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Structural and electronic properties of monolayer group III monochalcogenides
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We investigate the structural, mechanical, and electronic properties of the two-dimensional hexagonal structure
of group III-VI binary monolayers, MX (M =B, Al, Ga, In and X = O, S, Se, Te) using first-principles
calculations based on the density functional theory. The structural optimization calculations and phonon spectrum
analysis indicate that all of the 16 possible binary compounds are thermally stable. In-plane stiffness values cover
a range depending on the element types and can be as high as that of graphene, while the calculated bending
rigidity is found to be an order of magnitude higher than that of graphene. The obtained electronic band structures
show that M X monolayers are indirect band-gap semiconductors. The calculated band gaps span a wide optical
spectrum from deep ultraviolet to near infrared. The electronic structure of oxides (M O) is different from the rest
because of the high electronegativity of oxygen atoms. The dispersions of the electronic band edges and the nature
of bonding between atoms can also be correlated with electronegativities of constituent elements. The unique
characteristics of group III-VI binary monolayers can be suitable for high-performance device applications in

nanoelectronics and optics.
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I. INTRODUCTION

Graphene, a two-dimensional (2D) monolayer of carbon
atoms arranged in a honeycomb lattice, is intensively studied
both theoretically and experimentally due to its impressive
mechanical properties, high carrier mobility, wide band ab-
sorption, and other exotic behaviors mainly originating from
its electronic bands with linear dispersion at the Fermi level
(Dirac cones) [1-3]. However, in its pristine semimetallic
form, graphene has limited functionality in the semiconductor
technology. This motivated research on semiconducting 2D
materials including graphene derivatives such as graphane
[4], fluorographane [5], and other systems including metal
dichalcogenides [6-9], oxides [10], etc. The rise of graphene
also motivated theoretical studies on monolayers of other
group IV systems [11,12]. Although these materials lack
a naturally occurring parent layered material (similar to
graphite), advanced computational analysis has shown that
they have thermally stable freestanding single-layer buckled
honeycomb lattice. These theoretical studies were followed
by experimental works reporting synthesis of silicene [13],
germanene [14], and stanene [15] on various substrates.
Furthermore, a field-effect transistor based on silicene was
realized recently and reported to operate, although for a short
time, at room temperature [16].

The experimental verifications of theoretically predicted
materials fueled computational studies that explore the peri-
odic table even further to reveal other stable 2D structures
with novel properties. These investigations resulted in the
discovery of many 2D families such as group IV and group
III-V binary compounds in honeycomb structure [17]. Very
recently, theoretical studies have reported a stable class of
single-layer group IV monochalcogenides (Y X, ¥ = Si, Ge,
Sn and X =S, Se, and Te) that are semiconductors with
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wide band gaps [18-20]. Furthermore, a study focused on the
structural and electronic properties of these systems reported
indirect-direct band gap transitions under small mechanical
strain [19]. Most recently, the transition from semiconductor
to metal has been achieved when a large compressive strain was
applied to monolayers of GeX and SnX [21]. The possibility
of tuning electronic structure is critical for applications in
nanoelectronics and optoelectronics. Nonetheless, the detailed
chemical and physical mechanisms leading to the observed
structural and electronic properties of these 2D monolayers
are yet to be understood.

Another interesting and new family of 2D materials is
monolayer group III metal chalcogenides, M X, where M
(metal) is B, Ga, Al, or In and X (chalcogen) is O, S, Se,
or Te. To date, various M X systems such as InSe [22,23], GaS
[24-26], GaSe [27,28], GaTe [29], and In,Sez [30,31] have
been experimentally realized. Besides the fabrication, great
endeavor has been dedicated to reveal the intriguing electronic
and optical properties of M X and their potential applications
for use in many fields [32]. Among these, monolayer GaS and
GaSe are great candidates for being used in photodetectors
due to their strong absorption behavior in the UV-visible
wavelength [27,33]. GaS sheets also have strong and unique
photoresponse behavior in different gaseous environments
[24]. In a theoretical study, single layer GaS and GaSe were
suggested as potential photocatalysts for water splitting when
the band edge position is compared with the redox potential
of water [34]. It has been shown both experimentally and
theoretically that the band gap and optical properties of GaX
can be controlled by mechanical deformation [35]. In addition,
the electronic properties of GaS/GaSe heterostructures could
also be tuned by strain and vertically stacking of GaS and GaSe
single leads to splitting of electrons and holes [36]. Another
layered M X system, InSe, also presents a direct-to-indirect
band gap transition when the sample thickness decreases [23].
Interestingly, this is an opposite trend when compared to
transition-metal dichalcogenides, such as MoS; [7,37]. As a
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result, a few-layer InSe shows different photoluminescence
performance compared to MoS,. Despite these efforts, studies
focused only on Ga and In as the group III element and
S, Se, and Te as the group VI element; remaining con-
figurations, especially MO systems, have not been studied
yet.

In this paper, we investigate the structural, mechanical, and
electronic properties of group III-VI monolayers, M X (M:
B, Al, Ga,Inand X: Y = O, S, Se, Te) using first-principles
techniques. This enables systematic analysis and comparison
of all possible configurations. In the first part, the relevant
structural parameters are obtained and cohesive energies are
reported. Next, the stability of these systems is investigated
using phonon spectrum analysis. In the mechanical prop-
erties section, elastic stiffness, Poisson’s ratio, and bending
rigidities are attained. Finally, the electronic band structures
are studied and corresponding band gaps are calculated.
We reveal the trends in obtained properties of all systems
depending on the constituent atoms and, in particular, their
electronegativities ().

II. METHODS

We performed first-principles calculations based on the
density functional theory (DFT) using a plane-wave basis set
with an energy cutoff ranging from 230 eV (for InTe) to 520 eV
(for MO). We utilize projector augmented-wave potentials
[38] and the exchange-correlation potential is approximated by
generalized gradient approximation (GGA) with the Perdew,
Burke, and Ernzerhof (PBE) functional [39]. The Brillouin
zone (BZ) is represented by a 16 x 16 x 1 k-point grid in the
Monkhorst-Pack scheme [40]. The equilibrium configuration
of atoms is determined by minimizing the total energy of
the system using the conjugate gradient method. The energy
convergence criteria between the two consecutive electronic
and ionic steps are taken to be 107> and 10~* eV, respectively.
To avoid interaction between periodic images in adjacent cells,
a vacuum spacing of at least 12 A was used. All calculations
are performed using the Vienna Ab initio Simulation Package
(VASP) [41-44]. The effective charge on atoms is analyzed
using the Bader method [45]. We also apply Heyd-Scuseria-
Ernzerhorf (HSE06) hybrid functionals [46] for selected cases
to obtain corrected band gap values. The HSEO6 functional is
constructed by mixing 25% of the Fock exchange with 75%
of the PBE exchange and 100% of the PBE correlation.

We calculate the phonon spectrum using a small dis-
placement method. The force constant matrix is constructed
by slight displacement of atoms in a 6 x 6 x 1 supercell.
PHON software [47] was used to determine the necessary
displacements and to calculate the phonon dispersions using
the obtained force constants.

Cohesive energy (E¢) of the system is calculated using the
following expression:

Ec =[(NuEy + NxEx) — Eyx]/(Ny + Nx), (1)

where E ) x is the total energy of the system, while £y, and
Eyx are the single atom energies of the constituent elements
M and X, which stand for the group III and group VI atoms,
respectively. Ny (Nx) is the number of M (X) atoms in the unit
cell.
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III. RESULTS AND DISCUSSION

A. Atomic structure and energetics

The model system of M X monolayers (with M = B, Al,
Ga,Inand X = O, S, Se, Te) is constructed according to the
geometry of monolayer GaSe and GaS, which have already
been synthesized [26,27]. All 16 possible combinations of
M X compounds form honeycomb structures which consist of
four-atom basis in a unit cell with four sublayer stacking in
the order of X-M-M-X as demonstrated in Fig. 1(a). This
geometry belongs to the space group Ds;. By cutting the
covalent M-M bonds one can get two layers that have the
same geometry as the buckled group III-V monolayers [17].
However, the experimental data indicate that M X systems
grow in the “bilayer” geometry.

The calculated structural properties are summarized in
Table 1. The obtained results for GaX and InX (X =S, Se,
Te) are in good agreement with previous theoretical studies
[34,36,48-50]. The bond length between M and X atoms,
dyx, increases when moving down in a group and/or moving
across a period in parallel with the increase in the atomic radius
of an M and/or an X element. The lattice constant, a, follows
a similar trend since it is proportional to dy;x. On the other
hand, the bond length between M atoms, dysy, increases as
one moves down in group and does not depend on the type of
X atoms. The bond angle 6 (/M XM or /X M X) decreases as
the period of the X atom is increased and shows small variation
with respect to the M element. The thickness of the monolayer
(h) is proportional to both dyx and dysy and hence follows
the corresponding trend (vide supra).
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FIG. 1. (a) Perspective, top and side views of the structures of the
group III-VI monolayers. The unit cell lattice vectors a; and a, are
equal and have the same length a. The bond lengths (dyy and dyx)
and height (k) are also shown. (b) The variation of cohesive energies
(E¢) with the lattice constants, a, of M X systems. (c) The variation
of electronegativity differences (A ) between M and X atoms with
the charge transfers (Ap) between them.
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TABLEI. Structural, mechanical, and electronic properties of M X monolayers (M X, M = B, Al, Ga, and In, X = O, S, Se, and Te): lattice
constant (a), bond length (dyx and dyy), thickness (k), bond angle (6), cohesive energy (E¢), band gap (E¢), Poisson’s ratio (v), in-plane
stiffness (C), bending rigidity (D), electronegativity difference (A x), and charge transfer (Ap). Structural parameters are described in Fig. 1,

and electronic band structures are detailed in Figs. 3 and 4.

a dMX dMM h 0 EC EG Vv C D AX Ap
MX A dD»O A A (deg)  (eV/atom) V) d/m?» (V) )
BO 2.44 1.52 1.77 2.92 106.7 6.65 471/ MI"-M 0.20 350 30 1.40 1.52
AlO 2.96 1.83 2.62 3.94 107.8 5.73 1.30/K-M 0.37 149 27 1.83 1.69
GaO 3.12 1.94 2.51 3.99 106.5 4.52 1.54/TK-T" 0.40 130 26 1.63 1.08
InO 3.48 2.16 2.86 4.47 107.0 3.98 0.45/K-I" 0.44 75 24 1.66 1.01
BS 3.03 1.94 1.72 342 102.4 5.22 2.88/MT"-M 0.12 212 22 0.54 0.97
AlS 3.57 2.32 2.59 4.73 100.4 4.26 2.10/TK-M 0.25 80 16 0.97 1.46
GaS 3.64 2.36 2.47 4.65 100.4 3.62 2.35/TK-T" 0.22 73 16 0.77 0.75
InS 3.94 2.56 2.82 5.19 100.2 3.32 1.64/TK-T" 0.31 50 14 0.80 0.73
BSe 3.25 2.10 1.71 3.60 101.3 4.71 2.61/T-M 0.15 172 16 0.51 0.47
AlSe 3.78 2.47 2.57 4.90 99.75 3.84 1.99/TK-M 0.24 66 20 0.94 1.36
GaSe 3.82 2.50 2.46 4.81 99.77 2.81 1.77/TK-T" 0.24 67 13 0.74 0.61
InSe 4.10 2.69 2.81 5.37 99.26 2.57 1.37/TK-T" 0.29 42 11 0.77 0.62
BTe 3.56 2.31 1.71 3.82 100.8 4.24 1.52/T-M 0.15 136 15 0.06 —0.03
AlTe 4.11 2.70 2.58 5.14 99.30 3.38 1.84/MT-M 0.23 54 14 0.49 1.19
GaTe 4.13 2.70 2.46 5.02 99.56 2.96 1.43/MT°-M 0.20 55 14 0.29 0.41
InTe 4.40 2.89 2.81 5.86 98.95 2.77 1.29/TK-T" 0.23 39 9 0.32 0.45

Our results indicate that Ec which is calculated using
Eq. (1) decreases when going down in a group (and/or moving
across a period) following the same trend with dj; x . For a given
pair of M and X elements, the shorter dy,x is, the stronger the
binding of the system. The variation of E¢ is also portrayed
as a function of a in Fig. 1(b). Energetically from the most
stable structure BO (E¢- = 6.65 eV) to the least stable InTe
(Ec = 2.77 eV), the distance of valence electrons from the
nucleus for B[2s? 2pl, O[2s? 2p4] and In[5s2 5pl, Te[5s2 5p4]
increases and so does a of the structure.

It is also important to compare the cohesive energies
of oxides with their well known bulk counterparts. As an
example, we calculated the cohesive energy of bulk Al,O3
that has 12 Al and 18 O atoms in the unit cell and found it
to be 6.47 eV/atom. This is higher than the 5.74 eV /atom
cohesive energy of AlO in X-M-M-X geometry investigated
in this paper. However, it is more reasonable to consider the
cohesive energies of Al,O3 surfaces. In this respect, we cut
out two surfaces from bulk Al,Os; the first one has six Al and
six O atoms in the unit cell and is terminated with Al atoms on
both sides, while the second one has four Al and nine O atoms
in the unit cell and is terminated with O atoms on both sides.
Upon geometry optimization, the cohesive energies of Al and
O terminated surfaces were found to be 5.49 and 4.93 eV /atom,
respectively. These energies are smaller compared to that of
AlO in X-M-M-X geometry which supports the stability of
oxides in this structure. Note that, the surfaces cut out of
bulk Al,O3; can have reconstructions lowering their energy,
but analyzing those reconstructions would be out of the scope
of the present study.

X atoms are more electronegative than M atoms. Hence, X
attract electrons around M towards the bonding region that lies
between the two atoms. As the Ax between M and X atoms
increase, more electrons are accumulated at the bonds. These

bonds, in turn, start to repel each other and increase the angle
between them. This is especially evident in the oxides having 6
around 107°, while in the rest it is around 100°. In Fig. 1(c) the
charge transfer per atom Ap from M to X elements versus the
A x is shown (the corresponding data can be found in Table I).
It clearly demonstrates that oxides exhibit a distinct character
from those of sulphides, selenides, and tellurides. Recently, a
similar trend has also been observed in both group IV-VI [19]
and group II-VI monolayers [51].

B. Phonons and stability

The thermal stability of the proposed 2D structures can be
tested by calculating their vibrational spectra. Dynamically
stable structures are heralded when calculated dispersions of
phonon modes have positive square of frequency throughout
the BZ. If there is an imaginary frequency, then there is no
restoring force against the displacement of atoms along that
particular eigenmode. In Fig. 2, we present the dispersion of
phonon modes of M X compounds together with eigenmode
analysis. There are no imaginary frequencies in the phonon
dispersion curves indicating that all of the considered struc-
tures are stable. The phonon dispersion of each monolayer has
three acoustic and nine optical branches. The three acoustic
branches are the in-plane longitudinal acoustic (LA), the
transverse acoustic (TA), and the out-of-plane acoustic (ZA)
modes. LA and TA modes have linear dispersion, while ZA
modes have quadratic dispersion. The curvature of ZA modes
can be used to calculate the bending stiffness, as discussed in
the next section.

The D3, symmetry of the MX structures results in
nondegenerate and doubly degenerate modes at the I point.
As shown in the rightmost panel of Fig. 2, there are six distinct
eigenmodes that can be used to describe the optical spectrum
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FIG. 2. Phonon dispersions of M X monolayers. The symmetry group representation of eigenvectors at the I" point is shown in the right-hand
side of each plot. The representation of specific modes along the I'-K direction is also shown by arrows. Six distinct modes calculated for the
InTe structure are shown by ball and stick models. These modes qualitatively define the optical spectrum of all M X structures, although the
ratios of the vector magnitudes may vary depending on the M and X atoms. Here, the red arrows correspond to eigenmodes at the I" point.
Corresponding symmetry group representations are designated next to each mode.
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of MX structures. The optical mode with lowest energy is
the same for all M X structures and it belongs to the E”
representation. Here the upper M X pair and lower M X pair
move opposite to each other in the in-plane direction. In each
M X structure there are frequency ranges at which this optical
mode coexists together with acoustical modes that leads to the
possibility of robust acoustic-optical scattering, and thus a low
thermal conductivity. The low-energy E” mode is followed by
the A”| mode in all M X structures. In the A”| mode, the upper
and lower M X pairs move in opposite out-of-plane directions,
in contrast to the opposite in-plane movement of the E” mode.
The A”| mode separates from the £” modes and the acoustical
modes as the M and X elements become heavier, while it is
mixed with these modes when M is B or X is O. The A",
mode touches the higher end of the optical modes only in BO,
while for other structures they are separated.

The higher portion of the optical phonon modes of M X
structures is composed of six bands. Two of them are
nondegenerate and the rest are doubly degenerate at the I'
point. In the doubly degenerate E” mode (not to be confused
with the low-energy E” mode discussed above), each of the
four atomic planes move in the opposite in-plane directions,
while in the doubly degenerate £’ mode, M atoms and X
atoms move in the opposite in-plane directions. Similarly, in
the nondegenerate A’; mode, each of the four atomic planes
moves in the opposite out-of-plane directions, while in the
nondegenerate A”, mode, M atoms and X atoms move in
the opposite out-of-plane directions. In the InO structure, for
example, the A’} and A”, modes are below the E’ and E”
modes throughout the BZ, while in the GaO structure they start
to touch. In the AlO structure, this trend is further developed
and the A and E modes hybridize. This is clearly seen in the
highest optical mode of AlO that has A’y character at the I’
point but investigating this eigenmode along the I'-K direction
we have found that it develops E’ character at the peak point
(see Fig. 2). These distinctive peaks of the E’ mode along the
I'-K and I'-M directions are also present in GaO and InO. In
the BO structure, the trend is even further developed and the
A and E modes switch places.

The E’ and E” modes of oxides have very close energies at
the I' point, while they are well separated in the InTe structure.
As we change the M atom from In to B (while keeping the Te
atom), the gap between the E’ and E” modes closes and they
switch their places at the I' point in the BTe structure. Also
the dispersions of E modes are significantly different in BTe
compared to other tellurides. In this respect, the distinctive
peaks of the E' mode along the I'-K and I'-M directions fade
and disappear. This trend also holds for structures having S
and Se atoms.

The magnitude of the eigenvectors on M atoms are
significantly bigger than those on X atoms in the A’; mode of
InTe, as shown in Fig. 2. These ratios are linearly proportional
to the mass ratios of X and M atoms and hence get even bigger
in structures having light B atoms. In fact, we calculated the
ratio of the eigenvector magnitudes of the A’y mode on M and
X atoms to be 2.1, 5.2, 10.2, and 16.2 for BO, BS, BSe, and
BTe, respectively. The fact that the A’} mode is dominated by
the movement of B atoms is mirrored in the minor change in
the energy of this mode as we change the X atom from S to Te.
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C. Mechanical properties

To investigate the mechanical properties of M X mono-
layers, we apply compressive and tensile strain up to 1%
in the armchair and zigzag directions denoted by x and y,
respectively. The atomic coordinates relaxed for each strained
case and corresponding energy data are obtained. Assuming
that the system is in the harmonic regime, we fit this data to
the following quadratic polynomial [17]:

Er(ey.€)) = bi€] + bae; + bae,€, + Eo, )

where Ej is equilibrium energy per unit cell, €, (€,) is strain
in the x (y) direction, Er(ex,€,) is the total energy per unit
cell at a strain €, and €,, and by, by, and b3 are parameters
having units of energy. Our calculations show that b; = b,
meaning that the elastic response of the material is the same
in the armchair and zigzag directions. This behavior is a result
of trigonal symmetry and holds true in the harmonic regime
[52]. The mechanical properties of 2D materials are defined
by the in-plane stiffness (C) and Poisson’s ratio (v), which can
be calculated using the following formulas:

C = [2by — (b3)*/2b11/ Ao, 3)

V= b3/2b1, (4)

where A is the area of the unit cell at zero strain.

To check the reliability of our calculations, we first
determined the C for graphene and found it to be 341 J/m?,
which is in agreement with the corresponding experimental
value of 340 & 50 J/m? [53]. Next we calculated C of all M X
binary compounds which are outlined in Table I. Our results
indicate that C decreases when moving down in a group and/or
moving across a period. Accordingly, the highest C (350J/m?)
is obtained for BO and this value is comparable with (even
slightly larger than) that of graphene. On the other hand, the
lowest C is obtained for InTe (39J/ m?), which is much smaller
than the obtained values for all M O. However, it is comparable
with the reported values for phosphorene [54] (C, = 26 ]/ m?
and C, = 88 J/m?).

To define the mechanical response, we further computed
Poisson’s ratio v, which is the ratio of the transverse strain to
the axial strain. In particular, for a given group III element, v
decreases almost monotonically when we go from O to Te in
group VI. As can be noticed, there is a correlation between C
and a: the smaller the lattice parameter the larger the in-plane
stiffness. In other words, the bonding between the constituent
elements becomes weaker leading to smaller in-plane stiffness.

The ZA phonon modes of 2D materials have quadratic
dispersion around the I' point [55-57]. As seen in Fig. 2,
the M X systems investigated here also possess these modes
with quadratic dispersions. In fact, one can obtain an impor-
tant mechanical property called the bending rigidity, D, by
calculating the curvature of this quadratic dispersion using the
formula derived by Lifshitz [58],

0= |2 ©)
P2D

where ppp is the 2D mass density. We first calculated the
curvature of the ZA mode of graphene using similar parameters
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and found the D of graphene to be 1.5 eV, which is in
agreement with the literature [55,56]. Then we considered
the ZA modes of the M X structures. Our calculations show
that the BO structure, which has the highest in-plane stiffness
value, also has the highest bending rigidity, which is around 30
eV. This value is an order of magnitude larger than the value
that we calculated for graphene. This means that BO is much
more resistant against an out-of-plane distortion compared
to graphene. As seen in Table I, other M X structures also
have much higher bending rigidity compared to graphene.
This tells us that the high bending rigidity is a result of the
“bilayer” X-M-M-X geometry that possesses covalent M-M
bonds perpendicular to the surface.

D. Electronic structure

In this section, we analyze the electronic structure of M X
monolayers. We start our analysis by focusing separately on
MOs. The electronic band structures of oxides calculated
by both DFT-PBE and hybrid functionals (HSE06) [46] are
presented in the top panel of Fig. 3. As noticed, all MO
monolayers are indirect band gap semiconductors. The band
diagrams are not ordered according to the period of M elements
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FIG. 3. The electronic band structures of M O (top panel) ordered
in the decreasing x (M) from left to right. The valence band edges
delineated by blue lines are composed of single bands that are isolated
from the rest of the filled states. The bands calculated using the PBE
and hybrid HSE functionals are shown by solid yellow and dashed
red lines, respectively. The energy gap is shaded by the light-green
rectangles and the values obtained from PBE and HSE are shown
with the dark-green and the red numbers, respectively. The partial
charge density isosurfaces of states A and B corresponding to the
valence band edge of BO at the K point and the valence band edge
of AlO at the I" point, respectively, are presented (bottom panel).
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but instead in the decreasing order of x (M), which is 2.04,
1.81, 1.78, and 1.61 for B, Ga, In, and Al, respectively. This
ordering reveals a trend in position of the valence band edge.
The electronic states at the K point of valence band edge of
BO have significantly lower energy compared to those at the I"
point. In the case of GaO and InO, the electronic states at the
I" point are slightly lower than those in the K point. Finally, in
AlO this trend is even more enhanced and the states at the I"
point have significantly lower energy compared to those at the
K point. This trend can be understood by looking at the partial
charges presented in the bottom panel of Fig. 3. The electronic
states of BO and AlO at the K point are accumulated between
the M atoms showing a o character. On the other hand, the
electronic states at the I point are accumulated around the O
atoms showing a 7 character. As a result, the states at the K
point have lower energy compared to the states at the I" point
when the group III element has higher x.

It is important to note that the highest electronic energy
states at the valence band edge of BO shift away from the BZ
center (I point) [59]. Earlier, these unusual double-peak band
maxima have been theoretically predicted for ultrathin GaS
nanosheets which have a thickness less than 5 monolayers [26].
Recently, the distorted band structure of several materials have
been examined to understand the parabolic dispersion of the
valence band edge at I" deformed into a Mexican-hat dispersion
[60,61]. A Mexican-hat dispersion results in ring-shaped
valence band edges, which can lead to novel phenomena
including a 1/+/E singularity in the 2D density of states
[35,62].

To reveal any possible computational artifacts, the elec-
tronic band structures of MO systems are also calculated using
hybrid functionals and compared with DFT-PBE as shown in
Fig. 3. Expectedly, the underestimated band gaps increase with
this correction and they vary between 1.21 and 6.24 eV. On the
other hand, overall electronic structure profiles are not affected
and hybrid functional correction just shifted the conduction
bands to higher energy keeping the dispersions intact.

The electronic band structures of the M X systems beyond
oxides are presented in Fig. 4. As the PBE and HSE calcula-
tions reveal the same band structure profile, only PBE results
are reported. Again, the structures are ordered from left to right
according to the decrease in the x (M). Including the results of
MO, it can be concluded that all M X monolayers are indirect
band gap semiconductors. Note that the bulk counterparts of
GaS, GaSe, and InSe are also indirect gap semiconductors
with 2.59, 2.07, and 1.35 eV band gaps, respectively [63,64].
The lower and upper limits of the band gap are determined by
oxides (vide supra). We also highlight with blue lines the states
that behave in the same way as the isolated valence band edges
of oxides. Similar to the oxide case, when the blue lines are
examined, the states at the I" point lower in energy compared
to the states at the K point but the former never dips below
the latter like in the AIO case, because the x of O is much
higher than other chalcogenides. In this case, as we go down
the period, the x(X) decrease from 3.44 for O down to 2.10
for Te, respectively. As the Ay (between M and X) decreases,
the blue lines dip down. In fact, BTe is the only structure for
which the x(X) is higher than that of the M element [see also
Fig. 1(c)]; and only in this particular structure (and also in BS
but in a much more subtle way) the valence band maximum
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FIG. 4. The electronic band structures of M X monolayers beyond
oxides. The structures are ordered in the decreasing x (M) from left to
right. The bands having the same character as the isolated band edge
of oxides are delineated by blue lines, while the rest of the bands
are shown by solid yellow lines. The energy gap is shaded by the
light-green rectangles and the values (in eV) obtained with PBE are
given.

is not determined by the blue line. The charge density of the
valence band maximum of BTe is accumulated in between
the B and Te atoms establishing the bonding between them.
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Our calculations reveal the Mexican-hat dispersion also in BS,
AlS, AlSe, and AlTe while confirming the same observation for
GaS, GaSe, GaTe, InS, InSe, and InTe (see Fig. 4). However,
the Mexican-hat dispersion is much more pronounced in BO
compared to others.

In general, the energy gaps do not follow a clear trend but
they vary between 1.21 eV (InO) and 6.24 eV (BO) covering a
range from deep ultraviolet to near infrared parts of the optical
spectrum.

IV. CONCLUSION

In summary, we have investigated the structural, mechani-
cal, and electronic properties of group III monochalcogenides
taking into account all possible configurations. The phonon
spectrum analysis indicates that all 16 possible structures
are thermally stable. We calculated the in-plane stiffness,
Poisson’s ratio, and the bending rigidity of these structures
to characterize the mechanical properties. Our results indicate
that in-plane stiffness can be as high as that of graphene and
decreases when moving down in a group and/or moving across
a period. The bending rigidity of MO systems is very high and
can be an order of magnitude larger than that of graphene. The
electronic structure calculations show that all M X monolayers
are indirect band gap semiconductors, but the upper and lower
limits are determined by MO. The band gaps span a wide
range from deep ultraviolet to near infrared parts of the optical
spectrum. We show that BO, BS, AlS, AlSe, and AlTe also
possess Mexican-hat dispersion at the valence band edge.
These intriguing properties and energy gaps ranging from 1.21
to 6.24 eV makes the predicted structures potential candidates
for nanoelectronic applications.
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