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Nanoscale materials with inter-correlation characteristics are fundamental for developing high
performance devices and applications. Hence theoretical research into unprecedented two-dimensional
(2D) materials is crucial for improving understanding, especially when piezoelectricity is merged with
other unique properties such as ferroelectricity. In this work, an unexplored 2D Janus family BMX, (M =
Ga, In and X = S, Se) corresponding to group-Ill ternary chalcogenides has been explored. The structural
and mechanical stability, and optical and ferro-piezoelectric properties of BMX, monolayers were
investigated using first-principles calculations. We found that the lack of imaginary phonon frequencies
in the phonon dispersion curves establishes the dynamic stability of the compounds. The monolayers
BGaS, and BGaSe; are indirect semiconductors with bandgaps of 2.13 eV and 1.63 eV, respectively, while
BInS, is a direct semiconductor with a bandgap of 1.21 eV. BInSe, is a novel zero-gap ferroelectric
material with quadratic energy dispersion. All monolayers exhibit a high spontaneous polarization. The
optical characteristics of the BInSe, monolayer show high light absorption ranging from the infrared to
the ultraviolet. The BMX; structures exhibit in-plane and out-of-plane piezoelectric coefficients of up to
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1 Introduction

The discovery of graphene in 2004 has led scientists from
various fields to investigate two-dimensional (2D) materials
such as hexagonal boron nitride (h-BN), transition metal chal-
cogenides (TMDs), 2D Xenes and more." Such a variety of 2D
materials is attractive due to their desirable mechanical, phys-
ical, structural and chemical properties, which benefit appli-
cations such as electronics, sensors and batteries.”> Recently,
there has been great interest in the synthesis of 2D materials
with structures containing single or binary elements. Binary 2D
materials can be formed by stacking two single-element layers
of different compositions, such as MoS,/WS,, or by chemically
interweaving two single-element layers, such as MoTe,. These
heterostructures can exhibit novel properties that are not found
in the constituent layers, such as enhanced electrical conduc-
tivity, improved thermal conductivity, and novel optical
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properties. However, more recently the focus has shifted to
unusual 2D ternary materials because of their unique properties
arising when a third element is added. Unlike phosphorene or
boron nitride (binary), the extra degree of freedom in 2D ternary
materials can adjust their properties by modifying the compo-
sitions, which can lead to novel device applications.’

A recent unconventional 2D family of structures, known as
2D Janus materials, rely on having out-of-plane structural
symmetry.* Tailoring 2D Janus layers requires having different
atoms on each side of the 2D layer. A major experimental
breakthrough was the synthesis of transition metal di-chalco-
genide (TMD) Janus monolayers where the molybdenum
disulfide MoS, structure, which involves two layers of sulfur (S)
sandwiching a molybdenum (Mo) layer, has replaced one of its S
layers by a selenium (Se) layer.® Using first-principles calcula-
tions, Nandi et al.® explored Janus MXY (M = Ge, Sn, and X/Y =
S/Se) structures and found that GeSSe monolayers and bilayers
are energetically favorable and stable with high shear and in-
plane piezoelectricity and high carrier mobility and are flexible.
On the basis of ab initio calculations, Demirtas et al.” investi-
gated aluminum monochalcogenide Janus AlLXX' (X/X": O, S, Se,
Te) monolayers and found that applying biaxial compressive or
tensile strain can possibly lead to indirect-direct band-gap
transitions. Also using ab initio calculations, Varjovi et al®
demonstrated the dynamical and thermal stability of Janus
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WXO (X = S, Se, and Te) monolayers, which were found to
exhibit orientation dependent mechanical properties, a band
gap that narrows along the chalcogen group, and large-piezo-
electric properties. Experimentally, Fu et al.® have shown how
the fabrication of SryoCeg os5Feo.95RU0.0503 provided a potential
heterostructure electrocatalyst when embedded into in situ
grown RuO,. Captivating properties such as a second-harmonic
generation (SHG) response,'® strong Rashba spin splitting,"*
efficient catalytic performance and a significant piezoelectric
effect have been achieved due to quantum confinement effects
that arise at the nanoscale, unlike in the bulk form.** Such
properties have high potential for engineering applications
such as sensors, actuators and novel electro-mechanical
devices.™

The dual properties of 2D piezoelectricity and ferroelectricity
are very exciting and such structures have been confirmed,
within a single monolayer, experimentally and predicted theo-
retically.” Piezoelectricity”® involves the conversion between
electrical and mechanical energy, while ferroelectricity involves
having spontaneous polarization which can be reversed by an
external electric field.'® Piezoelectricity was firstly theoretically
predicted in the 1H phase of monolayer MoS, by Duerloo et al.””
in 2012 and was experimentally verified in 2014 by Wu et al.,*®
where increasing the number of layers led to minimizing the
piezoelectric coefficient. It is desirable to investigate other
semiconductors with a high piezoelectric coefficient for effi-
cient inter-conversion of nano-electro-mechanical energy,
whilst being a semiconductor benefits nanoelectronic applica-
tions. High values of piezoelectric parameters have been re-
ported for group-IV and group-VI transition-metal di-
chalcogenide and di-oxide (TMDC and TMDO) monolayers."’ As
for 2D ferroelectrics, In,Se; and SnS have shown in-plane and
out-of-plane ferroelectric polarization, which is almost impos-
sible to be found in three-dimensional (3D) ferroelectrics.>® 2D
ferroelectric materials also exhibit other exciting properties
such as piezoelectric and photovoltaic effects, and valley and
spin polarization that could benefit functionalities such as
tunnel junction field-effect transistors and photodetectors.”* An
example is In,Se; which is a 2D ferroelectric semiconductor
with low voltage. This structure was experimentally shown to
have a high memory window and on/off ratio which is key for
applications as a ferroelectric field-effect transistor.*” This
report encourages further investigation into the piezoelectric
and ferroelectric properties of 2D materials.

In this study, we theoretically construct four BMX, mono-
layers: BGaS,, BGaSe,, BInS, and BInSe,. We investigate their
stability and corresponding properties using density functional
theory (DFT). Our calculations indicate that all of the structures
discussed are dynamically stable and exhibit promising opto-
electronic and piezoelectric characteristics when compared to
previously investigated 2D piezoelectric materials.*** The paper
is organized as follows: in Section 2, the computational meth-
odology is given, and in the following Results and discussion
section, we present the structural, mechanical, optoelectronic
and ferro-piezoelectric properties of the BMX, monolayers.
Finally, we give the conclusion.
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2 Computational methodology

The first-principles calculations based on DFT were performed
using with the Quantum-ESPRESSO* code. The exchange-
correlation functional utilized was the Perdew-Burke-Ernzer-
hof (PBE)*® generalized gradient approximation (GGA).”” The
ion cores were treated using projector augmented-wave (PAW)
pseudopotentials with a cut off energy of 70 Ry. The charge
density was expanded in a basis set with a 280 Ry plane wave
cutoff. Brillouin zone sampling was done using a Monkhorst
Pack mesh of 14 x 14 x 1 k-points.”® The cutoff for the struc-
tural and ionic relaxation is taken to be when the force on each
atom is less than 10~* Ry bohr ™. The total energy is regarded as
being converged when the total energy difference between two
consecutive steps of the self-consistent electronic cycle is less
than 10°%® Ry. To avoid interactions between periodically
repeated unit cells, the vacuum region is set to 20 A. Since the
GGA underestimates bandgaps, we employed the HSE06 hybrid
functional®® for more accurate bandgap calculations. The
dynamic stability for each 2D Janus layer was studied. The
piezoelectricity calculations used density functional perturba-
tion theory (DFPT).** From the dynamic matrix, the phonon
dispersion curves were obtained to find the calculated second-
order force constants. A supercellof 3 x 3 x 1anda4 x4 x 1 k-
point sampling were used for all the studied compounds. To
calculate the piezoelectric coefficients and ferroelectric prop-
erties (i.e. electric spontaneous polarization), we employed the
Berry Phase method as implemented in the Quantum-
ESPRESSO package,* which has been extensively discussed in
earlier publications.**?* To calculate the optical properties and
elastic constants Cj, the plane-wave code themo_pw was used.*
Plots of the atomic structures, bond angles, and bond lengths
were produced using Vesta software.*

3 Results and discussion
3.1 Structural stability

We first investigate the geometric optimization of the four 2D
Janus monolayers BGaS,, BGaSe,, BInS, and BInSe, which are
structurally similar. All four structures contain 4 atoms in the
unit cell; one of the atoms is M type (Ga or In), and one of the
atoms is a B atom, both of which are sandwiched between X (S
or Se) atoms which are located half above and half below the M-
B atoms. Each boron atom is covalently bonded to three chal-
cogenide X atoms and one M atom, resulting in a trigonal
prismatic geometry with space group no. 187 (P6m2). To
construct the Janus structure of BSe for instance, the bottom B
atoms are substituted by In atoms, forming a BInSe, Janus
monolayer. This structure is formed by connecting the first face
layer BX (BSe) to the second face layer MX (InSe) in such a way
that a bridge bond is formed between the boron and indium
atoms (see Fig. 1). The BMX, structure, in the equilibrium state,
belongs to the C;, point group symmetry with polar space group
no. 156 (P3m1). Because of the BX and MX Dj;,, symmetry, the
replacement of B atoms by M atoms broke the out-of-plane
structure symmetry. Furthermore, the difference in the elec-
tronegativity and atomic number of B, M and X atoms causes in-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Side and top views of the optimized 2D Janus monolayer BMX,
compounds, where B and M are shown in red and white, and X (S and
Se) atoms are shown as green spheres, respectively.

N Top view

equivalent B-X and M-X bond lengths and in-plane lattice
constants in these Janus monolayers. These as well as other
structural parameters are tabulated in Table 1 along with the
band gap energies. The optimized lattice constant of monolayer
BInSe, of 3.59 A is larger than that of the other BMX, mono-
layers (3.29-3.46 A). Furthermore, the bond lengths of B-X and
M-X are not equivalent due to the difference in the atomic
radius and electronegativity of the atoms. To evaluate the
energetic stability, we calculated the cohesive energy with the
following formula:

Ero — (Eg + Em + 2EXx)

. 1)

Econ =

where Er, is the total energy of the Janus BMX, monolayers; Eg,
Ewm, and Ex are the energies of boron, M, and X atoms in their
solid phases, “2” is the numbers of X atoms and “4” is the total
number atoms in the unit cell. The cohesive energy gives insight
into the strength of the covalent bonds in the BMX, monolayers.
The negative values for the cohesive energy indicate that the
formation of such monolayers is an exothermic process.*
Secondly, the dynamical stability of the BMX, monolayers is
investigated by analyzing their phonon dispersion curves,
which were recorded along the high-symmetry directions (I'-M-
K-T) of the Brillouin zone. These curves are shown in Fig. 2.
Given that the compounds have four atoms per unit cell, there
are a total of 12 modes. The three lower frequency modes are
acoustic modes, which include the in-plane longitudinal and
transverse acoustic (LA and TA) modes, as well as the out-of-
plane acoustic (ZA) mode. The general shapes of the phonon
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Fig. 2 Calculated phonon dispersion curves along the high symmetry
directions (I'-M—-K-T) in the Brillouin zone, for all of the 2D Janus
monolayer BMX, compounds considered.

dispersions for the four monolayers are similar. The frequency
values are all positive, with no imaginary phonon frequencies,
indicating that the structures are dynamically stable and can
exist as a 2D material. We now consider the mechanical stability
of the Janus BMX, monolayers.

3.2 Mechanical properties

The mechanical stability of each Janus monolayer is tested by
finding its elastic constant (Cy).*”” The elastic constants are key
parameters that are proportional to the mechanical stability
and the elastic properties of the material. The following equa-
tions were used to compute the in-plane elastic stiffness
coefficients.*®

1 U 1 dU
A() 682227 12 —

1 U

Cj= — ——
= AO (981127

= Ao derren
where ¢;; and ¢,, denote the xy-plane stress and 4, is equal to
the crystal's equilibrium unit cell area, and U is the system's
total energy. We examined ¢;; and ¢, from —0.006 to +0.006
with a step size of 0.002. The atomic positions in the systems
were relaxed under each strain, and we determined the relaxed-
ion elastic stiffness coefficients C;4, Cs,, and Cy,. The stability
requirements may influence the mechanical stability criteria
related to the crystal structure's elastic constants:*

Table1l Optimized structural parameters and band gap energies (Eg) of 2D Janus BMX, compounds: lattice constant (a), bond length (L) between
group-lll atoms, distance (h) between chalcogen atoms (i.e., layer thickness), bond length (d) between chalcogen (X = S, Se) and group-IIl (M =

Ga, In) atoms, bond angles (fygy, Ousx). the cohesive energies (Econ) and the energy band-gap (

responding geometric information

Eg) in PBE and HSEO6. See Fig. 1 for the cor-

Property a(A) L(A) h(A) dpx (A) dux (A) Oxx Orisx Econ (eV) Eq (€Vpgg) Eg (€Viskos)
BGas, 3.29 2.08 4.11 2.06 2.26 105.99 112.75 —5.02 1.33 2.13
BGaSe, 3.46 2.07 4.27 2.19 2.39 104.64 113.95 —4.85 0.92 1.63

BInS, 3.40 2.29 4.55 2.12 2.45 107.02 111.82 —4.57 0.42 1.21

BInSe, 3.59 2.28 4.70 2.25 2.58 105.75 112.97 —4.23 0 0

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Relaxed-ion elastic stiffness coefficients (Cjy), Young's
modulus (E,), and Poisson’'s ratio (v) for all the 2D Janus BMX,

compounds

Material Ci1 Cao Cia E,(Nm™) v
BGas, 125.27 125.21 28.45 118.80 0.23
BGaSe, 120.72 120.68 27.12 114.62 0.23
BInS, 106.11 106.10 23.60 100.86 0.22
BInSe, 98.54 98.50 21.44 93.87 0.21

(Ci1 — C12) >0, Cy1 >0, Cyy >0, and (Cy; +2C15) >0 (3)

As shown in Table 2, all Janus BMX, compounds satisfy the
calculated stability requirements. The following equations were
used to compute the Young's modulus (E,) and Poisson'’s ratio
(v) using the elastic stiffness coefficients (Cj):*

Ci’
E.=Cy— — 4
C 4)
_Cu

v= o (5)

The stiffness is directly proportional to the Young's
modulus. Therefore, more elasticity is based on having a higher
Young's modulus. The Young's modulus ranges from 93.87 N
m ™' (BInSe,) to 118.80 N m ™" (BGaS,), which are greater than
those reported for BAIX, (X = S, Se, Te) chalcogenide
compounds.” The gallium containing compounds have
a greater Young's modulus than the indium containing ones.
The dimensionless Poisson's ratio (v) is an important metric in
industrial production since it provides more direct information
concerning adhesion strength than any other elastic constant.
The calculated Poisson's ratios of the Janus compounds are
between 0.21 and 0.23 which are comparable to those of well-
known 2D materials like h-BN (0.23)** and graphene (0.16).*
Importantly, the elastic constants of all four monolayers satisfy
the Born criteria for mechanical stability.*® The elastic coeffi-
cients of BInSe, are C;; = 98.54 Nm ‘and C;, =21.44 Nm !
and it is more flexible than other BMX, compounds presented
in this study.

3.3 Electronic properties

Optoelectronic applications rely on having particular electronic
characteristics which include the type of band gap, the value of
the band gap energy, and the density of states (DOS). Fig. 3
shows the band structures of the BMX, compounds along the
high-symmetry (M-I'-K-M) direction as calculated by using
both PBE and HSE06. When compared to the PBE functional,
the hybrid HSE06 functional is known to produce a more reli-
able bandgap value since the PBE frequently leads to bandgap
underestimation. The conduction band minimum (CBM) for
both BGaS, and BGaSe, is located at the K point, while the
valence band maximum (VBM) is located at the I" point. Thus,
both materials have an indirect bandgap. For BInS,, BGaS, and
BGaSe, both the CBM and VBM are located at the I" point, which
indicates a direct bandgap. In particular, BInSe, is shown to be
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Fig. 3 Band structures of the 2D Janus monolayer BMX, compounds.
Orange and black dotted lines correspond to results obtained using
the HSEO6 and PBE functionals, respectively. The dashed purple line
represents the Fermi level, E.
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Fig. 4 The total density of states (DOS) of the 2D Janus monolayers
BMX, compounds.

a semimetal with zero bandgap at I'. The calculated bandgap
values of the BMX, compounds using HSE06 (PBE) range from
0.42 (1.21) eV to 2.13 (1.33) eV, indicating that they are semi-
conductors with the exception of BInSe,.** The corresponding
total density of states (DOS) is shown in Fig. 4 and confirms the
electronic type for each compound.

3.4 Optical properties

The optical absorption spectra are recorded from the frequency-
dependent complex dielectric function® e(w) = &;(w) + iey(w) by
first-principles calculations within the random phase approxi-
mation (RPA).*® &,(w), which represents the imaginary part of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the dielectric function, is found by a summation over empty
states from the Fermi golden rule:*

&(w) = %) (1111‘%; Z;kaf;(fck — &K — W) X <uz-k+em, Hik>
X <uck+em, uik>*7 (6)

where ¢ and v represent the conduction and valence band states,
respectively. u, is the cell periodic part of the wavefunctions at
the k point. The real part of the dielectric matrix ¢(w) is found
via the Kramers-Kronig*® transformation:

2 = e(w)
=1+=P| 5—5—do, 7
a) =1+ 2P| o )
where P is the principal value of the integral. ¢(w) is split into 3
parts based on structural anisotropy: xx, yy and zz directions (e,
= ¢,) (in-plane) with intense in-plane peaks and (e;;) out-of-plane
with negligible peaks for the four monolayers. Fig. 5(a) and (b)
display the dielectric function's real and imaginary components
as a function of photon energy. For zero photon energy, the static
dielectric constant is equal to the actual dielectric constant. For

BInSe,, BGaSe,, BInSe,, and BGaSe, monolayers, this
(@)
8
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Fig. 5 (a) The real (&) and (b) imaginary (e;) parts of the dielectric
function for the 2D Janus monolayer BMX, compounds.
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intersection yields values of about 4.03, 3.93, 3.60, and 3.31,
respectively, indicating that BInSe, has a relatively high polariz-
ability. Furthermore, the static dielectric constant at zero energy
is compatible with InSe, InTe, and In,SeTe monolayers***° and is
smaller compared to those of other two-dimensional mate-
rials.*»** Interestingly, the BMX, compounds have negative
values in the range of 4.93-10.98 eV, indicating the metallic
properties of our Janus monolayers in the UV region. For the
imaginary part (Fig. 5(b)), there are several peaks for BInSe, in
the visible region at 2.01 €V and 2.65 eV and one peak at 7.55 eV
in the ultraviolet range. It is noticed that for BInS,, the first peak
is located at 1.22 eV, similar to the band gap of 1.21 eV, indi-
cating that photoexcited electrons make a direct transition from
the VBM to the CBM. Many peaks in the range of 3.8-6.5 eV can
be seen due to the interband transitions for BGaS, and BGaSe,.
The maximum peak in the imaginary part shifted progressively
to lower energies from 4.5 eV to 6 €V as S has been replaced by Se
in BGaSe,. This coincides with the trend in the change of the
band gap as dependent on composition.*® The wide absorption
range of BInSe,, from infrared to ultraviolet light, suggests that
BInSe, is a good light harvesting material and suitable for
optoelectronic applications and sensitive light sensors. Features
in the range of 3.8-6.5 eV can be seen due to the interband
transitions. The maximum peak of the imaginary part shifted
progressively to low energies as S is replaced by Se in BGaSe,,
which is consistent with the change found in the band gaps as
above mentioned. The most significant feature is the broad
absorption range of BInSe,, from infrared to ultraviolet light.
This qualifies it as an optimal material for optoelectronic appli-
cations and sensitive light sensors.

3.5 Piezoelectric properties

We now investigate the piezoelectric properties of the BMX,
monolayers as utilized by Duerloo et al.** We calculated the
linear piezoelectric coefficients (d;) of the Janus group-III
chalcogenide monolayers using the modern theory of polari-
zation® by monitoring the difference in polarization due to
uniaxial stresses (e;;) as follows:

dP;

i
Cijk = —ag.k and d{'/'k = —aU‘k
! JK

(8)

where P; is the polarization vector; e;; and r;; are the strain and
stress, respectively; i, j, and k indices correspond to the x, y, and
z directions. The specific piezoelectric coefficients, as well as the

Table 3 Calculated piezoelectric coefficients, ey, di1, €31, and dsz; of
the studied BMX, monolayers

Material €11 dy, €31 ds

BGas, 4.21 4.35 0.44 0.28
BGaSe, 3.83 4.10 0.48 0.32
BInS, 1.52 1.84 0.31 0.24
BInSe, 1.29 1.67 0.39 0.31
GalnS, (ref. 56) 3.60 8.33 0.30 0.38
GalnSe, (ref. 56) 0.86 3.19 0.29 0.46
AlBSe, (ref. 57) 1.61 1.96 0.16 0.12

Nanoscale Adv., 2023, 5, 1425-1432 | 1429
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out-of-plane coefficients,
structures. These values

are determined for the Janus like-
are related to the elastic stiffness
coefficients as follows:

€1

dy = —— 9

(G- Cn) ©
€3]

dy = ———
. (Ciu+Cp)

(10)

In our work, we consider the piezoelectric coefficients with
the relaxed-ion method, because previous studies have shown
that the clamped-ion method gives much larger values of C;
than experimental values.>*** As a result, we anticipate that the
relaxed-ion method's piezoelectric coefficients will be more
trustworthy.

The calculated e;; and d;; are summarized in Table 3 which are
shown to be close to the reported values of various Janus
monolayers in previous DFT calculations.’** This further vali-
dates our methodology. The choice of a heavier metal element M
(from Ga to In) decreases the d;; and e;; values, which explains
in this case BGaS, having larger values than BInS,. We can see
that such a piezoelectric response difference along the out-of-
plane direction comes from the different electronegativities of
each vertically stacked atom. The present compounds studied
have out-of-plane piezoelectric coefficients, d;4, in the range of
0.24-0.32 pm V', as shown in Table 3 and (Fig. 6 (right)).
Interestingly, the BMX, systems have high ds, (0.32-0.46 pm V)
values, similar to GaInSe, and GalnS,.** The highest d3, value
(0.32 pm V) occurs for the BGaSe, monolayer, over three times
the maximum value obtained for BAlSe,.*” The significant out-of-
plane piezoelectric effect would provide these Janus monolayers
with a diversity of piezoelectric features.

3.6 Ferroelectric properties

Ferroelectric 2D materials are a sub-class of materials with non-

centrosymmetric  structures that show  spontaneous
Relaxed-ion
0.5

WT;

-1
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Fig. 6 Polarization change as a function of strain for the 2D Janus
monolayer BMX, compounds.
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Table 4 Out-of-plane spontaneous polarization values in the z-
direction (P,)

BMX, P, (LC ecm™?)
BGaS, 16.2
BGaSe, 15.3
BInS, 15.7
BInSe, 14.1
CulnP,S; (ref. 59) 3.8
SnSe (ref. 60) 18.1
Sc,CO, (ref. 61) 1.6
AgBiPgSe (ref. 62) 0.2

polarization in the absence of an electric field. As long as the
temperature is below the Curie temperature (T), ferroelectric
materials exhibit spontaneous polarization. When the material
is heated above T., the polarization disappears due to atoms
rearranging and the formation of a highly symmetric structure,
and the material becomes paraelectric. Using first principles
methods based on modern polarization theory®® in the three
directions [x, y, z], we found that there is no in-plane polariza-
tion on the x-axis and y-axis, while there is very significant out-
of-plane polarization along the z-axis (P, > 0). The Janus
monolayers have a large out-of-plane spontaneous electric
polarization of 14.1 pC cm > to 16.2 uC cm > along the z-
direction (Table 4).

The polarization of the BMX, compounds decreases as the
chalcogen element changes from sulfur to selenium, whereas
the electrical polarization P is positively correlated with the
difference between the electronegativity of (B and M) atoms and
the chalcogen elements. As the chalcogen element changes
from S to Se, the reduced electronegativity results in a dimin-
ished polarization. Furthermore, the transition barrier is a vital
property for evaluating a ferroelectric sensor's sensitivity. We

60 (@

® DFT results

% 40 A N\ Model fit
£ 30 4
=
E 20 4
= 104
04
T T T T T T T T
0 1 2 3 4 5 6 7 8
Reaction coordinate
(b)
In,Ses 13 )
Bulk-FeTiO; 176 [] Experimental
dIT-MoTe, £
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GeSe 124 [] Theoretica
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GeS I116
BGaS i
BGaSes 15t [ This work
BInSe> ] 53
BInS; Is0
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0 20 40 60 80 100 120

Energy barriers (meV)

Fig. 7 (a) The transition barrier for the 2D Janus monolayer BMX,
compounds. (b) Comparison between the predicted energy barriers of
the BMX, compounds and other theoretical and experimental energy
barriers for the 2D ferroelectrics.
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constructed two structures that possess similar symmetry and
total energy, but have opposing polarization orientations. The
initial and final states of polarization are indicated as (—P) and
(+P), respectively. We computed the transition barrier using the
nudged elastic band (NEB) method.® The results show that the
energy barrier is around 50 meV, which is similar to that of the
In,Se, monolayer and a quarter of that of bulk ferroelectric
PbTiO; (200 meV).** In Fig. 7(b), we also compare our result to
other experimental® % and theoretical®>® values. It is demon-
strated in Fig. 7(a) that the polarization direction may be
reversed by a negative electric field, which encourages the use of
BMX, compounds in high-density memory devices® and low-
consumption high-sensitivity ferroelectric devices.*®®

4 Conclusion

In conclusion, we explored the fundamental properties of Janus
BMX, monolayers by wusing first-principles calculations.
Through analyzing both the phonon dispersion curves and
elastic constants, it is found that all the studied Janus mono-
layers are dynamically and mechanically stable in the ground
state. The calculations also showed how they are all more flex-
ible than many other 2D materials. The calculation of electronic
properties has shown how the monolayers (BGaS, and BGaSe,),
BInS, and BInSe, are (indirect), direct semiconductors and
semi-metallic, respectively, ranging from 0 to 2 eV. We also
studied the optical response of the four Janus monolayers,
which are shown to have high absorption for light ranging from
the infrared to the ultraviolet region of the spectrum. The BMX,
monolayers exhibited out-of-plane piezoelectric coefficients of
up to 0.32 pm V' more than 2-3 times that of Janus
aluminum-boron monochalcogenide monolayers. Our results
not only systematically provide insight into the physical prop-
erties of the BMX, monolayers but also represent an important
step for further studies, especially for the potential of success-
fully synthesizing these 2D ternary boron Janus monolayers
experimentally.

Conflicts of interest

There are no conflicts to declare.

Notes and references

1 R. Mas-Balleste, C. Gomez-Navarro, J. Gomez-Herrero and
F. Zamora, Nanoscale, 2011, 3, 20-30.

2 J. R. Schaibley, H. Yu, G. Clark, P. Rivera, J. S. Ross,
K. L. Seyler, W. Yao and X. Xu, Nat. Rev. Mater., 2016, 1, 1-15.

3 T. Gao, Q. Zhang, L. Li, X. Zhou, L. Li, H. Li and T. Zhai, Adv.
Opt. Mater., 2018, 6, 1800058.

4 R. Li, Y. Cheng and W. Huang, Small, 2018, 14, 1802091.

5 A.-Y. Lu, H. Zhu, ]. Xiao, C.-P. Chuu, Y. Han, M.-H. Chiu,
C.-C. Cheng, C.-W. Yang, K.-H. Wei, Y. Yang, et al., Nat.
Nanotechnol., 2017, 12, 744-749.

6 P. Nandi, A. Rawat, R. Ahammed, N. Jena and A. De Sarkar,
Nanoscale, 2021, 13, 5460-5478.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

7 M. Demirtas, M. J. Varjovi, M. M. Cicek and E. Durgun, Phys.
Rev. Mater., 2020, 4, 114003.

8 M. ]. Varjovi, M. Yagmurcukardes, F. M. Peeters and
E. Durgun, Phys. Rev. B, 2021, 103, 195438.

9 L. Fu, J. Zhou, Q. Deng, J. Yang, Q. Li, Z. Zhu and K. Wu,
Nanoscale, 2023, 677-686.

10 Y. Wei, X. Xu, S. Wang, W. Li and Y. Jiang, Phys. Chem. Chem.
Phys., 2019, 21, 21022-21029

11 S.-D. Guo, Y.-T. Zhu, W.-Q. Mu and X.-Q. Chen, J. Mater.
Chem. C, 2021, 9, 7465-7473.

12 W. Chen, Y. Qu, L. Yao, X. Hou, X. Shi and H. Pan, J. Mater.
Chem. A, 2018, 6, 8021-8029.

13 L. Dong, J. Lou and V. B. Shenoy, ACS Nano, 2017, 11, 8242-
8248.

14 L. Zhang, Z. Yang, T. Gong, R. Pan, H. Wang, Z. Guo,
H. Zhang and X. Fu, J. Mater. Chem. A, 2020, 8, 8813-8830.

15 C. Cui, F. Xue, W.-J. Hu and L.-]J. Li, npj 2D Mater. Appl., 2018,
2, 1-14.

16 Z. Guan, H. Hu, X. Shen, P. Xiang, N. Zhong, J. Chu and
C. Duan, Adv. Electron. Mater., 2020, 6, 1900818.

17 K.-A. N. Duerloo, M. T. Ong and E. J. Reed, J. Phys. Chem.
Lett., 2012, 3, 2871-2876.

18 W. Wu, L. Wang, Y. Li, F. Zhang, L. Lin, S. Niu, D. Chenet,
X. Zhang, Y. Hao, T. F. Heinz, et al., Nature, 2014, 514,
470-474.

19 P. Nandi, A. Rawat, R. Ahammed, N. Jena and A. De Sarkar,
Nanoscale, 2021, 13, 5460-5478.

20 Z. Guan, H. Hu, X. Shen, P. Xiang, N. Zhong, J. Chu and
C. Duan, Adv. Electron. Mater., 2020, 6, 1900818.

21 M. Wu and P. Jena, Wiley Interdiscip. Rev.: Comput. Mol. Sci.,
2018, 8, €1365.

22 C. Cui, W.J. Hu, X. Yan, C. Addiego, W. Gao, Y. Wang,
Z. Wang, L. Li, Y. Cheng, P. Li, et al., Nano Lett., 2018, 18,
1253-1258.

23 J. Shi, C. Han, X. Wang and S. Yun, Phys. B, 2019, 574,
311634.

24 N. Jena, A. Rawat, R. Ahammed, M. K. Mohanta, A. De
Sarkar, et al., . Mater. Chem. A, 2018, 6, 24885-24898.

25 P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car,
C. Cavazzoni, D. Ceresoli, G. L. Chiarotti, M. Cococcioni,
I. Dabo, et al., J. Phys.: Condens. Matter, 2009, 21, 395502.

26 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865.

27 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865.

28 H.]J. Monkhorst and J. D. Pack, Phys. Rev. B: Solid State, 1976,
13, 5188.

29 J. Heyd, G. E. Scuseria and M. Ernzerhof, J. Chem. Phys.,
2003, 118, 8207-8215.

30 T. Sohier, M. Calandra and F. Mauri, Phys. Rev. B, 2017, 96,
075448.

31 D. Vanderbilt, J. Phys. Chem. Solids, 2000, 61, 147-151.

32 Y. Chen, J. Liu, J. Yu, Y. Guo and Q. Sun, Phys. Chem. Chem.
Phys., 2019, 21, 1207-1216

33 S.-D. Guo, X.-S. Guo, Z.-Y. Liu and Y.-N. Quan, J. Appl. Phys.,
2020, 127, 064302.

Nanoscale Adv., 2023, 5, 1425-1432 | 1431


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00597b

Open Access Article. Published on 26 January 2023. Downloaded on 2/15/2026 7:32:52 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

34 M. N. Blonsky, H. L. Zhuang, A. K. Singh and R. G. Hennig,
ACS Nano, 2015, 9, 9885-9891.

35 K. Momma and F. Izumi, J. Appl. Crystallogr., 2008, 41, 653—
658.

36 C. Ataca, H. Sahin and S. Ciraci, J. Phys. Chem. C, 2012, 116,
8983-8999.

37 R. C. Andrew, R. E. Mapasha, A. M. Ukpong and N. Chetty,
Phys. Rev. B: Condens. Matter Mater. Phys., 2012, 85, 125428.

38 M. Born, K. Huang and M. Lax, Am. J. Phys., 1955, 23, 474.

39 F. Mouhat and F.-X. Coudert, Phys. Rev. B: Condens. Matter
Mater. Phys., 2014, 90, 224104.

40 V. Kumar and J. Jung, Bull. Korean Chem. Soc., 2022, 43, 138-
146.

41 K.-A. N. Duerloo, M. T. Ong and E. ]J. Reed, J. Phys. Chem.
Lett., 2012, 3, 2871-2876.

42 C.D. Reddy, S. Rajendran and K. Liew, Nanotechnology, 2006,
17, 864.

43 M. Born and K. Huang, Dynamical theory of crystal lattices,
Clarendon Press, 1966.

44 B. Bradlyn, J. Cano, Z. Wang, M. Vergniory, C. Felser,
R. J. Cava and B. A. Bernevig, Science, 2016, 353, aaf5037.

45 M. Gajdos, K. Hummer, G. Kresse, J. Furthmiiller and
F. Bechstedt, Phys. Rev. B: Condens. Matter Mater. Phys.,
2006, 73, 045112.

46 F. Furche, Phys. Rev. B: Condens. Matter Mater. Phys., 2001,
64, 195120.

47 J. Derezinski and R. Friiboes, Open Quantum Systems III,
Springer, 2006, pp. 67-116.

48 A. Kuzmenko, Rev. Sci. Instrum., 2005, 76, 083108.

49 A. Marjaoui, M. Zanouni, M. Ait Tamerd, A. El Kasmi and
M. Diani, J. Supercond. Novel Magn., 2021, 34, 3279-3290.

50 A. Huang, W. Shi and Z. Wang, J. Phys. Chem. C, 2019, 123,
11388-11396.

51 M. Roknuzzaman, Org. Electron., 2018, 59, 99-106.

52 A. Laturia, M. L. Van de Put and W. G. Vandenberghe, npj 2D
Mater. Appl., 2018, 2, 1-7.

1432 | Nanoscale Adv, 2023, 5, 1425-1432

View Article Online

Paper

53 A. Kumar and P. Ahluwalia, Phys. B, 2013, 419, 66-75.

54 K. Michel, D. Cakir, C. Sevik and F. M. Peeters, Phys. Rev. B,
2017, 95, 125415.

55 S. Bertolazzi, J. Brivio and A. Kis, ACS Nano, 2011, 5, 9703-
9709.

56 Y. Guo, S. Zhou, Y. Bai and J. Zhao, Appl. Phys. Lett., 2017,
110, 163102.

57 S. Choopani and M. M. Alyoriik, J. Phys. D: Appl. Phys., 2022,
55, 155301.

58 D. Vanderbilt, Berry phases in electronic structure theory:
electric polarization, orbital magnetization and topological
insulators, Cambridge University Press, 2018.

59 A. Belianinov, Q. He, A. Dziaugys, P. Maksymovych,
E. Eliseev, A. Borisevich, A. Morozovska, J. Banys,
Y. Vysochanskii and S. V. Kalinin, Nano Lett., 2015, 15,
3808-3814.

60 H. Wang and X. Qian, 2D Materials, 2017, 4, 015042.

61 A. Chandrasekaran, A. Mishra and A. K. Singh, Nano Lett.,
2017, 17, 3290-3296.

62 B. Xu, H. Xiang, Y. Xia, K. Jiang, X. Wan, J. He, J. Yin and
Z. Liu, Nanoscale, 2017, 9, 8427-8434.

63 G. Henkelman, B. P. Uberuaga and H. Jonsson, J. Chem.
Phys., 2000, 113, 9901-9904.

64 X. Jiang, Y. Feng, K.-Q. Chen and L.-M. Tang, J. Phys.:
Condens. Matter, 2019, 32, 105501.

65 Y. Zhou, D. Wu, Y. Zhu, Y. Cho, Q. He, X. Yang, K. Herrera,
Z. Chuy, Y. Han, M. C. Downer, et al., Nano Lett., 2017, 17,
5508-5513.

66 S. Yuan, X. Luo, H. L. Chan, C. Xiao, Y. Dai, M. Xie and
J. Hao, Nat. Commun., 2019, 10, 1-6.

67 M. Ye and D. Vanderbilt, Phys. Rev. B, 2016, 93, 134303.

68 D. S. Jeong, R. Thomas, R. Katiyar, J. Scott, H. Kohlstedst,
A. Petraru and C. S. Hwang, Rep. Prog. Phys., 2012, 75,
076502.

69 M. Si, P.-Y. Liao, G. Qiu, Y. Duan and P. D. Ye, ACS Nano,
2018, 12, 6700-6705.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00597b

	Ferro-piezoelectricity in emerging Janus monolayer BMX2 (M tnqh_x003D Ga, In and X tnqh_x003D S, Se): ab initio investigations
	Ferro-piezoelectricity in emerging Janus monolayer BMX2 (M tnqh_x003D Ga, In and X tnqh_x003D S, Se): ab initio investigations
	Ferro-piezoelectricity in emerging Janus monolayer BMX2 (M tnqh_x003D Ga, In and X tnqh_x003D S, Se): ab initio investigations
	Ferro-piezoelectricity in emerging Janus monolayer BMX2 (M tnqh_x003D Ga, In and X tnqh_x003D S, Se): ab initio investigations
	Ferro-piezoelectricity in emerging Janus monolayer BMX2 (M tnqh_x003D Ga, In and X tnqh_x003D S, Se): ab initio investigations
	Ferro-piezoelectricity in emerging Janus monolayer BMX2 (M tnqh_x003D Ga, In and X tnqh_x003D S, Se): ab initio investigations
	Ferro-piezoelectricity in emerging Janus monolayer BMX2 (M tnqh_x003D Ga, In and X tnqh_x003D S, Se): ab initio investigations
	Ferro-piezoelectricity in emerging Janus monolayer BMX2 (M tnqh_x003D Ga, In and X tnqh_x003D S, Se): ab initio investigations
	Ferro-piezoelectricity in emerging Janus monolayer BMX2 (M tnqh_x003D Ga, In and X tnqh_x003D S, Se): ab initio investigations
	Ferro-piezoelectricity in emerging Janus monolayer BMX2 (M tnqh_x003D Ga, In and X tnqh_x003D S, Se): ab initio investigations

	Ferro-piezoelectricity in emerging Janus monolayer BMX2 (M tnqh_x003D Ga, In and X tnqh_x003D S, Se): ab initio investigations
	Ferro-piezoelectricity in emerging Janus monolayer BMX2 (M tnqh_x003D Ga, In and X tnqh_x003D S, Se): ab initio investigations
	Ferro-piezoelectricity in emerging Janus monolayer BMX2 (M tnqh_x003D Ga, In and X tnqh_x003D S, Se): ab initio investigations


