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Broken inversion symmetry in atomic structure can lead to the emergence of specific functionalities at the
nanoscale. Therefore, realizing 2D materials in Janus form is a growing field, which offers unique features
and opportunities. In this paper, we investigate the structural, vibrational, elastic, piezoelectric, and electronic
properties of Janus BiXY (X =S, Se, Te and Y = F, Cl, Br, I) monolayers based on first-principle methods.
The structural optimization and vibrational frequency analysis reveal that all of the proposed structures are
dynamically stable. Additionally, ab initio molecular dynamics simulations verify the thermal stability of these
structures even at elevated temperatures. The mechanical response of the Janus BiXY crystals in the elastic
regime is investigated in terms of in-plane stiffness and the Poisson ratio, and the obtained results ascertain
their mechanical flexibility. The piezoelectric stress and strain coefficient analysis demonstrates the appearance
of strong out-of-plane piezoelectricity, which is comparable with the Janus transition metal dichalcogenide
monolayers. The calculated electronic band structures reveal that except for BiTeF, all Janus BiXY monolayers
are indirect band gap semiconductors, and their energy band gaps span from the infrared to the visible part of the
optical spectrum. Subsequently, large Rashba spin splitting is observed in electronic band structures when the
spin-orbit coupling is included. The obtained results point out Janus 2D BiXY structures as promising materials

for a wide range of applications in nanoscale piezoelectric and spintronics fields.

DOI: 10.1103/PhysRevMaterials.5.104001

I. INTRODUCTION

Two-dimensional (2D) ternary metal chalcogenides (i.e.,
MXY) [1-8] are emerging as next-generation 2D semicon-
ductors beyond their binary counterparts [9,10]. Especially,
bismuth-based ternary compounds, such as bismuth oxy-
chalcogenides (Bi,O,X with X =S, Se, and Te), have been
realized and have attracted considerable interest due to their
remarkable properties, including high carrier mobility and
stability at ambient conditions [11,12]. Furthermore, recent
experimental studies show that bismuth oxyhalides (BiOX
with X = Cl, Br, and I) have excellent photocatalytic per-
formance owing to their unique electronic properties [13].
Another important family of bismuth-based ternary structures
is bismuth tellurohalides (BiTeX with X = Cl, Br, and 1),
which have been shown to possess a strong Rashba spin split-
ting (RSS) [14,15].

Recently, single-layer (SL) BiTel composed of three sub-
layers, with Bi atoms sandwiched between Te and I plates,
has been isolated by exfoliation from bulk form [16]. Fol-
lowing this achievement, fascinating properties of BiTel,
including giant RSS [17-19], large out-of-plane piezoelec-
tricity [20,21], and high thermoelectric performance (ZT')
[22,23], have been investigated extensively. In addition to
BiTel, various bulk bismuth chalcohalide structures (BiXY
with X =S, Se, Te and Y = Cl, Br, I) composed of weakly
coupled layers have been synthesized. For instance, bulk
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BiTeBr [24], BiTeCl [25], BiSel [26], and BiSI [27,28] have
been realized in their multilayered form, and their fundamen-
tal physical properties have been studied, both theoretically
and experimentally [29-32]. In this regard, thermoelectric
properties of bulk- and SL-BiTeBr have been investigated
by using first-principles calculations, and enhanced thermo-
electric performance of SL-BiTeBr compared to the bulk
structure (owing to reduced thermal conductivity) has been
revealed [33]. In another experimental study, it has been
reported that the BiTeCl is a semiconductor with an elec-
tronic band gap of 0.77 eV at room temperature, which
makes it a suitable material for infrared detector and sens-
ing applications [34,35]. The vibrational properties of bulk
and exfoliated flakes of BiTeCl have been examined by
Raman spectroscopy, providing basic information on lat-
tice dynamics [36]. Furthermore, theoretical calculations and
experimental analysis have demonstrated pressure-induced
topological phase transitions and superconductivity in BiTeX
crystals [37-39]. Additionally, bulk crystals of BiSI and
BiSel, which are stable at high temperatures, have been syn-
thesized in large quantities by a ball milling method and
have been shown to exhibit suitable optical band gaps for
solar cell applications [40]. Lately, highly crystalline 2D
BiTeCl and BiTeBr nanosheets, which can be utilized in
spintronics [41], have been directly synthesized via epitaxial
growth [42].

Despite promising outcomes of experimental and theoret-
ical research on bismuth chalcohalides, a comprehensive and
comparative study focusing on the design and characteriza-
tion of BiXY monolayers has not been performed. With this
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motivation, we systematically investigated the structural, vi-
brational, mechanical, piezoelectric, and electronic properties
of the Janus BiXY (X =S, Se, Te and Y =F, Cl, Br, )
monolayers using first-principles techniques. First, the ground
state configurations of the BiXY monolayers are obtained, and
the corresponding structural parameters and cohesive energies
are reported. Next, the dynamical and thermal stability of
the systems is tested by phonon spectrum analysis and ab
initio molecular dynamic (AIMD) simulations. The structural
stability, vibrational properties, and Raman spectrum of each
structure are investigated. Next, the mechanical response in
the elastic regime and piezoelectric response is examined.
Finally, the electronic properties are studied, and the effect
of spin-orbit coupling (SOC) on electronic band structures,
including Rashba splitting, is analyzed.

II. METHODOLOGY

In this study, we utilized the Vienna Ab initio Simulation
Package (VASP) [43—46] to perform first-principles calcu-
lations based on density functional theory (DFT) [47,48]
with projector-augmented wave (PAW) [49] potentials. For
the exchange-correlation interaction, the Perdew-Burke-
Ernzerhof (PBE) functional within the generalized gradient
approximation (GGA) was considered [50]. A plane-wave ba-
sis set with the kinetic cutoff energy of 520 eV was employed
for all calculations. The Brillouin zone (BZ) was sampled
uniformly by a I'-centered 16 x 16 x 1 k-point mesh based
on the Monkhorst-Pack scheme [51]. The total energy con-
vergence criterion for relaxation between the sequential steps
was set to 107> eV. The ionic positions and lattice constants
of the structures were optimized until the Hellmann-Feynman
forces on each atom were decreased below 0.01 eV/A, while
the pressure on the lattice was reduced below 1.0 kbar. To
hinder the artificial interactions in the nonperiodic direction, a
vacuum space of ~15 A was inserted. During the calculation
of electronic band structures, the spin-orbit coupling (SOC)
effect was also taken into account [52]. Additionally, the
hybrid functional of Heyd-Scuseria-Ernzerhof (HSE06) was
adopted with SOC to obtain corrected band gaps [53,54]. The
HSEOQ6 functional was designed by mixing 25% of nonlocal
Fock exchange with 75% of PBE exchange and 100% of
PBE correlation energy. The phonon dispersions were calcu-
lated for 4 x 4 x 1 supercells by using a small-displacement
method as implemented in PHONOPY [55]. To check the
thermal stability of the proposed structures, ab initio molec-
ular dynamics (AIMD) calculations were carried out via
implementing a micro-canonical ensemble method for a total
simulation time of 2 ps with 1 fs time step. The vibrational
modes and atomic displacements were obtained by a direct di-
agonalization of the force constant matrix. The corresponding
first-order off-resonant Raman spectrum of each vibrational
mode was determined via calculating the macroscopic dielec-
tric tensor at the I" point of the BZ by using a small-difference
method [56]. Due to the net electric dipole moment occurring
in the polar surface calculations, the dipole correction was
taken into account [57]. Both elastic constants and piezo-
electric stress coefficients were calculated by employing the
density functional perturbation theory (DFPT) method with
a 48 x 48 x 1 k-point grid and cutoff energy of 700 eV.

(b)

Bi X(S,SeandTe)

Y(F,Cl,Brand 1)

©F 0 Guy ) 9

FIG. 1. (a) Perspective, (b) top, and (c) side views of Janus BiXY
monolayers. The corresponding lattice vectors (a, b), bond lengths
(dgix, dgiy), bond angles between X-Bi-X and Y-Bi-Y (0 and 6'),
and thickness (%) are shown.

To analyze the net charge on atoms and the bond character-
istics of the structures, the Bader technique was applied [58].

III. RESULTS AND DISCUSSION

A. Atomic structure and energetics

The geometric structure of the Janus BiXY (X =S, Se,
Te and Y =F, Cl, Br, I) monolayers is constructed based
on the crystal structure of the realized BiTel monolayer. The
schematic representation of the Janus BiXY monolayers is
depicted in Fig. 1. The primitive cell of SL-BiXY consists
of three atomic sublayers where Bi is in the center while X
and Y atoms are located on the top and bottom layers, re-
spectively. Their symmetry belongs to the P3m1 space group
and Cj, point group. Additionally, similarly to several Janus
transition metal dichalcogenide (TMD) monolayers [59,60],
their structure lacks the reflection symmetry with respect to
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TABLEI. The optimized lattice constant (a), atomic bond lengths (dg;.x, and dg; y ), thickness (%), bond angles between X -Bi-X and Y -Bi-Y
(6 and 0’), cohesive energy per atom (E¢), the amounts of charge transfer, A pix) and A pgi.y), the calculated work functions for two different

surfaces, @y and ®y, and their differences, AP.

a dBOi-X dBi—Y h 0 0’ Ec Apix) Apiy) Dy Dy AD
Structure (A) (A) (A) (A) (deg) (deg) (eV/atom) (e7) (e7) eV) eV) eV)
BiSF 3.94 2.73 2.50 2.55 924 103.7 3.58 0.74 0.76 6.09 5.52 0.57
BiSCl 4.06 2.75 2.93 3.18 954 87.7 3.06 0.75 0.58 5.85 6.13 —0.28
BiSBr 4.11 2.75 3.07 3.35 96.4 83.9 2.90 0.75 0.51 5.69 5.70 —0.01
BiSI 4.19 2.76 3.25 3.51 98.6 80.1 2.75 0.76 0.40 5.70 5.28 0.42
BiSeF 4.01 2.84 2.52 2.64 89.7 105.5 3.42 0.60 0.76 5.77 5.52 0.25
BiSeCl 4.15 2.86 2.94 3.28 92.6 89.7 2.92 0.61 0.59 5.49 6.07 —0.58
BiSeBr 4.19 2.87 3.07 3.45 93.5 85.7 2.77 0.61 0.51 5.41 5.74 —0.33
BiSel 4.27 2.88 3.27 3.64 95.5 81.6 2.61 0.62 0.41 5.30 5.20 0.10
BiTeF 4.15 3.02 2.55 2.74 86.8 108.2 3.24 0.40 0.77 4.74 4.92 —0.18
BiTeCl 431 3.06 2.96 3.38 89.7 93.3 2.77 0.42 0.59 5.08 6.05 —0.97
BiTeBr 4.35 3.06 3.09 3.56 90.4 89.2 2.62 0.42 0.52 4.98 5.74 —0.76
BiTel 4.42 3.07 3.28 3.78 92.1 84.6 2.46 0.42 0.41 4.84 5.24 —0.40

the center atom. The calculated structural parameters of BiXY
monolayers are listed in Table I. The obtained results are in
good agreement with the available data on BiTeCl, BiTeBr,
and BiTel [20,21,61,62]. Additionally, our calculated lattice
constant (4.42 A) is comparable to the in-plane lattice constant
of synthesized bulk BiTel (4.33 A) [63]. The bond length
between Bi and X/Y atoms (dpj.x and dp;.y) elongates going
down in the chalcogen and/or halogen group. This is due to
the increase in the atomic radius of X and/or Y atoms in the
structures. Accordingly, BiTel and BiSF monolayers possess
the longest and shortest bond lengths, respectively. The lattice
constant (a) follows a similar trend with the bond length, and
for each subset of X, a enlarges down the halogen group and
vice versa. The thickness of the Janus BiXY crystals (&) in-
creases with elongation of dgj.x and dp;y as it is proportional
with the bond length. On the other hand, for a given X, the
bond angle 6’ (£Y-Bi-Y) narrows down the halogen group,
whereas 6 (£X-Bi-X) represents an opposite behavior. This
is due to the fact that when the electronegativity difference
between X and Y atoms (A x) increases, more electrons accu-
mulate around the atom with higher electronegativity; in turn,
the atoms start to repel each other, which results in widening
of the bond angle.

The cohesive energy per atom (E¢) for the proposed struc-
tures is calculated via the following relation:

_ [ErBi) + Er(X) + Er (V)] — [Er (BiXY)]
3 b

where E7(Bi), E7(X), and E7(Y) are the single-atom energies
of Bi, X, and Y elements, respectively; E7(BiXY) corresponds
to the total energy of the Janus BiXY structures. All ob-
tained results are given in Table I. Correlated with the bond
weakening, Ec gradually decreases as a enlarges. In a simi-
lar manner, for each subset of X (Y), E¢ decreases moving
down the chalcogen (halogen) group. High cohesive energy
implies strong binding between the constituent elements and
is a notable parameter to quantify the stability of a material.
Accordingly, BiSF and BiTel are the most and the least sta-
ble structures among Janus BiXY monolayers. It should be
noted that the computed E-’s are comparable to the other

Ec ey

bismuth-based systems. For instance, Ec of 2D Bi,Ses,
Bi,Te,S, and Bi,Te;,Se is reported to be 2.89, 2.77, and 2.67
eV /atom [64], respectively, which is within the same cohesive
energy range of the BiXY monolayers.

In BiXY systems, the size difference of atoms, electronega-
tivity difference (A x), and different types of bonding between
Bi-X and Bi-Y (double and single bonding, respectively) give
rise to inequivalent charge distributions. The corresponding
data from Bader analysis demonstrate that the charge deple-
tion from Bi to X and Y elements (Apgi.x) and Apei.y))
decreases with increasing a, which is correlated with the
aforementioned factors and also supports the variation of Ec.
The general features of charge partitioning between the atoms
reveal that the Bi layer in all structures is positively charged,
whereas the X and Y layers are negatively charged. As an
example, the results of Bader analyses show that 0.42 e~ and
0.41 e~ are transferred from Bi to Te and I atoms, respectively,
which is consistent with previous studies on BiTel crystals
[20]. The unbalance charge between the X and Y sides gener-
ates a net electric field between Bi layer and X (Y) layer, the
direction of which points Bi layer to the X (Y') layer. Further-
more, the charge difference between the surfaces affects the
magnitude of the thermionic work function () on each side.
Accordingly, to identify the inherent electric field in Janus
BiXY crystals, the work function from X and Y sides are
calculated. The planar average of the electrostatic potential
and the related work functions for Bi-X and Bi-Y surfaces (®Py
and ®y) are displayed in Fig. 2. It is noticed that the difference
between ®x and @y (AP) is proportional with magnitude of
the dipole moment in the structures and is in parallel with
the Helmholtz equation [65], u = f X %‘M. Based on the
Helmholtz model, the surface dipole (u) is linearly propor-
tional with the work function difference (A®), slab surface
area (A), and elementary charge (e), and has inverse relation
with the surface coverage (0) and vacuum permittivity (&)
[65]. In addition, the electrostatic potential difference between
X and Y surfaces increases when Ay is larger. For the BiXF
monolayers, the potential energy on the side of F is minimal,
which is due to the fact that the strong electronegativity of F
atoms that causes the accumulated electrons cannot offset it.
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FIG. 2. Planar average of the electrostatic potential along the z axis for Janus BiXY monolayers with (red) and without (blue) dipole
correction. The vertical dashed lines represent the positions of the Bi, X, and Y atoms. ®y and ®y denote the work function of the X and Y

surfaces, respectively.

The electrostatic potential energy diagram demonstrates infor-
mation about the charge distribution between the constituent
elements in the structures. Generally, a high electrostatic po-
tential implies the deficiency of electrons on that element,
whereas the low electrostatic potential indicates an abundance
of electrons. Since the F atom has the highest electronegativity
value, it attracts the majority of the electrons, decreasing the
electrostatic potential energy. Moreover, the change in the
work function of the BiTeBr monolayer is almost twice as
large as the one for BiTel, which results in a larger dipole
moment in the BiTeBr, as was also previously verified by
earlier work [17].

B. Dynamical stability

The structural stability of Janus BiXY monolayers is ex-
amined by phonon spectra analyses, and Fig. 3 shows that the

dispersion of the phonon modes is free from any imaginary
frequencies, and all twelve structures are confirmed to be
stable. The primitive cell of the SL-BiXY crystals consists of
three atoms, resulting in 9 vibrational modes. The three acous-
tic phonon modes are the flexural acoustic (ZA) branch, the
transverse acoustic (TA) branch, and the longitudinal acoustic
(LA) branch. The ZA phonon mode has quadratic dispersion
while TA and LA phonon modes have linear dispersion near
the I" point, as in other 2D systems anticipated by continuum
elasticity theory [66]. It can be seen from Fig. 3 that when
the atomic mass of the elements becomes heavier for a given
structure, all phonon modes are pushed toward lower frequen-
cies, and overall phonon spectra are narrowed. Additionally,
in BiXF and BiTeY monolayers, a gap is noticed between
acoustical and optical frequencies, which is due to the large
mass differences between the constituent elements and weak-
ened bond strength between the atoms. For the remaining
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FIG. 3. Phonon band diagrams of the Janus BiXY monolayers.

structures, the low-frequency optical and acoustic branches
overlap. The phonon band gap reduces the phonon-phonon
scattering rate (i.e., long phonon relaxation time) and leads
to enhanced thermal conductivity [67-69].

To test the stability of the structures at high temperatures,
ab initio molecular dynamics (AIMD) simulations were car-
ried out at 300 K and 600 K for 2 ps. To alter the unit cell size
constraint, a4 x 4 x 1 supercell was used for BiXY monolay-
ers. The variation of energy as a function of simulation time
and the final snapshots of the resulting structures at 300 K and
600 K are illustrated in Fig. 4, and Fig. S1, Supplemental Ma-
terial [70]. AIMD simulations indicate that apart from slight
distortions, which are not sufficient enough to break the Bi-X
and Bi-Y bonds, the crystalline forms of BiXY monolayers
are preserved even at elevated temperatures and confirm the
thermal stability.

C. Vibrational properties

Vibrational properties and the corresponding Raman spec-
tra are closely related to the geometrical structure of the

materials, and their analysis could be a useful technique to
investigate the physical properties related to the lattice sym-
metries. Due to the C3, symmetry, the six optical vibration
modes are either nondegenerate or doubly degenerate at the
I' point. The irreducible representation of the correspond-
ing optical phonons in the center of the BZ (I' point) for
the Janus BiXY monolayers is given by I'* = 24, + 2E,
where the E modes are assigned to the doubly degenerate
in-plane displacements, whereas the nondegenerate A; modes
are attributed to the vibration of the atoms along the z direc-
tion. Both A; and E eigenmodes are Raman- and IR-active
modes since in the structures with Cs, symmetry, A; and E
modes correspond to the linear and quadratic functions in
the character table. Thus, the vibrational mode analysis of
Janus BiXY monolayers reveals 4 peaks corresponding to the
Raman- and IR-active modes. In a Raman experiment, the
material is exposed to the light beams, and the scattered pho-
tons are immediately collected. The dispersion of the collected
photons determines the Raman spectrum of the sample with
respect to the frequency shift. According to the Raman theory,
inelastically scattered photons originating from the oscillation
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FIG. 4. The variation of energy with respect to the number of steps at 300 K for Janus BiXY crystals. The insets show the snapshots of
atomic configurations at the end of ab initio molecular dynamics (AIMD) simulations for each structure.

of dipole moments of the crystal correspond to the Raman-
active vibrational modes. The Raman intensity of a structure
is mainly affected by incident light source wavelength and
intensity, the concentration of the sample, and the scattering
properties of the material [71]. The calculated Raman spectra
of Janus BiXY crystals are illustrated in Figs. 5(a)-5(c). The
atomic displacements of the Raman-active modes are labeled
on each spectrum to identify the origins of the Raman peaks.
Depending on the atomic mass and bond strength, the Raman
activities of the structures differ from each other. By going
from the lightest (BiSF) to the heaviest (BiTel) monolayer in
the proposed systems, the Raman spectra shift toward lower
frequencies mainly attributed to the increased mass and bond
strength. In addition, for each subset of Y, the intensity of the
E®Y) Raman peak increases down the chalcogen group. Our
results point out that the most prominent Raman-active mode
in BiXF is A(lB"X) while for BiTeY (Y = Br and I) structures,
the EBi=T®) mode is the most significant peak in the spectrum.
For BiTeBr and BiTel, the theoretical Raman spectra can
be compared with the experimental data. Sklyadneva et al.
demonstrated that the synthesized BiTeBr and BiTel crys-
tals possess four Raman-active modes, the most prominent
of which appear at the frequencies of 98.5 and 99 cm™!,
respectively [72]. The highest calculated Raman-active mode
frequency is 108 cm~! for BiTeBr and 103 cm~' for BiTel

monolayers. The comparisons reveal that our results are in
agreement with the experimental findings on synthesized bis-
muth tellurohalides. The intensity of the peaks in the spectrum
is due to the contribution of macroscopic dielectric constants
of vibrational modes to the Raman tensors. For BiSeF and
BiTeF monolayers, the E®“F) Raman mode, and for BiTel,
the A(IB"D mode, vanishes, which indicates that their inten-
sity is too weak to observe. To better explain the vibrational
character of the BiXY monolayers, the BiSel monolayer is
considered as a prototype to exemplify the four distinct atomic
displacements in the optical spectrum, and the corresponding
results are illustrated in Fig. S2, Supplemental Material [70].

D. Mechanical and piezoelectric properties

After revealing the structural stability, the elastic strain
tensor is computed to study the mechanical properties of
the proposed structures, and the nonzero elastic constants
(C;j) are listed in Table II. First, it should be noted that all
Janus BiXY monolayers satisfy the Born and Huang criteria
[73,74] [C11 > |C12| and Cg6 = (C11 — C12)/2 > O for hexag-
onal lattice], indicating the mechanical stability. The elastic
properties of the BiXY monolayers are examined in terms
of two constants: the in-plane stiffness (Y»p) and the Poisson
ratio (v). The Y,p, which is the 2D analog to Young’s modulus
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FIG. 5. The normalized Raman activity spectra for (a) BiSY, (b) BiSeY, and (c) BiTeY monolayers.

in 3D structures, is a measure of stiffness or flexibility of the
materials. For the BiXY monolayers, the Y,p is obtained by
using the following relation, Y,p = (C121 — C122) /C11, and the
results are summarized in Table II. For each subset of X (),
Y>p decreases down the chalcogen (halogen) group, which is
related with the elongation of the bonds (dp;.x and dg;.y), i.e.,
weakening of the bonds between the atoms. Accordingly, the
highest and lowest Y;p is obtained for BiSF and BiTel, respec-
tively. A similar trend is also noticed in binary and ternary
TMDs [75]. The Y,p values are between 25-42 N/m, indicat-
ing that BiXY monolayers are not stiff. While the obtained
values are smaller than Y,p of Janus TMDs, such as MoXY

and WXY, they are within the same range of CrXY and VXY
[75,76]. Next, the Poisson ratio (v = Cy,/Cy;), which is the
ratio of the transverse contraction strain to the axial extension
strain in the direction of the stretching force, is computed
(Table II). The calculated v values are less than 1/3 (except
BiSI), which implies that Janus BiXY monolayers are brittle
based on the Frantsevich rule [77]. Additionally, in terms of
bonding character, v &~ 0.25 marks a transition from ionicity
to metallicity [78]; therefore, for all the structures, the bonding
nature is mainly ionic with a small metallic contribution.
Piezoelectricity is described as a coupling between electri-
cal polarization and mechanical stress and can be produced

TABLE II. For the BiXY Janus monolayers, relaxed-ion elastic coefficients, C;;, in-plane stiffness, Y>p, and Poisson ratio, v, piezoelectric
stress coefficients, e;;, and the corresponding piezoelectric strain coefficients, d;;. Note that the values of e;; are multiplied by 1071°.

C=Cx Cip Yop v el €3] dy d3
Structure (N/m) (N/m) (N/m) =) (C/m) (C/m) (pm/V) (pm/V)
BiSF 45 12 42 0.26 3.06 —0.19 9.11 —0.33
BiSCl 35 10 32 0.29 4.12 —0.13 16.61 —0.29
BiSBr 34 11 31 0.32 4.41 —0.18 19.11 —0.41
BiSI 33 11 29 0.34 5.09 —-0.24 23.11 —0.54
BiSeF 43 11 40 0.26 1.22 —0.11 3.81 —0.20
BiSeCl 33 9 30 0.27 2.68 —0.11 11.20 —0.26
BiSeBr 32 29 0.29 3.03 —0.16 13.51 —0.40
BiSel 31 10 28 0.31 3.65 —-0.23 17.12 —0.57
BiTeF 39 11 36 0.27 —2.45 0.04 —8.54 0.07
BiTeCl 30 7 28 0.24 0.75 —0.07 3.29 —0.18
BiTeBr 28 7 26 0.26 1.21 —0.11 5.78 —0.31
BiTel 27 7 25 0.27 1.87 —0.19 9.53 —0.56
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FIG. 6. Calculated electronic band structures for Janus BiXY monolayers by using GGA-PBE + SOC and HSE06 + SOC are shown by
red solid and dashed blue lines, respectively. The fundamental band gaps are shaded yellow. The Fermi level is set to zero.

when applied external stress generates electric dipole mo-
ments in the noncentrosymmetric materials (and vice versa)
[79]. For 2D materials, the piezoelectric stress coefficients,
e;j, must be renormalized by the z-axis lattice parameter [80],
ie., eisz =zX e?}). Recent experimental observations and the-
oretical studies have shown an enhancement of piezoelectric
constants in 2D materials compared to their 3D counter-

parts [81,82]. The relaxed-ion piezoelectric tensor, e;;, in 2D

materials can be defined as sum of ionic eﬁ?" and electronic
el

contributions éf s

ejj = efjl. + ef;f”; 2)
the e;;’s are calculated by the DFPT method, and the values of
piezoelectric strains, d;;, are derived by using the relation

eij = diCy;j, (3)
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where C;; is the elastic tensor of the related materials. The
crystal symmetry of the structures determines the number of
independent components in the piezoelectric tensors (e;; and
d;j). Due to the C3, symmetry of the Janus BiXY monolayers,
the piezoelectric tensor in these structures has two indepen-
dent coefficients, i.e., ej;/d;; for in-plane piezoelectricity
and e3; /d3; for out-of-plane piezoelectricity. The out-of-plane
piezoelectric constants of the 2D materials are affected by
out-of-plane asymmetry and charge density difference on two
surfaces. The Voigt notation of Janus BiXY monolayers can
be defined as

el —ey 0 dy  —di 0
e = 0 0 —e11 1, d= 0 0 —2d11
ey e3 0 dy1  ds 0

The relations between the piezoelectric tensor coefficients
for Janus BiXY monolayers are given by [1,81,83]
€1l €3]
di , di o’ )
The computed piezoelectric coefficients are summarized in
Table II. As can be seen, e¢;; increases down the halogen
and/or chalcogen group. As a comparison, for single-layer
MoS, and MoSSe structures, the e;; is reported to be 3.7 x
10719 and 3.8 x 10~'° C/m, respectively [84]. The calculated
values for BiSY and BiSeY monolayers are in the range of
(1.22-5.09 x 10°10 C/m), while for BiTeY structures, the
e11 component is found to be smaller than most of the TMX,
and Janus TMXY crystals. However, the obtained results of
dy; for BiTeY monolayers are much larger than the predicted
values for the TMX, and Janus TMXY crystals [81,83]. The
calculated piezoelectric coefficients, e;; (d;;), of the SbTel
monolayer are reported as 2.69 x 107'° C/m (12.95 pm/V),
which are slightly larger than their Janus bismuth counterparts
[21]. In the case of 17-TMDs, the piezoelectric coefficients
are expected to be very small due to the central symmetry of
the structures [59], while for BiXY crystal structures because
of lack of inversion and mirror symmetry with respect to
the Bi atoms, both in-plane and out-of-plane piezoelectric
constants are significant. For ultrathin materials, large values
of out-of-plane piezoelectricity are desired for applications in
electromechanical devices. The d3; coefficients are calculated
to be —0.54, —0.57, and —0.56 pm/V for BiSI, BiSel, and
BiTel, respectively, which are larger than that of 2D Janus
TMD structures such as MoSSe (0.29 pm/V) [1], MoSTe
(0.4 pm/V) [83], and 1H-WSO (0.4 pm/V) [85]. Such a large
out-of-plane piezoelectricity makes Janus BiX1 monolayers
suitable candidates for applications in piezoelectric devices.

E. Electronic properties

Lastly, the electronic properties of the Janus BiXY mono-
layers are analyzed. The electronic band structures are
calculated initially at the level of GGA-PBE. As shown in
Fig. 6, all structures are semiconductors, and except for BiTeF,
they have indirect band gaps. Due to the presence of heavy
elements such as Bi, Te, and I and the broken inversion sym-
metry of the structures, the inclusion of the spin-orbit coupling
(SOC) effect is necessary. The inclusion of SOC reduces the
band gap (E;®"5°), and the effect is more dramatic as the

3

Energy (eV)
S

o

-1

FIG. 7. Close-up view of the electronic band structure of BiSI
monolayer around the I" point and along the K-I"-M points to exhibit

the momentum offset k, and the Rashba energy Er. PBE and PBE-
SOC results are shown by dark green and red lines, respectively.

elements get heavier. When the calculations are repeated with
the HSE + SOC method, similar band profiles but widened
band gaps (E ;{SE'SOC) are obtained (Fig. 6). For a given subset,

ENSE-SOC decreases moving down the chalcogen and halogen
group, which is correlated with the charge transfer (A pgi.x)
and Apeiy)). EfS559C is between 1.07 eV to 2.42 eV and
covers a range from infrared to visible parts of the optical
spectrum. The calculated partial density of states (PDOS) of
the Janus BiX'Y monolayers is shown in Fig. S3, Supplemental
Material [70]. It is seen that for the structures with the same
halogen atom, the PDOS diagrams are similar to each other.
Our results indicate that the states near the valence band max-
imum (VBM) are mainly composed of X-p and Y -p orbitals.
In contrast, the conduction band minimum (CBM) states are
dominated by the Bi-p orbital in all structures which is in
good agreement with the previous studies on BiTeX crystals
[61,62]. It is noticed that the spin-orbit splitting in energy
bands is more significant in the structures with heavier ele-
ments and more distinct broken inversion symmetry. Since the
electronic band structure profiles of Janus BiXY monolayers
are similar to each other, BiSI is chosen as a prototype to
represent the band splitting near the I point. As seen from
Fig. 7, the degenerate conduction band minimum (CBM) is
reduced to the lower energies and split into two branches
following the inclusion of SOC. This can be considered as
valid evidence of the Rashba splitting in the system. The
strength of the Rashba splitting can be defined by two param-
eters: momentum offset (k,) and the Rashba energy (Eg). The
relation between these two terms and the Rashba coefficient
(ag) is given by ag = 2Eg/k,. The ag of 2D materials should
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TABLE III. Energy band gaps at the level of GGA-PBE, E;®";
GGA-PBE + SOC, E;’ BE-SOC. HSE06 + SOC, E;,{SE*SOC; the Rashba
energy, Eg; and the Rashba coefficient, ok, for the BiXY Janus
monolayers.

E;BE E;’BE—SOC E;—ISEstC Ex g
Structure eV) eV) eV) (meV) (eVA)
BiSF 1.98 1.67 2.42 2 0.19
BiSCl 1.80 1.33 1.97 29 1.20
BiSBr 1.77 1.22 1.83 40 1.37
BiSI 1.93 1.13 1.65 71 1.67
BiSeF 2.01 1.53 2.17 2 0.20
BiSeCl 1.65 1.12 1.68 25 1.30
BiSeBr 1.56 1.02 1.54 34 1.44
BiSel 1.63 0.92 1.37 64 1.98
BiTeF 1.69 0.92 1.43 0 0.00
BiTeCl 1.77 0.92 1.42 12 1.25
BiTeBr 1.60 0.87 1.29 17 1.27
BiTel 1.52 0.69 1.07 40 1.80

be large enough to be used in spintronics applications. Ex and
ag for the Janus BiXY monolayers are computed and listed in
Table III. It is noticed that, among the considered structures,
BiXF (BiX1) monolayers have the lowest (highest) value of
Er and ag. The obtained values of Er and oy for BiTeBr and
BiTel monolayers are in good agreement with the previous
theoretical calculations [17,20].

IV. CONCLUSION

In summary, we have systematically investigated struc-
tural, vibrational, elastic, piezoelectric, and electronic

properties of the Janus BiXY (X =S, Se, Te and Y =F,
Cl, Br, I) monolayers. Our vibrational frequency analysis
and ab initio molecular dynamics simulations up to 600 K
reveal that all of the proposed Janus BiXY crystals are dy-
namically stable. The calculated Raman spectra exhibit that
BiXY monolayers possess four typical Raman-active modes.
To characterize the mechanical response in the elastic regime,
the in-plane stiffness and Poisson ratio are calculated, and
the results indicate that the considered systems are flexible
and brittle. Following the calculation of the elastic tensors,
the piezoelectric coefficients are computed, and large out-
of-plane piezoelectric constants are obtained, especially for
BiX1 monolayers, which are greater than those of prominent
TMDs. The electronic structure calculations show that except
for BiTeF, which is a direct band gap semiconductor, the
rest of the monolayers are indirect band gap semiconductors
varying between 1.07 eV and 2.42 eV, which covers a range
from the infrared to visible spectrum. The inclusion of spin-
orbit coupling results in large band splitting and momentum
shift in conduction band minimum near the I" point, which
indicates the Rashba effect in these systems. These intriguing
properties suggest BiXY monolayers as suitable candidates
for nanoscale piezoelectric and spintronics applications.
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