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The realization of ternary, single-layer transition metal dichalcogenides has suggested a promising strategy to
develop two-dimensional (2D) materials with alternative features. In this study, we design and investigate Janus
aluminum monochalcogenide monolayers, ALXX' (X/X’' = O, S, Se, and Te) by using first-principles methods.
Starting from binary constituents, the ternary structures are optimized without any constraint and ground-state
configurations are obtained. The stability of these systems is tested by performing phonon spectra analysis and
ab initio molecular dynamics simulations and all Al,XX' monolayers other than AlTeO are confirmed to be
dynamically stable. Mechanical properties are examined by calculating Young’s modulus and Poisson’s ratio and
subsequently compared with binary counterparts. Monolayers of Al,X X' have a brittle character but oxygenation
makes them less stiff. The electronic structure is also analyzed and variation of the band gap with the type of
chalcogen atoms is revealed. It is found that different from their binary counterparts, Al,XO monolayers are
direct band-gap semiconductors. Additionally, modification of the electronic structure in the presence of biaxial
compressive or tensile strain is investigated by taking into account possible indirect-direct band-gap transitions.
Our results not only predict stable 2D ternary Al,XX' structures but also point out them as promising materials

for optoelectronic applications.
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I. INTRODUCTION

Consecutive to the isolation of graphene and uncovering its
extraordinary properties [1], the dynasty of two-dimensional
(2D) materials has expanded rapidly [2—4]. A realization of
every new member suggests alternative features, holding the
promise to be used in current and prospective nanodevices [5].
In this sense, recently the 2D group-III monochalcogenides
have become the focus of numerous studies, as they pos-
sess remarkable electronic, optical, thermal, and mechanical
properties [6,7]. Until now, 2D crystals of GaS [8-10],
GaSe [11,12], GaTe [13,14], and InSe [15,16] have been syn-
thesized and their unique properties have been characterized.
Their possible applications such as photocatalysts for water
splitting [17], field-effect transistors (FETs) [18], and solar
photovoltaics [19] have also been proposed. In addition to
experimental efforts, the entire class of group-III monochalco-
genides (MX, M =B, Al, Ga, In; X = O, S, Se, Te) have
been examined by first-principles methods and stable struc-
tures among them have been predicted [20]. MX monolayers
are semiconductors with indirect band gaps, which span a
wide range from deep ultraviolet to near infrared [20,21].
It has been shown that along with GaX, an unusual band
inversion (Mexican-hat dispersion) [21,22] is also noticed in
monolayers of AlX, the class of which should be further
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analyzed. Recently, it has been reported that A1X monolayers
exhibit outstanding thermoelectric performance, which make
them promising candidate matrices in high efficiency ther-
moelectric nanocomposites [23]. Additionally, nanosheets of
aluminum oxides have been found to be dynamically sta-
ble [24,25], indicating the possible realization of ALX systems
in the near future.

In parallel with the attempts on exploring new 2D sys-
tems, the formation of ternary (Janus) configurations has been
suggested as an alternative approach to tailor the inherent
properties of already existing 2D structures [26,27]. Recently,
the growth of Janus SMoSe monolayers by replacing one of
the S layers with Se (or vice versa) has been reported [26,28].
This development has been followed by fabrication [29-32]
and prediction [33-36] of a variety of ternary transition metal
dichalcogenides (TMDs). The research on Janus 2D systems
is not limited to TMDs but also extended to other classes
involving M X monolayers. In this regard, computational stud-
ies have revealed that Ga, XX’ can be designed and utilized
in many applications such as ultraviolet photodetectors [37]
and piezoelectric materials [38] as well as photocatalytic
water splitting [39]. Furthermore, oxygenation of gallium
monochalcogenides (Ga, X O) has been investigated and it has
been demonstrated that while GaX monolayers are indirect
band-gap semiconductors, Ga,XO monolayers have direct
band gaps and oxygenation also tuned their mechanical prop-
erties [40]. In another study, the stability of In,SSe Janus
monolayer has been predicted and a tunable direct band gap
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TABLE I. The lattice constant (a), bond lengths (da;_a1, dai_x, and da;_x’), thickness (%), bond angle between X-Al-X and X-Al-X’ (6 and
6’), cohesive energy per atom (E¢), electronic band gap at the level of PBE and HSE (E;®" and E*%), Poisson’s ratio (v), in-plane stiffness
(Yap), electronegativity difference (A x), and average charge transfer from Al to X/X’ (Ap) for monolayers of AlX and Al,XX'. * indicates

that no feature is calculated for that case.

a da-ar dax day h 0 o' Ec EZPE E[SE v Yop Ay Ap
Type A) &) N) A A (deg) (deg) (V) (V) (V) — d/md)H  — (&)
AlO 2.87 2.61 1.80 1.80 4.01 105.9 105.9 5.67 1.06 1.61 0.36 155.0 1.83 1.69
Al,SO 3.28 2.61 2.24 1.96 4.34 94.0 113.1 4.76 1.71 2.63 0.28 111.3 1.40 1.60
Al,SeO 3.46 2.60 2.38 2.05 4.36 92.9 115.1 4.44 0.94 1.66 0.30 94.0 1.38 1.54
AlS 3.58 2.60 2.32 2.32 4.73 100.6 100.6 4.22 2.09 2.88 0.25 79.9 0.97 1.49
Al,SSe 3.71 2.58 2.36 2.45 4.77 103.4 98.4 4.03 1.97 2.74 0.25 74.1 0.95 1.44
AlSe 3.78 2.58 2.47 2.47 491 99.6 99.6 3.87 2.00 2.73 0.24 68.3 0.94 1.39
Al,TeO 3.79 2.58 2.61 221 5.78 93.0 117.5 3.84 0.58 1.07 * * 1.16 1.42
Al,STe 3.96 2.57 2.45 2.65 4.79 108.1 96.5 3.65 1.57 2.23 0.24 64.4 0.73 1.35
Al,SeTe 4.06 2.57 2.56 2.68 4.90 104.9 98.4 3.53 1.58 2.35 0.23 60.3 0.72 1.29
AlTe 4.11 2.57 2.70 2.70 5.13 994 99.4 3.28 1.84 2.48 0.24 55.0 0.49 1.22

under strain has been reported [41]. These studies have indi-
cated that the addition of a third element and broken structural
symmetry can lead to new and more interesting features which
exhibit great potential for numerous applications [42—44].

In accordance with recent advancements in ternary 2D sys-
tems, in this paper, we design and investigate the monolayers
of ALXX" (X/X': O, S, Se, and Te) which is one of the
prominent group within MX . First, we design Al,XX’ mono-
layers and optimized them without any constraint to obtain
ground-state configurations. Next, the dynamical stability of
the monolayers is explored with phonon spectrum analysis
and ab initio molecular dynamics simulations. Revealing the
stability, the mechanical properties are examined and in-plane
stiffness (Yop) and Poisson’s ratio (v) are calculated. Finally,
the electronic properties are studied and the effect of strain
on electronic band structures is reported. For each case, the
variation of the obtained properties with the type of X/X’ is
illustrated and compared with binary AlX monolayers.

II. METHODOLOGY

We performed first-principles calculations based on
density-functional theory (DFT) [45,46] as implemented in
the Vienna Ab initio Simulation Package (VASP) [47-50]. The
projector augmented wave (PAW) [51] method was utilized
to portray the potentials of Al, O, S, Se, and Te elements.
The exchange-correlation term was described within the gen-
eralized gradient approximation (GGA) as parameterized by
Perdew-Burke-Ernzerhof (PBE) [52]. In addition to GGA-
PBE, Heyd-Scuseria-Ernzerhorf (HSE06) hybrid functional
was adopted to correct the underestimated electronic band
gaps [53,54]. A plane-wave basis set with a cutoff energy
of 530 eV was taken. The I'-centered 16 x 16 x 1 uniform
k-point mesh was used to sample the Brillouin zone [55].
A vacuum space of ~20 A was employed to hinder any
interaction in the nonperiodic direction. All ionic positions
and lattice constants were relaxed until the force on each
atom was less than 0.01 eV /A. The convergence criterion for
electronic steps was set to 107> eV. The phonon spectrum
analyses were carried out for 6 x 6 x 1 supercell by using
the finite displacement method which is implemented in the

PHONOPY package [56]. To analyze the thermal stability
of the considered structures, abinitio molecular dynamics
(AIMD) calculations were performed for 6 x 6 x 1 supercell
considering microcanonical ensemble simulation at elevated
temperatures. Bader charge analysis was used to estimate the
charge transfers between the atoms [57].

III. RESULTS AND DISCUSSION

A. Structural properties and energetics

We start with the structural optimization of binary AlX
(X: 0O, S, Se, Te) monolayers. The geometry of ALX belongs
to the D3, symmetry group and consists of four sublayers
(X-Al-Al-X) which are held together with strong covalent
bonds [20]. The Al planes are surrounded by two chalcogen
layers exhibiting mirror symmetry in the vertical direction.
The calculated structural parameters of the binary systems,
which are in good agreement with the literature, are summa-
rized in Table I [17,20].

After obtaining the binary systems, one of the X layers is
fully replaced with a different chalcogen atom (X’) to design
the Janus ALX X’ (X/X': O, S, Se, Te) monolayer. The proto-
type structure is shown in Fig. 1. Taking account the broken
symmetry in z direction, the lattice constants (@ and b) are
relaxed separately, but found to be equal. This indicates that
the hexagonal lattice is also preserved in ternary systems. The
calculated structural parameters, which are lattice constants
(@), bond length between Al-Al (daj—_a;), Al-X (daj—x), Al-X’

_8;\%)( X(O, S, Se,Te)

h idAI-AI I @) <
/
dA'X O S, Se,Te) \o)

FIG. 1. Top and side views of the prototype structure of the
predicted ternary AlLXX’ monolayers. The relevant structural param-
eters are shown.
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FIG. 2. (a) The distribution of lattice constant (a) for all the
considered ALXX’ and A1X monolayers, (b) the variation of cohe-
sive energy (E.), and (c) the average charge transfer (p) from Al to
chalcogenide atoms with the lattice constant.

(dai—x'), thickness (h), and the angle between Al and X/X’
atoms (0 and 6’) for both binary AlX and ternary Al,XX’,
are summarized in Table I. It is found that for fixed X, the
structural parameters of Al,X X’ vary regularly with the size of
X’ and the obtained results are the average of AlX and ALX'.
Accordingly, all parameters are analyzed with respect to the
type of X’ for a given subset of X throughout the study.

The distribution of a for all the considered binary and
ternary systems is shown in Fig. 2(a). Accordingly, it turns
out that @ increases down the group of X’ for each subset of
X. As an example, for X = S, a follows a sequence of Al,SO
< ALSS < Al,SSe < AL STe and a similar relation holds

for the other choices of X following a similar trend for ALX.
In coherence with @, da_x and da_xs also elongate and h
thickens with the size of X’. On the other hand da;_a; slightly
shortens with increasing a and this is related to decreasing
charge transfer from Al atoms to X and/or X'.

The cohesive energy per atom (E¢) can be calculated by
using the following relation:

_ NAEA + NxEx + Nx Ex' — Eapxx

Ec
Na1 + Nx + Ny

ey

where Eq,xx is the total energy of the AlLXX’ monolayer;
Epy, Ex, Ex (Naj, Nx, Nx) are the single atom energies (total
number) of Al, X, X’ elements, respectively. As shown in
Fig. 2(b), there is an inverse proportion between E¢ and a,
and cohesive energy decreases down the group of X’. The
elongation of a together with d4;_x and d4;_x’ indicates bond
weakening and explains the descent in E¢. Additionally, as
shown in Fig. 2(c) the average charge donated by Al atoms
(Ap) decreases with increasing a associated with the elec-
tronegativity difference (A x) between X/X’ and Al (Table I)
and supports the variation of E¢. The isolation of AlO (and
Al XO0) from other binary (ternary) monolayers [20] is cor-
related with the very high x of oxygen atom [58]. When
compared with their binary counterparts, Ec of ALXX' lies
between those of AlX and ALX'.

It should also be noted that Janus AILX X’ structure is not
only the possible ordered alloy morphology. However, this
configuration is chosen intentionally following the realized
2D ternary systems [26,28], we also examined other possible
structures (see Fig. S1 and Table S1 in the Supplemental
Material [59]). Interestingly, Janus geometry is energetically
the most favorable phase except Al,TeO.

B. Dynamical stability

After revealing the structural features, the dynamical sta-
bility of Al XX’ monolayers is examined firstly by calculation
of the phonon dispersion spectra as shown in Fig. 3. Ex-
cept Al,TeO, the phonon frequencies are found to be real
for the considered structures indicating the stability at low
temperature. The instability of Al,TeO results from the strong
asymmetry in the accumulated charge on O and Te due to
the large electronegativity difference between these atoms.
Similar result was also reported for Ga, TeO monolayer [40].

Phonon spectra not only provide information about sta-
bility of the structures but also they help to analyze the
eigenmodes. The primitive cell of AlL,XX’ monolayer con-
tains four atoms, resulting in twelve phonon branches, three
of which are acoustic and the rest are optical. The sym-
metry of ALXX' is described by P3ml space group (Cjs,
point group). Accordingly, the optical phonon modes at the
I' point are expected to be either nondegenerate or doubly
degenerate. The group theory analysis reveals that the cor-
responding irreducible representation for phonon modes in
the spectrum is given by I' = 3E + 3A;, where all E phonon
modes are attributed to the doubly degenerate in-plane vibra-
tions whereas all nondegenerate A; phonon modes represent
vibrations along the z direction. £ and A; modes are both
infrared and Raman active as these modes correspond to the
linear and quadratic functions in C;, symmetry. Therefore,
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FIG. 3. Phonon dispersion diagrams and AIMD simulation snapshots at 7 = 300 K. The blue, yellow, green, brown, and red spheres
represent Al, S, Se, Te, and O atoms, respectively. The representative eigenvectors calculated at I" point are also shown. The red arrows on the

atoms demonstrate the eigenmodes.

Al XX’ monolayers should exhibit six peaks at Raman- and
six peaks at IR spectrum. The atomic displacements of six
distinct phonon modes are illustrated in Fig. 3. As X and X’
have different atomic masses, the vibrations of A1X and ALX’
pairs are not symmetric. The first optical mode with the lowest
frequency is owned by E representation. In this mode, AlX
pair moves in the opposite in plane direction of A1X’ pair. The
first £ mode is followed by A; mode and in this mode, ALX
and AlX’ pairs vibrate in the opposite out of plane direction.
In the higher segment of the phonon spectrum, there are two
doubly degenerate E modes and their energies are very close
to each other. For the second E mode, the vibration of AlX’
pair is significantly larger than the A1X while Al and X’ atoms
vibrate in the opposite in plane direction. The same trend can
be found for the third £ mode. However, in this mode, the
vibration of A1X’ is smaller than A1X pair and can be ignored.
The character of the second A; mode reveals that each of the
four atomic planes in the monolayer vibrates in the opposite
out of plane direction. Finally, when the eigenvectors of the
third nondegenerate A; mode are analyzed, it is found that Al
atoms and X /X’ atoms move in the opposite direction along
z axis while the vibrations of Al atoms dominate those of the
chalcogenide atoms. Additionally, it is noticed that the phonon

modes are softened when the average atomic mass increases
as seen in Fig. 3. Similarly to the ALX monolayers, the highest
frequency phonon band originated from the Al atoms. While
the phonon modes of Al,XO monolayers are interwoven, a
gap is noticed between lower and higher frequency optical
branches for Al,SSe, Al,STe, and Al,SeTe. The bond strength
and the mass differences between the constitute atoms in the
Al,X X’ monolayers are the origins of the phonon band gaps.
Recently, it has been shown that phonon band gaps play an
important role in determining and controlling thermal con-
ductivity through material design [60,61]. In this respect, low
thermal conductivity is expected for Al,XO systems due to
strong acoustic and optical scattering [62,63].

We further explore the high temperature stability by per-
forming AIMD simulations. To alter the unit cell constraint, a
6 x 6 x 1 super cell is constructed for all models and simula-
tions are performed at 7 = 300 K and 600 K within 2 ps total
simulation time. The final snapshots of the resulting geome-
tries are represented in Fig. 3. For Al,TeO, Te atoms detached
from the system at 300 K and thus the ternary structure is
destroyed confirming the phonon spectrum results. Although
the Al,SeO appears to be stable according to all real phonon
modes, the structure deforms at 300 K, indicating a plausible
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FIG. 4. (a) The variation of in plane stiffness (Y,p) and (b) Pois-
son’s ratio (v) with the lattice constant of ALXX’ and AlX
monolayers.

instability at elevated temperatures. For the case of Al,SO, the
last member of Al,XO, the structure preserves its geometry
up to 600 K, but small distortions are noticed. On the other
hand, Al,SSe, Al,STe, and Al,SeTe maintain their structures
even at high temperatures. Accordingly, it can be concluded
that oxygenation weakens the strength of the bonds and can
induce instability in ternary monolayers. In addition, although
the stability at ambient conditions can be assumed based on
experimental studies on GaX systems [64—66], further inves-
tigation (i.e., stability against oxidation) [67] is required to
reveal this issue for practical applications.

C. Mechanical properties

After revealing the stability of the predicted structures, the
elastic constants (C;;) tensor is calculated to obtain the me-
chanical properties by following the stress theorem [68,69].
C;;’s are found to be positive for all A, XX’ monolayers other
than Al, TeO, fulfilling the Born stability criterion. The results
for Al,TeO are anticipated as its instability has already been
demonstrated by phonon dispersion analysis and AIMD sim-
ulations. Accordingly, no mechanical feature is examined for
Al, TeO. Firstly, in plane stiffness Y>p, which is the measure of
the rigidity, is calculated. For a hexagonal lattice [70], it can be
obtained with the following formula; Yop = (C}, — C},)/Ci1.
As shown in Fig. 4(a), Y>p decreases with the elongation of
a. This can be associated with the reduction of bond strength
among the atoms since E¢ also follows a similar trend. Addi-
tionally, for the designated X, Y>p decreases down the group

of X’. Al,OX’ monolayers have higher Y,p than the other
Janus structures as the AlO sets the upper limit. Similarly to
structural features, Y>p of Al,XX' is in between that of binary
counterparts. It should be noted that Y,p can be converted to
bulk units by dividing it with effective thickness [70].

Next, the Poisson’s ratio is calculated by utilizing the
relation; v = Cj/Cy;. Although to a lesser extent, v also de-
creases with elongation of @ as shown in Fig. 4(b). Asv < 1/3
for all cases, it can be concluded that Al,X X’ monolayers are
brittle according to the Frantsevich rule [71]. Similarly to Yap,
v of Al,OX' are larger than those of the other systems. In other
words, as only AlO has a ductile character with v = 0.36, the
oxygenation makes AlX monolayers less stiff.

D. Electronic properties

Finally, the electronic properties of AlX and AlLXX'
monolayers are investigated. The electronic band structures
and orbital projected density of states of AlX are shown
in Figs. S2 and S3 (see the Supplemental Material [59]).
It should be noted that the precursor ALX monolayers are
indirect band-gap semiconductors [20]. AlO has a different
electronic band profile among other binary structures and
has the narrowest band gap. While the highest valence band
(HVB) is localized and mainly composed of Al-p, and X-p,
orbitals for AlS, AlSe, and AlTe, HVB is very dispersive for
AlO and in addition to Al-p, and O-p, orbitals, significant
contribution from O-s orbital is noticed. This feature can be
clarified by band-decomposed charge analysis [20]. While
the electronic states of AlO at the K point are accumulated
between Al atoms and have a o character, the states at the I
point concentrated around O atoms and have a m character.
Accordingly, the states at I' point have lower energy with
respect to K point due to A x between Al and O atoms. On the
other hand, the lowest conduction band (LCB) is dispersive
with two valleys at K and M points (Mexican-hat disper-
sion) [22] and has a similar character for all ALX systems. This
type of band dispersion induces Fermi ring of states, which
can give rise to unique features including itinerant magnetism
and superconductivity [72].

Revealing the electronic properties of binary systems, the
electronic band structures Al,XX’ monolayers are calculated
and shown in Fig. 5. While all the precursor ALX monolayers
are indirect band-gap semiconductors, indirect to direct band-
gap transition is noticed for Al,XO. The same trend was also
reported for Ga, XO [40]. This transition is induced first due
to the dramatic modification of HVB with inclusion of oxygen
(see above). Secondly, the first and second LCB has multiple
valleys at high symmetry points and when the intrinsic strain
(two surfaces are under different types of induced biaxial
strains, i.e., the O side undergoes tensile strain whereas the
X side is compressed) is large enough, it not only shifts the
bands but also alters the order of band extremums. Accord-
ingly, for Al,XO monolayers, because of these two affects,
valence band maximum and conduction band minimum are
shifted to I' point and system turns into a direct band-gap
semiconductor. The indirect-direct (or vice versa) transition
is also reported for other Janus system [41,73]. For the re-
maining Al,X X monolayers, systems remain to be indirect
band-gap semiconductors (for Al,STe, the difference between

114003-5



DEMIRTAS, VARJOVI, CICEK, AND DURGUN

PHYSICAL REVIEW MATERIALS 4, 114003 (2020)

F=N

N

- e
>
~

Energy (eV)
|'9 o

1
Y

=N

N

Energy (eV)
N o

1
Y

r

FIG. 5. The electronic band structures calculated at the level of GGA-PBE (red solid lines) and HSE06 (dashed blue lines) for ALXX’
monolayers. The band-gap values, E;"® (Ef*¥) are shown with blue (red). The Fermi level is set to zero.

the indirect and direct band gap is reduced to ~25 meV, and
it can also be considered as a direct band-gap material at the
ambient conditions). The electronic band structure features re-
semble their binary constituents and Mexican-hat dispersion is
preserved. HVB is mainly composed of Al-, X-, and X’-p, and
in LCB contribution from Al-s orbital is noticed in addition to
p. orbitals (see Fig. S4 in the Supplemental Material [59]).

The variation of E;F and E{S* with a is shown in Fig. 6.
Different from other features, an apparent trend with respect
to a is not noticed. As discussed above, the band profile is
significantly influenced by inclusion of O atoms for Al,XO,
and also by the intrinsic strain on both sides due to the broken
symmetry, thus the alternation of E,; cannot be classified sim-
ply with the type of X atom. Moreover, while the calculated
features for Janus monolayers are the average of their binary
constituents, E, does not fit in this trend, E, of Al,XX’ can be
even narrower than A1X and AlX’.

3t 8 AlSe ]
ALSO .Alzsge.
25 ® AlTe
’>" o Al ALSTe ol |
) HA sscllSe @ AlLSeTe
~— 2; ALSO ol Ae
w 15 AE) ‘o ALgO ALSTe
d Ao ALTeO AlLSeTe |
AlSeO ‘®
1 L . 2 i
b AL,TeO
[ ]
0.5L . . .
2.8 3.2 3.6
a(A°)

FIG. 6. The variation of E;°® (in purple) and E/® (in green)
with lattice constant values.

As the effect of intrinsic strain on the electronic structure is
found to be substantial, we also examine the variation of £FBE
with compressive or tensile biaxial strain for both ALX and
Al XX’ monolayers, and the results are shown in Fig. 7. The
nonmonotonic variation of E ; BE under strain can be revealed
by examining the change of bands in the vicinity of Fermi
level (Er). The strain dependent electronic band structures
for binary systems are represented in Figures S5, S6, S7, and
S8 (see the Supplemental Material [59]). For AIS, AlSe, and
AlTe, while HVB is not significantly affected by tensile strain,
the energy of LCB is lowered, resulting in a bang gap narrow-
ing. It should also be mentioned that conduction band edge at
I point is lowered with tensile strain and the energy differ-
ence between M point is closed gradually. On the other hand,
E;®F increases up to —2% as it is expected but then starts to
decrease beyond this level. The compressive strain not only
shifts LCB but also alters the energy levels of valleys (band
extremums) at high symmetry points. Conduction band min-
imum is switched from K to M points and band gap narrows
once again. While the effect of strain is more dramatic for
AlTe, it is less significant for AlS, and this can be associated
with the bond strength. AlO behaves differently then the other
monolayers; E, widens with tensile strain whereas a narrow-
ing is anticipated. This is correlated with the dispersive HVB
which is the distinctive feature of A1O. While the effect of ten-
sile strain on LCB is similar to other binary monolayers, the
dispersion of HVB is altered significantly and becomes less
dispersive. The combined effect gives rise to an increase in E.

Accordingly, the complex effect of strain on electronic
structure of AlbXX’ can be explained by comparison with
binary ALX monolayers. The strain dependent electronic
band structures of ternary monolayers are shown in Figures
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FIG. 7. The variation of E; " of (a) ALX and (b) ALXX' mono-
layers under compressive (—) and tensile (4) biaxial strain.

S9, S10, S11, S12, S13, and S14 (see the Supplemental
Material [59]). Whereas the variation of E, for Al,SeO and
Al,TeO resembles AlO, that of Al,SO is a combination
of AIS and AlO. The oxygenation of AIS makes it more
sensitive to strain, and E, of Al,SO narrows dramatically
with increasing tensile strain. The irregular pattern above
—3% for Al,TeO (—5% for AlSeO) can be linked with the
structural instability. As discussed above, the intrinsic strain
is stated as one of factors that leads to indirect to direct
band-gap transition in Al;XO. In a similar manner, direct
to indirect transition is noticed in Al,XO monolayers with
applied strain. As illustrated in Figs. S9, S10, and S11 (see
the Supplemental Material [59]), the valence band maximum
(and conduction band minimum) switches from I" to I' — K
(I' to K or M) with strain and alters the direct band-gap

character. On the other side, E, of Al,SSe, Al,STe, and
Al,SeTe follow a similar trend to that of AlSe (or AlTe).
These results indicate that the electronic structure of Al,XX’
is sensitive to elongation or contraction of a and their E, can
be easily modified by applied strain.

IV. CONCLUSION

In conclusion, we design and analyze the monolayers
of ALXX' (X/X': O, S, Se, Te). Our stability analyses,
performed by phonon dispersion calculations and AIMD sim-
ulations, indicate that while Al,TeO is dynamically unstable,
and Al,SeO is prone to instability at elevated temperatures,
the other predicted Janus systems are stable at ambient con-
ditions. The calculated cohesive energies of ALXX’ are in
between their binary constituents and they decrease with elon-
gation of the lattice constant due to weakening of the bonds
and reduced charge transfer between Al and X/X’ atoms. The
Young’s modulus of Al,XX’ decreases down the group of X’
for a given X subset following the same trend with cohesive
energy. All calculated Poisson’s ratios are less than 1/3 in-
dicating a brittle character, but oxygenation makes Al,XX’
monolayers less stiff. Similar to their binary counterparts,
ternary monolayers are also semiconductors but indirect to
direct band-gap transition is noticed for AI,bXO and Al,STe
as a result of anisotropic strain on both sides of the Janus
structures. However, the variation of band gap does not follow
a regular pattern; it is found to be very sensitive to strain and
thus can be easily tuned by the applied compressive or tensile
strain. Our results indicate that with the design of ALXX’
structures, stable monolayers with direct band gap (lying
within the visible spectrum) can be realized and such systems
can be ideal materials to be utilized in diverse optoelectronic
applications.
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