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Strain Engineering is a widely adopted approach to modulate the opto-
electronic performance of 2-Dimensional (2D) materials. Recently, anisotropic
Van der Waals (vdW) based 2D As,Sz monolayer has gained significant attention
within the scientific community due to its stability in ambient conditions. Similar
compounds like As,Tez have also been theoretically explored. However, its
indirect bandgap nature limits its application in optical devices. In this study,
a systematic study of compressive and tensile strain on three profiles—Uniaxial
along a-axis, Uniaxial along b-axis and biaxial strain from -10% to +10%, is
performed for As,Sz and As,Te; monolayers. Certain strain profiles like Uniaxial
tensile strain of 8% along b-axis results in transition to direct bandgap material.
Similarly, for As,Tes, shear strain of (-10%, +8%) along (a, b) axis results in
direct bandgap material. In addition, the anisotropic optical absorption spectrum
is obtained for unstrained and strained monolayers within the random phase
approximation (RPA).

KEYWORDS

first principles, strain engineering, anisotropic van der waal’'s 2D materials, direct
bandgap semiconductors, random phase approximation (RPA)

1 Introduction

Intrinsic in-plane structural anisotropy in vdW-based 2D materials gives rise to
directionally dependent electronic, optical, magnetic, and mechanical properties that
can be exploited for device physics. This class of materials known as T and T' metal
dichalcogenides (TMDCs) include ReS, (Linetal., 2015) and ReSe, (Wolverson etal.,
2014), Phosphorene (Wang et al., 2015), Borophene (Padilha et al., 2016), transition metal
monochalcogenides MX (Sarkar and Stratakis, 2020), where M = Ge, Pb, Sn and X =
Se, S, P and Te. Other examples of such anisotropic 2D vdW’s materials are Antimonene
(Pumera and Sofer, 2017), TiS; (Dai and Zeng, 2015), ZrGeTe, (Adam etal., 2020),
Ta,NiS; (Qiao etal., 2021), and CrOCI (Xu et al., 2021). Such anisotropic 2D materials
find wide applications in polarization-sensitive photodetectors, optical components, and
linearly polarized light sources (Yuan etal., 2015; Guo etal.,, 2016; Huang et al., 2019).
Amongst these compounds, monolayer black phosphorus exhibits the highest anisotropic
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FIGURE 1

(A) Top view of a 3 x 2x1 supercell of As,S; monolayer, Unit cell of

As,Sz monolayer, Unit cell of As,Te; monolayer and (B) Side view of
As,Te; supercell.

Side view

ratio of Youngs modulus along the direction of b to a axis of
2 (Taoetal, 2015; Wangetal., 2015). However, phosphorene is
unstable in air (Kistanov et al., 2017), which limits its applications
in devices like Nano-electro- mechanical systems (NEMS). On the
other hand, a recently studied compound, namely, As,S; monolayer
with an in-plane anisotropic ratio of 1.7 is found to be stable under
ambient conditions (Siskins et al., 2019).

There were two independent theoretical studies carried out in
2016 (Debbichi et al., 2016; Miao et al., 2017) that predicted the
possibility of the formation of few layers to monolayer As,S;,
As,Se; and As,Te; from its bulk form in naturally occurring
orpiment phase. It was predicted that these materials have indirect
bandgap semiconductors by using DFT and AIMD calculations
(Debbichi et al., 2016; Miao et al., 2017). The anisotropic optical
and mechanical properties of As,S; monolayer were verified
experimentally (Siskins et al., 2019). In addition, the anisotropic
thermoelectric performance of As,S; and As,Te; monolayers was
also studied using DFT calculations (Patel et al., 2020; Gao et al.,
2021). However, there is only one report on the effect of uniaxial
compressive strain on the electronic properties of As,S; monolayer
(Liu et al., 2021a).

Mechanical deformation of two-dimensional materials is one of
the most appealing methods to modify their electronic structure. By
straining the interatomic distances, the bond-lengths change leading
to a change in the overlap of the electronic wavefunctions of the
atomic orbitals, which has an impact on the electronic structure of
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these materials. For instance, the direct bandgap of phosphorene was
found to change to indirect by applying biaxial strain (Peng et al.,
2014).

The materials in the present work have indirect bandgaps, which
limit their applications in optoelectronic devices due to unavoidable
thermal dissipation due to phonon scattering. Furthermore, unlike
three-dimensional materials, 2D materials can withstand a strain
of up to 10% during mechanical exfoliation (Postorino et al., 2020).
Hence, it is worthwhile to perform a systematic study of the effect
of strain on the opto-electronic response of As,X; monolayers. In
this paper, we report the effect of both compressive and tensile,
uniaxial, biaxial and a few cases of sheer strain on the electronic and
optical properties of 2D monolayer As,X; (X = S,Te) using ab intio
calculations. This paper is organized as follows: section- II provides
the details of the calculations and computational methodology,
section-III is divided in four parts—the structural and electronic
properties of unstrained monolayers, the effect of uniaxial and
biaxial strain on the electronic properties, a discussion of the effect
of shear strain on the electronic properties and finally the effect of
mechanical strain on anisotropic optical properties.

2 Computational methodology

Density functional theory calculations are performed using
Vienna ab initio simulation package (VASP) code (Kresse and
Hafner, 1993; Kresse and Furthmiiller, 1996) using Projected
Augmented Wave (PAW) type of pseudopotentials (Kresse and
Joubert, 1999). The exchange correlation functional was treated
using the generalized gradient approximation (GGA) within the
Perdew-Burke-Ernzerhof (PBE) methodology (Perdew et al., 1996)
by explicitly introducing the vdW interaction using optB86b
functional (Klimes et al., 2011). The cutoff kinetic energy for plane
waves was set to 500 eV. 2D monolayer unit cells for both As,S; and
As, Te; compounds were relaxed until the force convergence of 107
was achieved with an energy convergence criterion of 10 V. The
self-consistent field calculations were performed using a 8 x 6x1
Gamma-centered k-mesh. The projected density of states (PDOS)
calculations were obtained using a dense k-mesh of 30 x 10x1. The
c-axis or vacuum of 23A was created to simulate the vdW gap to
avoid the periodic repetition of the neighboring unit cells.

The linear optical properties are calculated within the random
phase approximation using Kubo- Greenwood equations by
calculating the microscopic dielectric constant as implemented in
VASP code (Gajdos et al., 2006). The microscopic dielectric function
is given by the following Equation 1.

(w) = & (w) +ig; (w) 1

The imaginary part of the dielectric function that depends on
transition matrix elements and joint density of states is given by Eq 2
as follows:

2
Qg

& (@) ZW< Ve |ir|¥y >8(E; — E{ — E) (2)

Here, w is the frequency of the light, Q is unit cell volume, ¢, is the
permittivity of free space, ¥° is the wavefunction of the conduction
band (c) at k-point index k and V" denotes the wavefunction of the
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FIGURE 2

Electronic bandstructure and Project Density of States (PDOS) of As,S; (A, B) and As,Te; (C, D).
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Strain energies Vs. strain percentage for (A) As,S; and (B) As,Tes

for biaxial strain profiles
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Effect of strain on electronic bandgap, E.g., (A) Uniaxial strain along
a-axis, (B) Uniaxial strain along b-axis and (C) Biaxial strain. Squared
symbol for As,Sz and circle for As,Tes.

valence bands, . 7 is the direction of polarization of incident light.
The real part ¢, (w) is obtained by Kramer-Kronig transformation.
The optical properties are calculated by considering the light parallel
to both, a (XX)-and b (YY)-axes. A denser k-mesh of 30 x 10x1 was
used for the calculation of linear optical properties.

The strain is calculated by the relation & = (I-10/), where I is the
length of the strained unit cell vector and [0 is the unstrained unit
cell vector length. Both compressive and tensile uniaxial (along a-
axis and b-axis due to anisotropic unit cell) and biaxial strain were
applied by varying the strain to the unit cell from —10% to +10%.
Moreover, the effect of shear strain for a particular case of applying
the compressive strain on a-axis is studied from —2% to —10% and
the b-axis was fixed to +8% tensile strain. The postprocessing is
performed using VASPKIT (Wang et al., 2021).

3 Results and discussion

3.1 Structural and electronic properties of
unstrained monolayers As, X

Figure 1A shows a fully relaxed 3 x 2x1 supercell of As,S;
monolayer. The rectangular primitive unit cells of As,S; and As, Te;
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are shown in Figure 1A. They belong to the orthorhombic lattice
with space group Pmn21 (Space group number 31). Each unit
cell consists of two formula units of As,X;. The As atoms have a
coordination number of three and each S/Te atom has a coordination
number of two. Figure 1B presents a side view of As,Te,
supercell.

The calculated lattice vectors of As,S; are a = 4.54 A
and b = 11.35 A are comparable with previous theoretical
results (a = 4.45 A and b = 11.35 A) (Mortazavi et al., 2020).
However, they are higher than the experimental findings of 4.22
A and 11.46 A (Nobuo, 1954). The optimized lattice parameters
of As,Te; are a = 456 A and b = 13.14 A in this study
compare well with previous theoretical results (a = 4.45A b =
13.11A) (Mortazavi et al., 2020). In reference (Liu et al., 2021b),
the theoretical lattice parameters for monolayer As,S; are a =
441 A and b = 11.41 A. In these references, the calculations
are performed using Grimme’s DFT-D2 input DFT functional for
vdW’s interactions, but in the present study, calculations are done
differently using optPBE-vdW’s functional as mentioned in the
computational methodology. So, the lattice parameters obtained
in both the calculations vary slightly. The mechanical anisotropy
for As,S; has been studied theoretically (Liuetal, 2021b) and
verified experimentally in reference (Siskins etal.,, 2019). Similar
anisotropic behavior has also been theoretically reported for As, Te;
in references (Mortazavi et al., 2020; Gao et al., 2021). The phonon
dispersions of both monolayers have already been studied in
references (Patel etal, 2020) and (Gaoetal, 2021), exhibiting
no imaginary frequencies. Hence, both the compounds are
dynamically stable.

The electronic band structure and PDOS of As,S; and
As,Te; monolayers are shown in Figure 2. Both structures show
a semiconducting behavior with indirect bandgap values of 2.12
and 1.01eV for As,S; and As,Te; as shown in Figures 2A, C,
respectively. The CBM is located at the Gamma-point and the
VBM is located at line between the I and X high symmetry points
in the first Brillouin zone. Since the curvature near VBM and
CBM is high or the gradient of PDOS near the fermi energy
level for VBM and CBM is larger, the charge carriers are highly
delocalized. Figures 2B, D show PDOS for As,S; and As,Te,,
respectively. From 2(b), As-pz orbital has maximum contribution
to the conduction band near the Fermi-energy level, whereas S-
px and S-py orbitals have most contribution to valence band states
near Fermi level. Similarly, for As,Te;, Te-px and py orbitals
have maximum contribution to the formation of valence bands
near EF and the conducting bands are formed mainly from As-pz
orbital.

3.2 The effect of uniaxial and biaxial
compressive and tensile strains on the
electronic properties of As,X; monolayers

In this subsection, the effect of strain on electronic properties
of these monolayers is investigated in a comprehensive manner.
Here, we consider compressive and tensile strain profiles of three
different types: 1) Uniaxial strain along a_axis (Uni_a), 2) Uniaxial
strain along b_axis (Uni_b), 3)Biaxial strain varying from —10%
to +10% (compressive to tensile - biaxial). Figure 3 shows the
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Demonstration of variation in electronic band-structure with strain for As,S; Uni_b strain profile.
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Demonstrating a transition to direct bandgap semiconductor in As,Te; for a shear strain of (A, B) = (-10%, 8%) as shown in (B) as compared to Uni_b

strain of +8% as shown in (A).

graph of DFT energies versus strain for Uni_a, Uni_b and biaxial
strains for (a) As,S; and (b) As,Te;. It is clear from Figure 3
that the unstrained structure has a minimum or ground state,
which indicates the most stable structure for both monolayers. In
addition, the energy of the biaxial strain profile is always higher
compared to uniaxial strain profiles. Also, the strain energies for
Uni_a are consistently lower than that of Uni_b, implying that the
structure undergoes maximum deformation along the a_axis. It is
also important to note that the strain energies are always lower for
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As,Te; as compared to As,S;, implying that As, Te; can be deformed
more easily.

The most important property for optoelectronic applications
is the bandgap, E.g., Figure 4 shows the effect of strain on the
bandgap of As,S; and As,Te; monolayers. In this work, the effect
of strain is studied in the range from -10% to +10% (with
increasing bond length from -10% to +10% strain) as shown
in Figure 4A, where the bandgap is maximized at Uni_a tensile
strain of +8% for both As,S; and As,Te; monolayers. However, the
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Demonstrating the loss of direct band gap nature from (A) (0, +8%) to (B) (-10%, +8%) in As,S; monolayer.
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bandgap maxima of As,S; and As,Te; monolayers are located at
+4% and +2% for Uni_b tensile strain and biaxial tensile strain,
respectively, see Figures 4B, C. A single example for Uni_b As,S;
case is considered in this study to understand this trend of the
band structure changes (see Figure 5). As evident from Figure 5,
the CBM shifts from I'-point towards X-point, with increasing
strain from —10% to +10%. This trend can be explained using
the projected density of states for all strain profiles varying from
—-10% to +10%, see Supplementary Figures SIA-]. As evident from
the Supplementary Figures SIA-C, for strain profiles —10%, —8%
and —6%, the major contribution to CBM comes from As- py,
As-pz and S-pz orbitals. On further reducing the compressive
strain percentage for —4% and —2%, S- py orbital also contributes
to CBM. Further going from the unstrained profile of 0% to
+10%, As-px orbital also makes a significant contribution to
CBM states near the Fermi energy level and it increases with
increasing tensile strain. However, as we go from +2% to +10%,
the contributions from As-py and S-pz orbitals cease to exist, see
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Supplementary Figures S1E-J, This results in the shift of CBM from
I'-point towards X-point.

There is a transition from indirect to direct bandgap in As,S; for
uniaxial strain of 8% along b-axis (See the electronic band structure
in Figure 5, whereas it retains its indirect nature for all the other
strain profiles. Although, it seems that for +6% and +10%, the CBM
and VBM are located closely along the I-X line, they are still indirect.
Moreover, the system becomes metallic for the case of As,Te; at
biaxial compressive strain of —10% (Supplementary Figure S2) but
is indirect semiconducting in all other strain profiles.

3.3 The effect of shear strain on the
electronic properties of As,X; monolayers

The employed strategy for selecting a limited number of shear

strain profiles was as follows: Since the uniaxial strain along b-axis
(Uni_b) resulted in a transition to direct bandgap semiconductor in

frontiersin.org
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Static dielectric constant Vs. strain for monolayer As,Ss (A) and As,Tes (B).

As,S; at +8%, it is kept fixed at this b-axis tensile strain, whereas
that along the a_axis was varied from —2% to —10% for both
compounds. As a result, As,Te; transformed to a direct band gap
material, whereas, As,S; lost its direct bandgap nature. As indicated
in Figures 6, 7 the comparative effect of shear strain in As,Te;
and As,S; is shown for two cases: (0%, +8%) and (-10%, 8%),
respectively.

3.4 Optical properties

In this section, the anisotropy in the optical absorption spectrum
is discussed in the case of unstrained As,S; and As,Te; monolayers.
As shown in Figures 8A, B, there is a strong anisotropic behavior
as demonstrated in the absorption along XX and YY-direction. For
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the case of As,S;, there is a strong absorption in the UV range
in the XX direction, which spans to some part of VIS spectrum
as well. However, for the YY direction, the absorption peak is
in the mid to near UV range and green, blue, violet and cyan
parts of VIS spectrum. Similarly, for As,Te; the absorption along
both directions is in the near-IR, VIS and near-UV range. The
optical bandgap can be calculated by drawing a tangential line to
the absorption edge along XX direction, because the band gap is
along the I'- X line in the first Brillouin zone. Figures 8A, B show
that the optical, E.g., for As,S; and As,Te; are 1.98 and 0.88 ¢V,
respectively.

The next step was devoted to study the effect of strain on
the band gap. Here only the case of strained As,S; monolayer
along Uni_b (Uniaxial b-axis) is considered, since there was a
transition to a direct bandgap behavior at +8% tensile strain as
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depicted in Figures 9A, B. It is also important to note that only the
XX-direction is considered since the bandgap is located along the I-
Xline. The absorption band-edge is red shifted along with increasing
compressive strain from 0% to —10% and is again red shifted for
increasing tensile strain from 0 to +10%.

The other important quantity is the static dielectric constant €1
(0) and the effect of strain on it as shown in Figure 10A for As,S; and
Figure 10B for As,Te;. This is because it has the following relation

>2

Hence, it can be said that opposite trends of decreasing

with the bandgap:

- < hwp
g,(0)=1+ (3)

27'(*Eg

bandgaps with increasing €1 (0) should be observed. For all
the three types of strain - Uni_a, Uni_b and biaxial strain,
the minima occur at +8% tensile strain whereas, for As,Te;
minima occurs at 0% strain for Uni_b, however, it does not
reach a minimum value for Uni_a and Biaxial strain. This shows
that the plasma frequency plays an important role in all the
above cases.

4 Conclusion

The effect of strain profiling on the optoelectronic
performance of As,X; monolayers is studied. One can expect
a quantifiable increase in the, E.g., values on considering the
above computationally extensive calculations like the use of hybrid
functionals or GW-method implementation. The strain effect
on the electronic and optical properties of As,X; (X = S, Te)
monolayers is investigated and presented. It was observed that
for both monolayers, E.g., has maxima for at 8%, 4%, and 2%
for uniaxial a-axis, uniaxial b-axis and biaxial strain profiles,
respectively. There is a direct effect of strain on red shifting or blue
shifting of the absorption spectrum depending on the material and
strain profiling.
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