor applications or devices operating
under standard environmental conditions. The choice of material will depend on the specific
requirements regarding operating temperature and electrical conductivity for each application.

3.3. Electronic thermal conductivity
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Figure 3. Electronic thermal conductivity of 2D materials: (a) SiS; (b) SiS:, (c¢) Electronic thermal

conductivity values as a function of temperature for 2D SiS and SiS:

The research results show that, within the temperature range from 300 K to 900 K, the 2D
material SiS does not have the ability to conduct heat when the chemical potential is in the range
of £ 0.0 ~ £+ 0.6 eV, acting as an electronic insulator. When the chemical potential exceeds + 0.6
eV, SiS begins to conduct heat, with the p-type region having higher thermal conductivity than
that in the n-type region, as holes play a dominant role. Temperature has a more pronounced
effect in the p-type region, as shown in Figure 3a. For the 2D material SiS:, the thermally
insulating region is within £ 0.0 + + 0.3 eV. When the chemical potential exceeds + 0.3 eV, the
ability to conduct heat appears, mainly due to free electrons in the n-type region, which can move
faster due to their low effective mass, as shown in Figure 3b. The results also show that the
electronic thermal conductivity of SiS reaches a maximum of 8.39x10"“ W/mK at 900 K,
significantly higher than that of SiS: (1.42x10"* W/mK at 900 K). Both materials exhibit an
increase in electronic thermal conductivity with rising temperature, indicating a direct
relationship, as shown in Figure 3c.
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In general, SiS has higher electronic thermal conductivity, making it suitable for applications
that require thermal insulation. However, since high electronic thermal conductivity can reduce
thermoelectric efficiency, SiS2, with its lower electronic thermal conductivity, would be more
suitable for thermoelectric devices that require efficient thermal management.

3.4. Power factor
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Figure 4. Power factor of 2D materials: (a) SiS; (b) SiS2; (c) Power factor values as a function of
temperature for 2D SiS and SiS:

The research results show that the power factor (PF) of 2D materials SiS and SiS: increases
with temperature and exhibits symmetry between the n-type and p-type regions, as illustrated in
Figure 4. For SiS, PF starts to appear and increases sharply within the chemical potential range of
+ 0.5 to = 1.15 eV, then gradually decreases, as shown in Figure 4a. For SiS., PF increases within
the range of = 0.1 to + 0.65 eV and then decreases, as shown in Figure 4b. This indicates that at
higher temperatures, the power factor increases at lower chemical potential in both regions,
reflecting the temperature dependence of the thermoelectric conversion process.

The maximum power factor for SiS is 23.51x10' W/K?m at T = 900 K, while SiS: achieves a
maximum value of 29.26x10'* W/K?m also at T = 900 K, as shown in Figure 4c. Thus, the PF of
SiS. is significantly higher than that of SiS, indicating that SiS. has greater thermoelectric
conversion potential. Notably, both materials exhibit equivalent power factors in the n-type and
p-type regions, demonstrating symmetry in their thermoelectric properties, which enhances
stability and flexibility in applications. The PF of both materials increases directly with
temperature, enabling devices to achieve higher performance at elevated temperatures. SiS: has a
broader optimal chemical potential range than SiS, making it more suitable for thermoelectric
devices at a range of temperatures, while SiS achieves optimal performance at 400 K for its
Seebeck coefficient, and SiS: performs optimally at 900 K for its power factor.

http://jst.tnu.edu.vn 166 Email: jst@tnu.edu.vn



TNU Journal of Science and Technology 230(14): 161 - 167

4. Conclusion

This study provides a comprehensive theoretical assessment of the thermoelectric behavior of
two-dimensional SiS and SiS. using first-principles calculations. It highlights the distinct
emperature-dependent behavior of each material to, particularly in terms of charge transport and
heat conduction. While SiS demonstrates superior performance in properties such as electrical
and electronic thermal conductivity, SiS: exhibits a more favorable power factor at elevated
temperatures. These contrasting yet complementary properties underscore the tunability and
functional potential of both materials in thermoelectric applications. Importantly, their
temperature-dependent behavior and responsiveness to chemical potential variations suggest their
suitability for devices operating across a broad temperature range. Overall, the insights gained
from this work pave the way for future experimental validation and integration of 2D SiS and
SiS. into next-generation energy conversion systems, contributing to the advancement of
sustainable and efficient technologies.
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