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d electronic and transport
properties of Janus ZrSiSZ2 (Z = N, P, As)
monolayers by first-principles investigations

Nguyen P. Q. Anh,a Nguyen T. Hiep, bc D. V. Lu, d Cuong Q. Nguyen, bc

Nguyen N. Hieu bc and Vo T. T. Vi *e

From the extending requirements for using innovative materials in advanced technologies, it is necessary to

explore new materials for relevant applications. In this work, we design new two-dimensional (2D) Janus

ZrSiSZ2 (Z = N, P, As) monolayers and investigate their crystal lattice and dynamic stability by using

density functional theory investigations. The two stable structures of ZrSiSP2 and ZrSiSAs2 are then

systematically examined for thermal, energetic, and mechanical stability, and electronic and transport

properties. The calculation results demonstrate that both the ZrSiSP2 and ZrSiSAs2 monolayers have

good thermal stability at room temperature and high energetic/mechanical stabilities for experimental

synthesis. The studied structures are found to be in-direct semiconductors. Specifically, with moderate

band-gap energies of 1.04 to 1.29 eV for visible light absorption, ZrSiSP2 and ZrSiSAs2 can be considered

potential candidates for photovoltaic applications. The applied biaxial strains and external electric fields

slightly change the band-gap energies of the monolayers. We also calculate the carrier mobilities for the

transport properties based on the deformation potential method. Due to the lower effective masses, the

carrier mobilities in the x direction are higher than those in the y direction. The carrier mobilities of the

ZrSiSP2 and ZrSiSAs2 monolayers are anisotropic not only in transport directions but also for the

electrons and holes. We believe that the results of our work may stimulate further studies to explore

more new 2D Janus monolayers with novel properties of the MA2Z4 family materials.
1 Introduction

Since the exploration of graphene,1 two-dimensional (2D)
materials have received extensive attention from researchers
because of their extraordinary chemical and physical features.
Numerous 2D materials have been investigated and reported
such as transition metal oxides,2 antinonene,3 bismuthene,4

phosphorene,5 MXenes,6 transition metal chalcogenides,7,8 etc.
Specically, the emergence of 2D Janus monolayers as a novel
class of 2D materials with extraordinary properties caused by
their asymmetric structures has been intensely studied
recently.9 Based on the rst principles calculations, many
efforts have also been made to explore the potential
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applications of these materials in optoelectronics,10,11 nano-
electronics,12,13 thermoelectrics,14 sensors,15 and catalysis.16,17

Besides theoretical studies, some 2D Janus materials were
successfully synthesized by experiments. For example, Janus
graphene as an asymmetrically modied singled-layer was rst
prepared by Zhang and co-workers. The fabrication was carried
out by using a two-step functionalization with a exible
macroscopic mediator of a poly(methyl methacrylate) lm.18 For
transition-metal dichalcogenides, based on controlling the
sulfurization process of MoSe2, Zhang et al. fabricated 2D Janus
SMoSe monolayers. They used chemical vapor deposition to
grow MoSe2 akes, and then the top Se layer was substituted
with vaporized sulfur during sulfurization at a high temperature
of 800 °C.19 Lin and co-workers presented the fabrication of
Janus WSSe monolayers by pulsed laser deposition. The top and
bottom S layer of the WS2 monolayer was selectively and
completely replaced by selenium by selenization at 300 °C.
Thus, the high quality WSSe monolayers can be formed by
implantation and recrystallization processes at low tempera-
tures.20 Recently, a new group of 2D materials known as the
MA2Z4 family with M corresponding to the transition metal, A
referring to Si/Ge, and Z being N/P/As has received growing
interest.21–23 The MA2Z4 monolayers were found to have good
stabilities, tunable electronic properties, remarkable optical
Nanoscale Adv., 2023, 5, 6705–6713 | 6705
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absorption, external quantum efficiencies, and excellent
conductivity.24–26 2D MoSi2N4 material, a member of the MA2Z4
family was rst fabricated by chemical vapor deposition. Hong
et al. added Si during the growth of the 2DMo2N layer at 1080 °C
on the Cu/Mo substrates to form the MoSi2N4 monolayer.27 This
successful experimental deposition motivated more studies on
the MA2Z4 family and its derivatives.

Inspired by the attractive properties of these MA2Z4 mate-
rials, in this work, we design new Janus ZrSiSZ2 (Z = N, P, As)
monolayers with an optimized crystal lattice by using density
functional theory (DFT). The phonon dispersion spectra of all
three structures are obtained to test their dynamic stability.
Then the two stable ZrSiSP2 and ZrSiSAs2 monolayers are
examined for thermal stability based on ab initio molecular
dynamics (AIMD) simulations. We also calculate cohesive
energy and elastic constants to check the energetic and
mechanical stabilities of the materials for experimental
synthesis. Besides, the band-gap energies and band structures
are also studied using Heyd–Scuseria–Ernzerhof (HSE06) and
Perdew–Burke–Ernzerhof (PBE) methods. Moreover, we apply
biaxial strains and external electric elds to ZrSiSP2 and
ZrSiSAs2 for evaluation of their impacts on the band structures.
The transport properties are also examined by calculating the
effective masses as well as the carrier mobilities.
2 Computational method

Herein, the Vienna ab initio simulation package28,29 was used for
rst principles investigations based on density functional theory
(DFT). For calculations of the phonon dispersions, we built a 6 ×

6 × 1 supercell and used the frozen-phonon technique in the
PHONOPY code.30 Ab initio molecular dynamics (AIMD) simula-
tion was carried out at 500 K within 20 ps to examine the ther-
modynamic stability.31 The electronic-exchange-correlation
functional was performed by utilizing the Perdew–Burke–Ern-
zerhof (PBE) functional.32 Also, we added the spin–orbit coupling
Fig. 1 (a) Top and (b) side views of Janus ZrSiSZ2 (Z = N, P, As)
monolayers.

Table 1 Lattice constant a (Å), monolayer thickness Dh (Å), bond-length
atom), elastic constants Cij (N m−1), Young modulus Y2D (N m−1), Poisso
methods of ZrSiSZ2 monolayers

A Dh dS–Zr dZr–X dSi–X(1) dSi–X(2) Ecoh

ZrSiSN2 3.14 5.14 2.51 2.18 1.75 1.87 —
ZrSiSP2 3.59 6.26 2.54 2.63 2.21 2.29 −6.44
ZrSiSAs2 3.69 6.51 2.55 2.73 2.32 2.39 −6.09

6706 | Nanoscale Adv., 2023, 5, 6705–6713
(SOC) to the self-consistent calculations in the calculations for
the electronic structures.33 To calculate more accurate bandgap
energies and band diagrams of the studied monolayers, we also
used the Heyd–Scuseria–Ernzerhof (HSE06) method.34 The plane-
wave basic cut-off energy was chosen to be 500 eV. In addition, we
adopted the semi-empirical DFT-D3 method35 to describe the
interactions between the weak van der Waals (vdW) interlayers.
The Brillouin zone (BZ) was tested by using the Monkhorst–Pack
scheme36 using a (15 × 15 × 1) k-point grid. The criterion of
energy convergence was set to be 10−6 eV. Themaximum force on
atoms of the optimized structures was less than 10−3 eV Å−1. A
large vacuum space of 20 Å was inserted in the vertical direction
to reduce the interactions of the adjacent periodic images. The
deformation potential (DP) method was utilized to calculate the
mobility of carriers.37
3 Results and discussion
3.1 Crystal lattice and stabilities

To study the geometric conguration, we build the crystal
structures of ZrSiSZ2 as depicted in Fig. 1. The top view with
a rhombus unit cell shows that the Zr and X atoms are located at
the center of hexagonal structures (Fig. 1(a)). From the side
view, the ZrSiSZ2 monolayers are composed by stacking in order
ve atomic layers of S–Zr–X–Si–X (only one element in each
layer). We can also say that the geometry of the monolayers is
made up of a Zr–S bilayer stacked on the top of the Si–X2 sub-
layer along the z axis. Due to the electronegativity and radius
differences of the atoms, a reection symmetry breaking
appears in these studied structural congurations, resulting in
2D Janus structures of the ZrSiSZ2 monolayers.

Aer relaxation, the structural parameters of lattice
constants (a), monolayer thicknesses (Dh), as well as chemical
bond-lengths of S–Zr, Zr–X, Si–X(1), and Si–X(2) (d) are calcu-
lated and presented in Table 1. The a and Dh of the ZrSiSZ2
monolayers vary from 3.14 Å to 3.69 Å and 5.14 Å to 6.51 Å,
respectively. It is easy to observe that both the a and Dh values
increase with increasing atomic number in the periodicity of
the X atoms. The Zr–X and Si–X bond-lengths of Zr and Si with X
atoms (dZr–X and dSi–X) also gradually increase from the ZrSiSN2

to ZrSiSP2 and ZrSiSAs2, similar to the trend with increasing of
lattice constants and monolayer thicknesses.

Next, the phonon dispersion spectra of ZrSiSZ2 are obtained
to check their dynamic stability. The obtained results are pre-
sented in Fig. 2. The phonon spectra of the ZrSiSZ2 monolayers
contain een vibration modes with twelve optical modes and
three acoustic modes because the primitive cell has ve atoms
s d (Å) of S–Zr, Zr–X, Si–X(1), and Si–X(2), cohesive energy Ecoh (eV per
n's ratio n2D, and band-gaps Eg (eV) from PBE, PBE + SOC, and HSE06

C11 C12 C66 Y2D n2D EPBEg EPBE+SOCg EHSE06
g

— — — — — — — —
141.01 42.29 49.36 128.33 0.30 0.70 0.69 1.29
132.48 42.02 45.23 119.15 0.32 0.50 0.44 1.04

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Phonon dispersions of ZrSiSN2, ZrSiSP2, and ZrSiSAs2
monolayers.

Fig. 3 AIMD simulations of the time-dependent total energy fluctu-
ation of (a) ZrSiSP2 and (b) ZrSiSAs2 monolayers at T = 500 K. Insets
show the crystal structures of the studied materials at the end of the
AIMD simulations.
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of Zr, Si, and S, and two X atoms. However, we can observe the
presence of an imaginary frequency in the ZrSiSN2 monolayer,
especially at the K point. Whereas, there are only positive
phonon frequencies in ZrSiSP2 and ZrSiSAs2 without any nega-
tive frequency, suggesting that these monolayers are more
dynamically stable than ZrSiSN2. Therefore, in the following
section, we only investigate and discuss the properties of the
ZrSiSP2 and ZrSiSAs2 monolayers.

We further examine the thermodynamic stability of ZrSiSP2
and ZrSiSAs2 by using AIMD simulations at T = 500 K within 20
ps. The total energy uctuations dependent on heating time
and the crystal structures aer testing are shown in Fig. 3. We
can see only a little uctuation, the total energy is quite stable
during the AIMD test. Aer heating for 20 ps, the lattice struc-
tures of ZrSiSP2 and ZrSiSAs2 are still robust. No structural
transitions or bond breaking is observed, demonstrating that
© 2023 The Author(s). Published by the Royal Society of Chemistry
these two monolayers are thermally stable. It is noted that the
heat of formation of a material is also an important parameter
for the thermodynamic stability test.38 The thermodynamic
stability requires that the formation energy of a material must
be below the convex hull.38 In this work, we only test the ther-
modynamic stability of the ZrSiSP2 and ZrSiSAs2 monolayers
based on the AIMD simulations.

To characterize the energetic stability of ZrSiSP2 and
ZrSiSAs2 for experimental synthesis, we calculate the cohesive
energy (Ecoh) using the following equation:

Ecoh ¼
Etot �

�
NZrEZr þNSiESi þNSES þNP=AsEP=As

�
NZr þNSi þNS þNP=As

; (1)

where Etot denotes the total energy in the unit-cell of the ZrSiSP2
and ZrSiSAs2 monolayers. EZr, ESi, ES, EP/As, NZr, NSi, NS, and NP/

As correspond to the single atom energies and total atom
number of Zr, Si, S and P/As, respectively. The obtained cohesive
energy values are −6.44 eV per atom for ZrSiSP2 and −6.09 eV
per atom for ZrSiSAs2, as shown in Table 1. The negative Ecoh
suggests that the two monolayers have energetically favorable
structures. Besides, the low Ecoh values (about −6 eV per atom)
are similar to that of other 2D Janus materials39 and lower than
that of the recently reported STiSiP2 (−4.78 eV per atom) and
STiSiAs2 (−4.49 eV per atom).40 Thus, the ZrSiSP2 and ZrSiSAs2
monolayers have high energetic stability for the experimental
synthesis.

In addition, to investigate the mechanical stability according
to the criterion of Born–Huang, the elastic constants Cij are
estimated. In principle, four elastic constants need to be
calculated C11, C12, C22, and C66. However, we have C66 = (C11 −
C12)/2 and C22 = C11 because of the hexagonal symmetry of the
ZrSiSP2 and ZrSiSAs2 structures. Therefore, we only have to
calculate C11 and C12 by polynomial tting of the dependence of
applied strain (in the range of −1.5% to 1.5%) on the elastic
energy.41 The attained Cij values are presented in Table 1. It is
found that the two monolayers have elastic constants that obey
the criterion of Born–Huang for mechanical stability with
positive C11 values and C11 − C12 > 0.42,43 Therefore, the ZrSiSP2
and ZrSiSAs2 structures are mechanically stable.

From the elasticity theory, Young's modulus Y2D as well as
Poisson's ratio n2D are achieved by utilizing the elastic constants
as follows:43

Y2D ¼ C11
2 � C12

2

C11

; (2)

n2D ¼ C12

C11

: (3)

As summarized in Table 1, the calculated Y2D value for
ZrSiSP2 is 128.33 N m−1 and ZrSiSAs2 is 119.15 N m−1. These
values are comparable to that of STiSiP2 (130.57 N m−1) and
STiSiAs2 (115.96 Nm−1)40 and much smaller than the Y2D values
of other reported Janus materials of graphene (336 N m−1),44

MoGe2P4 (183.76 N m−1), and MoSi2P4 (204.80 N m−1),45 This
ensures that the ZrSiSP2 and ZrSiSAs2 monolayers have higher
mechanical exibility. At the same time, the n value of ZrSiSP2 is
Nanoscale Adv., 2023, 5, 6705–6713 | 6707
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Fig. 4 The PBE band structures and corresponding PDOS of 2D Janus (a) ZrSiSP2 and (b) ZrSiSAs2 monolayers. The calculated band structures of
(c) ZrSiSP2 and (d) ZrSiSAs2 using the PBE + SOC method.

Fig. 5 Spin-polarized PDOS of 2D Janus (a) ZrSiSP2 and (b) ZrSiSAs2 monolayers.
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0.30 and ZrSiSAs2 is 0.32, which is consistent with the smaller
lattice constant a of the ZrSiSP2 monolayer. These attained n

values are larger than that of the other Janus materials.21,46–48
3.2 Electronic properties

Additionally, we explore the electronic properties of ZrSiSP2 and
ZrSiSAs2 for electronic applications. Fig. 4(a and b) show the
band structures examined by the PBE method along the G–M–

K–G direction in the rst Brillouin zone. The two monolayers
are exhibited as indirect band-gap semiconductors, with the
maximum valence band (VBM) located on the G-line and the
minimum conduction band (CBM) located at the GM-line. As
listed in Table 1, the band-gap value of ZrSiSP2 is 0.70 eV and
ZrSiSAs2 is 0.50 eV. We also obtain the partial density of states
(PDOS) to elucidate the contribution to electronic bands of the
6708 | Nanoscale Adv., 2023, 5, 6705–6713
orbitals as presented in Fig. 4(a) and (b). The p orbitals of Si, S,
and P/As show a remarkable contribution to the valence band
formation. Whereas the Zr-d orbital mainly contributes to the
conduction band and S-p and P/As-p orbitals only provide small
contributions to the CBM.

It is noted that the inuences of the SOC effect on the
compounds based on heavier elements are signicant. In
Fig. 4(c and d), we show the band structures of ZrSiSP2 and
ZrSiSAs2 calculated by the PBE + SOC method. It is shown that
when the SOC effect was taken into account, the spin degen-
eracy at the band edges is removed. Also, the band gap of the
studied structures is reduced due to the SOC effect. The PBE +
SOC band gaps of ZrSiSP2 and ZrSiSAs2 monolayers are found,
respectively, to be 0.69 and 0.44 eV, which are slightly smaller
than those calculated by the PBE method as listed in Table 1. In
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Calculated band structures of ZrSiSP2 and ZrSiSAs2 using the
HSE06 approach.
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Fig. 5, we show the spin-polarized PDOS of the studied systems.
It is found that the PDOS with the spin-up and spin-down
congurations is the same for both ZrSiSP2 and ZrSiSAs2. This
suggests that ZrSiSP2 and ZrSiSAs2 are non-magnetic materials.

The calculated band gaps of semiconductors from the PBE
method are generally underestimated.49 Then, the hybrid
functional34 or GW approximation50 are oen chosen to correct
the band gap of the semiconductors or insulators. These are the
methods considered suitable to obtain accurate results of the
semiconductor band gap.38 In this work, we use the HSE06
approach to correct the band gaps of ZrSiSP2 and ZrSiSAs2
monolayers. From Fig. 6, we can see that the band structures of
ZrSiSP2 and ZrSiSAs2 from the HSE06 approach are similar to
those from the PBE calculation results, with indirect-semi-
conductor characteristics. The HSE06 band-gaps of the mono-
layers are larger with 1.29 eV for ZrSiSP2 and 1.04 eV for
Fig. 7 Band structures of (a) ZrSiSP2 and (b) ZrSiSAs2 monolayers under

© 2023 The Author(s). Published by the Royal Society of Chemistry
ZrSiSAs2. In addition to the electronic applications for semi-
conductor materials with these moderate band-gap energies for
the absorption of visible light from the solar spectrum, ZrSiSP2
and ZrSiSAs2 are promising candidates for photovoltaic appli-
cations (Fig. 6).

Furthermore, we clarify the inuences of biaxial strains 3b on
the band structure of the studied ZrSiSP2 and ZrSiSAs2. Herein,
the 3b is expressed as 3b = (a − a0)/a0 × 100%, where a and a0
correspond to the distorted and undistorted lattice constants,
respectively. The band structures of ZrSiSP2 and ZrSiSAs2 under
a compressive strain of −6% to a tensile strain of +6% are
presented in Fig. 7. It is easy to observe that the applied strains
have a signicant inuence on the band-gap energy of the
monolayers. The conduction bands are shied far from the
Fermi level when the strains increase, leading to an increase in
the band-gap energies. Besides, for ZrSiSP2, the valence band
edge positions are also moved from the G-line to the M-line by
applied compressive strains. However, the ZrSiSP2 monolayer
still exhibits indirect band-gap semiconductor characteristics
because the CBM is located at the GM-path. The calculated
band-gap energy values dependent on the strains are shown in
Fig. 9(a). We can see that the description graphs of both ZrSiSP2
and ZrSiSAs2 have similar trends with increasing band-gap
values from the compressive to tensile strains.

Besides the biaxial strains, we also investigate the impacts of
an applied electric eld (E) on the ZrSiSP2 and ZrSiSAs2 band
structures. E with a strength of −4 to +4 V nm−1 is applied on
the studied monolayers. The negative and positive values are
applied, respectively, opposite to and along the z-direction. The
band-gap energies are decreased for the larger E as illustrated in
Fig. 8. The shape of band structures for both ZrSiSP2 and
ZrSiSAs2 monolayers do not change much. However, the electric
elds show a slight shi of the conduction band edge, resulting
compressive and tensile biaxial strains 3b.

Nanoscale Adv., 2023, 5, 6705–6713 | 6709
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Fig. 8 Band structures of (a) ZrSiSP2 and (b) ZrSiSAs2 at several values of E.

Fig. 9 Dependence of bandgaps of ZrSiSP2 and ZrSiSAs2 on the biaxial
strains (a) and electric fields (b).

6710 | Nanoscale Adv., 2023, 5, 6705–6713
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in lower band-gap energies from 0.72 to 0.68 eV for ZrSiSP2, and
0.54 to 0.46 eV for the ZrSiSAs2 monolayer. Fig. 9(b) shows the
band-gap values as a function of the applied E of the two
monolayers.
3.3 Transport properties

In order to conrm the promising electronic applications of the
studied materials, in this part, we investigate the transport
properties of the ZrSiSP2 and ZrSiSAs2 monolayers. Based on the
DP approximation, the carrier mobilities m2D can be estimated
as follows:37

m2D ¼ eħ3C2D

kBTm*mEd
2
; (4)

where ħ and kB correspond to the reduced Planck and Boltz-
mann constants, respectively. e refers to the charge of the

electron. m* and m ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
m*

xm*
y

q
are, respectively, the carrier and

average effective masses. T refers to the ambient temperature of
300 K. Ed denotes DP constant and C2D is the elastic modulus.

The effective masses m* of electrons and holes which
describe their response to E and directly affect the carrier
mobility m can be attained using the following expression:

m* ¼ ħ2
�
v2EðkÞ
vk2

��1
; (5)

where E(k) corresponds to the energy of carriers in the band
edges at a k wave-vector. According to eqn (5), the atter band
dispersions can lead to smaller v2E(k)/vk2, resulting in a larger
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Effective masses m* of electrons and holes (m0: the mass of a free electron), elastic modulus C2D (N m−1), DP constants Ed (eV), and
carrier mobilities m (cm2 V−1 s−1) of the studied ZrSiSP2 and ZrSiSAs2 along the x/y transport directions

m*
x m*

y C2D
x C2D

y Ed
x Ed

y mx my

Electron ZrSiSP2 1.17 5.05 189.69 189.71 −5.32 −3.75 49.99 23.57
ZrSiSAs2 1.36 5.93 171.45 171.46 −4.90 −3.45 39.33 18.19

Hole ZrSiSP2 1.37 1.60 189.69 189.71 −7.44 −7.44 36.09 30.89
ZrSiSAs2 1.41 1.43 171.45 171.46 −6.91 −6.91 38.15 37.62

Fig. 10 The strain-dependence 3uni
x/y of the total energies and CBM/VBM energies of (a) ZrSiSP2, and (b) ZrSiSAs2. The solid lines present the

fitted data.
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effective mass. Therefore, the band dispersions near valence
and conduction bands have signicant effects on them* values.
Table 2 summarizes the calculated m* in x and y directions of
the electrons and holes. Generally, m*

y values are larger than m*
x

for both the electrons and holes of the two monolayers.
The elastic modulus C2D can be calculated by using:

C2D ¼ 1

U0

v2Etot

v3uni2
; (6)

where 3uni, U0, and Etot are the applied strains, optimized
supercell area, and total energy in the x and y transport
directions.

The DP constant Ed is dened by:

Ed ¼ DEedge

3uni
; (7)

where DEedge refers to the changing energy at the valence and
conduction band edges.

The VBM/CBM positions and the total energy shiing are
evaluated along two in-plane directions within the applied
© 2023 The Author(s). Published by the Royal Society of Chemistry
strains 3uni of −0.4 to 0.4%. By tting the dependence of band
edge energies with strains, the C2D and Ed values can be ob-
tained.51,52 The calculated shiing energies and VBM/CBM
positions of the ZrSiSP2 and ZrSiSAs2 monolayers are presented
in Fig. 10. We can see that the C2D values are almost the same in
the x and y directions, with only slight differences in the C2D

x

and C2D
y from 189.69 to 198.71 N m−1 for ZrSiSP2 and 171.45 to

171.46 Nm−1 for ZrSiSAs2, respectively. Besides, the positions of
band edges are also independent of the two in-plane directions
for the two monolayers. Table 2 lists our calculated values of the
C2D and Ed. The DP constants of ZrSiSP2 and ZrSiSAs2 in the x
and y axes for the electrons are quite anisotropic. From eqn (4),
we can attain the m2D by using the above calculated C2D, m* and
Ed values as tabulated in Table 2. The carrier mobilities mx in the
x direction of the two studied structures are larger than the
carrier mobilities my in the y direction. This is related to their
effective masses, where m*

x is lower than m*
y . The electron

mobility values of ZrSiSP2 are also larger than the electron
mobilities of ZrSiSAs2, while the hole mobilities of ZrSiSAs2 are
larger than that of ZrSiSP2. The hole mobilities of about 30 cm2
Nanoscale Adv., 2023, 5, 6705–6713 | 6711
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V−1 s−1 of the studied monolayers are larger than the hole
mobility values of the recently reported 2D Janus STiSiP2 and
STiSiAs2 materials.40 Thus, we can see that the carrier mobilities
of ZrSiSP2 and ZrSiSAs2 are anisotropic not only in transport
directions but also for the electrons and holes.
4 Concluding remarks

Hence, we have designed and studied the crystal lattice as well
as the dynamic stability of the ZrSiSZ2 (Z= N, P, As) monolayers
using DFT calculations. Except for ZrSiSN2 with the presence of
an imaginary frequency in the phonon spectrum, the two
ZrSiSP2 and ZrSiSAs2 structures are dynamically stable and have
good thermal stability at room temperature and high energetic/
mechanical stabilities for the experimental synthesis. We then
systematically examine the electronic and transport properties
of these stable ZrSiSP2 and ZrSiSAs2 structures. The PBE and
HSE06 results demonstrate that the two studied monolayers are
in-direct semiconductors with band-gap energies of 1.04 to 1.29
eV for visible light absorption. Thesemoderate band gaps are an
advantage for photovoltaic applications of the ZrSiSP2 and
ZrSiSAs2 materials. The impacts of external electric elds and
applied biaxial strains on the band structures of the monolayers
are investigated. It is found that the band-gaps are slightly
decreased for a larger E while when the applied 3b increases
from the compressive to tensile strains, the band-gap energies
also increase. For the transport properties, the effective masses
and carrier mobilities are calculated based on the DP method.
The calculations show that the carrier mobility values in the x
direction of the two studied structures are larger than the
carrier mobilities in the y direction related to their lower
effective masses. The carrier mobilities of the ZrSiSP2 and
ZrSiSAs2 monolayers are anisotropic not only in transport
directions but also for the electrons and holes. We believe that
our study may inspire further investigations and studies to
explore more new 2D Janus materials with specic properties
for relevant applications.
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