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Two-dimensional (2D) Janus materials due to their asymmetric structures show fascinating spintronic and
piezoelectric properties making them a research hot spot in recent years. In this work, inspired by Janus group-III
monochalcogenides, we propose ZnAXY (A = Si, Ge, Sn, and X/Y = S, Se, Te, X < Y ) monolayers as a novel
structure with broken inversion and mirror symmetry. By calculating cohesive energy and phonon dispersion,
eight of nine possible ZnAXY monolayers are proved to be dynamically stable. In addition, thermal stability of
these eight structures is confirmed by ab initio molecular dynamics simulations. The electronic band structures
of ZnAXY monolayers indicate that all of them are indirect semiconductors with strong spin-orbit coupling
effects. Lack of inversion symmetry gives rise to Zeeman-type spin splitting at the K point of the conduction
band with the highest value of 136 meV for ZnSiSeTe. Furthermore, out-of-plane asymmetry results in Rashba
spin splitting (RSS) at the � point of the valence and conduction bands in the most compositions of Janus
ZnAXY monolayers. Among them, ZnGeSTe with α

�V
R of 1.79 eV Å and α�c

R of 0.862 eV Å and ZnSiSTe with
α

�V
R of 1.537 eV Å and α�c

R of 0.756 eV Å are found to be great materials for future spintronic applications.
Interestingly, in addition to large RSS, Mexican hat dispersion is observed at the � point of the topmost valence
band in these materials. Moreover, the calculated elastic coefficients for the hexagonal ZnAXY monolayers
confirm the mechanical stability of the predicted structures. Finally, Janus ZnAXY monolayers possess high
in-plane (up to 7.46 pm/V) and out-of-plane (up to 0.67 pm/V) piezoelectric coefficients making them appealing
alternatives for prevalent piezoelectric materials.

DOI: 10.1103/PhysRevB.107.075443

I. INTRODUCTION

After the successful synthesis of graphene in 2004 [1],
two-dimensional (2D) materials have demonstrated a grow-
ing interest in different applications due to their intriguing
properties and capabilities [2–5]. In the past decade, many
experimental and theoretical researches have been trying
to develop emerging 2D materials such as transition metal
dichalcogenides (TMDs) [6–11], hexagonal boron nitride
[12–15], 2D Xenes (e.g., phosphorene [16], silicene [17–20],
etc.) and group-III monochalcogenides [21,22]. It is well-
known that fascinating physical properties of 2D materials
can be regulated by changing their atomic structures through
chemical functionalization of surface atoms [23]. Surface
functionalization strategies can be exploited to fabricate a
new class of 2D materials with two different faces in their
structures called Janus materials that has attracted burgeon-
ing attention in recent years [24]. Research on 2D Janus
materials began with theoretical calculations on hydrogena-
tion and halogenation of graphene and its derivatives and
the modified electronic, magnetic, and mechanical proper-
ties were explored [25–30]. In 2013, Zhang et al. for the
first time experimentally realized a graphene-based Janus ma-
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terial by a two-step surface covalent functionalization and
investigated its chemical reactivity and surface wettability
of two sides [31]. Then, in 2017 the landmark synthesis
of MoSSe as the first Janus TMD (JTMD) spurred a large
amount of research in the field of 2D Janus materials [32,33].
Meanwhile, studies revealed that strong spin-orbit coupling
(SOC) and mirror asymmetry in the atomic structure of 2D
Janus materials give rise to Rashba spin splitting (RSS) phe-
nomenon, endowing them with great potential for application
in next generation spintronic devices. As an example, Hu
et al. in 2018 systematically investigated the electronic band
structures of different Janus TMD monolayers with chemi-
cal formula of MXY (M = Mo, W, and X/Y = S, Se, Te)
[34]. They observed that similar to conventional TMDs, in
all types of Janus TMDs Zeeman-type spin splitting and
valley polarization at K (K ′) point exist due to the pre-
served in-plane asymmetry. In addition, in all MXY structures
Rashba spin splitting appears around the � point as a result
of broken out-of-plane mirror symmetry in Janus TMDs. In
fact, different electronegativity of X and Y atoms builds an
internal electric field perpendicular to the MXY plane and
induces RSS in these polar systems [34]. As a more sophis-
ticated Janus system, Patel et al. in 2022 proposed Janus
TMD van der Waals heterostructures MoXY /WXY (X,Y =
S, Se, Te; X �= Y ) and examined their band gaps and Rashba
parameters using first-principles calculations [35]. Beyond
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JTMDs, different Janus structures of group-III monochalco-
genide monolayers XMMY , XMM’X and XMM ′Y (M/M ′ =
Ga or In and X/Y = S, Se, Te) with four sublayers were
theoretically investigated and their stabilities were proven
by first-principles method [36–40]. It was shown that Janus
group-III monochalcogenides are semiconductors with band
gaps in the range of 0.89–2.03 eV and in-plane piezoelectric
coefficients four times higher than the maximum coefficient of
their symmetric counterparts [37]. Moreover, a considerable
optical absorption coefficient in the visible and near ultraviolet
region is achieved for Janus M2XY monolayers which ren-
der them as highly efficient photocatalytic materials [36]. Ju
et al. in 2020 observed a remarkable Rashba spin splitting in
Janus group-III monochalcogenide monolayers which could
be manipulated by external electric field and biaxial strain
and proposed these monolayers as promising materials for
future spintronic applications [40]. Quite recently, Zhang et al.
introduced ZnXY 2 (X = Si, Ge, Sn and Y = S, Se, Te) mono-
layers as a new class of Janus group-III monochalcogenides
based on the similarity in atomic structure and number of
valence electrons [41]. After investigating the stability of nine
ZnXY 2 structures, they studied the mechanical, electronic,
and piezoelectric properties of the seven monolayers where
their stability was validated using first-principles calculations.
It was shown that ZnXY 2 monolayers are wide direct band
gap semiconductors with large effective mass difference be-
tween electrons and holes. They are also found to be flexible
materials with higher in-plane piezoelectricity with respect
to the conventional Janus group-III monochalcogenides and
common piezoelectric materials. These fascinating properties
represent ZnXY 2 structures as appropriate materials to be
used in future optoelectronic applications, flexible devices,
and electromechanical systems. The exciting properties of
ZnXY 2 monolayers as well as the burgeoning need for new
Janus 2D materials inspired us to propose ZnAXY (A = Si,
Ge, Sn and X/Y = S, Se, Te, X < Y ) monolayers as another
type of Janus group-III monochalcogenides. Owing to the
successful synthesis of ZnX and AY monolayers [42,43], it
is reasonable to speculate the realization of ZnAXY through
intercalating these monolayers. Having a large atomic size and
electronegativity difference, the proposed ZnAXY structures
are predicted to induce higher RSS effect and piezoelectricity
in comparison with ZnXY 2 or conventional Janus group-III
monochalcogenides. In this paper, we systematically inves-
tigate the stability, and structural, electronic, spintronic, and
piezoelectric properties of Janus ZnAXY monolayers using
first-principles calculations. After introducing the geometry
of proposed structure, cohesive energy, phonon dispersion
and ab initio molecular dynamics (AIMD) are calculated to
validate the stability of ZnAXY monolayers. For the eight sta-
ble monolayers, the structural parameters after relaxation are
obtained. Then, important electrical features such as charge
transfer, electrostatic potential energy distribution, dipole mo-
ment, electronic band structure, and partial density of states
(PDOS) are investigated. Our results show that all the eight
stable ZnAXY monolayers are semiconductors with indirect
band gap ranging from 0.59 to 1.43 eV. In addition, similar
to other Janus materials, ZnAXY monolayers exhibit distinct
spin splitting in their band structures. The extracted values for
Zeeman spin splitting coefficients at the K point of the valence

band and Rashba coefficients at the � point of the valence and
conduction bands indicate strong spin-related properties in
some ZnAXY monolayers making them fascinating materials
for valleytronic and spintronic devices. Lastly, in-plane and
out-of-plane piezoelectric coefficients are calculated and com-
pared with fashionable bulk piezoelectric materials and 2D
Janus structures. The remarkably higher out-of-plane piezo-
electric coefficients in some ZnAXY monolayers pave the
way for fabricating more sensitive and controllable nanoscale
piezoelectric devices.

II. COMPUTATIONAL METHODS

In this paper, all simulations are carried out using SIESTA

simulation package [44,45] based on density functional theory
(DFT). For the exchange-correlation potential, the generalized
gradient approximation with Perdew-Burke-Ernzerhof [46]
is employed. For energy band calculations, fully relativistic
pseudopotentials are adopted and the SOC effect is also taken
into account. The maximum cutoff energy is set to be 200 Ry
and a double-ζ plus polarization basis set is considered. The
convergence criterion on the total energy is 10−6 eV and the
geometries are fully relaxed until the Hellman-Feynman force
on each atom becomes less than 0.01 eV Å−1. A Monkhorst-
Pack k point grid of 15 × 15 × 1 is utilized to integrate over
the first Brillouin zone. A large enough vacuum region (>
20 Å) is set to avoid interlayer Coulomb interaction in the
normal direction. The AIMD simulation is carried out using
the canonical ensemble (NV T ) and Nosé-Hoover thermostat
at 300 K for 6 ps (with time step of 4 fs) on a 5 × 5 × 1
supercell to investigate the thermal stability of the proposed
monolayers. The relaxed-ion elastic constants are computed
using the finite difference method by the stress arising from
a small applied strain [47]. Lastly, piezoelectric tensors are
obtained by the geometric Berry phase approach in which
the electronic contribution to the polarization along a chosen
direction is calculated through the following equation [48]:

Pe,‖ = i f qe

8π3

∫
A

dk⊥
M∑

n=1

∫ |G‖|

0
dk‖

〈
ukn

∣∣∣∣ δ

δk‖

∣∣∣∣ukn

〉
, (1)

where f is the occupation number of states in the valence
band, qe is the charge of electron, M is the number of occupied
bands, ukn are the periodic Bloch functions, and G‖ is the
shortest reciprocal lattice vector along the given direction.

III. RESULTS AND DISCUSSION

A. Structural parameters and stability

Figure 1 illustrates the geometric structure of Janus
ZnAXY (A = Si, Ge, Sn, and X/Y = S, Se, Te, X < Y ) mono-
layers with four sublayers X -Zn-A − Y which is similar to
the atomic structure of Janus group-III monochalcogenides
[40]. In these monolayers, Zn atom is sandwiched between
one chalcogen atom (X ) on one side and two atoms on the
other side consisting of one group IV (A) and one chalcogen
(Y ). It should be noted that in all structures the chalcogen (X )
connected to Zn is smaller than the chalcogen (Y ) connected
to A as schematically shown in Fig. 1(b).
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FIG. 1. (a) Top and (b) side views of the proposed Janus ZnAXY
monolayer. The unit cell is displayed by the dashed lines.

The structural parameters obtained after relaxation are
summarized in Table I. By inspecting the lattice constants (a),
it can be seen that ZnSnSeTe, which is the heaviest structure,
possesses the largest value of 4.207 Å. It is also observed that
among ZnAXY structures with fixed A atom (Si, Ge, or Sn),
the largest lattice constant belongs to ZnASeTe, which con-
tains chalcogens with the largest atomic radius. On the other
hand, the lightest structure (ZnSiSSe) owns the smallest lattice
constant of 3.814 Å. Moreover, increasing the atomic radius of
A (Si → Sn), dZn−X , dA−Y , dZn−A and the total thickness of
the monolayer increase due to the decreased attractive force
of the A atom in the structure. The stability of the studied
structures is investigated by calculating cohesive energy (Ecoh)
through the following equation [49]:

Ecoh = Etotal − (EZn + EA + EX + EY )

N
, (2)

where Etotal is the total energy of the Janus ZnAXY monolayer,
EZn, EA, EX and EY are energies of isolated Zn, A, X , and
Y atoms, respectively, and N is the number of atoms in the
unit cell. The negative values of cohesive energy indicate that
ZnAXY monolayers are energetically stable. Our calculation
results show that ZnSiSSe is the most stable structure due to
its smallest Ecoh of −4.403 eV/atom (Table I). As can be seen,
Ecoh of all structures are lower than the experimentally fabri-
cated MoS2 (−2.63 eV/atom) and MoSSe (−2.34 eV/atom)
[50], which ensures stability of the proposed structures.

As an accurate method to check the dynamic stability,
the phonon dispersion calculations have been carried out for
the proposed Janus ZnAXY monolayers and the results are
depicted in Fig. 2. Absence of negative frequency in the
Brillouin zone confirms the dynamic stability of the eight
studied structures. We also examine the thermal stability of

these eight monolayers through AIMD simulation at 300 K
lasting for 6 ps with 1500 steps of 4 fs. Figure 3 shows the
total energy fluctuation (�E%) and the inset illustrates the
optimized structures before and after heating at 300 K. The
small fluctuations of total energy together with the robustness
of the structures during the whole heating period confirm the
thermal stability of all ZnAXY monolayers. Nevertheless, a
moderate ascending trend in the energy fluctuation graph and
a slight deformation of the heated structure make ZnSiSSe
relatively less thermally stable compared to the other ZnAXY
monolayers. In addition to the results of cohesive energy,
phonon dispersion, and AIMD calculations, which validated
the stability of the proposed structures, the earlier synthesis
of ZnX and AY sublayers is a strong proof of the fabrication
feasibility of ZnAXY monolayers [42,43,51–53].

B. Electronic and spintronic properties

Lack of mirror symmetry in Janus 2D materials results in
some fascinating polarization-dependent properties. For ex-
ample, different electronegativities of lower and upper atoms
in the ZnAXY monolayer induce an internal electric field and
charge transfer between atoms which can be understood by
Bader charge population analysis (Table II). Negative values
in Table II represent electron loss of corresponding atoms
while positive values show electron accumulation around
them. As expected, in all structures charges transfer from Zn
and A atoms to their connected chalcogens (X and Y ) due to
the larger electronegativity of the chalcogen family. Since the
amount of charge transfer from Zn to X is different from A to
Y , a nonzero out-of-plane electric field emerges in ZnAXY
structures. This internal electric field can be confirmed by
the electrostatic potential distributions illustrated in Fig. 4.
Work functions at X and Y surfaces of the studied structures
are accompanied by their dipole moments as the parameters
showing the polarization effect in asymmetric Janus structures
are listed in Table III. The work function difference between
X and Y atoms (see �φ in Fig. 4) is proportional to the
dipole moment of the structures. The largest �φ (2.186 eV)
and dipole moment (0.721 Debye) belong to the ZnSiSSe
monolayer, whereas ZnSnSTe possesses the smallest �φ and
dipole moment (0.749 eV and 0.346 debye). The sharper slope
of the potential energy diagram at the X side compared to the
Y side (Fig. 4) indicates that the internal electric field from Zn
to X is stronger than from A to Y , which is in agreement with
the results of Bader charge transfer analysis in Table II. This

TABLE I. The lattice constant (a), Zn-X bond length (dZn−X ), A-Y bond length (dA−Y ), Zn-A bond length (dZn−A), thickness, and cohesive
energy (Ecoh) of the studied structures.

a (Å) dZn−X (Å) dA−Y (Å) dZn−A (Å) Thickness (Å) Ecoh (eV/atom)

ZnSiSSe 3.814 2.282 2.567 2.568 4.494 −4.403
ZnSiSTe 4.018 2.346 2.849 2.642 4.662 −3.92
ZnSiSeTe 4.123 2.449 2.875 2.541 4.74 −3.763
ZnGeSSe 3.865 2.284 2.622 2.707 4.582 −4.324
ZnGeSTe 4.047 2.351 2.888 2.783 4.759 −3.865
ZnGeSeTe 4.148 2.447 2.915 2.69 4.864 −3.709
ZnSnSTe 4.101 2.375 3.03 3.047 5.142 −3.758
ZnSnSeTe 4.207 2.464 3.057 2.934 5.218 −3.618
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FIG. 2. The calculated phonon spectra of eight stable ZnAXY monolayers.

can be attributed to the higher electronegativity difference of
Zn and X with respect to A and Y atoms.

In order to investigate the electronic properties of Janus
ZnAXY monolayers, their band structures and partial densities
of states (PDOSs) are calculated and shown in Fig. 5. As
can be seen from the electronic band structures, all proposed
ZnAXY monolayers are semiconductors with indirect band
gaps. The smallest band gap of 0.54 eV belongs to ZnSiSeTe
in which conduction band minimum (CBM) and valence band
maximum (VBM) are located at M and � points, respectively.
On the other hand, the ZnGeSTe possesses the largest band
gap of 1.43 eV with the CBM between � and M points
and VBM along the �-K path. To understand the contribu-
tion of each atom to the electronic states around the Fermi
level, PDOSs of all monolayers are plotted next to their band
structures in Fig. 5. By inspecting the PDOSs at the edge of

the valence band it is found that in all structures p orbitals
of chalcogen atoms (X and Y ) are mainly responsible for
the VBM. Moreover, comparing the shape of band structures
around VBM, we observe Mexican-hat-like dispersion in the
vicinity of � point of all structures except ZnSiSSe, ZnSiSeTe,
and ZnSnSTe. Emergence of the Mexican hat in the topmost
valence band moves the VBM from the � point to a point
along the �-K path. The other peak of the Mexican hat occurs
along the �-M direction which is negligibly lower (∼0.01 eV)
than the VBM. Furthermore, Mexican hat dispersion induces a
large Van Hove singularity in the PDOS at the energy slightly
lower than the energy of VBM which corresponds to the
Mexican hat’s saddle point in the band structure. Considering
the edge of the conduction band, CBM is mainly constructed
of p orbitals of group IV atoms (A) and partly p orbitals of the
chalcogens connected to A atoms (Y ).
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300 K 300 K 300 K

300 K 300 K 300 K

300 K 300 K

FIG. 3. The ab initio molecular dynamics (AIMD) simulation results at 300 K of ZnAXY monolayers. The inset shows the snapshots of
5 × 5 × 1 supercells at 0 and 6 ps.

To explore the SOC effect in our Janus monolayers,
the spin-related parameters are extracted from correspond-
ing band structures and presented in Table IV. Moreover, to
provide better insight into the Zeeman and Rashba type spin
splitting, the related parameters are demonstrated in the band
structure of ZnGeSTe and presented in Fig. 6. The first column
of Table IV (λKC ) represents the magnitude of Zeeman spin
splitting at the K point of the conduction band which has the
highest values of 136 and 127 meV for ZnSiSeTe and ZnSiSTe
monolayers, respectively. This valley dependent spin splitting
is the result of inversion asymmetry in ZnAXY monolayers.
Moreover, strong out-of-plane asymmetry in Janus ZnAXY
structures leads to distinct Rashba spin splitting in their band
structures. The Rashba coefficient, an important parameter to

TABLE II. The results of Bader charge population analysis of
Janus ZnAXY monolayers.

X (e) Zn (e) A (e) Y (e)

ZnSiSSe 0.811 −0.831 −0.636 0.656
ZnSiSTe 0.85 −0.824 −0.428 0.402
ZnSiSeTe 0.685 −0.67 −0.388 0.373
ZnGeSSe 0.846 −0.774 −0.716 0.644
ZnGeSTe 0.86 −0.81 −0.483 0.432
ZnGeSeTe 0.71 −0.697 −0.44 0.427
ZnSnSTe 0.871 −0.824 −1.879 1.831
ZnSnSeTe 0.744 −0.662 −0.798 0.717

determine the strength of RSS, is defined by αR = 2ER/KR

where ER and KR are Rashba energy and momentum off-
set, respectively (see Fig. 6) [54,55]. Looking at the Rashba
coefficients at the � point of the valence band it is found
that except ZnSiSSe, ZnSiSeTe, and ZnSnSTe, the other five
monolayers have considerable Rashba spin splittings. The
values of 1.79 eV Å and 1.537 eV Å as α

�V
R for ZnGeSTe

and ZnSiSTe are much higher than the Rashba coefficients
reported for most Janus TMDs [56]. It is worth noting that the
existence of both large RSS and Mexican-hat dispersion at the
� point of the topmost valence band of these five structures
(Fig. 5) makes them good candidates for future spintronic
applications. Considering the Rashba coefficients at the �

TABLE III. The Work functions of X and Y atomic surfaces
(φX and φY ) and dipole moments (μ) of the studied Janus ZnAXY
structures.

φX (eV) φY (eV) μ (Debye)

ZnSiSSe 6.047 3.861 0.721
ZnSiSTe 5.391 3.274 0.656
ZnSiSeTe 5.283 3.307 0.694
ZnGeSSe 5.609 4.312 0.482
ZnGeSTe 4.813 3.544 0.436
ZnGeSeTe 5.072 3.742 0.516
ZnSnSTe 4.634 3.885 0.346
ZnSnSeTe 5.042 4.062 0.463
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3

FIG. 4. The electrostatic potential energy of Janus ZnAXY monolayers along the z direction. The values of work function difference �φ

are inserted inside the figures.

point of the lowest conduction band (α�C
R ) in Table IV, it

can be seen that six structures possess nonzero coefficients
while ZnSiSSe and ZnGeSSe do not experience RSS at this
point, which is consistent with their band structures shown
in Fig. 5. Close scrutiny of the first and second conduction
bands around the M point reveals small RSS in all structures,
especially in monolayers containing a Te atom. Finally, it
should be mentioned that since the proposed Janus structures
do not have heavy transition metals (e.g., Mo and W) in their
compounds, the observed Rashba effect is mostly originated
from the broken out-of-plane symmetry in these monolayers.

For better comprehension of spin-related phenomena such
as Rashba and Zeeman spin splittings, plots of spin texture
for ZnGeSTe in the first Brillouin Zone are given in Fig. 7.
The plots are drawn in the Kx-Ky plane centered at � point for

the first and second valence and conduction bands. In these
plots, the black arrows and colored contours indicate the in-
plane (Sx(k), Sy(k)) and out-of-plane (Sz(k)) spin polarization
vectors, respectively. In Figs. 7(a) and 7(b), the clockwise
and counterclockwise rotation of arrows around the � point
of first and second valence bands with no out-of-plane spin
polarization component (Sz(k)) prove RSS characteristics in
the ZnGeSTe valence band. This result is in agreement with
the large value of α

�V
R (1.79 eV Å) for ZnGeSTe reported in

Table IV. In the same way, it can be inferred from Figs. 7(c)
and 7(d) that there is a strong RSS around the � point and a
weak RSS around the M point of the first and second conduc-
tion bands in ZnGeSTe monolayer. Finally, the dark blue and
red contours at the K point of the first and second conduction
bands imply opposite spin polarization, which corresponds to

075443-6



ELECTRONIC, SPINTRONIC, AND PIEZOELECTRIC … PHYSICAL REVIEW B 107, 075443 (2023)

FIG. 5. The band structures of Janus ZnAXY monolayers along with their partial density of states (PDOS).

the Zeeman spin splitting observed in the band structure of
ZnGeSTe.

In order to delve deep into the electronic and spintronic
properties of ZnAXY monolayers, the spatial charge density

TABLE IV. The spin splitting at the K point of conduction band
(λKC ), the Rashba coefficient at the � point of valence band (α�V

R )
and � point of conduction band (α�C

R ).

λKC (meV) α
�V
R (eV Å) α

�C
R (eV Å)

ZnSiSSe 68 0.0 0.0
ZnSiSTe 127 1.537 0.756
ZnSiSeTe 136 0.0 0.309
ZnGeSSe 17 0.927 0.0
ZnGeSTe 77 1.79 0.862
ZnGeSeTe 85 0.926 0.335
ZnSnSTe 11 0.0 0.399
ZnSnSeTe 3 0.993 0.342

distributions of ZnSnSTe and ZnSnSeTe at � and K points
of the lower conduction band (LCB) and the � point of the
upper valence band (UVB) are visualized in Fig. 8. The charge
density distribution at the � point of LCB shows a highly
localized charge density at Zn and its connected chalcogen
(S or Se) of ZnSnSTe and ZnSnSeTe monolayers which is
a result of their structural asymmetry. Considering the side
view of charge density distribution at the K valley of LCB,
it is observed that in contrast to the � point the charge is
distributed around Sn and Te atoms in both ZnSnSTe and
ZnSnSeTe structures, while there is no charge density around
Zn and its connected chalcogen. Furthermore, it is obvious
from the top view of charge density plots of LCB at the K
point that charge density is delocalized and expanded between
Sn and Te atoms in ZnSnSTe and ZnSnSeTe monolayers. The
similar behavior of charge distribution in the LCB of ZnSnSTe
and ZnSnSeTe coincides with the nearly equal values of λKC

and α
�C
R in Table IV for these two materials. Lastly, at the �

point of UVB in ZnSnSTe the charge density is distributed
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FIG. 6. The band structure of Janus ZnGeSTe monolayer with
specified Zeeman and Rashba spin splittings. The Rashba energy
(ER) and momentum offset (KR) are indicated in the magnified
window.

along the bonds between Sn and Te while in ZnSnSeTe is
localized at Sn, Se, and Te atoms. These different charge
distributions are compatible with largely different values of
α

�V
R in ZnSnSTe and ZnSnSeTe monolayers.

C. Piezoelectric properties

Due to the lack of centrosymmetry and out-of-plane mirror
symmetry, the proposed Janus ZnAXY structures are highly

expected to show piezoelectric effect. The piezoelectric co-
efficient of 2D piezoelectric materials (di j) is related to the
elastic tensor (Cjk) and the piezoelectric tensor (eik) through
the following equation [41]:

eik = di jCjk, (3)

where the piezoelectric tensor and coefficient for ZnAXY with
P3m1 point group symmetry can be expressed as

ei j =
⎛
⎝−e11 e11 0

0 0 0
e31 e31 e33

e15 0 0
0 e15 −e11

0 0 0

⎞
⎠ , (4)

di j =
⎛
⎝−d11 d11 0

0 0 0
d31 d31 d33

d15 0 0
0 d15 −2d11

0 0 0

⎞
⎠, (5)

where e11 and e31 represent in-plane and out-of-plane polar-
izations, respectively. In 2D materials, stresses and strains
are only permitted within the basal plane [57], while the
normal axis is strain/stress free (i.e., ε3 = ε4 = ε5 = 0 and
σ3 = σ4 = σ5 = 0). Therefore, e15/d15 = 0 and e33/d33 = 0.
Solving Eq. (3) using the above matrices results in in-plane
(d11) and out-of-plane (d31) polarization coefficients:

d11 = e11

C11 − C12
, (6)

d31 = e31

C11 + C12
, (7)

where C11 and C12 stand for relaxed-ion elastic stiffness co-
efficients. The calculated elastic and piezoelectric coefficients
for the proposed ZnAXY monolayers are listed in Table V. It
can be seen that C11 ranges from 54.89 to 75.64 N/m and C12

1st Valence Band

Γ K

M

2nd Valence Band

1st Conduction Band 2nd Conduction Band

(a) (b)

(c) (d)

FIG. 7. Plots of spin texture for the first and second (a), (b) valence bands, and (c), (d) conduction bands of ZnGeSTe.
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FIG. 8. Spatial charge density distributions of ZnSnSTe and ZnSnSeTe at the �- and K points of the lower conduction band (LCB), and
the � point of the upper valence band (UVB).

from 16.48 to 27.56 N/m. It is well known that in hexago-
nal structures, C11 > |C12| should be satisfied for mechanical
stability [58]. As observed in Table V, for all monolayers
C11 is larger than the corresponding C12, which fulfills the
mentioned mechanical criterion and proves that all proposed
structures are mechanically stable. It can also be seen that
the in-plane piezoelectric coefficient (d11) is in the range of
2.37 to 7.46 pm/V. These values of d11 are in the same order
or even higher than those of commercial bulk piezoelectric
materials such as quartz (2.3 pm/V) [59], wurtzite-GaN (3.1
pm/V) [60], and wurtzite-AlN (5.1 pm/V) [60] and newly
emerging 2D materials like MoS2 (3.73 pm/V) [61], GaSe
(2.30 pm/V) [62], MoSeTe (4.17 pm/V) [63], and Janus
group-III monochalcogenides (1.91–8.47 pm/V) [37,64]. As
can be seen in Table V, broken out-of-plane symmetry in
Janus ZnAXY leads to nonzero values of e31 and d31. The
minus sign of the out-of-plane piezoelectric coefficient shows
the direction of polarization. Comparing d31 and d11 values,
it is observed that out-of-plane piezoelectric coefficients are
about one order of magnitude smaller than in-plane coeffi-
cients. Further inspection of Table V reveals that in ZnAXY
structures with the same A atom, e11 and e31 decrease when

the atomic size of constituents increases. This trend can be
attributed to the decrease of the electronegativity difference
between Zn (A) and X (Y) atoms (|�γZn−X | and |�γA−Y | ),
which leads less asymmetric charge distribution and conse-
quently smaller piezoelectricity [41]. Moreover, our results
show that piezoelectricity is also dependent on interatomic
distance between Zn (A) and X (Y ) atoms (see dZn−X and
dA−Y in Table I) and larger distances correspond to smaller
piezoelectric coefficients. It is worth noting that there are
limited 2D materials that possess a nonzero out-of-plane
piezoelectric coefficient [41,65,66] and our observed d31 for
ZnAXY monolayers can be of great importance. Besides,
as shown in Table V, d31 ranges from 0.32 to 0.67 pm/V,
which is higher than the reported values for Janus group-III
monochalcogenides (0.07–0.46 pm/V) [63], Janus transition
metal dichalcogenide monolayers (0.004–0.41 pm/V) [63,67],
and ZnXY 2 (0.2−0.58 pm/V) [41]. The large values of d31

for ZnSiSSe (0.66 pm/V) and ZnGeSSe (0.67 pm/V) make
them promising materials to be used in flexible piezoelectric
devices and increase the compatibility with current micro-
electronic technologies which consist of vertically stacked
functional layers.

TABLE V. The calculated relaxed-ion elastic stiffness coefficients (C11 and C12) and piezoelectric coefficients (e11, e31, d11, and d31) of
Janus ZnAXY monolayers and the electronegativity differences between Zn (A) and X (Y ) atoms (|�γZn−X | and |�γA−Y | )

C11 (N/m) C12 (N/m) e11 (10−10 C/m) e31 (10−10 C/m) d11 (pm/V) d31 (pm/V) |�γZn−X | |�γA−Y |
ZnSiSSe 60.84 16.48 3.31 −0.51 7.46 −0.66 0.93 0.65
ZnSiSTe 69.37 22.01 1.46 −0.41 3.08 −0.45 0.93 0.2
ZnSiSeTe 54.89 20.84 1.11 −0.29 3.26 −0.38 0.9 0.2
ZnGeSSe 66.44 27.56 2.35 −0.63 6.04 −0.67 0.93 0.54
ZnGeSTe 75.64 24.92 1.2 −0.38 2.37 −0.38 0.93 0.09
ZnGeSeTe 60.61 22.47 1.06 −0.32 2.78 −0.39 0.9 0.09
ZnSnSTe 69.67 22.63 1.18 −0.35 2.51 −0.38 0.93 0.14
ZnSnSeTe 68.82 21.31 1.16 −0.29 2.44 −0.32 0.9 0.14
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IV. CONCLUSIONS

In this paper, we studied the structural, electronic, spin-
tronic, and piezoelectric properties of 2D Janus ZnAXY (A =
Si, Ge, Sn, and X/Y = S, Se, Te, X < Y ) monolayers using
first-principles calculations. In order to validate the stability
of the proposed structures, cohesive energies, phonon disper-
sions, and AIMD were calculated and the results revealed
that all possible ZnAXY monolayers except ZnSnSSe are
dynamically stable. Lack of out-of-plane symmetry in Janus
ZnAXY structures leads to various polarization-related effects
such as non-zero internal electric field, dipole moment, and
work function difference between X and Y surfaces. The cal-
culated electronic band structures for the eight stable ZnAXY
monolayers showed that all of them are semiconductors with
indirect band gaps in the range of 0.59–1.43 eV. In terms of
SOC effect, lack of inversion symmetry in ZnAXY monolay-
ers results in Zeeman-type spin splitting at the K point of
the conduction band which has the highest value of 136 meV
for ZnSiSeTe. Moreover, broken out-of-plane symmetry gives
rise to Rashba spin splittings at the � point of valence and

conduction bands. The large Rashba coefficient (1.79 eV Å)
observed in the proposed ZnGeSTe is much higher than the
largest Rashba coefficients reported for Janus TMDs. The spin
texture plots in the first Brillouin zone of first and second
conduction and valence bands for ZnGeSTe were demon-
strated and the opposite rotation of arrows around the � point
along with zero out-of-plane spin polarization components
confirmed the observed RSS at this point. Furthermore, large
in-plane (2.37−7.46 pm/V) and out-of-plane piezoelectric
coefficients (0.32-0.67 pm/V) are witnessed in ZnAXY mono-
layers due to the breaking of inversion and mirror symmetry.
These coefficients are comparable to or higher than those of
conventional bulk and 2D piezoelectric materials. In sum-
mary, great electronic, spintronic, and piezoelectric properties
of the proposed Janus ZnAXY monolayers indicate that these
structures have a promising prospect in the future for 2D
sensors, actuators, and other electromechanical devices.

ACKNOWLEDGMENT

This research is funded by Babol Noshirvani University of
Technology, research grant program No. P/M/1121.

[1] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y.
Zhang, S. V. Dubonos, I. V. Grigorieva, and A. A. Firsov,
Electric field effect in atomically thin carbon films, Science 306,
666 (2004).

[2] G. R. Bhimanapati, Z. Lin, V. Meunier, Y. Jung, J. Cha, S. Das,
D. Xiao et al., Recent advances in two-dimensional materials
beyond graphene, ACS nano 9, 11509 (2015).

[3] K. Khan, A. K. Tareen, M. Aslam, R. Wang, Y. Zhang, A.
Mahmood, Z. Ouyang, H. Zhang, and Z. Guo, Recent de-
velopments in emerging two-dimensional materials and their
applications, J. Mater. Chem. C 8, 387 (2020).

[4] S. G. Rudi, R. Faez, M. K. Moravvej-Farshi, and K.
Saghafi, Effect of Stone-Wales defect on an armchair graphene
nanoribbon-based photodetector, Superlattices Microstruct.
130, 127 (2019).

[5] S. G. Rudi and S. Soleimani-Amiri, Bilayer armchair graphene
nanoribbon photodetector with Stone-Wales defect: A com-
putational study, Mater. Sci. Semicond. Process. 150, 106918
(2022).

[6] S. Manzeli, D. Ovchinnikov, D. Pasquier, O. V. Yazyev, and A.
Kis, 2D transition metal dichalcogenides, Nature Rev. Mater. 2,
17033 (2017).

[7] A. H. Castro Neto, Charge Density Wave, Superconductiv-
ity, and Anomalous Metallic Behavior in 2d Transition Metal
Dichalcogenides, Phys. Rev. Lett. 86, 4382 (2001).

[8] Z. Wei, B. Li, C. Xia, Y. Cui, J. He, J.-B. Xia, and J. Li,
Various structures of 2D transition-metal dichalcogenides and
their applications, Small Methods 2, 1800094 (2018).

[9] S. Ahmed and J. Yi, Two-dimensional transition metal dichalco-
genides and their charge carrier mobilities in field-effect
transistors, Nano-Micro Lett. 9, 1 (2017).

[10] S. Soleimani-Amiri and S. G. Rudi, Effects of sulfur line
vacancy defects on the electronic and optical properties of arm-
chair MoS2 nanoribbon, Opt. Mater. 110, 110491 (2020).

[11] S. G. Rudi and S. Soleimani-Amiri, Modulation of electronic
and optical properties of line defected armchair MoS2 nanorib-

bon by vacancy passivation, J. Phys. Condens. Matter 33,
185503 (2021).

[12] M. Hofmann, Y. C. Shin, Ya-Ping Hsieh, M. S. Dresselhaus,
and J. Kong, A facile tool for the characterization of two-
dimensional materials grown by chemical vapor deposition,
Nano Res. 5, 504 (2012).

[13] L. Song, L. Ci, H. Lu, P. B. Sorokin, C. Jin, J. Ni, A.
G. Kvashnin, D. G. Kvashnin, J. Lou, B. I. Yakobson, and
P. M. Ajayan, Large scale growth and characterization of
atomic hexagonal boron nitride layers, Nano Lett. 10, 3209
(2010).

[14] J. Zhang, B. Tan, X. Zhang, F. Gao, Y. Hu, L. Wang, X. Duan,
Z. Yang, and P. Hu, Atomically thin hexagonal boron nitride
and its heterostructures, Adv. Mater. 33, 2000769 (2020).

[15] S. Yuan, C. Shen, B. Deng, X. Chen, Q. Guo, Y. Ma, A. Abbas,
B. Liu, R. Haiges, C. Ott, T. Nilges, K. Watanabe, T. Taniguchi,
O. Sinai, D. Naveh, C. Zhou, and F. Xia, Air-stable room-
temperature mid-infrared photodetectors based on hBN/black
arsenic phosphorus/hBN heterostructures, Nano Lett. 18, 3172
(2018).

[16] A. Carvalho, M. Wang, Xi Zhu, A. S. Rodin, H. Su, and A.
H. Castro Neto, Phosphorene: From theory to applications, Nat.
Rev. Mater. 1, 16061 (2016).

[17] S. Cahangirov, M. Topsakal, E. Aktürk, H. Şahin, and S. Ciraci,
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