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In this paper, we study asymmetric 2D materials XMoSiN, constructed and optimized from MoSi,N, by deleting
SiN from one side and replacing remaining N atoms from the same side with chalcogen X atoms (sulfur,
selenium, or tellurium). The new structure is a hybrid of a transition metal dichalcogenide and a 2D material
from the MoSi,N, family. We justify the dynamical stability of novel 2D materials. High binding energy
(> 7.5 eV/atom) is typical for the monolayers under study. Estimated built-in electric field (~ 1.3 -2 eV/A)

can serve to separate effectively photogenerated charge carriers in the single monolayer. Demonstrated high
mechanical strength (2D Young modulus E ~ 300 N/m, in-plane stress limit > 17 N/m), noticeable sensitivity
of the electronic and optical properties to deformations of monolayers, and weak sensitivity to an external
transverse electric field indicate that the proposed 2D materials are of great promise for applications in flexible

opto- and nanoelectronics.

1. Introduction

Since the first exfoliation of graphene from graphite in 2004 [1],
various two-dimensional (2D) materials continue to attract a growing
interest [2,3]. In the past decade, significant progress has been made
in studies of graphene-like nanomaterials, such as phosphorene [4], sil-
icene [5-7], germanene [8-10], transition metal dichalcogenides [11,
12], hexagonal boron nitride [13-15], and other 2D materials [16-21].
Atomic monolayers can be used to obtain a very wide class of artificial
materials, the so-called van der Waals (vdW) heterostructures [22,
23]. Weak vdW interactions hold monolayers together without severe
constraints on lattice matching. The availability of a wide variety of
layered materials with different electronic properties, and the unique
ability to exfoliate and repackage layered materials into complex het-
erostructures opened up a new direction in materials science and device
design [3,22,23].

Of particular interest are monolayers of transition metal dichalco-
genides (TMDCs), which are 2D materials with chemical formula MX,,
where M is a transition metal (molybdenum, tungsten, niobium, vana-
dium, etc.) and X is a chalcogen (sulfur, selenium, tellurium, etc.). The
Properties of TMDC monolayers differ significantly from the proper-
ties of semimetallic graphene. Monolayers MoS,, WS,, MoSe,, WSe,,
MoTe, are direct-gap semiconductors and can be used in electronics
as elements of diodes and transistors, and in optics as emitters and

detectors. Remarkable phenomena have been observed in TMDCs, such
as charge density waves, superconducting and topological phases (see
review [11]).

After obtaining TMDC monolayers, a number of works proposed 2D
analogs of transition metal nitrides (TMNs) [24,25]. Since 3D crystals
of TMNs do not have a layered structure, the production of TMN mono-
layers of a large area is a serious challenge. Recently, two-dimensional
material MoSi,N, consisting of a MoN, monolayer located between
two Si-N monolayers has been synthesized [26]. The TMN monolayer
MoN,Si, demonstrates high strength and resistance at ambient tem-
peratures. The elastic constant of MoSi,N, is three times higher than
that of the MoS, monolayer, and the mobility of electrons and holes in
MoSi,N, is approximately 4 and 6 times higher than that of MoS,. The
high mobility of carriers coupled with high thermodynamic stability
makes this 2D material promising for applications in nanoelectronic
devices.

Konstantin Novoselov in highlight-review [3] notes that the pro-
posed method for obtaining MoSi,N, in [26] is a general concept of
creating such 2D materials using appropriate elements for passivat-
ing high-energy surfaces of non-layered materials during the growth
process. During growing non-layered molybdenum nitride by chemical
vapor deposition, the authors of [26] introduced elemental silicon,
which made it possible to grow centimeter-scale monolayer films of
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Fig. 1. The structure of XMoSiN, monolayer.

TMN MoSi,N,. Successful growth of another member from the family
(WSi,N, monolayer) using the same approach demonstrates versa-
tility of the concept. Emphasizing the importance and generality of
the method, K. Novoselov [3] unites new TMN monolayers into a
whole family, the so-called MoSi,N, family, marking the event of their
synthesis on the history of 2D materials development.

Other materials of the family with formula MA,Z, (M is a transition
metal, A = Si, Ge and Z = N, P, As) were investigated using com-
putational methods [27,28]. These monolayers are characterized by a
wide range of properties from semiconductor to metallic. Some com-
pounds with magnetic transition metal elements also have magnetic
properties [29]. Monolayers MoSi,N, and WSi,N, exhibit high lattice
thermal conductivity for thermoelectric applications [30]. The MoSi,N,
monolayer and some other MA,Z, 2D materials have a suitable band
gap (up to 1.7 eV) for potential optical applications in the visible
range [31,32].

In this work, to the best of our knowledge for the first time we
propose the asymmetric 2D structures XMoSiN, obtained from MoSi,N,
by deleting SiN from one side and replacing remaining N atoms from
the same side with chalcogen X atoms (sulfur, selenium, or tellurium).
We investigate the properties of XMoSiN, monolayers using compu-
tational methods. The new 2D materials are asymmetric structures,
hybrids of TMDCs and 2D material from the MA,Z, family. The ge-
ometry of the structures under consideration is shown in Fig. 1. As
is known, there are proposed many 2D materials, the so-called Janus
type materials [17], with asymmetry relative to the atomic plane
containing transition metal atoms. 2D Janus materials with different
surfaces are attracting intense research interest due to their remarkable
symmetry-breaking properties. One of the ways to fabricate a Janus
material is substitutional doping of a 2D TMDC from the side of one
layer. Apparently, the similar method is also applicable for obtaining
XMoSiN, monolayers. The breaking of out-of-plane mirror symmetry by
external electric fields makes it possible to obtain an additional way to
manipulate the spin [33]. For the first time, the successful experimental
synthesis of a 2D Janus-type TMDC has been reported in [34]. It is
assumed that the new 2D structure should exhibit a strong splitting of
the spin-polarized characteristics, which presumably can be controlled
using a transverse electric field and/or applied mechanical stress. An
intrinsic dipole in a 2D Janus TMDC can improve the spatial separation
between photoexcited electrons and holes, preventing carrier recombi-
nation. Recently, various van der Waals heterostructures of TMDCs of
the Janus type [35-37] have been studied.

The novel asymmetric monolayers proposed in this work and shown
in Fig. 1 are characterized by a higher degree of asymmetry than the
Janus TMDC structures. The built-in structural cross-plane asymmetry
generates a dipole built into the XMoSiN, monolayer and this dipole
can be stacked by putting the asymmetric XMoSiN, monolayers on
top of each other by analogy with Janus TMDC layers [38]. It is
important to establish the stability of the structures under consideration
by analysis of calculated phonon band structures and elastic constants.
Also, we study the electronic properties of XMoSiN, monolayers and
consider the effect of deformations and external transverse electric
fields on these properties.
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2. Optimization and stability

The results are obtained using density functional theory (DFT) cal-
culations implemented in the Quantum ATK package [39]. To optimize
the initial structures and to relax materials under stress, we use the
PseudoDojo pseudopotential [40] with a linear combination of basis
sets of atomic orbitals (LCAO). The number of orbitals in the basis set is
the same as in the double-zeta polarized set. The exchange correlation
potential is described by the generalized gradient approximation (GGA)
with Perdew-Burke-Ernzerhof (PBE) functional [41]. Optimization of
the structures is carried out until the maximum force acting on each
atom becomes less than 0.01 eV/A, and the maximum change in energy
between the two stages becomes less than 1073 eV. The lattice cell
is a x a x 40 A, where a is a size of hexagonal unit cell. For
optimized structures, values of a are given in Table 1. The k-point grids
15 x 15 x 1 and 25 x 25 x 1 of the Brillouin zone are used to optimize
the structure and to calculate the electronic and optical properties.
The density mesh cut-off is chosen equal to 240 Ry = 3265.37 eV for
all calculations. The HSE06 hybrid exchange correlation functional is
used to calculate the band structures, optical spectra and spin-polarized
characteristics.

Fig. 1 shows the geometric structure of XMoSiN, (X =S, Se, Te) and
its parameters. The corresponding values for optimized monolayers are
given in Table 1.

To assess the stability of the structures under study, binding ener-
gies per atom are calculated according to the following formula (see
e.g. [42])

E\ o — E(Mo) — E(Si) — E(X = S, Se, Te) — 2E(N)

N )
where E,, is the total energy of this cluster, E is the total energy of
an isolated atom, N is the number of atoms in a unit cell. Quantity E,
determined in this way characterizes interatomic interactions, and it in-
dicates the total energy required to separate the crystal into individual
atoms.

The phase stability of the structures is determined from calcula-
tions of their formation energies E;.,, with respect to the most stable
modifications of the elements constituting the compound:

E, = @

E ya — E,(Mo) — E,(Si) — E,(X =S, Se, Te) — 2E,(N)
Eform = N ’ @
where E ., is the total energy of cluster, E, are energies (per atom)

calculated for optimized bulk structures Mo, «-Si, orthorhombic sulfur,
v-Se, a-Te and N, molecules.

In addition, as it was written above, the XMoSiN, structures are
supposed to be obtained from MoN,Si, by replacing SiN, on one
side with chalcogen atoms X (sulfur, selenium or tellurium), so we
calculated the energy E,,. required for such a replacement. This
energy was calculated from considerations that first it is necessary to
remove Si atom and two N atoms from one side, which is equivalent to
the creation of three vacancies, and then to adsorb the chalcogen atom.

S0 Eicplace s defined as

E

replace

= E, i a XM0SiN,) — E,;,(MoN,Siy) + E,(Si) + 2E,(N)
— E, (X =8, Se, Te).

3
Calculation results for Ej,, Egopy, and Eepjce are presented in Table 2.

It can be seen that all three monolayers are characterized by high
binding energies, comparable to those for
graphene (-7.9 eV/atom [43]). E,(TeMoSiN,) = -7.56 eV/atom,
E,(SeMoSiN,) = —7.85 eV/atom, and E,(SMoSiN,) = —8.20 eV/atom.
The SMoSiN, monolayer has a binding energy that exceeds the corre-
sponding value for graphene. The formation energy of all structures
takes on negative values, which indicates their stability. In addition,
the substitutional energy for this monolayer is the lowest, which means
that less energy is needed for its synthesis than for other monolayers
proposed in present paper.
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Table 1
Geometric parameters of monolayers XMoSiN, (X = S, Se, Te).
a, A I, A L, A I, A I, A h, A w, A « i y 5
SMoSiN, 2.989 2.38 2.11 1.76 1.80 4.62 5.115 77.75° 78.80° 90.03° 105.97°
SeMoSiN, 3.034 2.53 2.12 1.77 1.83 4.79 5.270 73.67° 80.44° 91.43° 105.20°
TeMoSiN, 3.105 2.72 2.14 1.77 1.85 4.98 5.433 69.59° 81.74° 93.21° 104.16°
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Fig. 2. Phonon band structures of the considered 2D materials.

Table 2
Energy characteristics of optimized structures XMoSiN, (X = S, Se, Te): binding E,
and formation E;,, energies calculated per atom, and substitutional energy E,

replace*

Table 3
Bandgap, SOC splitting of valence band 4, and conduction band A, for monolayers
XMoSiN, (X = S, Se, Te).

E,, eV/atom Egoms €V/atom Erpiacer €V EfPE ev  EISE, ev  EJSEOHSOC eV 4, meV  Ac, meV
SMoSiN, -8.20 -0.96 2.75 SMoSiN, 2.15 2.67 2.58 171 18
SeMoSiN, -7.85 -0.77 3.67 SeMoSiN, 1.73 2.40 2.26 0 30
TeMoSiN, -7.56 —0.46 5.26 TeMOoSiN, 1.02 1.58 1.54 0 51

Fig. 2 shows the phonon band structures of XMoSiN, monolayers.
For each of them, 3 acoustic and 12 optical branches are found,
corresponding to five atoms in a unit cell. The absence of negative
branches of acoustic and optical phonons indicates the dynamic sta-
bility of isolated 2D layers. The long-wavelength region of phonon
spectra of graphene [44], 2D MoS, [45], hybrid 2D materials [46] are
characterized by the fact that acoustic longitudinal (LA) and transverse
(TA) branches display linear dependence of vibration energy of in-
plane phonons on the wavelength, whereas the acoustic out-of-plane
(ZA) branch related vibrations of atoms in the direction perpendicular
to the monolayer displays a quadratic dependence. In the case of the
materials under consideration, Mo and N atoms (from the transition
metal nitride) are trapped inside the entire structure through covalent
bonds with the atoms on the surface that leads to less attenuation
of transverse forces and to a change in the shape of the ZA branch
in comparison with the known 2D materials, which becomes tougher.
Earlier, similar behavior of this branch was found for a monolayer
MoTe, upon imparting to it a biaxial tensile deformation [47]. Note
that this phonon branch has a pronounced symmetric character. All
presented phonon spectra contain three groups of branches separated
by small forbidden gaps.

3. Electronic properties

In this section, we examine the electronic properties of XMoSiN,
monolayers. Fig. 3 shows band structures calculated with PBE and
HSE06 exchange—correlation functionals. The results show that
SMoSiN, is a direct-gap semiconductor with the conduction band
minimum (CBM) and the valence band maximum (VBM) located at the

same point K. CBM and VBM of SeMoSiN, and TeMoSiN, monolayers
lie at different points causing indirect band structures. In addition, for
SeMoSiN,, the location of CBM depends on the exchange functional
used; for HSEO6 it is located at K point and for PBE in the K —» I'
valley. The bandgap values E, are sensitive to the choice of calculation
method (Table 3). The value of EPBE is expected to be less than EHSE0S,

Although XMoSiN, is constructed from MoSi,N,, but there is an
important difference in symmetries of these monolayers. The space
group of MoSi,N, is P6m2, while the space group of XMoSiN, is
P3ml. The absence of a horizontal plane of reflection in combination
with the spin-orbit interaction due to the significant atomic weight
of the transition metal can lead to band splitting due to the Rashba
effect. Fig. 4 shows the projected band structures calculated taking into
account the spin-orbit coupling (SOC). One can see that the interaction
decreases the band gap, while maintaining the type of band structure
(direct or indirect). In addition, for SeMoSiN, CBM SOC shifts from
point K to valley K — I'. Table 3 shows the values of the CBM and
VBM splittings. In Fig. 4 one can find that for the XMoSiN, monolayer
the electronic states near CBM and VBM are mainly associated with
d-orbitals of the transition metal atom.

The CBM state of SMoSiN, consists of an out-of-plane Mo-d,> or-
bital, and the VBM state originates from the in-plane Mo-d,._, or-
bitals and Mo-d,,. Strong hybridization between Mo-d,._,, and Mo-d,,
orbitals results in a large SOC splitting of VBM at the K point.

For SeMoSiN, and TeMoSiN,, CBM is located in the K — I valley
and are associated with the orbitals Mo-d,, + Mo-d,, and Mo-d,, +
Mo-d,» respectively. The VBM of both structures is at the I' point of
high symmetry and is represented by the orbitals Mo-d,» and N-p,, and
the SOC splitting is not observed.
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Fig. 3. XMoSiN, (X = S, Se, Te) band structures calculated with PBE and HSE06 functionals..
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Fig. 4. Projected bandstructures XMoSiN, (X = S, Se, Te) calculated with HSE06+SOC functional.
Table 4
The lattice parameter, principal strain and bandgap for different values of stress in monolayers XMoSiN, (X = S, Se,
Te).
SMoSiN, o=0N/m 6 =3 N/m o =6 N/m o =12 N/m o =24 N/m
a, A 2.989 3.014 3.042 3.105 3.291
&g % 0 0.851 1.769 3.869 10.110
Direct bandgap, eV 2.650 2.514 2.375 2.086 1.455
Indirect bandgap, eV 2.650 2.452 2.237 1.790 0.839
SeMoSiN, o =0 N/m o =3 N/m o =6 N/m o =12 N/m o =24 N/m
a, A 3034 3062 3091 3161 3401
£ % 0 0.902 1.877 4.170 12.070
Direct bandgap, eV 2.568 2.433 2.296 2.005 1.339
Indirect bandgap, eV 2.387 2.197 2.005 1.599 0.719
TeMoSiN, o =0 N/m o =3 N/m o =6 N/m o =12 N/m o =18 N/m
a, A 3.105 3.135 3.173 3.252 3.373
£ % 0 0.974 2.183 4.749 8.638
Direct bandgap, eV 2.032 2.064 2.104 1.850 1.505
Indirect bandgap, eV 1.580 1.563 1.551 1.250 0.878

Fig. 5 allows us to estimate the vertical polarization by plotting
the electrostatic potential and the electron difference density along
the Z axis. One can see that redistribution of electrons occurs in all
three structures. Due to the large electronegativity value (n = 3.04),
the central nitrogen atom pulls electrons from the neighboring molyb-
denum and silicon atoms (electronegativity values are 2.16 and 1.9,
respectively). From the side of Mo, the electron difference density 4n,
is larger than from the side of Si, because molybdenum has more
electrons. The outer nitrogen atom also pulls electrons from silicon, but
to a lesser extent than the central one. The electronegativity of external
chalcogenes Se and S (7 = 2.55 and 2.58, respectively) is slightly higher
than the electronegativity of Mo; therefore, the maximum electron
concentration is located at the interface between molybdenum and
selenium or sulfur and is slightly shifted towards the latter, in contrast
to Te (n = 2.10) where electrons are concentrated in the middle between
the metal and chalcogen. Charge depletion is observed on the chalcogen
atoms themselves. Due to the redistribution of electrons, local electric

fields arise, one is directed from the outer nitrogen atom to the central
one, while another is directed from the chalcogenide atom to the
central nitrogen. Thus, a resulting field appears and it is directed from
the chalcogen atom to the outer nitrogen. The highest intensity of
this built-in field is for TeMoSiN, (2.03 Vf\‘l). For SeMoSiN,, it is
equal to 1.94 VA-1, and for SMoSiN,, to —1.29 VA-!. This indicates
a stronger vertical polarization of the TeMoSiN, monolayer. A positive
charge at the structure boundary (Se, S, and Te atoms) facilitates the
escape of electrons, which leads to a decrease in the work function and
electrostatic potential gradients of 2.01 eV, 1.61 eV, and 0.47 eV for
TeMoSiN,, SeMoSiN, and SMoSiN,, respectively.

Fig. 6 shows the dependence of deformations on stress for mono-
layers XMoSiN, (X = S, Se, Te). There is a deviation from the linear
Hooke’s law at deformations of more than 2 %. Due to the lower 2D
Young modulus for the TeMoSiN, monolayer, it deforms more easily
than SMoSiN, and SeMoSiN,, and at mechanical stress > 20 N/m the
TeMoSiN, monolayer, as shown by the numerical optimization of the
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Fig. 5. Electrostatic potential and electron density difference in monolayers XMoSiN, (X = S, Se, Te).

stressed monolayer, collapses. The SMoSiN, monolayer has a larger
value of 2D Young modulus than SeMoSiN,. A similar relationship
between the elastic constants is consistent with the sequence of bond
lengths /; between chalcogen and transition metal atoms Mo ( Table 1).
The bandgap values for strained monolayers XMoSiN, (X = S, Se, Te)
are given in Table 4 and Fig. 7.

Table 5 shows the bandgap values for different values of external
transverse electric field strength £. Despite the noticeable asymmetry
of the electron density distribution and the substantial thickness of the
monolayers > 4.5 A, the bandgaps of the 2D materials under study
are weakly dependent on the transverse field strength. The considered
values of external electric fields are quite high but due to much higher
built-in internal field the external one slightly perturbs electronic states.

Due to a remarkable deformation-induced change in the electronic
properties of monolayers under study, the mechanical stress can also
be used to control the optical properties.

14 T 7
S—MoSiN, ;
12 Se—MoSiN, / -
Te—MoSiN, /
10 - !
1
S .
g
RS .
w1
4 i
2 - —
0 \ \ \ \
0 5 10 15 20 25

in—plane stress [N/m]

Fig. 6. Dependence of strain on stress for a monolayer XMoSiN, (X = S, Se, Te).
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Fig. 8. Absorption spectra of free (blue line) and deformed under indicated stress (red line) monolayer XMoSiN, (X = S (a), Se (b), Te (c)).
Table 5 Table 6
Bandgap of XMoSiN, (X = S, Se, Te) for different values of the transverse electric field Elastic constants, 2D Young modulus E, Poisson ratio v.
strength. C;;, N/m Cy,, N/m Ce» N/m E, N/m v
& VA 06 -045 03 -015 0 015 03 045 06 SMoSiN, 326.59 77.11 124.81 308.38  0.236
SMoSiN, 2.673 2.673 2672 2672 2670 2670 2.670 2.669 2.668 SeMoSiN, 317.38 69.30 124.15 302.23 0.218
SeMoSiN, 2.48  2.46 2.44 242 240 238 235 232 229 TeMoSiN, 295.23 59.61 118.34 283.19 0.202
TeMoSiN, 1.69 1.66 1.63 1.61 1.58 1.55 1.52 1.49 1.47 MoS, [48] 128.40 32.60 - 120.10 0.254
graphene [49] 352.00 62.60 - 340.80 0.178

To study the absorption spectra, the frequency-dependent complex
dielectric function is calculated

e(w) =1+ y(o), 4

where w is the photon frequency. The dielectric susceptibility y(w) is

calculated within the framework of the Kubo-Greenwood formalism

implemented in the QuantumATK package:

SEN-SE) ;
T

i nm* mn’
E,,—ho—il’

e2nt

(5)

Zij(@) = —
o m2eyV w? 4

where V is volume, f is the Fermi-Dirac function, I' = 0.1 eV is the
broadening, #/  is the ith dipole matrix element between the states n
and m. Local field effects are not included in the calculated permitiv-
ities and absorption spectra. The absorption coefficient is determined
by the real part ¢; and the imaginary part e, of the dielectric function
and is calculated by formula

1/2
a(w) = \/5% <\/ef(a)) + e%(w) - ef(a))) .

Fig. 8 shows the absorption spectra (trace of tensor «;;(E)) for free
and strained monolayers. One can see that the absorption edge can be
significantly shifted due to a decrease in the bandgap upon stretching
of monolayers. The absorption peaks become pronounced at photon
energy of 3.4 eV for SMoSiN,, 3.0 eV for SeMoSiN,, and 4.4 eV for
TeMoSiN,.

©

Large values of the built-in electric field in the proposed structures
indicate their applicability for stacked Janus-type solar-cell devices.
Recently, in [38], it has been shown that an extremely thin (0.5—
1 nm) device based on the Janus TMDC MoSSe generates a larger
photocurrent and external quantum efficiency than 20-40 times thicker
silicon-based devices. The proposed monolayers are characterized by
higher values of built-in dipole moments.

Table 6 summarizes the elastic constants of XMoSiN, monolayers.
For comparison, the values for graphene and MoS, are also provided.
The Young modulus of XMoSiN, is similar to graphene’s value, and
2.5 times higher than E of 2D molybdenite. Poisson ratio of XMoSiN,
is close to TMDs parameter. High mechanical strength, stability, the
demonstrated sensitivity of the electronic and optical properties to
deformations of monolayers indicate that the considered 2D materials
are promising for flexible nano- and optoelectronics.

4. Conclusion

The recently proposed and implemented method of synthesis of
MoSi,N, monolayer opens up new prospects for elaboration of the
whole family of stable 2D materials for which there are no natural
layered 3D crystals. High carrier mobility in monolayers, their stability
under normal conditions make new 2D materials from the MoSi,N,
family promising for applications in nanoelectronics. In this work,
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we proposed and investigated the asymmetric structures XMoSiN,,
constructed and optimized from MoSi,N, by replacing SiN, on one side
with chalcogen atoms (sulfur, selenium, or tellurium).

The new structure is a hybrid of a transition metal dichalcogenide
and a 2D material from the MoSi,N, family. The stability of new
materials has been substantiated by means of DFT-based calculations.
The monolayers under study are characterized by high values of the
binding energy > 7.5 eV/atom.

In all studied monolayers, large built-in transverse electric field
arises due to the redistribution of electrons enabling separation of the
generated electron-hole pairs within one layer that is promising for
photovoltaic applications.

The bandgaps of XMoSiN, monolayers are weakly dependent on
the external transverse field strength &€ for the selected range of £ €
[-0.6,0.6] in V/A. The considered values of external electric fields are
quite high but due to much higher built-in internal field the external
one slightly perturbs the electronic states.

The 2D Young modulus of XMoSiN, is similar to graphene’s value,
and 2.5 times higher than E of 2D molybdenite. The Poisson ra-
tio of XMoSiN2 is close to the TMDCs parameter. The demonstrated
sensitivity of the electronic and optical properties to deformations of
monolayers, high mechanical strength and their stability indicate that
the material is promising for stretchable opto- and nanoelectronics.
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