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Abstract. In the present work, the structural, electronic and optical properties of the 2D monolayer 
As2S3 have been systematically investigated by the first principles calculations. The monolayer 
As2S3 has stable structure in the 2D oblique lattice which is confirm by phonon dispersion. Here, 
the elemental projected band-structure and density of states of the monolayer As2S3 have been 
determined by using HSE functional. The calculated bandgap of the monolayer As2S3 has 3.29 eV 
(of the indirect nature). In the optical properties, the complex dielectric function and optical 
absorption spectrum have been studied. The results suggest that the 2D monolayer As2S3 as 
hopeful candidate for potential applications in nano-electronics and opto-electronics. 
Introduction 
Among the all material families, the family of the 2D materials draw outstanding research 
attentions due to their remarkable electronic, mechanical, optical and others properties after the 
discovery and experimental realization of graphene in the year 2004[1,2]. The new members are 
continuously being added through theoretical predications and experimental investigations in the 
expanding family of 2D materials [3–6].  The 2D materials such as graphene, boron nitride (h-
BN), silicene, germanene, TMDs, MXenes and etc. have high symmetric and isotropic lattice due 
to their hexagonal structure[7–12]. These conventional 2D materials fail to desirable performance 
in the direction dependent optoelectronic technology[5,13].The two-dimensional materials with 
low symmetry, such as borophene, phosphorene 1T’ phase of TMDs and germanium phosphide 
have diversity in properties due to their anisotropic lattice structure[5,13]. These low symmetrical 
systems with diverse properties and feature can become solution for frequency and direction 
dependent devices due to their anisotropy[13]. The broad family of the 2D materials can fabricated 
by various experimental methods such as chemical vapor deposition (CVD), pulse laser deposition 
(PLD) method, molecular beam epitaxy (MBE) and others[14,15]. The two-dimensional (2D) 
semiconductor materials in the form of monolayer, bilayer and few-layers have novel combination 
of the electronic and optical properties[15]. It leads toward new electronic and optoelectronic 
devices with ultrathin thickness and flexibilities due to new physics behind their electronic 
structures and the screening in the 2D systems[15].  
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The two-dimensional (2D) materials with anisotropy can open new era of optoelectronic 
technology due to their orientation dependent and frequency dependent properties. The 2D black 
phosphorus (bP) has the large anisotropy but it is an unstable material due to its degradation in the 
air[13,16,17]. The 2D material with high anisotropy and stability can become a good alternative. 
As2S3 has layered structure in bulk phase and is important member of anisotropic material family. 
The arsenic based layered materials are useful in the electronic devices, sensors and energy 
system[5,18]. Recently, the 2D nanosheet of layered material As2S3 has been experimentally 
synthesized by Siskins et al.[13]. The monolayer As2S3 have outstanding chemical stability, high 
anisotropy and high thermal and dynamic stabilities[13,19]. Motivated by these interesting 
consequences, the structural properties, phonon-dispersion, elemental projected electronic band-
structure, and optical properties of the monolayer As2S3 are explored using the first-principle’s 
calculations in this work.  
Computational Details 
The first-principle calculations have been performed using the VASP code in this work[20,21]. 
The ground state energy of monolayer As2S3 is calculated by using the DFT calculations through 
Generalized Gradient Approximation (GGA) method with exchange-correlation (XC) function of 
Perdew-Burke-Ernzerhof (PBE)[22]. The projected augmented wave method is employed within 
Energy Cut-off of 500eV to approximate the core-valence electron interactions[23]. The thick 
vacuum of 20 Å has been inserted in the structure to avoid interaction between periodic layers in 
y direction[19,24–26]. By setting  criteria for the total energy to 10-8 eV/cell and the force to 0.01 
eV/Å, the structure of this material is optimized using the Monkhorst k-point grid of 7×1×7 
through the conjugate gradient method[27]. Density functional perturbation theory (DPFT) 
calculation is performed using the supercell of the size 3×1×3 for the monolayer As2S3[28,29]. 
The phonon-dispersion of this material is calculated by using the phonopy software.[30] For the 
visualization of monolayer As2S3, the VESTA software is used[31]. To obtain accurate electronic 
properties of the monolayer As2S3, the HSE method is employed by taking screening parameter 
(β) = 0.2 Å-1 and mixing parameter (α) = 0.25. The optical absorption (α(ω)) can be determined 
using the real and imaginary functions using following expressions: 

α(𝜔𝜔)  =   4𝜋𝜋𝜋𝜋�(|𝜀𝜀(𝜔𝜔)|−𝜀𝜀1(𝜔𝜔))
ℎ𝑐𝑐

 

where,  |ε(𝜔𝜔)| = �𝜀𝜀12(𝜔𝜔) + 𝜀𝜀22(𝜔𝜔) , is the relative dielectric function and E is photon 

energy[32,33]. 

Results and discussion 
Structural properties  
The optimized structure of monolayer As2S3 is illustrated in the Fig.-1. In this material, the 3 
coordinated As and 2 coordinated S atoms are arranged in the monoclinic lattice arrangement in 
Pc space group. The optimized lattice-constants of monolayer form of this 2D material are a = 4.66 
Å and c =12.42 Å. While the calculated the lattice-constants of bulk-phase are a = 4.60 Å, b = 
11.01 Å and c =12.26 Å. The unit-cell of monolayer As2S3 with two formula unit of As2S3 satisfies 
the octet rule. This monolayer material has large asymmetry due to its monoclinic arrangement in 
lattice space, while the other materials, like graphene, TMDs have good symmetry due to 
hexagonal lattice arrangement of atoms. To check the dynamic stability, the phonon band-structure 
for the single layer (SL) of As2S3 along the high symmetry path (Γ-Z-C-Y- Γ) is computed through 
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the DPFT method. The calculated phonon-dispersion spectra for single layer of As2S3 is shown in 
the Fig.-1(d). The positive phonon dispersion of monolayer As2S3 confirms the dynamic stability 
of structure. Here, the phonon density of states is also compatible with the phonon band-structure. 
 

 
 Fig.-1: (a) top view of monolayer As2S3, (b) sideview of monolayer As2S3 (c) bulk-phase of As2S3 

and (d) phonon dispersion of monolayer As2S3 
Electronic properties  
 

 
Fig.-2: (a) Electronic Band-Structure and (b) Density of States for the monolayer As2S3 
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Table 1: Electronic bandgap of 2D monolayer As2S3  
 

Material Structure Functional Indirect 
Bandgap (eV) 

Direct Bandgap 
(eV) 

As2S3 
(monolayer) 

monoclinic HSE06 3.29 3.43 

As2S3 
(monolayer) 

monoclinic PBE 2.31 2.47 

 
The calculated the elemental projected electronic band-structure and the projected density of 

states (PDOS) has been illustrated in Fig.-2. Here, the elemental projected band-structure using 
hybrid HSE06 is computed for the monolayer As2S3 along the symmetry path Γ-Z-C-X- Γ. This 
monolayer As2S3 exhibits semiconducting behavior with the indirect bandgap of 3.29 eV and the 
direct bandgap of 3.43 eV (see Table 1). In the elemented projected electronic band-structure of 
monolayer As2S3, it is clearly observed that the conduction band mainly composed of the 
contribution of p-orbital of As along with significant contribution of p-orbital of S atom and while 
in the composition of the valence band, the dominant contribution of p-orbital of sulfer has been 
observed with presence of s-orbital and p-orbital of As atom (see Fig.-2(a)). Here, the contribution 
of the p-orbital of As increases in valence band from near fermi-level toward far from fermi-level.  
From the analysis of the partial density of states of monolayer As2S3, the p-orbitals of arsenic (As) 
and sulfer(S) atoms have major contribution in the formation of total density (see Fig.-2(b)). In the 
conduction band, they are strongly hybridized with each other and almost equality contributes in 
the formation of total density. While in the valence band, the p-orbital of S atom has dominant 
contribution than the other orbitals. In the valence band and conduction band, there is also observed 
the small contribution the s-orbital of As atoms. Here, the projected density of states of the 
monolayer As2S3 is highly analogues with electronic band-structure of it.  
Optical properties  
  

 
Fig.-3: Calculated complex dielectric constant of monolayer As2S3 :(a) real part and (b) 

imaginary part  
 

The real and imaginary part of the calculated frequency dependent complex dielectric constant 
of 2D monolayer As2S3 has been illustrated in the Fig.-3. The electronic polarizability of the 
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material is directly related with the real dielectric function through the Clausius-Mossoti relation. 
The monolayer As2S3 shows the static value of real dielectric function (at photon energy E=0) is 
at 2.62 for the in-plane direction and is 1.99 for the out-plane direction (see Fig.3(a)). The 
maximum electronic polarizability is located at the photon energies 2.92 eV in visible region for 
direction parallel to field and at photon energy 7.17 eV for the perpendicular field direction. In the 
perpendicular field direction, the real dielectric constant shows negative values for some photon 
frequencies which describes metallic response for those photon energies. The monolayer As2S3 
shows maximum negative value of real dielectric function for the photon energy 7.24 eV in UV 
region.  While the imaginary dielectric function concerns with the electronic inter-band transitions. 
In direction parallel to the field, the first three peaks of imaginary dielectric constant have been 
located at the photon energies 3.41 eV, 3.76 eV and 4.15 eV (see Fig.3(b)). While for the case of 
perpendicular field direction, the first peak of imaginary dielectric constant has been observed at 
the photon energies 3.16 eV. The strongest peak of the imaginary dielectric function is located at 
photon energy 7.04 eV for the out-plane direction (perpendicular field direction). 
 

 
Fig.-4: Calculated optical absorption spectrum of the monolayer As2S3 

The anisotropic optical absorption spectrum of the monolayer As2S3 has been illustrated in the 
Fig.-4. The monolayer As2S3 has absorption of the order 105 cm-1 for visible and UV frequencies 
in the both cases, parallel field and perpendicular field direction cases. For the infrared and visible 
frequencies having photon energy below the 2 eV, the monolayer As2S3 shows negligible optical 
absorption in both cases (in-plane direction and out-plane direction to field). In the optical 
absorption spectrum of monolayer As2S3, the large anisotropy is observed between parallel field 
and perpendicular field directions.  This monolayer material shows the strongest absorption peak 
at photon energy 7.17 eV in the ultra-violet region for the out-plane direction (perpendicular 
direction).  
Conclusion 
In the present investigation, the structural, electronic properties and optical properties of 2D 
layered As2S3 have been studied for monolayer phase. The dynamically stability of monolayer 
phase of the 2D As2S3 has been confirmed by the positive phonon dispersion. The monolayer As2S3 
is wide bandgap semiconductor with indirect electronic bandgap of 3.29 eV. This material has 
shown large optical absorption for visible and UV frequencies. The monolayer As2S3 displays 
anisotropic optical properties along the in-plane and out-of-plane directions. The result of the 
current investigation suggests the monolayer As2S3 for the potential applications in the field of the 
nanoelectronics and optoelectronics. 
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