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First-principles calculation is a very powerful tool for discovery and design of novel two-
dimensional materials with unique properties needed for the next generation technology. Motivated
by the successful preparation of Bi2S3 nanosheets with orthorhombic structure in the last year [K.
A. Messalea et al., Adv. Mater. Interfaces 7, 2001131 (2020)] herein we gain a deep theoretical
insight into the crystal structure, stability, electronic and optical properties of Bi2X3 (X=S, Se,
Te) monolayers of orthorhombic phase employing the first-principles calculations. The Molecular
dynamics study, phonon spectra, criteria for elastic stability, and cohesive energy results confirm
the desired stability of the Bi2X3 monolayers. From S, to Se and Te, the work function value as well
as stability of the systems decrease due to the decline in electronegativity. Mechanical properties
study reveals that Bi2X3 monolayers have brittle nature. The electronic bandgap values of Bi2S3,
Bi2Se3 and Bi2Te3 monolayers are predicted by the HSE06 functional to be 2.05 eV, 1.20 eV and
1.16 eV, respectively. By assessing the optical properties, it has been found that Bi2X3 monolayers
can absorb ultraviolet light. The high in-plane optical anisotropy offers an additional degree of
freedom in the design of optical devices. The properties revealed in our survey will stimulate and
inspire the search for new approaches of orthorhombic Bi2X3 (X=S, Se, Te) monolayers synthesis
and properties manipulation for fabrication of novel nanoelectronic and optoelectronic devices.

I. INTRODUCTION

The bismuth-based chalcogenide compounds, particu-
larly, Bi2S3, Bi2Se3 and Bi2Te3 have gained special in-
terest due to their unrivalled electronic, thermoelectric
and optical properties, such as low thermal conductivity,
large Seebeck coefficients, small effective carrier masses,
and thickness-dependent bandgap.1–3 Therefore, bismuth
chalcogenide compounds are suitable for a wide variety of
applications including thermoelectric energy conversion,4

spintronics,5 infrared photography,6 photosensitive and
optical devices.7 Moreover, due to the feature of in-
tralayer anisotropic crystal structures, the bismuth-based
chalcogenide nanomaterials exhibit direction-dependent
optical, thermal, electronic properties such as the trans-
port of charge in different crystal axes, which can be prof-
itable for invention of innovative devices like direction-
sensitive sensors and high-speed optoelectronic devices.8

Besides, the anisotropic feature often causes the opti-
cal excitation to become strongly dependent on polariza-
tion. In addition to peculiar quantum effects by heavy
spin-orbit coupling including novel phenomena related to
spin9 and the irregular quantum Hall effect.10

The Bi2S3 has drawn considerable attention and
has been extensively used for electrochemical hydrogen
production,11 thermoelectrics,12 photodetectors,13 X-ray

tomography imaging,14 sensing and memory switching
devices.15 This large interest is due to the materials opti-
mal bandgap (1.3-2.3 eV),16 strong spin-orbit coupling,17

absorption coefficient (105 cm−1),18 highly anisotropic
structure,19 and good thermoelectric properties.20 Sim-
ilarly, Bi2Se3 belongs to the class of transition metal
trichalcogenides and it has received prodigious atten-
tion to be exploited in thermoelectrics21 and low-energy
electronics.22 Bi2Se3 is a semiconductor with an energy
bandgap in the range of 0.24 -0.35 eV according to the ex-
perimental measurements and theoretical calculations.3

At the Γ point, Bi2Se3 has a basic and robust surface
state.23 Even though the bulk of this material possesses
a relatively large semiconductor bandgap, the electrical
measurements disclosed that its charge transport features
may differ considerably depending on the sample prepar-
tion conditions,24 with a significantly high inclination for
the bulk Bi2Se3 as an n-type semiconductor,25 due to na-
tive n-type defects such as excess of Se or atomic vacan-
cies.

Equally important, Bi2Te3 has gathered great atten-
tion in physics and material science26,27 because of its
exotic electromagnetic phenomena including the mag-
netic monopoles and superconducting proximity effect.
Similar to Bi2Se3, the Bi2Te3 shows a strong spin-
orbit induced indirect bulk energy gap semiconductor.28
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Generally, electron donors control the electrical prop-
erties of crystal Bi2Te3, leading to n-type conductiv-
ity. On the other hand, two dimensional (2D) materials,
have attracted considerable attention due to their excep-
tional properties such as tunable optoelectronic proper-
ties, good mechanical properties, superior electron carrier
mobility, good gas sensing, high surface-volume ratio,
etc.29–36 Meanwhile, the thermoelectric efficiency, elec-
trochemical and photoresponse properties of a number of
2D materials were estimated first theoretically.37 Among
these 2D materials, Bi2X3 (X= S, Se, Te) monolayers
show interesting properties and thus can be used in spin-
tronic devices,38 construction of high-performance ther-
moelectric devices,39 supercapacitors,40 and nanoscale
photodetectors.41 Astoundingly, Bi2X3 (X= S, Se, Te) in
their both forms (2D and bulk) were studied experimen-
tally by ARPES23 and synthesized by molecular-beam
epitaxy,42 green ionothermal synthesis,43 photoelectron
spectroscopy,44 unidirectional solidification,45 hydrother-
mal growth),46 solvothermal synthesis,47 chemical vapor
deposition,48 high-power sonication process,49 and con-
secutive epitaxial growth of nanoplates22 methods. The
discussion above confirm that Bi2X3(X= S, Se, Te) can
be effectively used as prospective materials in different
applications.
Remarkably, very recently the orthorhombic 2D Bi2S3

nanosheets have been synthesized using a novel liquid-
metal-based fabrication method.50 The 2D nanosheets
with a highly anisotropic orthorhombic crystal structure
have demonstrated outstanding electronic properties in-
cluding a high hole mobility of 28 cm2V−1s−1, high pho-
toresponsivity (8 A/W), with intraplane van der Waals
gaps and a direct bandgap value of 2.3 eV.50 Although
the hexagonal Bi2X3(X= S, Se, Te) monolayers have been
elaborated and explored over the past decade as excel-
lent thermoelectric materials, the physical properties of
the novel orthorhombic Bi2X3(X= S, Se, Te) monolayers
remain unexplored.
In view of the foregoing, the purpose of the present

work is to gain a deeper insight into the stability, me-
chanical, electronic, and optical properties of the novel
2D Bi2X3 (X=S, Se, Te) monolayers crystallized in or-
thorhombic structure by exploiting the powerful den-
sity functional theory (DFT). 2DMs with high in-plane
anisotropy, like the considered here, provide an additional
degree of freedom in device design. The properties re-
vealed by our investigations will stimulate and expire the
search for new approaches of orthorhombic Bi2X3 (X=S,
Se, Te) monolayers synthesis and properties manipula-
tion for fabrication of novel nanoelectronic and optoelec-
tronic devices.

II. METHOD

In this paper, we perform DFT calculations as im-
plemented in the Vienna ab-initio Simulation Pack-
age (VASP).53,54 The projector augmented wave (PAW)

method and the generalized gradient approxima-
tion (GGA) with the Perdew-Burke-Ernzerhof (PBE)
functional51,52 have been employed in the computations.
The kinetic energy cut-off of 500 eV was set for plane-
wave expansion and the atomic structures of investigated
systems were relaxed until fluctuations in the energies
and total Hellmann-Feynman forces fall below 10−8 eV
and 10−7 eV/Å, respectively. Convergence using the
21 × 21 × 1 k-points was achieved for the primitive unit
cell. To avoid the image interaction, the vacuum space
was 20 Å along the z-axis. We calculated the phonon
spectra of systems using the small displacement method
via the PHONOPY package.59 The (2 × 2 × 1) super-
cells with (2× 2× 1) k-points were built for the ab-initio
molecular dynamics (AIMD) simulations. The AIMD
simulations were performed at 400 K with 1000 time-
steps for each calculation. We chose half the AIMD
trajectories to built the training sets. The band struc-
tures were calculated using the PBE, PBE plus spin-orbit
coupling (PBE+SOC), and the Heyd-Scuseria-Ernzerhof
(HSE06)55 functionals to get more accurate estimation
of the bandgaps. We used the Bader charge analysis57 to
describe the charge transfer in the systems investigated.
The DFT-D3 method by Grimme58 was also employed to
consider the long-range attractive van der Waals forces
in the systems. The optical characteristics were calcu-
lated in the random phase approximation using the PBE
functional. The absorption coefficient α(ω) and refrac-
tive index n(ω) were evaluated by:

α(ω) =
√
2ω

√

√

ε21(ω) + ε22(ω)− ε1(ω), (1)

and

n(ω) =
1√
2
(
√

ε21(ω) + ε22 + ε1(ω))
1/2, (2)

where ε1(ω) and ε2(ω) refer respectively to the real and
imaginary parts of the dielectric function at incoming
light frequency ω, which can be written as:

ε2(ω) =
(2πe)2

(mω)2V

∑

k,i

〈ψvk |pi|ψck〉δ(Eψc

k
− Eψv

k
− ~ω), (3)

and

ε1(ω) =
2

π
P

∫

dω
′ ε2(ω

′

)

ω′ − ω
, (4)

where e, m, V , p, and P are the charge, mass of the elec-
tron, the volume of the supercell, momentum operator,
and the Cauchy principal value, respectively. The Eψv

k
,

Eψc

k
, and ~ω are the occupied, unoccupied, and incident

light energies, correspondingy.
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Figure 1. (a) The structures of Bi2X3 (X=S, Se, Te) monolay-
ers (the side view shows the structural parameters). Phonon
spectrum of the (b) Bi2S3, (c) Bi2Se3 and (d) Bi2Te3 mono-
layer. The primitive cell is pointed out by a red rectangle.

III. STRUCTURAL PROPERTIES

The top and side views of the atomic structures of
Bi2X3 (X=S, Se, Te) monolayers with an orthorhombic
lattice are displayed in 1(a). The primitive unit cell of the
Bi2X3 belongs to the space group Pmcn and is formed
by 10 atoms (4 Bi and 6 X) and indicated by a red rect-
angle. In the crystal structure of Bi2X3 (X=S, Se, and
Te), each X atom is encompassed by four Bi atoms, and
each Bi atom is encircled by six X atoms. Notice, ~a

and ~b (~a 6= ~b) are the translational vectors. The lattice
constants of a (b) of the Bi2S3, Bi2Se3 and Bi2Te3 mono-
layers are determined to be: 4.02 (9.02) Å, 4.11 (9.98) Å
and 4.30 (10.38) Å, respectively. A schematic view of the
structural parameters in the Bi2X3 lattice is presented in
Fig. 1(a). We found out that the bond lengths d1,2 (d3,4)

are: 3.00 Å, 2.76 Å (2.82 Å, 2.97 Å), respectively for the
Bi2S3, while for the Bi2Se3 are 2.82 Å, 2.97 Å (2.84 Å,
2.93 Å) and in the case of Bi2Te3 are 3.01 Å, 3.13 Å (3.02
Å,3.12 Å).

The two angles of X-Bi-X are calculated to be 90 ◦, 78◦

(Bi2S3), 94
◦, 81◦ (Bi2Se3) and 96 ◦, 81◦ (Bi2Te3). No-

tice, the considered monolayers have highly anisotropic
lattices. The thickness of Bi2S3, Bi2Se3 and Bi2Te3
monolayers are calculated to be 3.15 Å, 3.64 Å and 4.04
Å, respectively. The structural parameters are collected
in Tabel I. The Bi-X average bond lengths, X–Bi–X angle
and the thicknesses increase with the rise of the X atom
size, where the atomic radii of S, Se, and Te are 105 pm,
120 pm, and 138 pm, correspondingly.

The cohesive energy per atom Ecoh can be estimated

as:

Ecoh =
Etot − 6EX − 4EBi

10
, (5)

where EX and EBi represent the energies of isolated sin-
gle X and Bi atoms, respectively. Ten is the number of
atoms in the unit cell, Etot stands for the total energy
of the Bi2X3 monolayer. The cohesive energy of Bi2S3,
Bi2Se3, and Bi2Te3 are found to be −8.08 eV/atom,
−7.50 eV/atom, and −6.81 eV/atom, respectively. The
results obtained demonstrate that Bi2X3 monolayers are
stable structures and the Bi2S3 is the most stable within
the monolayers considered due to the higher electroneg-
ativity of S (2.58) in comperison to that of Se (2.55) and
Te (2.10).

IV. DYNAMICAL AND THERMAL STABILITY

The dynamical stability is investigated by means of
analysis of the phonon spectra, which are illustrated in
Figs. 1(b-d). Apparently, the phonon branches do not
have imaginary modes (negative values) confirming the
dynamical stability of the structures studied. Next we
assess the stability of Bi2X3 via calculating their phonon
spectra as well as by AIMD simulations at 400 K. The
temperature fluctuation and the optimized structures af-
ter 5 ps of simulation of the Bi2X3 monolayers, calculated
by the AIMD, are indicated in Figs. 2(a) and (b), respec-
tively. Our AIMD simulations demonstrate the Bi2X3

structures are still robust and no structural reconstruc-
tion is observed after heating at 400 K, implying that the
Bi2X3 monolayers are thermally stable.
The electron localization functions (ELF) of the Bi2X3

monolayers are illustrated in Fig. 2(c). The blue/red
region refers to the low/high electron density of Bi2S3,
Bi2Se3, and Bi2Te3. The difference charge density (∆ρ)
is defined as: ∆ρ = ρtot − ρX − ρBi, where ρtot and
ρX/Bi are the charge densities of the Bi2X3 and isolated
X/Bi atoms. The computational results demonstrate
that there is a charge transfer from Bi to X atoms in
Bi2X3 with the corresponding charge amount of 0.82e,
0.60e, and 0.44e for X= S, Se, and Te, accordingly. The
Bi ions are positively charged and surround the nega-
tively charged S, Se and Te ions. Worthy to note that the
charge redistribution originates from the different elec-
tronegativities of Bi (2.02), S (2.58), Se (2.55) and Te
(2.10). The charge transfer of Bi2X3 decreases with the
electronegativity decline of the corresponding X atom.

V. MECHANICAL PROPERTIES

We also examine the mechanical stability of Bi2X3

monolayers via calculations of their elastic constants. In
the framework of the harmonic approximation, Bi2X3

monolayer has thirteen independent elastic constants due
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Table I. Electronegativity χ of X atom, calculated lattice constants a, b, Bi–X bond length d, X–Bi–X bond angle θ1,2, thickness
t, cohesive energy Ecoh, charge transfer ∆Q, work function Φ, bandgap (Eg) using the PBE (PBE+SOC) of Bi2X3 (X=S, Se,
Te) monolayers.

χ a(b) d t θ1,2 Ecoh ∆Q Φ Eg
(Å) (Å) (Å) (◦) (Å) (eV/atom) (e) (eV)

Bi2S3 2.58 4.02 (9.02) 2.88 3.15 90, 78 -8.08 0.82 5.72 1.50 (0.95)

Bi2Se3 2.56 4.11 (9.98) 2.89 3.64 94, 81 -7.50 0.60 5.42 1.20 (0.75)

Bi2Te3 2.10 4.30 (10.38) 3.07 4.04 96, 81 -6.81 0.44 4.03 1.10 (0.45)

Table II. The elastic constant parameters (GPa), bulk modulus B (GPa), shear modulus S (GPa), Young’s modulus Y (GPa),
Poisson’s ratio ν), and bulk/shear ratio B/S of Bi2X3 (X=S, Se, Te) monolayers.

C11 C12 C13 C22 C23 C33 C44 C55 C66 B S Y ν B/S

Bi2S3 25.49 1.45 0.32 2.32 0.27 1.42 8.97 0.43 0.48 3.70 3.79 8.48 0.12 0.98

Bi2Se3 24.91 3.26 0.38 6.55 0.32 1.6 9.03 0.52 0.53 4.56 3.96 9.21 0.16 1.15

Bi2Te3 20.39 3.67 0.06 6.83 0.03 0.43 7.66 0.08 0.10 3.91 3.17 7.47 0.18 1.23

Figure 2. (a) Temperature fluctuation, (b) optimized struc-
ture after 5 ps of simulation and (c) contour plot of the elec-
tron localization function (ELF) of the Bi2X3 (X=S, Se, Te)
monolayers. Red (blue) color indicates high (low) electron
density.

Figure 3. Electrostatic potential of the (a) Bi2S3, (b) Bi2Se3
and (c) Bi2Te3 monolayers.

to its P21/m space group, leading to anisotropic mechan-
ical properties. The Bi2X3 structures verify the twelve
elastic stability criteria.61 The elastic constants (given
in Table II) are used to calculate the bulk modulus (B),
shear modulus (S), bulk/shear ratio (BS), Young’s mod-
ulus (Y ), and Poisson’s ratio (ν) by means of the Voigt

Reuss-Hill method60 (summarized in Table II). Our cal-
culations reveal the bulk modulus of B of Bi2S3, Bi2Se3,
and Bi2Te3 are 3.70, 4.55 and 3.91 GPa, accordingly.
Therefore, the Bi2Se3 monolayer can resist larger com-
pressive strain than its counterparts - Bi2Se3 and Bi2Te3.
We have also confirmed these results via calculations of
the Young’s moduli, which are listed in Table II. The
Young’s moduli of Bi2S3, Bi2Se3, and Bi2Te3 are 8.48,
9.21 and 7.47 GPa, respectively. The shear modulus S
refers to the resistance to the change in the shape of
materials, where S increases as the rigidity of the struc-
ture increases too. The shear moduli are determined 3.79
GPa (Bi2S3), 3.96 GPa (Bi2Se3) and 3.17 GPa (Bi2Te3),
which indicate Bi2Se3 is the most rigid in comparison
to Bi2S3 and Bi2Te3. The B/S ratio refers to the brit-
tle/ductile nature of the materials. Notice that, the B/S
ratio in Bi2X3 increases as the X atoms move down from
S to Te being 0.98, 1.15, 1.23 for Bi2S3, Bi2Se3, and
Bi2Te3, respectively. This implies that all Bi2X3 struc-
tures possess brittle nature because their B/S ratios are
smaller than 1.75.62 Also, the Poissons’s ratio P calcula-
tions confirm the brittle nature of the Bi2X3 structures.
The computations indicate the Poissons’s ratio are cal-
culated 0.12 (Bi2S3), 0.16 (Bi2Se3) and 0.18 (Bi2Te3),
which are smaller than 0.3363

Further, we study other fundamental quantity, the
electrostatic potential of the Bi2X3 monolayers. The
computational results are illustrated in Figs. 3(a-c). Ob-
viously, the electrostatic potentials of the Bi2X3 mono-
layers are flat in the vacuum region. As the electroneg-
ativity increases the depth of the electrostatic potential
increases too. The work function can be estimated as
Φ = Evacuum − EF , where Evacuum is the energy of the
vacuum, that is extracted from the electrostatic potential
(see Figs. 3(a-c)), and EF is the Fermi energy. The work
function values of the Bi2S3, Bi2Se3 and Bi2Te3 mono-
layers are calculated to be: 5.72, 5.42 and 4.03 eV, re-
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spectively. Apparently, the work function decreases with
the electronegativity decline of the X atom.

VI. ELECTRONIC PROPERTIES

The electronic band structures of Bi2X3 monolayers
calculated within the PBE functional are displayed in
Figs. 4(a-c). At the ground state, Bi2S3 is a semicon-
ductor with an indirect bandgap of 1.50 eV. As mani-
fasted in Fig. 4, the valence band minimum (VBM) lies
on the ΓX path, while the conduction band maximum
(CBM) is at the Y-point. Similar to Bi2S3, the Bi2Se3
and Bi2Te3 exhibit semiconducting characteristics with
indirect bandgaps of 1.20 eV and 1.10 eV, respectively.
It is noted that the PBE functional typically underesti-
mates the semiconductor bandgap value. Therefore, the
HSE06 functional has also been used to study the elec-
tronic band structures. Evidently, the band structures
calculated by the HSE06 (Fig. 4(a-c)), red bands) and
the PBE/GGA functionals are very similar. The indi-
rect bandgaps of Bi2S3, Bi2Se3 and Bi2Te3 increase to
2.05 eV, 1.20 eV, and 1.16 eV, respectively, as compared
to the corresponding values determined by the PBE and
PBE+SOC calculations. The HSE06 effect shifts the CB
as a whole to higher energies (relative to the Fermi en-
ergy), while the VB remains rigid. The effects of spin-
orbital coupling (SOC) on the electronic band structures
of Bi2X3 monolayers are shown in Fig. 4(d) (red bands).
The bandgap values of the monolayers studied decrease
to 0.95 eV (Bi2S3), 0.75 eV (Bi2Se3) and 0.45eV (Bi2Te3)
as compared to the corresponding values determined by
the PBE calculations. The SOC effect shifts the CB as a
whole to the lower energies (relative to the Fermi energy),
while the VB remains rigid.

The density of states (DOS) of Bi2X3 structures are de-
picted in Figs. 4(a-c). It is obvious the semiconducting
character of Bi2X3 comes from the S-, Se- and Te-states
in the VBM, while Bi-states dominate in the CBM. In
order to explain the origin of the electronic states, the
projected densities of states (PDOS) of Bi2X3 are shown
in Fig. 5(a). From PDOS, the VBM is composed of the
pz and px,y of S atoms, while the CBM arises from the
pz and px,y states of S- and Bi-atoms. We discover the
VBM of Bi2Se3 and Bi2Te3 originates from the Se/Te-
px,y states, while the CBM consists of Se/Te-pz and Bi-
pz states. The charge densities of the CBM and VBM
orbitals of Bi2X3 are exhibited in Figs. 5(b). However,
while in the Bi2S3, Bi2Se3 monolayers, the holes and elec-
trons are mainly distributed in the plane of the S and Se
atoms and overlapped together, in the Bi2Te3 monolayer,
the holes and electrons are distributed on the Te and Bi
atoms, which agrees with the PDOS of Bi2X3 monolay-
ers. Meanwhile, the excited electrons mainly rise around
the chalcogenide atoms, and consequently, the holes and
electrons separation in the Bi2X3 monolayers is distinc-
tive.

VII. OPTICAL PROPERTIES

To uncover the optical properties of the orthorombic
Bi2X3 monolayers we have calculated their dielectric con-
stants and the results are depicted in Figs. 6(a,b). Our
calculations indicate that the optical characteristics of
Bi2X3 along x and y directions are very similar. Every
real dielectric constant has two peaks for every compo-
nent, Fig. 6(a), the first peak locates below 6 eV and
the second peak is positioned above 8 eV. The first peak
is located at 4.8 eV for all Bi2X3 structures for the x
component, while it is positioned at 5.0 eV for Bi2S3

Figure 4. Band structure and DOS using PBE and HSE06
of the (a) Bi2S3, (b) Bi2Se3, (c) Bi2Te3 monolayer, and (d)
Band structure using PBE and (PBE+SOC) of the Bi2X3

(X=S, Se, Te) monolayers. The Fermi level is set at zero.

Figure 5. (a) Projected density of states and (b) charge den-
sities of the CBM and VBM orbitals of (a) Bi2S3, (b) Bi2Se3
and (c) Bi2Te3 monolayer. The zero of energy is set to the
Fermi level.
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Figure 6. (a) Real and (b) imaginary parts of the dielectric constant. (c) Absorption coefficient (d) refractive index of Bi2X3

monolayers for x, y and z components.

and Bi2Se3, and at 4.5 eV for Bi2Te3 with respect to y
component. Regarding the z component, the first peak
appears at 6.0 for Bi2S3 and Bi2Se3, and at 5.4 eV for
Bi2Te3. For the imaginary part of the dielectric constant
(Fig. 6(b)), the starting points of the x and y compo-
nents is related to the bandgaps of Bi2X3 monolayers.
Similar to the real part, there are two peaks for every
component. The first peak locates below 7.0 eV and the
second peak is situated above 9.0 eV. For x component
the first peak locates at 6.5, 6.3, 5.5 for X=S, Se, and Te,
respectively. While for the y component it locates at 6.0
eV, 6.1 eV and 5.8 eV for X=S, Se, and Te, accordingly.
For the last component, z, the first peak locates at 8.0
eV for all structures. The z component peaks locate at a
higher energy as compared to the x and y components in
the same structures for both real and imaginary dielec-
tric constants. The imaginary part peaks locate at higher
energy as compared to the corresponding real part peaks.
The static dielectric constants ε1(0) are 0.8 for x and y
directions of X=S and Se and 0.9 for X=Te. While they
are 0.3 for x and y components of X=S and Se and 0.4
for X=Te.

Turning to the absorption spectra, Fig. 6(c) exhibits
the absorption coefficients of the orthorombic Bi2X3

monolayers as a function of wavelength. All components
have an absorption peak at 80 nm and there are other two
peaks at 140 nm and 240 nm for the x and y directions,
respectively. The positions of the absorption peaks in-

dicate that Bi2X3 structures are active in the ultraviolet
spectral region. The absorption peak positions are con-
sistent with the dielectric constant peak positions. Fig.
6(d) depicts the refractive index dispersion of Bi2X3. Ob-
vioulsy, the behavior of the refractive index is similar to
the behavior of the absorption coefficient. The static re-
fractive index for all Bi2X3 is 0.1. The refractive indexes
have maximum values at 100 nm in x direction, which
are 0.75, 0.85 and 0.98 for X=S, Se, and Te, respectively.
In the visible region (600 nm), the refractive indexes for
all structures are very small ∼ 0.02 for x and y direction.

VIII. CONCLUSION

Novel Bi2X3 (X=S, Se, Te) monolayer structures of or-
thorhombic crystallographic phase are introduced. The
stability, electronic, and optical properties are inves-
tigated in detail by first principle calculations. The
stability examinations are confirmed by phonon disper-
sion study, the dynamical and thermal regimes including
molecular dynamics, cohesive energy, and elastic stability
criteria calculations. The mechanical properties explo-
ration shows Bi2X3 have brittle nature. We discover the
Bi2Se3 monolayer can resist to compression more than its
counterparts. The cohesive energy per atom, the amount
of transferred charge, and the work function of Bi2X3

structures decrease as we move from S to Se and Te,
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which is related to the electronegativity decline. Mean-
while, the Bi-X distance, the bond angle between X-Bi-X,
and the thickness increase from S to Se and Te due to the
atomic size increase. All structures considered are indi-
rect bandgap semiconductors. Using the PBE (HSE06)
method the bandgap values of Bi2S3, Bi2Se3 and Bi2Te3
orthorhombic monolayers are predicted to be 1.12 (2.05)
eV, 0.81 (1.20) eV and 0.75 (1.26) eV, respectively. The
spin-orbit coupling effect decreases the bandgaps. The
orthorhombic Bi2X3 monolayers can be active in the ul-
traviolet spectral region. Our survey confirms the stabil-
ity and highlights the outstanding prospects of the Bi2X3

(Bi2S3, Bi2Se3 and Bi2Te3) orthorhombic nanosheets in
nanoelectronic and optoelectronic applications utilizing

the high in-plane anisotropy.
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