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Abstract 

 
Monolayers of two-dimensional transition metal dichalcogenides (2D TMDCs) such as those of  

MoS2 and WS2 offer a promising alternative to the use of Si in solar energy harvesting and other 

applications due to their direct bandgaps, high absorption efficiency, and their ultralight and flexible 

nature. For device applications, such monolayers need to be of large area and high quality. Most top-

down and bottom-up fabrication methods have failed to produce such monolayers that are 

simultaneously large and of high quality. This project focuses on using a method known as “gold-

assisted exfoliation” that enables the top-down fabrication of these monolayers over large areas. We  

characterize the monolayers using Raman spectroscopy and asses their quality by studying their 

optoelectronic behavior using photoluminescence spectroscopy. We extend the gold-assisted 

exfoliation method from MoS2 and WS2 further to ReS2 and ReSe2, to obtain their monolayers, 

focusing primarily on assessing the reproducibility of the fabrication method. The results 

demonstrate that the gold-assisted exfoliation method enables the production of large-area 

monolayers with sizes spanning more than 2 𝑚𝑚 × 2.5 𝑚𝑚 in area, and with quality close to that 

of pristine MoS2 and WS2 monolayers. These monolayers can be transferred from gold to other 

substrates for heterostructure fabrication. We specifically explored MoS2/WS2 heterostructures 

which we successfully fabricated using this method. This work contributes to the development of 

efficient and scalable methods for fabricating semiconducting TMDC monolayers and 

heterostructures, paving the way for their reliable use in various device applications.  

 

 

 

 

 

 

 

 

 

 

 

 



4 
 

List of Commonly Used Abbreviations 
 

1. Al2O3: Aluminum Oxide (Alumina) 

2. Au: Gold 

3. CBM: Conduction Band Minimum 

4. CLQB: Covalent-like Quasi Bonding 

5. CVD: Chemical Vapor Deposition 

6. FWHM: Full Width at Half Maximum 

7. GAE: Gold Assisted Exfoliation 

8. ML: Monolayer 

9. Mol. W: Molecular Weight 

10. MoS2: Molybdenum Disulfide 

11. PDMS: Polydimethylsiloxane 

12. PL: Photoluminescence 

13. PMMA: Poly(methyl methacrylate) 

14. PVP: Polyvinylpyrrolidone 

15. ReS2: Rhenium Disulfide 

16. ReSe2: Rhenium Diselenide 

17. Si: Silicon 

18. SiO2: Silicon Dioxide 

19. TMDC: Transition Metal Dichalcogenide 

20. TRT: Thermal Release Tape 

21. VBM: Valence Band Maximum 

22. WS2 : Tungsten Disulfide 

 

 

 



5 
 

Chapter 1  

 

 

Introduction 

 

Climate change has created an urgent need for rapid advancements in renewable energy 

technologies, with solar energy being a key solution to meet global energy demands. Material 

science, particularly the field of light-matter interactions, plays a pivotal role in enabling the 

development of highly efficient and cost-effective solar energy harvesting technologies. Silicon (Si), a 

conventional semiconducting material, has dominated the photovoltaics industry with a global  

market share of around 95% in 2021 1. This figure has not much changed since then. However, the 

indirect bandgap of Si limits the efficiency of the light absorption process which restricts the 

possibility of thinning down the material below 100 𝜇m to achieve flexible and lightweight 

structures 2,3. In contrast to silicon, monolayers of two-dimensional layered transition metal 

dichalcogenides (TMDCs), including molybdenum disulphide (MoS2) and tungsten disulphide (WS2) 

possess direct bandgaps which facilitate highly efficient light absorption. Additionally, these 

ultrathin materials offer high flexibility and lightweight properties due to their monolayer thickness 

of less than 1 nm 4,5. These qualities make TMDC monolayers promising for various practical 

applications including photodetection, photovoltaics and photocatalysis. Moreover, due to strong 

spin-orbit coupling and lack of inversion symmetry in these materials, they are largely explored for 

valleytronics, and spintronics 6–8. Assembly of these monolayers into heterostructures can  further 

enhance light absorption over a wider spectral range and also help in charge separation and 

collection processes, providing even greater potential for these materials 9.  

However, certain challenges have hindered the fabrication of large high-quality TMDC monolayers. 

While some top-down methods, such as mechanical exfoliation using scotch tape, have succeeded in 

producing high-quality, defect-free monolayers, the extremely small monolayer size remains a 

significant obstacle to large-scale application 10. Conversely, methods have produce large-area 

monolayers, such as chemical vapor deposition (CVD), often result in high number of defects, which 

also negatively impacts their efficiency and reliability for device applications 11. These challenges in 

obtaining large high-quality monolayers further makes it difficult to fabricate high-quality 

heterostructures that could be implemented in a device 12. 

In this project, we aim to overcome these challenges by employing the gold-assisted mechanical 

exfoliation (GAE) method. Gold atoms form covalent-like quasi-bonding (CQLB) with the chalcogen 

atoms of the TMDC monolayers. If the gold foil is atomically smooth, it enables large-area 

mechanical exfoliation of these monolayers 13. This is crucial in achieving our primary objectives of 
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fabricating monolayers with i) large area; and ii) high quality; as well as fabricating iii) heterostructures 

using these monolayers 14. We use confocal microscopy and Raman spectroscopy to identify and 

characterize these monolayers, and photoluminescence (PL) spectroscopy to assess their quality. We 

further compare the quality of the monolayers to samples fabricated through the CVD method as 

well as to small area monolayers of pristine quality fabricated through mechanical exfoliation using 

Scotch-tape. 

In this thesis, we first present the fundamental physics associated with the optoelectronic properties 

of the 2D TMDC monolayers we investigated, in Chapter 2. This includes concepts related to their 

crystalline structure, electronic band structures, excitonic properties and vibrational properties. 

These concepts enable us to understand the rationale behind the parameters we used in this project 

to characterize these materials and evaluate their quality. Within the same chapter, we further 

provide a brief discussion on the optoelectronic properties of the heterostructures in the context of 

this project, and end it with a short note on why we preferred the method of gold-assisted 

exfoliation. 

Chapter 3 discusses the experimental methods used for fabricating the ultrasmooth gold foil, 

followed by the gold-assisted exfoliation of the 2D TMDCs and the fabrication of heterostructures. 

We finally end this chapter by discussing the Lorentz function fitting procedure, which we used for 

analyzing data from the Raman and PL spectra for characterization and quality evaluation.  

We then present and discuss our results in Chapter 4. In this chapter, we first show that using the 

GAE method, we are able to exfoliate monolayers of sizes more than 2 𝑚𝑚 × 2.5 𝑚𝑚 in area, 

followed by characterizing their behavior on and off gold. Then we present a discussion on how our 

fabricated samples are of better quality as compared to commercially available CVD samples using 

parameters extracted from the PL spectra. Finally in this chapter, we briefly discuss the results for 

the MoS2/WS2 heterostructures we fabricated using the GAE method, where we speculate that the 

coupling between the two individual monolayers may not be high enough to enable efficient charge 

transfer between them. 

In chapter 5, we end our thesis by summarizing our main findings and also providing an outlook 

towards future research ideas which are possible due to the success of this fabrication method. We 

acknowledge that there are certain limitations to this method which might hinder the fabrication of 

high-quality heterostructures with efficient charge transfer mechanism, but with further 

optimizations in the fabrication process, these limitations can be overcome.   
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Chapter 2 
 

 

 

Background 

2.1  Crystal and Band structure  

2.1.1 Crystalline Structure of 2D TMDCs 

The general chemical formula for 2D TMDCs is MX2, where ‘M’ denotes a transition metal atom 

(such as Mo, W, or Re) and ‘X’ represents chalcogen atoms (such as S or Se). These materials consist 

of a plane of ‘M’ atoms sandwiched between two hexagonal planes of ‘X’ atoms in the form X-M-X 

(Figure 2.1). The oxidation state of the ‘M’ atom is +4, while the ‘X’ atoms exhibit an oxidation 

state of -2. In each individual layer, there is strong in-plane covalent bonding among the metal (M) 

and chalcogen atoms (X), while vertically, the adjacent layers are held together by weak van der 

Waals forces. This enables the facile cleavage of the bulk version of these materials using either 

mechanical or chemical methods, resulting in individual two-dimensional monolayers 15. 

In their bulk form, the 2D TMDCs, investigated in this project, exist in three major structural 

polytypes: 1T, 2H and 3R 16 (Figure 2.1, b) above). “T”, “H” and “R” refers to Tetragonal, 

Hexagonal and Rhombohedral symmetry respectively. The numbers represent the amount of layers 

in a single repeat unit in these symmetries. The two main coordinations are “Trigonal Prismatic”, 

X atoms

M atoms

2H
3R

1T

M

X

Figure 2.1: a) Three dimensional schematic view of three MX2 monolayers in X-M-X configuration 94; 
b) Three different structural polytypes of TMDCs: 1T (Tetragonal symmetry with 1 layer per repeat unit, 
Octahedral coordination), 2H (Hexagonal symmetry with 2 layers per repeat unit, Trigonal Prismatic 
coordination), 3R (Rhombohedral symmetry with 3 layers per repeat unit, Trigonal Prismatic coordination) 22 
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also known as 2H coordination, or 1H in the limit of a monolayer, and “Octahedral”, also known as 

1T coordination, associated with point groups D3h and D3d respectively 17. 

MoS2 and WS2, can exist in both 1T and 1H polytypes. However, we only investigate the 1H 

polytype in this project, which are semiconductors, while 1T polytypes are metallic18. In addition, we  

explore the possibility of employing our method to the Group-VII TMDCs, ReS2 and ReSe2 which 

display a distorted 1T-phase commonly referred to as the 1T'- (or distorted octahedral) phase. This 

distortion is known as  Peierls distortion and it arises from the inclination of Re atoms to engage in 

covalent bonding with neighboring Re atoms as a means of reducing energy 19. Typically, the 1T-

phase of ReX2 (X: S or Se) is metallic in nature with the Fermi-energy level crossing a partially 

occupied orbital. However, due to Peierls distortion, a bandgap is introduced into the material, 

resulting in its semiconducting behavior 19 . 

 

2.1.2  Brillouin Zone in 2D TMDC Monolayers 

The Brillouin zones of these monolayer crystals are hexagonal in nature and have high symmetry 

points located at the corners (𝑲 − 𝒑𝒐𝒊𝒏𝒕 and  −𝑲 − 𝒑𝒐𝒊𝒏𝒕), at the midpoint between 𝐾 − 𝑝𝑜𝑖𝑛𝑡 

and −𝐾 − 𝑝𝑜𝑖𝑛𝑡 (𝑴 − 𝒑𝒐𝒊𝒏𝒕𝒔), and at the center (𝜞 − 𝒑𝒐𝒊𝒏𝒕) as shown in Figure 2.2. 

Furthermore, the stacking of individual monolayers enhances their electronic and vibrational 

coupling in the out-of-plane direction thereby increasing the significance of the low symmetry 𝑸 −

𝒑𝒐𝒊𝒏𝒕𝒔 and −𝑸 − 𝒑𝒐𝒊𝒏𝒕𝒔 for indirect electronic transitions in the k-space  20,21.  

𝑴 

Figure 2.2: The first 2D hexagonal Brillouin zone for the 

2D crystals. 𝒃𝟏  and 𝒃𝟐 are reciprocal lattice vectors 24. 
(Modification and placing of the low symmetry Q-points 
from 23 ). 
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The density of electronic energy states available at and around each of these symmetry points in the 

momentum space forms the electronic band structures – the correlation between the energy and 

momentum of an electron in these materials. Band structures offer valuable insights into the 

optoelectronic behavior of different materials and can be obtained using advanced computational 

techniques like density functional theory (DFT) and tight-binding models, as well as experimental 

methods like angle-resolved photoemission spectroscopy (ARPES).  

 

2.1.3  Electronic Band Structures of MoS2 and WS2 

As Group-VI TMDCs like MoS2 and WS2 transition from bulk to monolayer, a significant change 

occurs in their band structure which transforms their bandgap from indirect to direct (Figure 2.3) 

22–25. In bulk, electronic transitions occur from the valence band maximum (VBM) at the 𝛤 − 𝑝𝑜𝑖𝑛𝑡 

to the Conduction Band Minimum (CBM) at the 𝑄 − 𝑝𝑜𝑖𝑛𝑡, requiring an extra amount of 

momentum for an electron to make this transition. However, in monolayers, this transition occurs 

from the VBM at 𝐾 − 𝑝𝑜𝑖𝑛𝑡 to the CBM at 𝐾 − 𝑝𝑜𝑖𝑛𝑡, without the need for additional momentum. 

This significantly increases the probability of these electronic transitions occurring. Additionally, 

the bandgap increases from around 1.2 eV to 1.8 eV for MoS2 and from 1.3 eV to 2.1 eV for WS2 

going from bulk to monolayer 
22. These two materials have similar band structures due to their 

comparable crystal structures and composition.  

The indirect-to-direct bandgap transitions in these semiconductors can be explained by considering 

the electronic energy states near the 𝛤 − 𝑝𝑜𝑖𝑛𝑡 in the Brillouin Zone. These states have orbitals that 

are linear combinations of the pz-orbitals of the S-atoms and dz2-orbitals of the M (Mo or W) atoms, 

which are delocalized and anti-bonding in nature. As the interlayer distance increases in the out-of-

plane  (z-)direction, the interlayer interaction decreases, resulting in a reduction in energy of these 

anti-bonding orbitals. Conversely, electronic energy states around the 𝐾 − 𝑝𝑜𝑖𝑛𝑡 have orbitals 

localized in the x-y plane and are therefore not affected by changes in the interlayer distance in the 

z-direction 26. Thus, while the energy of the indirect transition around the 𝛤 − 𝑝𝑜𝑖𝑛𝑡 increases with 

E
F

 [H
a
rt

re
e
]

a) b)

M K

E
F

 [H
a
rt

re
e
]

M K

Figure 2.3: a),b) ab-initio DFT calculated band structures for bulk and monolayer versions of 
MoS2 (a)) and WS2 (b)). Red dashed lines indicate the Fermi-level in both the materials 25. 
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reduced layer thickness, the energy of the direct transition, at the 𝐾 − 𝑝𝑜𝑖𝑛𝑡,  is less affected. This 

results in the indirect-to-direct bandgap crossover going from bulk to monolayers. 

The monolayers of these materials also exhibit another important feature which is the splitting of 

the VBM and CBM at the 𝐾 and −𝐾 𝑝𝑜𝑖𝑛𝑡𝑠 27,28. This splitting is a consequence of spin-orbit 

coupling and is depicted in Figure 2.4 a) and b). The band-splitting leads to the presence of two 

distinct electronic transitions, namely A- and B-excitonic transitions which are of different spins. 29.  

The band-splitting is more significant in WS2 than in MoS2, primarily due to the stronger spin-orbit 

coupling resulting from the greater mass of the tungsten (W) atom. For a brief overview of the band 

structures of Group VII TMDCs (ReS2 and ReSe2), we refer to Appendix A1. 

 
 

2.2  Why Gold-Assisted Exfoliation? 

In our study, we successfully obtained monolayers of MoS2 and WS2 using the gold-assisted 

exfoliation (GAE) method. This allowed us to overcome the challenges associated with obtaining 

large-area and high-quality samples. Such samples were previously difficult to fabricate using other 

top-down methods such as mechanical exfoliation and bottom-up approaches such as CVD. The key 

factor enabling this process is the strong interaction between the gold layer and the monolayers, 

often referred to as covalent-like-quasi-bonding (CLQB) 30–32. This interaction, which lies between 

covalent bonding and van der Waals interaction in terms of strength, facilitates the easy separation 

0.146 eV

MoS2 1L WS2 1L
a) b)

Figure 2.4: Band-splitting in monolayers of a) MoS2; and b) WS2 due to spin-orbit coupling 27,28 
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of the monolayers from the bulk crystal when they come into contact with the gold layer, as depicted 

in Figure 2.5 a). 

CLQB interactions are particularly favorable for metallic substrates with partially filled s- or p-

orbitals, as these materials do not disrupt the electronic band structure of the 2D layers by strongly 

hybridizing with their orbitals. Additionally, they possess highly polarizable electron densities, 

promoting large dispersion attractions 67. Noble metals such as Au, Cu, and Ag are suitable 

candidates for this type of interaction, with Au being the most promising due to its low chemical 

reactivity and air-stability 30. 

Using DFT calculations and experimental techniques, Huang et al. determined the ratio of 

interaction energies between individual layers of the 2D material and between a single layer of the 

2D material and gold (RLA/1L) 30. Materials with an RLA/1L ratio greater than 1.3 were found to be 

suitable for exfoliation using this method. Figure 2.5 b) illustrates the RLA/1L values for various 

materials, demonstrating that the materials investigated in our study had values exceeding 1.3, 

indicating their high compatibility with the GAE method. Conversely, materials like graphene and 

hexagonal-Boron Nitride (h-BN) are less suitable for exfoliation using this approach. Thus, using 

this method, it is possible to exfoliate many more 2D materials that have RLA/1L values more than 

1.3. 

However, one of the major limitations of this method is its ineffectiveness with prolonged exposure 

of the gold foil to ambient atmosphere. For optimal monolayer yield, the exfoliation process needs to 

be carried out within 5-6 minutes in order to avoid contamination on the surface of the gold foil 

which would compromise the contact between the gold and the monolayer. Another limitation is the 

requirement of a smooth and ultra-flat gold layer that would enable optimal contact between the 

M -atoms

X -atoms

Au -atoms

1.07

1.24

1.42

1.48

1.51

1.61

h-BN

Graphene

WS2

ReS2

MoS2

ReSe2

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

RLA/1L

2
D

 M
a
te

ri
a
l

a) b)
1.3

Figure 2.5: a) Schematic for gold-assisted exfoliation method facilitated by the CLQB 
interaction between the gold-atoms and the TMDC monolayer in contact with it; b) RLA/1L 
values for different 2D materials including the ones we exfoliated in our project. Values taken 
from 30. 
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monolayer and the gold atoms. Within these constraints, it is possible to obtain large-area 

monolayers on the gold foil using the GAE method as will be shown in section 3.2.2. 

 

 

2.3  Excitons  

Excitons are charge-neutral quasiparticles composed of an electron and a hole that are bound 

together by attractive Coulomb interactions. They are formed in insulators and semiconductors 

when an electron absorbs energy, becomes excited to a quantized energy state below the conduction 

band continuum, and leaves behind a hole in the valence band. The excited state spectra of these 

quasiparticles can be described by an “excitonic Rydberg series”, similar to the hydrogen series. The 

electron and hole's attraction and separation are determined by a balance between their Coulomb 

forces, the electric field screening of the excited electron by surrounding electrons, and the effective 

masses of the electron and hole. As excitons are bound to each other, they have less energy than free 

electrons and holes 33,34.  

 

The strength of the Coulomb interaction between the electron and hole determines the exciton's 

binding energy (𝐸𝑏) - the minimum energy required to dissociate the exciton into free charges. The exciton 

binding energy is also defined as the energy difference between the conduction band continuum and 

the energy level at which the electron resides in the excitonic configuration. Figure 2.6 is a 

schematic of the various electronic transitions that might lead to the formation of excitons and free 

charges. The exciton binding energy can be expressed as  

 

𝐸𝑏 = 𝐸𝑔 − 𝐸𝑜𝑔 

 

(2.3) 

Conduction band continuum

Valence band continuum

Excitonic Energy 

states
Exciton binding energy

Electronic bandgap

Optical bandgap

Figure 2.6: Schematic representation of electronic transitions in semiconductors. Schematic 
inspired from 34

. 
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where 𝐸𝑔 and 𝐸𝑜𝑔 refers to the electronic and optical bandgap in the material respectively. The 

optical bandgap is the minimum photon energy that can be absorbed by the material 35.  

 

 

2.3.1  Excitons in 2D TMDCs 

In 2D TMDCs, due to the lack of surrounding material, the dielectric screening of the excitons is 

reduced. In essence, in the monolayer limit, the Coulombic interactions between the electron and the 

hole is screened only in the in-plane direction, while the electric field lines between the pair can exist 

almost unaffected in the out-of-plane direction, provided it is a free-standing monolayer in vacuum 

(Figure 2.7 a)) 36. This reduced screening of the Coulombic interaction between them, and also 

quantum confinement of the electron in the plane of the layered material thereby increases the 

excitonic binding energy 36,37.  

Thus, the excitonic features of 2D TMDC monolayers can be observed even at room temperatures 

with binding energies of hundreds of meV 38. The increase in the exciton binding energy due to the 

reduction in dimensionality can be roughly estimated using  

𝐸𝑏(2𝐷)

𝐸𝑏(3𝐷)
=

𝑛2

(𝑛 −
1
2)

2 

where 𝑛 (= 1,2,3 … ) is the energy level in the excitonic Rydberg series. Thus, for the ground state, 

the binding energy increases roughly by a factor of 4 39. Figure 2.7 b) depicts the increase in the 

values of binding energy as the dimensionality is reduced for MoS2 (green arrow), WS2 (blue arrow) 

and ReS2 (red arrow). 

(2.3.1) 

Figure 2.7: a) Plot of binding energy versus optical bandgaps for semiconductors in bulk and 
monolayer form . Arrows indicate the increase in binding energies with dimensionality 
reduction for TMDCs studied in this project 37;  b) Increased Coulombic interaction between 
electron-hole pairs on dimensionality reduction due to reduced dielectric screening 36  

 

b)a) b)a)

a) b) 
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2.3.2  Types of Excitons in 2D TMDCs 

In monolayers of 2D TMDCs, the interaction between electrons and the crystal lattice gives rise to 

diverse excitonic configurations. These configurations can be broadly classified into "bright" and 

"dark" excitons, depending on the type of allowed electronic transitions based on energy, 

momentum and spin conservation laws. Bright excitons involve electron-hole pairs that have higher 

radiative recombination rates while for dark excitons the probability to recombine radiatively is 

much lower. Additionally, more complex configurations can arise, involving the simultaneous 

presence of three or more electrons, leading to the formation of biexcitons and trions. In this section, 

we provide an intuitive understanding of excitonic configurations, shedding light on their distinct 

properties. 

 

 

 

2.3.2.1  Bright, Dark and Localized Excitons 

Bright excitons in monolayers of 2D TMDCs are characterized by an excited electron and a hole 

occupying the same symmetry point in the momentum space and having the same spin angular 

momentum. The excited electron emits a photon with energy equal to the difference between the 

excited energy state it occupied below the conduction band continuum and the VBM, resulting in 

energy loss and recombination with the hole 40. This process of radiative recombinations by emitting 

a photon is also known as photoluminescence, provided the electron was excited by another photon. 

This is described in detail in section 2.2.4.  

a) b)

Figure 2.8: a) Schematic for bright and dark excitonic configurations in 2D TMDCs 40; b) 
Schematic for trions (above) and biexciton (below) configurations 35 
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However, if the electron and hole have different momenta, the probability of radiative recombination 

by photon emission is much lower. In this case, the electrons in these excitonic complexes need to 

acquire or lose momentum prior to recombination and hence are known as momentum-dark 

excitons. Additionally, if the difference in spin between the ground- and excited state of the electron 

differ more than what can be bridged by a photon, the probability of radiative recombination is again 

significantly diminished as the electron needs to scatter to the other states before the recombination 

process. This extends to exciton states and these complexes are hence termed spin-dark excitons. 

Figure 2.8 a) presents a schematic representation of the various types of excitons encountered in 

monolayers of 2D TMDCs, illustrating their distinct characteristics 40. 

Localized excitons are formed when energy states in the bandgap become available due to the 

presence of defects. These trapping potentials may be formed due to atomic vacancies of the metal or 

the chalcogen atoms, or due to strain. Their effect becomes important in low-temperature regime. 

However, at room temperatures, the thermal energy of the excitonic pair is typically high enough to 

overcome this local potential well 40.  

 

2.3.2.2  Other Excitonic Complexes 

When the material contains free charge carriers or under high excitation fluences, the excitons can 

become Coulombically bound to one of the charge carriers, resulting in the formation of charged 

trions  35. A trion can be either negatively charged, where the exciton binds with an additional 

electron, or positively charged, where it binds to an extra hole (as depicted in Figure 2.8 b)). These 

trionic complexes have been experimentally observed and studied, revealing their unique electronic 

properties 41. 

Furthermore, two excitons can interact with each other, leading to the formation of biexcitons - 

excitonic complexes with Coulomb interactions between two excitons. These biexcitons can be of two 

categories: i) bound biexcitons, which exhibit attractive Coulombic interactions, and ii) unbound 

biexcitons, which involve repulsive Coulombic interactions between the two excitons, both being 

stable at room temperature 35. The existence of these biexciton complexes was first experimentally 

observed in 2D TMDCs based on tungsten 42,43. The exploration of these various excitonic 

complexes provides valuable insights into the rich physics and non-linear optical properties of 2D 

TMDC materials. 

We experimentally tried to observe such complexes under high excitation flux in our monolayers of 

MoS2 and WS2. The results are provided in the Appendix A3. Although we could observe trions, we 

could not identify the formation of biexcitons.  
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2.3.3  Photoluminescence  

Photoluminescence (PL) is the process of absorbing photons or electromagnetic radiation by a 

material and subsequently re-emitting photons. In Figure 2.9, a schematic representation illustrates 

this process where high-energy photons, surpassing the bandgap energy, excite an electron from the 

valence band to the conduction band leaving behind a hole in the valence band. Following this initial 

excitation, the electron and hole loose energy via thermalization, caused by electron-phonon 

interactions, reaching the CBM and the VBM respectively by conserving energy and momentum 

and thereby forming an exciton. Eventually, the electron and hole recombine, resulting in the 

emission of a photon with energy equivalent to the optical bandgap of the material.  

A crucial metric for assessing the efficiency of the radiative recombination process is the PL 

quantum yield (PLQY) 44,45. It can be defined as the ratio of emitted photons (𝑁𝑃ℎ𝑜𝑡𝑜𝑛𝑠  𝑒𝑚𝑖𝑡𝑡𝑒𝑑) to 

absorbed photons (𝑁𝑃ℎ𝑜𝑡𝑜𝑛𝑠  𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑), and can be expressed as: 

PLQY =
𝑁𝑃ℎ𝑜𝑡𝑜𝑛𝑠  𝑒𝑚𝑖𝑡𝑡𝑒𝑑

𝑁𝑃ℎ𝑜𝑡𝑜𝑛𝑠  𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
=

𝑘𝑟

𝑘𝑟+Σ𝑘𝑛𝑟
 ≤  1 

where 𝑘𝑟 and 𝑘𝑛𝑟 refer to the radiative and non-radiative recombination rates in the material 

respectively. Lower PLQY indicates the presence of non-radiative recombination pathways, which 

can be induced by, for example defects and impurities within the material. The consequences of these 

non-radiative processes become evident when examining the material's PL spectra—a plot showing 

the number of photons emitted at various energies or wavelengths. 

Ideally, the PL spectra of the materials investigated in this project should exhibit a narrow peak at 

energies corresponding to the material's optical bandgap. However, due to the presence of non-

Incident

photon

Emitted 

photon

Figure 2.9: Schematic showing the PL process in direct bandgap semiconductors. The black 
filled circle represents an electron and the unfilled circle represents a hole. 

(2.3.3) 
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radiative decay pathways, the PL peak tends to broaden around the optical bandgap energy 46. 

Additionally, the number of emitted photons decreases specifically at this energy. These 

characteristic changes causes the radiative recombination to decrease, emphasizing the impact of 

non-radiative mechanisms on the material's photoluminescent properties 47,48. In this study, we 

considered these characteristics to determine the quality of the materials fabricated. 

 

2.3.4  Exciton Decay Dynamics in 2D TMDCs 

Following the formation of excitons, their subsequent decay can occur through radiative or non-

radiative processes, resulting in multiexponential decay channels 49. In radiative recombination, 

excitons release energy by emitting photons while obeying the laws of momentum and energy 

conservation. However, excitons can also undergo non-radiative recombination without photon 

emission, involving mechanisms such as defect-assisted recombination, exciton-phonon interactions, 

and surface/interface effects 49. In some cases, when the lowest-lying exciton is a dark exciton, as 

observed in certain tungsten-based TMDCs, non-radiative recombination becomes the dominant 

decay pathway 49,50. Additionally, environmental factors such as temperature, laser fluence, and 

dielectric environment can also influence the recombination process 50. 

To illustrate this, Shi et al. measured the population decay dynamics using transient absorption 

spectroscopy on suspended monolayers of MoS2 51. The experimental decay curve was fitted with 

three exponential decay functions convoluted with a Gaussian Response Function (GRF) according 

to 

𝑓 ∝ (𝐴𝑒−𝑡/τ1 + 𝐵𝑒−𝑡/τ2 + 𝐶𝑒−𝑡/τ3) ∗ (𝐺𝑅𝐹) 

The fitting suggests that the decay processes were characterized by three time constants: fast 

(around τ1 = 2.6 ps), intermediate (around 𝜏2 = 74 ps), and slow (around 𝜏3 = 850 ps). The fast 

and intermediate decay processes were attributed to the presence of defects, impurities, and 

substrate effects, leading to rapid non-radiative recombinations. Conversely, the slow decay process 

was associated with radiative recombination. The competition between radiative and non-radiative 

decay pathways serves as an indicator of material quality in the context of materials investigated in 

this project. Higher non-radiative pathways indicate lower material quality. Figure 2.10 shows 

(2.3.4) 
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various relaxation or decay pathways for excitons which are mainly divided into radiative and non-

radiative recombination processes.  

 

2.4  Raman Spectroscopy of 2D TMDCs 

2.4.1  Raman Scattering  

Raman spectroscopy is an experimental technique that plays a crucial role in identifying the 

molecular vibrational and rotational energy modes present in a material. By subjecting molecules or 

materials to light or electromagnetic radiation, a separation between their electron clouds and nuclei 

Figure 2.11: Schematic for elastic and inelastic scattering of green laser light. The inelastic 
scattering shown here is essentially the Raman scattering in these materials. 

Virtual energy 

states

Stokes-shift
Anti-

Stokes-shift

Inelastic

scattering 

(Raman)

Elastic 

scattering

E
n
e
rg

y

Rayleigh 

Scattering

Figure 2.10: Exciton decay process in monolayers of 2D 
TMDCs 95. 
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is induced. This separation leads to the generation of a dipole moment and the excitation of 

electrons from a ground vibrational state to virtual energy states. In this process, a significant 

portion of the excited electrons relax back to the ground vibrational state. However, a smaller 

fraction may relax to either higher or lower vibrational states. As a result, light is scattered, 

exhibiting either elastic or inelastic behavior, which manifests as Rayleigh, Stokes, or Anti-Stokes 

radiation 52–54. These distinctive types of radiation provide valuable insights into the vibrational 

properties of the material or molecules which serves as signatures for identifying and characterizing 

them. Figure 2.10, schematically illustrates these scattering processes. 

 

2.4.2  Raman Scattering by Vibrational Modes in 2D TMDCs 

By using a Group-Theory approach, numerous studies have analyzed the lattice modes at the 𝛤 −

𝑝𝑜𝑖𝑛𝑡 of the Brillouin zone in the hexagonal TMDCs 55–59. Their analysis reveals 18 vibrational 

modes that can be decomposed into specific irreducible representations as shown below; 

𝛤 = 2𝐴2𝑢 + 𝐵2𝑔
1 + 𝐵2𝑔

2 + 𝐵1𝑢 + 𝐴1𝑔 + 2𝐸1𝑢 + 𝐸2𝑔
1 + 𝐸2𝑔

2 + 𝐸2𝑢 + 𝐸1𝑔 

Among these, the Raman active modes are 𝐸2𝑔
1 , 𝐸2𝑔

2 , 𝐸1𝑔 and 𝐴1𝑔 in 3D form. Figure 2.11 a) 

provides a schematic for these Raman active modes.  

However, in this project, we mainly analyze the in-plane (𝐸2𝑔
1 ) and out-of-plane (𝐴1𝑔) vibrational 

modes of the X-M-X layers, shown in Figure 2.11 b), which are sufficient for identifying and 

characterizing the monolayers we fabricated. Using Raman spectroscopy, we experimentally observe 

the inelastically scattered light by these vibrational modes at certain frequencies relative to the 

a)

b)

M -atoms

X -atoms

(2.4.2) 

Figure 2.12: a) Schematic showing the Raman active modes in MoS2 
and WS2. Inspired rom 55. b) Schematic showing the in-plane and 
out-of-plane vibrational modes in monolayers of MoS2 and WS2. 
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incident laser frequency and compare the data with values from literature. As will be seen further in 

this thesis, these two Raman-modes help us in not just characterizing the material, but also 

understanding the nature of their interactions with gold and other substrates. 

 

2.5  Heterostructures of 2D TMDCs 

Heterostructures, composed of stacked monolayers of different 2D materials, exhibit fascinating 

physics that enable various practical applications requiring efficient charge transfer and collection, 

such as in solar cells and photodetectors 60. In this project, we focus on fabricating MoS2/WS2  

heterostructures, combining MoS2 and WS2 monolayers. Despite lattice mismatch, the sharp edges 

of these monolayers, terminating with S-atoms, allow for successful stacking 60–62. Figure 2.12 a) 

schematically illustrates the MoS2/WS2 heterostructure which, on being photoexcited, results in the 

formation of excitons, with electrons and holes localized in the MoS2 and WS2 monolayers, 

respectively. 

Using DFT, the electronic band structures of these MoS2/WS2 heterostructures have also been 

calculated by different research groups 63–65. Figure 2.12 d) below shows such band structures 

where the authors have claimed that strong interlayer coupling between the two layers enables the 

VBM to be located in the WS2 monolayer, while the CBM gets located in the MoS2 monolayer. The 

photoexcitation process in this heterostructure excites an electron from the 𝛤 − 𝑝𝑜𝑖𝑛𝑡 in the VBM 

to the 𝐾 − 𝑝𝑜𝑖𝑛𝑡 in the CBM of the Brillouin Zone across a staggered heterojunction 63. This 

staggered heterojunctions, as depicted in Figure 2.12 b), further influences the evolution of excited 

states in these heterostructures by facilitating significant charge transfer between the layers and 

MoS2

WS2

CBM
CBM

VBM
VBM

a) c)

b)

d)

Figure: 2.13: a) Schematic for photoexcitation of MoS2/WS2 heterostructures leading to spatially separated 
electron-hole formation 67; b) Schematic for staggered (Type II) band alignment in MoS2/WS2 
heterostructures; c) Schematic for photoexcitation followed by charge transfer between the layers 67; d) DFT 
calculated band structures for MoS2/WS2 heterostructures 63. 
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leading to the formation of interlayer excitons, which are Coulombically interacting electron-hole 

pairs separately residing in the two different materials that form the heterostructure 60,66.  

Figure 2.12 c) demonstrates that photoexcited electrons in the CBM of WS2 are transferred to the 

energetically lower CBM of MoS2, while holes from the VBM of MoS2 are transferred to the VBM of 

WS2, generating interlayer excitons. This charge transfer reduces the probability of recombination 

between opposite charges residing in different monolayers, resulting in strong quenching of the PL 

spectra 67. 

Apart from charge transfer, energy transfer between the individual layers is another dynamic 

process in these heterostructures that can affect the PL signal 66,67. Kozawa et al. (2018) claimed that 

this energy is transferred from the material with higher bandgap to that with lower bandgap 68. 

Researchers have also explored this phenomenon using hexagonal Boron Nitride (h-BN) spacer 

layers between MoS2 and WS2 monolayers, where they claimed to have observed the energy transfer 

processes between B-excitons in MoS2 and A-excitons in WS2 monolayer, which is similar to dipole-

dipole interactions 69.  

However, a good contact between the two monolayers leads to efficient charge transfer between 

them which ultimately quenches the PL from both layers. Thus, the degree of PL quenching serves 

as an indicator of the contact quality between the monolayers, with higher quenching suggesting a 

strong coupling between them 60,62,66,67. 
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Chapter 3 

 

 

Methods 

 

In this section, we present the methodology for obtaining large-area monolayers and analyzing their 

PL and Raman spectra. Our approach builds upon the methods described in previous works 32,70–74 , 

incorporating their insights while addressing key details that were not sufficiently documented. We 

optimized our method for our specific needs. We fabricating an ultra-flat gold foil of around 125 nm 

thickness to obtain optimal contact between the gold atoms and the monolayer. Additionally, we 

spin-coated a 1.49 𝜇𝑚 thick layer of PMMA on the gold foil to allow for adequate spacing between a 

Thermal Release Tape (TRT) and the gold foil. The purpose of this spacing was to prevent any 

potential roughness that could be introduced by the TRT on the gold foil and also to provide 

structural support to the foil. Furthermore, we used sapphire (Al2O3) substrates since we 

experimentally observed its optimal adhesion to the gold foil for transferring the monolayer to it. 

Whereas for other substrates such as silica, Si/SiO2, and quartz, the adhesion was sub-optimal. To 

highlight the different methods we tried for fabrication and the important insights we obtained from 

these methods, a table is provided in Appendix A8. We end this chapter by shortly discussing the 

curve-fitting procedure to the Raman and PL spectra of the materials we studied.  

 

3.1  Fabrication  

3.1.1  Fabrication of PMMA-Coated Gold-Deposited Silicon Wafer 

Gold was deposited onto a silicon wafer is through a thermal evaporation process to create a 125 nm 

ultra-smooth gold film. The assembly setup, as illustrated in Figure 3.1, involves placing the wafer 

on a substrate holder plate in an inverted position within the thermal evaporator. To shield the 

sample, a shutter plate is used. For evaporation, a tungsten boat loaded with gold serves as the 

source material. The current applied to the tungsten boat is gradually increased until it reaches a 

white-hot state and the gold starts to evaporate. The desired thickness is attained by following 

programmed steps and adjusting the current accordingly. Subsequently, the current is gradually 

decreased and eventually switched off upon reaching the desired thickness. 

The next step involves spin-coating a layer of PMMA on the gold-deposited surface. PMMA 950K 

A8 resist from micro resist technology GmbH with 8% solid content in anisole is obtained for this 
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process. A preheated hot plate at 180 °C power is used to cure the PMMA. The spin-coater program 

is edited to include specific steps: i) closing the lid within 5 seconds; ii) spinning the substrate at 2000 

RPM for 60 seconds with an acceleration rate of 1000 RPM; and iii) stopping the spinning process with a 

deceleration rate of 1500 RPM. To ensure adhesion, the substrate is held in place on a vacuum chuck, 

and wafer dicing tape is used underneath to prevent resist seepage and ensure proper vacuum. 

Initially, a silicon substrate is coated with PMMA and baked at 180 °C for 90 seconds. A scratch is 

made on the resulting resist layer, and the height difference is measured using a profilometer. For 

the actual samples, the spin-coating process is repeated without the scratching and profilometer 

measurement. Spinning the silicon substrate at 2000 RPM results in a 1.49 𝜇𝑚 thick resist layer. 

 

3.1.2  Monolayer Fabrication 

In this method, the necessary materials include the 2D materials for exfoliation which were 

purchased from HQ Graphene; the pre-fabricated ultra-flat gold foil coated with PMMA resist as 

described in the above section 3.2; single-sided Thermal Release Tape (TRT) named Nitto Revalpha 

with a release temperature of 130 °C purchased from Nitto; smooth sapphire substrates with surface 

roughness of around 0.1-0.3 nm purchased from Ossila; a hot plate; acetone for dissolving PMMA; 

KI/I2 or gold etchant with an etch rate of 28 angstrom/sec and density of 1.2924 g/mL at 25 °C 

obtained from Sigma Aldrich; and deionized (DI) water for removing etchant residues. Figure 3.2 

shows the entire process of fabricating the monolayer samples. The procedure begins with the 

application of the TRT to the PMMA-coated Au foil after it has been cut to the desired size. The 

TRT-PMMA-Au foil assembly is then detached from the Silicon wafer. Within a time frame of 5-6 

_ +

Vacuum Chamber

Shutter

Gold vapor flux

Substrate holder

Tungsten filament

Tungsten boat 

loaded with gold

Si/SiO2 substrate

Vacuum pump

Heating electrodes

Figure 3.1: Schematic for gold-evaporation process in a vacuum chamber. 
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minutes, a transparent tape having the bulk 2D material is carefully applied to the gold foil to 

exfoliate the desired monolayer onto it. We further examined the material on gold using optical 

images and used Raman spectroscopy to confirm the presence of the monolayers based on the 

appearance of specific Raman modes in their Raman spectra. Then the TRT-PMMA-Au-monolayer 

assembly is gently pressed onto a smooth sapphire substrate to establish optimal contact. After 

heating the assembly to 130°C to remove the TRT, the PMMA layer is dissolved in acetone. 

Subsequently, the gold is etched using KI/I2 etchant, followed by rinsing with DI water to remove 

any residual etchant, resulting in the monolayer remaining on the sapphire substrate. 

 

3.1.3  Heterostructure Fabrication 

To fabricate heterostructures involving different 2D materials, a consistent procedure is applied. 

Initially, a monolayer of a specific material, such as WS2, is fabricated on a sapphire substrate 

TRT
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TRT
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foil
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PMMA

MoS2

Flip

Al2O3

substrate

Flip and place on 

Al2O3 substrate

Heat at 

130 

Acetone 

treatment for 

15 min Etch in 

KI/I2 for 

2-5 min

PMMA

125 nm Au 

foil

Silicon 

wafer

Figure 3.2: Schematic for the steps used in exfoliating the monolayers on gold and transferring them to 
sapphire substrates. 

Figure 3.3: Schematic showing the fabrication of MoS2/WS2 heterostructure on Al2O3 substrate. 
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following the procedure outlined in section 3.1.2 above. Subsequently, another monolayer, such as 

MoS2, is then exfoliated on gold. Then the MoS2 monolayer on gold is carefully positioned on top of 

the WS2 monolayer to create the desired heterostructure configuration.  

Next, the TRT-PMMA-Au-MoS2-WS2-Al2O3 configuration is subjected to a heating process at 130°C 

to facilitate the removal of the TRT, as depicted in Figure 3.3. Subsequently, using the same 

methodology as described in section 3.1.2, the configuration undergoes a series of steps involving 

acetone treatment for PMMA removal, followed by gold etching and rinsing with DI water. These 

procedures result in the MoS2/WS2 heterostructure being firmly established on the sapphire 

substrate, forming the desired heterostructure configuration. 

 

3.2  Monolayer Analysis 

After exfoliating the material on gold, we took optical images to identify regions on the gold foil 

potentially containing monolayers. To confirm the presence of monolayers, we used Raman 

spectroscopy, and after etching the gold, we compared the Raman spectra of different layer numbers 

with values reported in the literature. Moreover, compared the Raman and PL spectra of these 

monolayers on gold with those not bound to gold, which we obtained by etching of the gold using 

KI/I2 etchant. This approach enabled us to gain some valuable insights into the characteristic 

differences between the vibrational and optoelectronic properties of the monolayers on and off gold 

substrates. 

 

3.3  Spectroscopy Methods 

For the characterization and evaluation of our monolayer samples, Raman and PL spectroscopy 

were performed using the WITec Alpha300 confocal Raman microscope. Figure 3.4 illustrates the 

schematic of the experimental setup employed.  

In this setup, an LED lamp illuminates the monolayer sample, which is placed on a motorized Piezo 

stage. The reflected light from the sample is directed by a beam-splitter (BS) into the camera, 

generating an optical image. Both Raman and PL spectroscopy are conducted using a continuous 

wave (CW) laser with a wavelength of 532 nm. To focus the laser beam onto specific spots in the 

sample, a 100x objective with a numerical aperture of 0.9 is used. The spectrometer captures the 

scattered Raman and PL signals from the sample, which passes through the same 100x objective. 

However, different gratings are used in the spectrometer for Raman and PL detection. Specifically, a 

grating with 1,800 grooves per mm is used for Raman spectroscopy, while a grating with 150 

grooves per mm is employed for PL spectroscopy. 
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Using this setup, we acquired Raman and PL maps over specific areas of the sample. The dimensions 

of the scanned maps were 40 𝜇𝑚 × 40 𝜇𝑚, with 100 lines per map and 100 pixels per line, resulting 

in a total of 10,000 pixels over an area of 1,600 𝜇𝑚² of the sample. This scanning configuration 

provided us with a high resolution for detailed analysis and characterization of the monolayer 

samples. 

 

3.4  Lorentz Function Fitting 

To analyze the optoelectronic and vibrational properties of the TMDC monolayers, we fit Lorentz 

functions to their PL and Raman spectra. The Lorentz function is commonly used for fitting spectral 

line-shapes associated with resonant processes, such as electronic transitions in these materials. This 

enables us to obtain valuable information about the underlying optoelectronic properties of the 

materials, which helps us to assess their quality. The Lorentz function is given by the equation 

(3.4.1) 75 

𝑓(𝑥, 𝑥0, 𝛾) =
1

πγ [1 + (
𝑥 − 𝑥0

𝛾 )
2

]
  . 

 

(3.4.1) 

Figure 3.4: Schematic of the WITec Alpha300 confocal 
microscope used for Raman and PL spectroscopy. 
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This function is fitted to the data to extract two important parameters, the peak position  𝑥0, and the 

half-width at half-maximum (HWHM), γ, as shown in Figure 3.5 a). The full-width at half-

maximum (FWHM) can be calculated as twice of HWHM.  

However, in our project, we modify this function to account for background noise (𝑦0), and the area 

under the curve (𝑎). By examining the location and number of the peaks in the spectrum, we can fit 

the data with this function. Figure 3.5 b) illustrates an example of a two-peak spectrum and how the 

parameters are incorporated into the modified Lorentz function. The extracted parameters from the 

fit (𝑎1, 𝑥1, 𝛾1,, 𝑎2, 𝑥2, γ2) are included in the modified Lorentz function as shown below 

                               

𝑓(𝑥, 𝑦0, 𝑎1, 𝑥1, 𝛾1,, 𝑎2, 𝑥2, γ2) = 𝑦0 + 𝑎1 (
1

πγ1 [1 + (
𝑥 − 𝑥1

𝛾1
)

2
]
) + 𝑎2 (

1

πγ2 [1 + (
𝑥 − 𝑥2

𝛾2
)

2
]
) 

 

In Figure 3.5 b), the background is at 𝑦0 = 0, and the shaded blue and orange areas represent the 

areas under the two Lorentz curves. The HWHMs of the Lorentzian functions are denoted by 𝛾1 

and 𝛾2. By fitting the data with this modified Lorentz function, we can obtain reliable values for the 

peak positions, widths and the integrated intensities for Raman and PL spectra. 

 

 

 

 

 

 

 

     
 

   

   

   

   

   

   

   

   

   

 

              

            

            

                             
 

    

    

    

    

    

    

    

 

a) b)

Figure 3.5: a) Lorentzian plot with parameters 𝑥0 (peak position) and 𝛾 (HWHM); b) Two 
Lorentz functions with individual set of parameters contributing to a cumulative fit.   

(3.4.2) 
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Chapter 4 
 

 

 

Results and Discussions 
 

 

4.1  Material and its Properties On and Off Gold 

 

 

4.1.1  Large Monolayers Exfoliated on Gold Foil 

Optical microscopy images of MoS2 and WS2 on gold shown in Figure 4.1 (a & b) were 

subsequently analyzed for monolayer identification using color contrast (shown on the right). The 

monolayer coverage area for MoS2 and WS2 on gold were roughly around 𝟐. 𝟓 𝒎𝒎 × 𝟐 𝒎𝒎 and 

𝟎. 𝟓 𝒎𝒎 × 𝟏. 𝟓 𝒎𝒎 respectively.  There are multiple breaks in the monolayer coverage, which is 

most likely due to structural defects in the lattice, contamination of the gold surface, and/or 

mechanical stress during the exfoliation process. Furthermore, discontinuities in the bulk crystal 

from which the monolayers are exfoliated is another highly probable reason for these breaks. 

Nevertheless, the images indicate good crystal uniformity of the monolayers over appreciable areas.  

The higher number of observable bulk pieces in WS2 on gold compared to MoS2 can be due to two 

factors. Firstly, the use of normal transparent tape during exfoliation may have resulted in a higher 

yield of bulk pieces for WS2 compared to the use of normal scotch tape for MoS2 exfoliation owing 

to its comparatively higher adhesion. Residues from the transparent tape are visibly present at 

multiple positions, providing evidence of the tape's involvement in the exfoliation process. However, 

the transparent tape proved to be more effective as compared to normal scotch tape in the 

subsequent trials for exfoliating large monolayers of both MoS2 and WS2, owing again to its higher 

adhesion.  
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Secondly, the slightly extended exposure of the WS2 sample to air for nearly six minutes before 

exfoliation could have led to the deposition of contaminants on the gold surface, exacerbating the 

contact between the monolayer and the topmost gold layer, and resulting in a lower yield of 

monolayers 13. 

 

a) MoS2 on Au

1L

Bulk/Multilayers

b) WS2 on Au

1L

Bulk/MultilayersTape residues

Figure 4.1 a), b): (Left) Optical microscopic images for MoS2 and WS2 on gold. (Right) Blue 
filling to observe color contrast between monolayer, gold and multilayers. 
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4.1.2  Raman Spectra 

4.1.2.1  MoS2  

We use Raman spectroscopy to identify the number of layers of a sample. Bright field images of a 

characteristics investigated sample are shown in Figure 4.2 before and after etching of the gold .By 

comparing our data with previous literature, we verify the presence of monolayers and confirm the 

identification of subsequent few layers. Additionally, we investigate the distinct vibrational 

properties of MoS2 before and after the removal of the gold substrate and observe the impact of the 

gold on the material's vibrational behavior. 

The layer sequence before gold etching was MoS2 (1L and multilayers) – Au – PMMA – TRT, while 

after etching it becomes MoS2 (1L and multilayers) – Al2O3 substrate. The change in the dielectric 

environment surrounding the MoS2 layers before and after etching results in a noticeable difference 

in color between the two images. To compare the Raman spectra, measurements were taken at 

nearly identical positions on the MoS2 layers before and after etching. 

Corresponding Raman spectra are shown in Figure 4.3 Each layer exhibits distinct peaks 

corresponding to the in-plane vibration or the 𝐸2𝑔
1  mode (left peak) and the out-of-plane vibration or 

the 𝐴1𝑔 mode (right peak. The frequencies of these vibrational modes vary depending on the layer 

number. To verify the layer numbers, we compared our Raman spectra data of MoS2 layers off gold 

with the results reported by Li et al. (2012) (Figure 4.3 b)) 76. Good agreement is observed. The 

minor differences can be attributed to difference in the substrates used, with Li et al. using Si/SiO2 

substrate and our study using Al2O3 substrate. 

Figure 4.2: Different MoS2 layer numbers before etching on Au (left) , and after etching on 
Al2O3 substrate (right). Red squares refer to regions for which the maps were obtained. 

1L
1L

2L
2L3L

3L

Before Etching After Etching

Au
Al2O3

4L

4L
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Notable differences, however, are observed in the Raman spectra of the first two layers of MoS2 on 

and off gold. Specifically, the in-plane vibrations or the 𝐸2𝑔
1  mode exhibit suppression or red-shifted 

frequencies, along with increased FWHM. This effect is particularly pronounced in the first layer of 

MoS2 in contact with the gold foil. This has been associated with strong covalent-like quasi bonding 

(CLQB) interactions between the Au-atoms and the lowermost layer of S-atoms of MoS2 30,31. 

Additionally, the increased FWHM of the 𝐸2𝑔 mode is indicative of heterogeneous biaxial strain on 

the MoS2 layers, resulting from the lattice mismatch between MoS2 and the underlying gold layer 77. 

Furthermore, the MoS2 monolayer on gold shows a lower-frequency shoulder appearing at around 

396 rel. 1/cm. This has been attributed to another underlying Raman mode 𝐴1𝑔(𝐿) in addition to 

the out-of-plane vibration mode at around 405 rel. 1/cm. This lower frequency mode is related to the 

charge transfer or doping from the monolayer to the gold77. By fitting Lorentz functions to the this 

part of the spectrum, we can discern the contributions of the in-plane and out-of-plane vibrations, 

and also of strain and charge doping to the Raman spectra of the monolayers on gold as shown in 

Figure 4.3: a) Stacked plots of Raman spectra for different layer numbers on and off gold. Red 

dotted lines indicate the 𝐸2𝑔 and 𝐴1𝑔 peak frequencies for 4𝐿 MoS2 on Au, whereas black dotted 

lines represent the same quantities for 4𝐿 MoS2 off Au; b) Comparison of Raman peak values for 
different layer numbers with Li et al.'s values; c) Raman spectra for MoS2 monolayer on gold where 
three Lorentz functions are fitted. 
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Figure 4.3 c). Specifically, the 𝐸2𝑔
1  mode provides insight into the level of in-plane-vibrations and 

lateral strain on the monolayer. The 𝐴1𝑔(𝐿) corresponds to the degree of charge doping or charge 

transfer to the gold, and 𝐴1𝑔(𝐻) represents the out-of-plane vibrations. Notably, charge transfer to 

the gold substrate leads to quenching of the PL spectrum of the monolayer on gold, a topic 

discussed in detail in Section 4.1.3, where we compare the PL spectra of the monolayer on and off 

gold. 

 

4.1.2.2  WS2 

Interestingly, for WS2, we observe many more underlying Raman modes for all the layers. 

Importantly, we observe that the 𝐸2𝑔
1  mode is red-shifted for the WS2 monolayer on gold (Figure 

4.4 c)). Following from our previous discussion on MoS2, we speculate that this is also due to the 

suppression of the in-plane vibrations in the monolayer due to strong CLQB interactions with the 

gold layer. We also observe that this red-shift of the in-plane vibrational modes is only for the 

monolayer on gold, while for the other layers both on and off gold, they are almost at same 

frequencies .(Figure 4.4 a)).  

We also observe the splitting of the 𝐴1𝑔 mode of the monolayer on gold into two modes. Since to 

the best of our knowledge, we could not find any literature on Raman modes for WS2 on gold, we 

speculate that this splitting is also due to charge doping experienced by the monolayer, similar to 

the MoS2 monolayer. Thus, for WS2 monolayers also, we observe the quenching of the PL spectra 

due to this charge transfer from the monolayer to the gold (Appendix A4). In order to confirm our 

assigned layer numbers, we cross-validated our data with values from literature. We compared the 

Raman frequencies with Qiao et al. ‘s values and found that they closely match 78. Here, we compare 

the values for only three layers due to unavailability of data from literature for the fourth layer. We 

also observe a higher FWHM of the 𝐸2𝑔
1  mode for the WS2 monolayer both on and off the gold, and 

following from our previous discussion on MoS2, we speculate this to be due to an increased level of 

strain experienced by the monolayer due to lattice mismatch with both the gold and the sapphire 

substrate.  
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Figure 4.4: a) Raman spectra of different numbers of WS2 layers, both on and off gold; b)  

Comparison of the Raman frequencies of the 𝐸2𝑔
1  and 𝐴1𝑔 modes with values from literature; c) 

Lorentz functions fitted to the Raman spectra of WS2 monolayer on and off gold. Black dotted 

lines indicate position of 𝐸2𝑔
1  mode for WS2 monolayer on (below) and off (above) the gold. Red 

dotter lines indicate the splitting of the 𝐴1𝑔 mode into two, with the lower frequency mode at 

407.1 rel. 1/cm representing charge doping from monolayer to Au. 
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 4.1.2.3  Summary of the Analysis of Raman Spectra 

 

In summary, the analysis of the Raman spectra for different layers of MoS2 and WS2 provided 

valuable insights into their vibrational properties. We confirmed the presence of monolayers and 

subsequent few layers, and compared with literature data to validate the layer numbers. The 

presence of a gold layer resulted in red-shifted frequencies for both materials, indicating strong 

CLQB interactions. Increased FWHM values indicated higher strain experienced by the monolayers 

due to lattice mismatch with the gold layer. The splitting of the 𝐴1𝑔 peak and PL quenching in both 

MoS2 and WS2 monolayers were attributed to charge doping which was coherent with our 

observations for quenched PL in the monolayers. These findings highlight the influence of gold and 

provide insights into the vibrational properties of MoS2 and WS2 samples on and off the gold foil. 
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4.1.3  Quenched Photoluminescence on Gold foil 

The PL spectra, plotted in Figure 4.5 b), shows peaks at around 𝐸 =  1.83 𝑒𝑉 and 𝐸 = 2.1 𝑒𝑉, 

characteristic for A-exciton and B-exciton in MoS2 respectively. However, we noted a significant 

quenching of the PL spectra of both MoS2 and WS2 monolayers upon contact with gold. This is 

illustrated in Figure 4.5 a) which shows PL maps for MoS2 before and after etching the gold layer. 

Interestingly, after the gold is etched, the PL signal reappears. We observed that after the gold is 

etched, the PL signal from the monolayer is much stronger than PL from the other layer numbers. 

This is mainly because the monolayer has a direct bandgap while other layers have indirect bandgap 

as discussed in section 2.1. 

The presence of gold introduces a difference in the work-functions between the gold layer (~5.1 eV) 

and the semiconducting MoS2 monolayer (~4.7 eV) in contact with it. This difference leads to the 

formation of a Schottky barrier height of approximately 0.3 eV, as the Fermi levels of the two 

materials tend to align upon contact 77 (Appendix A2). Consequently, electrons from the conduction 

band of the MoS2 monolayer diffuse into the gold layer until the Schottky-barrier height is 

established leading to bending of the bands at the interface 77. This charge transfer mechanism 

depletes the monolayer of electrons available for radiative recombination with holes in its valence 

band, leading to the observed quenching of the PL. The similar work-function values for WS2 and 

MoS2 explains the quenching effect observed in WS2 monolayers as well 79. 

The presence of faded pink spots in Figure 4.5 a), representing the appearance of PL signals at 

certain positions of the monolayer on gold, suggests that not all areas of the monolayer are in direct 
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Figure 4.5: a) PL intensity maps for MoS2 layers on (above) and off (below) gold; b) Comparison of 
PL signals for different layer numbers on (above) and off (below) gold; c) Stacked plot of normalized 
PL spectra for different layer numbers on and off gold.  
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contact with the gold foil. In these regions, where intimate contact between the gold and monolayer 

is lacking, charge transfer from the monolayer to the gold is minimal to none, allowing for PL 

signals to be observed. In contrast, when the monolayer is in contact with the gold foil, the PL is 

significantly quenched. A similar observation of these spots can also be seen on the multilayers, 

likely indicating the absence of consecutive layers at those specific positions within the multilayer 

stack.  

Furthermore, the PL spectra in Figure 4.5 c) shows that the A-exciton PL peak for MoS2 

monolayer on gold is slightly red-shifted by around 0.02 eV. We speculate that this is due to strain 

arising out of lattice mismatch between the MoS2 layers and the gold layer. Another possibility is 

the formation of charged excitonic complexes such as trions, which could be formed after the 

excitons are photoexcited and they start to interact Coulombically with the free electrons in gold. 

Similar observations are made for WS2, which we provide in Appendix A4.  

 

4.2  Quality Comparison  

In this section, we present a comparative analysis of the quality of our samples in relation to those 

obtained through chemical vapor deposition (CVD) and mechanical exfoliation. The latter flakes 

were further transferred to a sapphire substrate via polydimethylsiloxane (PDMS) transfer method. 

To assess the quality, we fit the PL spectra of all three monolayer samples of MoS2 and WS2. 

Depending on the material, we employ one or two Lorentz functions to model the PL spectra. For 

WS2 samples, we exclude the contribution of the B-exciton. This decision is based on the 

significantly higher energy of the PL peak associated with the B-exciton, which arises from the 

larger splitting of the valence band in WS2, thereby making it difficult to observe in our WITec 

Alpha300 set-up.  
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Figure 4.6: Fitted Lorentz curves to the PL spectra for a) MoS2 monolayer; and b) WS2 
monolayer 
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Examples of fitted PL curves of the MoS2 and WS2 monolayer samples are shown in Figure 4.6 a) 

and b. From the fit, we extract three important parameters and their distribution to analyze the 

quality of our samples: i) the peak energy positions of the A- and B-excitons (denoted by the vertical dotted 

lines); ii) the FWHM of these peaks (𝛾𝐴 and 𝛾𝐵); and iii) the integrated number of photons emitted (area 

under the fitted curves). By performing this fit for each PL spectrum obtained for each pixel of the 

image, we obtain a distribution of the parameters that allows the assessment of the quality of the 

samples.  

Through the analysis of these three parameters for the three samples of MoS2 and WS2, we can gain 

valuable insights into the extent of disorder, defects, and strain within them. For instance, the 

FWHM value is indicative of disorder and the amount of non-radiative decay pathways as discussed 

in section 2.2.4. In the case of localized excitons and also excitons scattered to different momenta 

due to exciton-phonon scattering processes, the PL linewidth increases 80,81. Another parameter of 

interest is the occurrence of red-shifted A-exciton peaks, which provides information about the level 

of in-plane tensile strain in the material 82.  

In the case of MoS2, another parameter that offers insights into defect density is the ratio between 

the integrated PL intensities of B-excitons and A-excitons 83. In a defect-free sample, the presence of 

an additional relaxation channel for B-excitons to relax to A-excitonic states significantly increases 

the population of the A-excitons. This results in a significantly higher PL intensity for A-excitons. 

However, the presence of defects leads to higher non-radiative recombination rates, thereby 

reducing the A-exciton PL intensity while the intensity of B-excitons remains relatively unchanged. 

As a result, the B/A intensity ratio changes accordingly 81. A higher B/A ratio indicates a higher 

defect density within the material.  

 

4.2.1  Quality Comparison for MoS2 Monolayer 

Bright-field images of the three samples we  compared are shown in Figure 4.7: sample fabricated 

using a) Chemical Vapor Deposition (CVD) method; b) Gold-assisted exfoliation (GAE) method; 

GAE sampleCVD sample PDMS

1L 1L

Al2O3

Al2O3

1L

2L

c)b)a)

Figure 4.7: The three different MoS2 samples used for quality comparison. Red squares are 
patches for which the PL maps were taken. These maps are shown in Appendix 5 . 
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and c) Mechanical exfoliation using PDMS transfer method. Both CVD and GAE samples are large-

area monolayer samples, whereas the PDMS sample has the monolayer only over an extremely 

small patch.  

Figure 4.8 shows the distribution of the three parameters extracted from the pixel-by-pixel PL 

spectra for the MoS2. Comparing the A-exciton energies, the CVD sample exhibits a significant red-

shift in comparison to both the GAE and PDMS samples. This observation suggests a higher 

occurrence of strain in the CVD sample, with a bimodal distribution indicating the presence of two 

distinct populations experiencing varying levels of strain. In contrast, the GAE samples display 

lower red-shifts and narrower distributions, indicating lower and more uniformly distributed strain. 

Figure 4.8: Box-plots (left) and histogram plots (right) showing the distribution the extracted 
parameters in the three samples. a) Distribution of the A-exciton peak energies; b) distribution of the 
A-exciton FWHM; c) distribution of the B/A intensity ratios. Maps for the three parameters for all 
three samples are provided in the Appendix A5. 

 

a)

b)

c)
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We speculate that this uniform strain in the GAE sample may have been introduced during a 

chemical treatment, such as etching. Notably, the PDMS sample shows a median population with 

energy around 1.87 eV, closely resembling the A-exciton peak energy of a pristine MoS2 monolayer, 

indicating minimal strain in this sample. 

The higher FWHM value observed in the CVD sample, compared to both the GAE and PDMS 

samples, suggests a higher occurrence of non-radiative recombinations in the CVD sample. 

Interestingly, the bimodal distribution of FWHM in the CVD sample again indicates the presence of 

two distinct populations. The underlying reasons for this phenomenon are not yet fully understood; 

however, we speculate that these populations decay through different recombination pathways. In 

contrast, the GAE and PDMS samples exhibit similar median FWHM values. Furthermore, the 

narrower distribution of FWHM in the GAE sample implies relatively consistent decay dynamics 

across different positions in them. 

Contrary to expectations, the B/A intensity ratios reveal that around 75% of the population of 

positions in the CVD sample have lower defect densities compared to the GAE sample. Although we 

are unsure about the origin of this observation, we attribute this to certain localized positions within 

the CVD sample exhibiting appreciably better emissive properties than the GAE sample, with 

almost half of the total positions in the map, while globally around 25% of the total population in the 

sample are positions with other structural defects ranging from sulfur vacancies to grain boundaries 

which lead to even higher non-radiative recombination events. This might pose a challenge in 

applications that require charge separation and collection. Few noticeable outliers for high B/A ratio 

in the PDMS sample is related to the regions in the monolayer which is twisted on the edges. This is 

evident from the B/A ratio map for PDMS sample provided in the Appendix A5. 

In summary, our analysis leads us to the conclusion that our GAE samples exhibit higher quality 

compared to commercially prepared CVD samples of MoS2. This conclusion is based on the lower 

occurrence of non-radiative recombinations and strain globally, as observed in the GAE sample. 

Although the PDMS sample demonstrates superior qualities among the three, its practical 

application is limited by its extremely small size. Furthermore, our findings indicate the presence of 

two distinct populations within the CVD sample, each exhibiting different emissive properties 

probably due to different recombination pathways within the same sample. The distribution of B/A 

intensity ratios suggests that a subset of the CVD sample population displays higher and more 

favorable emissive properties than the GAE sample. We speculate this phenomenon to be due to 

certain localized areas within the CVD sample having low defect densities. However, the overall 

presence of other defects in the CVD sample leads to significantly higher non-radiative 

recombinations, making it unpredictable and impractical for large scale applications. 
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4.2.2  Quality Comparison for WS2 Monolayer 

Our analysis of WS2 samples revealed similar findings, as depicted in Figure 4.9. Both the A-exciton 

peak position and the FWHM measurements indicate that the CVD samples exhibit lower quality 

compared to the GAE and PDMS samples. Figure 4.9 a) illustrates that the median value for A-

exciton peak energy of the CVD sample is significantly red-shifted compared to the GAE and PDMS 

samples, indicating comparatively higher level of strain in the monolayer of the CVD sample. 

Interestingly, the GAE sample displays a median value much closer to that of the PDMS sample, 

with a highly narrow distribution. This suggests that the quality of the GAE sample closely 

resembles that of a pristine WS2 monolayer. 

Furthermore, it is important to note that the CVD sample of WS2 exhibits a higher variance in the 

distribution of red-shifted peaks compared to the GAE and PDMS samples. However, unlike the 

CVD sample of MoS2, we do not observe a bimodal distribution in the WS2 CVD sample. This 

suggests that the strain distribution within the WS2 CVD sample is more uniform and does not 

exhibit distinct subpopulations with significantly different levels of strain. 

Figure 4.9: Histogram plots (left) and box-plots (right) showing the distribution the extracted 
parameters in the three WS2 samples. a) Distribution of the A-exciton peak energies; b) 
distribution of the A-exciton FWHM 

a)

b)
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 Moreover, the FWHM distribution in Figure 4.9 b) provides additional evidence of lower disorder 

and defects in the GAE sample compared to the CVD sample. The narrower distribution of the GAE 

sample indicates a higher level of uniformity in terms of emissive properties, suggesting a more 

consistent and reliable performance for large-scale applications. This further supports the conclusion 

that the GAE sample exhibits superior quality and lower non-radiative recombination pathways 

compared to the CVD sample. 

 

4.2.3  Summary of Analysis for Quality Comparison 

The analysis of MoS2 and WS2 samples obtained through chemical vapor deposition (CVD), gold-

assisted exfoliation (GAE), and polydimethylsiloxane (PDMS) transfer techniques provided valuable 

insights into their quality and characteristics. The GAE samples exhibited median values for 

distributions of A-exciton peak position and FWHM that were closer to pristine monolayers, 

suggesting higher quality and lower disorder as compared to CVD samples. In the case of WS2, we 

observed that the quality of the GAE samples is extremely close to that of the PDMS sample and 

with monolayer sizes roughly four times the size of PDMS for the same mapping area. These 

observations indicate the effectivity of the GAE method in retaining the quality while also allowing 

for the successful exfoliation of large-area monolayers.  
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4.3  Heterostructure Samples 

4.3.1 Optical Images of Fabricated Heterostructures 

Using the methods outlined in section 3.2.3, we attempted to fabricate the MoS2/WS2 

heterostructures. We fabricated two heterostructures with one having MoS2 attached to the 

sapphire substrate, while the other having WS2 attached to the sapphire substrate. Figure 4.3.1 

shows the optical images of both the samples we fabricated. 

Although it is not clearly evident from these images as to which parts are individual monolayers and 

heterostructures, we perform Raman characterization to identify these regions, as discussed in the 

next section. 

 

4.3.2  Characterization of the Heterostructure using Raman Spectroscopy 

Using Raman spectroscopy, we were able to characterize our heterostructures by comparing with 

data from the literature 84. We mainly observed the frequencies or the wavenumbers for the in-plane 

(𝐸2𝑔
1 ) and out-of-plane (𝐴1𝑔) vibrations of both monolayers, which were observable in the same 

Raman spectra at their specific positions. For both samples, the results were similar, and hence we 

only show the results for one of them, name Sample 1. Figure 4.11 shows the Raman spectra at the 

positions of the two monolayer MoS2 and WS2, and also at the position of the MoS2/WS2 

heterostructure.  

 

MoS2

WS2

MoS2

a) b)Sample 1 Sample 2

Figure 4.10 a), b): MoS2/WS2 heterostructure samples fabricated using the GAE method. 



43 
 

As can be seen, the figure above suggests that at the position of the MoS2/WS2 heterostructure, the 

in-plane and out-of-plane Raman modes for both materials are present. This is consistent with 

previous literature 85,86. However, it is important to mention that this Raman data does not provide 

much information on the level of coupling between the two monolayers. Hence, we used PL 

spectroscopy to qualitatively evaluate the interaction and the level of coupling in these MoS2/WS2 

heterostructures.  

 

4.3.3  PL Spectroscopy for Heterostructure Samples 

As discussed in section 2.5, due to the formation of interlayer excitons in MoS2/WS2 

heterostructures, the probability of radiative recombination of these excitons significantly decreases. 

This is because the electron and the hole reside in different monolayers and also have different 

momenta. Hence, a significant quenching of the PL spectra is an indicator of optimal coupling and 

efficient charge transfer mechanism between the two individual monolayers. Figure 4.12 presents 
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Figure 4.11: Raman spectra at three different positions in the sample corresponding 
the MoS2/WS2 heterostructure (red), WS2 monolayer (green) and MoS2 monolayer 
(blue). 
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the PL data obtained from a sample containing MoS2/WS2 heterostructures, MoS2 monolayer, and 

WS2 monolayer. By analyzing single spectra from specific positions corresponding to the individual 

layers and the heterostructure, we do observe quenching of the PL in the heterostructure compared 

to the WS2 monolayer, but a slight enhancement in the MoS2 monolayer. However, contrary to 

previous literature reports, the quenching of the PL, corresponding to the A-exciton energy of the 

WS2 monolayer, is not significant. To gain a broader perspective, we conducted PL mapping over an 

area of 1600 𝜇𝑚2, covering all three materials (Figure 4.12 a)). Interestingly, we found that the PL 

quenching across the entire heterostructure area was not considerably high. We speculate that this 

observation could be attributed to lower coupling between the MoS2 and WS2 monolayers, resulting 

in minimal charge transfer.  

Our speculation is based on the potential presence of contaminants accumulated on the surface of the 

first monolayer (WS2) during the heterostructure fabrication process. This non-uniform contact 

between the two monolayers may have hindered efficient charge transfer between them, thereby 

explaining the absence of uniform and pronounced PL quenching in the fabricated heterostructures. 

However, we believe further optimization techniques will allow to enhance the quality of contact 

between the two layers, thereby promoting efficient charge transfer between them. 

 

Figure 4.12: a) Area on the sample containing the monolayers of MoS2 and WS2 and also the 
MoS2/WS2 heterostructure; b)  Single spectrum taken at specific spots in the sample 
corresponding to the two monolayers and the heterostructure 
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4.4  Exfoliation of ReS2 and ReSe2 

We also applied the GAE method for exfoliating two other materials: i) ReS2; and ii) ReSe2. In 

Figure 4.13, the optical images are shown on the left where the crosses refer to positions where the 

Raman spectra of different layer numbers of both ReS2 and ReSe2 are taken and shown on extreme 

right. In the center, we show the images with a blue filter and increased contrast to identify the 

regions where the materials are present. The faded white positions in the contrasted images are 

essentially where the monolayers are present. Higher contrast refer to more layer numbers of both 

these material, with the fully white positions referring to bulk and multilayer ReS2. 

This essentially shows that our method can be effectively extended to other layered materials as 

well. We also briefly analyzed the Raman and PL spectra for ReS2 on and off gold, the results of 

which are displayed in Appendix A7. However, an in-depth analysis of both ReS2 and ReSe2 was not 

performed in this project due to time-constraints. Also, their anisotropic and highly sensitive 

optoelectronic behavior require more systematic and sophisticated measurements which was beyond 

the scope of this project. 

 

 

Figure 4.13: a) ReS2 on gold. Colored crosses are the optical image correspond to the single-
spectrums shown on the right. The Raman spectrum for monolayer is given in light blue; b) 
ReSe2 on gold. Raman spectrum for monolayer is given in red. 
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Chapter 5 
 

 

 

Conclusion and Future Outlook 

 

Our study focused on the fabrication and characterization of large-area and high-quality monolayers 

of 2D TMDCs such as MoS2 and WS2, using the gold-assisted exfoliation method. We have 

successfully obtained monolayers of MoS2 and WS2 and have verified them using optical microscopy 

and Raman spectroscopy. We also assessed their quality through PL spectroscopy and compared it 

with commercially available CVD samples and mechanically exfoliated samples. This comparison 

demonstrated that our fabricated monolayers are of superior quality as compared to CVD samples 

and are of much larger area as compared to mechanically exfoliated ones. Notably, the quality of our 

WS2 monolayers was extremely close to that of mechanically exfoliated samples. 

We extended the gold-assisted exfoliation method to fabricate MoS2/WS2 heterostructures. Raman 

analysis confirmed the formation of heterostructures; however, we observed limited quenching of 

the PL spectra. This suggests a suboptimal contact between the two monolayers, leading to 

insufficient charge transfer. We anticipate that further optimization of the heterostructure 

fabrication process will enhance charge transfer efficiency and result in significant PL quenching. 

Our results highlight the effectiveness of the gold-assisted exfoliation method for producing high-

quality monolayers of 2D TMDCs, as well as their heterostructures. Additionally, we explored the 

exfoliation of two other materials, ReS2 and ReSe2, with preliminary results briefly presented in 

Appendix A7. These findings provide valuable insights and lay the groundwork for future research 

endeavors aimed at optimizing the fabrication process. 

Moving forward, several avenues can be explored with these materials. Firstly, optimizing the 

heterostructure fabrication process is essential to improve the contact quality and enable efficient 

charge transfer. Secondly, the study of single-quantum emitters in these materials holds great 

promise for applications in quantum information processing and sensing. Understanding and 

manipulating the properties of defects and imperfections within the monolayers and 

heterostructures can enable the realization of robust and controllable quantum emitters. 

Moreover, the gold-assisted exfoliation method can be extended to exfoliate other 2D materials 

beyond MoS2 and WS2. Exploring the compatibility of this method with a wide range of 2D 

materials will expand the toolkit for synthesizing diverse materials and heterostructures, unlocking 

new opportunities for fundamental research and technological applications.  
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Appendix 
 

A1.  Band Structures of Group VII TMDCs (ReS2 and ReSe2) 

Group VII TMDCs exhibit a distorted 1T-phase (or 1T’-phase) and their band structures for 

monolayer and bulk forms have been studied using first principle DFT calculations 87–91. Although 

limited work has been done in calculating the band structures of these materials, DFT calculations 

have provided an approximate understanding of their band structures. ReS2 is a direct bandgap 

material in both the bulk and monolayer form, and the bandgap increases from 1.35 eV in the bulk to 

1.43 eV in the monolayer 91. This is attributed to the electronically and vibrationally decoupled 

nature of the individual monolayers in the out-of-plane direction, which prevents band 

renormalization as the material is thinned down. These electronic transitions are 𝛤-𝛤 transitions in 

the k-space. 

On the other hand, studies on ReSe2 have suggested that the material has an indirect bandgap 88,89,92. 

For ReSe2 monolayers, CBM is located at the Γ-point while the VBM is slightly away from it. Nano-

ARPES measurements have also indicated that there is an out-of-phase dispersion in ReSe2, which 

implies appreciable van der Waals coupling among the individual layers in bulk ReSe2, unlike in 

ReS2 
93. Consequently, the band structures of bulk and monolayer ReSe2 are expected to be 

significantly different. Thus, there could be appreciable bandgap renormalization as the material is 

thinned down. Experimental studies have suggested that the indirect bandgap value of bulk ReSe2 is 

in the range of 0.98 – 1.06 eV 88. DFT calculations indicate that for ReSe2 monolayers, the indirect 

bandgap value is around 1.22 eV and the direct bandgap at the Γ-point is around 1.25 eV 89. 

 

 

a) b)ReS2 ReSe2

Figure A1: a) DFT calculated band structures of ReS2 for different layer numbers 19; b) DFT 
calculated band structures for ReSe2 89 
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A2.  Charge Transfer from Monolayer to Gold 

 

A3.  Monolayer Behavior under Different Excitation Regimes 

Our observations reveal that as the excitation laser power increases, the presence of trions in the 

monolayer samples of WS2 and MoS2 becomes increasingly apparent. This phenomenon can be 

attributed to the generation of free charges at higher laser powers, leading to Coulombic 

interactions with the A-excitons in the material and subsequently reducing their population. For a 

comprehensive representation, Figure A1 display the normalized spectra of the MoS2 and WS2 

monolayers as the laser power progressively increases. Hence, a notable increase is observed in the 

photoluminescence (PL) spectra emitted from the trions compared to the A-excitons under high 

laser powers. However, in the case of MoS2, the PL from both A- and B- excitons seems to red-shift 

with increasing laser power under the curve-fitting procedure. The spikes in MoS2 monolayer refer 

to background PL signals from the Al2O3 substrate.  

 

Figure A3: Normalized plots showing the trion formation at high excitation regimes. 
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Figure A2: Charge transfer at metal-semiconductor junction in MoS2/Au 
heterostructure. Schematic inspired from 79. 
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A4.  Analysis of PL spectra for WS2 
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Figure A4.: a) Stacked plots for normalized PL spectra for WS2 on and off gold; b) PL spectra 
for WS2 on gold; c) PL spectra for WS2 off gold. Spikes in 2L, 3L and 4L WS2 off gold, around 1.8 
eV refer to background PL signal from sapphire substrate. 
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A5.  PL Spectra and Maps for CVD, GAE and PDMS samples for MoS2 
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A6.  PL Maps and Spectrums for CVD, GAE and PDMS samples for WS2  
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A7.  Analysis of PL and Raman spectra for ReS2 

 

 

A8.  Different Methods Tried for Gold-Assisted Exfoliation  

Table 3.1: Summary of different methods attempted. Here “ML” refers to monolayer in general. 

Attempt Aim Parameters/Conditions 

Layer 
Sequence 

After 
Etching 

Outcome Description 
Important 
Learnings 

1 

Etch Au 
and 
retain 
ML 

• Spin-coated PMMA 
of 120,000 Mol. W 
with 2.5% wt/vol in 
Toluene. 

 

• Substrate: Si/SiO2 

PMMA-
ML-Au-
Epoxy-
Si/SiO2 

Failed to 
retain ML 

ML was 
swept away 
during Au 
etching, 
although 
some areas 
showed 
coexistence of 
ML and Au 
layers. 

PMMA of 120,000 
Mol. W with 2.5% 
wt/vol in Toluene 
is too dense to 
allow easy passage 
of the etchant. 

2 

Exfoliate 
ML on 
Au by 
replacing 
Epoxy 

• Substrate: Si/SiO2  

Failed 
template 
stripping of 
Au foil on 
Si/SiO2 
substrate 

  

3 

Etch Au 
through 
epoxy 
and 

• Spin-coated PMMA 
of 120,000 Mol. W 

PMMA-
ML-Au-
Epoxy 

Failed to 
retain ML 

Same as 
attempt 1 but 
without 
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Figure A7: a) PL spectra for ReS2 on (orange) and off (violet) gold; b) Raman spectra for ReS2 on 
(green) and off (blue) gold. 
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retain 
ML 

with 2.5% wt/vol in 
Toluene 
 

• Substrate: Si/SiO2 

Si/SiO2 
substrate. 

4 

Etch Au 
and 
retain 
ML 

• Spin-coated PMMA 
of 120,000 Mol. W 
with 0.5% wt/vol in 
Toluene 
 

• Substrate: Si/SiO2 

PMMA-
ML-
Epoxy-
Si/SiO2 
substrate 

Successfully 
retained ML 
and removed 
Au but failed 
to retain the 
Au-ML 
configuration 

ML stuck to 
epoxy, 
making 
analysis and 
transfer 
difficult. 

Epoxy is unsuitable 
for transferring the 
monolayer and 
interferes with 
obtaining the PL 
signal. 

5 

Exfoliate 
ML 
using 
TRT 

• Spin-coated PVP of 
10% wt/vol in 
Toluene 

• Substrate: Si/SiO2 

 
Failed to 
exfoliate ML 
on Au-TRT 

Surface 
roughness 
compromised 
contact 
between ML 
and Au layer. 

PVP layer is too 
thin to compensate 
for surface 
roughness of the 
TRT, affecting the 
smoothness of the 
gold foil. 

6 

Exfoliate 
ML 
using 
TRT 

• Spin-coated PMMA 
of 120,000 Mol. W 
with 10% wt/vol in 
Toluene 
 

• Substrate: Si/SiO2 

 
Failed to 
exfoliate ML 
on Au-TRT 

Same as 
attempt 5 but 
with reduced 
surface 
roughness. 

Increasing PMMA 
concentration can 
further reduce 
surface roughness 
and act as a spacer 
layer between the 
gold foil and TRT. 

7 

Exfoliate 
ML 
using 
TRT 

• Spin-coated PMMA 
of 950,000 Mol. W 
with 8% wt/vol in 
anisole. 
 

• Substrate: Si/SiO2 

 

Successfully 
exfoliated 
ML on Au-
TRT but 
failed to 
retain the 
Au-ML 
configuration 

Au-foil 
detached from 
Si/SiO2 
substrate due 
to surface 
roughness 
and 
contamination 
upon 
treatment 
with Acetone 
to remove the 
PMMA. 

Al2O3 substrates 
with better surface 
smoothness may 
help in keeping the 
Au foil attached 
during PMMA 
removal  the 
process. 

8 

Exfoliate 
ML 
using 
TRT 

• Spin-coated PMMA 
of 950,000 Mol. W 
with 8% wt/vol in 
anisole. 
 

• Substrate: Al2O3 

ML-Al2O3 
substrate 

Successfully 

exfoliated 

ML on Au-

TRT and 

successfully 

etched the 

Au foil and 

retained the 

monolayer 

on sapphire 

substrates 

  The method is 
reliably 
reproducible and 
can also be further 
used to fabricate 
the 
heterostructures 

 

 

 

 

 

 


