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ARTICLE INFO ABSTRACT

The electronic and thermoelectric properties of recently synthesized As,S; in the form of 2D by experiment have
been investigated in this work. The thermoelectric properties of As,S3 has been studied by the first-principles
calculations and the Boltzmann Transport theory. The result shows that As,S; has indirect band gap of 2.31 eV
for monolayer and 2.08 eV for bulk. From phonon dispersion spectra, both bulk and monolayer have dynamical
stability. The Seebeck coefficient (S) as a function of temperature is investigated for monolayer and bulk of
As,S3 and its values at 300 K temperature are 188 and 298 pV/K. Also, the values of S are drastically decreasing
when temperature increases in bulk As,S3 while in case of monolayer As,S3, the values of S have less variation
with increasing temperature. The electronic figure of merit (ZT,) for bulk As,S;is found to be 5.04 at 300 K
while at higher temperature ZT. values significantly reduced to 3.76. For monolayer As,Ss, the electronic figure
of merit, ZT. is also showed higher value of 1.84 at 300 K and at higher temperature it has ~ 2.75. These
investigation shows that the bulk and monolayer have new materials for the potential applications in the
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thermoelectric devices.

1. Introduction

The rapid growth in the world’s energy demand have become global
problem from past few decades. Recently, this demand is satisfying by
fossil fuels and other non-renewable sources.[1] The large consumption
of these sources produces shortage of fuel in the nearest future and
negative impact on the environment. Almost the burning process of
fossil fuel produce energy with waste heat and exhaust gas released into
the atmosphere, which cause air-pollution in environment.[2,3] The
thermoelectric materials are desirable solution to produce electricity
from the waste heat and useful as solid-state Peltier coolers.[4,5] To
develop and identify such materials with high thermoelectric efficiency
more than available at present remains is a challenge task.[6,7]

The thermoelectric device has ability to convert the temperature
gradient into the electric potential[8]. This ability can be summarized
as a figure of merit (ZT) which depends upon Seebeck coefficient,
thermal and electrical conductivities of material and temperature.
Generally, the figure of merit of the material is expressed by
ZT = S0T/ x; where, S, o and « represent Seebeck coefficient, electrical
conductivity and k thermal conductivity.[6,9] The thermal conductivity
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K = Ke + kp in which k. the electronic thermal conductivity and
represents the electronic thermal conductivity and the lattice thermal
conductivity, respectively.[9] The material with large value of ZT have
better performance in conversion of heat into electricity.[10] The
higher value of power factor (which is $20) and lower value of thermal
conductivity are fundamental necessaries to improve the value of ZT.
[11] The best thermoelectric materials reported to till present time have
been measured at ZT values of around 2.5 to 2.8.[12-14] Recently,
Scientists at TU Wien have developed new material (thin layer of iron,
vanadium, tungsten and aluminium applied to a silicon crystal) with ZT
value lies between 5 and 6.[15] The chalcogenide material is good
source of thermoelectric material due to high Seebeck coefficient and
lower thermal conductivity.[16] Sulfide materials are import members
of this chalcogenide family. So, these materials have a lot of attraction
of research in this era. [17-19]

Nowadays, 2D layered materials have extraordinary properties for
the potential applications in the field of nanoelectronics, photo-
catalysis, and energy systems such as solar cell, thermoelectric devices.
[20-24] AsyX3 (where X = S, Se and Te) based monoclinic structures
are bulk-layered materials, and it has highly anisotropic material
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family. The layered form of As,Ss is successfully experimentally syn-
thesize by Siskins et al.[25] in which the layered form of As,S3; shows
wonderful chemical stability, high anisotropic mechanical and optical
properties. The layered As,Ss is semiconducting material with these
remarkable properties. We will discuss about the theoretical work to
calculate the structural, electronic and thermoelectric properties of bulk
and monolayer As,S; material. Also, for the dynamical stability, the
phonon dispersion spectra are calculated. For simulating thermoelectric
properties, the Seebeck coefficient, electrical conductivity, electronic
thermal conductivity and electronic figure of merit have been com-
puted. The material studied here shows the high thermoelectric per-
formance.

2. Computational methods

The Vienna Ab-initio Simulation Package (VASP) code have been
used to simulate the Density Functional Theory calculations in the
present work.[26-28] The Generalized Gradient Approximation (GGA)
method within the Perdew — Burke — Ernzerhof (PBE) functional has
been employed. [29] These calculations performed within the energy
convergence criterion of 10® eV with a plane-wave cut-off energy of
500 eV for both, monolayer and bulk As,S; systems. In the As,Ss3
monolayer system, the high vacuum of 20 A along normal direction was
inserted to prevent interactions with adjacent layers.[30-32] The
Monkhorst-Pack k-point meshes (7 x 1 x 7) and (7 X 7 X 7) have
been used for monolayer and bulk As,Ss, respectively.[33] The con-
jugate gradient (CG) method with the Hellmann-Feynman forces con-
verge criterion of 0.001 eV/A is used to optimize the structure. The
density Functional perturbation theory (DFPT) calculations were car-
ried out for (2 x 2 x 3) sized supercell of As,S; bulk-material and
(8 X 1 x 3) sized supercell of monolayer material of As,S3. By using
this DFPT results, the Phonopy code has been employed to determine
the phonon dispersion for both phases of As,S3;, monolayer and bulk.
[34] The Constant Relaxation Time Approximation (CRTA) and Boltz-
mann Transportation Equation (BTE) is implemented in BoltzTraP2
code used to calculate the thermoelectric properties.[35,36] For the
appropriate and powerful visualization of As,S; material, the VESTA
software has been employed.[37]

3. Results and discussion
3.1. Structural properties of monolayer and bulk As,Ss material

Energy minimized structure of monolayer and bulk As,S; have been
illustrated in the Fig. 1. They have monoclinic lattice arrangement. The

monolayer As,S; contains two formula units of As,S; due to the octet
rule. Here, As atoms have 3 coordinates (3 As-S bonds) and S atoms
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Table 1

Calculated the lattice parameters and angles of bulk and monolayer As,Ss.
Material a(A) b (A) c@) a B Y
As,S3 (monolayer)  4.6576 - 12.2425 89.94° 112.39° 90.11°
As,S3 (bulk) 4.6014 11.0069 12.2554 90° 111.73° 90°

have 2 coordinates (2 As-S).[38,39] The primitive unit-cell of bulk
As,S3 contains two monolayer As,Ss.

After structure optimization of As,S3; material, the lattice constants
of monolayer As,S; are a = 4.6576 A and ¢ = 12.2425 A. The high
vacuum of 20 A is also present in the c direction to prevent interactions
of adjacent layers. While for bulk phase of As,Ss, the lattice constants
are a = 4.6014 A, =11.0069 A and ¢ = 12.2554 A. The lattice con-
stants in a and c direction are very close to those of bulk structure as
shown in Table 1. The experimental measured values of bulk As,S5 are
4.22 and 11.46 in a and c directions. Our optimized structures of As,Ss3
for bulk and monolayer phase are very close to previous investigations.
[38,39]

3.2. Electronic properties and phonon dispersion of As;S3

To examine the electronic properties of arsenic tri-sulfide, As,Ss, the
electronic  band-structure along the high symmetry path
I' — z— C— Y- T points is computed for both phase, bulk and mono-
layer. The Fig. 2 (a, c) illustrates the electronic band-structure of As,S3
for monolayer and bulk phase. The indirect band gap of monolayer
As,S3 and bulk As,Ss; are calculated to be 2.31 eV and 2.08 eV, re-
spectively (see Table 2). The bulk and its monolayer of As,S; has
semiconducting nature. The indirect band gap is found from Y-point in
valence band to I'-point in conduction band in monolayer and bulk
As,S3. The direct bandgap is slightly larger than the indirect electronic
bandgap. These results of the electronic band structures within the PBE
functional are good agree with the previous investigations.[38]

Further, the phonon calculations were performed along the
I' — z— C— Y- T high symmetry directions for dynamical stability of
the As,S; monolayer and bulk. The Fig. 2(b, d) shows the phonon
dispersion of As,S; for monolayer and bulk phase. Both bulk and
monolayer As,S3 systems are free from imaginary frequencies. The
positive values of frequency in phonon dispersion of monolayer and
bulk structure have showed their dynamical stabilities.

To better analysis of the electronic band-structures, the projected
density of states (PDOS) of monolayer As,S; and bulk As,S; have de-
termined as shown in Fig. 3. It is observed that the p-orbital of S atom is
mainly contributed near the Fermi level (Er) and a small contribution
comes from p-orbital of As atoms in the valence band maximum (VBM).

Fig. 1. (a) Top view of monolayer As,S; and (b) top view of bulk As,Ss, (¢) side view of monolayer As,Ss, (d) unit-cell of bulk As,Ss. The dotted line shows the unit
cell of monolayer and bulk As,S3. The green and yellow colour represents the arsenic and sulfur atoms, respectively.
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Fig. 2. (a) Electronic band-structure of monlayer-As,S; (b) phonon-dispersion of monolayer-As,S3 (c) Electronic band-structure of bulk-As,S; and (d) phonon-

dispersion of bulk-As,Ss,

Table 2
Calculated electronic band gaps in monolayer and bulk As,Ss.

Material Phase Structure Indirect Bandgap Direct Bandgap
AsyS3 monolayer monoclinic 2.309 eV 2.471 eV
As,S3 bulk monoclinic 2.084 eV 2.241 eV

In the conduction band minimum (CBM), the p-orbital of As atom is
strongly hybridized with p-orbital of S atom as presented in Fig. 3(a).
Similar contribution is found to be in the bulk As,S; system like
monolayer As,S; as shown in Fig. 3(b). From the electronic band
structures, it is also observed that the flat band lines present at the top
of the valence band as shown in Fig. 2(a, c). The flat band lines have
large effective mass and the Seebeck coefficient is directly proportional
to the effective mass (i.e. S a m*). According to that the bulk and its
monolayer have higher values of Seebeck coefficient. Due to the

relatively flatter band lines in bulk system as compare to monolayer of
As,S3 system has higher Seebeck coefficient which is shown in next
section.

3.3. Thermoelectric properties of As,S3 material

The thermoelectric component, such as the Seebeck coefficient,
electrical conductivity and electronic thermal conductivity, and elec-
tronic figure of merit, ZT. have been calculated as functions of tem-
perature. Additionally, constant relaxation time approximation with
t = 10* s, which is used to calculate the thermal and electrical con-
ductivity. Fig. 4 (a) shows computed Seebeck coefficient of As,S; for
temperature range 300 K to 1200 K. These materials show higher value
of Seebeck coefficient at room temperature. As the temperature in-
creases, the Seebeck coefficient decreases gradually. The Seebeck
coefficient of bulk As,S; remains higher than monolayer because
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Fig. 3. (a) DOS of monolayer- As,Ss, (b) DOS of bulk- As,S;
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Fig. 4. (a) Seebeck Coefficients, (b) electrical conductivity (c) electronic thermal conductivity and (d) Figure of Merit of As,Ss

Table 3
Seebeck coefficients (S) and electronic figure of merit (ZT,) of As,Ss.

Temperature(K) As,S; (Monolayer) As,S3 (Bulk)

S (UV/K) ZT. S (UV/K) 7T
300 188.92 1.84 291.81 5.04
500 174.28 2.93 260.29 4.87
800 159.08 2.69 219.61 4.42
1000 158.15 2.71 202.41 4.06
1200 158.12 2.73 190.19 3.76

layered form of As,S3; have low effective mass due to the flatter band
lines as compare to bulk form. But this difference is also decrease with
increment of temperature. The values of Seebeck coefficient at room
temperature are found to be 188.92 puvV/K and 291.81 pV/K for
monolayer and bulk As,Ss, respectively. Moreover, the values of See-
beck coefficient have almost same at higher temperature see Table 3. It
means that it works very well at lower as well as higher temperature.

Fig. 4 (b) and (c) shows electrical conductivity and electronic
thermal conductivity as a function of temperature at constant relaxation
time. For thermal and electronic conductivities, the initial value at
room temperature are same for both bulk and monolayer phase of
As,S3. We know that the charge density is also function of temperature.
It means that the charge density will increases when temperature in-
creases and it will get more thermal energy to release free electrons
from valence band into the conduction band. As a consequence, the
excited electrons converted into charge carriers which shows increasing
behaviors with temperature. We can see that the values for bulk phase
is rapidly increase than monolayer with increase in temperature.

In the monolayer phase, the electrical conductivity is only
1.03 x 10'® S/ m s at 300 K. Then, it is increased with temperature and
reached 3.25 x 10'® S/ m s at 1200 K. Similarly, for bulk phase, it is
initial value 0.996 x 10'® S/ m s at 300 K, which is almost same with
bulk phase. But it is increased more rapidly than monolayer phase and
reached 7.82 x 10'® S/ m s. This value is much more than two times of

that of monolayer As,Ss.

Similar, the electronic thermal conductivity is 0.526 x 10> W/mKs
and 0.599 x 10'® W/mKs at 300 K for monolayer and bulk phase of
As,S3, respectively. Initially, the value of electronic thermal con-
ductivity (x.) for monolayer phase is much more than that of bulk. The
value of electronic thermal conductivity is increases with temperature
for both phases. At the 1200 K, its value is 3.57 x 10'®> W/mKs and
9.04 x 10" W/mKs for monolayer and bulk phase, respectively. The
value for bulk Phase is three times more than monolayer phase.

The electronic figure of merit (ZT.) is efficient way to measure the
thermoelectric conversion performance of material. The bulk As,Ss
have high electronic figure of merit, which is varies from 5.04 to 3.76
for temperature range from 300 K to 1200 K. The ZT,. value of mono-
layer As,Ss is 1.84 at room temperature 300 K as shown in Table 3.
Initially, it increases with temperature. Then, it becomes almost con-
stant with temperature for higher value of temperature. It reported ZT,
value 2.73 at 1200 K temperature. At higher temperature, the ZT, value
is remained unchanged with temperature for monolayer As»Ss. So, the
monolayer As,S; have stability in thermoelectric conversion at higher
temperature. But this stability is not observed in ZT, of bulk at higher
temperature. It was reported that the values of ZT in previous in-
vestigations are 4.6 monolayer a-Te,[3] 2.45 in graphene nanoribbon,
[40] penta-PdTe2 reaches 2.42,[41] monolayer InP3 is found to be as
high as 2.06,[42] 3.27 in single-layered SnSe,[43] 2 for single-layered
SiSb.[44] But bulk As,S; have high thermoelectric performance due to
its high ZT. value. Based on above calculations, the bulk As,S; and
monolayer As,S; can be proposed as promising candidates for ther-
moelectric applications.

4. Conclusions

The electronic, vibrational and thermoelectric properties of As,S3
for monolayer and bulk phase are systematically determined using the
first-principles calculations. From the phonon dispersion, the dynamical
stability of the material is proved. This material shows indirect bandgap
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2.31 eV for monolayer phase and 2.08 eV for bulk-phase. From ther-
moelectric computation, the monolayer As,S; and bulk As,S; have
188.92 puV/K and 291.81 puV/K Seebeck coefficients at 300 K tem-
perature, respectively. The monolayer phase of this material has high
electronic figure of merit ZT. = 1.84 at room temperature and 2.73 at
higher temperature. For bulk phase, its ZT. value varies from 3.76 to
5.04. Bulk As,S3 have very high electronic figure of merit ZT. = 5.04 at
300 K and 3.76 at 1200 K. The finding results suggest that the As,S3
material can be utilized in thermoelectric devices.
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