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Owing to highly peculiar properties such as tunable electronic band gaps and coexistence of Rashba,
excitonic and piezoelectric effects, low-dimensional Janus transition metal chalcogenides (TMDs) have
received growing attention across different research and technological areas. Experimental and
theoretical investigations have shown that these emerging properties originate directly or indirectly from
breaking of the mirror-asymmetry in the Janus TMD structure, resulting in an intrinsic dipole moment
perpendicular to the system’s layers. Despite substantial experimental and computational research in
many different Janus materials and their properties, partially covered in a limited number of earlier
reviews, an up-to-date comprehensive overview of the theoretical and computational advances in the
field is currently lacking. To fill this gap, here we review recent theoretical and computational work on
competing phases and properties of Janus TMD materials, covering their monolayers, bilayers,
multilayers and hetero-structures. For each of these systems, we collate and discuss the calculated
results and trends on electronic properties such as band gaps, carrier mobility, electrostatic dipole
moments, Schottky barriers, and solar-to-hydrogen energy
conversion efficiencies. Based on the computational results, we then discuss the potential of low
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transistors, and piezoelectric devices. We conclude the review with a critical perspective on residual
theoretical, computational, and experimental challenges in the field.

1. Introduction

The discovery and isolation of graphene in 2004" has attracted
tremendous interest in two-dimensional materials and their
emerging physical and chemical properties. Graphene exhibits
a half-integer quantum hall effect, high charge migration rates,
and massless carrier mobility. However, the absence of a band
gap in pristine graphene limits its application in nanoscale
electronic devices. This shortcoming has motivated extensive
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research in opening the band gap of graphene while maintaining
or minimally degrading its superior charge-transport properties.
Structure tailoring such as the preparation of nanoribbons out of
pristine layers can be effective in controlling the electronic proper-
ties of graphene. Unfortunately, the carrier mobility of graphene
nanoribbons can be dramatically reduced relative to its pristine
counterpart due to the disappearance of the Dirac cone and
scattering effects.”™ For example, characterization of sub-10 nm
graphene nanoribbon field-effect transistors has shown that the
charge-carrier mobility drops to less than 200 cm® V" s~ * for the
reduced widths needed to open a sufficiently large band gap in
these systems.” Doping or surface modification can also be
effective in adjusting the electronic properties of graphene, at
the nearly inevitable cost of introducing carrier recombination
centers at the site of the added hetero-atoms.

Searching for graphene analogues is a fascinating avenue
that has been pursued with increasing research efforts.®™®
Specifically, transition metal dichalcogenides (TMDs), as an
archetypal class of graphene analogues, have received a great
deal of interest due to their compositional flexibility and
ensuing tunability. Many different TMD structures MX, (M = Mo,
W, Nb, and V; X = S, Se, and Te) with composition-tunable band
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gaps and transport properties can be designed and obtained.’'°
For instance, single layer MoS,, a semiconductor with a band
gap of about 1.9 eV, is regarded as a promising candidate for
field-effect transistors with an on/off ratio in excess of 10%.'?
However, the carrier mobility of a suspended MoS, sheet has
been found to be in the range of 0.5-3 cm® V' s ',"* and
associated with low efficiency in electronic devices."* Further
work has shown that removing adsorbate-impurities or deposi-
ting atop a high-dielectric layer can enhance the carrier mobility
of MoS, up to 200 cm® V™' s7*,'>' which can be preserved in
MoS, armchair nanoribbons.'” On the other hand, the diversity
of the possible TMD structures enables versatile realization of
different electronic structures varying from metallic (e.g. NbS,) to
semiconducting (e.g. MoS,) ones. The versatility of the electronic
structure in TMDs offers opportunities for fundamental and
technological research in various fields such as electrochemical
and photocatalytic hydrogen production from water, rechargeable
batteries, and electronic devices such as field-effect transistors.

A new kind of TMDs named Janus MXY (M = Mo, W; X, Y =S,
Se, Te) was first predicted by Cheng et al. from a theoretical
perspective. Calculations by these authors showed that spin
splitting exists in these polar transition metal dichalcogenides
due to the spin-orbital interaction effect.'® After several years’
effort, experimentalists succeeded in preparing and characteri-
zing a member of this unique Janus family e.g. MoSSe."® The
Janus MoSSe monolayer is obtained by breaking the out-of-
plane structural symmetry of MoS,.>>*" In contrast to conven-
tional TMDs,>>?* an intrinsic electrostatic dipole exists in
the direction perpendicular to the Janus MoSSe plane.>*?°
Theoretical results show that the carrier mobility of the Janus
MoSSe monolayer is about 157 cm® V™' s~ ' for the holes, and
74 cm? V' s! for the electrons. Furthermore, the carrier
mobility can be easily tuned by changing the layer thickness
and the resultant perpendicular dipole.* It has been predicted
from theoretical calculations that by forming double or triple
layers as homo hetero-structures, the electron carrier mobility
of MoSSe can be increased up to 1194 cm® V' s7', while
the hole carrier mobility can be increased even further up to
5894 cm” V' s7'.*° In addition to tunable electronic properties,
Guo et al.”” found that the Janus structures can greatly enhance
the piezoelectric effect associated with the intrinsic dipole
perpendicular to the planar structure. The intrinsic dipole
moment generates a built-in electric field, which in turn facili-
tates the separation of photogenerated charge-carriers, to the
benefit of photocatalytic reactivity.”®* HSE06 results by Ma
et al.*® suggest that the Janus MoSSe sheet can be a potential
water splitting photocatalyst, with wide solar-light absorption
and retarded charge-carrier recombination. Guan et al.*" found
that few layer Janus MoSSe can also be suitable for visible light
water splitting. Prompted by these results, other studies on
photocatalytic water splitting have also emerged. Janus TMDs
such as MoXY (X, Y = O, S, Se, and Te),** PtSSe,** and XM,Y
(X, Y =S5, Se, Te; M = Ga, In) systems* have been systematically
investigated via theory and simulation in terms of their photo-
catalytic activity for water splitting as determined by their
electronic structure, band gap, redox potentials, interactions
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with water molecules and carrier separation processes. The
simulations suggest that the considered Janus materials could
be efficient photocatalysts for water splitting. As the properties
of Janus materials can be further modified by doping, surface
modification, thickness, strain, and so on,**” this field of
research is ultimately at its infancy, which motivates further
computational and experimental research.

Hetero-structures of two-dimensional materials can not only
preserve the properties of the individual components, but also
introduce emerging functionalities.>® *° This motivates interest
and research in designing and testing novel hetero-structures
based on Janus monolayer materials.”’ The rationale and
potential advantages of forming Janus hetero-structures are
as follows. First, hetero-structures made up of different semi-
conductors can exhibit unusual band gaps, profoundly differ-
ent from those for the pristine components.**** In addition,
owing to the compositional and structural asymmetries, intrin-
sic electric fields may exist in the hetero-structure. These have
been shown to be highly effective in assisting the separation of
charge-carriers.**™¢ Schottky barriers in the hetero-structure®”
can be also very effective in reducing the recombination
of electron-hole pairs, thus extending the life time of charge-
carriers.*®

The formation of hetero-structures requires at least two
different components with synthethic compatibility. In this
respect, recent advances in the preparation of two-dimensional
group III-V compounds with simple wurtzite or zinc blende
structures like GaN are especially welcomed and timely to
extend research in single layer TMDs.*’ The electronic band
gap of single layer GaN can vary from 1.9 eV to 3.0 eV for
different configurations.’® The lattice parameters of GaN are
quite similar to those of single layer TMDs.”" It has been
reported that the formation of hetero-structures with internal
permanent dipoles can effectively reduce the band gap.”®
Yin et al.*® found that MoSSe/AIN hetero-structures have indir-
ect band gaps in the range of 1.00-1.68 eV, whereas MoSSe/GaN
hetero-structures are direct-gap semiconductors with band
gaps ranging from 0.8 eV to 1.51 eV. Vu et al>> studied the
graphene/WSeTe hetero-structure using first-principles calculations.
Their results show that p-type Ohmic contact or p-type Schottky
contact with a small Schottky barrier of 0.35 eV can be present
in the Janus hetero-structure. Using non-collinear, screened-
hybrid (HSE06) density functional theory (DFT) simulations,
Din et al.>® found that MoSSe/GeC hetero-structures can present
band alignment appropriate for visible-light water splitting.
In addition, some reviews and perspective studies, focusing
on different aspects of Janus materials, have also appeared. For
example, Cheng et al. and coworkers® mainly focused on the
development of two-dimensional Janus materials from theory
to experiments. From the theoretical side, they discussed the
possible structure of Janus materials, together with their stability
and electronic properties including the band structure, Rashba
effect, and piezoelectric effect. This review additionally discussed
possible experimental fabrication and characterization methods
for two-dimensional Janus materials, including Raman, photo-
luminescence, and X-ray photoelectron spectroscopy as well as

© 2021 The Author(s). Published by the Royal Society of Chemistry
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nonlinear optics approaches. Although research in Janus low-
dimensional materials has started to grow considerably in the
literature,®**>"” an up-to-date compendium of recent advances
in this field is not available.

To this end and to assist further computational and experi-
mental research in this rapidly growing field, here we present a
short review of recent progress in the investigation and under-
standing of the structural and electronic properties of low
dimensional Janus TMDs based on first principles simulations.
We first discuss the current state of the art in terms of
competing phases for low-dimensional Janus TMDs. Based
on the possible phases, different types of Janus materials
including Janus nanotubes, monolayers, bilayers, or multilayers
as well as hetero-structures are reviewed and discussed in terms
of their thermodynamic, dynamic, and electronic properties.
We then move to present a, to the best of our knowledge,
comprehensive review and discussion of the unique properties
of Janus low dimensional materials and their potential for a very
diverse range of applications ranging from photo-catalysis and
electro-catalysis to piezoelectric devices and gas sensing. Following
compilation and discussion of recent progress in low-dimensional
Janus TMD materials, we present our conclusions and outlook, also
in terms of unsolved challenges for this field.

2. Structures
2.1 The possible phases of Janus TMDs (JMTDs)

Recently, Lu et al'® have succeeded in breaking the out-
of-plane structural symmetry of single layer MoS, forming
MoSSe monolayers following a combination of chemical vapor
deposition, H, plasma stripping, and Se-selective thermal
vaporization. Through this method, the general transition
metal chalcogenide TMDs MX, (M = Mo, W; X = O, S, Se, Te)
can be changed into the Janus MXY counterpart with X # Y as
shown in Fig. 1.
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Fig.1 The atomic structure of different possible phases of low-
dimensional Janus TMDs. (a) The 1-H phase of MXY monolayers. (b) The
1-T phase of MXY monolayers. (c) Group-lll Janus M,XY or MM’'XY
monolayers (M, M’= Ga, In; X, Y='S, Se, Te). Top and side views of the
Janus materials are shown in the upper and lower panels, respectively. The
green arrows mark the primitive cell vectors (a,, and by,). The X and Y atoms
are shown in yellow and green, respectively. The M (M’) atoms are shown
in mauve.
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Similar to graphene, also the single-layer transition metal
chalcogenide MX, has a hexagonal structure with P-6M2 (D3H-
1) symmetry. However, unlike single-layer graphene, TMDs are
made up of three distinct atomic layers arranged according to
an X-M-X pattern. According to experimental and computa-
tional investigations, Janus TMDs (JTMDs) MXY can have
different space groups. Some JMTDs as the 1-H and 1-T phases
shown in Fig. 1(a) and (b) belong to the same P3M1 (C3V-1)
group in spite of different atomic structures. In the 1-H phase,
the X atom in the upper layer is right over the Y atom in the
lower layer. Both the X and Y atoms are three-fold coordinated,
while the M atom is six-fold coordinated. Conversely, the X or Y
atoms in the 1-T phase are translated along the plane, which
results in the X atom in the upper layer being located at the
center of the hexagonal ring of the Y atoms. In the experiments,
the 1-T phase can be obtained from high temperature treatment,
and it is generally a metastable phase with respect to the 1-H
phase.”®

In addition to the aforementioned JTMDs, group-III mono-
chalcogenides MX (M = Ga, In; X = O, S, Se, and Te) such as GaS
can also have a hexagonal structure with symmetry group
P3M1. Similar to TMDs, the X atoms are three-fold coordinated.
However, the M-atom in the MX systems is four-fold (not
six-fold) coordinated. To construct Janus structures out of
monolayer MX compounds, the bottom X atoms need to be
replaced by Y atoms, yielding M,XY (M = Ga, In; X, Y = O, S, Se,
Te) monolayers (see in Fig. 1(c)). The Janus M,XY system can be
further changed by substituting the M atoms with hetero-metal
atoms (M’), forming MM'XY monolayers. In such a manner,
Guo et al.*® generated a series of Janus monolayers, namely
Ga,SSe, Ga,STe, Ga,SeTe, In,SSe, In,STe, In,SeTe, GalnS,,
GalnSe,, and GaInTe,. These Janus structures can be further
classified into two types: M,XY (M = Ga, In; X, Y = S, Se, Te) and
MM'XY (M, M’= Ga, In; X, Y= S, Se, Te), both of which have
broken inversion and mirror symmetries.

2.2 Possible low-dimensional structures

Starting from the phases for JTMDs presented in Section 2.1,
several derivatives have been recently proposed and studied
both experimentally and computationally. Many recent studies,
which we review in the following, have reported on Janus nano-
tubes, nanoribbons, monolayers, multilayers, and hetero-structures
in terms of both their stability and electronic properties.

2.2.1 JTDM nanotubes. Low-dimensional Janus materials
have intrinsically high surface areas and appealing physico-
chemical properties. However, advances in the preparation and
understanding of Janus nanostructures such as nanotubes and
nanoribbons are needed to fully develop and harness the
technological potential of these systems.®® One-dimensional
nanotubes can be constructed by rolling a two-dimensional
sheet. Rolling can offer the advantages of potentially higher
accessible surface areas and better structural support. Recently,
Tang et al.®! have investigated Janus MoSSe nanotubes formed
as a roll-up of armchair (zigzag) nanoribbons using first-principles
calculations. The results of the simulations indicate that the
Janus MoSSe nanotubes exhibit versatile electronic properties.

Mater. Adv., 2021, 2, 7543-7558 | 7545
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Fig. 2 (a) Sketch of the armchair and zigzag rolling directions for a planar, two-dimensional MoSTe monolayer, with the corresponding unit cells and

Brillouin zones in the reciprocal space. (b) DFT-PBE calculated band structure of the MoSTe monolayer. The indirect band gap is marked by the blue
arrow. (c) Calculated strain energies of the armchair and zigzag MoSTe nanotubes as a function of their radius. A minimum strain energy is attained at rmin,

the radius of the most stable nanotube.®?

Zigzag nanotubes are direct band gap semiconductors, while
the armchair nanotubes show radius-dependent band gaps.
Specifically, the band gap of the armchair nanotubes changes
from indirect to direct as the radius becomes larger than 7.4 A.

Mikkelsen et al.®* have recently investigated Janus MoSTe
nanotubes by simulation. Starting from a 1-H monolayer of
MoSTe, armchair and zigzag MoSTe nanotubes of different
sizes were modeled. For both types of nanotubes, the simula-
tions suggest promising signs of thermodynamic stability
with respect to both their bulk constituents and their parent
two-dimensional monolayer. The latter result is reported in
Fig. 2(c), which displays the nanotube strain energy, defined as
the energy difference with respect to the parent monolayer, as a
function of the radius. Evidently, both the armchair and zigzag
MoSTe nanotubes are stable with respect to their parent 2D
layer with a strain-minimum at a radius of ~18 A. Furthermore,
the authors also found that confinement effects were modest
and that curvature leads to large changes in the band gap, with
variations as large as 0.5 eV, and band-gaps both larger and
smaller than for the pristine 2D MoSTe monolayer. Overall,
these results suggest that Janus nanotubes can be thermo-
dynamically stable, and that their electronic properties can be
altered by controlling both their rolling type and curvature
radius.

2.2.2 JMTD monolayers. Recently, different groups have
succeeded in preparing experimentally two-dimensional Janus
monolayer materials such as MoSSe*® and WSSe.®>** It has
been shown that an intrinsic electrostatic dipole moment exists
in both of these materials, which is appealing for nanoscale
electronic devices.®® The Janus MXY monolayer can be obtained
by breaking the out-of-plane structural symmetry of the pristine
MX, parent compound, as shown in Fig. 3(a) and (b). The S
atoms on one side of MoS, are replaced by Se atoms to form a
Janus MoSSe sheet, which however maintains the pristine
hexagonal structure. The DFT results at the PBE level show

7546 | Mater. Adv., 2021, 2, 7543-7558
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Fig. 3 The atomic (a)-(b) and electronic (c)-(d) structures of the Janus
MoSSe monolayer.?®> (a) Top view of the MoSSe monolayer with the
primitive cell highlighted by yellow shading. The marked x- and y-axes
are parallel to the armchair and zigzag edges, respectively. (b) Side view of
the MoSSe monolayer with the S, Mo and Se atoms lying on three different
atomic layers (Mo: mauve, S: yellow, and Se: light green). The calculated
band structure and (atom, angular-momentum resolved) density of states
of the MoSSe monolayer are shown in panels (c) and (d), respectively.

that the relaxed lattice parameter (3.21 vs. 3.19 A) and Mo-S
bond-length (2.42 vs. 2.41 A) in MoSSe and MoS, are quite
close.”® Conversely, the PBE-DFT band gap of the monolayer
Janus MoSSe, Fig. 3(c), is 1.66 eV, hence smaller than that of
MoS, (1.78 eV). The total and partial density of states for MoSSe
show that the conduction band minimum (CBM) is dominated
by Mo (4)d electrons. Conversely, the valence band maximum
(VBM) originates mainly from states due to re-hybridization of
the Mo (4)d, S (3)p and Se (4)p electrons. Generally, the PBE
functional underestimates the band gap for semiconductors.
Expectedly more accurate results based on the HSE functional
suggest an increased band gap of 2.01 eV for the Janus
MoSSe sheet.

In addition to MoSSe, other Janus TMD monolayers have
been proposed based on simulations. For example, Xia et al.®®
studied the Janus WSSe monolayer using first-principles

© 2021 The Author(s). Published by the Royal Society of Chemistry
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calculations. They found no negative frequency in the system’s
phonon dispersion, indicative of the dynamic stability for Janus
WSSe monolayers. The characterization of the electronic struc-
ture of Janus WSSe reveals band gaps of about 1.70 eV (PBE)
and 2.18 eV (HSE), slightly larger than that for the MoSSe
monolayer at the same level of theory. Moreover, substitution
of the Se atoms by Te atoms appears to reduce significantly the
HSE calculated band gap from 2.18 eV (WSSe) to 1.71 eV
(WSTe).

In addition to MoSSe and WSSe, other kinds of Group III
Janus chalcogenide monolayer structures have been studied
through simulations. Guo et al.>® focused on the following
systems: Ga,SSe, Ga,STe, Ga,SeTe, In,SSe, In,STe, In,SeTe,
GalnS,, GaInSe,, and GalnTe,. The authors found (PBE-DFT)
band gaps in the range of 0.89-2.03 eV for these systems,
uncovering appealing properties for applications in piezoelec-
tric devices.

2.2.3 JMTD multilayers. It is established that the structural
and electronic properties of a given material can be highly
sensitive to its nano-structuring. It is accordingly interesting to
explore and quantify the effects that different stackings of
JMTDs can have on the properties of the composite nanostruc-
tured material.®”®® Due to the different atoms on either side of
the MoSSe sheet, its bilayers can be formed with three different
interfaces, namely SMoSe/SMoSe, SMoSe/SeMoS, and SeMoS/
SMoSe. Furthermore, depending on the translation of one layer
with respect to the adjacent one, MoSSe bilayers can be stacked
according to different patterns, labeled AA-, AB-, and AC-in
Fig. 4. The simulations indicate that the AC-stacking has the
lowest formation energy regardless of the interface mode,
suggesting that AC-stacking is the most stable stacking type
with an Se/S interlayer spacing of 2.91 A. PBE-DFT simulations
reveal the AC-stacked MoSSe bilayer to be an indirect-gap
semiconductor with a band gap of about 0.96 eV.>® To obtain
more accurate results, Ji et al.?” revisited the electronic struc-
ture of the Janus MoSSe bilayer at the HSE06 level and found a
direct band gap of about 1.98 eV, ~0.4 eV larger than the PBE
result.’” In their study, the authors investigated also thicker
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Fig. 4 The different AA (a), AB (b) and AC (c) stacking types for the MoSSe
bilayer. Top and side views are reported in the upper and lower panels,
respectively. Same atom-color labeling as in Fig. 3.
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Janus MoSSe multi-layers, finding out that the band gap of
these systems decreases with an increased number of layers.
Specifically, the authors found that the band gap of Janus
MoSSe decreases from 1.53 eV (HSE06-DFT) for the bilayer to
0.75 eV for the tri-layer, to 0.37 eV and 0.16 eV for the four-layer
and five-layer, respectively. Beyond-DFT approaches such as the
GOWO method have also been used to investigate the electronic
properties of Janus MoSSe multilayers.®® Guan et al®' also
found that the stable MoSSe bilayer is an indirect semiconduc-
tor with a band gap of about 1.47 eV. Notably, and in qualitative
agreement with the HSE06-DFT results,”” the indirect (GOWO)
band gap of the multilayer MoSSe decreases monotonously as
the number of layers increases, due to the quantum confinement
effects and interactions between the different layers.

2.2.4 Hetero-structures. Both quantum confinement effects
and interlayer interactions can greatly affect the structural and
electronic properties of multilayer Janus materials. While
homogeneous Janus multilayers are inevitably characterized
by the same interactions at the interface between identical layers,
the assembly of heterogeneous multilayers i.e. hetero-structures
brings about interface-specific interactions, potentially leading to
coexistence of different emerging effects. These considerations
motivate the growing interest in hetero-structures made of
different Janus TMDs. According to the geometric details of
the interfaces, hetero-structures made of Janus TMDs can be
classified into different types, namely the out-of-plane (van der
Waals, vdW, and hetero-structures) and the in-plane longitudinal
heterostructures with bonding of the components parallel to the
2D plane of the sheets.”® Each type of hetero-structure can be
further classified into two main subgroups: one made up of two
different Janus monolayers such as MoSSe and WSSe, and the
other one formed by interfacing a Janus monolayer (MoSSe or
WSSe for example) with a conventional 2D material such as MoS,,
graphene, GaN, etc.

Li et al”' explored different hetero-structures formed
by combining MoSSe and WSSe Janus monolayers at a non-
collinear PBE (PBE + SOC) level. They found that Rashba
polarization is increased in vertical hetero-structures due to the
increased out-of-plane electric polarity. As for the longitudinal
heterostructures, consisting of two individual components
stitched seamlessly within the 2D plane,”" their calculated
photoresponse and absorption coefficients suggest optical
activity in a wide visible-light range. Simulation of both classes
of hetero-structures reveals type-II band alignment (staggered
gap), where both the VBM and CBM of one component are
a little higher than those of the other one, and accordingly
favorable separation of excitons. Furthermore, Rawat et al.”?
investigated a series of Janus hetero-structures formed by
different kinds of Janus TMDs as MoXY/WXY (X, Y = S, Se,
and Te). They found that depending on the composition and
structure of the Janus TMD, the band gap can be tuned to a
large extent from the infrared area to the ultraviolet region.”

In addition to hetero-structures consisting of two different
Janus TMDs, research has also been carried out in other hetero-
structures made up of Janus TMDs interfaced with other
conventional two-dimensional materials. For instance, we
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Fig. 5 The atomic structure of the MoSSe (a) and GaN (b) monolayers,
together with their AA (c)—(d) and AB stacked (e)-(h) SeMoS/GaN hetero-
structures. The top and side views are shown in the upper and lower
panels, respectively. The primitive cell is marked by the green arrows. The
Mo, S, Se, Ga, and N atoms are shown as mauve, yellow, light green,
orange, and blue spheres, respectively. The letter “d” denotes the inter-
layer distance between the top and bottom layers.®

investigated the hetero-structure formed by combining Janus
MoSSe with nitride semiconductors, namely MoSSe/XN (X = Al,
Ga).*® As the two sides of the Janus MoSSe monolayer are
different, two different vertical hetero-structures can be formed
(SeMoS/XN and SMoSe/XN) depending on whether the S- or
Se-side of MoSSe faces the XN monolayer. Furthermore, owing
to the in-plane structure of both MoSSe and XN, each vertical
hetero-structure can be stacked in two different configurations
(AA- and AB-) that are shown in Fig. 5. The simulations indicate
that AB-[S-Ga] stacking results in the lowest formation energy
(Er= —0.266 eV) for SeMoS/GaN, which accordingly emerges as
the energetically favored hetero-structure. The calculated band
gaps vary from about 0.77 eV (SMoS/GaN, AA-[S-Ga]) to about
1.63 eV (SMoSe/GaN, AB-[Ga-Mo]), covering the near visible-
infrared region. By changing the position of the S and Se atoms
with respect to the GaN layer, the band gap can be further
tuned to values from 0.77 to 1.47 eV that are still in the near
visible-infrared region.

Another interesting class of possible hetero-structure can
be obtained by interfacing a Janus TMD monolayer with a zero-
band gap semiconductor (semimetal) such as graphene.
Recently, Vu et al.' have investigated the WSeTe/graphene
hetero-structure using first-principles calculations. They found
that the electronic properties of both graphene and Janus WSeTe
are well preserved in the WSeTe/graphene hetero-structure
because of the weak vdW interactions. The optical absorption
of the WSeTe/graphene hetero-structure is enhanced in both
the visible and UV light regions with respect to that of the
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isolated graphene and Janus WSeTe monolayers. The absorp-
tion coefficient of the graphene/WSeTe hetero-structure for the
visible light can reach 5 x 10* cm ™, which is two-times larger
than that of the isolated Janus WSeTe monolayer. Zhao et al.”®
studied the electronic properties of a Janus MoSSe sheet in
contact with a zero-gap germanene electrode using first-
principles calculations. The simulations indicate that the struc-
tural and electronic details of the two possible interfaces are
markedly different depending on whether germanene faces the
S- or Se-side of MoSSe. Notably, simulations of both kinds of
interfaces suggest that in-plane tensile strain induces a transi-
tion from the Schottky to Ohmic behavior, and that increasing
the thickness of MoSSe from monolayers to bilayers can lead to
the formation of an Ohmic contact as a result of a zero Schottky
barrier height.

The intrinsic dipole moment does not only adjust the
Schottky barrier of the hetero-structure, but it also controls the
charge carrier mobility and dynamics in the system. Liu et al.”*
investigated by first principles calculations the electronic struc-
tures and dynamics of photo-generated carriers in Janus TMD
(JTMDs) sheet and graphene in vdW sandwich heterojunctions
(G/JTMDs/G) for photovoltaic cells. They found that the intrinsic
built-in electric field in JTMDs results in an asymmetric potential,
which can be used to enhance the separation and transfer of
photo-generated carriers from JTMDs to different graphene layers.
Owing to the built-in electric field in the G/JTMDs/G hetero-
structure, such an enhanced separation is highly directional and
takes place within hundreds of femtoseconds. Furthermore, the
photo-generated electrons (holes) can be transferred from the
MoSSe (MoSeTe) monolayer to the graphene sheets by the Se-side
with a lower (higher) potential, while the recombination of holes
(electrons) is suppressed due to the large separation between their
final donor and acceptor states. The simulations also suggest that
the graphene/WSeTe hetero-structure is characterized by an
increased carrier mobility for both electrons and holes in compar-
ison with an isolated graphene sheet. Of special relevance is the
result that a band gap of about 10 meV at the Dirac cone of
graphene can be opened in the hetero-structure. Depending on
the stacking configuration, the graphene/WSeTe hetero-structure
can form a p-type Ohmic or p-type Schottky contact with a small
Schottky barrier of 0.35 eV. These results demonstrate that
the intrinsic dipole moment and vertical strain can be effective
in tuning both the contact type and the Schottky barrier height
in hetero-structures made up of Janus TMDs and zero-gap
semiconductors.

3. Properties

Unlike conventional MX, TMDs, Janus MXY TMDs lack mirror
symmetry, which introduces appealing properties such as large
intrinsic electrostatic dipole moments perpendicular to the
two-dimensional plane, tunable electronic band gaps as well
as Rashba, excitonic and piezoelectric effects.”>”® As we review
in the following, these properties make Janus low-dimensional
materials appealing candidates for applications in very diverse
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fields such as field-effect transistors, electrocatalysis, photo-
catalysis, spintronics and piezoelectric devices.

3.1 Basic electronic properties

Table 1 reports a compilation of the basic electronic properties
for several low dimensional Janus MXY TMDs. Because of the
different sizes and electronegativities of the X and Y atoms, the
M-X and M-Y bond lengths and dipoles are inequivalent,
resulting in the breaking of the mirror symmetry for Janus
MXY monolayers. It is interesting to note that all the Janus MXY
(M =Mo, W; X, Y =S, Se, Te) are semiconductors, regardless
of the interface structure. Although the band gap of Janus
monolayers depends on the stoichiometry of the system,
atom-specific trends can be identified. For example, PBE results
show that changing S into Te at the X or Y site of MoXY leads to
a reduction of the band gap from 1.56 eV to 1.02 eV. Use of the
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HSE functional leads to an increase of the band gap up to about
0.5 eV by comparison with PBE results.

As the M-atom in Janus MXY monolayers is changed from
Mo to W, the system’s band gap is increased as a result of the
larger atomic radius. This trend can be observed also for other
metal atoms. For instance, in the dynamically, thermally and
mechanically stable Janus MXY monolayers with M = Ti, Zr, and
Hf, it is found that the band gap of the system changes from
0.74 to 2.88 eV with an increasing atomic radius for the
M-atom.>®

Further simulation work indicates that almost all the Janus
SnXY monolayers are stable, with the exception of SnOTe. Apart
from the case of Te-containing Janus materials, all the calcu-
lated band gaps vary with the X, Y-composition in the range of
0.33-1.74 eV, corresponding to the infra-red and near visible
regions of the light-spectrum.””

Table 1 Basic structural and electronic properties for different Janus MXY monolayers. (an, = by): lattice parameters, Dy_x: M=X bond-length; E4: band
gap; AU: difference in work-function between the two faces of the Janus monolayer; Dgp: intrinsic dipole moment; Ey: exciton binding energy

MXY Method ap (A) Dyx (A) E, (eV) AU (eV) Dgip (e A) Ey, (eV) Ref.
MoSTe Tube PBE 16.5 1.27 62
FeCl;l; DFT+U 6.717 0.58 84
WSeTe PBE 3.45 2.56 1.42 0.68 52
WSSe HSE 3.22 2.3 76
WSeTe HSE 3.38 1.75

MoSSe HSE06 3.22 2.41 2.14 0.18 72
MoSeTe 3.4 2.55 1.70 0.21

MoSTe 3.31 2.44 1.48 0.38

Ga,SSe PBE 3.72 2.04 85
AgBiP,Seq HSE06 6.696 2.25 0.27 0.28 0.63 86
WSSe HSE 3.26 2.42 2.13 0.73 0.23 87
MoSSe GW 3.25 2.42 2.569 88
WSSe GW 3.28 2.42 2.68

InGaSTe HSE06 3.91 2.63 2.32 0.74 0.27 82
In,SeTe HSE06 4.18 2.78 1.85 0.27 0.12

PtSSe HSE + Soc 3.63 2.43 2.14 0.75 0.23 83
PtSTe 3.75 2.48 1.09 1.65 0.54

PtSeTe 3.81 2.57 1.04 0.92 0.31

VSSe DFT+U 3.25 2.35 0.51 89
WSSe PBE 3.247 1.4 0.738 90
MoSSe Tube PBE 25.34 2.42 1.44 0.75 91
MoSTe HSE + Soc 3.36 2.43 1.5 0.66 92
PtSSe HSE 3.66 2.44 2.19 0.76 0.24 33
MoSSe M-B 2.66 0.85 93
SGaSe HSE06 3.73 2.396 2.61 81
SGaTe 3.901 2.450 1.58

SeGaTe 3.982 2.551 1.91

MoSSe HSE06 3.25 2.42 2.02 79
MoSSe PBE 3.250 1.528 1.56 (2.01) 0.76 0.188 0.426 66
MoSeTe PBE (HSE) 3.433 1.615 1.27 (1.71) 0.74 0.198 0.469

MoSTe 3.364 1.472 1.02 (1.47) 1.47 0.383 0.447

WSSe 3.247 1.535 1.7 (2.18) 0.72 0.174 0.347

WSeTe 3.432 1.623 1.35 (1.79] 0.7 0.187 0.308

WSTe 3.361 1.478 1.23 (1.71) 1.40 0.364 0.431

MoSSe PBE 3.21 2.41 1.66 0.75 0.037 25
MoSSe T HSE 3.21 2.39 0.1 78
In,SSe GGA + Soc 3.88 2.55 2.68 0.14 94
MoOS HSE06 3.01 2.05 1.55 2.3 0.48 32
MoOSe 3.07 2.05 1.32 2.93 0.63

MoOTe 3.20 2.05 0.66 3.26 0.77

Ga,S; HSE 3.65 2.55 1.65 0.9 34
Ga,Se, 3.84 1.68 1.3 0.69

Ga,Te, 4.16 0.77 0.88 0.63

TiSO HSEO06 3.175 1.27 95
TiSeO 3.232 0.739
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Besides composition, the electronic properties of the MXY
systems depend also on the specific phase (see also Fig. 1) as
the band gap for the 1-T and 1-H phases can be profoundly
different. It has been found that the 1-T phase of Janus MoSSe
is a small band gap semiconductor and can even be computed
to be a metal.”® Conversely, the 1-H phase of MoSSe is always a
semiconductor with a large band gap of about 2.1 eV.”® In
addition, the 1-H phase of the Janus WSeTe monolayer was
proved to be a semiconductor with an indirect band gap of
1.1 eV, while the 1-T phase is semi-metallic (zero gap semi-
conductor). The two phases of WSeTe are separated by a small
kinetic barrier of about 0.66 eV that needs to be overcome for
the structural phase transition from 1-H to 1-T.%° In contrast to
these cases, an extensive study of Janus group-III monochalco-
genide M,XY (M = Ga, In; X, Y = S, Se, Te) monolayers indicates
that all these systems are semiconductors with band gaps in the
range of 0.89 eV to 2.03 eV.*"*? Overall, these results document
the strong dependence on both the composition and phase for
the band gap of Janus monolayers, reiterating the potential and
prospects for function-tailored design of this class of materials.

Besides electronic band gaps, the compositional flexibility of
Janus MXY monolayers can be used to tailor also the perpendi-
cular electrostatic dipole moment and ensuing change of work-
function (AU) between the two sides of the system. For example,
the perpendicular dipole moment in MXY systems can change
from 0.037 e A (MoSSe) to 0.77 e A (MoOTe).>>*> The occurrence
of an intrinsic dipole moment in a semiconducting system
implies an inherent electric field in the Janus materials
perpendicular to the plane of the monolayer. This dipole
moment can be further demonstrated from the inequality of
the vacuum energy levels above either side of the monolayer.
However, the AU of Janus PtSSe is about 0.75 eV®® and it
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increases to 1.65 eV for Janus PtSTe. AU can be further
increased to 3.26 eV for Janus MoOTe.*? Besides substantial
AU differences, the presence of an electrostatic dipole (and
ensuing potential step) perpendicular to the plane of the system
leads to peculiar localization of the valence and conduction band
edges on different faces of the Janus MXY monolayer. It has been
noted that such a potential difference can act as an auxiliary
booster for photo-excited electrons, and also reduce the system’s
band gap to values smaller than 1.6 eV, as required for water
splitting in the infrared region.>®

3.2 Carrier mobility

Almost all of the low dimensional Janus materials synthetized
or studied computationally to date are semiconductors, thence
compatible with nanoscale photoelectric applications such as
field effect transistors (FETs), electron-spin or piezoelectric
devices, and photocatalysis. Charge carrier mobility is one of
the most important factors controlling the performance in
photoelectric applications, and several studies have focused
on the nexus between this property and the composition
(structure) of Janus low-dimensional materials. Table 2 reports
a compilation of charge carrier mobility for different Janus low-
dimensional materials.

It has been reported that the carrier mobility of electrons in
MoS, sheets is only about 200 cm® V™' s71.%¢ To explore the
effects of broken mirror symmetry on carrier mobility, we
turned to the study of Janus MoSSe monolayers using first-
principles calculations.”® The carrier mobility of electrons in
the CBM along X-K is about 73.8 cm® V™' s, which is a little
smaller than that of the MoS, monolayer. The hole carrier
mobility in the VBM along X-K is 157.2 ecm® V' s, about two
times larger than for the electrons. Further results indicate that

Table 2 Lattice parameters (a, = by), solar-to-hydrogen energy conversion efficiency (nsth), effective electron (me) and hole (m,) mass, and the
corresponding charge-carrier mobility (ie and up,) for different low-dimensional Janus monolayers

Systems Method an st % me (M) my, (M) te (em?> VvV ts™h Un Ref.

WSSe HSE 3.26 11.68 0.339 0.469 125.01 723.42 87

MoSSe GW 3.25 0.47 0.59 72.21 163.52 88

WSSe GW 3.28 0.33 0.45 120.49 318.75

InGaSTe HSEO06 3.91 10.6 0.17 1.54 3520 209 82

In,SeTe HSE06 4.18 18 0.22 5.13 3638 2735

PtSSe HSE 3.66 0.245 0.83 1546.52 671.92 33

MoSSe HSEO06 3.25 0.57 4.64 530 58 79

MoSSe PBE 3.25 0.51 0.55 65.82 246.19 66

MoSeTe 3.433 0.64 0.72 37.25 108.44

MoSTe 3.364 0.47 1.65 78.53 24

WSSe 3.247 0.38 0.44 120.88 627.15

WSeTe 3.432 0.47 0.44 75.19 349.41

WSTe 3.361 0.48 1.53 129.91 48.84

MoSSe PBE 3.21 0.60 0.73 73.8 157.2 25

1T-MoSSe HSE 3.21 0.13 0.17 1.21 x 10° 7.24 x 10* 78

Ga,S; HSE 3.65 6.9 0.22 0.79 603.83 755.94 100

Ga,Se; 3.84 28.4 0.16 0.3 1147.74 596.85

Ga,Te; 4.16 46.2 0.45 0.23 8154.62 707.90

TiSO 1T HSE06 3.175 1.26 0.33 33 237 95

TiSeO 3.232 1.323 0.253 38 539

MoSSe/GaN PBE X 0.55 0.65 263.28 3480.43 101
Y 0.54 0.70 281.28 3951.21

WSeTe/WSTe HSEO06 X 19.91 0.54 1.71 221.54 278.32 72

MoSSe/MoSSe PBE 3.21 0.57 0.7 1194 2915.6 25
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the thickness of the monolayer can significantly affect the
carrier mobility in Janus MoSSe. Unexpectedly, we found that
the carrier mobility of the electrons (1194 cm® V' s~ %) is about
fifteen times larger than its monolayer case (73.8 cm®> V™' s™ 1),
while the hole carrier mobility is about twenty times larger
(2915.6 ecm”> V' 57! vs. 157.2 cm® V' s7' monolayer). To
explore the dependence of carrier mobility on the thickness
of the Janus system, we further modeled MoSSe bi- and trilayers in
AC-stacking. Compared with the bilayer case (1194 cm”® V' s %),
the electron carrier mobility for the tri-layer decreases to
205 cm® V' s7', remaining however larger than for MoSSe
(73.8 cm® V' s71) and MoS, (160.6 cm® V' s™') monolayers.
In contrast, the hole carrier mobility shows a completely
different dependence on the system’s thickness. The hole
carrier mobility for the MoSSe tri-layer (5894 cm® V' s~ 1) is about
two times larger than that for the bilayer (2915.6 cm> V™' s77).
We chose few-layer MoSSe as the case system to clarify the higher
carrier mobility of multilayer MoSSe by comparison with the
single-layer case. The main determining factors can be disen-
tangled as follows. First of all, the elastic moduli can be a main
factor that affects the carrier mobility of the multilayer structure.
This is because, in a phonon-limited approximation,””*® the
carrier mobility is directly proportional to the elastic modulus in
the transport direction. When the structure contains more layers,
it will be thicker, resulting in it being harder to stress or strain.
Thus, the elastic moduli will increase with the layer number or
thickness, leading to higher carrier mobility. Furthermore, it has
been found that the carrier mobility of most few-layer structures is
strongly sensitive also to the deformation potential, which in turn
depends on the bonding characteristic and real space distribution
of the valence band maximum (VBM) and conduction band
minimum (CBM). For example, the bonding characteristics for
the CBM and VBM in the monolayer and bilayer MoSSe are
fundamentally different as shown in Fig. 6. For the monolayer
case, the charge distribution is mainly in the x-y plane (see
Fig. 6(a)), causing a larger change of charge distribution of the
CBM than in the bilayer case, shown in Fig. 6(b). Thus, the
structural deformation introduced along the x- or y-direction has
a large effect on the bonding character of the CBM in the x-y
plane, which leads to a relatively higher deformation potential (E.)
than in the bilayer case. Since, again in a phonon-limited

approximation,””*® the carrier mobility is inversely proportional
(a) (b)
Fig. 6 (a and b) The top view of the charge distribution in the CBM for

monolayer (a) and bilayer (b) MoSSe. The isovalue for the surface plots is
set at 0.01 e Bohr>.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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to the square of the deformation potential, thicker layers will result
in a smaller E., thence larger mobility.

In addition to MoSSe, several other Janus TMDs show
interesting values and trends of their carrier mobility.”® For
example, Fan et al.®® pointed out that the two dimensional
Janus group-III chalcogenide multilayers InGaXY, M,XY and
InGaX, (M = In, Ga; X, Y = S, Se, Te) have promising high
carrier mobility. This study found that the electron and hole
carrier mobility in In,SeTe can be as high as about 3638 and
2735 cm® V™' 57, respectively Recently, we also considered the
effect of vdW interactions, as present in MoSSe/GaN hetero-
structures, on charge carrier mobility using first-principles
calculations. Simulation of these systems suggests appealingly
high mobilities of 281.28 ecm®* V™' 5" and 3951.2 cm* V ' 5"
for the electrons and holes, respectively. Overall, these results lead
to the conclusion that the carrier mobility in Janus structures can
be significantly adjusted by altering the composition, thickness,
and interlayer interactions of the system.

3.3 Schottky barriers

Besides carrier mobility, several other parameters such as the
type of electric contact, the presence of rectifying (Schottky)
barriers and ensuing on/off ratio are crucial for the perfor-
mance of a material in photoelectric applications. Generally, it
is difficult to achieve a hetero-structure with multifunction
in one structure without any other external interaction. The
tunable intrinsic electrostatic dipole moment and interfacing
geometry in Janus hetero-structures make this class of materials
potentially appealing for photoelectric applications. Table 3 pre-
sents a compilation of structural and electronic properties for
different Janus hetero-structures that have been recently consi-
dered in the literature.

As shown in Table 3, the band gap of Janus hetero-structure
can be significantly altered as a function of both the composi-
tion and interfacing mode of the system. For instance, the band
gap of the whole hetero-structure can be changed substantially
from 0 eV for WSeTe/Graphene®® to 2.3 eV for WSSe/Zn0."**
To sustain the development of this class of materials for
photoelectric applications, in addition to the band gap, it is
essential to know the type (p-, n-, and p-n) and Schottky barriers
present in the Janus hetero-structure. Vu et al.>* studied the
graphene/WSeTe hetero-structure using first-principles calcula-
tions. Their results show that p-type Ohmic contact or p-type
Schottky contact with a small Schottky barrier of 0.35 eV can exist
in this Janus hetero-structure. Further results suggest that vertical
electric fields and strain can be used to change the contact types
and Schottky barriers in graphene/WSeTe hetero-structures from
p-type to n-type Schottky contacts, or to p-type Ohmic contacts.
Research in this class of compounds includes also the work by
Zhao et al. who modeled using first principles calculations the
electronic properties of Janus MoSSe in contact with germanene, a
zero-gap material. The results show that the contact characteris-
tics are significantly different, since SeMoS/Ge and SMoSe/Ge are
n-type and p-type, respectively. Notably, for both types of MoSSe/
germane interfacing, in-plane tensile strain induces a transition
from Schottky to Ohmic behavior.”® Overall, these results indicate
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Table 3 Basic structural and electronic properties of different hetero-structures made up by a Janus monolayer interfaced with a standard 2D
monolayer. Due to the asymmetry of the MXY Janus hetero-structures, there are two possible staking modes depending on whether the X or Y side of the
Janus system faces the 2D monolayer. Ey,: binding energy between the upper and lower layers separated by an interlayer distance D. Eg: band gap. Eg:
Schottky barrier. AU: difference in work-function between the two faces of the Janus hetero-structure. Eg: intrinsic dipole moment perpendicular to

the hetero-structure plane, usty: solar-to-hydrogen energy conversion efficiency. Eep: exciton binding energy. Gr: graphene

Systems Method XY  Ep(mevA?) D (A) Eq (eV) Eg, (eV) AU (eV) Eqip (e A) st (%) Ref.

MoSSe/Germanene PBE X 191.37 meV 2.92 0.025 0.3 n 0.8 73
Y 186.61 3.07 0.041 1.25p 1.2

MoSSe/GaN PBE X —0.266 eV 2.943 0.89 101
Y —0.255 3.107 1.45

WSeTe/Gr PBE X —16.51 3.4 0.01 0.35p 0 52
Y —15.08 3.54 0.008 0 0

WSeTe/WSTe HSEO06 X —0.027 3.25 1.71 19.91 72

Ga,SSe/Gr PBE X —50.32 3.42 0.015 0.76 n 85
Y —51.35 3.40 0.017 0.76 n

Gr/MoSSe/Gr HSE 3.42 0.14 0.42 n 74

3.51

MoSSe/ZnO HSE X —0.399 3.29 2.0 1.18 102
Y —0.448 3.41 2.1 1.07

WSSe/ZnO X —0.541 3.31 2.1 1.27
Y —0.392 3.37 2.3 1.07

InGaSTe/InGaSTe HSEO06 —18.92 4.15 1.68 1.43 0.52 28.5 82

In,SeTe/In,SeTe —19.48 4.19 1.32 0.61 0.24 33.7

MoSSe/SiC PBE —21.1 3.404 1.117 5.748 103

WSSe/SiC —15.1 3.612 1.426 5.849

MoSSe/AIN PBE X —-0.3 2.71 1.25 1.27 0.051 38
Y —0.27 2.96 1.68 0.1 0.018

MoSSe/GaN X —0.26 2.97 0.8 1.3 0.053
Y —0.25 3.12 1.45 0.24 0.022

PtSSe/PtSSe 2.65 2.09 0.65 1.21 33

MoSSe/MoSSe PBE 3.14 0.8 104

PtSSe/Gr PBE + soc X —2.482 3.32 0.16 0.094 n 0.143 105
Y —2.474 3.408 0 0.449 n 1.062

MoSSe/TGCN HSE06 X —31 3.35 2.15 0.62 106
Y —-30 3.45 2.15 0.98

MoSTe/TGCN HSEO06 X —12 3.31 1.73 1.54 0.44
Y —11 3.61 1.73 1.95 0.44

MoSSe/MoSSe PBE —0.312 2.909 0.96 0.063 25

MoSSe/WSSe GOWO 3.06 1.83 71

that, in contrast to conventional hetero-structures, the Janus ones
offer control of the Schottky barrier via modulation of the intrinsic
electrostatic dipole moment in the system.

3.4 Excitonic effects

When the structure of a material changes from three-
dimensional to two-dimensional with finite thickness, excitonic
effects tend to increase due to the reduced dimensionality and
ensuing weakening of dielectric screening.®® These considera-
tions have prompted interest in excitonic effects for low dimen-
sional Janus materials. From the experimental side, Zheng et al.*"’
used absorbance and photoluminescence spectroscopy to investi-
gate room-temperature exciton resonances for Janus MoSSe and
WSSe monolayers. Transient absorption measurements reveal that
excitons in Janus structures form about 30% faster than in pristine
TMDs as a result of enhanced electron-phonon interactions due
to the built-in electrostatic dipole moment. Combining the steady-
state photoluminescence quantum yield and time-resolved transi-
ent absorption measurements, the authors further found that
exciton radiative recombination lifetimes in Janus structures are
significantly longer than in their pristine (MoS,) samples. These
measurements support the predicted spatial separation of the
electron and hole wave functions due to the builtin dipole

7552 | Mater. Adv., 2021, 2, 7543-7558

moment. From the theoretical side, Xia et al® used first-
principles calculations to explore the electronic properties of Janus
MXY (M =Mo, W; X, Y = S, Se, Te) monolayers for photocatalytic
applications. The authors found that the exciton binding energy
for these Janus materials ranges from ~0.31 eV to ~0.47 eV.
In addition, Fu et al'® found that excitonic effects are more
pronounced in Group II metal dichalcogenides than in Janus
TMDs, with the calculated exciton binding energies ranging from
about 0.63 eV (Ga,S;) to 0.9 eV (Ga,Te;). Additional recent results
indicate that the exciton binding energy can be further adjusted by
the formation of Janus hetero-structures and engineering of the
interfaces therein,”** which prompts for further research efforts
in the understanding and control of excitonic effects in Janus-
systems for photocatalytic applications.

3.5 Rashba effects

Generally, it is difficult to find Rashba spin splitting in perfect
TMDs due to the out-of-plane mirror symmetry and the ensuing
absence of perpendicular electrostatic dipoles and potential
steps.>! However, since the successful preparation of Janus
MoSSe with both in-plane inversion and breaking of the
out-of-plane mirror-symmetry, the interest in Rashba-type
spin-splitting in Janus 2D systems has been steadily growing.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Hu et al.'% systematically investigated the effects of perpendi-
cular external electric fields and in-plane biaxial strain on
the Rashba spin-splitting of a series of Janus MXY monolayers
(M =Mo, W; X, Y =S, Se, Te) using first-principles calculations.
They found that the Zeeman-type spin-splitting and valley
polarization at the K (K™) point are well preserved regardless
of the applied field and strain. The authors also observed a
Rashba-type spin-splitting around the I" point for all the MXY
systems. Li et al.”" investigated computationally vertical hetero-
structures (VHTs) and lateral hetero-structures (LHTs) made up
of Janus MoSSe and WSSe monolayers. They found that the
Rashba polarization can be enhanced in VHTs due to the
enhanced out-of-plane electrostatic polarity. Other methods
can be also used to manipulate the Rashba effect. Chen
et al.'®® explored using first-principles calculations the use of
charge doping as a strategy to manipulate the Rashba effect in
2D Janus TMDs. The authors found that electron doping can
strengthen the Rashba spin splitting at the valence band
maximum (VBM) and conduction band minimum (CBM) of
2D Janus TMDs without constant energy consumption, as
required by traditional techniques (electric fields and strain
engineering). However, the authors also found that hole doping
weakens Rashba effects in 2D Janus TMDs. Overall, these
results indicate that Rashba effects, a prominent characteristic
of the Janus TMDs, are amenable to tuning by nanostructuring
and doping strategies as well as by more traditional approaches
such as strain or gating.

The Rashba effect can be used to design different spintronic
devices for future applications. According to their specific
function, the spintronic devices can be classified into spin field
effect transistors, spin interference devices, nonmagnetic spin
filters, photodetectors, and so on. For example, Yusoff et al.'*°
studied compositionally engineered perovskite single crystals
by relativistic first-principles calculations, and found a large
Rashba splitting of about 117 meV. Owing to this large Rashba
effect, significant spin-momentum locking can be achieved,
resulting in a hybrid perovskite single crystal photodetector
with a detectivity of more than 1.3 x 10*® Jones (cm Hz"> W™Y).
In addition, Din et al> investigated the geometry and electronic
properties of vdW heterostructures GeC/MSSe (M = Mo, W) by
performing first-principles calculations. It was found that Rashba
spin polarization in GeC/WSSe is larger than in GeC/MoSSe due to
the larger SOC effect for the heavier W atoms by comparison with
the lighter Mo ones. These results point to the GeC/WSSe hetero-
structures as a preferential platform for experimental and theore-
tical development of two-dimensional spintronic devices. On the
other hand, Nitta et al.'"* studied the Rashba spin-orbit interaction
in InGaAs quantum wells by the weak antilocalization analysis
method. The authors observed a clear cross-over from positive to
negative magnetoresistance near zero-magnetic field by controlling
the degree of the structural inversion asymmetry, identifying a zero-
field spin-splitting induced by the Rashba effect. Such a spin-
splitting was identified to result in a spin-filter device based on
the Rashba effect using a nonmagnetic resonant tunneling diode
structure. Further calculations on the InAlAs/InGaAs heterostruc-
tures show that the spin-filtering efficiency can exceed 99.9%.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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To conclude this section, recent work in the field clearly
demonstrates that Janus TMDs, by comparison with their
standard TMD-analogues, have unique and tunable properties
such as electronic band gaps, carrier mobility, and Schottky
barriers in addition to notable Rashba, excitonic and piezo-
electric effects. Importantly, all these properties turn out to be
amenable to tailoring by controlling the intrinsic electrostatic
dipole moment in the hetero-structures as determined by the
composition, thickness, and intimate interface geometry of the
composite system.

4. Potential applications

The discovery of Janus MoSSe monolayers has attracted exten-
sive attention for a wide range of applications. It has been
suggested that the properties of Janus materials make them
promising candidates for photocatalytic water splitting, hydro-
gen evolution reduction, spintronics, piezoelectric devices, and
so on. In this section, we review the range of potential applica-
tions that have started to be explored in the literature over the
recent years.

4.1 Photocatalytic water splitting

For an efficient photocatalytic water splitting, the photocatalyst
should have a suitable band gap, band edge position, and
effective carrier mobility. Owing to their large surface area,
tunable band gaps and band edge positions for optimal redox
potentials, various Janus materials have been suggested as
promising photocatalysts for water splitting.*""'>"'* Ma et al.”
explored using first-principles calculations the potential of Janus
MoSSe monolayers for water-splitting photocatalysis, also under
application of isotropic and uniaxial strains. They found that
Janus MoSSe monolayers exhibit pronounced visible-light absorp-
tion efficiency, and that they have valence and conduction band
edges suitable for initializing the redox reactions of H,O as well as
high carrier mobility. H,O molecules adsorb more strongly on the
MoSSe monolayer surfaces than on MoS,, which is beneficial for
water-splitting reactions. In addition, thickness-effects can also be
used to tune the properties of Janus materials for water splitting.
First principles simulations by Guan et al*" suggest that Janus
MoSSe multilayers can exhibit excellent visible light water split-
ting performance. Besides MoSSe, a variety of Janus 2D materials,
such as Janus MoXY (X, Y = O, S, Se, and Te),** PtSSe,>* and XM,Y
(X, Y = S, Se, Te; M = Ga, In)'"® monolayers have been system-
atically investigated using first principles simulations in terms
of their photocatalytic activity. This work focused on electronic
structures and band gaps, redox potentials, interactions with
water molecules and carrier separation processes, leading to
the suggestion that these Janus 2D materials could be efficient
photocatalysts for water splitting. Recently, we found that also
Janus hetero-structures can be appealing systems for effective
water splitting. Focusing on Janus MoSSe and nitrides XN
(X = Al, Ga) hetero-structures, we investigated the structural
and electronic properties of these systems using first-principles
calculations.®® The simulations show that the MoSSe/AIN
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Fig. 7 The position of the valence Band (VBM, left red horizontal lines) and conduction Band (CBM, right red lines) edges for different Janus MoSSe/XN
hetero-structures, after alignment to the vacuum energy levels (blue lines), together with the standard oxidation (left green lines) and reduction (right
green lines) potentials of water. The red arrows mark the direction of the intrinsic electric field across the interfacial region (yellow shading) of the MoSSe/

XN hetero-structures.*®

hetero-structures have indirect band gaps in the range of 1.00-
1.68 eV. Conversely, the MoSSe/GaN hetero-structures are
direct-gap semiconductors with band gaps of 0.8-1.51 eV.
Interestingly, although the band gap of the MoSSe/XN hetero-
structures can be smaller than 1.23 eV, the band edge positions
turn out to be suitable for photocatalytic water splitting in the
visible-infrared region of the spectrum (Fig. 7). This peculiar
behavior originates primarily from the intrinsic electrostatic
dipole of the system, leading to an electrostatic potential
difference between the two sides of the system as well as
VBM and CBM distributed on opposite sides of the hetero-
structure. This electrostatic potential difference, besides acting
as an auxiliary booster for separation and diffusion of photo-
induced carriers, is also effective in reducing the band gap
required for water splitting in the visible-infrared region. Over-
all, these results suggest that engineering of the intrinsic dipole
moment of Janus materials can be highly effective in regulating
the activity and performance of the system for water splitting.

4.2 Hydrogen evolution reaction (HER)

Because of the compositional flexibility and ensuing high
tunability of electronic properties, Janus TMD materials have
been regarded as promising catalysts also for the hydrogen
evolution reaction (HER). It has been reported that the excellent
catalytic activity of TMDs can be mainly attributed to vacancies,
edge sites, doping, impurities, and grain boundaries.>>''*!
Er et al.>® found that the recently synthesized family of Janus
TMDs can be promising candidates for the HER due to the
inherent structural asymmetry. They specifically identified the
Janus WSSe monolayer as a promising candidate since its basal
plane can be activated without large applied tensile strains and
in the absence of a significant density of vacancies. Furthermore,
the simulations also suggest that it may be possible to realize a
strain-free Janus TMD-based catalyst with intrinsic high HER
catalytic performance. The calculated density of states and
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electronic structure reveal the introduction of in-gap states
and a shift of the Fermi level following hydrogen adsorption.
These effects are due to the Janus asymmetry and have been
suggested as indicative of enhanced HER activity.

Further research in the field has focused on the role of
defects in Janus TMDs for the HER activity. Shi et al.'*® used
density functional theory to study all of the possible intrinsic
defects on the MoSSe monolayer and their effects on the HER.
The simulations suggest that the Janus MoSSe monolayer with
different grain boundaries, vacancies (Vs, Vse, Vsse, Vo, and
Vmosz), and antisite defects (MoSSe, SeMo, and SMo) shows
enhanced HER performance. The details of hydrogen adsorp-
tion at the defect-sites were rationalized by using a ‘“states
filling” model. The hydrogen adsorption energy during the
catalytic process changes linearly with the energy required to
fill unoccupied electronic states within the catalysts. Based on
the above research, Hao et al. explored and optimized in silico
the HER activity by changing the X atoms in Janus 1T-MoSX
(X =0, Se, and Te). The introduction of 1T-MoSO was found to
yield the optimal adsorption energy for hydrogen adatoms.'"’
These investigations have advanced substantially the current
understanding of the catalytic activity of Janus TMDs for the HER,
paving the way for future work in the development of high-
performance HER catalysts based on this class of materials.

4.3 Piezoelectric devices

The piezoelectric properties of low-dimensional materials have
received growing attention due to their potential applications
in nanoscale energy harvesting, sensors, and actuators. Unfor-
tunately, in all of the systems studied to date, strain and electric
polarization are confined to the basal plane, which limits the
practical integration of these materials in piezoelectric devices.
Dong et al."'® investigated recently synthesized Janus MXY
(M = Mo, W; X, Y = S, Se, Te) monolayers and multilayer
structures using first-principles calculations. They found that

© 2021 The Author(s). Published by the Royal Society of Chemistry
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large out-of-plane piezoelectric polarization exists in these
materials. For monolayer structures, both strong in-plane and
much weaker out-of-plane piezoelectric polarizations can be
induced by uniaxial strain in the basal plane. For the multilayer
cases, an extremely strong out-of-plane piezoelectric polariza-
tion can be obtained as the strain can be transferred to the
basal plane, regardless of the stacking sequence. The out-of-
plane piezoelectric coefficient d;; of multilayer MoSTe can
reach 5.7-13.5 pm V' depending on the stacking sequence.
This is much larger than that for the commonly used 3D
piezoelectric material AIN (d;; = 5.6 pm V'). Similarly, Cai
et al.*® also considered the thickness effect in studying Janus
MXY bilayers (M = Mo, W; X, Y = S, Se, Te) using first-principles
calculations. They found that in-plane interlayer sliding of
Janus MXY bilayers can lead to significant enhancement of
its vertical piezoelectricity. The tribo-piezoelectric transduction
mechanism is elucidated by the tribological energy conversion
of Janus TMD bilayers overcoming the interlayer sliding resis-
tance to reach the AA-stacking states and resulting in the
strongest out-of-plane piezoelectricity. To understand the
phase effect, Yagmurcukardes et al.°> investigated the electro-
nic, and piezoelectric properties of two dynamically stable
crystal phases of monolayer Janus MoSTe (1H and 1T phase)
using first-principles calculations. Systematic analysis of the
piezoelectric stress and strain coefficients indicates that out-of-
plane piezoelectricity appears in the 1H phase and that the non-
central symmetric 1T phase has large piezoelectric coefficients.
Other Janus TMD materials have also been proposed from
theoretical predictions. Chen et al'® have proposed a new
family of 2D nanomaterials, Janus transition metal oxides
and chalcogenide MXY (M = Ti, Zr, Hf; X, Y = O, S, Se)
monolayers, for nanoelectronics and piezoelectric applications.
They found that TiSO, ZrSO, and ZrSeO monolayers possess
large piezoelectric properties because of the broken inversion
symmetry due to the different atomic sizes and electronegativ-
ities of the X and Y elements. Such piezoelectric properties are
better than or comparable to those of other 2D and bulk
piezoelectric materials. Besides Janus TMDs, Guo et al.’® inves-
tigated the group-III monochalcogenide monolayers including
Ga,SSe, Ga,STe, Ga,SeTe, In,SSe, In,STe, In,SeTe, GalnsS,,
GalnSe,, and GaInTe, by computation. The simulation results
show that these Janus structures possess piezoelectric coeffi-
cients up to 8.47 pm V', over four times the maximum value
relative to the GaS, monolayer. Moreover, the broken mirror
symmetry of these Janus structures induces out-of-plane dipo-
lar polarization, yielding additional out-of-plane piezoelectric
coefficients of 0.07-0.46 pm V. Therefore, Janus materials
can generate out-of-plane piezoelectric coefficients, and the
piezoelectric properties can be changed by the different Janus
structures, phases, thicknesses, and so on.

4.4 Gas sensing devices

Conventional two dimensional TMDs have been long identified
as appealing materials for high-performance gas sensing,'"’
which has motivated recent interest in the adsorption of several
molecules on Janus TMDs, in particular Janus MoSSe.**
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Table 4 The molecular adsorption properties of different perfect and
defective low-dimensional Janus monolayers and ribbons for gas-sensing
applications. B shortest molecule-monolayer adsorption distance. Ej:
adsorption energy. M: total magnetic moment of the composite mole-
cule/Janus-monolayer system following molecular adsorption. Individual
and double (S, Se) vacancies are indicated as Vgse) and Vsse, respectively. It
should be noted that the adsorption energy is defined as: E; = Equp+mol —
Esub — Emol Thus, the lower adsorption energy indicates the stronger
adsorption ability

Substrate Molecule B, (&) E, (eV) M (ug) Ref.
MoSSe H,0 2.66 —0.243 0 121
MoSSe-Vg H,0 2.985 —0.321 0
MoSSe CH,OH —0.25 122
MoSSe-edge N, —1.43 0 37
MoSSe-S side CcO 3.15 —0.13 0 120
CO, 3.06 —0.18 0
NH; 2.67 —0.19 0
NO 2.77 —0.14 0
NO, 2.78 —0.22 0
MoSSe
Vsse H,S 1.609 —0.238 0 123
Ve NH, 0.876 —0.281 0
Ve NO, 1776 —3.36 1.0
Vise NO 0 —2.894 1.01

Table 4 reports a compilation of the main results of recent
research in sensing of gas molecules adsorbed on low dimen-
sional Janus materials. It should be mentioned that the adsorp-
tion energy is negative, thus lower values of adsorption energy
indicate stronger adsorption. Interestingly, due to the asym-
metric structure and the associated built-in electrostatic dipole
and electric field, the interactions between adsorbed molecules
such as CO, CO,, NH;, NO and NO, on Janus MoSSe mono-
layers are stronger than those on MoS, monolayers. Taking NO,
as an example, the adsorption energy of NO, on MoS, is about
—0.21 eV, while it can be lowered to —0.24 eV on MoSSe."*°
Furthermore, adsorption on the Se-side of Janus MoSSe is
much stronger than on the S-side. Application of uniaxial
tensile strain leads to further enhancement of the adsorption
strength of NH; and NO, on the Se-side of Janus MoSSe
monolayers. The adsorption strength can be further enhanced
by surface defects and edge modification. For example, the
adsorption energy of molecular H,O on a perfect Janus MoSSe
sheet is about —0.243 eV. However, the adsorption energy can
be increased to —0.321 eV if H,O adsorbs on the S-vacancy
site."*! This tendency can be found also for NO, NO, or other
molecules, suggesting a critical role for Se and S/Se vacancies in
controlling the sensitivity of MoSSe for molecular adsorption
and related gas-sensing applications.

5. Conclusions and outlook

Owing to their peculiar properties by comparison with conven-
tional two dimensional materials, Janus TMDs have attracted
considerable interest from researchers working in different
fields. The removal of mirror symmetry in Janus materials
brings about unique properties, which make these systems
promising for a variety of applications. This review has focused
mainly on recent theoretical and computational advances in
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understanding and controlling these properties, with special
focus on possible competing structural phases, emerging
properties, and potential applications for low dimensional
Janus materials. Based on the theoretical results reviewed,
low dimensional Janus TMDs exhibit very peculiar properties
such as intrinsic out-of-plane dipole moments, tunable band
gap, strong Rashba spin-splitting, sizable carrier mobility, and
relatively strong excitonic effects. These properties in turn
suggest potential for diversified applications ranging from
nanoscale electronics to optoelectronics, to photocatalytic
water splitting and piezoelectric devices.

To date, only the Janus MoSSe and WSSe monolayers have
been successfully synthesized by selenization of monolayer
MoS, and sulfurization of monolayer WSe,, respectively. As a
result, most of the recent research on Janus low dimensional
materials has been of theoretical and computational nature.
This suboptimal situation prompts for continued and increased
efforts in the preparation and characterization of Janus two
dimensional materials and related hetero-structures, towards
realization of the full potential of this class of materials for
technological applications.

From a theoretical and computational perspective, most of
the simulations of Janus TMD materials so far have focused on
systems under vacuum conditions. However, the viable use of
Janus TMDs for photocatalytic water splitting, the hydrogen
evolution reaction, gas sensing, piezoelectric devices and other
practical applications requires these materials to be exposed to
different gas, liquid and solid environments. It is thus neces-
sary to extend research in this field by studying the perfor-
mance of these materials under realistic conditions i.e., by
considering also their surrounding medium and operating
conditions.

Last but not least, although recent simulation results indi-
cate that excitonic effects are dramatically increased in Janus
low dimensional materials, quantitative understanding of the
behavior of excess charge, possible polaron formation and
exciton dynamics is yet to be reached and should be prioritized
in the near-future. This is necessary to understand not only
the individual systems but also the charge and energy transfer
processes in multi-layered hetero-structures.
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