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ABSTRACT 

Two dimensional (2D) Janus Transition Metal Dichalcogenides (TMDs) are a new class of 

atomically thin polar materials. In these materials, the top and the bottom atomic layer are 

made of different chalcogen atoms. To date, several theoretical studies have shown that a 

broken mirror symmetry induces a colossal electrical field in these materials, which leads 

to unusual quantum properties. Despite these new properties, the current knowledge in their 

synthesis is limited only through two independent studies; both works rely on high-

temperature processing techniques and are specific to only one type of 2D Janus material 

- MoSSe. Therefore, there is an urgent need for the development of a new synthesis method 

to (1) Extend the library of Janus class materials. (2) Improve the quality of 2D crystals. 

(3) Enable the synthesis of Janus heterostructures.  

The central hypothesis in this work is that the processing temperature of 2D Janus synthesis 

can be significantly lowered down to room temperatures by using reactive hydrogen and 

sulfur radicals while stripping off selenium atoms from the 2D surface. To test this 

hypothesis, a series of controlled growth studies were performed, and several 

complementary characterization techniques were used to establish a process–structure-

property relationship. The results show that the newly proposed technique, namely 

Selective Epitaxy and Atomic Replacement (SEAR) is effective in reducing the growth 

temperature down to ambient conditions. The proposed technique benefits in achieving 

highly crystalline 2D Janus layers with an excellent optical response. Further studies herein 

show that this technique can form highly sophisticated lateral and vertical heterostructures 

of 2D Janus layers. Overall results establish an entirely new growth technique for 2D Janus 
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layers which pave ways for the realization of exciting quantum effects in these materials 

such as Fulde–Ferrell–Larkin–Ovchinnikov (FFLO) state, Majorana fermions, and 

topological p-wave superconductors. 
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1. Chapter 1 Introduction 

1.1. Graphene: a Brief History 

Carbon is my favorite element. Often considered the materia prima of life, carbon 

forms the backbone of organic chemistry. The excellent flexibility of its bonding allows it 

from unique structures with novel mechanical, electronic, magnetic, and optical properties, 

i.e., Allotropes of Carbon. Hypothetically more than five hundred of these allotropes of 

carbon have been predicted, many of which have been experimentally realized and 

researched [1]. Of these, Graphene, a two-dimensional allotrope, gained considerable 

attention over the last decade and paved the way for the emergence of a two-dimensional 

materials field [2].  

Although Graphene was theoretically predicted in 1947 by P.R Wallace, who first 

predicted its unusual semi-metallic behavior [3], it was not until 2004, when Novoselov 

and Giem successfully isolated graphene from Graphite, was it rediscovered [2]. The delay 

in the discovery is partly attributed to two reasons: (1) No one expected Graphene to be 

stable, and the idea of a purely 2D structure was not a reality since Wallace’s time, (2) No 

experimental tools existed to search monoatomic thin flakes.  

It was after Novoselov showed that graphene could be spotted due to a subtle 

optical effect it created on top of a chosen SiO2 structure that allowed for its observation 

using an ordinary optical microscope [4]. Graphene is often projected as a wonder material 

due to its many fascinating properties. Despite being atomically thin, it is impermeable to 

gases and liquids [5]. It is more robust and stiffer than diamond and still can be stretched 

by a quarter of its length; in fact, its surface area is largest known for its weight. Thanks to 
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its excellent mechanical flexibility and durability, graphene was soon seen as structural 

enhancement material, and it was employed as a constituent in composite materials[6, 7]. 

However, it is the unusual electronic properties that make graphene genuinely remarkable 

and worthy of its namesake as a wonder material.  

 Graphene has superb carrier mobility, extraordinary optical transparency, and 

incredible stability, which has led researchers to speculate its use in electronics[8]. Not 

only does it conduct heat and electricity better than copper, but its robust ambipolar electric 

field effect [9] [10] and high room temperature mobility [11] has also allowed researchers 

to fabricate metallic transistors, which are much faster than those made from silicon[12]. 

Arranged in a honeycomb structure made up of hexagons, graphene can be imagined as a 

ring of benzene stripped out of their hydrogen atoms, as shown in Figure1.1[13].  

 

Figure 1.1 Graphene as a building block in various allotropes of carbon.  

Panel adapted with permission from ref [8] American Physical Society. 
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It plays a vital role amongst other allotropes of carbon since it is used to define their 

electronic properties. Many other forms of carbon can be thought of as structures composed 

of graphene as its building block. Graphite, for instance, a 3D allotrope of carbon consists 

of sheets of graphene stacked on top of one another and held together by Vander walls 

force. Similarly, carbon nanotubes are obtained by rolling graphene along a given direction 

and reconnecting the carbon bonds. This extraordinary structural flexibility of graphene is 

resonated with its electronic properties. The sp2 hybridization between the 1s and 2p 

orbitals leads to a trigonal planar structure, where a σ bond is formed between carbon atoms 

1.42 Å apart [2]. This σ bond is responsible for the sturdiness of the lattice structure in all 

allotropes. Because of Pauli’s exclusion principle, the bond has a completely occupied shell 

and, as a result, forms a deep valence bond. On the contrary, the p orbital, which is 

perpendicular to the planar structure, is mostly unaffected and binds covalently with 

neighboring carbon atoms. This leads to the formation of a π bond. Due to the extra electron 

within each p orbital, the π bond is partially filled.  This peculiarity plays a crucial role in 

the physics of strongly correlated systems. 

 The Coulomb energies in such systems are mainly due to the strong, tight binding 

characteristics and often lead to strong collective effects. Examples of such effects include 

magnetism and Mottness (insulating behavior due to correlation gaps) [14]. Another 

critical aspect of graphene is the unusual two-dimensional Dirac like electronic excitation, 

which can be controlled by the application of external electric and magnetic fields Or by 

alternating the sample geometry or topology[15]. These Dirac electrons behave in unusual 

ways in tunneling, confinement, and integer quantum Hall effect[16]. The Dirac fermions 
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in graphene are massless chiral excitations and mimic the physics for quantum 

electrodynamics for massless fermions except that in graphene, the Dirac fermions move 

with the speed υf, and hence many unusual properties of QED show up in graphene but at 

lower speeds[17]. The Dirac electrons are particularly vital because they behave in a 

different way when compared to the ordinary electrons if subjected to magnetic fields, 

leading to a new quantum phenomenon [15]. Examples of such effects include anomalous 

integer quantum Hall effect observed in graphene at room temperature because of 

enormous cyclotron energies for relativistic electrons[18], a trait that makes it different 

from other material systems such as Si and GaAlAs for which IQHE is observed[16, 19, 

20]. 

 Under certain conditions, the Dirac electrons are immune to localization effects 

that are observed in ordinary electrons. This behavior arises due to the insensitivity of the 

Dirac fermions to external electrostatic potentials due to the Klein paradox[21, 22]. 

Entirely, on the contrary, the Dirac fermions behave unusually in the presence of confining 

potentials leading to Zitterbewegung motion of the wave function [23]. Another important 

aspect is the layer dependence in graphene. The stacking can change the electronic 

properties considerably, and the layering structure can be used in order to control the 

electronic properties [24].  This, when coupled with the chiral Dirac nature of fermions in 

graphene, makes them a potential candidate for valleytronics applications [25]. 

Furthermore, the existence of supercurrent flow and Andreev processes 

characteristic of the superconducting proximity effect has been shown when 

superconducting contacts are attached to graphene [26]. Interestingly due to the robust 
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electronic coherence of graphene, Cooper pairs are shown to propagate well in 

graphene[27]. In addition to this, quantum interference phenomena such as the Aharonov-

Bohm effect[28], universal conductance fluctuations [29] as well as weak localization [30] 

have all been experimentally realized in graphene rings.  Furthermore, the ballistic 

electronic propagation in graphene can be used for p-n field-effect devices [31]. Since the 

Coulombic interactions are enhanced in smaller geometries, for instance, graphene 

quantum dots [32-34], magnetic phenomenon such as the Kondo effect and unusual 

Coulomb blockade effects can also be observed in such confined geometries [35, 36]. 

Although the 2D materials field is still in its infancy, the unique structural and 

electronic properties observed in graphene has sparked tremendous interest in other 2D 

systems, particularly Transition Metal Dichalcogenides (TMD) [37]. Over the last decade, 

substantial economic resources have been devoted to study these systems. The scientific 

and technological opportunities for the materials seem to be unlimited, and a thorough 

comprehension of their properties can open doors for a new frontier in electronics and 

quantum technology [38]. Thus graphene, a material only two decades old, has paved the 

way for an emergent scientific field and hence propelled us into the quantum age.  

 

1.2. 2D Layered Materials. 

Two-dimensional layered materials are crystalline materials consisting of a single 

layer of atoms. These materials are usually categorized either as two-dimensional 

allotropes of various elements such as graphene, phosphorene, silicene, etc.  or compounds 

consisting of two or more covalent bonding elements Hexagonal boron nitride, Boron 
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carbides, Germanane and TMDS [39, 40]. Layered combinations of different two-

dimensional materials are called Vander walls heterostructures and are fabricated to tailor 

material properties to specific applications. Many two-dimensional layered materials are 

under close consideration for use in several industries and scientific thrusts, examples of 

which include optoelectronics[41], valleytronics [42], Quantum computing and 

cryptography [43], biological engineering, photovoltaics [44], medicine, quantum dots, 

thermal management, and energy storage, etc. [45-47]. 

 

Figure 1.2 Family of various 2D material.                                                                               
panel adapted with permission from ref [48], MDPI 

 

1.2.1. Transition Metal Chalcogenides.  

Atomically thin materials often exhibit remarkable physical properties resulting 

from the quantum confinement effect and crystal symmetry [49]. The best example of such 

systems remains graphene, which is very popular because of its many fascinating 

properties; however, the lack of an electronic bandgap has stimulated the search for two-

dimensional materials with semiconducting character [2]. The family of two-dimensional 

transition metal dichalcogenides, which are semiconductors of the type MX2 (where M is 
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a transition metal such as Molybdenum, Tungsten, or Niobium, and X is chalcogen atom 

such as Sulfur, Selenium or Tellurium) are an especially promising candidate [50].  

TMDs have been under close consideration for potential application is valleytronics 

and optoelectronics due to their highly efficient light-matter coupling [42]. The broken 

inversion symmetry in these materials, in addition to the strong spin-orbit coupling, leads 

to a unique combination of valley and spin degrees of freedom. The monolayers are stable 

under ambient conditions when thinned down from their bulk counterparts that exist in a 

2H phase and consist of X-M-X building blocks with weak van der Waals bonding in 

between the layers. These crystals are characterized by D6H point group symmetry for 

stochiometric compounds [51]. Compared to the bulk samples, the monolayer TMDs are 

characterized by a lower symmetry point group D3H. In bulk TMDs, the indirect bandgap 

is associated with the conduction band minimum (CBM) being located at the halfway point 

between Γ- Κ, in the first Brillouin zone, and the valence band maximum (VBM) being 

located at the Γ point at the center of the Brillouin zone [52]. The pz orbitals from the 

chalcogen atoms and the dz
2 contribute to the electronic states at this Γ point. Whereas, the 

electronic states associated with the K± point conduction and valence band states are very 

strongly localized in the metal atom plane. They contain a contribution from dx
2

-y
2

 ±idxy 

states (VB) and dz
2 states (CB) for transition metal atom and are slightly mixed with px ∓ 

ipy orbital for the chalcogen atom [52]. There is considerable spatial overlap between 

adjacent MX2 layers of the orbitals corresponding to the center of the Brillouin zone at the 

Γ point (VB)  and the midpoint along Γ- Κ (CB). When one progresses from the bulk to a 
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monolayer sample, the indirect gap energy corresponding to the separation between the Γ 

and Γ-K increases. 

In contrast to this, the K± point CB and VB energies remain unaffected. In the 

monolayer limit, the semiconductor undergoes a crossover to a direct bandgap from an 

indirect one, with the former being situated at the K± point; this results in a much stronger 

light emission for the monolayers.  

 

Figure 1.3 Structure and electronic properties of TMDS 

(a) Various Phases in 2D materials (b) ‘Periodic table’ of known layered TMDCs, (c) band 

transition due to quantum confinement effect (d) band structure of monolayer 2H-MoS2, 

showing the spin splitting of the bands. The panel is adapted with permission from ref [37], 

Springer Nature. 

 

Additionally, The optical transitions at the bandgap are valley selective, and one 

can induce optical transitions at K+ or K- valleys using a circularly polarized light σ+ or 

σ- respectively. The presence of a direct gap is particularly interesting for potential device 
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applications, and promising device prototypes have already been demonstrated with 

various functionality, including phototransistors [53].  

Compared to graphene, monolayer TMDS shows the presence of strong spin-orbit 

interactions, which introduce spin splitting of few to tens of meV in the conduction bands 

and several hundred meV in the valence band [54]. These spin states in the inequivalent 

valleys k+ and K− are linked by time-reversal symmetry. The spin-orbit interaction in 

transition metal dichalcogenides is stronger than in graphene since spin-orbit interaction is 

a relativistic effect and is more pronounced in TMDs due to the relatively heavy elements 

in the TMDs and the involvement of the transition metal d orbitals [55]. 

  Furthermore, a significant enhancement of the Coulomb interaction is also 

observed in the 2D monolayers, and this is generally attributed to the weak dielectric 

screening from the environment.  Since their inception in 2010 [53], the properties of these 

dielectric gap monolayers with valley selective optical selection rules have been 

extensively studied using linear as well as nonlinear optical spectroscopic techniques. In 

bulk semiconductors, an electron is promoted to the conduction band after the absorption 

of a photon of suitable energy, thus leaving behind a hole in the valence band. In TMD 

monolayers, however, the electron and the holes are tightly bound together due to the 

Coulomb interaction and results in the formation of bound electron-hole pairs (excitons) 

with typical binding energies of the order 0.5 eV. Formation of excitons in these material 

systems dominates the optical and spin properties at cryogenic as well as room temperature 

At the corresponding transition energies, the interaction of light with matter is strongly 

enhanced in comparison to the transitions in the continuum of unbound electrons and holes.   
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In addition to spin-orbit coupling, the Coulomb interaction in monolayers contributes to 

the splitting between optically bright and dark exciton states and determines the valley 

polarization dynamics of excitons. In conclusion, the physics of these excitons are of 

fundamental interest for engineering and exploiting the properties of these materials in 

potential device applications. 

 

1.3. Group VI Transition Metal Chalcogenides 

1.3.1. Molybdenum Based TMDs 

Molybdenum based TMDS are metal dichalcogenide materials of the MX2 type, 

where molybdenum serves as the transition metal (M). Within the family of Moly based 

TMDs, all three known variants, i.e., Molybdenum Sulfide (MoS2), Molybdenum Selenide 

(MoSe2), and Molybdenum Telluride (MoTe2) exist, with MoS2 and MoSe2 being stable at 

room temperature. Molybdenum Telluride is unstable at room temperature and gradually 

oxidizes into molybdenum dioxide (MoO2) [56].  

 

Figure 1.4 Band renormalization in MoS2,                                                                                             

panel adapted with permission from ref [57], American Physical Society. 
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The crystal structure in these materials results from the stacking of sheets of 

hexagonally packed atoms, with two chalcogen atom separated by a plane of metal atoms, 

thus forming a three-layer configuration packed together by covalent bonds. A single sheet 

of three-layer atoms is referred to as a monolayer, and multiple stacks of monolayer sheets 

have held one another by van der Waals bonds that are much weaker than covalent bonds.  

Bulk TMDs can exist in several varieties of polyforms such as 1T, 2H, and 3R, where T, 

H, and R refer to trigonal, hexagonal, and rhombohedral[55, 58]. In contrast to this, 

monolayer TMDs such as MoS2 ref. Fig1.4 exhibits only two polymorphs, both of which 

are directly related to metal coordination: trigonal prismatic (D3h point group) or 

octahedral (D3d point group)[37]. 

  

Figure 1.5 MoS2 crystal structure 

Of all the TMDs, MoS2 is arguably the most extensively studied material within the 

two-dimensional materials community due to potential application in the lithium-ion 

battery (LIB)[59], the flexible electronic device [60], photoluminescence, valleytronics, 
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and field-effect transistors[61, 62]. The earliest report of synthesis date to 1963; however, 

the material gained extensive attention after a direct bandgap and photoluminescence were 

observed in monolayers in [53, 63]. Due to the research and development on the synthesis 

of graphene in the latter half of the decade, the methodology and growth routes were quite 

well-established and were quickly applied for the rapid, high-quality synthesis of 

monolayer TMDS [64]. Like graphene, Molybdenum can be obtained by mechanical 

exfoliation or solvent-based exfoliation methods [65, 66]. Mechanical exfoliation of the 

MoS2 method always leads to the 2D trigonal prismatic structure labeled as H-MoS2, which 

is semiconducting. Based on Density function Theory calculations H-MoS2 phase has the 

space group of P6/mmc and is the most stable configuration under ambient conditions.[67] 

 

Figure 1.6 Encapsulated single-layer MoS2 transistor.                                                             
Panel adapted with permission from ref [68], Springer Nature.  
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Solvent phase exfoliation is also another method of synthesis of 2D MoS2 and 

results in octahedral configuration phases[69].  The trigonal prismatic H-MoS2 has a 

bandgap of 1.67 eV, whereas the T-MoS2, on the other hand, is metallic. It has been shown 

that the Li adsorption on the surface can induce a phase transformation from 2H -MoS2 to 

an octahedral configuration [70]. Since exfoliation and the liquid phase solvent extraction 

yield quasi-2D material and is unreliable for an industrial scale-up, Synthesis monolayer 

TMD is mostly carried out by Chemical Vapor Deposition (CVD), Physical Vapor 

Deposition (PVD), Metal-Organic CVD (MO-CVD) and Molecular Beam epitaxy (MBE), 

etc. 

The lack of bandgap in graphene has fundamentally restricted its use as a 

graphene field-effect transistor (FET) biosensor.  This is mainly attributed to poor device 

performance due to increased leakage and reduced sensitivity [71]. MoS2, on the other 

hand, is an n-type semiconductor bandgap of 1.67 eV, and gas sensing capability for 

monolayer MoS2 has gained widespread attention over the last few years. MoS2 has been 

proposed as a promising candidate for the detection of nitrogen dioxide, ammonia, and 

ethanol. Simple conductometric and FET devices fabricated from MoS2 for the detection 

of solvents such as triethylamine have shown very promising results. Since the electrical 

resistance in FET MoS2 can be tuned by gate bias, it makes the material more competitive 

for gas sensing compared to graphene [72, 73]. Apart from 2D monolayer devices, research 

groups have reported that different morphologies of MoS2 exhibit different sensing 

properties compared to both its bulk and 2D counterparts. For Instance, an MoS2/Si pn 

junction device, fabricated by magnetron sputtering, was shown to sense high 

https://en.wikipedia.org/wiki/Bio-FET
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concentrations of ammonia, although with a low response (∆G/G ≈19.1%@200ppm NH3) 

[74] 

1.3.2. Tungsten Based TMDs 

Atomic structure of the WX2 (X = S, Se) monolayers at equilibrium belong to the 

symmetry D3h group with tungsten and chalcogen atoms arranged in a hexagonal lattice. In 

bulk form, the monolayers are bonded together by the van der Waals force. In the bulk 

form, both WS2 and WSe2 are semiconductors with an indirect bandgap.[75] The indirect 

gap is formed between the valence band maximum (VBM) at the Γ-point and the 

conduction band minimum (CBM) locating on the S-Γ path where the energy gap of the 

bulk WS2 0.909 eV is slightly larger than that of the bulk WSe2 0.826 eV. [76] 

 

Figure 1.7 Phonon dispersion relation (a) WSe2  (b)WS2                                                                           

Panel printed with permission from ref [77], Springer Nature. 

 

Due to the quantum confinement effect, the electronic properties of the bulk crystal 

drastically change from their monolayer counterparts, undergoing an indirect to direct 
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bandgap transition in the monolayer limit. The phonon dispersion relations of the 

monolayers WSe2 and WS2 calculated from first principle methods are shown in Fig 1.8 

It is evident from the given that there are no imaginary modes in the phonon 

spectrum of the monolayers implying that they are stable in their equilibrium state. First 

principle calculations show that at equilibrium, the band gaps of WS2 and WSe2 

monolayers are respectively 1.800 eV and 1.566 eV.  

 

Figure 1.8: Calculated DFT electronic band structures of WS2 and WSe2 monolayer 

crystals. The red arrows indicate direct bandgap and the transition associated with 

the low-energy A and B excitons                                                                                                                
Panel adapted with permission from ref [78], John Wiley and Sons 

 

From a device application perspective, the characteristics of the backdated WSe2 

transistors with thick oxides are susceptible to the applied drain bias, especially for 

transistors in the sub-micrometer regime. The ambipolar conduction is essential for 

complementary metal-oxide-semiconductor (CMOS) circuits such as inverters, and since 

most TMDCs, such are naturally n-type doped they make an excellent choice for such 

applications[79]. Furthermore, the existence of room temperature ferromagnetism has been 
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shown to exist in Ni-doped WSe2 [80]. Additionally, a significant enhancement in the 

device performance has also been observed in these monolayers by surface 

functionalization with cesium carbonate, with the photocurrent of the WSe2-based 

phototransistor increasing by nearly three orders of magnitude [81]. 

 

1.4. 2D Janus TMD 

1.4.1. Introduction 

Asymmetric functionalization of monolayers to break its symmetry has received 

widespread attention over the past couple of years [82-86]. These materials are called 

“Janus,” after the Roman god with two faces to emphasize the different material/properties 

they have on either face, as shown in Fig 1.8. 

 

Figure 1.9 Different types of Janus materials  

 (a) 0D Nanoparticles (b)1-D nanotubes (c-d) Functionaalized graphene (e) 2D TMDs 

Panel adapted with permission from ref [85], American Physical Society 
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The use of the “Janus” term dates in the scientific community dated to 1988 when 

Casagrande and his colleagues fabricated glass beads with hydrophobic properties on one 

side and hydrophilic features on the other [87]. Following this work, the use of Janus has 

expanded gradually, and the term is now commonly used to describe materials that have 

two vastly different chemical compositions and sometimes functionalities on each side. 

The rationale to create such materials stems can add more functionalities and is a way to 

engineer materials from a fundamental perspective 

The first example of 2D Janus materials was seen in the form of asymmetric 

hydrogen functionalization of graphene called graphane, which consisted of hydrogenated 

graphene with H bonded on both sides of the carbon sheet [88]. Furthermore, the theoretical 

prediction of graphane sheets, have also shown selective hydrogen decorations mainly on 

one side of graphene, the resulting structure being named as graphone. Theoretical studies 

of this material have also shown that this new Janus material to be a ferromagnetic indirect 

bandgap semiconductor [89, 90]. Single-sided hydrogenated graphene has been reported 

to be a wide bandgap suitable for optoelectronic applications in the UV range [91].  

 

Figure 1.10  Symmetric and asymmetric arrangements of 2D Janus graphene layers 

panel adapted with permission from ref [85], American Physical Society. 
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Surface functionalization in graphene has also been extended other chalcogens 

chlorine and Fluorine.  For instance, Cl atoms tend to adsorb onto the graphene surface and 

form p-type doped, single-sided chlorinated graphene structures. The electronic bandgap 

for these structures shows a tunable bandgap ranging from 0 to 1.3 eV [92, 93]. Similarly, 

fluorine functionalized graphene sheet can be synthesized by exposing the graphene sheet 

to the XeF2 atmosphere; it was demonstrated that the F coverage is almost saturated at 25%, 

yielding the formation of a C4F structure [94]. The as-synthesized structure has been 

reported to be optically transparent and over six orders of magnitude more resistive than a 

graphene monolayer. Furthermore, other directions, such as the creation of asymmetric 

graphene layers, with two different types of atom on both sides of graphene, have also been 

reported [93]. For instance, a stable form of hydrogen fluorinated graphene has been 

proposed by saturating hydrogen and fluorine atoms on the wither end of the graphene 

sheet[95].  

After successful synthesis of graphene-based Janus, recent experimental 

developments have also opened avenues for the synthesis of Two-Dimensional Janus 

TMDS. 2D TMDs exhibit many remarkable properties of graphene in addition to newer 

exotic quantum phenomenon such as Weyl fermions [96], Charge Density Wave (CDW) 

states, Type-II superconductivity [97], Tuneable Ising Pairing, [98], etc. However, 

asymmetric functionalization of these materials can potentially unlock much more 

substantial effects. For instance, in MoS2, although the lack of inversion symmetry and 

spin-orbit coupling leads to spin and valley dependent behavior, lack of out of plane 
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potential gradient forbids phenomenon such as Rashba splitting which plays a vital role in 

potential spintronics and valleytronics applications [99] 

1.4.2. Differences From Conventional TMDs  

The idea for breaking the internal symmetry of monolayer TMDs was first proposed 

by Cheng et al.[99], by predicting the stability of polar single-layer TMDs. The proposed 

Janus structure MXY consisted of Metal atoms (M) that are sandwiched between two layers 

of different chalcogen atoms (X, Y) and comply with the same crystal structure as the 

parent TMD. The Janus monolayer structure evolves from TMD by completely replacing 

one layer of chalcogen atoms with another element of the same group [100].  

Given the broken mirror symmetry, point group of monolayer changes from D3h in 

TMDs to C3v in Janus. The electronegativity difference between the top and bottom layer 

elements leads to asymmetric dipole distribution, which results in an intrinsic electric field 

build-up within the material, within the monolayer of the Janus structure. As a result of the 

polarization field, the top and the bottom layers of the Janus sheets have completely 

different potential energies, which has been predicted to be as high as 0.5 eV [85]. 

Symmetry breaking within Janus materials is also exciting and responsible for phenomena, 

such as phase transition, magnetism, ferroelectricity, and ferromagnetism [101].   DFT 

based calculation for several Janus materials has shown the phonon dispersion to be 

dynamically stable [83]. An exception, however, occurs, MoSeTe and MoSTe monolayers 

are predicted to be unstable. The phonon dispersion calculation for these monolayers shows 

apparent imaginary frequencies near the Γ point[102]. Recently the group three based Janus 
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chalcogenides have also been studied and predicted to be stable according to the formation 

of energy and phonon dispersion calculations.  

 

1.5. Emergent Quantum properties of Janus TMD 

A fundamental comprehension of the electronic structure is crucial in predicting the 

physical properties of materials. Studies on the band structures of 2D TMDs and their 

derivatives show that as a monolayer, the band structure in most TMDs changes from 

indirect to direct bandgap with tunable gaps, thus providing a high optical absorption 

coefficient for photovoltaic devices. The group-III chalcogenide Janus monolayers are 

shown to be semiconducting, with an indirect bandgap of 1.32–2.36 eV [83].  The high 

carrier mobility indicates that Janus TMDs are suitable for use in electronic devices, such 

as field-effect transistors. The monolayers of the group-VI chalcogenides, WSSe, MoSSe, 

and MoSeTe are direct bandgap semiconductors, with the conduction band minimum 

(CBM) and valence band maximum (VBM) located at the K point in the first Brillouin 

zone. Other variants of this class, namely, MoSTe and WSTe monolayers, have an indirect 

bandgap with the CBM located at the in-between K -Γ points and VBM located at the Γ 

point, respectively. Additionally, considering the spin-orbit coupling, the band structures 

of the Janus MXY monolayers show stable spin splitting at the band edges around the K 

point, just like their parent TMD structure. Thus, showing potential for applications in 

spintronic devices.  
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1.5.1. The Bychkov-Rashba effect 

A momentum dependent splitting of spin bands, the Rashba effect is quite 

analogous to the splitting of the particles and anti-particles in the Dirac Hamiltonian [103] 

The splitting of the band is a combined effect of the spin-orbit interaction and the 

asymmetry of electric field potential within the crystal [104]. 

 

Figure 1.11 Electronic band structure of WSSe without with SOC, Where Rashba 

Splitting can be observed at the VBM  

Panel adapted with permission from ref [105] Royal Society of Chemistry 

 

Applications of this effect include the ability to control electron spins by electric 

fields and Anisotropic Magnetoresistance[106-108]. Over the years, researchers have 

carried out many studies in order to realize the Rashba effect within a variety of classes of 

materials, including bulk crystals as well low dimensional systems such as heterostructures 

and surface states.  
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The observance of Rashba splitting was confirmed in 2012 in bulk BiTeI as a 

potential candidate for spin-dependent electronic devices[109]. 2D LaOBiS2, with a 

thickness of 1 nm, also shows large Rashba splitting of the bands. Due to the absence of 

mirror symmetry, materials with a large Rashba spin splitting and seem to be another 

promising candidate for spintronic applications[110]. The asymmetric electric field 

coupled with the spin-orbit coupling within Janus TMDs fulfill both the requirements to 

observe Rashba splitting within a material and after the synthesis of Janus MoSSe, 

researchers soon began to investigate electronic band structures of a series of Janus 

monolayer TMDs with chemical formula MXY. A Rashba-type spin splitting around the 

gamma point has been predicted for all the MXY systems based on first-principle 

calculations alone[111].  

 

Figure 1.12 (a) Spin-up (red arrow) and down (blue arrow) chiral states. (b) A 

magnified schematic illustration of the Rashba spin splitting with Rashba 

energy ER and momentum offset kR  

Panel Adapted with permission from ref [111] Royal Society of Chemistry 

 

Additionally, group V based Janus TMDs Such as NbSSe have been predicted to 

show Ising superconductivity, in such materials, Rashba splitting might aid in the possible 
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realization of the Majorana fermions, Larkin–Ovchinnikov–Fulde–Ferrell phase and 

topological p-wave superconductors [111-113]. The spin splitting effect has been studied 

most extensively for MoSSe and WSSe Janus materials and their heterostructures, whereby 

Rashba spin splitting is shown to exist with the valley spin splitting. Compared with 

traditional TMDs such as MoS2, the inversion asymmetry introduces spin-momentum 

locking, and the energy dispersion shows the two parabolas in k space are shifted by a 

momentum offset. This, however, can only be observed when a surface state or an external 

out-of-plane field is present in the crystal. 

 Synthesis and creation Janus MoSSe from MoS2, allows us to break mirror 

symmetry through chalcogen alternation manually and introduces an intrinsic out-of-plane 

polarization field within the structure. This polarization has been shown to stabilize spin-

nondegenerate states at the Γ point and thus induce a significant Rashba effect. Theoretical 

predictions have shown that the Rashba parameters for Janus materials can be much larger 

than current champion materials of this effect, e.g., STO and BiTeI [105, 114, 115]. The 

spin splitting can be enhanced by an external electric field collinear with the local electric 

field derived by the polar bonds and by the compressive strain. Interestingly, The Rashba 

parameters can be tuned to change linearly with an external electric field, or nonlinearly 

with the biaxial strain for MXY based Janus MoSSe. The anisotropic Rashba spin splitting 

was also found to be enhanced significantly by the introduction of a compressive strain 

within this class of material [115, 116].  A similar study on another MXY based Janus, 

WSSE showed that the Tungsten and Sulfur atoms contribute more than Selenium atoms 

in the valence- band maximum at the Γ point.  
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The Rashba effect can also be significantly affected by interlayer interaction 

between atoms, and a layer-dependent Rashba splitting can exist in asymmetry-ordered 

WSSe bilayers, that can be tuned by changing the interlayer distance [117]. While the 

results are still in their infancy, tuning the Rashba parameters offer opportunities that are 

particularly interesting for spintronics and quantum device applications. 

1.5.2. Magnetism and Skyrmionics.  

Two-dimensional ferromagnetism is critical in technological development and 

device modulation due to the quantization of electronic states. However, due to limited 

materials that show high-temperature 2D ferromagnetism, phenomenon such as anomalous 

quantum hall effect (AQHE) and thin-film spintronics remain elusive[118].  

 

Figure 1.13 ( left )in-plane magnetization textures of the skyrmion crystal deduced 

from  TOI analysis (right)  The under-focus Lorentz TEM image for the skyrmion 

crystal taken at 250 K and 150 mT  

Panel Adapted with permission with from ref [119] Springer Nature 

 

Furthermore, the isotropic Heisenberg model with finite-range exchange 

interactions contradicts the ferromagnetism in low dimensional materials. One can explain 
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this based on the Mermin-Wagner theorem, which states that long-range order in low 

dimensional materials with continuous symmetry at finite temperatures is severely limited 

by short-range isotropic interactions[120]. Theoretically, it can be shown that a two-

dimensional isotropic Heisenberg model does not have a ferromagnetic solution[121, 122] 

Recent signs of progress have shown that CrI3 and bilayer CrGeTe3 at low temperature 

show that magnetic ordering can be stabilized in 2D systems, which dramatically broadens 

electronic applications of van der Waals materials [105, 123, 124]. Encapsulated CrI3 

flakes present layer-dependent ferromagnetic phase transition from ferromagnetism in the 

monolayer limit, to antiferromagnetism in the bilayer, and ferromagnetism in the trilayer 

and bulk. Other 2D systems, such as VSe2[125, 126], MnSe2[126], and Fe3GeTe2[127, 

128], have also shown near room temperature ferromagnetism down to the monolayer 

limit. However, many issues remain in the material preparation of 2D ferromagnets, 

examples of which include controllable synthesis with high speed of growth, massive area 

realization, and the stability under ambient atmosphere. The most commonly used method 

for preparing 2D ferromagnetic materials is mainly via mechanical exfoliation of CVT 

grown bulk crystal, that yield a quasi 2D crystal with bulkier regions, Mechanical 

exfoliation is also unsuitable for large scale synthesis.  

With recent progress in 2D Janus layer synthesis, one can easily overcome these 

disadvantages. Furthermore, since the ferromagnetism in two-dimensional materials is 

mostly dependent on the anisotropy of the material, the Janus layers allow this quantum 

phenomenon naturally by breaking the mirror symmetry.  Current theoretical articles on 
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Janus VSSe and CrIBr layers have shown that the intrinsic polarization enables high Curie 

temperature (Tc) ferromagnetism in these materials [129, 130]. 

 

Figure 1.14 Spin textures for (a)-(c) MnSeTe and (d)-(f) MnSTe monolayers in real 

space  

Panel adapted with permission from ref [131], preprint arXiv:1906.00648 

 

One effect of the polarization field is the immediate change in the Dzyaloshinskii-

Moriya interaction (DMI) strength. DFT calculations have shown that DMI interaction 

changes in Janus MnSeTe and MnSTe [131, 132]. This effect can potentially stabilize 

topologically protected skyrmion without the need of an external magnetic field and opens 

another pathway for quantum spin manipulation. Due to the out-of-plane geometric 
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asymmetry and strong spin-orbit coupling, monolayer MnSTe and MnSeTe can stabilize 

such intrinsic skyrmions, while monolayer VSeTe forms magnetic domains. 

Realization of the moiré skyrmions in 2D Magnets originating from the moiré 

pattern vdW heterostructures can also be achieved by combining a ferromagnetic 

monolayer such as VSeTe, MnSeTe or MnSTe with antiferromagnetic substrate MnPX3 

(X=Se, Te, Se)[133-135]. Due to the intense interlayer coupling situation between the 

layers, Skyrmion vorticity and location in the moiré can be switched by a magnetic field. 

Additionally, in the case of weak interlayer coupling, the metastable skyrmion excitations 

can be moved between the ordered moiré trapping sites by applying a current pulse [134]. 

These applications make two dimensional Janus magnets an up-and-coming candidate for 

quantum spin applications.  Since most of these studies are mainly based on density 

functional theory and Bohr magneton per unit cell arguments, fundamental understanding 

of how the magnetic order in two dimensional Janus materials change under extreme 

polarization field remains unknown and thorough research is required in order to 

understand the underlying mechanisms  

 

1.5.3. Excitonic and Spin-valley interactions.  

Large spin-orbit coupling (SOC), when combined with the lack of inversion 

symmetry in two-dimensional TMDs, allows to individually control valleys in K-space at 

the K and K’ points in the first Brillouin zone[136]. As a result of the unique combination 

of spin and valley degrees of freedom, optically generated electrons and holes are both 
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valleys- and spin-polarized (spin-valley locking), a quantum property that is absent in other 

traditional semiconductors.  

In Janus TMDs, excitonic behavior is observed due to the broken mirror symmetry 

and the presence of a permanent dipole offers. The homojunction of these layers can form 

type-II junctions with band offsets comparable to the potential difference between the top 

and the bottom faces of the Janus sheets[137]. Interestingly the valleytronic responses can 

be significantly tuned, depending on the stacking order, and large Berry curvature values 

are also (~100 Bohr2)[138]. Such properties open ways to achieve lossless valley 

polarization without a need for EM field, or electronic doping/gating[116, 139, 140]. Thus, 

Janus materials new ways to tune the spin polarization ratio without the use of any external 

electric or magnetic fields.  

1.5.4. Piezoelectric response: 

Many materials, such as crystals and certain ceramics, will accumulate a certain 

amount of charge in response to applied mechanical stress. This effect is called 

piezoelectricity and arises due to a linear electromechanical interaction in insulating 

crystalline materials without inversion symmetry.  Piezoelectric materials are of 

tremendous importance and have had a wide variety of applications in devices, sensors, 

actuators in the past century.  

Within two-dimensional materials, Piezoelectricity has been obtained in a series of 

substances, including h-BN and MX2 layers, with the in-plane inversion asymmetry and 

insulating properties being the standard feature. As mentioned before, due to the absence 
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of mirror symmetry, a large in-plane and out of plane piezoelectric effect can be realized 

in the monolayers Janus 2D TMDs. Janus structures exhibiting piezoelectric properties 

starting from the group-III monochalcogenide are predicted to be thermodynamically 

stable[141]. Ga2STe, Ga2SeTe, In2STe, and In2SeTe monolayers are shown to be direct 

gap semiconductors materials with a bandgap in between 0.89–2.03 eV. The piezoelectric 

coefficients for these materials are up to 8.47 pm/V, and this value is reported to be over 

four times the maximum value obtained in perfect group-III monochalcogenide TMD 

monolayers [83]. The broken mirror symmetry in these Janus structures also induces an 

out-of-plane dipolar polarization, yielding out-of-plane piezoelectric coefficients of 0.07–

0.46 pm/V [83].  

 

Figure 1.15  Atomic view and calculated charge distribution for 2D Janus TMDs  

 Janus MXY monolayers have both in-plane and out-of-plane piezoelectric 

response under a uniaxial strain. The smaller the radius of the transition metal elements, 

the higher there the values of the piezoelectric coefficients. This therefore shows, the 
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MoSeTe and MoSTe monolayers have the highest in-plane piezoelectric response amongst 

all the Janus MXY monolayers.  

Piezoelectricity in 2D van der Waals materials has received considerable interest 

because of potential applications in nanoscale energy harvesting, sensors, and actuators. 

For MXY monolayers, both strong in-plane and much weaker out-of-plane piezoelectric 

polarization can be induced by a uniaxial strain in the basal plane. In multilayer MXY, a 

very strong out-of-plane piezoelectric polarization was obtained.  The out-of-plane 

piezoelectric coefficient was found to be strongest in multilayer MoSTe. 

1.5.5. Photocatalysis: 

The limitations for the current three-dimensional photocatalyst arises mostly from 

their inefficiency to utilize the full spectrum of the sunlight, hence limiting the solar to 

hydrogen conversion efficiency. Another disadvantage for the three-dimensional systems 

is the high rate of electron-hole.  Recently, interest in the production of hydrogen using 

two-dimensional semiconductor-based photocatalysts has received widespread attention. 

The large surface area, abundant surface states, and tunable electronic property make two-

dimensional materials an attractive candidate for such an application. Strong excitonic 

effects within traditional TMDs has led to faster recombination and have limited their use 

in this area, Janus TMDs However shows a promise. Recent studies in the functionalization 

of Janus TMDs, namely MoSSe nanotubes, have been predicted to be one of the 

forerunners for photocatalytic application. Janus nanotubes have shown to be a direct 

bandgap with 1.44 even, this is only too suitable for band edge positions and pronounced 
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light absorption within the visible spectral range [142, 143].  Janus MXenes have also 

theoretically been predicted to show much promise for photocatalysis [144].   

 

1.6. Janus Experimental Review 

The first experimental realization of these Group VI- Janus based materials were 

realized in the independently by two groups at Rice and Columbia [145, 146].  Although 

the ability to synthesize other Janus material based on the same method should have been 

straight forward, studies have been limited to date, and no other experimental evidence has 

been published. This is mainly due to the challenges in 2D Janus synthesis, sample 

preparation, and material quality. The prime difficulty presented in the synthesis of these 

Janus materials is that they are thermodynamically unstable in their bulk form, except for 

the BiTeI family. While the creation of thermodynamically stable 2D alloys is more natural 

to Janus layers, unlike their alloy counterparts, it must be produced at unit cell level with 

atomic precision. 

 

 

Figure 1.16 Synthesized Janus MoSSe by the plasma-assisted surface decoration of 

CVD grown MoS2 

Panel adapted with permission from ref [146], Springer Nature 

Another reason that experimental studies have been much limited for these 

materials is perhaps due to inadequate understanding of their reaction kinetics and 
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thermodynamic stability.  Of the two experimental results, the first relied on the 

selenisation of monolayer thin films.  In this study, Lu et al. synthesized Janus MoSSe by 

the surface decoration of CVD grown MoS2 via an in-situ Selenization process.  

This process relied on the stripping of the top layer of the MoS2 monolayer under 

the influence of ionized hydrogen plasma that was generated via an inductively coupled 

plasma setup. After the stripping process, the second step of thermal Selenization is 

undertaken by which the recently stripped off top layer is replaced by thermally activated 

selenium ions. The entire process was carried out at a lower pressure within a vacuum tube 

to avoid oxidation. The process was especially important in establishing the synthesis of 

Janus MoSSe from MoS2 and relied on thermodynamically driven reaction engineering. 

 

Figure 1.17 Thermal sulfurization of MoSe2 monolayers 

Panel adapted with permission from ref [145] American Chemical Society 

 

 In the same year, Zhang et al. also synthesized Janus MoSSe via an in-situ 

sulfurization process of chemically vapor deposited molybdenum selenide monolayers. 

Their approach vastly differs from the first group, Starting with MoSe2 instead of MoS2, 

the synthesis is entirely thermodynamically driven and carried out at very high 

temperatures.  The top layer of MoSe2 monolayer is sulfurized within a tube at 800°C 

temperatures at 1 atm pressures. Both studies characterized and confirmed the existence of 

these materials by Raman Spectroscopy, XPS, and STEM, with their results in agreement 
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with the established theoretical literature. Even though the Raman and PL spectra matches 

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 emission 

from these layers. More importantly, it appears that reproducing these remains significantly 

challenging, as evidenced by no experimental verification since 2017. This suggests that 

the growth mechanism is highly complex, and possibly it depends on a variety of growth 

parameters including flow rate, sample positioning, temperature window, plasma power, 

initial material quality, and many other parameters related to the kinetics of the reaction.  
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2. Chapter 2 Synthesis And Characterization  

2.1. Top-Down Approach  

While there exists a variety of top-down approaches that could be incorporated for 

synthesizing bulk crystals, chemical vapor transport (CVT) remains one of the most 

reliable, economic, and simplified approaches. In the context of this work, all exfoliated 

monolayer samples were obtained from the bulk crystal that was grown via.  Chemical 

Vapor Transport.  

2.1.1. Chemical Vapor Transport of bulk Crystal  

Chemical Vapor Transport (CVT) is a technique for growing high-quality bulk 

crystals. CVT growth is a thermally driven chemical reaction that relies on the 

stoichiometry and thermodynamics of the system. In general, a reactive precursor in the 

solid phase is sublimed and transported with the help of a transport agent in a sealed quartz 

ampule. The reaction takes place at a higher temperature, and the formation of the bulk 

crystal is usually observed in the cold zone of the quartz ampule. Since the technique relies 

heavily on the thermodynamic, transport phenomena, and kinetics of the reactants 

involved, the rate of precursor diffusion and thermal convection is incredibly crucial for 

synthesizing high-quality crystals. Other key factors that influence the growth include but 

are not limited to, reaction temperature gradient, the stoichiometry of the precursors 

involved, catalysts, and use of transport agent. A transport agent also plays a vital role in 

the growth mechanism where the reaction rate is limited by surface diffusion. In general, 

Group 17 elements such as bromine and Iodine are often used as transport agents  
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Since the phase diagrams and thermodynamic stability data for a wide variety of 

compounds and alloys already exist, Chemical Vapor Transport growth can be used to 

synthesize a wide variety of two-dimensional materials very efficiently.   However, bulk 

synthesis of Janus structure with a perfect ratio where all the atomic layers are unique is 

severely limited by current technology and CVT growth techniques, Since CVT growth is 

carried out at a high temperature,  the atoms are thermally excited, and it is near impossible 

to control the growth of individual atom on individual planes. Preferably, at such 

temperatures and growth conditions, chances of creating a randomized structure of two 

different phases are more favorable energetically. 

This drawback can be mitigated by exfoliation of bulk crystals into monolayers and 

then changing their structure at an atomic level since TMD bulk crystal are already layers 

and can be easily exfoliated by a variety of methods, Exfoliation can be of bulk crystal to 

followed by Janus processing is a very lucrative approach. The drawbacks, in this case, is 

the minimal yield from the exfoliation process. Exfoliation will also yield quasi-two-

dimensional structures that may interfere with Janus post-processing, such as thermal 

selenisation at high temperatures. For instance, exfoliation of bulk crystal usually always 

leaves bulk and few layers region surrounding the monolayer, in addition to this, depending 

on the exfoliation technique one might expect contamination from tape residue or likewise 

Lastly exfoliation of single monolayer from bulk crystals is dimension limited and large 

monolayer sheets are unobtainable. Hence although CVT growth followed by exfoliation 

sounds very appealing at a lab-scale, the technique is severely limited at industrial or pilot 

scale levels.    
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2.2. Mechanical Exfoliation  

Two-dimensional materials such as transition metal dichalcogenides have been 

identified and drawn much attention over the last few years due to their ability to be 

successfully isolated from their layered assemblies into individual 

monolayers.  Exfoliation and transfer remain one of the most accessible and successful 

techniques to obtain high-quality single or few-layer nanocrystals from their native multi-

layer structures. In the scope of this thesis, mechanical exfoliation of bulk crystals such as 

Molybdenum Selenide and Niobium selenide was undertaken in order to obtain their 

monolayer equivalent.  

2.3. Bottom-Up Approach  

The bottom-up approach refers to synthesis methods such as Physical Vapor 

Deposition (PVD), Plasma Enhanced-Chemical Vapor Deposition (PE-CVD), Metal-

Organic Chemical Vapor Deposition (MOCVD) and Atmospheric Pressure – Chemical 

Vapor Deposition (AP-CVD). These methods are a family of vapor deposition techniques 

in which atomically thin monolayers and few-layer thick films are fabricated via self-

assembly of vaporized reactants on a substrate. In this work, Atmospheric Pressure 

Chemical Vapor Deposition was used to synthesize all types of CVD grown monolayers.  

 

 

 

 

 

https://www.sciencedirect.com/topics/engineering/exfoliation
https://www.sciencedirect.com/topics/engineering/nanocrystals
https://www.sciencedirect.com/topics/engineering/multilayer-structure
https://www.sciencedirect.com/topics/engineering/multilayer-structure
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2.3.1. Chemical Vapor Deposition 

A CVD system, besides, temperature control (Like CVT), is also equipped with a 

pressure and mass flow controller. The setup consists of a single or two-zone furnace inn 

which a quartz tube is supported. The tube is connected on both ends to a gas line through 

which a carrier gas is continuously passed. Depending on the type of synthesis, the carrier 

gas may also act as a reducing agent in addition to be a transport agent for the reaction 

precursors. The growth process is more kinetically driven, unlike CVT, which only relies 

on the thermodynamics of the precursors.   

Chemical Vapor Deposition can be used for deposition or coating of any chosen 

material layered material, although, synthesis of group IV and group V is very 

underdeveloped. In most CVD setups, sublimed precursors are flown over the desired 

substrate such as Si/SiO2 or AL2O3 inside the reaction tube using an inert carrier gas such 

as Ar or N2. The chemical reaction occurs on the surface of the substrate that is placed in a 

hot zone. This results in a deposition of thin-film / monolayer over the substrate. This 

process is also accompanied by 

Figure 2.1 Schematic of a simple CVD steup 
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byproducts that are purged out of the reaction chamber by using a pump. Since most of the 

CVD growth involves toxic precursors, a proper reduction system is required in order to 

render the purge line safe for atmospheric release. A typical CVD schematic is displayed 

in the figure. As mentioned before, CVD can be performed at varying pressure levels, 

ranging from millitorr to atmospheric pressure, which can be controlled by a capacitance 

manometer connected to the downstream side of the chamber.   

 

Figure 2.2 Monolayer domains of CVD grown TMDS observed on an optical 

microscope 

 

Compared with chemical vapor transport, CVD is somewhat more complicated, and 

successful growth relies on a wider variety of parameters other than temperature alone. 

These include nut are not limited to, the stoichiometry of the reactive precursors, flowrate 

of the process gas, rate of cooling, wettability of the substrate and effects of fluid flow 

along with the boundary layer of the substrate. Another crucial aspect of CVD is sample 

preparation, which will affect the growth quality and crystallinity of these films. Adequate 

sample preparation can make the substrate more favorable for nucleation, which eventually 
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grows into a more massive lateral size film over the substrate. The wettability of the 

substrate surface is often increased by removing any oxide layer deposited on the surface; 

additionally, the use of nucleating agents such as perylene might be employed for 

promoting growth. Sapphire or SiO2/Si substrates are generally favored because of their 

high surface energy 

2.3.2. AP-CVD Synthesis of Molybdenum Based TMDs 

The synthesis of monolayer MoSe2 was achieved via the ambient pressure chemical 

vapor deposition (AP-CVD) method previously reported in the literature. Initially, 285 nm 

substrates of Si/SiO2  are cut in a 16 X 6  mm area under a dicing saw. This is to ensure 

that all the substrates used for the synthesis are of the same dimensions and will not 

introduce any form of local fluid flow effect. The substrates are then cleaned and sonicated 

in absolute ethanol followed by isopropanol, after which they are dried with nitrogen. The 

substrates are then treated with Argon plasma for 15mins to remove any residual 

impurities. A single cleaned Si/SiO2 substrate is then treated with one drop of 50 μ-molar 

Perylene-3,4,9,10-tetracarboxylic acid tetra potassium salt solution (PTAS) as a nucleating 

agent. In a ceramic boat, About 1 mg of MoO3 precursor (Sigma-Aldrich, ≥99.5% purity) 

mixed with NaCl was placed inside a clean one-inch diameter quartz tube supported on a 

Lindberg/Blue M Tube furnace. The position of the boat is at the center concerning the 

furnace. Before loading the boat inside the tube, SiO2/Si substrates, the polished side facing 

downwards, were placed on the ceramic boat. Selenium precursor was placed upstream in 

a ceramic crucible in excess, where the temperature was maintained at 300 °C. High purity 

Ar (≥99.99%) is initially passed to purge the chamber of any contaminant gases, after 
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which 46 sccm flow of argon is maintained till the furnace reaches the reaction temp. After 

this, high purity H2 gas is introduced into the system at four sccm during the growth time.H2 

acts as a reducing agent for Selenium-based growths, and it is crucial to MoSe2 growth.  

 

 

The furnace was ramped up with a rate of 30 °C/min to 790 °C and held at 790 °C 

for a growth time five minutes before natural cooling to room temperature; The H2 is cut 

off after the growth and 200 sccm Ar is introduced into the system for rapid cooling. The 

as-grown MoSe2 is then characterized using Raman and PL spectroscopy. The height of 

the sample is also verified using AFM to confirm the monolayer nature of the sample. 

Synthesis of molybdenum sulfide is also carried out similarly. Since the synthesis of MoS2 

does not require a reducing environment, only Argon is used as a carrier gas. Briefly, The 

synthesis of monolayer/bilayer MoS2 was achieved via the AP-CVD method via the 

following recipe.  3 mg of MoO3 precursor mixed with NaCl in 50:1 ratio was placed in a 

ceramic boat at the center of the single-zone tube furnace. 285 nm SiO2/Si substrates were 

Figure 2.3 (a) Raman Spectra of CVD grown MoSe2 (b) PL Spectra of CVD grown 

MoSe2 
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placed polished side down on the ceramic boat. Sulfur was placed upstream in a ceramic 

crucible in excess, where the temperature was maintained at 200 °C. High purity Ar was 

passed at 20 sccm during the entire growth process. The furnace was ramped up with a rate 

of 30 °C/min to 700 °C and held for 13 min before naturally cooling to room temperature 

 

2.3.3. AP CVD Synthesis of Tungsten Based TMDs  

The synthesis of monolayer WSe2 was achieved via the AP-CVD method. 60 mg 

of WO3 precursor was placed in a ceramic boat at the center of the single-zone tube furnace. 

Double side polished sapphire substrates were placed on the ceramic boat. Selenium 

powder was placed upstream in a ceramic crucible in excess, where the temperature was 

maintained at 250 °C. High purity Ar (≥99.99%) and H2 gas were passed at 36 sccm and 

four sccm flow rates, respectively, during the entire growth process. The furnace was 

ramped up with a rate of 30 °C/min to 850 °C and held at 850 °C for 20 minutes before 

natural cooling to room temperature. 

The synthesis of monolayer WS2 was achieved via the AP-CVD method. 50 mg of 

WO3 precursor was placed in a ceramic boat at the center of the single-zone tube furnace. 

Double side polished sapphire substrates were placed on the ceramic boat. The sulfur 

powder was placed upstream in a ceramic crucible in excess, where the temperature was 

maintained at 250 °C. High purity Ar (≥99.99%) and H2 gas were passed at 50 sccm and 

1.5 sccm flow rates, respectively, during the entire growth process. The furnace was 

ramped up with a rate of 15 °C/min to 870 °C and gradually cooled to 760 °C in 40 minutes 

before natural cooling to room temperature. 
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2.4. Raman Spectroscopy 

Raman spectroscopy is a nondestructive spectroscopic technique that has been used 

to analyze and fingerprint vibrational, rotational, and low-frequency modes of materials. 

The technique is highly versatile and is also used to analyze the defect concentration, 

crystallinity, and strain-induced effects in a material at the microscopic level. The most 

common Raman setups consist of a microscope, an excitation source in the form of a laser, 

a CCD detector, and an edge filter.  

 

Figure 2.4 Schematic of simple Raman setup © Renishaw 

The optical microscope within the setup allows for quick characterization of thin 

films and even monolayers (~1 nm thickness) due to the subtle optical contrast these 

materials will create on the substrate. While the technique is highly versatile to broad 

classes of materials, it is strictly limited to the analysis of only crystalline structures.  
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The figure indicates a typical Raman spectrometer, laser pinhole at the bottom right 

corner acts as a light excitation source from where an incoming monochromatic laser enters 

the system. Mirrors and filters direct the laser onto the sample through a microscope 

objective. The laser then interacts with the material and undergoes inelastic scattering by 

the phonons within the material, a phenomenon known as the Raman effect.  The 

inelastically scattered light travels back the same optical path and is detected with the help 

of a photodetector (spectrometer). In contrast, Rayleigh or elastically scattered light is 

filtered out with the Rayleigh rejection filters.  

 

     

             The non-elastically scattered light comprises of stokes and anti-stokes scattered 

rays depending upon the type of interaction of a photon with the phonons within the sample.  

At room temperature, the probability of getting a Stokes shift is much higher than an anti-

Stokes shift. The lower probability is attributed to the extra amount of energy required by 

the phonons for an anti-stokes process. The stokes and anti-stokes processes are detected 

by a spectrometer, which causes the emergence of peaks on the screen concerning a specific 

Figure 2.5 Processes indicating Stokes (left) and Anti-stokes (right) 
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wavenumber (frequency), thus indicating a mode of vibration from the material’s 

symmetry, which can then be compared to either fingerprint signals or from a theoretical 

phonon dispersion curve.  

Since most of the backscattered light is filtered out as Raleigh scattering and only 

a tiny majority of Stokes and the anti-stokes signal is collected in every measurement. An 

intensified CCDs is often required to enhance the signal to noise ratio coming from the 

sample without an extended period of exposure to a high-power laser.  

Overexposure from the laser could cause surface modification and thus resulting in 

poor on improper data collection. Sensitive sample measurement must be performed at low 

laser powers to avoid sample degradation. Signal to noise ratio in such cases can be 

improved by increasing the number of accumulations that are acquired in a single 

measurement. 

 

2.5. Photoluminescence Spectroscopy 

Photoluminescence is another contactless nondestructive spectroscopic technique that 

is used to probe the electronic structure of the material. The spectroscopy is based on the 

photoexcitation principle and is usually performed with the same instrumentation used for 

Raman spectroscopy. The photoexcitation principle is based on the creation of electron-

hole pairs due to incident radiation of a specified wavelength (or energy of the photon). If 

the minimum energy of photon irradiated on the sample is greater than or equal to the 

bandgap of that material, the incident radiation will cause the electron in the material to 

move into an excited state from the valence band (VB) to conduction band (CB).  When 
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the system reaches an equilibrium, the excess energy is released and may include the 

emission of light (a radiative process) or may not (a non-radiative process).In a radiated 

process, the energy of the emitted light is called photoluminescence and relates to the 

difference in energy levels between the two-electron states involved in the transition 

between the excited state and the equilibrium state.  

 

Figure 2.6 Basic principle of photoluminescence spectroscopy ©Renishaw  

  Thus, the process is exceptionally crucial in the determination of band gaps in 

electronic materials, analysis for recombination mechanisms, and study of surface structure 

and excited states. At room temperature, the energy of the photon emitted is either less than 

the bandgap or equal to the bandgap. This emitted photon is collected by a detector, and 

the energy of a photon can be observed on the screen. In the case of a direct bandgap 

material, one can easily extract out the optical bandgap of the material based on the plot of 

PL intensity vs. energy, where energy value for a peak suggests the optical bandgap. The 
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Full Width at Half Max (FWHM) of the peak can help determine the optical quality of the 

material or identify a relative concentration of defects into a material.  

The PL spectrum at low sample temperatures often reveals spectral peaks 

associated with impurities contained within the host material. Fourier transform 

photoluminescence microspectroscopy, which is of high sensitivity, provides the potential 

to identify deficient concentrations of intentional and unintentional impurities that can 

strongly affect the material quality and device performance. At lower temperatures, the 

measurements performed on the sample follow Varshini’s law and, the photoluminescence 

peak energy blue shifts [147].  The change in the relative position of the valence and 

conduction band due to temperature-dependent dilation of the lattice affects the electron 

lattice interaction, thus decreasing the bandgap of a material at low temperature. Varshini’s 

law is expressed using the empirical expressions given as follows:[147] 

                                                                  𝐸𝑔 = 𝐸0 −
𝛼𝑇2

(𝑇+𝛽)
                                              (1) 

 

Where α and β are material constants, E0 is bandgap at 0K, and Eg is bandgap at arbitrary 

temperature. Since Radiative transitions in semiconductors involve localized defect levels, 

the photoluminescence energy associated with these levels can also be used to identify 

specific defects. Furthermore, the amount of photoluminescence can be used to determine 

their concentration.  

Non-radiative recombination process is assisted by phonons and which produce 

heat into the material rather than giving photoluminescence. This type of recombination is 

prominent in the case of indirect bandgap materials because excitation and recombination 
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of an electron from VB to CB and vice versa requires help from the phonons to conserve 

the momentum. The process of characterization by photoluminescence, therefore, is not a 

practical approach for indirect bandgap materials. In case of direct bandgap materials, 

however, it provides a means to quantify the elemental composition of compound 

semiconductors  

2.6. Atomic Force Microscopy 

Atomic force microscopy is one of the most fundamental characterization 

techniques in thin films and the semiconductor industry.  It is used to measure the topology, 

work function, and surface roughness in the X and Y direction with a nanoscale resolution. 

Furthermore, the forces between the tip and the sample can be used to change the local 

properties of the sample in a precise and controlled manner, for instance, AFM is widely 

used for atomic manipulation and scanning probe lithography. Characterization techniques 

such as electron microscopy rely on the interaction of electrons with the material (sample). 

This usually requires careful sample preparation using FIB, which is often very expensive. 

Furthermore, electron microscopy is a destructive form of testing, and the sample cannot 

be reused for other measurements. On the contrary, in AFM, there is direct mechanical 

contact between the tip and sample, which enables the exact measurement of the sample’s 

surface morphology without the need for extensive sample preparation.  
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Figure 2.7 Schematic for AFM principle © Bruker 

A typical AFM instrument consists of a cantilever (tip) assembly that directly 

interacts with the sample’s surface. These cantilever tips are made of silicon or silicon 

nitride with a conductive or a non-conductive coating at the tip region used for specified 

applications. The probe interacts with the sample through a raster scanning motion over 

the substrate. A laser beam reflected from the top of the cantilever monitors the vertical 

and lateral motions of the AFM tip as it scans through the surface. The changes in the laser 

beam are tracked and recorded by a position-sensitive photodetector (PSPD), which then 

uses this information to create a high-resolution image of the surface. Since AFM is very 

sensitive to even small dust particles adhering to sample care must be taken to clean the 

sample of such contaminants.  
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3. Chapter 3 Selective Epitaxy Atomic Replacement:  

3.1. Introduction to Plasma Processing Techniques 

Plasma is one of the four fundamental states of matter (and the coolest one, in my 

opinion). It consists of a gas of ions and free electrons and is extremely conductive. Plasma 

can be artificially ignited by ionizing the gas molecules in the presence of a strong 

electromagnetic field. Examples of plasma in the natural world include 

Earth’s ionosphere and the magnetosphere the interior of the Sun is also an example of 

fully ionized plasma, along with the solar corona and stars.  The generation of plasma 

depends on the ionization energy of the involved gas species [148]; Helium has the highest 

ionization energy, while Cesium has the lowest of all. Plasma has also utilized for several 

purposes like spacecraft propulsion in case of ion hall thrusters, sputtering, nuclear-fusion 

reactors, microfabrication & fab process, and plasma torches for gas reforming of 

hazardous materials[149]. While several methods exist for the generation of plasma two of 

the most common ones are briefly mentioned here;  

3.1.1. Capacitively Coupled Plasma  

Plasma in a capacitively coupled system is generated through two parallel plate 

capacitors that are separated by a small distance [150]. The power supply is connected to 

one of the two electrodes, while the other one is typically grounded. The setup is held 

within a chamber at lower gas pressures, and a voltage drop is created by an RF or DC 

source across the plates. This generates an electric field between the plates in the direction 

of the anode to cathode. The gas molecules between these two electric filed are ionized and 

release electrons. These electrons are then accelerated by the RF field and can ionize the 
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gas directly or indirectly employing collisions with other gas molecules, thereby ionizing 

them and producing secondary electrons (impact ionization). This process is usually 

referred to as electron avalanche and is crucial in the generation of electrically conductive 

plasma[151]. The avalanche breakdown within a plasma is also accompanied by light 

emission from the excited atoms or molecules within the carrier gas[152]. 

 

Figure 3.1 Basic schematic for CCP plasma generation  

Interestingly, when atoms get ionized, they carry a positive charge and are 

consequently accelerated inside the field towards the plate, which is being grounded. 

Because of this property, these energetic ions can be used for etching/removing a material 

which is kept on the grounded plate by bombardment. The rate of etching can be 

manipulated by controlling the density and energy of plasma, which depends on several 

parameters such as pressure inside the chamber, amount of carrier gas available to ionize, 

choice of gas, applied RF or DC voltage across the plate, etc. [153]. 
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However, despite controlling all the parameters mentioned above optimally, The 

etching rate of the structure is still dependent on the interaction of the ions with the sample 

material itself, factors such as binding energy of the atoms in the sample will have a strong 

influence on the processing time.  

3.1.2. Inductively Coupled Plasma  

Inductively coupled plasma refers to a plasma generation system in which the 

energy is supplied by a strong electric current that is sustained through an inductive power 

coupling [154]. The system is based on Faraday’s law of electromagnetic induction for 

time-varying magnetic fields. This system has many advantages over a capacitively 

coupled plasma, such as low ion damage and effortless control on plasma density and ion 

energies[155]. Such features help in controlling the etching rate at sub-nano scales and are 

very useful in semiconductor display technology. The SEAR process in this thesis is based 

on inductively coupled plasma.  

A typical ICP plasma generation system works by applying RF power on a helical 

copper coil (tesla coil) that is wound around a cylindrical dielectric chamber. The chamber 

is held at a lower pressure, and a process gas is flushed within this chamber, acts as the 

source of ions and free radicals. AC power is supplied to this coil using an RF source. In 

most commercial systems, the radio frequency is fixed at 13.56 MHz and is applied on the 

coil with a defined power value [156, 157]. 

 When a time-varying electric current is passed through the coil, it creates a time-

varying magnetic field around it, with flux.[158] The magnetic and electrical field ionizes 

the gas within the chamber resulting in free electrons, which are accelerated under the 
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influence of the field. These electrons will also interact with the freestanding atoms and 

molecules, dissociating and ionizing them further. (electron avalanche) 

Several critical parameters affect the plasma characteristics and, thus, the overall 

outcome of the process. Parameters like pressure, gas flow rate, carrier gas type, and power 

from RF source are some of the most important parameters and are usually manipulated 

according to the process requirements[159]. Additional parameters such as the number of 

windings in the helical copper coil, the diameter of the coil, and the diameter of the wire 

used in the coil construction, tube wall thickness (dielectric) also have an accountable 

effect on plasma density and the energy of the plasma [160].  

For instance, in the scope of our experiments, these initial parameters are 

established once and held constant. It is assumed that the parameters of coil and tube wall 

thickness are constant, and the effect of wear and damage over time were ignored.  The 

number of windings in a coil dictates the extent and strength of the magnetic field generated 

while applying RF. If a fewer number of windings are used, then the intensity of the 

magnetic field is weaker, and the extent of the magnetic field is much smaller. So, the 

power needed to generate a plasma in such a case is higher. This will also impart more 

Figure 3.2 Schematic for basic ICP plasma generation 
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kinetic energy to the ionized gas from the start and result in a harsher etching effect. On 

the other hand, if one uses many windings, then the power needed to generate the plasma 

is much lower. However, the extent of the magnetic field would create a stable plasma even 

at meager powers, and the effect of the magnetic field will be seen beyond the length of 

the visible plasma tail. This magnetic field can cause ionization and dissociation of gas 

molecules to a very far extent, which may not be observed in the visible spectra. Hence 

choosing an optimum number of windings that can balance both the effects is exceptionally 

crucial in the etching process. 

 

In addition to the coil winding, an increase in the power applied also leads to an 

increase in electron density within the plasma [158, 160, 161]. Higher power also increases 

the temperature of the overall system due to higher scattering and bombardment. Similarly, 

the plasma density is also dependent on the pressure inside the chamber. When pressure is 

increased, the number of gas molecules within the chamber increases, thus increasing the 

Figure 3.3 Electron density (left) and electron temperature (right) dependence on applied 

power [158] 
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density of the plasma. There exists an absolute maximum threshold value till which the 

plasma density increases linearly with pressure[158]. Upon further increase of pressure, 

the density of plasma starts to decrease because of a higher rate of scattering and atomic 

interactions taking place. Similarly, when the gas flow rate is increased while keeping other 

parameters to be constant, the density of the plasma increases till an absolute threshold 

value is reached, after which the scattering increases and results in a lower plasma density. 

It is important to note that the selection of carrier gas is the most crucial part of this process 

because of the atomic size and weight of an atom, it can decide the rate of etching and 

energy required for ionization of that element.  

3.2. SEAR Setup   

The synthesis of Janus TMDS has only been achieved by two groups to date. The 

first method replaced the top selenium layer in MoSe2 in the presence of sulfur vapor (S2) 

at a high temperature (800 °C) to produce Janus MoSSe [146]. In the other method, the 

sulfur layer was removed using a hydrogen (H2) plasma, and selenium atoms were 

decorated on the surface at an elevated temperature (450 ºC) [162]. Both methods are 

highly specific to Janus MoSSe and require high processing temperatures, which in turn 

creates difficulties in controlling defect concentrations, achieving high material quality, 

and fabricating their vertical/lateral heterostructures. Due to the drawbacks in the synthesis 

methodology for these Janus process, an entirely new synthesis method was developed 

with an inductively coupled (ICP) setup for making the stripping process gentler.  Since 

the method of ICP plasma follows the principle of generation of plasma-based on the 
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induced changing magnetic and electrical field generated by an RF source, the strength of 

this induced field can be tuned by the user.  

 

 

The induced electric and magnetic field accelerates electrons inside the chamber, 

and the strength of this field decreases with distance. This implies the carrier gas can ionize 

and dissociate well beyond the length of visible plasma tail on downstream as well as the 

upstream region. This invisible region is exceptionally crucial in our process and helps in 

stripping the top layer of chalcogen atoms at a languid pace. 

 The creation of Janus TMDs with the SEAR method was carried out in a home-

built inductively coupled plasma setup. A 5-foot long quartz tube with 1-inch diameter was 

used as the processing chamber and kept off-centered on a Lindberg Blue/M single zone 

furnace. The furnace also acts as a grounding medium for the residual charges on the tube 

(if any). A 1.5-inch Cu inductor with five turns was fitted onto the center of the quartz tube. 

The end of the copper coil was connected to a 100W tunable RF power supply through an 

impedance match network. The reaction system was pumped down to a base pressure of 

15 mTorr, after which the chamber was purged with 20 sccm H2, maintaining an operation 

Figure 3.4 Schematic demonstration of the SEAR process through inductively 

coupled plasma 
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pressure at 300 mTorr. Plasma was generated with 15W RF power, and the visible plasma 

tail position was marked on the quartz tube.  

The SEAR process can be set up to create any 2D Janus structure from selenium as 

well as sulfur-based TMDs by merely varying the processing parameters. In the scope of 

this work, stripping of selenium atoms from the top of CVD grown and exfoliated 

monolayer was performed. MoSe2, WSe2, MoS2, NbSe2, and superlattices were effectively 

etched and converted into their respective Janus crystals using this method. The etching 

was performed in the range of eight to twenty-five mins while keeping the rest of the 

parameters as constant. Further, all SEAR samples were initially placed within the chamber 

without any chalcogen source; This was done in order to identify optimum processing time. 

These samples were then characterized using Raman spectroscopy.  

 

Figure 3.5 Working scheme of room temperature SEAR process 

Successful etching can be identified by the loss of Raman intensity by the parent 

material from the stripping process once an optimum processing time has been established. 

One can radically vary the position of TMDs to optimize the etching rate further.  After 
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SEAR parameters have been established, a sample substrate can be kept within the chamber 

in the presence of a chalcogen source for successful Janus synthesis. Establishing the 

SEAR parameters is essential whenever a new transition metal within a TMD is used. 

Depending upon the binding energy of the transition metal, the processing time for the 

SEAR process can be easily varied.  This initial step is also necessary to ensure that the 

samples are not under-etched or over etched when kept within the chamber. 

Determination of position is also crucial as a sample closer to the visible plasma 

tail experience a higher rate of ion bombardment and eventually suffer surface damage. 

This could arise due to excess of ions flowing over the downstream region from the plasma 

(as well inside plasma), which might obliterate the sample or could result in random 

etching. This implies that both the top and bottom layer of chalcogen atom undergo etching 

simultaneously at some regions on a monolayer flake, which in turn causes local diffusion 

of chalcogen atoms. All the situations mentioned above also affect the replacing chalcogen 

source. 

  Another important consideration is the rate of etching/stripping of the top chalcogen 

layer. In order to successfully synthesize Janus materials, the stripping process must be as 

gentle as possible to avoid over-etching as well as randomized etching. As the top 

chalcogen layer is getting etched, there will arise a high concentration gradient of these 

chalcogen atoms in the vicinity of the sample, and this gradient will drive the diffusion of 

some of the bottom chalcogen atoms to the top. As the etching continues, the ions also start 

knocking the bottom chalcogen atoms, thus creating vacancies and defects within the 

crystal. Since the metal sites become very active during stripping of the chalcogen from 
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the top, it eventually leads into strong diffusion of bottom chalcogen layer and re-

emergence of the original TMD in some regions of the monolayer in a randomized manner. 

In this way, it is never possible for the process to completely strip the top layer of selenium 

in the absence of a replacement chalcogen source.  

 

Figure 3.6 (a) Schematic of the SEAR process setup  (b) The effect of TMDs layer 

distance from plasma tail on the efficiency for SEARs (c) Impact of Plasma gradient 

on material structure 

The degree of over-etching is also dependent on the chalcogen source and the initial 

atom it is replacing in the TMD. Since the synthesis of the same Janus material can be 

approached by using different chalcogen based TMDS, precedence is given to replacement 

of selenium atoms in the TMD from sulfur source as it is energetically favorable to create 

Janus MoSSe from MoSe2 instead of MoS2. This can be explained based on the following 

argument.  Since dissociation of a molecule into free radical requires significantly less 
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energy than ionization, the extent of hydrogen radicals in the plasma chamber is far beyond 

the visible plasma tail. These hydrogen radicals are highly reactive and get readily adsorbed 

on the surface of sulfur that is used as a replacement chalcogen. This deliberately helps in 

the formation of H2S gas, which passes on top of the TMD substrate that kept downstream. 

The formation of plasma also creates hydrogen ions beyond the length of plasma, but the 

quantity of ions is far less than it is in the actual plasma region. H2S gas molecules 

eventually pass over the sample substrate, where the magnetic field and electrical field 

strength. The energy from the coil is enough for the dissociation of H2S molecule again 

into hydrogen and sulfur ions. The process of formation and dissociation of H2S continues 

while passing over the sample substrate.  

Species Ionization energy (eV) Dissociation energy (eV) 

H 13.59 - 

S 10.36 - 

Se 9.75 - 

H2 - 2.27 

H2S - 2.7 

HS - 1.95 

H2Se - 2.36 

HSe - 1.72 

Table 3-1. Ionization and dissociation energies calculated for select radicals and 

molecules participating in the SEAR process. 

Calculated using DFT by our collaborator Prof. Houlong Zhuang using finite displacement 

analysis. 

 

The as-formed sulfur interacts with the surface and occupies vacant selenium sites, 

thus completing the formation of Janus TMD. The   Janus TMD will not undergo further 

dissociation or etching since it is more stable than the parent TMD structure and requires 

more energy dissociation into constituent elements (i.e., moving substrate closer to the 
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plasma tail). Since the binding energy of H2Se is much higher than H2S, ionizing H2Se into 

hydrogen and selenium is energetically intensive, and readsorption of selenium atoms in 

the vacant sulfur sites is much more challenging.  It is also essential to optimize the distance 

of the chalcogen source from the plasma tail end. This distance is mainly decided based on 

the RF power of the plasma and the number of winding of the helical coil used in the 

process. Additionally, on all the other parameters that were mentioned, which affects the 

length and density of the plasma.  

3.3. Processing Parameters: 

3.3.1. Effect of Time  

 

Figure 3.7 The evolution of Raman spectra of WSe2 to Janus WSSe during the 

SEAR process with respect to time  

 

Figure 3.7 shows a range of different SEAR processing time. When the sulfur powder is 

placed far away from the plasma tail, H2S and S radical concentrations are significantly 



  61 

reduced at the WSe2 site. As such, the SEAR process is not sufficient, and incomplete 

replacement happens. As we move sulfur precursor closer to the sample, the SEAR process 

becomes highly effective, and Janus monolayer formation is successful. Similarly, the 

SEAR process time ultimately dictates how much chalcogen replacement takes place. 

Insufficient time (12 or 15 minutes) produce Janus layers with rather broad Raman signals. 

Only after enough time (18 minutes) the process yields highly crystalline Janus layers with 

a sharp Raman peak. We note that extensive processing time is also harmful since the 

samples undergo a more prolonged plasma exposure 

3.3.2. Effect Of Position  

The SEAR process with sulfur as the chalcogen source was carried out three samples of 

MoSe2 to understand the effect of position on the sample substrate. The plasma parameters 

were kept constant during the process, and distances of the sample were varied from the 

plasma tail. The replacement chalcogen source was also kept constant during the entire 

synthesis step. 

 

Figure 3.8 The evolution of Raman spectra of WSe2 to Janus WSSe during the 

SEAR process with respect to time 
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The degree of stripping and sulfurization of the sample concerning the distance of the 

sample from the plasma tail is depicted in figure 3.8. The sample which was closest to the 

plasma tail end gets completely etched with a robust signal coming from SeMoS Janus 

structure. This is an optimum distance, and keeping the samples further downstream will 

result in the introduction of defects. On increasing the distance of the sample from the 

plasma tail end, there was an emergence of the shoulder on the left (lower frequency), 

which comes from the parent structure of MoSe2. One can also observe a shift in the out-

of-plane SeMoS peak at lower frequencies, which is an indication of incomplete etching of 

MoSe2 flake. 

In conclusion, there are also some top layer Se sites (heavy atom) bonded with Mo, which 

dampens the higher frequency of vibration caused by the bond of S atoms (lighter atom). 

This behavior can also be attributed to defects in the SeMoS structure, which could cause 

Raman signals to move away from the gamma symmetry point, as discussed before. These 

results are also consistent with SeWS Janus and indicate a universal attribute of the SEAR 

process.  

3.4. SEAR Synthesis of Janus Mo-S-Se 

The SEAR setup was initially designed to operate in two steps. First, the top layer of atoms 

within TMD material will be stripped completely, followed by a sulfurization step to fill 

the now-vacant chalcogen sites. The second step, therefore, can be undertaken in two-ways, 

Ex-Situ, or in-Situ sulfurization. In the case of ex-situ sulfurization, there are chances of 

oxidizing the Mo sites if the vacuum within the chamber is broken, furthermore removing 

the sample from the reaction chamber also poses a risk of introducing foreign contaminants 
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within the chamber that will alter the reaction process later.  Naturally, In -Situ, 

sulfurization is therefore preferred to overcome these drawbacks. There, however, exist 

one tiny shortcoming of the Insitu process. Once the sample is loaded into the chamber, its 

position cannot be altered or tampered in case of discrepancies arising from vacuum 

equipment such as leakage Or power loss from the impedance network. The process 

parameters might change significantly and could result in poor repeatability.  

 

Figure 3.9 Calculated Phonon Dispersion of Janus MoSSE                                              

Calculated using finite displacement analysis by our collaborator Prof. Houlong Zhuang. 

 

Insitu sulfurization was carried out in the same 1” quartz tube.  A quartz boat containing 

MoSe2 samples were placed at a pre-marked position where an optimum etching rate was 

observed. The chalcogen source in the form of sulfur powder (Sigma-Aldrich, 99.98% 

purity) was kept within the tube. The tube was initially pumped down to a base pressure of 

15 mTorr and there for fifteen minutes. This was done in order to ensure that no residual 

gases remained within the tube during the SEAR process. After fifteen minutes, the 

chamber was flushed with high purity hydrogen gas for another ten minutes to ensure that 

there exists a uniform flow and concentration gradient of hydrogen gas throughout the tube.  



  64 

Once the flow rate of the gas within the system has been stabilized, the operating pressure 

within the tube is recorded (280-320 mTorr) to ensure consistency with the initial trial runs. 

15W power is applied through an RF source operating at 13.56 MHz to the copper coil. An 

impedance matching network is also connected to ensure lossless power to the coil. Once 

the pressure within the chamber has stabilized, the synthesis of Janus MoSSe is carried out 

[163, 164]for eleven minutes. After the processing time, the chamber is once again pumped 

down to lower pressure by shutting off the gas line. The vents on the chamber are slowly 

opened, and the substrate is further characterized using Raman and PL spectroscopy. 

 

3.5. Characterization of Janus Mo-S-Se 

3.5.1. Atomic Force Microscopy 

The topology and height profile post SEAR process were measured by NT-MDT Atomic 

Force Microscopy setup in a non-contact AFM tapping mode. Janus monolayer on SiO2/Si 

substrate was raster-scanned with 512-pixel density. It was found that the thickness is still 

in the monolayer limit and is in good agreement with the established literature[165, 166], 

and however one cannot observe changes in the lateral height to a precise degree, and 

further characterization is needed using TEM to see the changes in the unit cell before and 

after the processing. Another interesting assessment that can be made from the AFM scans 

is the emergence of cracks on the surface of the monolayer. The ions within the plasma 

continuously bombard the surface and knock off the top selenium atoms, Since these ions 

have a high energy density, their interaction with the TMD surface often leads to cracks on 
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the surface due to their high impact energies. A Possibility of mitigating these surface 

cracks can exist if the interaction of the plasma with the substrate is limited. 

 

Figure 3.10 AFM height profile of MoSSe Janus  

  This can be achieved by keeping the substrate far away from the invisible plasma tail and 

increasing the processing time, which could result in fewer cracks. Interestingly if MoSSe 

Janus materials are synthesized from MoS2 instead of MoSe2, then the replacement of 

sulfur by selenium atoms usually results in significant defects and huge holes. This is 

attributed to ionization of Se (much more massive and thus high impact energies).  

3.5.2. Raman and PL Spectroscopy 

             The Raman and photoluminescence (PL) spectra of homogenous MoSSe grown 

via the room-temperature SEAR technique is taken with a blue laser (488 nm) at 5% power 

and ten seconds of exposure.  
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The Raman spectra of Janus MoSSe is significantly different when compared with 

their parent TMD materials (i.e., MoS2, MoSe2).  The observed Raman spectra also differ 

from 2D alloy MoSSe. Moreover, our calculated vibrational dispersion, together with the  

Published predictions for MoSSe, match reasonably well with our experimental datasets. 

These observations validate that the as-synthesized layers have a Janus structure instead of 

random alloying. The intense peak at 290.8 cm-1 indicates the out-of-plane A1g mode, while 

a small peak observed at 352.3 cm-1  
 is an in-plane E12g mode of vibration. Another peek at 

438.9 cm-1 was also observed and represented a B12g mode of vibration. This peak has only 

been observed with a blue laser and showed a very diminishing behavior when low energy 

green (532 nm) and red (633 nm) lasers were used; this indicates that the mode can only 

be observed at higher energies. 

Figure 3.11 (a) Raman Spectra of MoSSe janus & (b) corresponding phonon 

dispersion for Janus MoSSe                                                                                                                   

(b) was Calculated using finite displacement analysis  by our collaborator Prof. Houlong 

Zhuang. 
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Overall, 2D Raman maps at the characteristic Janus vibrational mode 290 cm-1
 for MoSSe 

show a remarkable uniformity across the synthesized 2D Janus layers. More importantly, 

the FWHM of the synthesized 2D Janus TMDs reaches as low as ~ 5.1 cm  -1. These values 

are much smaller compared to Janus MoSSe produced by the previous techniques and are 

comparable to high-quality conventional TMDs crystals[145, 146]. 

The photoluminescence (PL) spectra of the SeMoS Janus structure was also 

measured with similar setup and parameters. The PL peak position was observed to be at 

1.67 eV. This is in excellent agreement with the first principle calculations. The observed 

Janus PL spectra show a blue shift when compared to the PL spectra of its parent structure, 

i.e., MoSe2 (1.51 eV) [100, 143, 167, 168].  The measured PL spectra also substantiate the 

high crystal quality given that the PL intensity is comparable to that of CVD grown 

classical TMD monolayer. The PL FWHM is at least 30-40% sharper compared to the PL 

Figure 3.12  Raman mapping of  MoSSe at 290 cm-1 (left) and corresponding PL Spectra 

at 1.68 eV (right) taken from three different substrates s1, s2 and s3 indicating 

repeatability of the SEAR technique 
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from Janus crystals produced by high-temperature methods; this indicates the advantages 

of SEAR processing over its contemporaries[145, 146]. PL mapping also shows similar 

intensity across the entire sample, thus indicating the true nature of conversion this 

technique offers.  

3.5.3. Power dependent and Low-Temperature PL Spectroscopy 

In addition to carrying out PL spectroscopy at room temperatures, another set of 

measurements were carried out at cryogenic temperatures (4 -10K) in order to understand 

the excitonic dynamics of these crystals. Since the defects do not play a significant role at 

such temperatures, the emission energy is understood to be strongly dependent on the 

symmetry alone, and thus sharp peaks can be observed and analyzed.

 

 

The emission energy of the 2D Janus MoSSe at 10 K is found to be 1.75 eV, 

whereas, at room temperature, the energy is measured to be about 1.68 eV. The excitonic 

Figure 3.13 (left) Powerdependent PL of MoSSe at 10K, (right) Fitted 

power dependence of peakintensity vs excitation power  
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nature of these PL peaks is apparent from the power-dependent measurements. The PL 

intensity of MoSSe yields an almost linear slope (α ~ 0.99), suggesting monomolecular 

(excitonic) recombination processes[52, 169]. Some of the PL spectra collected are broader 

and asymmetric, which can be interpreted as the convolution of at least two peaks. Power 

dependent emission shows that the intensity of the low energy peak has a higher slope with 

excitation power (exponent ~1.07 ± 0.01) than the high-energy peak (slope ~ 0.95 ± 0.02), 

thus suggesting the presence of co-existing many-body states, possibly trions and neutral 

excitons[170].  

  

 

 

Figure 3.14 (Left) Temperature dependent PL spectra (300 K-10 K). (Top-Right) PL 

mapping (10 K) and (Bottom-right) PL peak intensity (integrated area) vs. temperature 

for Janus WSSe. 
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Temperature-dependent PL measurements on 2D Janus MoSSe layers show two 

main effects. First, the position of the PL peak is fitted with a Lorentzian function, and the 

PL peak positions show a hypsochromic shift at lower temperatures and the PL line shape 

becomes narrower, Here, the variation of the PL peak position with temperature can be 

well-explained within Varshni law, 𝐸𝑔(𝑇) = 𝐸𝑔(0) −  
𝛼𝑇2

𝑇+𝛽
, which has been successfully 

used for traditional semiconductors as well as 2D MoSe2, and WSe2. Typical Varshni fitting 

process offers excellent fit with 𝐸𝑔(0) = 1.74 𝑒𝑉, 𝛼 = 3.95 × 10−4 𝑒𝑉/𝐾, 𝛽 =

216.71 𝐾 for MoSSe[147]. 

PL mapping at low temperatures reveals that the PL emission intensity and 

wavelength have some degree of variation across the sample. Interestingly, Some of the 

layers exhibit an edge PL enhancement effect. The PL spectra collected from the edges and 

the other segments of the 2D Janus layers show that PL peak shifts by ΔE ~ 40 meV. This 

ΔE value is comparable with the ionization energy of charged excitons observed in 

classical TMDs (~ 20 - 40 meV), suggesting an interplay between neutral and charged 

exciton complexes [171, 172]. The outer regions of the Janus monolayers may have a 

higher defect density and a different charge-doping distribution compared to the central 

region, which increases photoluminescence at these positions as well as shifts the emission 

energy. This defect and charge inhomogeneity may arise from a non-uniform substitution 

of the selenide atoms during the growth process, which could further explain the observed 

PL intensity and emission energy pattern.  
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Figure 3.15 MoSSe PL peak area mapping with peak center at 1.68 eV with a 

bandwidth of 95 meV (room temperature) 

 

3.6. SEAR Synthesis of Janus W-S-Se 

In order to demonstrate the versatility of the SEAR process, synthesis of a theoretically 

predicted Janus material (WSSe) was undertaken using tungsten-based TMD as the parent 

structure. The structural and vibrational analysis based on first-principle calculations has 

shown that Janus WSSe forms a dynamically stable structure in the 2H phase. Owing to its 

non-centrosymmetric structure, the monolayer Janus has two in-plane (E) and two out-of-

plane (A) Raman active phonon modes. The eigenfrequencies of the prominent Raman 

active modes were predicted to be 277 (A) and 322 (E) cm−1 [167].  For the synthesis of 

WSSe Janus, monolayer WSe2 was grown on sapphire by means of atmospheric pressure-

chemical vapor deposition using the parameters mentioned before. Before the synthesis, 

the as-grown WSe2 monolayer on the sapphire substrate was initially characterized with 

the help of Raman and PL spectroscopy for identifying the optical quality of the starting 

material.  Since the element that is being replaced is the same in both the cases (Se), a 

protocol like the SEAR synthesis of MoSSe was followed. However, modification of the 

SEAR chamber was adapted in order to enable Insitu Raman and PL measurements in the 
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future.  The new SEAR chamber was designed to dramatically reduce the interaction of 

ionized plasma with the sample substrate. One observation that was made based on the 

previous design was that the uniform distribution of the ionized plasma due to the geometry 

of the chamber results in severe cracking of the TMD monolayer. 

 

  

This can be attributed to the change in edge to center Plasma density ratios in two-

dimensional plasma discharges. As one approaches closer to the visible plasma tail, the 

etching effect due to collisions increases, however, the geometry of the tube imparts 

asymmetric plasma density around the visible plasma tail. This effectively reduces the 

working distance in which one can effectively etch the TMD without causing further 

damage. In order to mitigate this disadvantage, the following modification in the geometry 

of the tube was adopted. The new chamber was also equipped to enable objective lenses 

within a 2 cm working distance. Since the determination of optimum working parameters 

requires several trial and error measurements, a modification of the chamber was created 

in order to facilitate in situ Raman and PL measurements in the future.  Furthermore, two 

capacitance manometers and a pressure control valve were attached to the new chamber to 

control the pressure within five mTorr tolerance accurately.  

Figure 3.16 The crystal structure of WSe2 monolayer and WSSe Janus monolayer 
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The as-grown WSe2 monolayers were loaded into the new SEAR chamber at ~300 

mTorr operating pressure in the presence of high purity 16 sccm H2 gas. The flow-rate 

within the new chamber was adjusted in order to mimic operating pressure within the 

previous studies.   The samples were kept at the center of the chamber where the plasma 

density is visibly dilated. Inductively coupled plasma was generated by supplying 15W RF 

power at 13.56 MHz frequency to a copper coil, which ionizes and disassociated H2 

molecules into H+ ions and H free radicals. The concentration of ionized species and the 

extent of the plasma tail is once again controlled by varying the RF power. Since the newer 

geometry enables very low plasma density, the sufficient working distance within the 

camber was dramatically increased, Similarly the newer geometry enables the generation 

of plasma input powers than before.  

  In the process of Janus WSSe conversion from WSe2, hydrogen radicals are first 

adsorbed on WSe2 and form weak bonds with the top Se atoms, creating intermediate 

species. Highly energetic hydrogen ions bombard and knock-off these intermediates, which 

result in Se vacancies as well as H2Se/HSe+ byproducts, as established in the 

literature[146]. Like MoSSe, we find that the distance from the plasma tail and exposure 

time ultimately dictates the Se vacancy generation rate; when increasing the distance 

beyond the ideal position, vacancy creation becomes inefficient and prevents Janus 

structure formation. Similarly, moving samples closer to the plasma tail exposes 

monolayers to energetic ions and results in heavily defected samples. Another crucial part 

of the Janus synthesis is the introduction of sulfur upstream from the TMDs sample in the 

SEAR process, which helps in the effective incorporation of sulfur atoms into plasma 
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stripped WSe2 monolayers without any thermal assistance. Since the dissociation energy is 

much lower than the required energy for ionization, the extent of hydrogen radicals is far 

beyond the visible plasma glow, which results in the formation of H2S vapor near the sulfur 

through a similar reaction process described previously. The H2S molecules are then 

transported towards the TMD sample by the gas flow and dissociate into individual radical 

species of S and H (by higher RF power). S radicals then incorporate into the chemically 

active VSe sites to form a stable WSSe Janus structure. The Se etching and S replacement 

processes happen simultaneously and continue until all the upper Se are replaced by S.       

Additionally, as the cohesive energy with respect to selenium is higher in tungsten 

when compared with molybdenum, care must be taken to adjust the stripping time for the 

synthesis of Janus WSSe. Well-optimized processing times and enough supply of sulfur 

(in the form of H2S or S radicals) are required to prevent over-etching, to stabilize the Janus 

structure, and to create highly crystalline Janus layers of WSSe. Post synthesis Raman and 

PL characterization were performed with the same setup as mentioned for characterizing 

MoSe2 and SeMoS.  

3.7. Characterization of Janus W-S-Se 

3.7.1. Atomic Force Microscopy 

The topology and height profile post SEAR process were measured by NT-MDT 

Atomic Force Microscopy setup in a non-contact AFM tapping mode. Janus monolayer on 

SiO2/Si substrate was raster-scanned with 512-pixel density. Once more, it is evident from 

Fig 3.17 that the SEAR process does not cause any detrimental surface damage, as 

evidenced in the post SEAR AFM topography for WSSe Janus monolayer. Furthermore, 
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the profile observed from before and after the SEAR  process shows no significant change 

in the lateral height and is consistent with the established literature [166, 173]. 

 

Figure 3.17 AFM Height profile of WSe2 (left) prior conversion and AFM Height 

profile of Janus WSSe post SEAR (right) 

 

3.7.2. Raman and Photoluminescence Spectroscopy 

The Raman and photoluminescence (PL) spectra of homogenous WSSe grown via 

the room-temperature SEAR technique was also taken with a blue laser (488 nm) at 5% 

power with ten seconds of exposure time. Like Janus MoSSe, the Raman spectra of Janus 

WSSe is entirely different when compared with their parent TMD materials (i.e., WS2, 

WSe2).  The new emerging peaks of Janus WSSe peaks were observed to be at 284.51 cm-

1
 and 333.18 cm-1, which are in close agreement with the first principle DFT calculations, 

as evident from the phonon dispersion calculation[117, 167]. The peak at 284.51 cm-1 is an 

out-of-plane A1g mode of vibration, while a peak at 333.18 cm-1 is an in-plane E12g mode of 

vibration.  
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Figure 3.18 (a) Raman spectra of WSe2 monolayer (black) as compared to WSSe 

Janus (red), (b) Corresponding phonon dispersion spectra of WSSe Janus 

(b) Calculated using DFT by our collaborator Prof. Houlong Zhuang. 

 

The observed Raman spectra also differ significantly from 2D alloy WSSe. 

Moreover, our calculated vibrational dispersion, together with the published predictions 

for WSSe, also matches reasonably well with our experimental datasets with a deviation of 

around 1.1%. 2.8%, these deviations can be attributed to the induced strain within the 

monolayer as a result of CVD growth [173].  These observations validate that the as-

synthesized layers have Janus structure instead of random alloying. 
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Figure 3.19 The Comparison between Janus WSSe and classical two-dimensional 

W-S-Se alloy 

 

  2D Raman maps at the characteristic Janus vibrational mode frequency of 284 cm-

1 for WSSe also show a remarkable uniformity across the synthesized 2D Janus. 

Furthermore, The FWHM of A1g mode of this new WSSe structure was even smaller than 

that of the actual WSe2 growth dictating a very superior quality Janus structure creation 

that could be achieved if the parameters are optimized accordingly. The effects of the 

distance of the sample from the plasma tail end and the effects of duration of the SEAR 

process accounts to be one of the significant criteria for deciding the quality of new 

emerging structure with a replaced top atomic layer. Few experiments were carried out to 

determine optimum parameters for obtaining perfect crystalline Janus WSSe from a CVD 

grown WSe2 monolayers. 
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Figure 3.20 Collected Raman mapping from 2D Janus WSSe monolayer using 

prominent  284 cm-1 peak  

Photoluminescence spectroscopy was performed on the as-synthesized Janus WSSe 

layers using the same Raman set up with the 5 % laser power and five sets of accumulations 

within ten seconds. The emission energy of the 2D Janus WSSe at room temperature was 

recorded to be around 1.78 eV, which once again is in excellent agreement with the 

established literature as well as out DFT studies. Furthermore, the PL intensity for the Janus 

structure is comparable to that of CVD grown classical TMD and does not diminish with 

plasma processing, and this indicated the gentle nature of synthesis and with the FWHM 

being at least 30% sharper. The PL mapping, in the case of WSSe Janus, also shows overall 

uniform intensity across the samples.  
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Figure 3.21 PL Spectra of 2D Janus WSSe with FWHM measuring, indicating a 

high degree of crystallinity.  

 

3.7.3. Low-Temperature Raman and PL Spectroscopy 

Low-Temperature Raman and PL measurements were performed on Janus WSSe 

monolayers like our previous MoSSe measurements. These measurements were collected 

at cryogenic temperatures (4 -10K) in order to understand the excitonic dynamics of WSSe 

fully.  The emission energy of the 2D Janus WSSe at 10 K is found to be 1.85 eV, whereas, 

at room temperature, the energy is measured to be about 1.78 eV. The PL intensity of WSSe 

also yielded a linear slope (α ~ 0.99) from the power-dependent measurements, suggesting 

monomolecular excitonic recombination processes. Furthermore, WSSe PL spectra also 
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exhibit a broader peak suggesting the convolution of two peaks that are hypothesized to be 

neutral exciton and trions[170].  

 

Figure 3.22 (left) Power Dependent PL of WSSe at 10K,  (right) Fitted power 

dependence of peak intensity versus excitation power of WSSe  

 

The Lorentzian fitting of these peaks at a lower temperature is also in excellent 

agreement with the typical Varshni fitting for these process with 𝐸𝑔(0) = 1.87 𝑒𝑉, 𝛼 =

5.09 ×  10−4 𝑒𝑉/𝐾, 𝛽 = 260.02 𝐾 for monolayer WSSe furthermore, the integrated PL 

peak intensity increases with decreasing suggesting a bright exciton ground state, which is 

opposite to what is found for W-based classical TMDs and warrants further studies [147]. 

Like MoSSe, the overall PL emission intensity across an entire 2D Janus WSSe exhibit 

edge PL enhancement. The low-temperature PL mapping that the emission intensity and 

wavelength have some degree of variation across the sample. The ΔE is approximately 40 

meV and comparable with the ionization energy of charged excitons observed in classical 
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TMDs once again, suggesting there is an interplay between neutral and charged exciton 

complexes[171].  

 

Figure 3.23 (a) Temperature-dependent PL spectra (b) PL mapping (10 K) and (c) 

PL peak intensity (integrated area) vs. temperature for Janus WSSe 

 

Since the outer regions of the Janus monolayers may have a higher defect density and a 

different charge-doping distribution compared to the central region, there is an increase in 

the photoluminescence intensity at these positions as well as shifts the emission energy 

[174]. The charge inhomogeneity is attributed to a non-uniform substitution of the selenide 

atoms during the growth process and warrants further investigation.   
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4. Chapter 4 Selective Epitaxy Atomic Replacement: Superlattices 

 

4.1. Introduction to 2D Heterostructures 

Owing to the mild processing conditions of our ambient temperature synthesis, we aimed 

to demonstrate the first-of-a-kind realization of lateral and vertical heterostructures of 2D 

Janus layers. In addition to superior features of TMD single layers, bilayers of TMDs 

present significant properties for electronic devices with a scalable fabrication process via 

van der Waals assembly of TMDs.  For instance, an ultrafast charge transfer has been 

demonstrated in the bilayer heterostructures of MoS2 and WS2, and the interlayer coupling 

in MoS2/WS2 bilayer can be tuned with a vacuum thermal annealing. Van der Waals 

heterostructures of molybdenum and tungsten chalcogenides with different configurations 

have been produced as photo-voltaic devices that possess spectacular electronic and 

optoelectronic properties.  

 

Figure 4.1 Schematic representation of Janus heterostructures 
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Since Janus TMD enhances many of the fascinating properties observed within regular 

transition metal chalcogenides owing to the broken mirror symmetry, superlattices of these 

structures will pose and demonstrate unusual quantum behavior that is just not possible to 

achieve within regular structures. Indeed, many theoretical studies have identified that 

vertical and lateral heterostructures of 2D Janus layers offer unique quantum effects and 

functionalities.  

  For instance, in MoSSe van der Waals (vdW) structures, the intrinsic electric field results 

in a broad interlayer band offset, which can be used as a driving force for interlayer 

excitons. These excitons can endow ultralong carrier lifetimes within the material and 

might further dissociate into free carriers. The stacking order in two dimensional Janus 

WSSe has also been shown to have distinctive Raman characteristics in their vibrational 

frequencies that stem from the different interlayer interactions within these materials. 

Furthermore, in WSSe/MoSSe van der Waals (vdW) heterostructures[117], the 

intralayer/interlayer potential drops lead to significantly larger band offset 

than MX2 heterolayers, ensuring the long lifetimes for valley polarized interlayer excitons. 

The Rashba-type spin splitting has been predicted to co-exist with the valley spin splitting 

within these materials, and Rashba polarization can be enhanced in these vertical 

heterostructures due to improved electric polarity in the z-direction[104, 109, 115]. In the 

case of lateral heterostructures, the photoresponse and absorption coefficients show optical 

activity in a broad visible light range. It is of interest that both types of heterostructures 

reveal type-II band alignment, enabling the separation of excitons[84, 167]. 
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Additionally, the grain boundaries in Janus MoSSe heterostructures behave as one-

dimensional (1D) metallic quantum wires, suggesting the possible formation of a 1D 

electron or hole. Theoretical calculations on the energies of intra- and interlayer excitons 

as a function of film thickness, have revealed that the Janus multilayer films are ideally 

suited for achieving ultrafast charge separation over atomic length scales without the need 

for chemical doping or applied electric fields. The calculated density of states and 

electronic structures reveal that the introduction of in-gap states and a shift in the Fermi 

level in hydrogen adsorbed systems due to Janus asymmetry is the origin of an enhanced 

HER activity within these materials[143, 144].  

 Despite keen theoretical interest in these sophisticated structures, their synthesis has not 

been realized using other high-temperature processing techniques. The difficulty presented 

by the previous methods is that at high temperatures, it is easier to deteriorate one of the 

constituent materials, or it is more likely to form an alloy instead of 2D Janus layers. The 

SEAR process aims to circumvent this fundamental challenge by the creation of these 

fantastic structures. 

TMD based lateral and vertical heterostructures have been synthesized using a variety of 

known experimental techniques such as AP-CVD, epitaxial growth on CVD thin films and 

deterministic transfer of monolayer TMDs, etc. In the scope of this thesis, two 

methodologies have been adopted for the creation of these remarkable structures. Firstly, 

a deterministic transfer approach was adopted in order to create vertical heterostructures of 

Janus MoSSe and WSSe. Secondly, two-step synthesis of Tungsten and Molybdenum 

TMD’s were undertaken to create atomically stitched lateral heterosturres. These structures 
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were then transferred into the newly modified SEAR chamber to realize Janus lateral 

heterostructures. Finally, a vertical TMD heterostructure was created using AP-CVD by 

varying the process parameters; the as-synthesized vertical heterostructure was then 

converted to Janus-TMD vertical heterostructure using SEAR. 

 

4.2. Vertical 2D TMDs 

4.2.1. Deterministic Transfer of 2D Monolayers 

For the creation of a vertical heterostructure of Janus MoSSe/WSSe, a standard PDMS-

assisted transfer process was employed[167]. A thin layer of PDMS was placed on top of 

CVD-grown MoSe2 on SiO2, and the assembly was immersed in a 50 °C 2M KOH solution 

for 1 min to etch SiO2 away. The sample was then taken out and rinsed with DI water. 

PDMS was peeled off from SiO2 and deterministically stamped on as-synthesized WSSe. 

After careful removal of the PDMS again, the MoSe2/WSSe was then transformed to 

MoSSe/WSSe by the SEAR method. Further characterization of the superlattices was 

performed using Raman and PL spectroscopy.  

4.2.2. CVD Synthesis: Bilayer WSe2 heterostructure 

The creation of Janus WSSe can be undertaken by converting WSe2 bilayers into WSSe 

Janus by selenisation. Controlled synthesis of WSe2 heterostructures is more accessible 

compared to MoSe2 synthesis, and large domains of WSe2 bilayers can be obtained through 

AP-CVD. Synthesis of Bilayer WSe2 was obtained by keeping 60 mg of WO3 precursor 

was placed in a ceramic boat at the center of the single-zone tube furnace. Double side 

polished sapphire substrates were placed on the ceramic boat. Selenium powder was placed 



  86 

upstream in a ceramic crucible in excess, where the temperature was maintained at 250 °C. 

High purity Ar (≥99.99%) and H2 gas were passed at 36 sccm and four sccm flow rates, 

respectively, during the entire growth process. The furnace was ramped up with a rate of 

30 °C/min to 850 °C and held at 850 °C for 20 minutes before natural cooling to room 

temperature and held for 13 min before naturally cooling to room temperature. The as-

synthesized flaked were then characterized using Raman spectroscopy.  

 

4.2.3. SEAR Synthesis of Vertical Janus Heterostructure 

Both types of vertical heterostructures, i.e., Bilayer MoS2 and WSe2, were 

converted into Janus MoSSe by using the modified SEAR chamber. In the case of Bilayer 

MoS2, selenium precursor was used instead of sulfur for the conversion process. As 

mentioned before, since selenium will have high impact energy with the substrate, the 

chalcogen source was kept far away from the substrate to reduce the rate of impact. 

Although this does not reduce the impact energy of the ion, visual evidence from the optical 

images suggest that it does seem to influence the overall defects that are introduced on the 

TMD.  

 

Figure 4.2 Optical Image of MoSSe/WSSe  Vertical Heterostructure. 
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Further studies are, therefore, warranted in order to understand the underlying mechanism 

of the process thoroughly. The processing time was also decreased since the binding energy 

of MoS2 is far less than that of MoSe2. The newly created Janus structure consists of a 

TMD-Janus interface. The SEAR process successfully converts the exposed TMD 

structure in Janus; however, the underlying layer that was not exposed to the plasma 

treatment remains unchanged. The as-synthesized structure, therefore, has a Raman signal 

from MoS2 as well as MoSSe Janus.   

Another type of vertical heterostructure was created using WSe2 and MoSe2 

monolayers. The substrate, in this case, we are also kept inside the modified SEAR 

chamber; however, the chalcogen source was replaced by Sulfur. In the creation of this bi-

metal heterostructure, the processing time must be optimized in order to convert both the 

TMDs into their respective Janus structures. Since the binding energy of the tungsten-based 

TMD materials is higher than their respective molybdenum based TMDs, their conversion 

into Janus materials usually takes longer processing times; this, however, poses a problem 

in case of conversion of MoSe2 into MoSSe Janus increasing the process times beyond the 

maximum limit will introduce defects. This drawback can be mitigated by altering the 

position of the substrate with respect to the plasma tail. In the case of the vertical bi-metal 

heterostructure, the position of the substrate with respect to the visible plasma tail was 

increased in order to make the stripping process slow and extremely gentle. The as-

synthesized Janus structures were then characterized using Raman and PL spectroscopy.  
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4.3. Characterization of Janus Vertical Heterostructures 

4.3.1. Raman Spectroscopy & Photoluminescence Spectroscopy  

Since the synthesis of vertical heterostructures has restrictions due to the surface-

limited nature of the SEAR process. For instance, when CVD-grown bilayer WSe2, 

consisting of a more extensive monolayer base and a smaller WSe2 triangle on top, 

undergoes our SEAR process, we find that the exposed selenium atoms are successfully 

replaced with sulfur. However, selenium atoms covered by the smaller WSe2 triangle 

remain unaffected. As a result, the final structure has both vertical WSe2/Janus WSSe and 

lateral WSSe/WSe2 heterostructures. 

+  

Figure 4.3  Comparison between edge WSSe area and center WSSe/WSe2 area 

(Left) and PL spectra collected from Janus MoSSe, WSSe, and their vertical 

heterostructure regions (right) 
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Raman mapping at 250 cm-1 in shows that the underlying WSe2 layer remains in 

the central triangular region. This suggests that the SEAR process is surface limited, and 

the reactive chalcogen or hydrogen radicals cannot intercalate between the layers. Since 

sulfur atoms successfully replaced all the exposed selenium atoms, the 284 cm-1 peaks for 

Janus WSSe can be found across the entire sample. Here, the central segment shows a 

slightly lower 284 cm-1 WSSe peak intensity.  

 

Figure 4.4 Optical image of Janus WSSe/WSe2 vertical heterostructure (right) and 

corresponding  Raman mapping of WSe2 at 250 cm-1 (center) and WSSe at 284 cm-1 

(left) 

 

The observed Raman reduction in both WSSe and WSe2 Raman signal on the 

vertical heterostructure is most likely related to the presence of interlayer coupling between 

WSe2 and Janus WSSe layers, much like those observed in the classical bilayer and trilayer 

TMDs 
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Figure 4.5 Optical image of vertical Janus MoSSe/WSSe heterostructure (left) , 

Raman mapping of MoSSe at 290 cm-1 (center) and WSSe peak 284 cm-1 (right) 

 

To form truly 2D Janus vertical heterostructures and to further demonstrate the 

capability of the SEAR process, we have transferred monolayer MoSe2 on Janus WSSe 

monolayers (MoSe2/WSSe) using polymer assisted techniques before the SEAR process. 

During the conversion process, the exposed selenium atoms on the MoSe2 monolayer got 

replaced by the sulfur atoms, but the underlying Janus WSSe layer, as well as exposed 

(monolayer) regions, remained intact to form 2D Janus MoSSe/WSSe vertical 

heterostructure.  

Raman intensity mapping using the MoSSe A1 mode at 290 cm−1 and the WSSe A1 

mode at 284 cm−1 demonstrate the formation of MoSSe/WSSe bilayer stacks as shown in 

The MoSSe signal is observed only from the central segment of the sample, while the other 

regions mainly yield WSSe related Raman peak. This suggests that it is possible to form 

MoSSe/WSSe vertical junctions starting with classical/Janus vertical heterolayers, 

followed by the SEAR process. The PL spectra acquired from the monolayer regions show 

sharp peaks at 1.68 eV and 1.78 eV, respectively, corresponding to the direct excitonic 
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transition energy in monolayer Janus MoSSe and WSSe. PL spectra collected from the 

bilayer MoSSe/WSSe region show that these two peaks co-exist with each other.  

4.4. Lateral 2D TMDS 

4.4.1. CVD Synthesis: MoSe2-WSe2 heterostructure 

The CVD synthesis of MoSe2 WSe2 heterostructure was carried out in a two-step 

CVD approach. Since the synthesis of Tungsten based TMDS is carried out at a higher 

temperature, it was given precedence in the two-step synthesis approach. 285 nm SiO2/Si 

substrates were initially cleaned with ethanol and IPA solution for ten minutes each.  

 

Figure 4.6 Schematic representation of TMD Lateral Heterostructure 

The substrates were dried with nitrogen and cleaned with Argon plasma for another 

fifteen minutes to remove any surface contaminants. The cleaning process also increases 

the surface energy of the substrate that aids in the nucleation during the CVD reaction. 

After the cleaning process, one of the substrates was treated with a 50 μM solution of 

PTAS. The perylene salt solution helps in the rapid nucleation of the tungsten precursors. 

A clean ceramic boat is loaded with 50 mg of WoO3 precursor; the Double side polished 

sapphire substrates were placed on the ceramic boat. Selenium powder was placed 



  92 

upstream in a ceramic crucible in excess, where the temperature was maintained at 250 °C. 

High purity Ar (≥99.99%) and H2 gas were passed at 36 sccm and four sccm flow rates, 

respectively, during the entire growth process.  

 

Figure 4.7 Optical Images of TMD Lateral Heterostructure (left) and corresponding 

Raman maps MoSe2 at 245cm-1 (center) and (right) WSe2 at 250cm-1 

The furnace was ramped up with a rate of 30 °C/min to 850 °C and held at 850 °C 

for 20 minutes before natural cooling to room temperature. After the synthesis, the samples 

were first characterized using Raman spectroscopy, after which they were loaded into 

another ceramic boat containing 1mg MoO3. The new ceramic boat was loaded onto a 

newer quartz tube to avoid cross-contamination. Selenium precursor was placed upstream 

in a ceramic crucible in excess, where the temperature was maintained at 300 °C. High 

purity Ar (≥99.99%) and H2 were passed at 46 sccm and 4 sccm flow rates, respectively, 

during the entire growth process.  

The furnace was ramped up with a rate of 30 °C/min to 760 °C and held at 760 °C 

for 13 minutes before natural cooling to room temperature. The MoSe2 grows from the 

edge of WSe2, which acts as a nucleation site for the new crystal.  Synthesis of lateral 
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heterostructures takes place in the 750-800 °C temperature regime. Increasing the 

temperature beyond 800°C result in a vertical growth 

 

Figure 4.8 Raman Spectra of TMD heterostructure (left) and corresponding  PL 

spectra of TMD heterostructure collected at the edge MoSe2 and center WSe2 

 

4.4.2. SEAR Synthesis of Janus MoSSe-WSSe Lateral Heterostructure 

SEAR synthesis of Janus WSSe MoSSe lateral heterostructure was carried using 

the modified SEAR chamber. Once again, the processing conditions were changed in order 

to facilitate the successful conversion of these TMDs into Janus materials. Additionally, 

the substrates were also kept a greater distance from the plasma tail in order to enable a 

prolonged etching rate (like the case of MoSe2/WSe2 vertical heterostructures). The 

processing time was also increased to twenty minutes in order to facilitate the change. After 

the successful synthesis of the Janus structures, we characterize them using the Raman 

Spectroscopy. 
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Figure 4.9 Schematic representation of Janus Heterostructure 

4.5. Raman & Photoluminescence Spectroscopy 

We carried out our established ambient temperature SEAR process on as-synthesized 

WSe2/MoSe2 structures to produce Janus lateral heterostructures. 

 

Figure 4.10  Raman Spectra of Janus heterostructure (left) and corresponding  PL 

spectra of collected at the edge MoSSe and center WSSe (right) 
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Raman mapping characteristic MoSSe A1 peak (290 cm−1) and WSSe A1 peak (284 cm−1) 

confirm the formation of a Janus WSSe/MoSSe lateral heterostructures with WSSe 

monolayer as the core and MoSSe monolayer being the outer shell.  

Similarly, PL spectra acquired from the outer domain and inner domain, show 

characteristic PL peaks of 2D Janus MoSSe (~1.68 eV) and WSSe (~1.78 eV), and the PL 

position mapping also reveals the core-shell structure of this unique lateral heterostructure.  

The PL collected at the MoSSe/WSSe interface shows that emission from individual 

domains is super-imposed onto each other (red spectra) since the probing spot (1 μm) is 

much larger than the exciton wavefunction. The presented results, enabled by this simple, 

scalable, growth process allows us to fabricate first of its kind lateral Janus 

heterostructures. 

 

 

 

  

Figure 4.11 Optical Images of janus lateral heterostructure (left) and corresponding 

Raman maps MoSSe at 290cm-1 (center)  and WSSe at 284cm-1 (right)  
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Chapter 5 Future Directions and Conclusions 

 

To date, extensive theoretical studies have been done on various aspects of Janus TMDs, 

and however, due to limitations of previous studies to effectively create a highly crystalline 

Janus structure, these new properties remained experimentally unknown. The full potential 

of Two-dimensional Janus materials can now be explored by creating a variety of highly 

crystalline Janus TMD structures by using the SEAR process mentioned in this work 

A critical aspect and one of the key innovations of this methodology is the ability to 

synthesize large-area and highly crystalline 2D Janus layers and their superlattices without 

alloying them. Energetically, it is rather easy to alloy chalcogens to form 2D alloys as it 

has been conventionally done by many research groups. However, the SEAR synthesis will 

enable researchers to probe many quantum effects arising from 2D Janus layers without 

any ambiguity.  

For establishing better control over the parameters for SEAR few aspects need to be 

emphasized as reflected below:  

1. The level of defects generated during the process can be controlled by manipulating 

the parameters and thus improving the overall efficiency of the process. 

2. The introduction of defects is more likely to be expected when the distance of the 

sample and the new element is not optimized correctly.  

3. Plasma etching rate increases with the increase of the atomic weight of the carrier 

gas, because the bombardment of a heavier atom can displace or break the bonds 

and atomic sites very effectively. 
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4.  When a heavier atom weight needs to be incorporated, the pressure and gas flow 

rate inside the chamber must be raised optimally, at the same time also controlling 

the other plasma parameters, thus increasing the ion-scattering and thereby 

reducing the impact energy of the ions being bombarded.  

5. Higher flow rate increases the density of plasma up to a certain threshold, followed 

by a reduction in the energy of plasma due to scattering,  at the same time, it would 

help reduce the impact energy of the ions on the sample, resulting into more gentle 

stripping and replacement.  

6. The application of this innovation will not be limited to replacing Se (one 

chalcogen) atomic layer with S atoms (another chalcogen). However, it could also 

be adopted in the future for functionalizing the surface by different elements 

without altering the parent crystal structure, as demonstrated by our synthesis of 

vertical and lateral heterostructures. Though care must be taken when trying to 

incorporate heavy elements into the parent structure.  

7. The SEAR technique is extremely versatile in its use, and its principles can be 

extended to exfoliated TMDs as well as other exotic TMDs (Group V) 

 

Using the established growth process, we may continue to improve the crystal quality of 

2D Janus crystals throughout the family to Janus TMDC by optimally playing with the 

parameters of plasma during the replacement process. To further improve the crystallinity, 

it is advisable to determine the lowest possible plasma power required to strip-off the top 
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atomic (chalcogen) layer in order to minimize plasma-induced defects. This versatile 

technique is flexible enough to synthesize other yet-to-be-discovered 2D Janus crystals.  

Lastly, theoretical studies are needed to help stimulate the plasma properties to a more 

significant extent, such as the induced magnetic field and electrical field from the coil, 

which could eventually help determine the extent of ionization and dissociation based on 

the energy generated concerning distance from the coil. This will thus help decide an ideal 

position for the sample, which has to be etched and the element which must be replaced 

during the entire process. More efforts must be laid towards the actual kinetics of the 

mechanism proposed to firm up the conclusions.  

Optimum control over the plasma parameters for a different set of element’s replacements 

could be worked out by starting the SEAR process from a parent structure with the different 

top atomic layer. Janus materials could thus help explore rich quantum physics, which is 

still unknown to the date. There could now be a possibility to experimentally evidence 

Rashba splitting by adopting various characterization techniques for these Janus materials. 

Hetero and Homo structures made from different Janus structures could begin a potential 

field of piezoelectricity, which could create a significant impact on technological 

advancements in industries.  

In summary, the results from this thesis aim to demonstrate the high-quality synthesis of 

2D Janus layers using our room temperature Selective Epitaxy Atomic Replacement 

Technique (SEAR), and this allows us to synthesize not only 2D Janus MoSSe monolayers 

but the method can also be expanded to other 2D Janus layers such as WSSe and NbSSe 

the results in this thesis also highlight the versatility of the room temperature SEAR 
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technique by fabricating utterly different kind of Janus heterojunction, we demonstrate the 

growth of high-quality 2D Janus vertical and lateral heterostructures using our room-

temperature Selective Epitaxy Atomic Replacement (SEAR) technique. Overall, our 

technique offers significant advances to the synthesis and fabrication of 2D Janus materials 

and enables their combination in heterostructures without sacrificing structural or optical 

quality, thus providing a much-needed platform for the study of unique physical 

phenomena and further unlocking the transfer of new properties into cutting-edge 

applications.  
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