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Field
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1. Introduction

Since the recent successful experimental synthesis of MoSi,N, [Science, 369

(2020), 670], the “MA,Z, family” has been of particular interest to the
scientists in the field of materials science due to its outstanding physical
properties. In this paper, the first-principles calculations are performed to

study the structural, elastic, and electronic properties of novel

two-dimensional (2D) Janus MSiGeN, monolayers (M = Ti, Zr, Hf). The
calculations of phonon spectra indicate that monolayers MSiGeN, are
dynamically stable and can be experimentally synthesized. The obtained
Young’s modulus and Poisson’s ratio of the Janus structures MSiGeN, are
much larger than that of other binary 2D materials and meet the mechanical
stability criteria suggested by Born and Huang. In the calculations using
either PBE or HSEO06 functionals, the Janus MSiGeN, structures exhibit
indirect semiconductor characteristics with larger band gaps than that of
similar septuple-atomic-layer materials, such as MoSiGeN, and WSiGeN,. In
addition, the influences of biaxial strain and external electric field on the
electronic structure of MSiGeN, are investigated. It is found that the biaxial
strain tunes the electronic characteristics more significantly than the external
electric field. The obtained results can provide insights into novel Janus

monolayers with potential applications in electronic devices.
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In the last two decades, two-dimensional
(2D) materials have become one of the
most interesting objects due to their dis-
tinct properties compared to bulk struc-
tures. Some typical materials can be men-
tioned as graphene,'™* transition metal
dichalcogenides,’>® post-transition metal
monochalcogenides,* ! etc. with many
unique physical properties as well as po-
tential applications in nanoelectronic de-
vices. The graphene family is constantly
expanding with many compounds discov-
ered and successfully synthesized. In par-
ticularity, the successful synthesis of the 2D
Janus asymmetric material MoSSel'213] re-
cently opened a bright future for studies of
2D materials.['*) Many subsequent studies
have focused on the 2D Janus structures
and the heterostructures formed from these
new materials.['>~20] With their vertical bro-
ken mirror symmetry structure, they have
had many extraordinary physical properties
with potential applications in the fields of
materials science, energy conversion, and
spintronics.?-23]

Recently, a new 2D structure MoSi,N, has been successfully
fabricated by chemical vapor deposition.[**] Monolayer MoSi, N,
has been shown to have an energy gap value of 1.94 eV and
it can serve as a photocatalyst in photocatalytic applications.
MoSi, N, monolayer possesses very high electron mobility up to
270 cm? V1 s71.1241 The electronic properties of 2D materials de-
pend strongly on their structural geometry and particularly on
the number of atomic layers in the compounds. Wang et al.?°]
have proposed an efficient strategy to design the septuple-atomic-
layer systems MA,Z, (A = transition-metal elements; A = Si, Ge;
and Z = N, P, As), which contain 72 structures with thermal
and dynamic stability. XY, Z, compounds show extremely diverse
and unusual electronic features, they can be semiconductors,
non-magnetic metals, ferromagnetic semiconductors, or topo-
logical insulators.[?] Also, van der Waals heterostructures based
on MoSi,N, such as C;N,/MoSi,N,[?’] and MoSH/MoSi,N,?’]
have been also designed and investigated theoretically. Besides,
MoSi,N,-based Janus structures MoSiGeN, and WSiGeN, have
been proposed recently.[?®] It is found that both MoSiGeN, and
WSiGeN, monolayers are indirect semiconductors with appro-
priate band alignment for photocatalytic performance.!??]

© 2022 Wiley-VCH GmbH
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Figure 1. a) Top view and b) side view of 2D relaxed Janus MSiGeN, (M = Ti, Zr, Hf).

Promoted by the discovery of septuple-atomic-layer configu-
rations and Janus structures based on these materials, we pro-
pose novel Janus structures MSiGeN, (M = Ti, Zr, Hf). We focus
on the structural, elastic, and electronic properties of MSiGeN,
monolayers based on the investigation by first-principles calcu-
lations. We also study the effects of external conditions, such as
mechanical strains and external fields, on the electronic states of
MSiGeN, monolayers. The obtained results of the paper are pre-
sented as follows. First, we report structural parameters and an-
alyze phonon spectra of three Janus configurations MSiGeN, (M
= Hf, Ti, Zr). Next, we calculate the elastic constants and cohesive
energy to check the structural stability of the studied systems. In
addition, the electronic band structure, band gaps, projected band
structures, and work functions of all systems are studied. Finally,
we examine the influences of biaxial strains and external electric
fields on the electronic properties of these Janus monolayers.

2. Computational Details

In this study, the geometric optimization and electronic prop-
erties of the MSiGeN, (M = Ti, Zr, Hf) structures are calcu-
lated by first-principles calculations as carried out in the Quan-
tum Espresso simulation packages.?’) The generalized gradient
approximation (GGA) of Perdew—Burke-Ernzerhof (PBE)" is
used to calculate the electronic exchange and correlation. The
Heyd-Scuseria—Ernzerhof (HSE06) hybrid functional®!! is also
used to get a more accurate value of the band gap. To consider
the weak van der Waals (vdW) interactions between interlayers,
the semiempirical DFT-D2 method®?! is adopted. The cut-off
energy of 520 eV is selected for the plane-wave expansion and
Monkhorst—Pack grids of 15 X 15 x 1 k-point mesh are chosen
for the Brillouin zone. The convergences of energy and forces
are set to be 107° eV and 107> eV A~', respectively. A vacuum
space of 25 A along the z-direction is used to exclude the interac-
tions between adjacent monolayers. Phonon spectra of the stud-
ied monolayers are calculated using density functional perturba-
tion theory.[33]

3. Results and Discussion
3.1. Atomic Structures and Structural Stability
The top and side views of optimized atomic structures of 2D

Janus MSiGeN, (M = Ti, Zr, Hf) monolayers are illustrated in
Figure 1. The 2D Janus MSiGeN, monolayers could be consid-
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c) Phonon spectra of 2D Janus MSiGeN, (M = Ti, Zr, Hf).

Table 1. The lattice constant a, thickness h, cohesive energy E_ elastic con-
stants Cyy, Cy,, and Cgg, Young's modulus Y,p and Poisson’s ratio P of
2D Janus MSiGeN, (M =Ti, Zr, Hf) monolayers.

a h E. Gy (&7 Ces Yap P

Al [A] [evatom™'] [Nm™'] [Nm~'] [Nm™'] [Nm™]
TiSiGeN, 297 7.10  —8.00 450.79 142.26 15427 405.90 0.32
ZrSiGeN, 3.07 720  —8.05 41021 137.46 13638 364.15 0.34
HfSiGeN, 3.06 7.18  —8.11 430.16  142.84 143.66 38273 0.33

ered as Si-N and Ge-N bilayers sandwiched by M—N, monolay-
ers. These three structures can be constructed from MSi,N, by
replacing one layer of Si atoms by a single layer of Ge atoms.
Monolayer MSiGeN, has a hexagonal structure as shown in Fig-
ure 1a. Its atomic structure is arranged in stacking order layers
N-Si-N-M-N-Ge-N as shown in Figure 1b. Because of the lack
of mirror symmetry, the symmetry of Janus MSiGeN, (M = Ti,
Zr, Hf) monolayers (#156) is lower than symmetry of MGe,N,
or MSi,N, (#187). The reduction of symmetry, however, results
in many unique properties of these materials. The obtained re-
sults show that the optimized lattice constants of Janus TiSiGeN,,
ZrSiGeN,, and HfSiGeN, are 2.97, 3.07, and 3.06 A, respec-
tively. Besides, the monolayer thickness of the investigated struc-
tures is carried out and presented in Table 1. Among these three
structures, TiSiGeN, possesses the lowest lattice constant and
thickness, while those values are nearly equal for ZrSiGeN, and
HfSiGeN,. Note that the lattice constant of ZrSiGeN, (3.07 A)
is slightly larger than that of HfSiGeN, (3.06 A) despite Zr hav-
ing a smaller atomic radius than Hf element. This phenomenon
has also been observed in similar Janus structures (ZrSSe and
HfSSe).2*l The lowest ionic radius of Ti** and the similarity in
ionic radii of Zr** and Hf** are attributed to that discrepancies.

To examine the structural stability of the proposed Janus struc-
tures, we first test the chemical bond strength based on the eval-
uation of cohesive energy. The cohesive energy E. of MSiGeN,
monolayer can be calculated as follows

E = Eot = (Ny By + Ng By + Ng Ege + Ny Ey) (1)
¢ Ny + Ng. + Ng; + Ny

where E,, is the total energy of MSiGeN, sheet; E, and N, are the
enegy of single-atom ¢ and number of the ¢ atoms in the unitcell
(¢ =M, Ge, Si, N), respectively.
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The obtained results, as listed in Table 1, indicate that all
three structures of MSiGeN, have negative cohesive energies.
The negative cohesive energy calculated by Equation (1) implies
that MSiGeN, monolayers are all energetically favorable. With
high cohesive energy, about —8 eV atom™!, the chemical bonds in
the Janus MSiGeN, monolayers are stronger than those in many
other existing 2D layered structures.

Next, we study the vibrational spectrum to evaluate the stabil-
ity of Janus MSiGeN,. The phonon dispersions calculations are
calculated and described in Figure 1b. A material is recognized
to be dynamically stable if its phonon spectrum contains posi-
tive frequencies throughout the Brillouin zone. As itis clear from
this figure, phonon spectra of all these Janus materials consist of
twenty-one modes, of which three are acoustic and eighteen are
optical. At " point, there are six double-degenerate and six non-
degenerate optical branches. Notably, the negative modes are ab-
sent in the Brillouin zone, proving that all three Janus MSiGeN,
are dynamically stable and can be synthesized experimentally.

To explore the mechanical stability of Janus structures, we
calculate and analyze the elastic constants according to Born—
Huang’s criteria for mechanical stability. In principle, there are
four independent elastic constants to be tested for 2D materials,
namely Cy;, C,,, C;,, and Cg, (in Voigt notation). As shown in
Figure 1a, three Janus MSiGeN, have hexagonal structures re-
sulting in C;; = C,,. Thus, we only need to calculate three elastic
constants, C;;, C;,, and C, in which Cy is calculated via Cj,
and C;, according to the equation C¢, = (Cy; — Cp,)/2. To get the
elastic constants C;; we used a strain range from —0.015 to 0.015
in increments of 0.005 along the x- and y-axes. We then con-
sider the energy change of Janus with respect to small strains
along the two axes mentioned above. The elastic constants C;;
and C,, are found by polynomial fitting the strain-dependence
of energy values.I*] Table 1 presents the calculated results of the
elastic constants of all Janus structures. They have elastic con-
stants C,; ranging from 410.21 to 450.79 N m~" and C,, ranging
from 137.46 to 142.84 N m~!. According to Born-Huang’s criteria
for mechanical stability, a material is considered to be mechan-
ically stable if C}; > 0 and C% — C2, > 0.% It is found that the
elastic constants of all studied Janus structures MSiGeN, meet
Born-Huang’s criteria, demonstrating their structure to be me-
chanical stability.

Besides the elastic constants, we also consider Young’s mod-
ulus and Poisson’s ratio of 2D MSiGeN, monolayers. These
parameters can be calculated based on the constants C;. The
direction-dependent 2D Young’s modulus Y, (@) and Poisson’s
ratio P(g) can be written by!3738]

T
Yop() = 4 " ) ) (2
Cy;sin” @ + C,, cos* @ — (2C;, —I1) sin” g cos? @

Plo) C,,(sin* @ + cos* @) — (Cy; + Cy, — ) sin® g cos? @
¢ —

3
C,, sin* @ + C,, cos* ¢ — (2C,;, — ) sin g cos? ¢ Gl

where I1 = (C,,C,, — C?,)/C and g is the angle relative to the
armchair axis.

The polar diagrams of Y, (@) and P (@) of 2D Janus MSiGeN,
monolayers are shown Figure 2. It is found that the graphs Y, (¢)
and P () are perfectly circles. This suggests that Janus MSiGeN,
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Figure 2. a) Young’'s modulus and b) Poisson’s ratio of 2D Janus
MSiGeN, (M =Ti, Zr, Hf).

monolayers have isotropic elastic properties. This is due to the
isotropic structure of these monolayers as depicted in Figure 1 a.
The calculated results for Y, and P are presented in Table 1.
It is calculated that the Janus MSiGeN, has Young’s modulus
ranging from 364.15 to 405.90 N m~'. The change in Y, values
of MSiGeN, monolayers does not follow the trend that Young’s
modulus decreases as the atomic radius of M varies from Ti to
Hf. This may be due to the atomic structure, especially their lat-
tice constant, as described above. The Y, values of MSiGeN,
monolayers are much higher than that of other 2D nanostruc-
tures, such as monolayers SnSSe, 3%l GaInXO (X = S, Se, Te),!1”]
even larger than that of graphene.[*] The Poisson’s ratio of three
Janus structures is almost the same, in the range from 0.32 to
0.34. These results are much larger than the Poisson’s ratio of
graphenel*! or C,F,.[*!]

3.2. Electronic Properties

Electronic properties and energy gap are the first characteristics
that need to be examined if the material is to be applied to devices,
especially electronic devices. Here, we calculate the electronic
structures of the Janus MSiGeN, monolayers by using the dif-
ferent exchange-correlation functionals. Figure 3 shows the band
structures of the Janus MSiGeN, monolayers calculated by using
the PBE functional. From Figure 3 we observe that three Janus
MSiGeN, are indirect-gap semiconductors. The CBM lies on the
KT line for all three monolayers, whereas the VBM lies on the 'M
and MK path for TiSiGeN, and ZrSiGeN,, HfSiGeN, monolay-
ers, respectively. At the PBE level, the obtained band gap values

© 2022 Wiley-VCH GmbH
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Figure 3. Electronic band structure of 2D Janus MSiGeN, (M = Ti, Zr, Hf) by PBE and HSE06 methods.

Table 2. Calculated band gap £, by PBE and HSEO06 functionals, and work
functions on NSi side @, and NGe side ®, of 2D Janus MSiGeN, (M =
Ti, Zr, Hf).

EgPBE E;sme AD @, @,
[eV] [eV] [eV] [eV] [eV]
TiSiGeN, 1.48 2.62 0.37 6.80 7.16
ZrSiGeN, 1.66 2.79 0.12 6.83 6.95
HfSiGeN, 1.86 297 0.19 6.88 7.07

for TiSiGeN,, ZrSiGeN,, HfSiGeN, are 1.48, 1.66, and 1.86 eV,
respectively. It can be seen that the band gaps of Janus MSiGeN,
increase as M changes from Ti to Hf. However, in the DFT sim-
ulations, the PBE approach underestimates the energy gap accu-
racy for the semiconductors and insulators. One can treat this
problem by using the GW approach or hybrid functional. Hence,
in this paper, in addition to the PBE method, the HSE06 method
is used to improve the band structure of all studied Janus. Our
obtained results indicate that the Janus MSiGeN, monolayers
also exhibit indirect semiconductor characteristics by the HSE06
method, which is the same as the PBE method. The evaluated
band diagrams by the PBE and HSE06 methods are similar in
profile as shown in Figure 3. However, the HSE06 approach gives
amuch larger energy gaps value than the PBE functional. Table 2

shows the significant difference in energy gaps calculated by the
two methods mentioned above. The band gap values calculated
by the HSSE06 method also increased with the same trend as
that calculated within the PBE. The band gaps of our three pro-
posed Janus are larger than that of similar Janus materials, such
as MoSiGeN, and WSiGeN,.[?8]

To get insights into the nature of the formation of electronic
bands, we have also calculated weighted band structures and an-
alyzed in detail the contribution of constituents to the electronic
energy band structure, especially their contribution to CBM and
VBM, of the Janus MSiGeN, monolayers. The weighted band
structure of 2D Janus MSiGeN, is shown in Figure 4. As it is clear
from this figure, all three Janus structures have similar weighted
band structures. The CBM of Janus is contributed significantly
by the hybridization of the M and Ge atoms. However, the main
contribution to VBM is derived from the hybridization between
N and Ge atoms.

In addition, we also calculated the work function for 2D Janus
MSiGeN,. This is one of the important electronic properties of
materials, based on which we know the ability of electrons to
escape from the surfaces of materials. The work function de-
pends on the vacuum level ® = E,,. and the Fermi level E; ac-
cording to the expression ® = E,. — E. In the Janus structures,
a built-in electric field exists due to their vertically asymmetrical
structure.l*?! The difference in electronegativity between differ-
ent atomic layers in the z-axis causes the electric field to appear in

(a) 3 ] (b) 3 - (© 31— —
TiSiGeNy ZrSiGeNy & HijGeN4
25, ‘e 27 " 2f .
..'. .-’ .-" N "“\»- .........
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R R I 4 B O T T e e -
0] o] [}
=) o I =] =]
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Figure 4. Projected band structure of 2D Janus a) TiSiGeNy, b) ZrSiGeN, and c) HfSiGeNy,.
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Figure 5. Electrostatic potential of 2D Janus a) TiSiGeN,, b) ZrSiGeN, and

the Janus structure. For these structures, the dipole corrections
should be included. We can use the dipole corrections to can-
cel artificial fields generated by periodic boundary conditions.[*]
Our calculations for the electrostatic potentials (Figure 5) of the
Janus MSiGeN, monolayers indicate that the difference in the
vacuum level between the two surfaces @, is small as listed in
Table 2. This is due to the small difference in electronegativity
between Si and Ge elements on the two sides of the Janus struc-
tures. Calculated work functions on the NSi-side @, and the NGe-
side @, are also listed in Table 2.

Compressive strain

10 T T T 10 T T T
r A
T\ o (T ey, (T
oF Y AN ' o v A7 o
g =i
—10t 1 -10t
—20 ¢ ZrSiGeN, 1 —20f HfSiGeN, ]|
0 5 10 15 20 0 5 10 15 20
z(A) z(A)
c) HfSiGeN,.

3.3. Electronic Properties of MSiGeN, under Biaxial Strain and
External Electric Field

Many previous reports have demonstrated that the electronic
structures of 2D layered nanostructures are easily modulated un-
der the influence of external conditions. Specifically, the strain
caused a direct-indirect semiconductor transition and vice versa,
or a semiconductor-metal transition in 2D monolayers and 2D
Janus structures.[>1644-46] Besides, the external electric field also
causes the same changes as in the strain case.l1%4¢#’] Following

Tensile strain

Exy = —8% Exy = —4% Exy = 2% Exy = +2%
(a) 4 T 7% [ ANV 7 \/\ SN
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S 2 AR VAN

R S N E— S
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Figure 6. Electronic band structure under biaxial strain of 2D Janus a) TiSiGeNy, b) ZrSiGeNy, and c) HfSiGeN, monolayers.
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that trend, we investigated the influence of biaxial strain and ex-
ternal electric field on the electronic features of three 2D Janus
MSiGeN,.

We first consider how the electronic properties of 2D Janus
MSiGeN, depend on the biaxial strain. The biaxial strain is de-
fined as e,, = (a — a,)/a,, where a, and a are the undistorted and
distorted lattice constants of the Janus structures, respectively. In
this work, we investigate the strain range from —10% to +10%,
in which the positive sign corresponds to tensile strain and the
negative sign corresponds to compressive strain.

The dependence of electronic band structures of the Janus
structures on strain is clarified in Figure 6. It can be found that
strain had a great influence on their electronic band structure.
Before evaluating the detailed effect of strain on each Janus struc-
ture, we give a general picture of change for all three Janus. When
the strain is introduced, the bond lengths will be changed. This
can cause the coupling strength between atomic orbitals to be
weakened or strengthened. As a result, the electronic structure
will be changed significantly. As illustrated in Figure 6, the defor-
mation shifted the positions of the CBM and the VBM between
the high symmetric points in the Brillouin zone. At the same
time, with increasing strain intensity, both the CBM and VBM
approach the Fermi level. The energy band structure changes
more significantly in the case of a tensile strain than in the case
of compressive strain. Although the positions of the CBM and
VBM are changed, all studied Janus retain the indirect semicon-
ductor characteristics. As the CBM and VBM move closer to the
Fermi level, the band gaps of these Janus decrease as the strain
degree increases.

We further analyze in detail the change of electronic band
structure in each 2D Janus MSiGeN, monolayer under biaxial
strain conditions. In Janus TiSiGeN,, the VBM shifted from the
I'M-path to the K point when it was subjected to —6%, +6%
strain, whereas CBM does not change position under the strain
(remains on the KT line). Therefore, no phase transition was ob-
served in Janus TiSiGeN,. For the Janus ZrSiGeN,, the VBM po-
sition changed immediately when the strain is applied. VBM ly-
ing on the MK line shifted to K point at 2% strain intensity. Mean-
while, the CBM on the KI" path shifted to the I" point under 6%
tensile strain and the I'M line under —6% compressive case. Indi-
rect semiconductor characteristics remain unchanged. In terms
of Janus HfSiGeN,, the VBM located on the MK line moves to
K point when tensile strain 2% is introduced, and CBM moves
from KT path to I' under strain magnitude +8%. For compres-
sive conditions, CBM remains on the KI" line, while VBM has
shifted to K point as soon as compressive strain is only —2%. As
a result, the phase transition was not found in Janus HfSiGeN,.

In addition to using strain, the external electric field is one of
the common methods to control the electronic structure of a ma-
terial. Herein, we use an external electric field placed perpendic-
ular to the 2D surface of Janus. The intensity of the electric field
varies from —5 to +5 V nm™!. The electric field is positive if its
direction is along the positive z-axis and negative if its direction
is opposite to the z-axis direction. It is found that the band struc-
ture of all three Janus depends very weakly on the electric field
(not shown). The VBM and CBM remain in the same position
without an external electric field. The band gaps of these mono-
layers do not change significantly when an external electric field
is applied.
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Figure 7. Band gaps under a) strain and b) external electric field of 2D
Janus MSiGeNy,.

The evolution of band gaps of all Janus MSiGeN, structures
with different biaxial strain and external electric field intensity
is illustrated in Figure 7. Figure 7a indicates that the trend of
band gap change with the applied biaxial strain of all monolay-
ers is quite similar. In the tensile case, the energy gap is reduced
rapidly. Meanwhile, compressive strain increases the band gap
slightly and then reduces the band gap if strain magnitude is fur-
ther increased. The strain has a strong influence on the energy
gaps of the studied structures. In the whole strain range from
—10% to 10%, the difference between the maximum and min-
imum values of the band gaps in HfSiGeN, is the largest (1.42
eV), then in ZrSiGeN, (1.33 eV) and finally in TiSiGeN, (0.72 V).
The energy gap dependence on the strain of Janus MSiGeN, fol-
lows the same trend as that of Janus M, XY monolayers.'>1] The
technique of altering electronic properties by using strain could
lead to potential applications of our studied Janus structures in
electromechanical devices. Unlike the strain case, the influence
of the electric field on band gap values is quite weak. From Fig-
ure 7b it is found that the band gap is approximately linearly de-
pendent on the electric field. However, the energy gap values are
almost unchanged, especially in Janus TiSiGeN, monolayer, the
E, difference under an external electric field ranging from -5 to
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5 Vnm! is only 0.03 eV. The energy disparity in the other two
Janus is also not significant, 0.15 and 0.13 eV in ZrSiGeN, and
HfSiGeN,, respectively. The dependence of the electronic prop-
erties weakly on the external electric field has also been observed
in the previous works.[1>16:46]

4, Conclusions

In conclusion, we performed a first-principles study in order to
investigate the structural, elastic properties, and electronic char-
acteristics of three 2D Janus monolayers MSiGeN, (M = Ti, Zr,
Hf) at equilibrium state as well as under biaxial strains and elec-
tric fields. Our results reveal that 2D Janus MSiGeN, monolay-
ers have dynamically stable structures, high mechanical strength,
and isotropic elastic properties. The Janus monolayers MSiGeN,
have a high Young’s modulus and Poisson’s ratio, ranging from
364.15 t0 405.90 N m~! and from 0.32 to 0.34, respectively. Both
PBE and HSE06 methods depict that all Janus MSiGeN, mono-
layers are indirect semiconductors with relatively large band gap
values. The energy gaps are in the range from 1.48 (2.62) to
1.86 (2.97) eV using PBE (HSEO06) functional. Besides, a small
difference in work function on the different sides is found in
all three Janus MSiGeN, monolayers due to their asymmetric
atomic structures. The biaxial strain tunes the electronic band
structure of all three monolayers MSiGeN, significantly. The
band gaps are changed drastically, especially in the tensile strain
case. In contrast, the effect of the electric fields on the electronic
structures of the Janus MSiGeN, is weak. Our findings have en-
riched the group of septuple-atomic-layer materials and their po-
tential for electronic applications.
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