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Monolayer transition metal dichalcogenides (TMDs) have emerged as promising 

materials for optoelectronic applications due to their transition from an indirect to a direct 

(or nearly direct) band gap when reduced to a single layer thickness; this transition is 

accompanied by a dramatic increase in light absorption and emission. Though this 

increase is impressive as compared to their bulk counterparts, the extreme thinness of the 

material limits its absorption capabilities and non-radiative relaxation channels reduce its 

quantum yield. In order to take full advantage of the optical properties of TMDs, these 

issues must be overcome. In this dissertation I will discuss work that focused on 

enhancing the emission of WS2 and WSe2 using Ag structures.  

Two sets of experiments are presented. The first set studied WS2-Ag structure 

hybrids. We varied the thickness of a dielectric spacer that is positioned between 

monolayer WS2 and a Ag film to observe how it affects the photoluminescence (PL) of 

the system. It was found that greater PL intensity was achieved as the spacer thickness 

decreased; however, PL intensity was reduced if no spacer was present. These results are 

intriguing because the discovered 1 nm ideal thickness is much smaller than what has 

been found for other emitters, suggesting that new mechanisms are at play. Additionally, 

work was done focusing on the effects of metal quality on PL enhancement by comparing 
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the performance of hybrid structures created with thermal verses atomically smooth 

epitaxial Ag film.  Only structures that utilize cyclic re-excitation observed differences in 

PL enhancement, with better performance from structures created with epitaxial films.  

The second set studied WSe2-Ag structure hybrids at low temperatures. Here it is 

shown that low-lying dark exciton states greatly influences the PL of the hybrids by 

creating an additional non-radiative relaxation channel for higher energy exciton states. 

This phenomenon manifests as quenching of the higher energy states when WSe2 is 

placed on a substrate that increases the relaxation rate of the dark state. As a result, 

coupling WSe2 to plasmonic structures quench the band edge exciton emission, while 

simultaneously allowing enhancement of lower energy defect bound exciton emission.  
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Chapter 1:  Monolayer Transition Metal Dichalcogenides 

Though transition metal dichalcogenides (TMDs) have seen a recent upsurge in 

popularity, they are not new materials. Their structure and properties in the bulk form 

have been known since the 1960s [1]; however, it was not until the discovery of the 

unique electronic properties of graphene [2], which was awarded the Nobel Prize in 2010, 

that much effort was put into the exploration of TMDs at thickness of only a few atomic 

layers. The success of graphene caused a dramatic increase in the study of two 

dimensional crystals, revealing the interesting and diverse properties that TMDs possess 

when brought down to extreme thinness. These unique properties make TMDs attractive 

for applications in areas such as optoelectronics, valleytronics and flexible electrons [3, 

4].  

This dissertation is an overview of work done in an effort to better understand the 

optical properties of these materials and explore how they can be enhanced with the aid 

of plasmonic structures. The rest of this chapter is an introduction to monolayer TMDs. 

Chapter 2 goes over work done that furthered our understanding of the optical and 

electronic properties of TMDs by measuring the exciton binding energy, mapping out the 

electronic band structure and, ultimately, revealing the indirect nature of the band gap of 

WSe2 which was previously assumed to be a direct gap. Chapter 3 discusses the need for 

spatial mapping of the photoluminescence (PL) of TMDs and the micro-PL scanning 

microscope built to perform these measurements. Chapter 4 gives an introduction to the 

field of plasmonics. I will then discuss work done that determined how different device 

design parameters affect the PL emission of a TMD-plasmonic hybrid structure by 

showing how TMD-plasmonic structure separation and metal quality effect PL 

enhancement in Chapters 5 and 6, respectively.  Chapter 7 discusses how the dark exciton 
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states of WSe2 effect the PL of WSe2-plasmonic hybrid structures by allowing for 

enhancement of the defect band emission and a suppression of the band edge emission.   

TMDs are Van der Waals materials made from transition metal and chalcogen 

atoms. Some have sizable band gaps in the visible range that transition from direct to 

indirect when the material is reduced to a single layer, greatly enhancing its emission 

efficiency [5, 6]. Additional, due to its spin valley coupling at the K points, TMDs have 

attracted interest in the field of valleytronics [7, 8]. Since they are layered materials, they 

can be mechanically exfoliated, allowing for the acquisition of monolayer crystals with 

the use of minimal equipment [9]. For larger scale fabrication, bottom-up methods, such 

as chemical vapor deposition, have been utilized to successfully grow TMDs [10]. There 

are many kinds of optical techniques that can be used to study these materials, but here 

we will focus on two of them, photoluminescence spectroscopy and Raman spectroscopy.  

1.1 STRUCTURE AND PROPERTIES 

TMDs come in a wide variety of materials and can be insulators, metals, or 

semiconductors. This diversity comes from their unique structure. Though I will briefly 

touch on the first two kinds of TMDs, the focus of this dissertation is in the study of 

semiconductor TMDs and so discussion of the structure and properties of TMDs will 

reflect this.  

1.1.1 Atomic Structure 

The generic formula for layered TMDs is commonly written as MX2 where M 

stands for a transition metal and X for the chalcogen element. The elements that can be 

used to form these materials are marked on the periodic table in Figure 1.1. Not all 

combinations of M and X can form layered materials, so the transition metals that are 
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only compatible with certain chalcogen elements are marked with an asterix. For my 

work, I mainly focused on group VIB TMDs, with an emphasis on WS2 and WSe2.  

 

Figure 1.1: The Periodic Table with the chalcogen elements (blue) and the transition 

metals (red) that can form layered TMD crystals marked. Transition metals 

that can form layered TMD crystals with some, but not all, chalcogens have 

an asterix. The elements that make up the crystals that primarily discussed in 

this dissertation are a darker shade of red and blue.   

These materials are formed in layers that are held together by weak Van der 

Waals forces. Each layer consists of three hexagonally packed atomic planes; one plane 

of metal atoms that is sandwiched between two planes of chalcogen atoms[11], as can be 

seen in Figure 1.2. The atoms within a layer interact through covalent bonds.  
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Figure 1.2: Structure of a TMD monolayer. Transition metal atoms are yellow and the 

chalcogen atoms are green. The three atomic planes can be seen in (a) while 

the hexagonal packing is shown in (b). 

The metal atoms within a monolayer are each coordinated with six chalcogen 

atoms, which can have either a trigonal prismatic bonding geometry, with the chalcogen 

atoms positioned above of each other (as seen in Figure 1.2b), or a octahedral bonding 

geometry, with the chalcogen atoms staggered. The preferred bonding geometry varies 

among the TMDs and is predominantly dependent on the d-electron count of the 

transition metal within the material. In the bulk material, these bonding geometries 

usually lead to three different structural polytypes, 1T, 2H and 3R[12]. Here, the letters 

denote the symmetry, trigonal (T), hexagonal (H), and rhombohedral (R), and the 

numbers represent the number of layers in a unit cell.   
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1.1.2 Electronic Properties 

Bulk group VI TMDs are indirect band gap materials, with the conduction band 

minimum located at the K point and the valence band maximum at the Γ point. As the 

number of layers of the material is reduced, the band gap increases, with the Γ-K and Γ-Q 

separations increasing at a faster rate than the direct K-K gap. This occurs because the 

orbitals that contribute to the states at Γ and Q have a z component (normal to the plane 

of a layer), whereas the states near K are primarily composed of orbitals that are confined 

to the xy plane. As a result, Γ and Q are much more sensitive to changes in the z 

direction, so as the interlayer distances increase, and therefore interlayer interactions 

decrease, Γ and Q are more affected by the resulting reduction in the energy from 

antibonding states[13]. Once the material has reached a single layer thickness, the K-K 

gap is either the smallest separation, resulting in the TMD becoming a direct band gap 

material or, as is the case with WSe2, the K-K and K-Q gaps are nearly degenerate[14]. 

Figure 1.3 shows the electronic structure of a generic monolayer TMD.   
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Figure 1.3: Reprinted with permission from [14]. Copyright 2015 American Chemical 

Society. The generic electronic structure of SL-TMDs. The spin−orbit 

coupling induced splitting at the K-point which is labeled as K2 and KV, 

respectively. A schematic of the first Brillouin Zone (BZ) is shown in the 

inset with the critical points labeled. 

Due to the 3-fold (C3) symmetry of the monolayer TMD crystal structure, there 

exists six corners in the first Brillouin zone in which the K points are located.  These K 

points can be separated into two groups, K and K’, where all points in a group can be 

transformed into others points in that group through C3 rotation[15]. Splitting of the 

valence-band maximum at the K-point is due to spin-orbit coupling and the monolayer 

TMD’s lack of inversion symmetry[16]. Mirror reflection symmetry about the metal atom 

limits spin splitting to the z direction and time-reversal symmetry requires the spins of K 

and K’ to have identical magnitude but opposite signs. This results in coupling between 

the spin and the valley pseudospin[17].  The conduction band experiences a similar, yet 

smaller, spin splitting[18].  
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1.1.3 Optical Properties 

The transition from an indirect to direct band gap material when a TMD is 

reduced to a monolayer is accompanied by a dramatic increase in its photoluminescence 

intensity[5, 6]. In order for optical transitions to occur, energy and crystal momentum 

needs to be conserved. Photons with energies similar to the band gap energies of these 

materials have almost zero momentum and, therefore, momentum conservation must be 

maintained among the electrons, holes, and phonons involved in the transition. 

Photoluminescence occurs when photoexcited electrons near the conduction band 

minimum annihilate with electron holes occupying states near the valence band 

maximum, emitting a photon in a process called radiative recombination. Figure 1.4 

shows the difference between an indirect and direct band gap optical transition. For 

indirect band gap materials, this process is not allowed without the absorption or 

emission of a phonon, or interactions with a crystallographic defect, to conserve crystal 

momentum. The transition to a direct band gap, removes the need for phonon interaction, 

making radiative recombination much more likely to occur. For the same reasons, 

absorption and photoconductivity are also improved at the monolayer[5, 6, 19].  
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Figure 1.4: Optical transitions for an indirect and direct band gap material. For indirect 

band gap materials, the absorption or emission of a phonon is needed to 

conserve crystalline momentum and allow for radiative recombination. 

Phonon interaction is not required for direct band gap materials.  

Due to spin-valley coupling, the spin-index is locked to the valley index at the 

band edges. As a result, specific spin states can be selectively excited using optical 

selection rules. In addition, intervalley scattering becomes less common since a spin-flip 

is required, resulting in a longer spin relaxation time[7]. These properties are desirable 

for spintronics and valleytronics applications.  

1.2 FABRICATION METHODS 

There are two main categories of approaches to monolayer TMD fabrication, top-

down where exfoliation methods are used to extract a monolayer from a bulk crystal and 

bottom-up where the crystal is grown as a monolayer.  
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1.2.1 Top-Down Methods 

The most famous method for fabricating monolayer Van der Waals crystals is 

mechanical exfoliation, also known as “the Scotch-tape method”[2]. It involves peeling 

away a thin layer of TMD from the bulk crystal using tape and then rubbing the thin layer 

onto a substrate, leaving behind single layer and multilayer flakes. This method produces 

high purity monolayer crystals, however it is not scalable and the dimensions of the 

exfoliated flakes are unpredictable.   

Liquid exfoliation has also been used to fabricate monolayer TMDs[20]. For this 

method bulk crystals are submerged in a solvent. The solvent infiltrates the space 

between the layers and weakens the Van der Waals bonds. Then agitation can be used to 

separate the layers and centrifuging the solution removes any unexfoliated material. 

Alternatively, the TMD could be submerged in a solution that allows for ion 

intercalation. The TMDs are then exposed to water which reacts with the ions between 

the layers, forming H2 gas, which forces the layers apart[21]. These methods allow for 

larger scale monolayer TMD production than what is achieved through mechanical 

exfoliation.  

1.2.2 Bottom-Up Methods 

Chemical vapor deposition (CVD), epitaxial growth, and phase vapor deposition 

are bottom-up methods that have been used to grow TMDs. Out of these three methods, 

CVD is the most common and the one that was used to produce the TMD samples 

discussed in this dissertation. As such, CVD will be the focus of this section. 
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Figure 1.5: CVD TMD synthesis. A quartz tube is placed in a furnace. A combination of 

Ar and H2 gas flows through the tube. A boat filled with the desired 

chalcogen (S or Se) is placed upstream from the furnace and that section of 

tube is wrapped in heat tape to separately control its temperature. A boat 

filled with the desired transition metal precursor (WO3 or MoO3) is in the 

center of the furnace slightly upstream from a substrate on which the TMD 

will be grown.  

During CVD growth, metal and chalcogen precursors interact at the surface of a 

substrate forming TMD crystals. Figure 1.5 is a schematic showing the synthesis of 

TMDs using CVD. Here, a quartz tube is placed in a furnace that is used to control the 

substrate temperature and to vaporize the precursors. A combination of Ar and H2 gas 

flows through the tube, transporting the precursors to a substrate located downstream. 

There are two common approaches to this growth, a one-step method and a two-step 

method. For the one-step method both the transition metal and the chalcogen are 

transported to the substrate through the carrier gas. In the two-step method, the transition 

metal precursor is deposited on top of the substrate and only the chalcogen is transported. 

By tuning the growth conditions, such as temperature, pressure, and carrier gas flow rate, 

the lateral size and thickness of these crystals can be controlled and monolayer flakes can 

be grown [22].  A detailed description of the growth procedure used for the TMDs 

studied in this dissertation can be found in Appendix A.  
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1.3 OPTICAL CHARACTERIZATION 

Optical characterization provides a contactless, nondestructive method for 

probing the properties of a material making it a valuable tool in the study of TMDs.  

1.3.1 Photoluminescence 

The dramatic increase of photoluminescence (PL) when MoS2 is reduced to 

monolayer thickness was the first experimental measurement demonstrating the indirect 

to direct band gap transition of TMDs[5, 6]. Since then, PL continues to be an important 

tool in the study of monolayer TMDs. By studying the PL of the TMDs we can gain 

insight into the dynamics of charge carriers within the material.  

When light with sufficient energy interacts with a semiconductor, it excites an 

electron from the valence band to the conduction band, leaving behind a hole in the 

valence band. This hole acts as a positively charged particle and can move through the 

material. Excited electrons and holes are attracted to each other through the Coulomb 

interaction and can pair up to form electrically neutral quasiparticles called excitons, 

shown in Figure 1.6. Excitons only exist for a finite amount of time before the electron 

and hole recombine and, for radiative recombination, emit a photon.  

The absorption of a photon of any energy above the band gap can create an 

exciton; however excess energy is quickly lost in the form of phonons. As a result, 

excitons in bulk semiconductors usually have approximately the same energy as the band 

gap; however, this is not the case for monolayer TMDs. In bulk semiconductors the 

dielectric constant is large and therefore there is significant dielectric screening of the 

Coulomb interaction between the electrons and holes. This results in a larger exciton 

radius and a smaller binding energy (~0.01 eV), the binding energy being the energy 

needed to separate the electron and hole. This binding energy can also be thought of as 

the difference between the band gap and the exciton energy.   
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For monolayer TMDs, the electric field lines between an electron and hole extend 

beyond the semiconductor material and therefore the exciton experiences less dielectric 

screening than it would in the bulk. This combined with the reduced dimensionality of 

the material, leads to a much larger binding energy, which can be measured by comparing 

the PL of a TMD to its electronic structure[23], as will be discussed in Chapter 2.  

 

Figure 1.6: Cartoon of an exciton and two trions. The black circle (-) represents an 

electron and the white circle (+) represents an electron hole. The dashed 

circle represents the Coulomb interaction.  

Electrons and holes within a TMD can form other quasiparticles in addition to 

excitons. One such quasiparticle is the trion, consisting of either two electrons and a hole, 

or two holes and an electron. Like excitons, trions also have a much larger binding 

energy in the monolayer as compared to the bulk, allowing them to contribute to the PL 

of TMDs even at room temperature and are common features in the PL spectrum [24]. 

1.3.2 Raman Spectroscopy 

Raman spectroscopy is a technique used to measure the lattice vibrational modes 

of a crystal. This technique probes the structure of the crystal and can be used to identify 

crystals, since each material has its own unique Raman spectrum. The measurement is 

done by shining monochomatic light onto a crystal and then observing the scattered light. 

When the light is incident upon a crystal, its energy can be shifted up or down through 
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phonon interactions in a process called anti-Stokes or Stokes scattering, respectively. A 

Raman spectrum is created by plotting the scattered intensity as a function of the change 

in frequency between the incident light and the scattered light. Raman spectroscopy has 

been widely used in the study of monolayer TMDs with applications in areas such as 

determining the thickness, polytype, composition, and strain of the TMDs [25-28].  
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Chapter 2:  TMD Electronic Structure and Exciton Binding Energy  

Monolayer TMDs display impressive optical and electronic properties that have 

many technological applications. However, in order to fully utilize their potential, we 

must first have a solid understanding of their electronic structure and exciton dynamics. 

Theoretical calculations can provide insight into the behavior of these materials, but there 

are inconsistencies between the different models. Here, we use comprehensive scanning 

tunneling spectroscopy measurements to determine the quasiparticle band gap and 

compare it to the photoluminescence spectra of monolayer TMDs to identify the exciton 

binding energies for MoS2, MoSe2, and WSe2. In addition, we demonstrate that WSe2, 

unlike the other TMDs studied, has an indirect band gap1.  

2.1 EXCITON BINDING ENERGY 

An exciton consists of an electron and hole that are attracted to each other via a 

Coulomb potential. If this potential does not vary much within one unit cell, the exciton 

is considered a Wannier exciton. This condition is met if the exciton Bohr radius is larger 

than the lattice spacing of the crystal.  

The relative motion for a free Wannier exciton, using the effective-mass 

approximation, is given by the equation, 

 [− (
ℏ

2𝑚𝑟
) ∇2 −

𝑒2

4𝜋𝜀𝜀0𝒓
] 𝜓(𝒓) = (𝐸 − 𝐸𝑔)𝜓(𝒓) (2-1) 

where 𝑚𝑟 =
𝑚𝑒𝑚ℎ

𝑚𝑒+𝑚ℎ
 is the reduced mass of the exciton, 𝑚𝑒 is the effective mass of an 

electron, 𝑚ℎ is the effective mass of a hole, r is the relative distance vector, 휀 is the 

dielectric constant, 휀0 is the vacuum permittivity, e is the elementary charge, Eg is the 

                                                 
1 This work has been previously published in Zhang, C. D.; Chen, Y. X.; Johnson, A.; et al., Probing 

Critical Point Energies of Transition Metal Dichalcogenides: Surprising Indirect Gap of Single Layer 

WSe2. Nano Lett. 2015, 15 (10), 6494-6500. and  Zhang, C. D.; Johnson, A.; et al., Direct Imaging of Band 

Profile in Single Layer MoS2 on Graphite: Quasiparticle Energy Gap, Metallic Edge States, and Edge Band 

Bending. Nano Lett. 2014, 14 (5), 2443-2447. I contributed to this work by taking the PL spectroscopy 

measurements.  
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band gap, and E is the exciton energy. In a 3D isotropic crystal, this equation represents a 

system similar to a hydrogen atom.  

 Equation 2-1 can be solved for the 3D and 2D case by using the appropriate 

spherical Laplace operator 

 ∇3𝐷
2=

1

𝑟2

𝜕

𝜕𝑟
(𝑟2 𝜕

𝜕𝑟
) −

1

𝑟2𝑠𝑖𝑛𝜃

𝜕

𝜕𝜃
(𝑠𝑖𝑛𝜃

𝜕

𝜕𝜃
) (2-2)  

 ∇2𝐷
2=

1

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕

𝜕𝑟
) −

1

𝑟2

𝜕2

𝜕𝜃2
 (2-3) 

and separating equation 2-1 into its radial and angular components 𝜓(𝒓, 𝜽) =

𝑅(𝑟)Θ(𝜃) [29]. This will give the solutions for the exciton energy 

 𝐸3𝐷𝑛 = 𝐸𝑔 −
𝐸𝑒

𝑛2 +
ℏ2𝑞2

2𝑚𝑒𝑥𝑐
 (2-4) 

 𝐸2𝐷𝑛 = 𝐸𝑔 −
𝐸𝑒

(𝑛−
1

2
)

2 +
ℏ2𝑞2

2𝑚𝑒𝑥𝑐
 (2-5) 

where n is the principle quantum number, 𝑚𝑒𝑥𝑐 = 𝑚𝑒 + 𝑚ℎ is the total effective mass of 

the exciton, 𝐸𝑒 =
𝑚𝑟

𝜀2𝑚0
𝐸𝐻 is the effective Rydberg constant, 𝑚0 is the free mass of an 

electron,  𝐸𝐻 is the Rydberg radius, and 𝒒 is the exciton wavevector.  

 The binding energy for an exciton is the difference between the exciton energy 

and the electronic band gap. Comparing the binding energy for the 1s (n=1) exciton with 

zero kinetic energy (𝒒 = 0), we can see that the exciton in a 2D crystal has four times the 

binding energy of an exciton in a 3D crystal.  This is already a significant increase in 

binding energy; however, this model does not consider all factors that could affect the 

binding energy when shifting from a 3D to a 2D system. These calculations only take 

dimensionality into account and assume a similar dielectric constant both within and 

outside of the crystal. In real systems, this is not the case. Looking at the definition of the 

effective Rydberg constant, one can see that this value is inversely proportional to the 

square of the dielectric constant. Due to the extreme thinness of monolayer TMDs some 

of the electric field lines between the electron and the hole of an exciton extend outside of 
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the crystal, as demonstrated in Figure 2.1. Here, they experience a different, usually 

smaller, dielectric constant than if they were within the crystal. This results in reduced 

dielectric screening and a larger effective Rydberg constant, and an additional increase in 

the exciton binding energy.  

 

 

Figure 2.1: Real-space representation of electrons and holes bound together to form 

excitons in a (a) three-dimensional bulk TMD crystal and a (b) quasi-two-

dimensional monolayer.  

For of the above reasons, the exciton binding energies for monolayer TMDs are 

expected to be large. Evidence has been found to support this hypnosis, with the 

measurement of a large trion binding energy (relative to the exciton) in MoS2[24] and 

MoSe2[30], and with theoretical calculations[18, 31-33]. However a direct experimental 

measurement of the exciton binding energy had not been done. By combining scanning 

tunneling microscopy and spectroscopy (STM and STS) to probe the quasiparticle band 

structure and photoluminescence (PL) studies to measure the exciton transition energy, 

we were able to determine the exciton binding energy for MoS2, MoSe2, and WSe2.  
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2.2 EXPERIMENTAL PROCEDURE 

The monolayer TMD crystals were grown on highly oriented-pyrolytic-graphite 

(HOPG) substrates using CVD for MoS2 and WSe2, and using molecular beam epitaxy 

(MBE) for MoSe2. Figure 2.2a shows atomic force microscopy (AFM) images of the 

primarily single layer, triangularly shaped MoS2 flakes. There are adsorbates on the 

flakes, as seen in Figure 2.2b, which were removed from the sample by annealing it in 

ultra-high vacuum (UHV) (base pressure < 6 x 10
-11

 Torr) for 10 hours at 250 °C. An 

STM image in Figure 2.2c shows a flake after the annealing process. The majority of the 

adsorbates on the flake are now gone; however, as Figure 2.2d reveals, there still exist a 

few on the edges. The flakes are measured to be 0.67 nm thick, confirming that they are 

monolayer. 
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Figure 2.2: Reprinted with permission from [23]. Copyright 2014 American Chemical 

Society. (a) Large area AFM image of the as-grown MoS2 on HOPG. (b) 

STM image taken after 2 h annealing at around 120 °C in UHV chamber. 

The SL-MoS2 flake is still partially covered by unknown adsorbates. U = 3.2 

V, IT = 10 pA, and 200 × 200 nm. (c) STM image of the clean surface after 

proper annealing (250 °C for 10 h). The insert profile line shows the height 

of a triangular flake is about 0.67 nm, which is consistent with the thickness 

of SL-MoS2. U = 3.0 V, IT = 12 pA, and 800 × 800 nm. (d) Zoom-in image 

of a triangular SL-MoS2 flake. The inset figure is a close-up image of the 

relatively clean edge. U=3 V, IT = 7 pA, 100 × 100 nm; for inset image U = 

2.7 V, IT = 7 pA, 7 × 7 nm. 

STM/S and PL measurements were taken for each sample at low temperature 

(79K). It was important to take both of these measurements on the same sample, under 

similar conditions since, as has been shown earlier, the environment surrounding the 

TMD can have a large influence on the dynamics of the system.  

2.2.1 Scanning Tunneling Microscopy and Spectroscopy 

STM is a technique used to probe the topography and electronic structure of a 

sample with atomic resolution. In the simplest model, it works by bringing an atomically 
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sharp conductive tip near the surface of a sample, typically within a few Å, in order to 

allow electrons to tunnel through the potential barrier constituted by the vacuum region 

separating the tip and sample. By applying a voltage between the tip and the sample, a 

tunneling current can be measured. This current is dependent on the tip to sample 

distance and the electronic structure of the sample near the tip (as well as the tip itself). 

By scanning the tip over a sample and adjusting the height of the tip to maintain a 

constant current, one can extract topographical information  

STS can be done by keeping the tip stationary, at a fixed distance (constant Z) 

from the sample, and varying the voltage while measuring the resulting current. The 

tunneling current is dependent on the electronic density of states (DOS) of both the tip 

and the sample, with a relationship given by  

 𝐼 ∝ ∫ 𝜌𝑠(𝐸𝐹 − 𝑒𝑉 + 𝜖)
𝑒𝑉

0
𝜌𝑡(𝐸𝐹 + 𝜖)𝑑𝜖 (2-6) 

where 𝜌𝑠 and 𝜌𝑡 are the DOS for the sample and the tip, respectively, 𝐸𝐹 is the Fermi 

energy, V is the applied voltage and e is the elementary charge. The current is a 

convolution of the DOS of the sample and the tip, meaning that the DOS of the tip would 

need to be known for the measurement to be completely understood. However, for a 

metallic tip, the DOS is nearly constant; therefore, we can make the simplifying 

assumption that 
𝑑𝐼

𝑑𝑉
∝ 𝜌𝑠(𝐸𝐹 − 𝑒𝑉), and so by measuring 

𝑑𝐼

𝑑𝑉
 we are able to probe the DOS 

of the sample and identify critical points in the electronic band structure[34].  
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Figure 2.3: Reprinted with permission from [23]. Copyright 2014 American Chemical 

Society.  (a) Typical scanning tunneling spectra taken on the bulk area on 

SL-MoS2 flake. The I−V spectrum is displayed in black, while the red curve 

shows the corresponding dI/dV−V spectrum in logarithmic scale. The green 

dashed arrows indicate the positions of VBM and CBM, labled as Ev and 

Ec, which are equal to −1.81 and 0.30 eV, respectively. Another threshold is 

labeled as Eth and marked by a blue dashed arrow. (b) Statistical 

distributions based on 86 individual spectra. The upper panel is for VBM; 

the lower panel is for CBM. The solid curves are normal distribution 

fittings. (c) Statistical distribution of quasiparticle gap measured by STS. 

Mean value: 2.15 eV. Standard deviation: 0.06 eV  

More than 80 tunneling spectra, such as the one shown in Figure 2.3a, were taken 

for MoS2.  These identified the location of the valence band maximum (VBM), the 

conduction band minimum (CBM), and an addition threshold that is about 0.5 eV above 

the 𝐸𝐹. There is a possibility that this second threshold is the CBM and the lower 

threshold is due to impurities; however this is unlikely, since impurities in the MoS2 
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would result in n doping of the material that would cause the Fermi energy to be above 

the band edge, which is not seen. The measured values are plotted in Figure 2.3b. The 

gap was calculated by taking the difference between the CBM and VBM, a distribution of 

the measured values are seen in Figure 2.3c, and was found to be 2.15 ± 0.06 eV.  

Similar measurements were carried out for MoSe2 and WSe2; however, large 

lateral momentum in the tunneling process, resulting in a large tunneling decay constant, 

made certain critical points difficult to identify.  Therefore, additional measurements 

were needed to determine the band gap. A combination of the constant Z measurements 

(Figure 2.4a) with a variable Z technique and state-resolved tunneling decay constant 

measurements allowed the critical points to be identified. The variable Z measurements 

were done by allowing the tip to sample distance to adjust as the voltage was varied, in 

order to maintain a constant current. While these measurements were taking place, the 

differential conductivity (
𝑑𝐼

𝑑𝑉
)

𝐼
 was measured using a lock-in amplifier (Figure 2.4b). By 

plotting (
𝑑𝑍

𝑑𝑉
)

𝐼
 individual thresholds can be identified (Figure 2.4c). The decay constant 

was determined by taking the logarithmic derivative of the tunneling current with respect 

to Z, 𝜅 = −(1/2)[(𝜕𝑙𝑛𝐼)/𝜕𝑍] (Figure 2.4d).  
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Figure 2.4: Reprinted with permission from [14]. Copyright 2015 American Chemical 

Society. Tunneling spectroscopy of SL-MoSe2. (a) Logarithm of dI/dV, (b) 

(∂I/∂V)I, (c) (∂Z/∂V)I, and (d) decay constant κ. The left and right panels in 

(b−d) correspond to the valence and conduction bands, respectively. The 

states corresponding to key critical points in the BZ (Γ,K,Q, and M*) are 

aligned with the dashed orange lines and labeled on top of (a). The M* 

refers to the local lowest point between Γ and K, which is near the M-point. 

The set-point currents are 30 pA in (a), 10 pA in (b,c), and 4 pA in (d). (e) 

Simulations for the spectroscopy of the valence band. The panels from top 

to bottom are the schematic four parabolic bands, simulated d(ln 

I)/dV,(∂Z/∂V)I and κ, respectively. The simulations for MoSe2 on graphite 

are carried out with the following thresholds ΓV = −1.87 eV, K2 = −1.72 eV 

and KV = −1.49 eV  

Figure 2.4 shows the data collected for MoSe2. Looking at the tunneling decay 

constant and considering its definition, 𝜅 = ((2𝑚Φ𝑏 + 𝑘||
2)/ℏ2)

1/2

, it is clear that Γ is 

located at the minimum of κ and K near the maximum of κ. Numerical simulations were 
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carried out using a four band model that included two degenerate bands at Γ and two 

spin-orbit split bands at K (Figure 2.4e). The simulation was used to set criteria for the 

locations of the band thresholds.  Applying these criteria to the collected data, the quasi-

particle gap was found to be 2.15 ± 0.06 eV.  

 

 

Figure 2.5: Reprinted with permission from [14]. Copyright 2015 American Chemical 

Society. Tunneling spectroscopy of SL-WSe2. (a) Logarithm of dI/dV, (b) 

(∂I/∂V)I, (c) (∂Z/∂V)I, and (d) decay constant κ. The K states can only be 

detected in (b−d) and can hardly be seen in the regular dI/dV measurements 

as shown in (a). The sharp peak at the conduction band edge in the right 

panel of (b,c) is due to the near degeneration of K- and Q-points. With the κ 

measurements in the right panel of (d), we confirm the indirect gap of SL-

WSe2 experimentally. The set-point currents are 25 pA in (a), 12 pA in (b,c), 

and 4 pA in (d). 
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This analysis was also done for WSe2, as seen in Figure 2.5. In comparison to 

MoSe2, the features in the conduction band show some interesting differences; the most 

notable being the rise in κ going from a higher to lower bias (characteristic of being near 

K) followed by a sharp dip near the CBM. This dip indicates that the CBM is not located 

at the K point, but is instead at the Q point.  Thus, WSe2 has an indirect band gap. This 

gives a quasi-particle gap of 2.12 ± 0.06 eV from K to Q and 2.20 ± 0.10 eV for the direct 

gap from K to K. Note that these two gaps are nearly degenerate.  

2.2.2 Optical Spectroscopy 

PL spectra were taken to measure the exciton transition energy for the three 

TMDs. Since the TMDs were on HOPG, their PL was significantly reduced, by about 

two orders of magnitude, as compared to TMDs on Al2O3. Because of this, and the small 

size of the flakes, single flake measurements were not possible and ensemble 

measurements were taken. For MoS2 and MoSe2 there was an increase in PL when the 

temperature was lowered, which is attributed to less exciton-photon coupling resulting in 

a larger percentage of the excitons lying within the radiative cone[35]. This behavior was 

not seen in WSe2.  
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Figure 2.6: Reprinted with permission from [14, 23]. Copyright 2014 and 2015 

American Chemical Society. Photoluminescence measured on the same 

sample after the STM investigations for monolayer a) MoSe2 and WSe2, and 

b) MoS2. The sample’s temperature for MoS2 was varied from 79 to 299 K 

using an Oxford Instruments continuous flow cryostat and temperature 

controller. Only spectra at 79 K (in blue) and 299 K (in black) are displayed. 

The PL for MoSe2 and WSe2 was collected at 79 K. The samples were 

excited with 532 nm light in a glancing angle excitation geometry, and the 

PL was collected with an optical microscope. The PL was analyzed using an 

ARC Spectra Pro- 500i spectrometer and a liquid nitrogen cooled Si CCD 

detector. 

As I will discuss in Chapter 5, substrate interactions can have a huge influence on 

the PL of TMDs. These interactions can change the TMDs emission intensities and cause 

slight shifts in their emission wavelengths due to charge transfer between the TMD and 

the substrate. In the case of TMDs on graphite, even though the substrate reduced the 

intensity of the PL, the exciton transition energy for room temperature and low 

temperature (79K) measurements still agreed with previously reported values [5]. There 

is a slight asymmetry in the PL spectra. This is due to a small contribution to the PL from 

lower energy trion emission. At 79K we measured exciton transition energies of 1.93 eV, 

1.63 eV, and 1.71 eV for MoS2, MoSe2, and WSe2, respectively.  
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2.3 ANALYSIS OF RESULTS 

By combining PL and STS data we were able to get a more complete 

understanding of the electronic structure and excitonic states of the materials. The exciton 

binding energies were calculated by subtracting the exciton transition energy from the 

quasi-particle band gap. This resulted in binding energies of 0.22 eV or 0.42 eV for 

MoS2, depending on which conduction band threshold was used, and ~0.5 eV for MoSe2 

and WSe2.  These results confirm that monolayer TMDs possess significantly larger 

binding energies than their 3D counterparts which have binding energies on the order of 

0.05 eV [36]. In addition, by using a comprehensive STS approach, a detailed 

measurement of the electronic structure of these materials was done, revealing the 

indirect nature of the band gap of WSe2, a feature which will play a large role in how 

plasmonic structures modify the PL of WSe2, which will be discussed in Chapter 7.  
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Chapter 3:  Micro-Photoluminescence Mapping 

Photoluminescence (PL) mapping is a technique in which a sample is scanned 

over an area and PL spectra are collected at each step along the scan. PL mapping 

provides a more complete understanding of a sample because inhomogeneities within a 

crystal can readily be observed and correlations between the structure of a crystal and 

spectral features can more easily be found.  

3.1 MOTIVATION 

Transition metal dichalcogenides (TMDs), especially ones grown by chemical 

vapor deposition (CVD), have defects that alter the behavior of the excitons within the 

crystal[37]. This can cause significant inhomogeneity of the PL, as seen in Figure 3.1. 

When doing micro-PL studies, where an area of ~1 µm
2
 is being excited, it is therefore 

important to collect data in many areas due to variations in different parts of a single 

crystal. Having an automated microscope that can do PL mapping, then, is of great use in 

the study of these crystals.  

 

Figure 3.1: Widefield excitation PL image of CVD grown,WS2 flakes, demonstrating 

the inhomogeneity of the PL intensity in monolayer TMD crystals. The 

scale bar is 10 µm.  
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Figure 3.2: Cartoon of a TMD-plasmonic hybrid structure where a triangular TMD 

flake is decorated with a Ag nanorod, a Ag nanotriangle and a Ag nanowire, 

and a cartoon of a TMD lateral heterostructure with two different types of 

material.  

The need for PL mapping becomes even more apparent when the system is more 

complex, as is the case for TMD heterostructures or TMD plasmonic hybrid structures, as 

seen in Figure 3.1. Here, there is not only spatial variation of the sample due to the 

defects in the TMD crystal, but there is also variation due to the presence or absence of 

additional structures and boundaries between different regions of the crystal. For these 

reasons, developing the capability to do micro-PL mapping was crucial to our research.  

3.2 DESIGN 

In order to perform micro-PL mapping within our lab and at low temperature, we 

designed and built a micro-PL microscope that is compatible with our Montana 

Instruments Cryostation. There are several ways to do micro-PL mapping which can be 

separated into two categories; one where the sample moves beneath the lens and the other 

where the laser spot scans the sample, the latter can be done with either scanning mirrors 
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that alter the angle in which the light enters the microscope objective and therefore 

changes where it is focused onto the sample, or by moving the lens above the sample. In 

our design, we use a flexure stage to move the lens above the sample to scan an area. This 

method was chosen because it allowed for us to maintain all of the original capabilities of 

our low temperature micro-PL system, which is crucial for the wide range of projects this 

system is used for.  

 

Figure 3.3: Picture and drawings of the homebuilt scanning PL microscope. A mirror 

mounted to the optics table sends light parallel to the y-axis to a mirror 

mounted on the y-axis stage. The light is then sent along the x-axis to a 

mirror mounted on the flexure stage which itself is mounted on the x- and y-

axis stages. The light is then directed downwards through an objective that 

is mounted onto the z-axis stage.  

Our system is shown in Figure 3.3. There are three manual stages for the x, y and 

z direction. Mirrors are mounted on these stages such that, as these stages move, the 

beam path remains the same relative to the mirrors; i.e. the laser beam hits the optics in 
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the same location no matter what position the stage is in and only the distances between 

the optics are changed. This is important because if the beam path was not aligned in this 

manner, the light could enter then lens differently, or miss it entirely, when the stage is 

adjusted and therefore not be guaranteed to focus properly; additionally, since we are 

collecting the PL through the same optics used to excite the sample, misalignment may 

prevent the collected light from reaching the CCD for analysis.  

 

Figure 3.4: Schematic of the system. LabVIEW signals the flexure stage through an 

interface to move to a specified location and then signals the CCD to collect 

data. The CCD sends the data to the computer and the process is repeated.  

 For automated PL mapping, a Physik Instruments PZT flexure stage, with range 

of 100 µm in both the x and y direction, was mounted onto the manual stage. A 

LabVIEW program was created to send a DC voltage via a National Instruments myDAQ 

interface to move the flexure stage to the desired position and then sends a TTL signal to 

a liquid nitrogen cooled CCD to collect data. Once the spectrum is taken, the stage is 

moved to a new position and the process is repeated until the entire area is mapped. Since 

the distances moved by the flexure stage are small and the movement of the stage does 

not change the angle in which the light enters the objective, the beam path is not 
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disrupted, and the concerns mentioned about misalignment in the case of the manual 

stage are not relevant to the flexure stage movement. See Appendix B for a more detailed 

discussion of the design of the stage and how it functions.  

 

 

Figure 3.5: Front panel for the LabVIEW vi that controls the scanning PL microscope. 

The white boxes are inputs and the gray boxes are display.  

There are two control settings in the LabVIEW vi: scan over an area and set to a 

point. To scan over an area, the number of steps in the x and y direction need to be 

specified along with the size of each step. If desired, an x or y offset can be chosen for 

the scan. Additionally, the time for each step needs to be input. This time needs to be at 

least as large as the exposure time for each spectra plus the readout time (i.e. the total 
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amount of time the CCD needs to collect and record data). If data only needs to be 

collected from one point, the set a point control can be used. Here, the number of steps in 

the x and y direction that the stage needs to move are input, along with the step size. This 

is useful if, after a scan, a particular point of interest needs further investigation. See 

Appendix C for a copy of the LabVIEW vi used to control the stage. 

 

3.3 CAPABILITIES 

 

 

Figure 3.6: PL intensity maps of MoS2/WSe2 heterostructures with integrated 

wavelength ranges of a) 650 nm-670 nm and b) 720 nm-750 nm. The scale 

bar is 20 µm. The scan was taken using the 100X objective and taking 0.5 

µm steps to span a 100 µm by 100 µm area.  

We use a 20X and 100X Mitutoyo infinity corrected long working objectives that 

focus our CW 532nm light to a 1.5 µm and 0.5 µm diameter spot, respectively. The stage 

can scan up to 100 µm in the x and y direction with resolution limited by the excitation 

spot size. Since the stage is compatible with our Montana Cryostation, we are able to take 

measurements at temperatures ranging from 5K to 350K. A full PL spectrum is taken at 
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each location so MATLAB programs could be written to analyze the data as desired, 

most commonly by extracting and plotting intensity and peak wavelength information, as 

seen in Figure 3.7.  

 

 

Figure 3.7: PL intensity and wavelength maps of a WS2 flake. a) PL intensity map 

without background subtraction, integrating the PL intensity from 608 nm to 

628 nm. b) PL intensity map with background subtraction, integrating the 

PL intensity from 608 nm to 628 nm. c) PL intensity map where the 

intensity is determined by integrating a 4 nm wavelength range around the 

PL peak. d) PL wavelength map in units of nm. e) and f) are the same plots 

as (c) and (d) but with interpolation done of the data to smooth the image.   
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Background subtraction is an important issue when performing PL mapping. 

Since it often takes several hours to collect data for one map, the background may 

fluctuate, as seen in Figure 3.7a, in which case collecting one background spectrum to 

subtract from all spectra in the map will not work. To overcome this problem, spectra 

were collected in imaging mode. Our CCD is two dimensional allowing for the different 

wavelengths of light to be separated horizontally by the spectrometer grating, but at the 

same time maintaining spatial information in the vertical direction. Because of this, there 

are areas of the CCD that do not collect the PL signal, but still pick up background noise. 

Subtracting the signal collected from these areas of the CCD, we are able to effectively 

subtract out the background, as seen in Figure 3.7b. In the previous two maps we have 

determined the PL intensity for each location from integrating the PL spectrum over a set 

wavelength range. Since the peak PL emission for each area of the flake may vary, this 

would cause areas which have peak PL emission at the edges of the integration window 

to not have their intensity properly represented. We therefore created another MATLAB 

function that fit each spectra to a spline or Gaussian function (depending on the system 

studied), found the peak wavelength, and integrated over a set range around that 

wavelength, seen in Figure 3.7c. This fitting also allowed us to create PL wavelength 

maps, as seen in Figure 3.7d. Interpolation of the data can be done to smooth out the 

plots, as seen in Figure 2.7e-f.  The MATLAB functions used to analyze these data can 

be found in Appendix D.  
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Chapter 4:  Introduction To Plasmonics 

When light is incident upon an dielectric-conductor interface, if boundary 

conditions are met, the light can couple to the conduction electron oscillations on the 

surface of the metal forming what is called a surface plasmon polariton (SPP). These 

SPPs can tightly confine the electromagnetic field to areas smaller than the wavelength of 

light with the same frequency and can propagate along the interface. By concentrating the 

electric field into a small volume near a gain material, enhanced light-matter interactions 

can occur allowing for better absorption and emission of light. Utilizing plasmonic 

structures can greatly improve the optical properties of TMDs, increasing their potential 

as optoelectronic materials. The remainder of this dissertation will focus on the use of 

plasmonic structures to enhance TMDs’ PL; but before we get into a discussion on TMD-

plasmonic structure hybrids, I will first go over the different plasmon modes and how 

they are induced, with an emphasis on the properties of SPPs.  

4.1 SURFACE PLASMON POLARITONS 

The properties of SPPs can be derived from Maxwell’s equations. Consider a 

metal-dielectric planer interface and define the z direction to be normal to its surface.  An 

electromagnetic plane wave, which can be written as 𝑬(𝒓, 𝑡) = 𝑬𝟎𝑒𝑖(𝒌∙𝒓−𝜔𝑡), is incident 

upon this interface. When such a wave is propagating within an isotropic non-magnetic 

medium with a frequency-dependent permittivity given by 𝜖(𝜔), Gauss’s law (∇ ∙ 𝑫 = 0) 

gives, 

 𝜖(𝜔)𝒌 ∙ 𝑬 = 0 (4-1) 

which has the solutions 

 𝜖(𝜔) = 0 (4-2) 

 𝒌 ∙ 𝑬 = 0 (4-3) 
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The first solution gives rise to bulk plasmon modes which are collective oscillations of 

conduction electrons with respect to fixed positive ions. These modes are strictly 

longitudinal and therefore cannot couple to transversal electromagnetic fields. The 

second solution corresponds to photons propagating within the medium. The dispersion 

relation for these photons can be found by applying Maxwell’s curl equations to Eq. 4-3 

 𝑘2 =
𝜔2

𝑐2 𝜖(𝜔) (4-4) 

Polaritons are quasi-particles that comprise of photons coupled to fundamental 

excitations within a system. Photons described by Eq. 4-4 are considered bulk plasmon 

polaritons since they are coupled to the bulk plasmon modes of the medium in which they 

are propagating.  

So far, we have only considered bulk excitations, we will now address excitations 

at the metal-dielectric interface. Confining k to the x-z plane and using Eq. 4-3 separately 

for the case of photon propagation within the metal and within the dielectric we get  

 𝑘𝑥𝐸𝑥𝑚 + 𝑘𝑧𝑚𝐸𝑧𝑚 = 0 (4-5) 

 𝑘𝑥𝐸𝑥𝑑 + 𝑘𝑧𝑑𝐸𝑧𝑑 = 0 (4-6) 

Applying the continuity equations 𝐸𝑥𝑚 = 𝐸𝑥𝑑 and  𝐷𝑧𝑚 = 𝐷𝑧𝑑 we get 

 
𝑘𝑧𝑚

𝜖𝑚(𝜔)
= −

𝑘𝑧𝑑

𝜖𝑑(𝜔)
 (4-7) 

Substituting in Eq. 4-4 for 𝑘𝑧 and solving for 𝑘𝑥 we find 

 𝑘𝑥 =
𝜔

𝑐
√

𝜖𝑚(𝜔)𝜖𝑑(𝜔)

𝜖𝑚(𝜔)+𝜖𝑑(𝜔)
 (4-8) 

which is the dispersion relation for a SPP. Unlike in the bulk, there is only one surface 

mode, which means that all surface excitations will be hybrid photon-plasmon modes and 

no pure modes will be supported. In order for the SPP to be confined to the interface, 𝑘𝑧𝑚 

and 𝑘𝑧𝑑 must be imaginary, requiring 𝑘𝑥 > 𝑘, and must satisfy Eq 4-7 forcing 𝜖𝑚(𝜔) and 
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𝜖𝑑(𝜔) to have opposite signs. Whether this condition is met depends on the permittivity 

of the materials that make up the interface.  

 

 

Figure 4.1: SPPs at a metal-dielectric interface. a) SPPs at the interface between a metal 

and a dielectric are the combination of an electromagnetic wave and 

oscillating surface charges. They have an electric field that is normal to the 

interface and a transverse magnetic field. The surface plasmons wavevector 

is in the x direction (𝑘𝑥) and it has a magnitude that is dependent on the 

charge spacing; the larger the spacing, the smaller 𝑘𝑥. b) The electric field 

normal to the surface is enhanced near the surface and decays exponentially 

away from it with a skin depth of 𝛿𝑑 into the dielectric and 𝛿𝑚 into the 

metal.  

 Though 𝜖𝑑(𝜔) can be a complex number that varies with frequency, the 

properties of the metal play a much larger role in determining how well confined the SPP 

modes are at the interface and so we will focus on the behavior of 𝜖𝑚(𝜔). Using the 

Drude free electron model, the properties of an ideal metal can be described by an 

electron that is driven by a oscillating electric field and has the equation of motion 

 �̈�(𝑡) + 𝛾�̇�(𝑡) =
𝑒

𝑚
𝐸(𝑡) (4-9) 

where 𝐱(𝑡) is the displacement from equilibrium, 𝛾 is a dampening constant, e is the 

charge of an electron and m is the mass of an electron. From here, with a good deal of 

mathematics, 𝐱(𝜔) can be found 

 𝐱(𝜔) =
𝑒

𝑚
(

𝐸(𝜔)

𝜔2+𝑖𝛾𝜔
) (4-10) 
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Using the definition of the induced polarization and solving for the permittivity we find 

 𝜖𝑚(𝜔) = 1 −
𝜔𝑝

2

𝜔2+𝑖𝜔𝛾
 (4-11) 

where 𝜔𝑝 = √
𝑛𝑒2

𝑚𝜀0
 is the plasma frequency of the metal. Using Eq. 4-11 and 4-8, the 

dispersion curve for SPPs can be plotted, Figure 4.2. For an interface between a lossless 

metal (𝛾 = 0) and vacuum, the curve approaches an asymptotic limit of 
𝜔𝑝

√2
 as 𝑘𝑥 → ∞; 

for small 𝑘𝑥 the curve follows, but is slightly to the right of, the light line. There are two 

important characteristics of SPPs that can be seen in this curve. First, since the SPP 

dispersion curve never intersects the light line, an external electromagnetic field cannot 

directly couple to a SPP mode. This is good for preventing the SPP from leaking out as a 

free photon, but makes it necessary to add an additional structure to facilitate momentum 

matching between the SPP mode and the electromagnetic field. Second, since the SPP 

dispersion curve lies to the right of the light line, SPPs have shorter wavelengths than free 

photons, allowing for tighter confinement of light. As the frequency gets higher, the 

enhancement in confinement of the SPP compared to a free photon becomes more 

dramatic.  
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Figure 4.2: SPP dispersion curve. The 𝜔 = 𝑐𝑘𝑥 light line and the 
𝜔𝑝

√2
 asymptotic 

frequency limit is marked by dashed lines. When 𝑘𝑥 is small, 𝜔 ≈ 𝑐𝑘𝑥. As 

𝑘𝑥 gets large, 𝜔 approaches 
𝜔𝑝

√2
. 

 Plasmonic structures can take on many forms some, like the interface, support 

SPPs that propagate along the structure, others, such as metal nanoparticles, support 

localized surface plasmon polaritons (LSPPs). When a metallic structure is small 

compared to the wavelength of the incident light, the conduction electrons in the structure 

oscillate collectively, forcing the electrons to one side of the structure and leaving behind 

the positively charged stationary ions, as can be seen in Figure 4.3. The Coulomb 

interaction between the negatively and positively charged regions creates a restoring 

force, which leads to a natural oscillation. If the incident light is resonant with the natural 

frequency of the structure, the light couples to the oscillations of the electrons forming a 
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LSPP. Unlike with the SPPs, these LSPP modes can couple directly to the incident light 

because the geometry of the structure can facilitate momentum matching.  

 

Figure 4.3: Light incident upon two metal spheres inducing LSPPs. This shows an 

electromagnetic wave near two metal spheres. The electric field causes the 

electrons in the spheres to move to one side of the sphere, leaving behind 

positively charged ions.  

As mentioned earlier, these SPP modes confine the electromagnetic field to areas 

smaller than what can be achieved with photons. This creates regions with very strong 

electromagnetic fields that can better facilitate light-matter interactions. As a result, 

plasmonic structures can enhance light absorption of TMDs. In addition, since the 

plasmonic structure increases the local photonic density of states, the spontaneous 

emission rate of the TMDs is enhanced through the Purcell effect [38]. Since plasmonic 

structures can aid with both absorption and emission of light, they can be used to 

overcome the low quantum efficiency and weak absorption issues limiting TMDs 

performance as optoelectronic materials.  



 41 

4.2 WAVEVECTOR MATCHING AT A METAL-DIELECTRIC INTERFACE 

The following is a discussion of the conditions needed to for light to couple to 

different plasmon modes of a metal-dielectric interface that is based on work of Lakowisz 

[39]. We will start by considering an interface made of two different dielectric materials 

with index of refractions 𝑛1 = √𝜖1 and 𝑛2 = √𝜖2. An electromagnetic plane wave is 

incident upon the interface, 𝑬𝟏(𝒓, 𝑡) = 𝑬𝟎𝟏𝑒𝑖(𝒌𝟏∙𝒓𝟏−𝜔𝑡). The transmitted wave, 𝑬𝟐(𝒓, 𝑡) =

𝑬𝟎𝟐𝑒𝑖(𝒌𝟐∙𝒓𝟐−𝜔𝑡), will have the same frequency but a different wavevector as the incident 

wave. The complex amplitudes 𝑬𝟎𝟏 and 𝑬𝟎𝟐 will account for any phase shifts. These 

electric fields must be continuous across the interface requiring the condition 

 𝒌𝟏 ∙ 𝒓𝟏 = 𝒌𝟐 ∙ 𝒓𝟐 (4-12) 

to be met. Confining 𝒌𝟏 and 𝒌𝟐 to the x-z plane we get 

 𝑘1 sin 𝜃1 = 𝑘2𝑠𝑖𝑛𝜃2 (4-13) 

where θ is the angle of the incident plane wave with respect to the normal of the 

interface. Sine 𝑘1 = 𝑘0𝑛1 and 𝑘2 = 𝑘0𝑛2, where 𝑘0 is the magnitude of the wavevector 

in vacuum, Eq. 4-13 becomes the familiar Snell’s law (𝑛1 sin 𝜃1 = 𝑛2𝑠𝑖𝑛𝜃2). In Figure 

4.4 there is an interface that has 𝑛1 > 𝑛2 which, according to Snell’s law, requires that 

𝜃1 < 𝜃2. As 𝜃1 gets larger, so does 𝜃2 and since 𝜃2 is larger than 𝜃1 there will be a 

critical incident angle 𝜃1 = 𝜃𝑐 at which 𝜃2 becomes parallel with the interface. At this 

point 𝑘𝑥 = 𝑘2 and proceeding further would require the magnitude of the x component of 

the transmitted wavevector to exceed the total magnitude of the wavevector and, 

therefore, the plane wave cannot transmit through the interface resulting in total internal 

reflection.  
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Figure 4.4: A wave is incident on a dielectric-dielectric interface that has refractive 

indices 𝑛1 > 𝑛2 at angle 𝜃1. a) When 𝜃1 is less than the critical angle 𝜃𝑐 

then the wave can be transmitted across the interface at an angle 𝜃2.b) When 

𝜃1 is equal to 𝜃𝑐, the transmitted wave is parallel to the surface of the 

interface. c) When 𝜃1 is larger than 𝜃𝑐 light cannot be transmitted and there 

is total internal reflection. In all cases 𝑘𝑥 is conserved.  

 In the case of a metal-dielectric interface, the electromagnetic wave cannot 

propagate within the metal and only penetrates a short distance (the decay length). For 

this reason, our previous model of an incident and transmitted wave becomes difficult to 

visualize and a new way of looking at the system is required. Instead, we will now think 

about it purely in terms of the in plane wavevector 𝑘𝑥, which is still conserved. Plasmon 

modes can be induced by charges at a metal-dielectric interface. These modes have a 𝑘𝑥 

that is dependent on the charge separation, where a larger separation results in a smaller 

𝑘𝑥 value. If a plasmon mode has a 𝑘𝑥 that is smaller than the magnitude of the 

wavevector of a radiating wave in the dielectric with the same frequency (𝑘2), then the 

plasmon mode is radiative. If the plasmon mode has a 𝑘𝑥 that is larger than 𝑘2, the mode 

is confined to the metal-dielectric interface and is considered non-radiative.  
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Figure 4.5: Plasmon modes at a metal-dielectric interface can be either a) radiative or b) 

non-radiative depending on whether their in-plane wave vector 𝑘𝑥 can be 

conserved during the generation of a radiating wave. Charge separation at a 

metal-dielectric interface can induce a plasmon mode. The farther apart the 

charges are spaced, the smaller the 𝑘𝑥 of this plasmon mode and the likelier 

that radiation can occur. Here, 𝑘2 is the wavevector for a radiating wave in 

the dielectric material at the frequency of the plasmon mode.  In (a) 𝑘2 >
𝑘𝑥,  allowing for radiation; in (b)  𝑘2 < 𝑘𝑥, preventing radiation.  

 As mentioned before and now shown in the form of the radiating vs non-radiating 

plasmon modes, due to this 𝑘𝑥 matching requirement, light cannot induce the small 

charge separation on the metal film that is required to create SPPs on a metal-dielectric 

interface. There are, however, other ways to induce charge oscillations on the metal 

surface that can lead to the creation of SPPs. One method, which will be discussed in the 

next chapter, is by placing a dipole near the surface of the metal.  
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Chapter 5:  Spacer Thickness in TMD-Plasmonic Hybrids 

Recently, work has been devoted to the creation of TMD-plasmonic hybrid 

structures in an effort to enhance the PL of monolayer TMDs [40-48]. In order to 

maximize light emission, carful design of these hybrid structures is needed. Of the 

different design parameters to take into consideration when creating the ideal plasmonic 

structure, the distance between the plasmonic structure and the emitter is one of the most 

important.  In this chapter I will discuss the role spacer thickness plays in the 

performance of TMD-plasmonic hybrid structures.  

5.1 BACKGROUND 

The closer an emitter is placed to a plasmonic structure, the stronger the 

plasmonic coupling that can occur. For this reason, one may think that smaller distances 

between the emitter and the plasmonic structure result in larger PL enhancement. This, 

unfortunately, is not necessarily the case. As the emitter gets closer to the structure, the 

non-radiative relaxation rate of the excitons within the emitter can increase due to energy 

transfer to the structure, which can result in quenching of the PL. Because of this, a 

careful balance between the increase of the radiative and non-radiative relaxation rate 

needs to be found that optimizes emission.  

5.1.1 Radiative and Non-Radiative Relaxation 

The PL emission rate for an emitter can be written as  

 𝛾𝑃𝐿 = 𝛾𝑒𝑥𝑐𝑌 = 𝛾𝑒𝑥𝑐
𝛾𝑟

𝛾𝑟+𝛾𝑛𝑟
 (5-1) 

where 𝛾𝑒𝑥𝑐 is the excitation rate, 𝑌 is the quantum yield, 𝛾𝑟 is the radiative relaxation rate, 

and 𝛾𝑛𝑟 is the non-radiative relaxation rate. From Eq. 5-1, it is seen that the emission rate 

is proportional to the excitation rate and therefore understanding the enhancement of the 

PL due to excitation rate enhancement is straight forward. The relationship between the 
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radiative and non-radiative relaxation rates and the PL emission rate, however, is more 

complex. Figure 5.1 shows the quantum yield as a function of the ratio between the 

radiative and non-radiative relaxation rates. Ideally, the plasmonic structure will be 

designed so that this ratio is increased or, at a minimum, the enhancement of the 

excitation rate exceeds any losses accrued from a decrease in the quantum yield. As can 

be seen, there is a limit as to how much enhancement can be achieved by adjusting the 

balance of these rates and a greater amount of enhancement is possible for materials that 

start out with a lower quantum yield, such as TMDs.  

 

 

Figure 5.1: Quantum yield as a function of the ratio between the radiative and non-

radiative relaxation rates.   

Though TMDs have large oscillator strengths as shown by their relatively 

efficient absorption capabilities for their extreme thinness, with measured absorption for 

a monolayer reported at ~5-10% [49], their quantum yield is still quite low, reported for 
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untreated monolayer TMDs as ranging from 0.0001 to 0.06 [5, 50-52]. This means that 

there is a significant amount of non-radiative relaxation occurring for excitons within 

TMDs. By modifying the relaxation rates of the excitons within TMDs with the use of 

plasmonic structures, the quantum yield can be increased. 

5.1.2 Nonradiative Relaxation Channels in TMDs 

 The most prevalent non-radiative relaxation channels for TMDs are shown in 

Figure 5.2. Auger scattering is the process of transferring the energy of one carrier, to 

another. For defect assisted carrier Auger scattering, this is seen as a transfer of energy 

from the electron (hole) to the hole (electron) moving the electron (hole) to a lower 

energy defect or trap state and exciting the hole (electron) to a higher energy state. This 

excited hole (electron) then usually loses its excess energy through phonon scattering. 

Defect assisted two exciton (X-X) scattering works in a similar way, where one charge 

carrier moves to a defect state and excites another charge carrier, only this interaction 

occurs when two excitons are interacting. Finally, there is X-X Auger scattering where 

one exciton recombines non-radiatively, exciting another exciton.  
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Figure 5.2: Common non-radiative relaxation pathways for excitons in TMDs. Here the 

black circles represent electrons and the white circles represent holes. The 

black arrows symbolize transitioning to a different state. a) Defect assisted 

carrier Auger scattering occurs when an electron or a hole transition to a 

defect state exciting a hole or an electron. b) Defect assisted X-X Auger 

scattering is similar to (a) but two excitons are involved in the process. c) X-

X Auger scattering is where one exciton recombines, transferring its energy 

to another exciton.  

 Substrate interactions have a huge effect on the emission of monolayer TMDs. 

Significant differences in the intensity, spectral position, and shape of the emission in 

TMDs on different substrates have been reported [53, 54]. The variation in these 

characteristics on the different substrates is similar to those seen from chemical and 
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electrical doping [24, 55] suggesting that this behavior is caused by charge transfer 

between the TMDs and the substrate. The decrease in PL intensity due to charge transfer 

to the substrate has been attributed to defect assisted non-radiative recombination, as seen 

in Figure 5.2a-b [54], which is more prominent in TMDs that are more heavily doped. It 

is this defect assisted non-radiative recombination that is thought to be the primary cause 

of TMD’s low quantum yield [56]. Though suspending the TMD can improve its 

quantum yield, defect assisted non-radiative recombination is still prevalent and the 

quantum yield remains low [57].  

 In some cases substrate interactions can lead to complete quenching of the PL. 

This has been reported for MoS2 that is in direct contact with Au nanoflakes, where the 

MoS2 experiences p-doping and PL quenching [58]. This phenomena was attributed to 

the transfer of photoexcited electrons from the MoS2 to the Au nanoflakes preventing 

them from recombining radiatively, leaving behind excess holes. However another report 

has shown that WSe2 does not experience this kind of quenching when in direct contact 

with Au and, in fact, experiences PL enhancement [59]. Regardless, placing an insulating 

spacer between the metal and the TMD can reduce charge transfer and minimize 

quenching from this non-radiative relaxation mechanism [60].  

5.1.3 Plasmonic Coupling Between a Dipole and a Metal Surface 

The following is a discussion of the radiating plasmon model of plasmonic 

coupling between a dipole and a metal surface as proposed by Lakowisz [39] with 

calculations for dipole power dissipation used by Weber [61]. In this model, the metal 

surface acts as a plane of dipolar acceptors. By placing a dipole near this surface, energy 

can be transferred from the dipole to one of these dipolar acceptors. This energy transfer 

can induce plasmon modes that are either radiative or non-radiative. Coupling to the 
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radiative modes can enhance the luminescence of the dipole since the radiative relaxation 

rate of the plasmon mode is usually higher than that of the dipole. Coupling to the non-

radiative modes, however, can quench the luminescence.  

We will start by considering an oscillating dipole 𝝁 = 𝝁𝟎𝑒𝑥𝑝[−𝑖𝜔𝑡] where 𝜔 is 

its frequency of oscillation. The power dissipated by this dipole is given by  

 𝒫 = 𝜔/2𝐼𝑚[𝝁0
∗ ∙ 𝑬𝟎] (5-2) 

where 𝑬 = 𝑬𝟎𝑒𝑥𝑝[−𝑖𝜔𝑡] is the electric field around the dipole produced by the dipole. 

This dipole can be represented as a current source 

 𝑗(𝒓, 𝑡) = −𝑖𝜔𝝁𝛿[𝒓 − �̂�𝑑] (5-3) 

To find 𝑬𝟎 we introduce the Fourier expansion of the electric and magnetic fields, 

𝑬𝟎 = ∫ exp (𝑖𝒌 ∙ 𝒓)𝑬𝒌𝑑𝒌 and 𝑩𝟎 = ∫ exp (𝑖𝒌 ∙ 𝒓)𝑩𝒌 𝑑𝒌, then apply Maxwell’s curl 

equations to find 

 𝑬𝒌 =
−1

2𝜋2𝜀1
{𝝁 +

𝒌×(𝒌×𝝁)

𝑘2−𝑘1
2 } 𝑒𝑥𝑝(−𝑖𝑘𝑧𝑑) (5-4) 

where 휀1 is the dielectric constant for the medium surrounding the dipole and 𝑘1 =

휀1𝜔2/𝑐2 is the wavevector for frequency ω in this medium.  

So far we have only considered the dipole surrounded by an infinite medium; our 

goal is to model a dipole near the surface of a metal. In order to add the metal film into 

our calculation, we define 𝒌 = 𝒑 + 𝑘𝑧�̂� and designate our dipole to be located at 𝒓 = �̂�𝑑. 

Our electric field then becomes 

 𝑬𝟎(𝒓) =
−1

2𝜋2𝜀1
∫ 𝑒𝑥𝑝(𝑖𝒑 ∙ 𝝆) ∫ {𝝁 +

𝒌×(𝒌×𝝁)

𝑘2−𝑞1
2 }

∞

−∞
𝑒𝑥𝑝(−𝑖𝑘𝑧(𝑧 − 𝑑))𝑑𝑘𝑧𝑑𝒑 (5-5) 

 where 𝒓 = 𝝆 + 𝒛�̂�, 𝑞1 = (𝑘1
2 − 𝑝2)1/2 and 𝐼𝑚(𝑞1) ≥ 0.  

 According to the semiclassical theory of radiation the decay rate of the dipole is 

related to the dissipated power, defined in Eq. 5-2, by  

 𝛾 = 𝒫/ℏ𝜔 (5-6) 
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This decay rate describes a dipole that, when far from the metal, does not have any non-

radiative decay channels; however, in most real systems a non-radiative channel is 

available which we will add to Eq. 5-6. The decay rate then becomes 

 𝛾 = 𝛾𝑛𝑟 + 𝒫(𝑑)/ℏ𝜔 (5-7) 

The ratio of the decay rates in the absence (𝛾0) and presence (𝛾) of the metal surface is 

given by  

 
𝛾

𝛾0
=

𝜏0

𝜏
= 1 +

3𝑌𝑛1
2

2𝜇0𝑘1
3 𝐼𝑚(𝑬𝟎) (5-8) 

where 𝑛1 is the refractive index of the material surrounding the dipole. Eq. 5-8 can be 

used to calculate the relative decay rate for dipoles that are parallel or perpendicular to 

the metal surface. These expressions are  

 
𝛾∥

𝛾0
= 1 +

3

4

𝑌

𝑘1
3 𝐼𝑚[∫ [(𝑘1

2 − 𝑝2)𝑅∥ + 𝑘1
2𝑅⊥]𝑒𝑥𝑝[2𝑖(𝑘1

2 − 𝑝2)1/2𝑑]
𝑝

𝑖(𝑘1
2−𝑝2)

1/2 𝑑𝑝]
∞

0
(5-9) 

and 

 
𝛾⊥

𝛾0
= 1 +

3

2

𝑌

𝑘1
3 𝐼𝑚[∫ 𝑅∥𝑒𝑥𝑝[2𝑖(𝑘1

2 − 𝑝2)1/2𝑑]
𝑝3

𝑖(𝑘1
2−𝑝2)

1
2

𝑑𝑝
∞

0
] (5-10) 

where the reflection coefficients of the parallel 𝑅∥ and perpendicular 𝑅⊥ components of 

the field are given by  

 𝑅∥ =
𝜀1𝑞2−𝜀2𝑞1

𝜀1𝑞2+𝜀2𝑞1
 (5-11) 

and  

 𝑅⊥ =
𝑞1−𝑞2

𝑞1+𝑞2
 (5-12) 

where 휀1 is the dielectric constant of the medium surrounding the dipole, 휀2 is the 

dielectric constant of the metal and 𝑞2 = (
𝜀2

𝜀1
𝑘1

2 − 𝑝2)
1/2

. For this system the total decay 

rate of the dipole is given by  

 𝛾(𝑑) = 𝛾𝑛𝑟 + 𝛾⊥ + 2𝛾∥ (5-13) 

This model can be simplified to the far-field which reduces the variable 𝑝 to 𝑝 = 𝑘1𝑠𝑖𝑛𝜃 

where 𝜃 is the angle from the normal axis of the metal-dielectric interface. Looking back 
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at Eq. 5-9 and Eq. 5-10, one can see that when 0 < 𝑠𝑖𝑛𝜃 < 1 the integrals describe 

energy radiating away from the interface, whereas when 𝑠𝑖𝑛𝜃 > 1 the integrals describe a 

decaying evanescence field into the metal. In the special case of 𝑠𝑖𝑛𝜃 = 1,  the integrals 

describe coupling to surface plasmon modes. This shows that the metal film modifies the 

decay rate of the dipole, providing additional relaxation channels in the form of radiating 

and non-radiating plasmon modes and that this phenomenon is dependent on the distance 

between the dipole and the metal film.   

 Using a physically equivalent method that is able to separate out the radiative and 

non-radiative components of the relaxation rate, the lifetime and quantum yield for a 

dipole near a metal surface can be calculated [62]. Figure 5.3 shows these values as a 

function of distance between the dipole and the metal surface for dipoles oriented parallel 

and perpendicular to the interface. It can be seen that as the dipole gets closer to the 

surface, its lifetime decreases (therefore its relaxation rate increases) as it couples more 

strongly to the plasmon modes of the metal. In this example we only observe a decrease 

in the dipole’s quantum yield; this is because the dipole modeled here has an initial 

quantum yield of 1 which does not leave any room for enhancement. Also seen in the 

Figure 5.3 is how the different orientations of the dipoles affect their coupling to the 

plasmon modes in the metal surface. Specifically, how a dipole that is parallel to the 

metal surface, as it approaches the metal surface, can initially experience suppression, 

instead of enhancement, of its relaxation rate and needs to be much closer to the interface 

before seeing a change in its quantum yield as compared to a dipole that is oriented 

perpendicular to the metal surface.  
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Figure 5.3: Reprinted with permission from [62]. Copyright 1978 John Wiley and Sons. 

Apparent quantum yield 𝑞𝑎 and normalized lifetime 1/𝑏,  where b is the 

relaxation rate, versus distance �̂� (�̂� = 2𝜋𝑛1𝑑/𝜆1) from a silver mirror 

(𝑛2 = 0.06 + 𝑖4.11). Results are shown for electric dipoles oriented 

perpendicular to the interface and parallel to the interface. The quantum 

yield of the emitting state is taken to be unity here.  

 Coupling to the radiating plasmon mode can enhance emission of the dipole for 

emitters that have a low quantum yield. An increase in the quantum yield of the emitting 

dipole can be accomplished by rapid energy transfer to a radiative plasmon mode. If the 

rate of transfer is high enough, it occurs before non-radiative decay of the dipole can 

happen and the overall quantum yield of the system is increased [63]. The rate of energy 

transfer is given by 

 𝛾𝑇 = 𝛾0 (
𝑅0

𝑑
)

𝑢

 (5-14) 
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where u is 4 or 3 for a plane or filled half-space of acceptors, respectively and 𝑅0 is the 

Forster distance (which is the distance at which the energy transfer efficiency is at 50%).  

The efficiency of the energy transfer to the plasmon modes is given by  

 𝐸 =
𝛾𝑇

𝛾𝑟+𝛾𝑛𝑟+𝛾𝑇
 (5-15) 

The quantum yield of the dipole near the metal film is then  

 𝑌𝑡𝑜𝑡 = 𝐸𝑌𝑝𝑙𝑎𝑠𝑚𝑜𝑛 + (1 − 𝐸)𝑌𝑑𝑖𝑝𝑜𝑙𝑒 (5-16) 

As energy transfer becomes unity, the quantum yield of the dipole-metal film hybrid 

becomes that of the plasmon modes. If the initial dipole quantum yield was large 

compared to the quantum yield of the plasmon modes, the emission is quenched; if it was 

small, there is enhancement.  

The quantum yield of the plasmon modes changes with distance between the 

dipole and the metal surface. The closer the dipole is to the surface of the metal, the faster 

the energy transfer rate between it and the plasmon modes; however, being closer to the 

surface of the metal also makes it easier to couple to non-radiative plasmon modes, 

decreasing 𝑌𝑝𝑙𝑎𝑠𝑚𝑜𝑛. Having the dipole near the surface creates a more densely spaced 

induced surface charge which, as discussed in the previous chapter, creates plasmon 

modes with large in plane wavevectors which are unable to radiate. Figure 5.4 shows 

three dipoles near the surface of a film. Two of them have a dipole moment that is out of 

the plane of the film (Figure 5.4a and 5.4b). These two are at different distances from the 

film. It can be seen that the closer the dipole is to the film, the more densely packed the 

surface charge, leading to larger in plane wavevectors for induced plasmon modes. Figure 

5.4c shows a dipole that has a dipole moment that is in-plane with the film. Here, the 

charges are spaced farther apart in a way that does not efficiently couple to surface 

plasmon modes. It has been shown that the excitons in TMDs only have in-plane dipole 

moments [64] due to their 2D geometry which could lead to distance dependent behavior 
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that is different than previously studied emitter-metal film systems that do not have this 

2D constraint.  

 

 

Figure 5.4: Cartoon of three dipoles near a metal surface. Their electric field lines are 

shown by the black lines and the surface charge that is induced by the 

presence of the dipole is shown by the + and – signs. Two of the dipoles 

have a dipole moment that is out-of-plane of the metal surface with one that 

is a) farther from the surface and one that is b) closer to the surface. The 

third dipole has a dipole moment that is in-plane with the metal surface.  

It is important to find a distance that gains the benefits of increased energy 

transfer to radiating plasmon modes while minimizing loss from coupling to non-

radiating plasmon modes in order to maximize emission. Unfortunately, the optimal 

distance cannot be predicted apriori and must be established experimentally. So far, 

studies done on TMD−plasmonic hybrid structures have utilized spacer thicknesses of 5 

nm [65] or larger[66] which have proven to be optimal for emitters such as III−V 

semiconductor [67] or dye molecule [68-70]; however, it is unclear whether these 

thicknesses are ideal for TMD−plasmonic hybrid structures. 
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5.2 WS2-AG FILM HYBRIDS WITH VARIABLE SPACER THICKNESS 

To explore the role spacer thickness plays in the PL enhancement of TMD-

plasmonic hybrid structures, we deposited CVD grown monolayer WS2 flaks onto Ag 

films which were capped with Al2O3 spacer layers of varying thicknesses. This spacer 

separates the WS2 from the Ag film which limits charge transfer between the TMD and 

the Ag film, and reduces energy transfer to non-radiative plasmon modes.  

The WS2 flakes where grown on sapphire using CVD, shown in Figure 5.5a [71-

75].  They were then transferred onto other substrates using a poly(methyl methacrylate) 

(PMMA) wet-transfer method. Figure 5.5b shows an optical image of the WS2 flakes 

after being transferred to SiO2/Si substrates (consisting of 300 nm SiO2 film on Si) which 

results in a better color contrast image. The average edge length of a WS2 flake was about 

30~50 μm, but with optimal growth conditions, an edge size of up to 270 μm could be 

achieved. Atomic force microscope (AFM) scan confirms a monolayer thickness of ~6 Å 

for the WS2 flakes (Figure 5.5c). Figure 5.5d-e show the Raman spectra and intensity 

map of the in-plane vibrational (E2g
1 ) mode of a WS2 flake on sapphire. The brighter 

edges of the WS2 flakes in the Raman intensity map [47, 75, 76] indicate possible lattice 

strain or as-grown structural defects induced by thermal shrinking during the cooling 

process of growth [72, 75]. Figure 5.5f shows the PL spectrum of the WS2 on sapphire 

taken at 79 K. The asymmetry of the PL indicates both exciton and trion emission, which 

are displayed in the double Lorentzian fit of the spectrum [72, 77]. 
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Figure 5.5:  (a) Optical image of SL−WS2 flakes grown by CVD on sapphire. (b) 

Optical image of one SL−WS2 flake transferred to SiO2/Si substrate. (c) 

AFM image of one SL−WS2 flake on sapphire and height profile along the 

indicated white line. (d) E2g Raman mode intensity map and (e) 

corresponding Raman spectra measured for one SL−WS2 flake grown on 

sapphire. The in-plane vibrational (E2g) mode and out-of-plane vibrational 

(A1g) mode are indicated by dashed lines in (e). (f) PL spectrum of as-grown 

SL−WS2 on a sapphire substrate taken at 79 K. The two Lorentzian peaks 

can be assigned in the fitting to the neutral exciton (red, X
0
) and the lower 

energy charged exciton (blue, X
-
). 

We transferred the WS2 flakes from sapphire substrates to thermally deposited, 25 

nm thick Ag films capped by Al2O3 layers that were deposited using atomic layer 

deposition (ALD) and varied from 0 nm to 5 nm in thickness (Figure 5.6a). The PL 

spectra of a WS2 flake on a Ag film with 2 nm of Al2O3 is shown in Figure 5.6b 

compared to the as-grown WS2 on sapphire, displaying enhancement of over one order of 

magnitude. PL spectra were collected for each spacer thickness at temperatures ranging 

from 79 K to 300 K, as seen in Figure 5.6c. As the temperature is decreased, the PL 
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intensity of WS2 both on the Ag film and on the sapphire increases. Comparing the PL 

intensity on the Ag film to that on the sapphire, enhancement is seen with more 

enhancement occurring at lower temperatures and smaller Al2O3 spacers. In the case of 

no spacer, enhancement is still seen at low temperatures, but the PL intensity is decreased 

as compared to that on a Ag film with a thin Al2O3 spacer.  

 

 

Figure 5.6:  (a) Structural model illustrating a SL−WS2 flake transferred to Ag film 

capped by a thin layer of Al2O3 spacer. The thickness of Al2O3 spacer is 

controlled precisely from 1 nm to 5 nm. (b) Selected PL spectra of WS2 

transferred to an epitaxial Ag film (red solid, with spacer thickness ~1.5 nm 

(5ML oxidized Al)) and a polycrystalline film (green solid, with 2 nm 

spacer thickness) taken at 79 K. The PL spectrum of as-grown SL−WS2 on 

sapphire substrate plotted for comparison (blue dashed). (c) Temperature-

dependent PL intensity of WS2 flake transferred to poly-Ag films for 

different thicknesses of Al2O3 spacer. Every point is an averaged value with 

error bar from 5 measurements taken on 5 different flakes on each sample. 

5.3 ANALYSIS OF RESULTS 

Our results show that as we decreased the distance between the WS2 and the Ag 

film, the PL intensity increased; however, in the limit of no spacer, the PL enhancement 
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was minimal, yet the PL was not quenched. It is curious that the ideal spacer thickness is 

so thin compared to the ideal thickness for other emitters which are usually greater than 5 

nm. Another interesting observation is that having WS2 in direct contact with the Ag film 

did not result in quenching, as was the case with MoS2-Au nanoflake hybrid [58]. Other 

studies have shown that WSe2 also does not quench when in direct contact with metal 

[59] so this begs the question of why there is this difference between the tungsten and 

molybdenum based TMDs.  

Going back to our model of a dipole near a metal surface and replotting Figure 5.3 

for a parallel dipole with quantum yield of 0.001 (along with one that has a quantum 

yield of 1 for comparison), shown in Figure 5.7, we find that the theoretical enhancement 

of the quantum yield is not large enough to explain the observed PL enhancement. 

Additionally, the quantum yield is not enhanced at short separation distances, like those 

used in our study. It should be noted that these calculations are not a perfect model of the 

system and are just used to get some idea of what to expect. Nevertheless, this does show 

that the dramatic PL enhancement we observed is not the usual response of a dipole being 

in very close proximity to a metal-dielectric interface and suggests that there is another 

enhancement mechanism involved.  
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Figure 5.7: Ratio of quantum yields of a dipole near a Ag film-Al2O3 interface 𝑌 and its 

intrinsic quantum yield 𝑌0 versus distance �̂� (�̂� = 0.018𝑑 𝑛𝑚−1) from the 

Ag film. This is plotted for a dipole with a 𝑌0 of 1 and 0.001. Both dipoles 

are oriented parallel to the interface. 

 The physics behind this behavior is still under investigation; however we suspect 

that the 2D nature of the system, with smaller exciton radii, larger binding energies 

enabling the existence of tightly bound excitons and trions, and in plane confinement of 

the exciton dipole moment, may play a role.  If there were a way to extract light from the 

SPPs that are bound to the interface, the enhancement could be explained by greater 

coupling to SPP modes at small spacer thicknesses. A previous study of InGaN/GaN 

quantum well-metal film hybrids show that this can be achieved through SPP scattering 

from surface roughness of the metal film [78]. The work presented in the next chapter on 

the effect of metal quality, however, sheds some doubt on this explanation. Another 

factor to consider is the existence of low-lying dark exciton states. In Chapter 7 I will 

show that low-lying dark states can greatly influence the behavior of WSe2-plasmonic 

hybrid structures. Though WS2 does not have the same electronic structure as WSe2, it 
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still possesses low-lying dark states that may affect the performance of WS2-plasmonic 

hybrid structures. More investigation into these issues is needed.  
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Chapter 6:  Effects of Metal Quality on PL Enhancement 

In the previous chapter we discussed photoluminescence (PL) enhancement of 

monolayer transition metal dichalcogenides (TMDs) being placed in close proximity to a 

metal-dielectric interface. PL enhancement for those structures did not depend on the 

ability of the surface plasmon polaritons (SPPs) to travel long distance.  There are 

instances, however, where SPPs propagation length is important. In such cases, the SPPs 

re-excite excitons within the TMD, giving them another opportunity to recombine 

radiatively. In order for this to occur, propagation loss experienced by the SPPs need to 

be minimized. Such loss is dependent on the quality of the materials used to create the 

plasmonic platform, mostly resulting from the properties of the metallic component of the 

structure. In this chapter we will explore the effects of metal quality on PL enhancement 

of WS2-plasmonic hybrid structures that utilize the phenomenon of cyclic re-excitation.  

6.1 BACKGROUND 

The quality of the plasmonic structures utilized for PL enhancement can greatly 

affect the performance of the monolayer TMD-plasmonic hybrid structure since loss can 

occur from ohmic loss and SPP scattering due to surface roughness of the metal. 

Understanding the effects of these kinds of losses on the overall PL enhancement and 

finding ways to mitigate this loss is important for future device applications.  
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6.1.1 Roughness and Grain Boundaries 

 

Figure 6.1: SPP loss due to surface roughness. SPPs propagating along the surface of a 

metal can encounter an imperfection in the surface that causes it to scatter 

away as a photon.  

 SPPs that are formed at a metal-dielectric planar interface are unable to scatter 

from the surface as free photons without the assistance of some structure that will 

facilitate momentum matching between the SPP and photon states, as seen in Figure 6.1. 

If SPP confinement is important for the desired application of a given plasmonic 

structure, it is therefore important to reduce such scattering by using material that has 

minimal surface roughness and grain boundaries. This is best achieved by using single 

crystalline structures when creating the plasmonic platform.  

6.1.2 Ohmic Loss 

Since the SPPs are partially confined within the metallic structure, ohmic loss 

plays a role in the performance of a plasmonic platform. For the regime in which 

plasmonic applications are utilized, this loss mostly comes from electron scattering in the 

form of electron-electron, electron-phonon, and impurity/defect scattering, which is 

mathematically represented as the imaginary part of the permittivity (휀 = 휀1 + 𝑖휀2).  By 

using high quality metallic materials, the amount of loss due to impurity/defect scattering 

can be minimized, increasing overall device performance. 
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For TMD-metallic structure hybrids that experience PL enhancement due to the 

circulation of propagating SPPs within the structure, material quality becomes more 

important because the longer the SPP can exist within the waveguide, the more likely it is 

to re-excite an exciton. For this reason we explored the effect of Ag film quality on PL 

enhancement by comparing the performance of plasmonic structures created with 

atomically smooth, single crystal, epitaxial Ag film and polycrystalline thermal Ag film.  

6.2 THERMAL VS EPITAXIAL AG FILMS IN WS2-AG FILM HYBRIDS  

First we compare the PL enhancement of WS2 on an epitaxial Ag film to WS2 on 

a polycrystalline Ag film. Epitaxial Ag films grown by molecular beam epitaxy (MBE) 

have smaller intrinsic ohmic loss and longer SPP propagation lengths than polycrystalline 

films,[79] making them the superior platform for plasmonic applications. Comparing the 

surface roughness of an AlOx capped 25 nm thick expitaxial Ag film to a Al2O3 capped 

25 nm thick thermally deposited Ag film using AFM, as shown in Figure 6.2a-b, we find 

that the root mean square (RMS) roughness of the epitaxial film (~0.32 nm) is an order of 

magnitude smaller than the polycrystalline film (~3.4 nm). This superior smoothness 

reduces the amount of propagation loss caused by scattering. In addition, the imaginary 

optical constants (ε2) of the epitaxial Ag film near the exciton transition energy of WS2 is 

~2 times smaller than that of the JC values [80], as seen in Figure 6.2c, showing that 

ohmic loss is lower for the epitaxial Ag film than it is for thermally deposited Ag 

films.[80]  

Temperature-dependent PL spectra of WS2 on the thermal and epitaxial Ag films 

are shown in Figure 6.2d and 6.2e, respectively. The maximum PL intensity of WS2 was 

enhanced by a factor of ~16 for the epitaxial film and ~13 for the thermal film compared 

to the as-grown WS2 on sapphire at 79 K. When the temperature increased these 
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enhancement factors slightly decreased. Though the epitaxial film allowed for more 

enhancement over the thermal film, it was not a significantly more. This is not surprising 

since the enhancement occurred locally and so the improved properties of the epitaxial 

film to reduced SPP propagation loss were not beneficial and, if anything, could lead to a 

reduction in PL.  

 

 

Figure 6.2: AFM images of (a) single- and (b) polycrystalline Ag films. The thickness 

of both films is 25 nm. The RMS surface roughness of the single- and 

polycrystalline films are 0.32 and 3.4 nm, respectively. (c) Energy 

dependence of ε2 (blue) extracted from SE measurements on a 25 nm 

epitaxial, single-crystallline film capped with 5ML oxidized Al (AlOx), 

which is plotted against data taken by Johnson/Christy (JC).[80] (d) 

Temperature-dependent (79 to 300 K) PL spectra of a SL−WS2 transferred 

to the epitaxial (black solid) and polycrystalline (black dashed) Ag films 

with 2 nm Al2O3 spacer by ALD. The PL spectrum in each panel is plotted 

against data (blue dashed) taken from as-grown SL−WS2 on sapphire.  
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6.3 THERMAL VS EPITAXIAL AG FILMS IN AG NW-WS2-AG FILM HYBRIDS  

In order to fully capture the benefits of the epitaxial film, we created a WS2-

plasmonic hybrid structure that utilized propagating SPPs to cause cyclic re-excitation of 

excitons which will enhanced the PL.  Recent work studying MoS2−nanowire hybrids 

[48] demonstrated that such cyclic re-excitation can be achieved by exciton coupled SPPs 

propagating along a Ag nanowire, reflecting off its end, and returning to the location 

from which it was launched. Inspired by their work, we deposited Ag NWs onto our 

WS2-Ag film hybrids, forming NW−WS2−film hybrids so that we could see how lower 

SPP propagation losses, due to the superior quality of our epitaxial films, could enhance 

PL intensity in systems that experienced this kind of cyclic re-excitation. A schematic of 

cyclic re-excitation in this system can be seen in Figure 6.3.  

 

Figure 6.3: Cyclic re-excitation. Laser light is focused onto a region of the WS2 flake 

where a NW is crossing the edge of the flake. Excitons are excited, some 

recombined in a process that emits a SPP. The SPP propagates down the 

NW, reaches the end, and reflects back to the edge of the flake where it can 

re-excite the flake creating an exciton. When SPPs are reflected from the 

end of the NW some of them are lost due to scattering.  
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We chose a 2 nm Al2O3 spacer between the WS2 and the Ag film since our 

previous study proved this to be a sufficient thickness to prevent quenching and 

experience significant enhancement. Additionally, 2 nm of Al2O3 was deposited on top of 

the WS2 to separate it from the Ag NW. Ag NWs, purchased from ACS Material 

Corporation, with diameters of ~120 nm were spin coated onto the sample and then 

coated with ~150 nm of PMMA to protect the NWs from oxidation and sulfuration. An 

optical image of a NW-WS2-film hybrid is shown in Figure 6.4b with several positions 

marked where PL spectra were collected.  

We investigated two types of hybrid configurations: NWs that crossed the edge of 

the flake (location A, B, C and D) and a NW that fully overlapped with the flake 

(location E). These data were compared with a PL spectrum taken near the edge of the 

flake in an area that was devoid of NWs (location F), as shown in Figure 6.4c. The NW 

and film formed a waveguide in which the SPPs could propagate. When WS2 is excited at 

locations A-D, SPPs are created due to excitons coupling and propagate down the 

waveguide to the end of the wire, reflect, and return to the edge of the WS2 flake where 

re-excitation of the excitons can occur, enhancing the PL. The quality and length of the 

waveguide determines how much of the SPP returns and how much is lost due to 

scattering at the end of the wire, surface scattering, and ohmic loss during propagation. 

Locations A and B have a smaller portion of the NW protruding from the edge of the 

flake, consequently, they experience the greatest enhancement with PL intensities ~2.4 

and ~2 time larger than location F. Locations C and D only experience minimal 

enhancement since the SPPs have a longer way to travel before reflecting off the end of 

the NW and returning to the edge of the flake. The PL at location E is comparable to 

location F, indicating little or no re-excitation.  
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Figure 6.4: (a) Schematics illustrating a SL−WS2 flake sandwiched between a Ag film 

and a Ag NW (d = 100 nm). 5ML oxidized Al (AlOx) and 2 nm Al2O3 are 

inserted below and above the WS2 flake. (b) Optical image showing the 

locations where the PL was collected (dashed circles) indicated by a black 

arrows. The effective NW length (from flake edge to wire end) is about 3 

μm, 4 μm, 7 μm and 6 μm for location A, B, C and D, respectively. (c) PL 

spectra taken at different locations (A-E for on the NW and F for off of the 

NW). Dashed lines indicate the maximum values of the PL spectra taken at 

location A and F. The former value is about 2.4 times of the latter one. All 

spectra are taken at the same lasing power.  

Similar measurements were done for NW-WS2-film hybrid structures created with 

epitaxial Ag film and thermal Ag film to determine the effects of Ag film quality on PL 

enhancement. Figure 6.5 shows data that were collected at temperatures ranging from 79 

K to 300 K for both structures. WS2 flakes were chosen that had NWs with similar 

effective lengths. Optical images of the two structures are shown in the insets of Figure 

6.5a and 6.5b. For the epitaxial film, the enhancement factor is measured to be ~2.1 for 

all temperatures as compared to the PL from the edge of the flake (Figure 6.5a). In 

comparison, the additional enhancement factor for the polycrystalline film is ~1.3 (Figure 

6.5b). A slight redshift of the PL can be seen for WS2 on the Epi-Ag film compared to 

WS2 on the thermal Ag film. This redshift may be caused by differences in substrate 

interactions between WS2 and the two different spacers (Al2O3 and AlOx). Figure 6.5c 
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summarized the additional enhancement factor for both platforms as a function of 

temperature. The epitaxial film provides superior enhancement due to its lower surface 

roughness and fewer grain boundaries that minimize scattering, reducing the propagation 

loss of the SPPs. [79, 81]  

 

 

Figure 6.5:  (a) Temperature-dependent PL spectra of a NW−WS2−film hybrid 

structure (epitaxial) taken on the NW (black, on NW) and at edge of the 

flake (red, off NW). An optical image indicating the locations is shown on 

the right. (b) Temperature-dependent PL spectra of a NW−WS2−film hybrid 

structure (poly) taken on the NW (black, on NW) and taken at the edge of 

the flake (red, off NW). The NW length (from the flake’s edge to the wire’s 

end) is about 3 μm for both cases. (c) Enhancement factor as a function of 

temperature. (d) PL peak intensity of SL−WS2 as a function of excitation 

laser power for on the NW and off of the NW. 

For these measurements, the excitation light was focused to a ~1.5 µm diameter 

spot, which is significantly larger than the diameter of the NW. Because of this, the 

enhancement caused by the structure is likely larger than what was measured since we are 

comparing the PL on the edge that was collected from the entire excitation area, to that 
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collected from a much smaller enhanced area. In order to gain a better understanding of 

the magnitude of the enhancement, we did PL mapping of a NW-WS2-film hybrid 

(created on epitaxial film) using a laser spot that is focused to ~0.5 µm in diameter. 

Figure 6.6a shows an optical image of the structure and Figure 6.6b shows the PL 

intensity map integrated over the spectral range of 1.9-2.1 eV. The brightest emission is 

observed near the edge of the WS2 flake where a small length of NW is protruding. 

Figure 6.6c compares the PL spectra of three locations of the structure which are marked 

in Figure 6.6b. It can be seen that the PL intensity where the NW overlaps with the edge 

of the flake is ~2.7 and ~6 times brighter than the PL at the edge devoid of NWs and the 

center of the flake, respectively. The observed non-uniformity of the PL intensity in 

Figure 6.6b is attributed to defects in the WS2 flake. The PL wavelength map in Figure 

6.6d shows good uniformity of the emission wavelengths over the entirety of the flake.  
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Figure 6.6:  (a) An optical image showing a chosen NW−WS2−film hybrid. Yellow 

dashed lines indicate the outlines of the WS2 flake. (b) PL intensity map of 

the spectral range 1.9-2.1 eV taken at 79 K. (c) PL spectra of three different 

locations indicated in (b). Position A is at the edge of the hybrid. Position B 

and position C are at a non-overlapped flake edge and the interior area, 

respectively. (d) PL wavelength map showing the emission wavelength of 

the whole flake. 

6.4 ANALYSIS OF RESULTS 

Since we did not see much difference in enhancement between hybrids created 

with the two types of Ag film, one might come to the conclusion that the surface quality 

does not matter much when it comes to plasmonic structures that do not utilize cyclic re-

excitation. However, for WS2 hybrids created with the Epi-Ag film, there is a redshift in 

their PL spectra as compared to the thermal Ag film hybrids, suggesting that doping is 
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occurring [54]. This doping could be caused by substrate interactions with the AlOx and 

may be influencing their PL intensity, making it difficult to judge which hybrid 

experiences greater enhancement from plasmonic coupling. More work is needed to 

determine how much of the enhancement is due to doping and how much is due to 

plasmonic coupling.  

Nevertheless, for structures that do experience cyclic re-excitation, higher Ag film 

quality did facilitate additional enhancement with an enhancement factor of ~2 for the 

epitaxial film compared to ~1.5 for the polycrystalline film. These enhancement factors, 

however, do not take into account the discrepancy between the size of the NW and the 

size of the area being excited and micro-PL mapping reveals that the actual enhancement 

factor is larger.  
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Chapter 7:  WSe2-Plasmonic Hybrid Structures 

As discussed in previous chapters, plasmonic structures have been used to 

overcome monolayer TMD’s low quantum efficiency and weak absorption that impose a 

considerable obstacle to their integration into optoelectronic devices. While many studies 

have been done on for MoS2[42, 82-90] and WS2[91-94] plasmonic hybrid structures, 

little work has focused on WSe2[59], leaving a large gap in our understanding of TMD-

plasmonic hybrid structures. WSe2 has properties that differ from the other TMDs. At 

low temperatures, WSe2 experiences a decrease in its band edge exciton emission 

intensity whereas other TMDs experience an increase [95, 96] and has more prominent 

defect band emission, which has facilitated its use in the study of localized defects as 

quantum emitters [97-100]. While research has been done on the plasmonic enhancement 

of WSe2 PL [59], none has looked at WSe2-plasmonic hybrids at low temperatures, where 

the behavior of WSe2 diverges from the other TMDs. In this chapter I report work we 

have done studying WSe2-plasmonic hybrid structures at low temperature and our 

unexpected observation of defect band emission enhancement and quenching of the band 

edge exciton and trion emission in the same hybrid structure. We found that the 

significantly different results for the different types of exciton emission can be explained 

by the presence of a low lying dark exciton state that quenches the higher energy exciton 

emission.  

7.1 BACKGROUND 

The exciton dynamics of a system change with temperature. As the temperature 

decreases, a larger population of the excitons reside in the lowest energy states, causing 

the luminescence of the system to be more strongly influenced by theses states. When the 
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lowest energy states are defect bound exciton states or dark exciton states, the PL 

spectrum can change significantly with temperatures.   

7.1.1 Dark Exciton States 

In order for an optical transition to occur in a semiconductor, angular momentum, 

crystalline momentum, and energy must all be conserved. If a transition can conserve 

these properties with only the absorption or emission of a photon, it is considered to be a 

direct transition. Excitons that are able to recombine through a direct transition are 

considered to be optically bright. There are transitions that cannot conserve crystalline 

momentum through absorbing or emitting a photon alone and require phonon 

interactions; these are indirect transitions. Additionally, there are optically forbidden 

transitions that are unable to conserve angular momentum. Excitons that require an 

indirect or optically forbidden transition to recombined are considered to be optically 

dark excitons because radiative recombination is much less likely to occur for these 

excitons than for their bright counterparts. Figure 7.1 shows an example of a bright 

exciton state, an intervalley dark exciton state, and an intravalley dark exciton state in 

WSe2. For intervalley dark excitons, crystalline momentum is not conserved and for 

intravalley dark excitons, spin is not conserved.  
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Figure 7.1: Exciton states in WSe2. The red and blue bands represent spins of a similar 

type, in this example we will designate blue as up and red as down. The 

black dots represent electrons and the circles represent holes. The black 

dashed oval shows the K↑-K↑ bright exciton and the gray dashed ovals 

show the K↑-𝑄↑, K↑-K’↑, and K’↓-K’↑ dark states. There exists another 

bright state at K’↓-K’↓ and other dark states at K↑-K↓, K↑-K’↓, K’↓-𝑄↑, 

K’↓-K↑, K’↓-K↓,   which are not shown.  

 For WSe2 there exists both intervalley and intravalley dark exciton states that are 

lower in energy than the bright exciton state. These dark states comes from a conduction 

band minimum (CBM) that is either located at the Q-point instead of the K-point, as 

discussed in Chapter 2, or a CBM that has an antiparallel spin to the valence band 

maximum [101-104].  

7.1.2 Temperature Dependent Photoluminescence 

Phonons play a huge role in the recombination process of excitons within a 

semiconductor. They can impart energy and momentum to an exciton allowing it to 

change states. This can result in scattering within the same band, as seen in Figure 7.2a, 

or transitioning between bands, as seen in Figure 7.2b.  
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Figure 7.2: Phonon scattering within a TMD, showing both a) intraband and b) 

interband scattering.  The black dot represents an electron and the circle is a 

hole bound together forming an exciton shown by the grey dashed oval. The 

squiggly arrow is a phonon that is responsible for the intraband scattering 

away from the energy minimum where the electron and hole are at the 

bottom and top of the band, respectively. For (b) a energy diagram with a 

bright and dark exciton state is shown with upwards and downwards phonon 

scattering between the two states (𝛾𝑢𝑝 and 𝛾𝑑𝑜𝑤𝑛) and relaxation to the 

ground state (Γ𝐵 and Γ𝐷). 

 The phonon scattering within the same band can push the exciton outside of the 

light cone, within which crystalline momentum can be conserved during radiative 

recombination, effectively making them dark excitons. For this reason, emitters often 

experience an increase in PL emission at lower temperatures; since there are less phonons 

at low temperatures, more excitons tend to rest at the bottom of the band where they can 

recombined radiatively.  

The probability that an intraband or interband transition will occur depends on the 

population of phonons in the system which can be described by the phonon occupation 

number, 

 𝑛 =
1

𝑒Δ/𝑘𝐵𝑇−1
 (5-1)  
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where Δ is the energy of the phonon (which, for a transition to occur, needs to be equal to 

the energy between the states), 𝑘𝐵 is the Boltzmann constant, and T is the temperature. 

The scattering rate for a transition upwards or downwards in energy is given by  

 𝛾𝑢𝑝 = 𝛾0𝑛 (5-2) 

 𝛾𝑑𝑜𝑤𝑛 = 𝛾0(𝑛 + 1) (5-3) 

where 𝛾0 is the temperature independent scattering rate that is determined by the intrinsic 

scattering characteristics of the system. These scattering rates are temperature dependent 

where lower temperatures result in greater disparity between the upwards and downwards 

scattering, with the downwards scattering dominating. It is these scattering rates that are 

responsible for the population distribution of the excitons between the states in a system. 

When the phonon scattering rate between the two states is large compared to the 

relaxation rates of the states, the exciton population follows the Boltzmann distribution. 

 For systems that follow the Boltzmann distribution, at low temperatures the 

majority of the excitons occupy the lowest energy state. If the lowest energy state is a 

bright state, as is the case for molybdenum based TMDs [101, 103, 104], a decrease in 

temperature increases their PL due to the increase in exciton population of the bright 

state. If a dark state is the lowest energy state, like it is for tungsten based TMDs [101, 

103, 104], the situation becomes more complex since there is both a decrease in exciton 

population of the bright state due to interband scattering and an increase in the percentage 

of excitons within the band of the bright state that lie within the light cone. As we saw in 

Chapter 5, lower temperatures resulted in higher PL intensity for WS2 in spite of its low 

lying dark state. Additionally, there was enhancement of the bright exciton emission at all 

temperatures when coupled to Ag plasmonic structures. For WSe2, however, we see 

significantly different behavior, as will be discussed in this chapter, resulting from its 

low-lying K-Q dark state that is absent in WS2.  
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7.1.3 Defect Bound Excitons 

Defects within a semiconductor can create localized potential wells that are lower 

in energy than the band edge free exciton states. This creates defect bound exciton states 

within the band gap, as seen in Figure 7.3. Some of these defect states have been shown 

to behave as single quantum emitters, displaying extremely narrow emission linewidths 

and photon antibunching[97-100]. Such emitters have applications in quantum optics and 

quantum information science. 

 

 

Figure 7.3: Defect bound exciton state. Here is shown the two lowest conduction bands 

and the valence band maximum at the K point in a TMD. The dashed blue 

line represents a defect state that lies within the band gap. The black dot is 

an electron and the circle is a hole. The dashed oval represents the exciton 

formed by the electron and hole.  

For WSe2 these defect bound exciton states are prominent in its PL spectrum at 

low temperatures, where the thermal energy is less than the energy of the potential well, 

allowing for localized confinement of the excitons.  
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7.2 WSE2 ON SIO2/SI 

Before discussing WSe2-plasmonic hybrid structures, I will first show results 

from a simpler system. In order to explore the effects of increasing the non-radiative 

relaxation rate of the excitons in WSe2 at low temperatures (10 K), we transferred WSe2 

to a Si substrate that only has a native oxide layer (Si); this substrate has been shown to 

greatly reduce the PL of WSe2 due to defect assisted non-radiative recombination [54]. 

We also transferred WSe2 onto a Si substrate that had a 300 nm SiO2 layer and 1.5 nm 

Al2O3 layer (Al2O3). Figure 7.4a shows the PL spectrum for WSe2 on Si. It is seen that 

the increase in the non-radiative relaxation rate of the excitons in WSe2 has a larger effect 

on the exciton states that are above 1.696 ± 0.004 eV (731 ± 2 nm) than it does on lower 

energy exciton states. This is demonstrated by the quenching of the exciton emission 

above this energy, resulting in an overall redshift of the spectrum. The value for this 

energy cutoff was determined by measuring the PL spectrum of 10 different flakes, 

finding the point that is midway up the rise at the cutoff, and calculating the average of 

the measured values. The error comes from calculating the standard deviation; this value 

is low because the cutoff point was very uniform among the different flakes. The effect of 

enhancing the non-radiative recombination rate becomes even more apparent when a 

power dependent study is done. Figure 7.4a and 7.4b show the PL spectrum of WSe2 on 

Si and on Al2O3, respectively, for excitation with low and high power densities. When 

higher powers are used for WSe2 on Al2O3, saturation can be seen as a broadening of the 

defect band emission due to the filling of higher energy states. In contrast, the PL of 

WSe2 on Si does not show this broadening since the states above the cutoff are not able to 

be filled. Saturation is occurring in both cases, as can be seen in Figure 7.4c by the non-

linear dependence of the PL intensity vs excitation power, but for WSe2 on Si, faster 
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saturation is observed because there are fewer states available that can contribute to the 

PL.  

 

 

Figure 7.4: PL spectra of WSe2 on a) Si and b) Al2O3 excited with power densities of 

380 W/cm
2
 and 30 x 10

4
 W/cm

2
. The higher power density spectra are 

scaled and shifted up for easy comparison with the lower power spectra. 

These spectra shows the significantly different saturation behavior of WSe2 

on the two substrates, revealing a energy cutoff above which no exciton 

states can occupy when WSe2 is on Si. This cutoff is the result of a dark 

state that quenches higher energy states when it experiences an increase in 

its non-radiative relaxation rate. c) Peak PL intensity vs excitation power 

density for WSe2 on Si and Al2O3. Faster saturation is seen for WSe2 on Si 

due to having fewer states available that contribute to the PL. The peaks at 

805 nm are artifacts of the laser used to excite the WSe2. 

These measurements on Si shows that increasing the non-radiative relaxation rate 

of the excitons in WSe2 can cause significantly different behavior for emission above and 

below a certain energy value. In the case of WSe2 on Si, the increase was caused by 

defect assisted non-radiative recombination [54]. As we will see later for the plasmonic 

hybrid structures, the increase is caused by energy transfer due to plasmonic 

coupling[105]. Both cases result in preferential depletion of the exciton states lying above 

a certain threshold.  This behavior can be explained by the existence of a low-lying 
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optically dark state. It has been shown that a low-lying dark state depletes the population 

of higher energy exciton states when WSe2 goes from high temperature (Figure 7.5a) to 

low temperature (Figure 7.5b) [106]. Increasing the non-radiative relaxation rate of the 

dark state will then further deplete the bright state population (Figure 7.5c). 

 

Figure 7.5: Exciton population distribution between a bright state and a low lying dark 

state under different conditions. The black circles represent electrons, the 

white circles represent holes, and the dashed line represents a defect state. a) 

There exists a temperature dependent population distribution between the 

bright and dark state. b) At low temperature, the dark state depletes the 

bright state population. c) Increasing the non-radiative relaxation rate of the 

dark state further depletes the bright state population. The defect state does 

not experience this kind of population depletion since it is lower in energy 

than the dark state. 

As already mentioned, WSe2 has more than one dark exciton state that could be 

contributing to the quenching of the bright exciton emission. How effectively phonon 

scattering can facilitate a temperature dependent population distribution between the 

states is determined by the exciton scattering rate, which is different for each transition. 
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This scattering rate is much higher for transitions between the bright state and the K-Q 

dark state than it is for the other dark exciton states due to superior electron-phonon 

scattering [107]. Therefore, we believe that the K-Q dark state is the one that is 

responsible for the indirect quenching. The large scattering rate allows for a more 

Boltzmann-like distribution of the excitons at low temperatures [108] and makes the 

population of the bright state more susceptible to changes in the population of the K-Q 

intervalley dark state. Furthermore, WS2 does not possess the K-Q low-lying dark state 

(but does have the other dark states) and WS2 does not display this quenching behavior, 

suggesting that the K-Q dark state is indeed the one that is responsible. There are defect 

states that are lower in energy than the dark state. These states do not experience the 

same quenching that is seen with the bright state because the existence of the dark state 

does not have as large of an influence on their population.  

7.3 WSE2-AG NANOTRIANGLE ARRAY HYBRID STRUCTURE  

We created WSe2-plasmonic hybrid structures and preformed low temperature 

micro-PL measurements to study the effects of plasmonic coupling on WSe2 at low 

temperatures.  

7.3.1 Sample Fabrication 

We created Ag nanotriangle arrays using colloidal lithography [109, 110], as 

described in Figure 7.6, which provided us with three distinct regions to study: Ag 

nanotriangle arrays, SiO2/Si region, and Ag islands.  Atomic layer deposition (ALD) was 

then immediately used to deposit 1.5 nm of Al2O3 over the entire substrate to both act as 

a spacer between the WSe2 and the Ag, and to prevent oxidation of the Ag.  
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Figure 7.6: Ag nanotriangle array fabrication process.  A monolayer of 1 µm in 

diameter polystyrene spheres was deposited onto a Si substrate with 300 nm 

SiO2 layer. Thermal evaporation was used to deposit 40 nm of Ag. The 

spheres were then removed leaving behind an array of Ag nanotriangles 

where there was a compact monolayer of spheres, bare Si/SiO2 where there 

were multiple layers of spheres and Ag film (which will be referred to as 

islands) where there were no spheres.  

WSe2 flakes grown by chemical vapor deposition (CVD) were transferred to this 

structure using a wet transfer method. Due to the easily scalable nature of both CVD and 

colloidal lithography, this left us with many WSe2 flakes on all three areas that were 

described above, as shown in Figure 7.7a. An SEM image of the nanotriangle array can 

be seen in Figure 7.7b and a drawing of the sample that labels the three regions can be 

seen in Figure 7.7c. 
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Figure 7.7: a) Optical image of the sample showing islands of plain Ag film (tan 

regions) surrounded by the Ag nanotriangle array with a lighter region of 

Al2O3/SiO2/Si at the bottom. The inset shows a higher magnification optical 

image of the region where the Ag nanotriangle array and the Al2O3/SiO2/Si 

meet; the transferred WSe2 flakes can be seen. b) SEM image of the Ag 

nanotriangle array.  c) Cartoon of the sample labeling all three regions.  

The array covered a large area and was comprised of many Ag nanotriangles that 

had a plasmonic resonance that peaked at ~645 nm, as shown in Figure 7.8a by the 

differential reflectance spectrum and the calculated scattering cross section. The 

nanotriangles had strong, tightly confined plasmonic modes at their corners that greatly 

enhanced light-matter interaction, as seen in Figure 7.8b and 7.8c.  
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Figure 7.8: a) Differential reflection spectrum of the Ag nanoantenna array (blue line) 

and the calculated scattering cross section (green circles).  Simulated 

plasmonic modes of a single nanotriange for b) y and c) x electric field 

polarization showing strong tightly confined modes at the corners of the 

nanotriangle. For our array, the nanotriangles are spaced too far apart for 

ensemble plasmonic coupling, so the plasmonic resonance is predominately 

determined by the single nanotriangle.  Simulations were done using 

COMSOL to determine the plasmonic resonance of the Ag nanotriangles 

and to observe the electric field distribution of the plasmonic modes. The 

calculation for the magnitude of the electric field was done for a triangle 

with a 150 nm edge length and 45 nm thickness. The images were taken 5 

nm above the Ag/SiO2 interface for a 640 nm resonance. 

This structure allowed for apples to apples comparison of the behavior of WSe2 

on and off of a plasmonic structure since the WSe2 on all three regions of the sample was 

grown at the same time, transferred at the same time, and was in direct contact with the 

same 1.5 nm Al2O3 layer. 
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7.3.2 Optical Measurements 

The PL collected from WSe2 on the three different areas (SiO2/Si region, Ag 

island, Ag nanotriangle array) at low temperature (10 K) varied dramatically, with 

significant enhancement of the defect band emission and quenching of the exciton and 

trion emission on the Ag structures, as seen in Figure 7.9a. We found that when the WSe2 

was on the SiO2/Si region, the PL spectrum had noticeable exciton (~705 nm), trion 

(~715 nm) and defect band emission (720 nm – 800 nm); however the amount of 

emission from each state varied between different CVD growths and the trion was not 

always visible, which is likely due to differences in defect density and doping. On the Ag 

island, the exciton and trion emission was quenched and the defect band emission was 

enhanced by a factor of ~8. On the Ag nanotriangle array the defect band emission was 

further enhanced resulting in an enhancement factor of ~200. Since nanotriangles only 

occupy ~1/10 of the array region, we calculated this enhancement factor by normalizing 

to the size of a Ag nanotriangle. As was the case with WSe2 on Si with only a native 

oxide layer, quenching of the band edge exciton emission is the result of preferential 

depletion of the exciton populations above the low lying dark state. The defect states that 

were lower in energy than this dark state were able to experience the expected PL 

enhancement due to plasmonic coupling. The enhancement factor of the defect band 

emission on the plasmonic structure was dependent on the excitation power used to excite 

the WSe2, with greater enhancement at lower excitation power, as seen in Figure 7.9b. As 

was the case with WSe2 on Si with only a native oxide layer, the enhanced relaxation rate 

of the dark state due to plasmonic coupling causes faster saturation of the defect band 

emission for WSe2 on the plasmonic structure due to fewer states contributing to the PL. 

It is this saturation that limits the enhancement of the PL at higher excitation powers.  
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Figure 7.9: a) PL spectra for WSe2 on the Ag nanotriangle array, a Ag island and on the 

SiO2/Si region taken with an excitation power density of 3800 W/cm
2
. The 

inset shows zoom in spectra of the exciton emission. b) Defect band 

emission enhancement factor as a function of power density. The integrated 

defect band emission intensity (720nm – 800 nm) for WSe2 on the Ag 

nanotriangle array and on the Ag island was divided by the integrated PL 

intensity of WSe2 on the SiO2/Si region for excitation power densities 

ranging from 380 W/cm
2
 to 40000 W/cm

2
. The enhancement factor for 

WSe2 on the array is a factor of 10 larger than what is plotted. c) Power 

dependent PL spectra of WSe2 on a Ag island. The spectra are plotted with 

excitation powers densities ranging from 70 to 57000 W/cm
2
. The 57000 

W/cm
2
 spectrum is reduced by a factor of 3.5 for easy comparison with the 

lower power spectra. There is a dotted vertical line at 740.7 nm showing that 

the PL peaks do not shift with increasing excitation power, suggesting that 

hot electron doping and heating of the sample due to high power excitation 

is not occurring. The data in (c) were collected at 7 K and the data in (a and 

b) were collected at 10 K. These spectra were collected using a 1.5 µm in 

diameter excitation area. 
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Though indirect quenching through the dark state explains the differences in PL 

modification between the different exciton states, there are many other phenomena to 

consider when evaluating the behavior of TMD-plasmonic hybrid structures. Some of 

these phenomena may be occurring, but none of them explain the difference in emission 

observed. Plasmonic structures can enhance absorption and emission of light but 

variations in absorption or emission enhancement between the different exciton states 

cannot explain the observed phenomena. Since the WSe2 is being excited above band, 

any increase in absorption due to the plasmonic structures would enhance all exciton 

emissions, not just the defect band. Differences in the Purcell factor between the free and 

bound excitons are also not the cause since the resonance of the Ag nanoantenna array 

better overlaps with the exciton and trion emission. Plasmonic hot electron doping 

induced structural phase shift is also unlikely since a power dependent measurement, 

seen in Figure 7.9c, does not show the characteristic shift in peak PL wavelength that 

often accompanies such doping [111]. Since this effect is seen both on the Ag islands and 

the nanotriangle array, strain from being draped over the nanotriangles could not be the 

cause.  

Since the PL of monolayer TMDs can be spatially inhomogeneous [112], we did 

low temperature (7.5 K) micro-PL mapping of WSe2 flakes in all three regions (SiO2/Si, 

Ag island, and Ag nanotriangle array), revealing localized areas of dramatic PL 

enhancement where the modes of the plasmonic structure overlap with defects in the 

WSe2. When WSe2 was on Ag there was an enhancement of the defect band emission; 

however, not surprisingly, this enhancement could only occur in areas where defects 

already existed and, therefore, there are only a few localized areas where enhancement is 

observed.  Figure 7.10a shows a PL intensity map of the defect band emission 

(integrating the PL spectrum over 720nm – 780nm) of a WSe2 flake in the SiO2/Si region. 



 88 

It can be seen that defect emission is more intense at the edges of the flake. There are a 

few small Ag particles under parts of the flake which can be seen in Figure 7.10b, the 

largest of which creates a slight enhancement of the defect band emission in the top 

center part of the flake. Figure 7.10c shows a PL intensity map of the defect band 

emission of a WSe2 flake on the Ag nanotriangle array. Significant enhancement can be 

seen in areas where the defects in the flake overlap with the plasmonic mode of one of 

the nanotriangles, as shown by the order of magnitude increase in the intensity reported 

in the scale bar. As was the case with the flake on the SiO2/Si region, the defect band 

emission is more prominent at the edges of the flake. Figure 7.10d shows an overlay of 

the nanotriangle array that is beneath the flakes studied in Figure 7.10c to give an idea of 

the size and placement of the nanotriangles.  
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Figure 7.10: Ag nanostructure plasmonic enhancement of the defect band emission. a) PL 

intensity map of the defect band emission (720 nm – 780 nm) of a WSe2 

flake on the SiO2/Si region with a few Ag nanoparticles. b) SEM image of 

Ag nanoparticles that the flake in (a) is resting upon overlaid on the PL 

intensity map of (a).  The larges Ag nanoparticle causes a slight 

enhancement of the defect band emission near the top center of the flake. c) 

PL intensity map of the defect band emission of WSe2 flakes on the Ag 

nanotriangle array.  Significant localized enhancement can be seen 

compared to the flake on the SiO2/Si region. d) SEM image the nanoantenna 

array that the flake in (c) is resting upon overlaid on the PL intensity map of 

(c) demonstrating the size and location of the nanotriangles as compared to 

the flake. The scale bars are 5 µm. The excitation power density used was 

30000 W/cm
2
 and the spectra were collected at 7.5 K. 

Comparing the PL spectra for WSe2 on the Si/SiO2 region and WSe2 on the 

nanotriangle array, the enhancement of the defect band emission is easily seen (Figure 

7.11). There are sharp peaks in the PL spectrum for the flake on the array, these occur 

because there is only a small area experiencing enhancement from where the defects on 
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the flake and the modes of the nanotriangle overlap, resulting in less inhomogeneous 

linewidth broadening. 

 

 

Figure 7.11: PL spectra of WSe2 on the SiO2/Si region and the Ag nanotriangle array. 

The two spectra were taken from the areas marked by the dashed circle and 

white arrow in figures 7.10a and 7.10c. Significant enhancement of the 

defect band emission is seen along with quenching of the exciton and trion 

emission. The quenching is less noticeable than when WSe2 is on the Ag 

island due to having a smaller percentage of the excitation overlap with the 

Ag nanotriangle.  

7.4 ANALYSIS OF RESULTS 

Here we show that low-lying dark states can have a significant influence on the 

PL of WSe2 at low temperatures. When the non-radiative relaxation rate of the dark 

exciton state in WSe2 is increased, either due to defect assisted non-radiative relaxation or 

energy transfer due to plasmonic coupling, quenching of higher energy exciton states was 

observed. As a result, WSe2-plasmonic hybrid structures were unable to enhance the PL 

of the band edge exciton state but were free to enhance the PL from lower energy defect 

bound exciton states. This enhancement was significant, with enhancement factors of up 

to 200 for WSe2 on a Ag nanotriangle array. In addition, due to the limited overlap 
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between the plasmonic modes of a Ag nanotriangle and the location of defects in a WSe2 

flake, a smaller inhomogeneous linewidth was observed. This large, isolated 

enhancement of defect emission can be of use in future research into localized defects as 

quantum emitters.  
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Chapter 8:  Conclusion 

The work outlined in this dissertation focused on enhancing the PL of monolayer 

tungsten based TMDs through the creation of TMD-plasmonic hybrid structures. We 

explored how adjusting the distance between WS2 and a Ag film modified the PL and 

found that, unlike other emitters studied, WS2 experiences maximum enhancement at 

extremely short distances (~1 nm). By comparing the PL enhancement of WS2 on 

different quality Ag films we found minimal improvement for atomically smooth, 

epitaxial Ag film as compared to the much rougher thermal film for the simple WS2-Ag 

film hybrid structure. However, when Ag nanowires were deposited on top of these 

hybrids forming Ag NW- WS2-Ag film hybrid structures, cyclic re-excitation of the 

excitons could occur from propagating SPPs. For these hybrids the epitaxial film 

demonstrated superior performance. When we turned our focus to WSe2-Ag plasmonic 

hybrid structures we saw significantly different behavior. At low temperatures, we 

observed quenching of the band edge exciton emission and enhancement of the defect 

bound exciton emission when WSe2 was on Ag structures, with enhancement factors of 

up to 200 for WSe2-Ag nanotriangle array hybrid structures.  

The differences seen between WS2- and WSe2-plasmonic hybrid structures arise 

from differences in their electronic band structure. We demonstrated that, unlike the other 

commonly studied semiconductor TMDs, WSe2 has an indirect band gap. This leads to an 

additional low-lying K-Q dark exciton state. At low temperatures, this dark state depletes 

the population of higher energy exciton states, making them susceptible to quenching 

when the dark state’s relaxation rate is increased. Lower energy exciton states are not 

susceptible to this quenching and are able to experience enhancement due to coupling 

with the plasmonic structure.  
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For both TMD-plasmonic hybrid structures, enhancement was seen at extremely 

small spacer thicknesses, which was unexpected and, as of yet, unexplained. Due to the 

extreme 2D nature of monolayer TMDs, the physics behind PL enhancement in these 

hybrids are different than for other emitter-plasmonic structure hybrids studied in the 

past. It is important to understand this behavior in order to create optimal hybrid 

structures for optoelectronic applications. I encourage more work to be done on this 

spacer thickness dependent PL enhancement, particularly with a variety of TMDs, a 

larger spacer thickness rage, and with the collaboration of theorists to model the system. 

Additionally, I suggest that substrate interactions be carefully considered when creating 

plasmonic structures and measuring their emission enhancement; ideally this would be 

done with the TMD in direct contact with the same material for all measurements taken. 

Monolayer TMDs open up a new world of high efficiency, flexible, optoelectronics. In 

order to maximize their potential for device applications, well understood, carefully 

designed TMD-plasmonic hybrid structures are essential.  
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Appendix A: CVD Monolayer TMD Growth 

In this appendix I will go over the substrate preparation procedure, growth recipes 

and the transfer process used for the CVD grown monolayer TMD samples studied in my 

research.  

PREPARING THE SUBSTRATES 

Sapphire substrates were cleaned by submerging them in a piranha solution (3 

parts H2SO4 and 1 part H2O2) for at least 30 minutes. To do this, first the H2SO4 was 

poured into a clean beaker, then substrates were placed into the beaker face up, the 

beaker was then placed on a hot plate that was set to around 100 °C, lastly the H2O2 was 

added. The chemical mixture initially heats up when first combined which is why the 

beaker was placed on the hot plate beforehand, when it was easier to move.  

Once the substrates had been in the piranha solution for an adequate period of 

time, they were removed one at a time with a pair of tweezers. Since the piranha solution 

can damage the tweezers (even ones that are made for use with acid) which can result in 

dirtying of the substrates from flaking tweezer particles, the tweezers were dipped in DI 

water after each time they were submerged in the solution. Once removed, the substrates 

were rinsed with DI water, blow dried with N2 gas, and placed on the hot plate for further 

drying.  
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CVD GROWTH 

 

Figure A.1: Schematic of the CVD equipment and gas flow pathway.  The gas comes 

from the gas cylinders through the flow rate controls and is then sent to the 

quartz tube positioned in the furnace. It then leaves the tube and goes 

through the cold trap to remove hazardous chemicals. It then exits the 

system through the butterfly value and is pumped into the fume hood.  

A Thermo Scientific Lindberg Blue M furnace was used for the CVD growths. 

The growth procedures used for monolayer WS2 and WSe2 were as follows. The 

precursor material and substrates were placed in the quartz tube. The system was then 

pumped down to < 3 mTorr. The butterfly valve was closed and the pressure was 

monitored to check for leaks. If the pressure did not rise above ~25 mTorr after one 

minute, it was determined that there were no leaks and the growth procedure continued. 

The butterfly valve was opened and then Ar and H2 cylinders were opened. The 

regulators on the tanks were set to ~20 psi for the Ar gas and ~10 psi for the H2 gas. The 

valves were open to the flow rate controls and the controller was turned on with rates set 

for the specific growth recipe (which will be discussed later). The growth pressure was 

set with the pressure controller, the chilling water for the output valve on the quartz tube 

was turned on and the cold trap was filled with ice. The furnace and heating tape heated 
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the precursor materials and substrates according to the specific growth recipe. Once the 

growth was done the furnace was turned off and allowed to cool to room temperature. 

When the temperature reached 400 °C, the furnace was opened to allow for faster 

cooling.  

 

Figure A.2: Growth temperatures.  The furnace was set to this growth recipe. Ten 

minutes before the furnace reached the growth temperature of 950 °C, the 

heating tape was turned on to heat the chalcogen. Ten minutes after the 

furnace started cooling down the tape was turned off. 

 The growth recipes for WS2 and WSe2 are similar. The chalcogen was placed in a 

crucible within the quartz tube, just outside of the furnace. That section of the tube was 

wrapped in heat tape. This allowed the chalcogen to be heated to a different temperature 

than the WO3 powder and the substrates. A crucible with 300 mg of WO3 powder was 

then placed in the tube close to the center of the furnace. The sapphire substrates were 

positioned next to the WO3 filled crucible. Ar/H2 gas was allowed to flow through the 

tube with a flow rate of 50/5 sccm for WSe2 and 70/7 sccm for WS2, and the pressure 

inside the tube was set to 7 Torr for WSe2 and 5 Torr for WS2. The furnace was set to 

follow the temperatures listed in Figure A.2. When the furnace was 10 minutes away 
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from reaching the growth temperature, the heat tape for the chalcogen was turned on with 

the temperature set to 250 °C for Se and 150 °C for S. The furnace was manually turned 

off after it had been at the growth temperature (950 °C) for 10 minutes. The heat tape was 

turned off 10 minutes later.  

WET TRANSFER 

 

Figure A.3: Wet transfer procedure.  PMMA was spin coated onto the TMD sample. It 

was then submerged in HF to loosen the TMD from the sapphire substrate. 

Dunking the sample in DI water separates the TMD from the substrate, 

allowing it to float on the surface of the water where it can be fished out 

onto a new substrate. The PMMA can be washed off using acetone. 

 A wet transfer method was used to transfer the TMD flakes from the sapphire 

substrate, on which they were grown, to a new substrate. The sample was spin coated 

with PMMA twice. During the each spin coating process, the sample was spun at 500 

rpms for 5 s and then at 3000 rpms for 60 s. The sample was then baked for 40 minutes at 

90 °C to harden the PMMA. The edges of the sample were then ground with a file to 

create entry for the etching solution. Then it was submerged in HF that was kept at 70 °C 

for 40-60 minutes. The HF loosened the PMMA/TMD layer allowing it to be separated 

from the sapphire by dunking it into DI water. The sample needed to enter the DI water at 

the correct angle (~45° to the surface of the water) to free the PMMA/TMD layer and 
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cause it to float on top of the water. The PMMA/TMD was then fished out of the water 

with a new substrate and baked at 80 °C to gently dry the sample for 10 minutes and then 

at 100 °C for an additional 20 minutes. The PMMA was removed by soaking the sample 

in acetone.  
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Appendix B: Micro-PL Stage Design 

Here I will discuss the design of the micro-PL stage that I built. The component of 

the stage that moves during a scan is the flexure stage, seen in Figure B.1. The stage is 

named after the flexure hinges that connect the moving stage to the fixed frame. The 

stage works by applying a DC voltage to the piezo actuator, causing the piezo to expand 

or contract and therefore move the stage. The micro-PL stage has a flexure stage for the x 

and y direction and has a hole in the center where the z-axis and microscope objective is 

located. The LabVIEW program written to control the stage works by telling the interface 

between the computer and the stage to send the appropriate DC voltage to the stage in 

order to move it to the desired location.  

 

 

Figure B.1: 1D Flexure stage. The moving stage is connected to a fixed frame by four 

flexure joints. The piezo moves the stage and the sensor determines how far 

the stage moved.  

 Micro-PL mapping is done by taking many spectra over a set scanning area. To 

start the scan the laser spot is positioned in the top left corner of the desired scan area 

using the manual stage, as shown in Figure B.2. Then, the desired number of x and y 
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steps are entered into the LabVIEW vi along with the step size and the time per step. The 

entered time per step needs to be larger than the exposure time plus the readout time for 

each spectrum in order for LabVIEW and WinSpec to be in sync. In WinSpec, the 

number of frames in the experimental setup section is set to the number of steps that are 

going to be taken during the scan, the exposure time is set as desired, and the timing is set 

to External Sync with Edge Trigger set to + edge. Once all of the settings are input, the 

scan can be started by selecting Acquire in WinSpec and then starting the LabVIEW vi. 

When the scan is complete the stage will stay in the final position until the stop button is 

pressed. 

 

Figure B.2: Scan area. The scan starts in the top left corner of the scanning area and 

scans in the x and y direction as marked.  
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Appendix C: LabVIEW VI for PL Mapping 

The following is the LabVIEW vi used to control the microscope stage for PL 

mapping. 
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Appendix D: MATLAB Functions for Data Analysis 

The following is a collection of the most used MATLAB functions created for PL 

mapping data analysis.  

The data from the PL maps were collected in WinSpec in the form of spe files. 

When doing PL mapping, a lot of data is collected and it is not practical to convert the 

data to something like a txt file, therefore it is important to have a method to import the 

data from these spe files directly into MATLAB. The functions I used to import the data 

into MATLAB were part of the SPE Toolbox which, at the time when this dissertation 

was written, could be found here: https://sourceforge.net/projects/spetoolbox/  

I collected data in imaging mode in WinSpec to allow for background subtraction 

to be done individually for each spectrum. Because of this, when the data were imported 

the PL intensity needed to be integrated in the y direction over a given range (ymin to 

ymax) and a y value needed to be chosen to be used for background subtraction, this 

should be in an area of the CCD that does not directly collect PL. The following function 

does this: 
 

function [x,M]= getSPEdata_int_backsub(ymin, ymax, yback) 
[fileName, pathName, filterIndex] = 

uigetfile({'*.*';'*.xls';'*.txt';'*.csv'}, 'Select file(s)', 

'MultiSelect', 'on'); 
name = fullfile(pathName, fileName); 
[vardata,structdecl] = speread_vardata('spe_full_2.5'); 
header = speread_header(name,vardata,structdecl); 
for frame = 1:header.NumFrames 
    Mhold(:, :) = speread_frame(header,frame); 
    m = size(Mhold); 
    for j = 1:m(1,2) 
       M2(j) = 0; 
       for k = ymin:ymax 
           if yback == 0 
               M2(j) = M2(j) + Mhold(k, j); 
           else 
                M2(j) = M2(j) + Mhold(k, j)-Mhold(yback, j); 
           end 
       end 

https://sourceforge.net/projects/spetoolbox/
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    end 
    M(frame,:) = M2; 
end 
polycof = header.xcalibration.polynom_coeff; 
for i = 1:header.xDimDet 
    x(i)=0; 
    n = size(polycof); 
    for j = 1:n(1,2) 
    x(i) = x(i)+polycof(j)*i^(j-1); 
    end 
end 
end 

In order to plot a PL intensity map of a given size (xsteps by ysteps) for intensity 

integrated over a set wavelength range (xmin to xmax) the following function was used. 

Note: interpolation can be done by adding the comments to the code: 

 
function [p] = PL_map4(xmin, xmax, ymin, ymax, xstep, ystep, yback) 
[x, M] = SPErange_int_backsub(xmin, xmax, ymin, ymax, yback); 
n = size(M); 
for m = 1:n(1,1) 
    peakEnergy(m)=0;  
    for k = 1:n(1,2) 
        peakEnergy(m) = peakEnergy(m)+ M(m, k); 
    end 
end 
for k = 1:ystep 
    for l = 1:xstep 
        M3(l,k) = peakEnergy((k-1)*(xstep)+l); 
    end 
end 

 
%M4 = interp2(M3, 5, 'cubic'); 
p = pcolor(flipud(M3)); 
colormap(gray(1000)); 
%shading interp 
set(p,'edgecolor','none') 
end 

Where the function that imports the data into this function is: 

 
function [x2, M2] = SPErange_int_backsub(xmin, xmax, ymin, ymax, yback) 
[x,M] = getSPEdata_int_backsub(ymin, ymax, yback); 
n = size(M); 
j = 1; 
for i = 1:n(1,2) 
    if x(i)>xmin && x(i)<xmax 
        M2(:,j) = M(:,i); 
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        x2(j) = x(i); 
        j=j+1; 
    end 
end 
end 

 

For spline fitting that allows for more fancy data analysis and wavelength mapping this 

function was used. It fits each spectrum with a spline function and find the peak 

wavelength. There is code to find multiple peaks and do more analysis than what is often 

needed; so not all of the code was used for every map and sections of code were modified 

or commented out as needed.   

 
function [] = PL_map_spline_peakrange_xsection_f2(xmin, xmax, ymin, 

ymax, xstep, ystep, xscale, yscale, knots, intrange, thr, yback, 

peakmin, peakmax, xt, yt, interpval) 
% xmin and xmax are the minimum and maximum wavelength values. ymin and 
% ymax is the y range you want to integrate over. xscale and yscale are 
% the step sizes used when collecting data. knots is the number of 

knots 
% you want in your spline fit. intrange is the range before and after 

the 
% peak wavelength you want to integrate over, this is in units of nm, 

Note: 
% if you choose a range that exceeds xmin or xmax the integration will 

stop 
% at xmin and xmax. thr is multiplied to the maximum intensity to 

determine 
% what minimum intensity you want to be included in the map.  

  
% import data, x is the wavelength values and M is a (num spectra)x(num 

wavelengths) matrix that contains the data  
[x, M] = SPErange_int_backsub(xmin, xmax, ymin, ymax, yback); 

  
% determines the size of the M and x matrix 
n = size(M); 
m = size(x); 

  
% smooths and fits to a specific number of spline 
sp = spap2(knots, 4, x, M); 
spvalz = fnval(sp,x); 

  
% finds the derivative for the spline fit 
dir = fnval( fnder(sp), x ); 

  
% locates the zeros 
% loops through each spectra 
for i = 1:n(1,1) 
    % index represents the index in the x matrix where the zero is 

located 
    index = 1; 
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    % numzeros is the number of zeros in the spectra. I have this in 

case 
    % there are multiple minima or maxima 
    numzeros = 0; 
    % loops through each data point in the i spectra 
    zeros = []; 
    for k = 2:(m(1,2)-1) 
        % checks if it qualifies as a zero 
        if abs(dir(i,k)) < abs(dir(i, k+1)) && abs(dir(i,k)) < 

abs(dir(i, k-1))  
            % if it is a zero we set index to this value and add 1 to 

our 
            % zero count. We also add this to the zeros list. There is 

some 
            % redundancy here that I might fix.  
            numzeros = numzeros + 1; 
            zeros(numzeros) = k; 
        end 
    end 
    if numzeros == 1 
        % if there is exactly one value we set zer to the wavelength 
        % corresponding to that value. Where zer is a matrix which 

contains 
        % the data for the wavelength map 
        if peakmin < x(zeros(1)) && peakmax > x(zeros(1)) 
            zer(i) = x(zeros(1)); 
        else 
            zer(i) = x(1); 
        end 
        zer2(i) = x(1); 

       
    else 
        % if there is more than one zero, we find the one that 

corresponds 
        % to the largest intensity and add the corresponding wavelength 

to 
        % zer 
        if numzeros > 1 
            %this filters out redundancies 
            index = 1; 
            t = 1; 
            czeros = []; 
            I = []; 
            vals = []; 
            while t < numzeros + 1 
                count = 1; 
                for s = t+1:numzeros 
                    if x(zeros(s)) - x(zeros(t)) < 5 
                        count = count + 1; 
                        if spvalz(i, zeros(t)) < spvalz(i, zeros(s)) 
                            zeros(t) = zeros(s); 
                        end 
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                    end 
                end 
                czeros(index) = zeros(t); 
                t = t+count; 
                index = index + 1; 
            end    

             
            [z, b] = size(czeros); 
            %sorts the corrected zeros 
            maxval = []; 
            for c = 1:b 
                maxval(c) = spvalz(i, czeros(c)); 
            end 
            [vals, I] = sort(maxval, 'descend'); 

             
            %defines the zeros 
            if peakmin < x(czeros(I(1))) && peakmax > x(czeros(I(1))) 
                zer(i) = x(czeros(I(1))); 
                if b < 2 || vals(2) < 0.3*vals(1)  
                    zer2(i) = x(1); 
                else 
                    zer2(i) = x(czeros(I(2))); 
                end 
            else 
                zer(i) = x(1); 
                zer2(i) = x(1); 
            end 
        % if there are no zeros, set zer to the minimum wavelength 

value 
        else 
            zer(i) = x(1); 
            zer2(i) = x(1); 
        end 
    end 
    zeromatrix(i) = numzeros; 
end 

  
% integrates intensity 
% initialize these values so we can record what the maximum and minimum 

PL 
% intensities are 
PLmax = 0; 
PLmin = sum(M(1,:)); 
PLmax2 = 0; 
PLmin2 = sum(M(1,:)); 
% loop through all the spectra 
for h = 1:n(1,1) 
    % choose a wavelength range that is given by the function input 
    % intrange 
    if peakmin < zer(h) && peakmax > zer(h) 
        index2 = (x > zer(h)-intrange) & (x < zer(h) + intrange); 
        index3 = (x > zer2(h)-intrange) & (x < zer2(h) + intrange); 
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        M1 = M(h,:).*index2; 
        N1 = M(h,:).*index3; 
        %integrate the intensity 
        intensity(h) = sum(M1); 
        intensity2(h) = sum(N1); 
        % find the maximum and minimum PL intensity values 
        if intensity(h) > PLmax 
            PLmax = intensity(h); 
        end 
        if intensity(h) < PLmin; 
            PLmin = intensity(h); 
        end  
        % find the maximum and minimum PL intensity values for the 

second peak 
        if intensity2(h) > PLmax2 
            PLmax2 = intensity2(h); 
        end 
        if intensity2(h) < PLmin2; 
            PLmin2 = intensity2(h); 
        end  
    else 
        intensity(h) = 0; 
        intensity2(h) = 0; 
    end 
end 

  
%create a full range intensity map and finds maximum intensity. This is 
%used for threshold purposes to exclude unnecessary data points.  
FPLmax = 0; 
FPLmin = intensity(1); 
maxindex = 1; 
maxindex2 = 1; 
minindex = 1; 
minindex2 = 1; 
% loop through spectra 
for h = 1:n(1,1) 
    % integrate each spectra over the full wavelength range chosen by 

the 
    % function inputs xmin and xmax 
    if peakmin < zer(h) && peakmax > zer(h) 
        M1 = M(h,:); 
        fullintensity(h) = sum(M1); 
        % find the maximum and minimum intensity values 
        if fullintensity(h) > FPLmax 
            FPLmax = fullintensity(h); 
            maxindex = h; 
            maxindex2 = h; 
        end 
        if intensity(h) < PLmin 
            FPLmin = intensity(h); 
        end 
    else 
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        fullintensity(h) = 0; 
    end 
end 

  
%removes data points that do not have an intensity 
%larger than a specified fraction of the spectrum with the maximum 
%intensity 
minPLintensity = PLmax; 
minPLintensity2 = PLmax; 
minWave = xmax; 
minWave2 = xmax; 
maxWave = xmin; 
maxWave2 = xmin; 
% loops through spectra 
for j = 1:n(1, 1) 
    % determines if the intensity of the spectra is larger than the 

maximum 
    % intensity times the thr value 
    if fullintensity(j) < FPLmax*thr 
        % if it isn't, set intensity to zero and zer to the minimum 
        % wavelength 
        intensity(j) = 0; 
        intensity2(j) = 0; 
        zer(j) = x(1); 
        zer2(j) = x(1); 
    else 
        % if it is, determine if the value is the minimum value to meet 

this 
        % requirement and if so, record. This will be used for 

automatic 
        % color scaling.  
        if minPLintensity > intensity(j) 
            minPLintensity = intensity(j); 
            minindex = j;    
        end 
        if minWave > zer(j) && zer(j) ~= x(1) 
            minWave = zer(j); 
        end 
        if maxWave < zer(j) 
            maxWave = zer(j); 
        end 
        %do the same for the second peak 
        if minPLintensity2 > intensity2(j) 
            minPLintensity2 = intensity2(j); 
            minindex2 = j;    
        end 
        if minWave2 > zer2(j) && zer2(j) ~= x(1) 
            minWave2 = zer2(j); 
        end 
        if maxWave2 < zer2(j) 
            maxWave2 = zer2(j); 
        end 
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    end 
end 

  
% make the Matrix appropriate dimensions, before this it is a 1x(how 

ever 
% many spectra) and we want it to be a (xsteps)x(ysteps) matrix 
for k = 1:ystep 
    for l = 1:xstep 
        Mintensity(l,k) = intensity((l-1)*(ystep)+k); 
        Mzer(l,k) = zer((l-1)*(ystep)+k); 
        Mfullintensity(l,k) = fullintensity((l-1)*(ystep)+k); 

         
        Mintensity2(l,k) = intensity2((l-1)*(ystep)+k); 
        Mzer2(l,k) = zer2((l-1)*(ystep)+k); 
    end 
end 

  
% set x and y axis values 
for i = 1:xstep 
    for j = 1:ystep 
        x1(i,j) = (i-1)*xscale; 
        y1(i,j) = (j-1)*yscale; 
    end 
end 

  
% If you want to change any of these values, here is your chance.  
minWave; 
maxWave; 
minPLintensity; 
PLmax-PLmin; 

  
minWave2; 
maxWave2; 
minPLintensity2; 
PLmax2-PLmin2; 

  
Mintensity = interp2(Mintensity, interpval, 'cubic'); 
Mzer = interp2(Mzer, interpval, 'cubic'); 
x1 = interp2(x1, interpval, 'cubic'); 
y1 = interp2(y1, interpval, 'cubic'); 

  
% plot figures 
% create the figure 
fig = figure; 
set(fig, 'Position', [200, 50, 650, 650]); 
%create the Intensity Map 
sig(1) = subplot(3, 2, 1); 
%this still needs to be flipped left right 
p1 = pcolor((x1), (y1), fliplr(Mintensity)); 
% chose the color 
colormap(jet); 
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%shading interp 
% map title 
title('PL Intensity Map'); 
% make it so that each data point does not have a black box around it 
set(p1, 'edgecolor','none'); 
%label the x and y axis 
xlabel('micrometers'); 
ylabel('micrometers'); 
pos1 = get(sig(1), 'Position'); 
% create the colorbar 
s = colorbar; 
% set the width of the colorbar 
caxis([minPLintensity, PLmax-PLmin]); 
% call these two functions because MATLAB is dumb and will change this 

plot when you set the values for the next plot if you don't 
cbfreeze 
freezeColors 
hold on; 
plot([xt, xt], [0, ystep*yscale],'--', 'Color','k','LineWidth',1); 
hold on; 
plot([0, xstep*xscale], [yt, yt],'-.', 'Color','k','LineWidth',1); 

  
% see previous subplot for details 
sig(2) = subplot(3, 2, 2); 
p2 = pcolor((x1), (y1), fliplr(Mzer)); 
colormap(jet); 
shading interp 
title('PL Wavelength Map'); 
set(p2, 'edgecolor','none') 
xlabel('micrometers'); 
ylabel('micrometers'); 
pos2 = get(sig(2), 'Position'); 
pos2(1) = pos2(1) + 0.05; 
pos2(2) = pos1(2); 
pos2(3) = pos1(3); 
pos2(4) = pos1(4); 
set(sig(2), 'Position', pos2); 
t = colorbar; 
caxis([minWave, maxWave]); 
cbfreeze 
freezeColors 

  
T = fliplr(flipud(Mintensity')); 

  
sig(3) = subplot(3, 2, 3); 
p3 = plot(fliplr(T(yt, :)), '-.', 'Color','k','LineWidth',1); 
title('Horizontal Cross Section'); 
xlabel('micrometers'); 
ylabel('PL intensity'); 

  
sig(4) = subplot(3, 2, 4); 
p4 = plot(T(:, xstep-xt), '--', 'Color','k','LineWidth',1); 
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title('Vertical Cross Section'); 
xlabel('micrometers'); 
ylabel('PL intensity'); 

  
spm = fnval(sp,x); 
maxx = fnval(sp, zer(maxindex)); 
minn = fnval(sp, zer(minindex)); 
maxx2 = fnval(sp, zer2(maxindex)); 
minn2 = fnval(sp, zer2(minindex)); 

  
pos3 = get(sig(3), 'Position'); 
pos3(2) = pos3(2) - 0.025; 
set(sig(3), 'Position', pos3); 

  
pos4 = get(sig(4), 'Position'); 
pos4(1) = pos4(1) + 0.05; 
pos4(2) = pos4(2) - 0.025; 
set(sig(4), 'Position', pos4); 

  
sig(5) = subplot(3,2,5); 
p5 = plot(x, M(maxindex,:), x, spm(maxindex,:), zer(maxindex), 

maxx(maxindex)); 
set(p5(3), 'Marker', '+'); 
set(p5(1), 'linewidth', 3); 
set(p5(2), 'linewidth', 2); 
set(p5(3), 'linewidth', 4); 
uistack(p5(1), 'top'); 
uistack(p5(2), 'top'); 
uistack(p5(3), 'top'); 
title('Maximum Intensity'); 
xlabel('wavelength (nm)'); 
ylabel('Intensity'); 

  
sig(6) = subplot(3,2,6); 
p6 = plot(x, M(minindex,:), x, spm(minindex,:), zer(minindex), 

minn(minindex)); 
set(p6(3), 'Marker', '+'); 
set(p6(1), 'linewidth', 3); 
set(p6(2), 'linewidth', 2); 
set(p6(3), 'linewidth', 4); 
uistack(p6(1), 'top'); 
uistack(p6(2), 'top'); 
uistack(p6(3), 'top'); 
title('Minimum Intensity'); 
xlabel('wavelength (nm)'); 
ylabel('Intensity'); 

  
pos5 = get(sig(5), 'Position'); 
pos5(2) = pos5(2) - 0.05; 
set(sig(5), 'Position', pos5); 
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pos6 = get(sig(6), 'Position'); 
pos6(1) = pos6(1) + 0.05; 
pos6(2) = pos6(2) - 0.05; 
set(sig(6), 'Position', pos6); 

  

             
end 
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