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ABSTRACT

Two-dimensional (2D) Janus materials are a new class of materials with unique physical, chemical, and quantum properties. The name
“Janus” originates from the ancient Roman god which has two faces, one looking to the future while the other facing the past. Janus has
been used to describe special types of materials which have two faces at the nanoscale. This unique atomic arrangement has been shown
to present rather exotic properties with applications in biology, chemistry, energy conversion, and quantum sciences. This review article
aims to offer a comprehensive review of the emergent quantum properties of Janus materials. The review starts by introducing 0D Janus
nanoparticles and 1D Janus nanotubes, and highlights their difference from classical ones. The design principles, synthesis, and the
properties of graphene-based and chalcogenide-based Janus layers are then discussed. A particular emphasis is given to colossal built-in
potential in 2D Janus layers and resulting quantum phenomena such as Rashba splitting, skyrmionics, excitonics, and 2D magnetic
ordering. More recent theoretical predictions are discussed in 2D Janus superlattices when Janus layers are stacked onto each other.
Finally, we discuss the tunable quantum properties and newly predicted 2D Janus layers waiting to be experimentally realized. The
review serves as a complete summary of the 2D Janus library and predicted quantum properties in 2D Janus layers and their
superlattices.
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properties on one side and hydrophilic features on the other; thus, the
term Janus was coined.’ Following this work, the use of Janus has
expanded gradually and is now commonly used to describe materials
that have two vastly different chemical compositions and sometimes
functionalities on each side.

As shown in Fig. 1, if the material in question is a zero-
dimensional (0D) Janus nanoparticle, top and bottom (north and
south) hemispheres consist of different compositions. However, it must
be mentioned that the exact definition of Janus or what it describes in
the nanoparticle community is rather broad and is not confined to
north/south poles, which will be clarified later in the review. This Janus
concept in 0D nanoparticles (NPs) gradually expanded into the 1D
nanowires and, more recently, to the 2D materials communities as
these new classes of materials became available. Currently, the term
Janus or “polar” can be commonly found in the 0D and 1D materials
community, whereas it is in its beginning for 2D materials.

What is the rationale behind designing and synthesizing such chal-
lenging materials? The direct answer is the added functionalities and the
new physical, chemical, and quantum phenomena arising from the bro-
ken symmetry. As we will show in this review article, breaking the mirror
symmetry in materials creates added functionalities, and it is an effective
way to engineer the material properties, even unlock new physics.
Because of these opportunities and new functionalities, creating new
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materials by the Janus concept is a growing field, which is the central jus-
tification for this timely review article. Due to recent exciting develop-
ments in the field of quantum materials, the main focal point of this
review article will be on Janus 2D materials and quantum material sys-
tems. Furthermore, we will summarize recent discoveries in 0D and 1D
Janus materials to give the reader a sufficient context and depth in the
field. We want to invite those who are interested in 0D Janus NPs to con-
sult other great review articles that appeared in the last two decades.” "’

First, an overview of Janus nanoparticles is presented in Sec. II in
terms of the different synthesis techniques and their possible applica-
tions. Section I1I is devoted to experimental and theoretical reports on
Janus structures of graphene derivatives (Sec. IIT A), group-VI (exci-
tonic) 2D Janus TMDs (Sec. 111 B), other types of Janus TMDs (Sec.
11 C), and vdW superlattices of Janus layers (Sec. I11 D). After intro-
ducing the fundamentals of these materials, Sec. IV is devoted to their
tunable quantum properties. In Sec. V, we present other types of 2D
Janus materials that extend beyond TMDs, and the review article is
summarized in Sec. V1.

Il. JANUS NANOPARTICLES
A. Classical vs Janus nanoparticles

The classical nanoparticles refer to simple single-composition
particles such as Au NPs, TiO, NPs, and quantum dots. The material

FIG. 1. Different types of Janus materials are schematically shown for the following: (a) 0D nanoparticles: Reprinted with permission from A. Kharazmi and N. V. Priezjev, J.
Chem. Phys. 142(23), 234503 (2015). Copyright 2015 AIP Publishing.” (b) 1D nanotubes: Reprinted with permission from Danial et al., Nat. Commun. 4, 2780 (2013).
Copyright 2013 Springer Nature.” (c) and (d) 2D graphene derivative: Reprinted with permission from Zhang et al., Nat. Commun. 4, 1443 (2013). Copyright 2013 Springer
Nature.” Reprinted with permission from Peng et al., Nanoscale 7(22), 9975-9979 (2015). Copyright 2015 Royal Society of Chemistry.” (e) 2D transition metal dichalcogenides
(TMDs) (selenium atoms are depicted with yellow, metal atoms with cyan, and sulfur atoms with red).
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properties of these classical NPs are mostly defined by surface-to-vol-
ume ratios, particle geometries, composition, and surface functionali-
zation groups. After large nanoscience and nanotechnology initiatives
in the last few decades, these classical nanoparticles have found several
real-life applications ranging from cosmetics to cancer therapy and
biosensing/detection.

While classical NPs are geometrically uniform, the Janus NPs dis-
play more complex structure. Just like the Roman god Janus, they typi-
cally have two faces; thus, their internal symmetry is broken. However,
the term Janus is not a sufficient adjective to scientifically define the
NPs. From a geometrical standpoint, 0D Janus nanoparticles can be
divided into various categories, namely, spherical, dumbbell-like, half
raspberry-like, cylindrical, disk-like, or other creative shapes and forms
(Fig. 2). It is important to note that these geometrical differences mani-
fest themselves in the physical behavior of Janus NPs and sometimes
offer entirely different applications.

Interaction between the compartments of different Janus NPs
gives rise to broad possibilities for self-assembly of novel micro-
structures. For example, reversible cluster formation and size con-
trol could be achieved with pH trigger.”” A combination of dual
characters in the Janus NPs structure also allows for innovative
functionalities that cannot be realized in traditional NPs systems.
With hydrophilic and hydrophobic features coexisting, particulate
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surfactant-like behavior was observed for Janus NPs with different
morphologies.'® '* Muller et al. also showed compatibilization of
immiscible polymers (polystyrene and poly-methyl methacrylate)
with Janus NPs aligning between different polymer domains.'**’
Duo functionalities in Janus NPs also enabled their biological
applications. Studies have shown successful binding to cell mem-
branes with one side of Janus nanoparticle and the introduction of
imaging ability from the other side.”’ Simultaneous imaging and
magnetolytic therapy was achieved with polystyrene-magnetite
nanoparticles.”’

B. The synthesis of Janus NPs

Those Janus NPs can be fabricated by many different synthesis
techniques such as surface coating by deposition of evaporated metal
particles,””’ layer-by-layer self-assembly,”*** and photo-polymeriza-
tion.'>* A typical example of Janus nanoparticles synthesized by elec-
trodeposition technique is shown in Fig. 2. Importantly, each Janus
nanoparticle type has its unique properties, which were demonstrated
to be useful in various applications. For example, while polymeric
nanoparticles were found to be suitable for surfactants, inorganic ones
can be used in drug delivery, bioimaging, and biomarker. On the other
hand, polymeric-inorganic Janus nanoparticles were fabricated as

Elastic stress
. Monomer

Swelling ~ Polymerizing
25°C, >10h 70°C, 8h

compositional heterogeneity

FIG. 2. (a) Variety of different types of 0D and 1D Janus materials."" Reprinted with permission from Zhang et al., Biomater. Sci. 754), 1262-1275 (2019). Copyright 2019

Royal Society of Chemistry. (b)~(d) summarize some of the common Janus material synthesis techniques employed in the field.'*"

Reprinted with permission from Perro

et al., Colloids Surf. A 332(1), 57-62 (2009). Copyright 2009 Royal Society of Chemistry. Reprinted with permission from Shepherd et al., Langmuir 22(21), 8618-8622 (2006).
Copyright 2006 American Chemical Society. Reprinted with permission from Kim et al., J. Am. Chem. Soc. 128(44), 14374-14377 (2006). Copyright 2006 American Chemical

Society.
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functional coatings or films, serving as building blocks for novel devi-
ces and materials.

llIl. TWO-DIMENSIONAL JANUS CRYSTALS

After the successful synthesis of graphene,” the first single-layer
crystal made of carbon, other atomically thin materials, and their het-
erostructures have been the focus of interest in materials science, phys-
ics, and chemistry.”” ** Confinement of electrons, holes, and
excitations in the out-of-plane direction leads to dramatic changes in
their physical and chemical properties. Recent experimental develop-
ments have opened up the way to synthesize Janus two dimensional
(2D) single-layer materials. Researchers demonstrated the successful
fabrication of a Janus type single-layer MoSSe structure by the control-
lable exchange of S by Se at one surface of a MoS, layer or Se by S at
MoSe; layer.””* The fact that having the two surfaces of a 2D material
made out of different atoms enriches the functionality of the material
that can be useful in developing novel nanodevices in the fields of
chemistry, biology, and physics. Regarding the growing research inter-
est in 2D Janus single-layer structures, here we review the recent
experimental and theoretical progress in the development of Janus
single-layers, including their structural, vibrational, electronic, optical,
and mechanical properties.

A. Graphene-based Janus layers

Since the first example of a 2D monolayer was graphene, the first
example of 2D Janus layers is naturally graphene-based. The very first
studies of graphane were purely theoretical inspired from graphene,
which is essentially hydrogenated graphene with H bonded on both
sides of the carbon sheet.”'** Following the theoretical prediction of
graphane sheets, Zhou et al.** have shown that it is theoretically possi-
ble to realize hydrogen decorations specifically on one side of gra-
phene, or it is possible to remove H atoms from one side of graphane.
The resulting structure was named graphone. This is the first example
of a 2D Janus layer, which had two different surface configurations.

One of the exciting aspects of this new Janus material is that it
was predicted to be a ferromagnetic indirect bandgap semiconductor,
which was quite visionary for its time. It also offered new ways to
introduce ferromagnetism in 2D, which is advantageous over other
strategies such as substitutional doping, nanoribbons creation, or
vacancy generation. Later, Haberer et al. first demonstrated the

(f) Symmetric
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isolation of partially hydrogenated single-sided graphene (see Fig. 3),
which was observed to have the C,H composition, via hydrogen
plasma treatment of gold-supported chemical vapor deposited (CVD)
graphene.”” The impact of the single-sided hydrogenated graphene
was reported to be its wide bandgap, which is suitable for optoelec-
tronic applications in the UV range.

Single-sided graphene functionalization or “2D single-side gra-
phene Janus layers” did not stay limited to graphone but extended to
different surface functionalization groups, like halogens such as Cl and
F. Yang et al. reported that Cl atoms tend to adsorb onto the graphene
surface and form p-type doped, single-sided chlorinated graphene
structures.”” Depending on the charge transfer between the adsorbed
Cl atoms, it was shown that two alternative structural formations
could occur: Cl atoms can be adsorbed on para-site C atoms resulting
in maximum coverage of 25%, or two Cl atoms interact with each
other to form Cl, molecules and desorb from the graphene surface.
Moreover, the electronic band structure indicated the tunable bandgap
of chlorinated graphene ranging from 0 eV to 1.3 eV. The first experi-
mental observation of asymmetrically halogenated graphene was
reported by Robinson et al. through the single-side fluorination of gra-
phene.”® By exposing a CVD-grown graphene sheet on Cu foil to a
XeF, atmosphere, it was demonstrated that the F coverage is almost
saturated at 25%, yielding the formation of a C,F structure which was
reported to be optically transparent and over 6 orders of magnitude
more resistive than a graphene monolayer.

In addition to 2D single-side graphene Janus layers, other func-
tionalization directions were taken toward creating asymmetrical
Janus structures or “2D asymmetric graphene Janus layers.” These
materials involved two different types of atoms on each side of gra-
phene. Singh and Bester predicted the stable formation of hydro-
fluorinated structures in which C atoms are saturated by either H or F
atoms at the two different surfaces.”” It was reported that the adsorp-
tion configuration of the H and F atoms plays a crucial role in the elec-
tronic bandgap of the structure. For the most stable composition,
the two sides of graphene were modified homogenously with H or F
atoms; Yang et al. further extended the prediction to various halogen
atoms.”* As shown in Fig, 3, their findings indicated that the electronic
bandgap increases as the difference between the atomic radii of the
two adsorbed atoms is larger. Notably, the formation of asymmetric
single-layers using graphene as the basis material was also reported

X )
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FIG. 3. (a)-(e) STM images collected from 2D Janus graphene layers at different hydrogenation times.** Reprinted with permission from Haberer et al., Adv. Mater. 23(39),
4497-4503 (2011). Copyright 2011 John Wiley and Sons. (f) Symmetric as well as (g) asymmetric (Janus) arrangements of surface modified graphene layers.** (h) Calculated
band structures of different types of symmetric and Janus graphene layers.** Reprinted with permission from Yang et al., J. Appl Phys. 113(8), 084313 (2013). Copyright 2013
AIP Publishing.
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with modification of the graphene surface by small molecules, func-
tional polymers, or deposition of nanoparticles."'

At the height of graphene excitement, 2D graphene-based Janus
layers mostly had one goal in mind: to introduce an electronic
bandgap. Thus, most of the theory work focused on changes in the
electronic structure and experiment focused on the synthesize route.
Possible emergent quantum phenomena or potential vertical polariza-
tion field-induced changes still remain nearly unknown. With the
renewed interest in 2D Janus transition metal dichalcogenides
(TMDs), graphene-based Janus materials might lead to new insights
and research directions in the upcoming years.

B. Transition metal dichalcogenide based Janus layers
1. Janus transition metal dichalcogenides

Two-dimensional transition metal dichalcogenides (TMDs) are
another class of 2D materials with the general chemical formula of
MX, where M is the transition metal (M = Nb, Ti, Ta, Mo, etc.) and X
represents the chalcogen group elements S, Se, or Te. To date, 2D
TMDs have shown many exotic quantum phenomena such as super-
conductivity, charge density waves, Weyl fermions, excitonics, and val-
leytronics.” Similar to graphene-based Janus layers, TMDs have been
predicted to form Janus TMDs layers by replacing one side of the
material with a different type of chalcogen atoms. More specifically, if
the top sulfur layer of a MoS, 2D sheet is stripped and replaced by
selenium, it creates a MoSSe Janus layer, as shown in Figs. 1(e) and
4(a)."” At the time of writing this review article, the majority of the
fundamental studies on Janus TMDs are all theory-based, and experi-
mental characterization efforts are lacking, perhaps due to consider-
able difficulties in sample preparation. There are two synthesis articles
from 2017 focusing on Janus MoSSe,””*’ but no other synthesis efforts
on these materials are available to realize other Janus chalcogenide sys-
tems. Nevertheless, the existing theory articles point toward rather
exciting quantum phenomena arising from broken mirror symmetry.
Below, we summarize some of these extraordinary properties.
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2. Emergent quantum phenomena in 2D Janus TMDs

Among 2D single-layer materials, classical TMDs are an emerg-
ing class of materials owing to their wide-ranging electronic properties
from metallic to semiconducting and even to superconducting, which
offer opportunities for various applications.”””" MoS,, for example,
has been shown to undergo band renormalization going from bulk to
monolayers’' and shows an indirect to direct bandgap transition in
the monolayer limit. Spin-orbit coupling (SOC) and lack of inversion
symmetry in its structure lead to coupled spin and valley behavior, but
overall zero out of plane potential gradience forbids Rashba splitting
in bulk form, which could allow for spintronics and valleytronics
application.””””>’

The idea for breaking the internal symmetry of a TMD single-
layer was first proposed by Cheng et al. by predicting the stability
of polar single-layer TMDs, which were recently named as Janus
TMDs after their successful synthesis.”” Proposed Janus TMDs MXY
(M = Mo or Wand X, Y=S§, Se, or Te) comply with the same crystal
structure with their parent material: metal atoms are sandwiched
between two layers of chalcogen atoms, and together they form a hex-
agonal lattice. The Janus monolayer structure evolves from TMD by
completely replacing one layer of chalcogen atoms with another group
VI element. Given the broken mirror symmetry, the point group of
monolayer changes from Dj}, in TMDs to Csy in Janus. The electro-
negativity difference between the top and bottom layer elements leads
to asymmetric dipole distribution, which results in a “colossal vertical
electric field” within the monolayer of the Janus structure [see Figs. 4(a)
and 4(b)]. As a result of the polarization field, the top and the bottom
layers of the Janus sheets have different potential energies, which have
been predicted to be as high as 0.5 eV, as shown in Fig. 4(b). In this sec-
tion, we will discuss the emerging quantum effects arising from the
intrinsic vertical polarization field and the broken mirror symmetry.

a. Rashba-Dresselhaus  splitting. Rashba  spin-orbit coupling

refers to the fact that an electron moving in the 2D electric field will
experience an effective magnetic field that is coupled to its spin. Spin
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FIG. 4. (a) 2D Janus TMDs and induced polarization are shown schematically.”* Reprinted with permission from Li et al., J. Phys. Chem. Lett. 10(3), 559-565 (2019).
Copyright 2019 American Chemical Society. (b) Across the 2D Janus layers, the potential energy and the charge density change differently compared to classical TMDs; it
induces colossal polarization field and work function difference between the two sides of the 2D Janus layers.”® Reprinted with permission from Li et al., J. Phys. Chem. Lett.
8(23), 5959-5965 (2017). Copyright 2017 American Chemical Society. (c) As a result of this polarization field, the band structure splits at the I" point, which is known as
Rashba splitting.*’ Reprinted with permission from Cheng et al., Europhys. Lett. 102(5), 57001 (2013). Copyright 2013 IOP Publishing, Ltd.
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degeneracy is lifted in systems with such effect, which potentially
allows spin manipulation and electron trajectory control for spin—orbi-
tronic applications.”” In TMDs such as MoS,, inversion asymmetry
introduces spin-momentum locking, and the energy dispersion shows
two parabolas that are shifted by a momentum offset. However,
this could only be observed when a surface state or an external out-of-
plane field is present in the crystal. By manually breaking mirror
symmetry through chalcogen alternation, an intrinsic out-of-plane
polarization fleld is exerted on the structure. This polarization has
been shown to stabilize spin-nondegenerate states at the I" point and
induce “Giant Rashba splitting.”*”>""" This splitting is shown in the
band structure in Fig. 4(c). According to the theoretical predictions,
the Rashba splitting parameters can be much larger than those of other
champion materials such as BiTel.”” Interestingly, Rashba parameters
can be further tuned by in-plane strain engineering to reach rather
impressive values.”*”” While results are still at theory level, massive
Rashba tunable spin splitting parameters are particularly useful for
spintronics and quantum device applications since spins can be selec-
tively accessed and manipulated on demand.

b. Magnetism and skyrmionics. Discovery of ferromagnetism in
monolayer Crl;*”* and bilayer CrGeTe;"" at low temperature shows
that magnetism ordering can be stabilized in 2D systems, which dra-
matically broadens electronic applications of van der Waals materials.
Other 2D systems, including VSez,(‘z‘“ MnSez,“3 and Fe;GeTe,,”"*”
were later proven to show near room temperature ferromagnetism
down to the monolayer limit. Here, 2D Janus layers enrich this quan-
tum phenomenon owing to its intrinsic permanent dipole moment
and colossal vertical polarization field.

Current theory articles on Janus VSSe and CrIBr”’ layers
show that the intrinsic polarization enables high Curie temperature
(T.) ferromagnetism in these materials. However, these studies are
mainly based on density functional theory (DFT) parameters and sim-
ple Bohr magneton per unit cell argument; thus, the fundamental
understanding of how the magnetic order in 2D change under extreme
polarization field in Janus layers remains unknown. One creative
work, however, points out that one effect of the polarization field is the
direct change in the Dzyaloshinskii-Moriya interaction (DMI)
strength. More specifically, their calculations show that DMI interac-
tion changes in Janus MnSeTe and MnSTe and pave its way to poten-
tially stabilize topologically protected skyrmions (magnetic textures or

66,67
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particle-like knots) which opens another pathway for quantum spin

manipulation (Fig. 5).°%"

c. Novel excitonic and valleytronic phenomena. The lack of inver-
sion symmetry, together with large spin-orbit coupling (SOC), is
already known to give 2D TMDs such as MoSe,, WSe,, or WS, indi-
vidually controllable valleys in K-space at the K and K’ points in the
first Brillouin zone.”” As a result of the unique combination of spin
and valley degrees of freedom, optically generated electrons and holes
are both valley- and spin-polarized (spin-valley locking), a quantum
property that is absent in other traditional semiconductors.

Here the broken mirror symmetry and the presence of a perma-
nent dipole offer fascinating physics and even directions into quantum
applications. While the entire findings are theory-driven, early predic-
tions show that Janus layers contain excitons and their homojunction
of Janus TMDs is capable of forming type-II junctions with band off-
sets comparable to the potential difference between the top and the
bottom faces of the Janus sheets [Figs. 6(a)-6(c)]. More interestingly,
depending on the stacking order, the valleytronic responses [Figs. 6(d)
and 6(e)] can be greatly tuned, and colossal Berry curvature values are
also possible (~100 bohr?). These properties are quite noteworthy and
open up opportunities to achieve 100% valley polarization without any
need for magnetic-electric fields or electronic doping/gating.”””"”
This offers completely new ways to tune the spin polarization ratio
(valleytronics) without using external electric or magnetic fields.

d. Colossal vertical piezoelectricity. Following the fabrication of
single-layer Janus MoSSe, Dong et al. investigated the large in-plane
and out-of-plane piezoelectric properties of single-layer Janus TMDs
through first-principles calculations.”” It was reported that the
weak out-of-plane piezoelectric coefficient of single-layer Janus MXY
(M = Mo or W and X, Y=S, Se, or Te) could be significantly
enhanced by strain [Fig. 6(e)]. In multilayer structure, the piezoelectric
property is boosted, and it is tunable by layer stacking sequence.
Moreover, it was shown that the improved out-of-plane piezoelectric
coefficient of multilayer MXY is more significant than that of com-
monly used bulk piezoelectric materials.

3. Single-layer Janus TMDs: Experimental realization

The first experimental synthesis of 2D Janus single-layers
was reported by two independent groups simultaneously in 2017,

FIG. 5. (a) Janus 2D magnetic trihalides and (b) the predicted magnetism at different temperature.°” Reprinted with permission from Moaied et al., Phys. Chem. Chem. Phys.
20(33), 2175521763 (2018). Copyright 2018 Royal Society of Chemistry. (c) One of the novel emergent quantum phenomena in 2D Janus magnetic layers is the formation of
skyrmions.* (d) Spin textures in the presence of a large polarization field and enhanced DMI interactions.*®
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FIG. 6. (a) and (b) The predicted excitonic absorption® and measured PL spectra™ of MoSSe excitonic Janus layers. Reprinted with permission from Li et al., J. Phys. Chem.
Lett. 8(23), 5959-5965 (2017). Copyright 2017 American Chemical Society. Reprinted with permission from Zhang et al., ACS Nano 11(8), 8192-8198 (2017). Copyright 2017
American Chemical Society. (c) Aside from single layers, bilayer homojunction Janus layers have been shown to yield type-Il heterojunctions owing to the inherent polarization
field.”* (d) Depending on the stacking type and order, it has been predicted that valleytronic properties dramatically change.” Reprinted with germlssmn from Li et al., J. Phys.

Chem. Lett. 10(3), 559-565 (2019). Copyright 2019 American Chemical Society. (e) Piezoelectricity with respect to strain in 2D Janus TMDs.

Reprinted with permission from

Dong et al., ACS Nano 11(8), 8242-8248 (2017). Copyright 2017 American Chemical Society.

but no other synthesis efforts appeared ever since, presumably
due to difficulties in synthesis approaches. Both techniques
involved high-temperature processing and relied on replacing the
top layer chalcogens with a different chalcogen either by thermal
effects or plasma treatment. Li and his co-workers reported on a
strategy for the experimental growth of Janus TMDs single-
layers'” which start with synthesis of monolayer MoS, flakes on a
sapphire substrate using the chemical vapor deposition (CVD)
method. In a two-step process, the top sulfur layer of single-layer
MoS, was replaced by H-atoms in plasma, and then replacement
of H atoms by Se atoms was achieved by thermal selenization (see
Fig. 7). In this work, the effect of temperature on the selenization
process was investigated, and 350-450 °C temperature range was
recommended. Above this temperature, it was shown that 2D
alloys could be formed due to the thermal energy provided during
the functionalization step.

In another study, Zhang et al. also claimed single-layer Janus
MoSSe™* formation. In contrast to the experiment performed by Li
and his co-workers,"’ Zhang et al. used single-layer MoSe; as the base
layer, and the top Se layer was replaced by S atoms at very high tem-
peratures (750 °C). Even though the Raman spectra match to those
predicted from theory, it remains unclear how alloying can be

prevented at such high temperatures. In these two studies, the presence
of Janus layers was confirmed mainly by comparing the calculated
phonon dispersion relation with the measured Raman spectrum and
room temperature PL spectra were also provided to show light emis-
sion from these layers.

However, it remains unknown how excitonic effects in these
materials influence the results at low temperatures. More importantly,
it appears that reproducing these results is not straightforward, as evi-
denced by lack of experimental verification since 2017. This suggests
that the growth mechanism is highly complex and possibly depends
on a variety of growth parameters including flow rate, sample posi-
tioning, temperature window, plasma power, initial material quality,
and many other parameters related to the kinetics of the reaction.
More experimental results and possibly other innovative methods are
needed to push the limit in 2D Janus crystal synthesis. Another route
of growth could be Janus layer formation from exfoliated monolayers.
This would enable one to start with exfoliated sheets from vdW crys-
tals—instead of extensive CVD parameter development for exotic
material systems—and create new classes of Janus layers by surface
replacement mechanisms. While this process is not scalable, it will
enable researchers to probe novel quantum phenomena in microscales
and identify promising 2D Janus candidates for a variety of
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FIG. 7. Two main techniques emerged for the fabrication of 2D Janus MoSSe. (a) The first one strip off the top S layer, hydrogenize, and eventually selenide the surface.”’
Reprinted with permission from Lu et al., Nat. Nanotechnol. 12(8), 744 (20172. Copyright 2017 Springer Nature. (b) The second technique removes the top layer by thermal

annealing and decorates the top surface with different types of chalcogens.”
2017 American Chemical Society.

applications. Finally, solution-process-based techniques are needed to
transform classical TMDs into Janus layers, which will enable room
temperature processing that is required in the industry.

C. Other theoretically predicted Janus TMDs layers

Following the experimental realization of Janus single-layer
MoSSe and the theoretical investigation of out-of-plane piezoelectricity
in the Janus family, a large number of Janus TMD single-layers were
predicted theoretically. Shi et al. studied the structural, electronic, and
mechanical properties of Janus single-layer MXY (M = Ti, Zr, Hf, V,
Nb, Ta, Cr, Mo, or W and X/Y =S, Se, or Te) structures.”* It was first
shown that except for the VXY, TiSSe, and TiSTe single-layers, all
structures display dynamical stability in the 1H phase revealed by the
real phonon band dispersions through the whole Brillouin zone. The
reason for the dynamical instability of the mentioned single-layers of
V- and Ti-based Janus structures can be due to the existing charge
density wave phase in V- and Ti-based TMDs in their bare structures.
As shown in Fig. 8, the mechanical properties of all structures were
investigated in terms of their elastic constants, and they were com-
pared through the atomic masses and radius. It was also shown that
Janus single-layers of Hf-, Zr-, and Ti-dichalcogenides exhibit metallic
behavior in contrast to their non-polar symmetric single-layer forms.
Also, it was revealed that single-layer VSSe has a giant in-plane piezo-
electric polarization and exhibits an intrinsic ferroelasticity. Moreover,
it was shown that the in-plane piezoelectricity in Janus VSSe could be
tuned up to ~3.3 x 107" C/m as it is subjected to uniaxial in-plane
strain. Remarkably, an ultrahigh reversible strain (up to 73%) was
demonstrated in the ferroelasticity of Janus VSSe that is much higher
than that reported for other 2D materials.

Inspired by the synthesis of VS, and demonstration of ferromag-
netic order in 2D,*” Zhang et al. predicted that Janus single-layer VSSe
exhibits a highly stable room-temperature ferromagnetism and a large

Reprinted with permission from Zhang et al., ACS Nano 11(8), 8192-8198 (2017). Copyright

valley polarization arising from the broken space- and time-reversal
symmetries.”” Although theoretical investigations on the stability of
Janus TMDs single-layers were made by considering only their 1H
phase, the Te-based Janus structures may also exhibit dynamical sta-
bility in their distorted phase (1T") since MoTe, and WTe, were
reported to crystallize in 1T’ phase.””’® Experimental studies reported
structural phase transitions from 1H to 1T’ via electrostatic charge
injection in Te-based TMDs.”” Wang et al. reported such a 1H to 1T’
phase transition upon electron doping in Janus single-layers of MoSSe
and MoSTe using first-principles calculations.”® It was predicted that
the critical value of electron doping for such a phase transition
depends on the type of the chalcogenide atoms and that the electron
amount decreases from S to Te. Notably, such a structural phase tran-
sition can be easily achieved in Janus MoSTe via small amount of elec-
tron doping. On the other hand, Tang et al predicted that Janus
single-layer MoSSe could also crystallize in dynamically stable IT’
phase which exhibits distinctive properties as compared to its 1H
phase.”” Similar to the electron doping strategy, it was reported that
the energy barrier (1.10eV) between 1H and 1T’ phases of Janus
MoSSe can be overcome via alkali metal adsorption which is a feasible
experimental approach. Notably, due to the almost linear dispersion of
the band states, an ultrahigh electron (hole) mobility up to 1.21 x 10°
(7.24 x 10*) cm?/(V s) was calculated for the 1T’ phase. Recently, the
vibrational and piezoelectric properties of Janus MoSTe phases were
calculated.” Tt was shown that the dynamically stable TH and 1T’
phases of Janus MoSTe exhibit distinctive vibrational properties in
terms of their Raman spectra. In addition, the noncentral symmetric
1T’ -MoSTe was shown to possess large piezoelectric coefficients.

D. 2D Janus vdW superlattices and interfaces

The quantum confinement of electrons at atomic scale and the
presence of interlayer coupling in van der Waals layered materials
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Reprinted with permission from Shi et al., J. Phys. 30(21), 215301 (2018).
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provide researchers with an opportunity to tune their electronic and
optical properties through stacking engineering.”' While the properties
of many 2D materials are sensitive to the sample thickness such as
MoS, (which exhibits an indirect-to-direct bandgap crossover as it is
thinned down to the one-layer limit),”" ReS, was observed to be a
robust direct bandgap semiconductor regardless of the number of
layers.”

Similar to the van der Waals heterostructures constructed from
2D materials, those formed by two Janus single-layers or by Janus and
bare single-layer materials have also become the focus of interest due
to possible interface variations caused by the asymmetry and the per-
manent dipole within each layer. Li et al. studied the electronic and
optical properties of both vertical and lateral MoSSe/WSSe hetero-
structures, and it was revealed that both types possess type-II band
alignment which is desirable for energy conversion because of the
induced spatially indirect excitons [Figs. 9(a) and 9(b)].”° Yin et al.
investigated the layer number-dependent properties of Janus MoSSe."’
It was shown that the MoSSe layers prefer to interact in SMoSe/SMoSe
sequence in their bilayer form, which enhances the induced out-of-
plane dipole moment. In addition, the bandgap and the charge carrier
mobilities were shown to be effectively modified via stacking type and
the layer number. Particularly, the electronic dispersions were shown
to vary from indirect to direct, and the bandgap can be controlled
between 0.81 and 1.45eV via stacking order. Moreover, Riis-Jensen
et al. reported that the intrinsic dipole moment leads to the formation
of a built-in electric field as the layer number increases.”” It was shown
that the electric field induces a staggered (type-II) band alignment
throughout the structure, and at a critical thickness of 3-4 layers, the
conduction band minimum of the upper-most layer was found to
meet the valence band maximum of the lower-most layer triggering an
electron transfer between the outermost monolayers [see Fig. 9(b)].
The charge density on the outermost surfaces of the created p-n junc-
tion was also calculated, and it was shown that the charge density can
be tuned from 5 x 10" (in 5L-MoSSe) to 2 x 10" e/cm? (in 17L-
MoSSe). The results are particularly exciting for charge separation in
solar cells or tuning of band alignment at the interface between two
different semiconductors. Another area of excitement will be

o
Charge transfer
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p-doping
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excitonics, where interlayer excitons and formation of exciton com-
plexes through various thermalization pathways enabled by the per-
manent dipole or colossal polarization fields are valuable.

a. Interfaces with other materials. On the other hand, Yu et al.
investigated the interfacial contact properties of graphene/MoSSe het-
erostructure and reported that the formed n-type Schottky contact
have a Schottky barrier height of 0.07 eV, and it is tunable down to the
Ohmic contact via application of external electric field (>0.4 V/A)
and in-plane biaxial strain (>8%).” Similarly, Jing et al. studied the
interfacial properties of heterostructures constructed by Janus MSSe
(M = Mo or W) and HLNT, (T=F, O, or OH) single-layers.‘\;/1
Particularly, it was shown that using the S or Se face MSSe in contact
with HENT, layer significantly affects the Schottky barrier height.
Furthermore, the choice of F atom on the surface of Hf,N in contact
with S-terminated surfaces of MoSSe or WSSe was shown to create
Schottky barrier-free contact for electron injection. As revealed by
those studies, in constructed vertical heterostructures of Janus single-
layers, the atomic termination of the interface has significant effects on
the properties of the system. Our group investigated the single-layer
Janus structures of Pt-dichalcogenides and their possible vertical heter-
ostructures.” Tt was also reported that the replacement of surface
atoms with smaller chalcogen atoms is favorable for the formation of
Janus XPtY (X#Y =S, Se, or Te). Also, it was shown that vertical
heterostructures constructed either by XPtY/XPtY or XPtY/Pt,X pro-
vide a wide range of opportunities for possible applications due to the
creation of type L, II, and III band alignments.

IV. TUNABLE QUANTUM PROPERTIES
A. Strain-Rashba Relation

The in-plane strain directly influences the net electric field acting
on metal atoms within the Janus lattice, and thus also affects the
Rashba spin splitting.” Li et al. showed that changing the interlayer
distance causes variation of the Rashba effect which arises from the
competition between the intralayer and interlayer electric fields.”* The
contrast of Rashba parameters oy at I" high symmetry point as a func-
tion of interlayer distance was simulated. It was shown that in the case
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FIG. 9. (a) Formation of interlayer excitons in 2D Janus MoSSe/WSSe vdW junctions in the presence of strong polarization field.” Reprinted with permission from Li et al., J.
Phys. Chem. Lett. 8(23), 5959-5965 (2017). Copyright 2017 American Chemical Society. (b) and (c) Formation of type-Il homojunction in 2D Janus TMDs and efficient photo-
excited hole and electron separation.’* (d) The work function difference between the top and the bottom layers show strong variation with respect to the number of layers used
in vdW homojunction formation.”” Reprinted with permission from Riis-Jensen et al., J. Phys. Chem. C 122(43), 24520-24526 (2018). Copyright 2018 American Chemical
Society.
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of increased interlayer distance from equilibrium, a decreased overlap
between p, orbitals in S/Se leads to an enhanced net vertical electric
field, triggering significant large o values. The Rashba effect, however,
disappeared as the interlayer distance was reduced (Fig. 10).

When compressive strain is applied on AA-stacked MoSSe layers,
og as large as 1.28 eV A can be obtained. In contrast, due to tensile
strain, a decrease in the out-of-plane orbital overlap resulted in a net
vertical reduction of the electric fields experienced by Mo atoms,
resulting in the absence of the Rashba effect. It is consequently decisive
that an in-plane strain provides an effective way to tune the Rashba
effect in monolayer MoSSe and stacking structures. Subsequently, due
to auxiliary strain, the in-plane electric field is also tuned, causing val-
ley splitting at band edges. This was confirmed by the VB splitting
(2kv) at the K point when the strain was changed. Considering the
large values of Rashba coefficients, together with the ability to tune
these values further to even higher values by strain, Janus materials
offer different directions in spin-FET's and spintronics.

B. Electronic effects

The strain phenomena in Janus single-layers were further
extended to many different TMDs Janus structures. By considering
1H-phase of single-layer MXY (M = Mo or W, and X# Y =S, Se, or
Te), Liu et al. investigated their in-plane biaxial strain-dependent elec-
tronic properties.”” Structurally, it was shown that the single-layer
Janus MXY structures maintain their dynamical stability even at large
compressive (12%) and tensile (14%) biaxial strains. Moreover, it
was shown that regardless of the type of the chalcogen and transition
metal atom, all Janus MXY structures exhibit semiconducting to
metallic transition with an increase in the biaxial strain. Like the
distorted phase of TMDs single-layers, the square phase (1S) of Janus
MXY (M = Mo or W, and X# Y =S, Se, or Te) was studied by Zhang
et al. and was reported to possess dynamical stability.”” The bare
1S-MXY single-layers were found to be semiconductors with energy
bandgaps ranging from 30 to 165meV. Besides, it was revealed that
1S-MoSeTe, 1S-WSSe, and 1S-WSeTe undergo a semiconductor-
metal transition upon application of compressive strain in the range
3%-6%. Moreover, single-layer 1S-WSTe was shown to exhibit strain-
dependent spin-orbit splitting with the most significant value of
129 meV under 3% of compressive strain.

The experimental realization of Janus MoSSe has opened up the
possibility for the synthesis of other single-layer Janus structures of

(b)

ci} ()
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TMDs. Janus single-layer of WX, (X=S, Se, or Te) also has such
potential due to its similar structure as Mo-dichalcogenides. Kandemir
et al. investigated the electronic and vibrational properties of single-
layer and bilayer Janus WSSe.”” It was revealed that Janus WSSe is a
direct bandgap semiconductor and its Raman spectrum exhibits addi-
tional phonon modes which arise due to the broken out-of-plane sym-
metry. In addition, it was shown that for three possible atomic
arrangements in the interface of bilayer WSSe (S-Se, S-S, and Se-Se),
Raman spectra possess a wide variety of features, which are useful for
distinguishing the stacking type (see Fig. 11). In another study, Zhou
et al. studied the structural stability and electronic properties of few-
layer WSSe and reported that the atomic order of Se-S-Se-S in bilayer
WSSe has a significant layer splitting because of the net total dipole
moment which can be useful for solar cell applications.”” The elec-
tronic structures and spin splitting were reported to be sensitive to the
chalcogen atomic-layer order and the interlayer distance in a few-layer
Janus WSSe.

C. Effect of atomic adsorption

It was demonstrated by experiments and predicted theoretically
that 2D materials are quite suitable for tuning their properties by
atomic and molecular adsorptions, electrostatic gating, and straining.”’
Janus single-layer materials were also considered to be suitable candi-
dates for such tuning due to asymmetric surfaces, which may enable
the emergence of combined properties under external effects. Tao
et al. studied the effect of transition metal atom adsorption on single-
layer Janus MoSSe structure.”’ The adsorption from Se-side results in
enhanced dipole moment, regardless of the binding site of the adatom.
In contrast, for adsorption of transition metals from the S-side, the
dipole moments are weakened or even reversed depending on the type
of adsorbed atom. In another study, Peng et al. investigated the valley-
tronic properties of single-layer Janus MoSSe and reported that its
direct bandgap nature at the K point accommodates coupled spin and
valley physics as a result of the strong spin-orbit coupling (SOC) and
the broken out-of-plane symmetry. It was found that upon magnetic
atom doping, i.e., Cr/V, valley polarization can be achieved, which is
also strain-tunable. Effect of magnetic dopants on the valley polariza-
tion in single-layer Janus MoSSe was reported, and it was shown that
the long-sought valley polarization could be achieved via Cr/V mag-
netic doping which is essential for valleytronics.”
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FIG. 10. Tunable (ag Rashba splitting parameters, (b) vertical polarization strength acting on metal atom via stacking distance, and (c) Rashba energies via biaxial strain for

AA stacked MoSSe.

* Reprinted with permission from Li et al., J. Phys. Chem. Lett. 10(3), 559-565 (2019). Copyright 2019 American Chemical Society.
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FIG. 11. Calculated phonon dispersions and Raman active modes for SeWS Janus material with different stacking orders.” Reprinted with permission from Kandemir et al.,
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V. OTHER 2D JANUS LAYERS

A. Post-transition-metal chalcogenides: M,XY (M = Ga
orin,X=Y =S, Se, or Te)

Post-transition-metal chalcogenides (PTMCs) are essential exam-
ples of vdW layered materials having the chemical formula MX where
M stands for post-transition-metal and X for the chalcogenide atom.
Over the last five years, single-layers of GaS and GaSe were success-
fully added to the 2D library”” ** and very recently, their cousin, InSe,
was announced to be a potential semiconductor for superfast elec-
tronic devices due to its high electron mobility at room temperature.”

Considering their attractive properties and application areas in
photovoltaics and catalysis, Guo et al.”” designed possible Janus single-
layers of group-III monochalcogenides (including Ga,SSe, Ga,STe,
Ga,SeTe, In,SSe, In,STe, In,SeTe, GalnS,, GalnSe,, and GalnTe,) and
it was shown that all of the Janus structures possess thermodynamical
and dynamical stabilities. Also, electronic band dispersion calculations
revealed that the bandgap of the Janus structures lies in the range of
0.89 and 2.03eV and Ga,STe, Ga,SeTe, In,STe, and In,SeTe were
found to exhibit direct bandgap behavior. This indirect to direct gap
crossover is particularly exciting, and more advanced quantum simu-
lations are needed to understand the excitonic and potential valley-
tronic properties.

Moreover, the piezoelectric coefficients of Janus group-IIT mono-
chalcogenides were found to be enhanced up to 8.47 pm/V, which is
over four times the maximum value of the classical PTMCs structures.
The out-of-plane polarization was shown to result in an additional
out-of-plane piezoelectric coefficient ranging between 0.07 and
0.46 pm/V orders of magnitude stronger than that of TMDs Janus
structures (see Fig. 12).

In another study, the strain-dependent electronic properties of
In,SSe Janus single-layers were studied, and it was shown that Janus
In,SSe possesses a direct bandgap.” This is in stark contrast to other
classical In-based M,X; systems, and more experimental studies are
needed to confirm this finding. Besides, it was shown that excessive
uniaxial and biaxial strain ranges (=2%), Janus In,SSe behaves as a
robust direct bandgap semiconductor even when put on substrates,
which may be quite crucial for applications in optoelectronic devices.

Furthermore, Bai et al. predicted potential applications of single-
layer Janus PTMCs as photocatalysts.”” It was shown that the band
edge positions of the Janus PTMCs are suitable for photocatalytic
water splitting except for the single-layer Ga,STe, whose valence band
edge is higher than the oxidation potential. Also, the direct bandgap
nature of Ga,SeTe, In,STe, and In,SeTe makes them potential candi-
dates for application in the field of photocatalysis because of their high
absorption coefficient and their highly efficient electron-hole pair gen-
eration (Fig. 13). Other than these attractive electronic properties, it
remains unknown how the permanent dipole in 2D Janus chalcoge-
nides influences the overall catalytic activity or if selective catalysis
(driven by the polarization field) can be achieved.

VI. SUMMARY AND OVERVIEW

In this review article, we discussed the recent progress in 2D
Janus materials with emphasis on emergent quantum phenomena
arising from broken mirror symmetry and colossal polarization (verti-
cal electric field) in these unique classes of materials. We have pro-
vided an update of the fundamental electronic, magnetic, optical, and
piezoelectric properties of these material systems. While doing so, we
have put them in a historical context concerning 0D and 1D Janus
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FIG. 12. Extraordinary piezoelectric coefficients predicted for a variety of Ga- and
In- based 2D Janus layers.”” Reprinted with permission from Guo et al., Appl.
Phys. Lett. 110(16), 163102 (2017). Copyright 2017 AIP Publishing.
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materials. 2D Janus materials included graphene-based, TMDs,
PTMCs, and other types of Janus crystals.

In the big picture, the future of 2D Janus layers is bright. They
offer rather unique properties that lead to many important applica-
tion areas in quantum sciences, energy conversion technologies,
and spintronics. Superlattices of 2D Janus layers offer efficient
ways to separate photoexcited changes and even provide novel
approaches for band-alignment engineering. These attributes sug-
gest that their superlattices are likely to make an impact in energy
conversion—the built-in polarization field in 2D Janus chalcoge-
nides is likely to create ways for selective catalysis and spin-
dependent chemistry. Unique layer to layer polarization field inter-
actions have been theoretically shown to generate rather powerful
piezoelectric parameters. While this is yet to be experimentally
demonstrated, Janus layers will likely make meaningful contribu-
tions to the piezoelectrics field. Other than these straightforward
directions, we anticipate that their quantum properties arising
from exotic many-body interaction in the presence of self-driven
polarization fields will unlock novel properties and applications
that are not possible with other material systems. Examples include
magnetic knots (skyrmions) engineering, spintronics by 2D mag-
netic ordering, quantum opto-spintronics, or valleytronics by
dipolar excitons in Janus layers, and traditional spintronic/qubit
operations enabled by giant Rashba splitting. However, at the time
of writing this review article, the majority of the work is still theory
driven. While a wealth of quantum and physical effects have been
predicted, the experimental results are severely lacking, likely due
to difficulties in sample preparation. We anticipate essential pro-
gress in the fundamental understanding of these materials once the
synthesis techniques become more accessible and more reproduc-
ible, and the characterization teams start gaining access to these
material systems.
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FIG. 13. The potential of 2D Janus PTMCs toward catalysis and photovoltaics. The position of valence band (VB) and conduction band (CB) edges is shown.” Reprinted
with permission from Bai et al., Appl. Surf. Sci. 478, 522-531 (2019). Copyright 2019 Elsevier.
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