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ABSTRACT 

 As a typical two dimensional (2D) materials system, transition metal 

dichalcogenides (TMDCs) such as tungsten diselenide (WSe2) and 

molybdenum disulfide (MoS2) have been demonstrated to be potentially useful 

building blocks for optoelectronic integrated circuits. However, being 

atomically thin limits light-matter interaction, resulting in low light-to-light or 

light-to-electron conversion efficiency. Hence, enhancing their light emission 

or photoelectron extraction efficiency are critical for integrating these materials 

in devices. 

 The first part of this thesis focuses on enhancing the linear light 

absorption and emission of WSe2 by placement on sub-20-nm-wide gold 

trenches. We report a giant photoluminescence (PL) with an enhancement factor 

of 20,000 from monolayer WSe2 over the trenches, due to enhanced absorption 

and Purcell factor by lateral gap plasmons confined in the trenches. This work 

paves a way towards plasmon-enhanced nonlinear optical properties, 

photodetectors and sensors of TMDCs.   

 The second part reports enhanced second harmonic generation (SHG) at 

400 nm from monolayer WSe2 over the trenches, owing to the intensification of 

local fields at the excitation wavelength induced by gap plasmons in the 

trenches. Furthermore, the trenches aligned in a single direction allows for 

dynamic tuning of the SHG amplitude from WSe2 by selective excitation of the 

gap plasmon. This work demonstrates a practical approach for optimizing the 

nonlinear optical properties of TMDCs, which can be utilized to configure a 

tunable nonlinear light emitter.  



x 
 

 Chapter 5 investigates the hot-carrier relaxation and extraction 

mechanisms in MoS2, revealing the photo-electron conversion processes. We 

report a slower hot-carrier cooling for C-excitons in MoS2 owing to favorable 

band alignment and transient excited-state Coulomb environment and 

demonstrate a high hot-carrier extraction efficiency (80%) in MoS2 

monolayer/graphene heterostructures. This work provides experimental and 

theoretical physics insights for the photo-electron conversion process in 

TMDCs.  
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Chapter 1 Introduction and literature review 

Two-dimensional (2D) materials have impressive electrical, optical, 

thermal and mechanical properties originating from the atomically-thin nature 

thus attracting tremendous interest since the discovery of graphene. Among 

them, 2D semiconducting transition metal dichalcogenides (TMDCs) such as 

tungsten diselenide (WSe2) and molybdenum disulfide (MoS2) have been 

extensively studied owing to their relatively strong interaction with light in the 

visible spectral range as compared with graphene1. The light-matter interaction 

in 2D TMDCs gives rise to intriguing optical and optoelectronic properties that 

can be utilized in ultrathin light-emitting devices or photodetectors2. However, 

in absolute terms, the light-matter interaction is still weak, resulting in low light-

to-light or light-to-electron conversion efficiency3. Fortunately, an integration 

of photonic nanostructures or other 2D materials provides a possible solution to 

this problem4. Hence, a comprehensive understanding of the physics of light-

matter interactions and developing approaches to enhance light emission or 

photoelectron extraction efficiency are critical for applications in photonic or 

optoelectronic devices.  

This chapter first provides a background on 2D TMDCs and a brief 

review of the physics of light-matter interactions, with elaboration on 

absorption, photoluminescence (PL), second harmonic generation (SHG) and 

photocarriers. Methods of improving optical properties by integration of 

photonic nanostructures or other 2D materials as well as a review of previous 

work are also discussed. At the end of the chapter, the objective and scope of 

the thesis are highlighted. 
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1.1 Background of 2D TMDCs 

When TMDCs are one monolayer thick, their unique crystal symmetry 

and electronic band structure give rise to novel optical and optoelectronic 

properties that are absent in their bulk counterparts. In this section, we present 

the crystal and electronic band structure of 2D TMDCs, and their related 

physical properties.    

1.1.1 Crystal structure 

Monolayer TMDCs with MX2 stoichiometry, where M is defined as a 

transition metal element (M= Mo, W, etc.) and X is defined as a chalcogen (X 

= S, Se, etc.), are composed of a layer of M atoms sandwiched by two layers of 

X atoms, as shown in Fig. 1.1a5. The monolayer is only several Ångströms thick 

resulting in quantum confinement in the out-of-plane direction. The quantum 

confinement leads to novel optical and electronic properties that are tunable by 

electric field, doping, strain and environment effects. Furthermore, the 

flexibility and lack of surface dangling bonds enable the 2D materials to be 

integrated with photonic structures or stacked with other 2D materials with 

different lattice constants. The stacking of monolayers forms the bulk crystal 

with polytypes of 2H, 3R or 1T that vary in stacking order and metal atom 

coordination, as shown in Fig. 1.1b. The phase determines the electronic and 

optical properties of TMDCs. For instance, the 2H-phase TMDCs are generally 

semiconducting, while 1T-phase TMDCs are generally metallic. The 2H 

monolayer phase has broken in-plane inversion symmetry, allowing second-

harmonic emission, while SHG does not exist in the 1T phase with inversion 

center.  In this thesis, we used the commonly available 2H-structure TMDCs, 
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since they are direct-bandgap semiconductors and have no inversion symmetry 

in the monolayer.  

 

Figure 1.1 | Structure of TMDC materials5. (a) Three-dimensional schematic 
representation of a typical MX2 structure, with the chalcogen atoms (X) in 
yellow and the metal atoms (M) in grey. (b) Schematics of the structural 
polytypes: 2H (hexagonal symmetry, two layers per repeat unit, trigonal 
prismatic coordination), 3R (rhombohedral symmetry, three layers per repeat 
unit, trigonal prismatic coordination) and 1T (tetragonal symmetry, one layer 
per repeat unit, octahedral coordination). The lattice constants a are in the range 
3.1 to 3.7 Å for different materials. The stacking index c indicates the number 
of layers in each stacking order, and the interlayer spacing is ~ 6.5 Å. Figures 
reproduced with permission from: (a-b), ref. 5, © 2012 Nature Publishing Group. 
 
1.1.2 Electronic band structure 

The applications of TMDCs in optical and optoelectronic devices rely 

on their electronic properties, such as band structure and density of states. 

TMDCs have sizable bandgaps that change from indirect in bulk to direct in 

monolayers, allowing applications such as light-emitters, transistors, 

photodetectors and electroluminescent devices. The bulk TMDCs such as WSe2 

and MoS2 are indirect-bandgap semiconductors with conduction-band 

minimum at the Q point and valence-band maximum at the Γ point in reciprocal 

space (Fig. 1.2a-b). In the monolayer, they cross over to become direct-bandgap 

semiconductors with gaps located at the K and the degenerate K’ points (Fig. 

1.2c-d)6. All MX2 compounds undergo a similar transition from indirect to 

direct bandgap with decreasing layer numbers, covering the bandgap energy 
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range of 1.1–1.9 eV. The discovery of direct bandgaps in TMDCs opens up the 

possibility of developing light-emitting devices and photodetectors.  

 
 

Figure 1.2 | Electronic band structure of TMDCs6. Top panel shows calculated 
band structure of bulk WSe2 (a) and bulk MoS2 (b). Bottom panel show band 
structure of monolayer WSe2 (c) and monolayer MoS2 (d). The arrows indicate 
the lowest energy transitions. Figures reproduced with permission from: (a-d), 
ref. 6, © 2012, EDP Sciences, SIF, Springer-Verlag Berlin Heidelberg. 
 
1.2 Light-matter interactions in 2D TMDCs 

 

Figure 1.3 | Effects resulting from light-matter interactions in 2D TMDCs. 
Light-matter interactions lead to PL, SHG, photocarriers, thermal effects and so 
on.   
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 The unique crystal symmetry and electronic band structure introduced 

above bring in novel optical and optoelectronic properties. These properties 

arise from light-mater interaction in TMDCs, i.e., when light is absorbed by 2D 

TMDCs, it undergoes light-to-light, light-to-electron and light-to-heat 

conversion processes, resulting in PL, Raman, SHG, photocarriers, thermal 

effects and so on (Fig. 1.3). This section will present physics process involved 

in light absorption, PL, Raman, SHG and photocarriers. 

 Monolayer TMDCs have absorption coefficients of more than 5 × 107 

m–1 in the visible range after normalization to the corresponding atomic 

thickness, which is an order of magnitude larger than the absorption coefficients 

of GaAs and Si7. The enhanced light-matter interactions arises from the 

phenomenon of ‘band nesting’ in TMDCs which leads to enhanced photon 

absorption, according to A. H. Castro Neto’s DFT calculations8. As shown in 

the band structure of a TMDC (left panel of Fig. 1.4), band nesting refers to 

regions with conduction band and valence band parallel to each other. When the 

materials absorb a photon, the generated electrons and holes propagate with the 

same velocities but in opposite directions. As shown in the right panel of Fig. 

1.4, these regions have van Hove singularities (VHS), leading to high electronic 

density of states, i.e., the number of electrons per volume participating in the 

absorption process at a given energy is high. 
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Figure 1.4 | Band structures and DOS of a TMDCs8. The arrows indicate the 
transitions corresponding to the first prominent peaks in the optical conductivity. 
Figure reproduced with permission from: ref. 8, ©2013 American Physical 
Society.  
 

In the light absorption process, the band-to-exciton mechanism, i.e., 

electrons in the valence band absorb sufficient energy to be excited to the 

conduction band, and the electrons and holes they leave behind remain 

electrically ‘bound’ together by binding energy, plays an important role in the 

absorption spectra of TMDCs. The binding energy accounts for the difference 

between electronic band gap and optical band gap. As shown in Fig. 1.5a9, the 

optical absorption spectra of monolayer TMDCs is dominated by direct 

transitions of electrons from the valence to conduction band near the K and K’ 

points. Monolayer WSe2 (MoS2) can absorb nearly 10% of incident light at the 

exciton resonance wavelength 750 nm (650 nm) and even more strongly at 

shorter wavelengths where there are band nesting regions. Other TMDCs have 

similar spectral trends except that the resonances lie in different spectral regions.  
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Figure 1.5 | Optical response of 2D TMDCs. (a) Absorption (gray lines) and PL 
(color lines) spectra of single-layer semiconducting transition metal 
dichalcogenide crystals (MoS2, MoSe2, WS2, WSe2)9. (b) SHG from Wse2

10. (c) 
Schematic view of a photodetector11 and a photovoltaic cell. Figures reproduced 
with permission from: (a), ref. 9, © 2013, American Chemistry Society; (b), ref. 
10. © 2015, Nature Publishing Group; (c), ref. 11, © 2013, Nature Publishing 
Group.  
 
 The electron-hole pairs bonded by the Coulomb force are called excitons. 

In addition to excitons, high-order excitonic quasiparticles such as trions (bound 

states of two holes and one electron or two electrons and one hole) have also 

been reported in TMDCs. The trion in 2D TMDCs has binding energy roughly 

an order of magnitude larger than those in conventional quasi-2D 

semiconductors, thus allowing them to be observed in the absorption spectrum 

even at room temperature. The behavior of excitons and trions has a strong 

influence on the optical properties in 2D TMDCs, including light absorption 

and emission. 

 The absorbed light in 2D TMDCs can be converted to optical and 

optoelectronic properties that are superior or complementary to those observed 

in the first discovered 2D material graphene. Graphene, a monolayer of carbon 



8 
 

atoms arranged in a honeycomb structure, is a gapless semimetal with excellent 

electron conductivity, making it a promising electrode material to collect 

electrons in electronic devices. However, the lack of bandgap in graphene and 

existence of inversion symmetry limit its application in light-emitting devices 

in the visible light range based on linear and nonlinear optical processes. In 

contrast, 2D TMDCs are direct-bandgap semiconductors and have inversion 

symmetry breaking when thinned down to a monolayer, thus possessing 

intriguing PL9and SHG10 properties in the visible wavelength range, as shown 

in Fig. 1.5a-b. Furthermore, unlike graphene which interacts weakly with light 

in the visible light range, photon-sensitive TMDCs can convert visible light into 

hot carriers, facilitating its application as ultrathin photodetectors11 and 

photovoltaic cells (Fig. 1.5c).  

 Although light-matter interactions in TMDCs are strong as compared 

with graphene, it is inherently weak in absolute terms because the optical 

absorption length is extremely short (<1 nm for monolayer). For practical 

optical and optoelectronic devices based on 2D materials, a key challenge is to 

maximize light-matter interactions in the materials and enhance the resulting 

properties of PL, SHG or photoelectron extraction efficiency. In order to 

optimize these properties, the related physics and progress in this field are 

reviewed in the following sections.   

1.3 PL of 2D TMDCs 

1.3.1 Physics of PL 

Upon light illumination, electrons in the materials can be excited from 

the valence band to the conduction band. In the relaxation process, the excited 

electrons will decay to the ground states by two pathways: radiative (in the form 
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of photon emission) and nonradiative (e.g. in the form of phonon emission) 

processes. The radiative decay process involving absorption of light and 

subsequent emission of light with lower energy is defined as photoluminescence 

(PL). As shown in Fig. 1.5a, the absorption spectra and PL are correlated. For 

WSe2 (MoSe2), the absorption peak at wavelength of 750 nm (800 nm) 

corresponds well with the PL peak at this wavelength. In contrast, for MoS2 

(WS2), the two peaks are shifted. The Stokes shift of peak position is attributed 

to the inhomogeneity of dielectric environment, which affects the surface 

interaction of monolayer MoS2 (WS2) and changes the binding energy of the 

excitons, i.e., the electron-hole pair bounded by Coulomb force.  

In TMDCs, the PL intensity is influenced by many factors including 

layer number, strain, and interfacial interactions such as charge transfer, 

photonic nanostructures, and so on. First, we discuss how the layer number of 

the material influences the electronic structure and optical properties. As WSe2 

has a higher quantum yield at room temperature than TMDCs such as MoSe2, 

MoS2, WS2, we use it as the model system in this thesis. A systematic study of 

WSe2 with different layer numbers was reported by Zeng et al12.  As WSe2 thins 

to a few layers, the PL intensity from the direct interband transition drops and 

reaches a maximum at one monolayer, over 3 orders of magnitude higher than 

that from the bulk and nearly one order of magnitude stronger than the bilayer. 

This light emission behavior is fully consistent with the calculated band 

structure. In addition, an interesting ‘valley optical selection rule’ for PL of 

monolayer TMDCs is obeyed such that the circularly polarized component of 

PL signal has the same helicity as the excitation laser13-15. This can be used as a 

tool to identify the optical transition in the degenerate K and K’ valleys. Details 



10 
 

about this valley selection rule is beyond the scope of the thesis, so it will not 

be discussed in detail.  

1.3.2 PL enhancement methods 

The direct bandgap in monolayer TMDCs leads to much stronger PL as 

compared with their few-layer and bulk counterparts, opening up the possibility 

of developing ultrathin light-emitting devices. However, the low light 

absorption of monolayer TMDCs in absolute terms and large nonradiative 

recombination rate of excitons that far exceeds the radiative recombination rate 

result in low PL efficiency (less than 10-2), limiting their application in practical 

devices16. Fortunately, the integration of TMDCs with external photonic 

structures such as optical cavities and plasmonic nanostructures offers possible 

solutions. Particularly, integration with plasmonic nanostructures enables the 

significant manipulation of the near-field incident light and local optical density 

of states surrounding the 2D TMDCs, thus resulting in modified 

absorption/emission properties. Furthermore, this integration procedure is 

easily achieved, either by transferring 2D TMDCs on plasmonic or photonic 

nanostructures or patterning nanostructures on TMDCs, which will discussed 

further in Chapter 2. The transfer method will not sacrifice their physical and 

chemical stabilities as the 2D membrane is flexible and has no dangling bonds.   

Tuning the emission process 

The coupling of 2D TMDs with optical cavities has been demonstrated 

to significantly enhance the PL of TMDCs. The first example was shown by 

Xuetao Gan and colleagues17. In their experiment, monolayer MoS2 was 

transferred onto a planar photonic crystal (PPC) nanocavity made by 

semiconducting gallium phosphide (GaP) membrane with a cavity resonance 
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overlapping with the broad exciton resonance of monolayer MoS2 (Fig. 1.6a). 

As shown in Fig. 1.6b, a PL enhancement of 5-fold in MoS2 at the cavity with 

resonance mode (green) is obtained due to Purcell effect.  

 

Figure 1.6 | Coupled TMDCs–GaP cavity photonic devices17. (a) SEM image 
of the GP nanocavity before the transfer of MoS2 monolayer. (b) Enhanced PL 
of monolayer MoS2 at two cavity modes due to the Purcell effect. ϕ, polarization 
analyser angle with respect to the long edge of the cavity. Figures reproduced 
with permission from: (a-b), ref. 17, © 2013, American Institute of Physics 
Publishing LLC.  
 

The Purcell effect is the enhancement of spontaneous emission rate of a 

fluorescent molecule inside a cavity or resonator. Fermi’s golden rule dictates 

that the emission rate is proportional to the density of final states, thus the 

enhancement originates from a larger density of final states of the nanocavity 

than that of free space (albeit the number of final states may be not). The 

enhancement magnitude is determined by the Purcell factor. One method to 

measure the Purcell factor is using the equation, (3/4π2)(Q/Vm)(λ0/n)3, where Q, 

Vm, λ0 and n denote the cavity quality factor, mode volume, resonance 

wavelength and refractive index of the substrate, respectively17. These high Q 

value and subwavelength Vm of a cavity or resonator, lead to enhancement in 

the emission rate. In numerical simulation, however, this method is not 

preferred as the definition of Vm depends on the structure, and the calculation 

https://en.wikipedia.org/wiki/Density_of_states
https://en.wikipedia.org/wiki/Density_of_states
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method is complex. Another equivalent but easier method is treating the 

fluorescent molecule as a dipole source and dividing the power emitted by the 

dipole source in the cavity or resonator by the power emitted by the dipole in 

free space since the emission rate is proportional to density of final states, and 

the density of final states is proportional to the power emitted by the source. In 

Chapter 3, we used the second method to simulate the Purcell factor with 

consideration of loss caused by gold absorption.  

Combined excitation and emission enhancement 

 

Figure 1.7 | Coupled TMDCs–plasmonic nanostructures. (a,b) PL intensity of 
heterostructure of MoS2/silver discs18, and PL intensity of bare MoS2, bowtie 
array and bowtie-MoS2

19, respectively. (c) Reflection curves of a representative 
silver discs plasmonic nanostructure that is used in (a). (d) Experimental ΔR/R 
spectra of bare MoS2, bowtie, and bowtie-MoS2 system for three different 
samples19 that are used in (b). Figures reproduced with permission from: (a,c), 
ref. 18, © 2015, American Chemical Society; (b, d), ref. 19, © 2015, American 
Chemical Society. 
 

 Further PL enhancement of 2D TMDCs has been obtained by designing 

metallic plasmonic nanostructures with multiple resonances. These resonances 

simultaneously couple to excitation and emission wavelengths, increasing the 

https://en.wikipedia.org/wiki/Density_of_states
https://en.wikipedia.org/wiki/Density_of_states
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light absorption owing to the excitation field localization and strengthening the 

light emission owing to increased scattering cross-section of the plasmonic 

nanostructures. As a result, PL is enhanced. Butun et al. demonstrated enhanced 

PL with an enhancement factor of 12 from monolayer MoS2 by plasmonic silver 

nanodisc arrays (Fig. 1.7a) is achieved18. Lee el al. also demonstrated PL 

enhancement (over 15-fold) in MoS2 using silver bowtie nanoantenna arrays 

(Fig. 1.7b)19. The plasmon resonances of these nanostructures can be identified 

from the reflectance spectra (Fig. 1.7 c and d). 

Optimizing excitation, emission and collection efficiency  

 

Figure 1.8 | Coupled TMDCs–plasmonic nanostructure consisting of a silver 
nanocube over a gold substrate20. (a) 3D illustration of the nanostructure, 
consisting of a silver nanocube over a gold substrate, separated by a monolayer 
of MoS2, HfO2 and polymer layers. (b) PL spectra from a MoS2 monolayer on 
a SiO2/Si substrate (blue) and in the nanocavity (red) obtained using a 
diffraction-limited excitation spot. Figures reproduced with permission from: 
(a-b), ref. 20, © 2015, American Chemical Society. 
 
 The PL enhancement has been improved from several-fold to ~ 2000-

fold by simultaneously optimizing light absorption, emission and collection 

efficiency20. This large enhancement was obtained by integrating MoS2 into a 

plasmonic nanostructure consisting of a silver nanocube over a gold film 

separated by a nanoscale dielectric spacer (<10 nm), as demonstrated in Fig. 
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1.8a and b. The resonance modes in the nanostructures aligned with quasi-

particle gap and excitons, respectively, enable simultaneous enhancement of the 

absorption and the PL quantum yield. Furthermore, as the light emission from 

the nanostructures is directional with a single radiation lobe normal to the 

substrate, the light collection efficiency from MoS2 with nanostructures is 

optimized thus increasing the total detected PL.  

Interestingly, metallic plasmonic nanostructures have also been reported 

to quench the PL of TMDCs. To take full advantage of the metallic 

nanostructures in enhancing PL, we need to have an in-depth comprehension of 

the interaction between light, metallic plasmonic nanostructures and TMDCs so 

as to avoid or reduce possible quenching effects.  

1.3.3 Interaction between light, plasmonic nanostructures and TMDCs 

Excitation process 

 

Figure 1.9 | Illustration of the localized surface plasmon effect on plasmonic 
nanostructures21. Gold nanoparticles are taken as an example. Figure 
reproduced with permission from: (a), ref. 21, © 2014, The Royal Society of 
Chemistry. 
 

Light coupling with metallic plasmonic nanostructures can generate 

localized surface plasmons, collective oscillations of free electrons, resulting in 
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confined and enhanced fields at the edges or gaps of the nanostructures as 

compared to the excitation field (Fig. 1.9)21. This enhanced field works on 

TMDCs by enhancing the excitation rate of electron-hole pairs, so metallic 

plasmonic nanostructures always make a positive contribution on final PL 

emission in the excitation process.  

Radiative emission 

However, in the emission process, plasmonic nanostructures can cause 

not only PL enhancement but also quenching in TMDCs. We can understand 

the enhancement mechanism from two different but equally valid perspectives. 

The existence of plasmonic nanostructures near TMDCs increases the optical 

density of states, owing to the confinement of the emission field in the vicinity 

of the plasmonic nanostructures. This increases the radiative decay rate of the 

TMDCs due to the decrease in the modal volume, namely, the effective cavity 

where the mode is confined within, according to Purcell effect. The increase in 

radiative decay rate leads to a net increase in the emission intensity as shown 

previously. Another way to look at the enhanced emission is to treat plasmonic 

nanostructures as efficient antennas that radiate the emission in the far field in 

a more efficient way compared to the normal substrate, thus increasing the 

probability of far field emission for the TMDCs.  

Nonradiative emission 

Both PL enhancement and PL quenching are competing effects in 

plasmonic nanostructures. PL quenching occurs when nonradiative energy 

transfers from the exciton of TMDCs to the ‘dark’ surface plasmon mode of 

plasmonic nanostructures, which is an induced surface plasmon that dissipates 

this energy by absorption. This quenching process occurs via dipole-dipole 
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resonant nonradiative energy transfer that is highly sensitive to the donor-

acceptor separation, dipole-dipole orientation, dipole moment strength of both 

the donor and the acceptor, and dipole-dipole resonance. For instance, if 

TMDCs are placed extremely close to plasmonic nanostructures, the non-

radiative relaxation rates can dominate, sacrificing the advantage of the 

radiative decay rate enhancement of the plasmonic nanostructures. In weak 

pumping regime, these competing enhancement and quenching processes are 

quantified by the quantum yield ,  = r/(nr + r), where r is the radiative 

and nr is the nonradiative decay rates.   

Combined effects 

 

Figure 1.10 | MoSe2-spacer-antenna and the related optical properties22. (a) 
Schematic view of the system. (b) The excitation rate of the electric field of a 
plane wave in the characteristic points of the antenna (center with dark blue and 
a top-end corner with green), normalized to the intensity of a plane wave in a 
setup without the antenna. The illumination plane wave is polarized along the 
short axis of the antenna as indicated by the inset arrow. Quantum yield (c), PL 
enhancement (d) and radiative decay rate (e) enhancement for a dipole emitter 
placed above the center of the antenna and polarized parallel to its long (dark 
blue) or short (red) axis; the quantities were calculated also for the case where 
the dipole emitter was placed above the top-end corner of the antenna and 
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parallel to its long (green) or short (light blue) axis. Figure reproduced with 
permission from: (a-e), ref. 22, © 2016, Nature Publishing Group.  
 

PL modification is determined by a combined consideration of the 

excitation rate enhancement and the quantum yield. Chen et al. investigated the 

coupling between a MoSe2 monolayer and gold antenna arrays (Fig. 1.10a)22, 

and provide a comprehensive analysis on the influence of spacer thickness on 

excitation rate (Fig. 1.10b), quantum yield (Fig.1.10c), PL intensity (Fig. 1.10d), 

and radiative decay rate (Fig. 1.10e) of MoSe2 with different dipole orientation 

and at different positions. They found that the excitation rate is not influenced 

much by spacer thickness due to the off-resonance excitation of the antenna, but 

the quantum yield varies a lot with spacer thickness. Therefore, the PL intensity 

in this case is determined by the quantum yield and can be manipulated from 

quenching to enhancement by changing the spacer thickness.  

1.3.4 Other factors influencing PL 

In addition to the plasmonics effects, there are many other factors such 

as charge transfer, strain, type of substrate and so on influencing the PL intensity 

of TMDCs. In the Au-MoS2 hybrid system, Bhanu et al. reported PL quenching 

phenomenon (Fig. 1.11a) and attributed it to charge transfer from monolayer 

MoS2 to gold nanoantennae via the Schottky barrier of 0.4 eV (Fig. 1.11b)23. 

Conley et al.  reported strain-induced decrease of PL intensity in MoS2 

monolayer24 (Fig. 1.11c), indicating the direct-to-indirect transition of the 

optical band gap of MoS2 with applied strain of ∼1%. Strain can also influence 

Raman spectra (Fig. 1.11d). As the Raman peak position and intensity are 

sensitive to strain, so they can serve as a good indicator for the existence of 

strain at the interface of plasmonic nanostructures and TMDCs. The PL 

intensity of TMDCs can be influenced by the substrate as well. Mak et al. 
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reported suspended monolayer MoS2 on a silicon substrate with etched holes 

has much larger PL than that on an unetched Si substrate25. Buscema et al. 

quantitatively studied PL emission from monolayer MoS2 on dielectrics (SiO2, 

hexagonal boron nitride, mica and the polymeric dielectric gel-films) and 

conducting substrates (Au and few-layer graphene)26. They found that on all 

studied substrates, monolayer MoS2 shows a ~ 4-fold PL enhancement, relative 

to the commonly used SiO2 substrate26. This is attributed to the combined effects 

of the substrate in MoS2 doping and on the radiative decay rates of neutral and 

charged excitons.  

 

Figure 1.11 | PL is influenced by charge transfer, strain and suspension. (a) PL 
spectra of bilayer MoS2 flake as exfoliated (red) and after 2.0 nm Au deposition 
(black)23. (b) The energy band diagram for MoS2 and Au23. The direction of the 
arrow represents the transfer of electrons from MoS2 to Au after the contact is 
established24. (c) Evolution of the Raman spectrum as monolayer MoS2 is 
strained from 0 to 1.6%. (d) PL spectra of monolayer MoS2 as it is strained from 
0 to 1.8%24. (e)  Optical image of mono- and few-layer MoS2 crystals on a 
silicon substrate with etched holes25. (f) PL image of the same samples in (e)25. 
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Figure reproduced with permission from: (a-b), ref. 20, © 2016, Nature 
Publishing Group; (c-d), ref. 24, © 2013, American Chemistry Society; (e-f), 
ref. 25, © 2010, The American Physical Society.  
 
 These reviews lead to a summary of the factors that influence the PL of 

TMDCs integrated with metallic nanostructures and non-metallic nanocavities 

(Fig. 1.12). The PL intensity is dominantly determined by the excitation and 

emission processes. In the excitation process, spectral overlap of the resonance 

mode of metallic nanostructures or non-metallic nanocavities with pump laser 

wavelength gives rise to an enhanced near-field of incident light, leading to 

increased excitation rate of electron-hole pairs in TMDCs. Generally, the 

metallic nanostructure leads to a much larger near-field enhancement than non-

metallic nanocavities. In the emission process, the spectral overlap of the 

resonance mode in metallic nanostructures and non-metallic cavities with the 

emission wavelength of the TMDCs can enhance the Purcell factor, leading to 

an enhanced spontaneous emission rate of the electron-hole pairs. The 

parameters that affect the Purcell factor between plasmonic nanostructure and 

optical cavity are compared here. Generally, the plasmonic nanostructure has 

smaller mode volume and lower quality factor than optical cavity. For the 

plasmonic nanostructure, the mode volume is close to the size of the 

nanoparticles or the gap between them, while for the optical cavity, the mode 

volume is on the order of wavelength. Therefore, the mode volume of plasmonic 

nanostructure can be 1/103 of that of the optical cavity27. Owing to the large 

imaginary part of permittivity of metal, the plasmonic nanostructure has lower 

quality factor than dielectric optical cavity that has negligible imaginary part of 

permittivity27. Specific metal nanostructures, like gold and silver, can be 
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designed to exhibit high quality factors when their plasmon resonance deviates 

from the interband transition energies. 

 
  
Figure 1.12 | Summary of the factors influencing the PL of TMDCs integrated 
with metallic nanostructures and non-metallic nanocavities.  
 
 Note that in the emission process, the metallic nanostructure may induce 

a quench channel due to reabsorption of the emitted light from TMDCs. These 

two major processes together with other minor factors need to be considered 

when we design a metallic nanostructures or non-metallic nanocavities to 

enhance the PL of TMDCs.   

 In Chapter 3, we report a new method for the giant enhancement of the 

PL of monolayer WSe2 and systematically investigate the PL enhancement 

mechanism.  

1.4 SHG of 2D TMDCs 

 Another optical effect resulting from light-matter interaction in TMDCs 

is second harmonic generation (SHG), namely, converting the incident light 

with frequency ω into light with frequency 2ω. SHG, the lowest order frequency 

mixing nonlinear optical process, plays an important role in frequency up-

conversion in lasers and optoelectronic hybrid devices. Recent studies show that 

2D TMDCs is an interesting class of nonlinear material for SHG28, 29. This is 
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because the 2D TMDCs have thickness far below the optical coherence length, 

eliminating the requirement for phase matching. More importantly, despite the 

atomic thickness, 2D TMDCs under resonant excitation have an effective 

second order susceptibility30 that is 1 order of magnitude larger than common 

transparent nonlinear crystals such as LiNbO3 and β-BaB2O4. These unique 

properties make 2D TMDCs a promising nonlinear material in the design of 

smaller and thinner nonlinear optical and optoelectronic devices31. This section 

will briefly discuss the basic concept of nonlinear optics related to SHG, the 

motivation for SHG spectroscopy and the progress of nanostructure-enhanced 

SHG research on TMDCs.  

1.4.1 Basic concept of SHG  

When an electric field E(ω) is applied to a material, a macroscopic 

electric dipole moment called the polarization, P(ω), will be induced32. The 

induced polarization exhibits a linear dependence on the electric field as defined 

by the equation:    

                                                 P(ω) = ɛ0χ(ω) ·E(ω)                                  (1.1) 

where χ(ω) is the optical susceptibility of the material and ω is the angular 

frequency. As defined in the Eq. (1.1), all the linear optical properties of a 

material with the corresponding phenomena such as absorption, refraction, 

reflection are associated with the polarization, P(ω). In these processes, the 

polarization oscillates at the same frequency as the incoming electric field, 

namely, acting as a source of radiation with frequency ω. When the electric field 

of the light becomes intense, χ itself depends on the electric field and thus the 

polarisation can be expressed as a power series of E:  

                  P = PL + PNL = ɛ0 [χ (1)·E + χ (2)·E·E + χ (3)·E·E·E]                                (1.2) 
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where χ(1)
is the linear optical susceptibility, corresponding to the susceptibility 

at lowelectric field intensity; χ(2) is the second-order nonlinear optical 

susceptibility and is a third rank tensorwith 33 elements, corresponding to the 

possible combinations of the three Cartesiancomponents of the polarization and 

of the two interacting electric fields; χ(3) is the third-order nonlinear optical 

susceptibility and is a fourth rank tensor with 34 elements. The order of 

magnitude of the elements for χ (1), χ (2) and χ (3) is 1, 10-12 m/V and 10-23 m2/V2, 

respectively. When the light intensity equals 109 W/cm2, the related electric 

field E0 is 4.34×107 V/m, reaching a value that is in the same order as those 

existing between the charges, nuclei and electrons, constituting matter. 

Therefore, the optical properties of the material are modified. Such a strong 

electric field can be easily realized by a focused pulsed laser with an energy of 

10 nJ/pulse.  

The second-order polarization is the origin of well-known nonlinear 

phenomena such as second harmonic generation (SHG), sum frequency 

generation (SFG) and difference frequency mixing (DFM). Given a material 

with a second-order nonlinear susceptibility irradiated by an optical field 

oscillating at two frequencies, ω1 and ω2, the polarization is given by:  

                                       𝐏𝑖
(2)

= 𝜀0χ𝑖𝑗𝑘
(2)

 ∙ 𝐄𝑗(𝜔1, 𝜔2) ∙ 𝐄𝑘(𝜔1, 𝜔2)                 (1.3) 

where the indices i, j and k represent the Cartesian components of the 

polarization and of the incident fields, respectively, and  χ𝑖𝑗𝑘
(2)  denotes the 

relevant tensor element of the second-order nonlinear susceptibility, χ(2). This 

equation shows that the nonlinear polarization oscillates at new frequencies of 

ω3 which equals to 2ω1, 2ω2, ω1+ω2 or |ω1-ω2|, instead of ω1 and ω2, thus acting 
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as source of radiation for achieving SHG, SFG or DFM. The intensity, I, of the 

field generated by the polarization at the new frequency, ω3, is given by: 

                                     𝐼(𝜔3) ∝ |χ𝑖𝑗𝑘
(2)

|2𝐼𝑗𝐼𝑘𝐿2 ∙ 𝑠𝑖𝑛𝑐2 ( 
∆𝑘𝐿

2
)                          (1.4) 

where sinc(x) = sin(x)/x, L is the optical path length considering the light 

propagation within a nonlinear medium of thickness L and Δk is the phase (wave 

vector) mismatch: 

                                                         ∆𝑘 = 𝐊𝑜𝑢𝑡 − ∑ 𝐊𝑖𝑛                                    (1.5) 

where Kout and Kin are the wave vectors of the new outgoing field and original 

incident field, respectively, (|k|=k=nω/c). The effect of phase mismatch is 

covered in the factor 𝑠𝑖𝑛𝑐2 ( 
∆𝑘𝐿

2
) as plotted in Fig. 1.13. The new field intensity 

I is the largest when Δk = 0, as it satisfies the momentum conservation condition 

(momentum p = ћk). Take SFG (ω3=ω1+ω2) as an example. The momentum 

conservation, namely, phase-matching condition (Δk=0), requires that k3=k1+k2. 

If this condition is not satisfied, the fields generated at different locations along 

the optical path in the material will destructively interfere with each other. As a 

result, no efficient frequency conversion can be achieved. For the second 

harmonic process, the severity of the phase mismatch can be easily quantified 

by the coherence length Lcoh:  

                                          𝐿coh =
𝜋

|∆𝑘|
=

𝜆

4|𝑛2−𝑛1| 
                                                           (1.6) 

where n1 and n2 are refractive indices at the fundamental and second harmonic 

waves respectively, and λ is the wavelength of the fundamental wave in the 

vacuum. For typical optical materials, Lcoh is a few tens of microns (μm). 

Reducing the dimensionality of the nonlinear materials to two dimension would 

eliminate the requirement for phase matching as the crystal thickness is far 
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below the coherence length. Therefore, 2D TMDCs provide an ideal platform 

for applying developing ultrathin nonlinear devices. 

 

Figure 1.13 | Effects of wavevector mismatch on the efficiency of SHG or 
SFG32.  
 

To observe these second-order nonlinear phenomena, the light has to 

fulfill phase-matching conditions and the material should have no central 

symmetric crystal structure. If the material has an inversion center, the second-

order susceptibility will be zero. This can be demonstrated in a simple way by 

considering even order polarizations: 

                                    𝐏(2𝑛) = 𝜀0χ(2𝑛)𝐄2𝑛  (n = 1, 2, 3, …)                                        (1.7) 

In a centrosymmetric material, the sign of P(2n) is reversed as the electric field 

is reversed: 

                                    −𝐏(2𝑛) = 𝜀0χ(2𝑛)(−𝐄)2𝑛                                                (1.8) 

                                    −𝐏(2𝑛) = 𝜀0χ(2𝑛)𝐄2𝑛                                                    (1.9) 

Therefore −P(2n) = P(2n). This is only possible when χ(2n) = 0. As a result, only 

materials with broken inversion symmetry have non-zero χ(2n) and exhibit even 

order nonlinear optical properties. Centro-symmetric and isotropic materials 

such as liquids show only odd order nonlinear effects.  
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 In order to develop smaller and thinner nonlinear media in next-

generation optical devices, much effort has been devoted to develop ultrathin 

nonlinear crystals with high frequency conversion efficiency. Among them, 

monolayer 2H-phase TMDCs attract tremendous attention as they have 

inversion-symmetry breaking and have relatively large second order 

susceptibility despite of the atomic thin thickness33. However, these materials 

still suffer in conversion efficiency owing to the short light-matter interaction 

length 28, 34. Since 2D TMDCs are interesting for fundamental study and 

applications in ultrathin nonlinear devices, it is important to further enhance 

their SHG intensity and explore their potential as a nonlinear medium.  

1.4.2 Motivation for SHG spectroscopy 

 In 2D TMDCs, SHG has found several applications from microscopic 

and spectroscopic techniques to up-conversion lasing. 

Characterizing crystal structure 

 

Figure 1.14 | SHG intensity and SHG polarization of 2H and 3R-MoS2
31. (a) 

SHG intensity of 2H and 3R-MoS2 as a function of layer number. (b) Schematic 
of the crystal structure of 2H-MoS2 (two layer unit cell outlined in red) with the 
side projection showing the flipped orientation of each layer and the anti-
parallel orientation of the SH dipoles. (c) Crystal structure of 3R-MoS2 (three 
layer unit cell outlined in red) with parallel SH polarization in each layer. 
Individual layers are identical to the 2H structure, however the unit cell and bulk 
crystal are noncentrosymmetric. Figures reproduced with permission from: (a-
c), ref. 31, © 2016, Nature Publishing Group. 
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Firstly, SHG optical spectroscopy allows for non-destructive crystal 

structure studies of 2D TMDCs, as the amplitude of SHG strongly depends on 

the crystal structure and layer number. The 1T phase has negligible second 

harmonic emission as it has an inversion center in the crystalline unit cell, while 

the 2H and 3R phases show SHG signals correlated to the layer number. For 

2H-MoS2, the SHG intensity in the odd number of layers is much stronger than 

the response for even number of layers (Fig. 1.14a)31. This is because the odd-

numbered layers are noncentrosymmetric, having a net nonlinear dipole, while 

the centrosymmetric even layers do not. This net nonlinear dipole in odd layered 

2H-MoS2 has enabled the probing of SHG due to the finite second-order 

nonlinearity (χ(2) ≠0). An alternative way to understand this is to regard the 

source of second harmonic emission as dipoles. In the even number of layers, 

the second harmonic dipoles in adjacent two layers are oriented anti-parallel and 

cancel out (Fig. 1.14b). As shown in Fig. 1.14 a, unlike 2H-MoS2, the SHG 

amplitude of 3R-MoS2 increases with the number of layers as the SHG dipoles 

in each layer are all aligned in one direction (Fig. 1.14 c), allowing for 

constructive interference of the SHG light.  

Secondly, the SHG signal of 2D TMDCs has been utilized to study the 

crystal orientation of monolayer and bilayer flakes or polycrystalline films. Hsu 

et al. found that the parallel (perpendicular) component of SHG intensity of 

monolayer TMDCs relative to the pump laser polarization varies with the angle 

between the pump laser polarization and the armchair direction35. Therefore, the 

crystal-orientation-dependent SHG polar plot can be used to identify the 

armchair direction of the monolayer TMDCs. Jiang et al. obtained artificially 

folded bilayer MoS2 with different folding angles by stacking exfoliated 
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monolayer flakes (Fig. 1.15a)36. They found that the SHG intensity strongly 

relies on the folding angles between the top and bottom layers (Fig. 1.15b). 

After knowing the relative angle between the top and bottom layers confirmed 

by SHG, the crystal structure of bilayer MoS2 can be identified from possible 

structures such as 2H-like (Mo), 2H-like (S), 3R-like and so on (Fig. 1.15c).  

 
Figure 1.15 | Crystal structure determined by SHG spectroscopy. (a) OM of the 
exfoliated MoS2 sample. A, B and C are folded bilayers36. Scale bar: 2 μm. (b) 
SHG microscope images36 of the same region in (a). (c) Top views of atomic 
structures of the 2H, 2H-like (Mo), 2H-like (S), 3R-like and 3R bilayers, 
respectively36. (d) SHG image of a polycrystalline monolayer of MoS2

37. (e) 
The direct crystal orientation image shows the crystal orientations of the 
irregular-shaped polycrystalline aggregates37. (f) Schematics show the flakes I 
and II are two crystals with opposite orientations, and flakes II and III have an 
orientation mismatch of ~12°37. Figure reproduced with permission from: (a-c), 
ref. 36, © 2014, Nature Publishing Group; (d-f), ref. 37, © 2014, American 
Association for the Advancement of Science. 
 

Yin et al. reported a nonlinear optical imaging technique based on SHG 

to characterize the atomic edges and grain boundaries in polycrystalline MoS2 

films37. As shown in Fig. 1.15d, while the grain boundaries are a few atoms in 
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width, they can still be clearly identified by the reduced total SHG intensity at 

the boundaries which shows obvious color contrast to the homogeneous SHG 

intensity within each grain. The suppressed total SHG at the boundaries are 

attributed to the destructive interference and cancellation of the nonlinear waves 

from the neighboring grains with different orientations. By analyzing the 

polarized components of the SHG, the crystal orientation of the polycrystalline 

atomic membrane is mapped (Fig. 1.15e) and demonstrated (Fig. 1.15f), 

allowing for the complete mapping of the crystal grain structures.  

Determining excitonic states 

 

Figure 1.16 | Schematic for SHG, 2-photon PL and 1-photo PL processes, and 
the related emission intensity as a function of pump or emission energy38. (a) 
Schematic for SHG when 2 incident photons are resonant with the 2p state of 
the A exciton. (b) Results of SHG spectroscopy as a function of 2ℏω. (c) 
Schematic for 2-photon PLE. (d) 2-photon PLE intensity (left axis, black 
squares), and linear polarization (right axis, blue circles) as a function of 2ℏω. 
(e) Schematic for 1-photon PLE. (f) 1-photon PLE intensity (left axis, black 
squares), and linear polarization (right axis, blue circles) as a function of ℏω. 
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Figures reproduced with permission from: (a-f), ref. 38, © 2015 American 
Physical Society. 
 

SHG generation at a fixed wavelength is commonly used for monolayer 

and few layer TMDCs to probe crystal inversion symmetry and structure as 

reviewed in the preceding section, whereas the intensity of the SHG signal as a 

function of the 2-photon laser excitation energy enables a spectroscopic method 

to study the excitonic structure. The broken inversion symmetry and rich linear 

and nonlinear optical properties make monolayer TMDCs an ideal material for 

applying this technique. Wang et al. demonstrated the variation of SHG 

intensity of monolayer WSe2 with a 2-photon laser excitation laser in the energy 

range 1.7 to 2.4 eV. As shown in Fig. 1.16b, the SHG intensity varies over 3 

orders of magnitude, with the strongest intensities at energies of the 1s A exciton 

(1.75 eV) and 1s B exciton ((2.17 eV)38. In addition to the A and B excitons, 

clear resonances at 1.9, 2.03 and above 2.31 eV in the SHG spectrum were also 

observed. These were attributed to 2s/2p A exciton states, 3s/3p states and 2s/2p 

B exciton states, respectively, and confirmed experimentally by 2-photon and 

1-photon PL excitation spectra (Fig. 1.16d and f). These SHG resonance 

features suggest that SHG spectroscopy can serve as a useful optical tool for the 

determination of exciton states.  

Achieving frequency up-conversion 

The SHG signal not only plays an important role in the characterization 

of 2D TMDCs, but also opens up a window for developing atomically thin 

nonlinear devices for frequency up-conversion. Li et al. demonstrated that 

monolayer 2H-MoS2 has a much larger SHG than its few layer and bulk 

counterparts30. Recent experimental results have demonstrated that the 

conversion efficiency represented by the second-order susceptibilities 𝜒(2) 
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ranges from 5 and 500 pm/V in monolayer TMDCs depending on excitation 

wavelength39 and sample quality40. The typical value of 𝜒(2) in conventional 

crystals such as NH4H2PO4 (ADP) and KH2PO4 (KDP) is in the range of 1 

pm/V30, 41. 

In summary, relatively strong SH responses of 2D TMDCs has been 

achieved using pump lasers with appropriate wavelengths, demonstrating them 

to be promising materials for nonlinear optical devices. However, limited by the 

innate thickness of 2D TMDCs, the second harmonic conversion efficiency still 

needs to be improved for practical applications.  

1.4.3 Methods to improve SHG 

One method to improve SHG intensity is mentioned in Section 1.4.2, 

that is, using a 2-photon excitation pump with energy aligned to the exciton 

transitions. This is because the quantum mechanical expression for the second-

order susceptibility χ(2) of TMDCs includes matrix elements with one occupied 

and two unoccupied intermediate virtual states; when the virtual transition level 

is coincident with exciton states in TMDCs, the coupling between the second 

harmonic radiation and the χ(2) becomes large. The exciton transition facilitates 

not only the resonance-enhanced SHG spectrum, but also makes the electrical 

tunability of the frequency-doubled signals feasible. Seyler et al. made a 

monolayer WSe2 field-effect transistor, achieved impressive tunability of χ(2) 

and the resulting SHG intensity was enabled through electrostatic doping 

induced by a gate bias10. To be specific, the SHG intensity at the A exciton 

energy can be tuned by over an order of magnitude in a cryogenic environment, 

albeit the performance is compromised at ambient temperature42. This approach 

utilizes electrostatic engineering of oscillator strength at the resonance 



31 
 

frequencies of various exciton states. As a result, the effect is inherently 

narrowband. When the energy of the pump laser is shifted by only tens of 

millielectronvolts, the gate-controlled modulation of the SHG dramatically 

diminishes. The researchers also demonstrated an interesting SHG selection rule, 

namely, the SHG signal is counter-circularly polarized to the fundamental 

wave36, which is different from the optical selection rule of PL14.  

The above methods to enhance SHG utilize the inherent exciton 

resonance of TMDCs. To further optimize the SHG signal, external strategies 

should also be incorporated. Optical resonators that can enhance the PL of 

TMDCs can also boost SHG. It has been reported that the SHG of TMDCs can 

be significantly enhanced by integrating them with optical cavities.  

 

Figure 1.17 | SHG enhancement in 2D TMDCs by nanostructures. (a) Schematic 
of WSe2 transferred on silicon photonic crystal43. (b) Reflectivity of the higher 
order cavity modes before and after monolayer WSe2 transfer43. (c) PL from 
WSe2 (black), SHG spectra from mode α (blue) and mode β (red)43. (d) 
Schematic of the device structure formed by the dielectric mirror on a glass 
substrate and a silver mirror on a suspended membrane44. (e) The measured 
voltage dependence of the total output SHG power enhancement factor 
normalized to a monolayer on glass substrate44. (f) SHG signal generated from 
the MoS2 flake inside the cavity (red solid line) and on a glass substrate (blue 
solid line)44. Figures reproduced with permission from: (a-c), ref. 43, © 2016 
IOP Publishing Ltd; (d-f), ref. 44, © 2016 American Chemical Society. 
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Fryett et al. transferred monolayer WSe2 onto a silicon photonic crystal 

cavity43, as shown in Fig. 1.17a. The choice of photonic crystal cavity is 

motivated by its modes with small mode volume and high quality factor (Fig. 

1.17b), since for a nonlinear optical switch, the switching power scales as Vm/Q3 

for second order nonlinearity, where Vm is the mode volume and Q is the quality 

factor. When the device is pumped by ultrafast laser pulses near this cavity 

mode at the telecommunication wavelength, a SHG signal in the visible range 

with near unity linear polarization was observed (Fig. 1.17c), which originates 

from the coupling of the pump photon to the cavity mode. The photonic crystal 

cavity induces a two-fold increase in the average second-harmonic intensity 

from WSe2 as compared to a monolayer WSe2 on silicon. After normalization 

by comparing the nonlinear conversion efficiencies of WSe2 on the cavity and 

on flat silicon, the cavity enhancement is estimated to be 200-fold. 

Larger SHG enhancement was reported by Cubukcu et al. via 

integrating a MoS2 monolayer into a doubly resonant optical cavity44. As 

demonstrated in Fig. 1.17d, the device is based on a voltage controlled micro-

Fabry−Perot (FP) cavity that consists of a Bragg reflector (DBR) mirror with 

high reflectivity and a voltage deformable silver mirror fabricated on a silicon 

nitride membrane. The nonlinear light-matter interaction in MoS2 is engineered 

by optomechanical tuning of the FP cavity length via an applied voltage, which 

in turn controls the intracavity optical field strengths at the fundamental 

frequency (ω) and SH frequency (2ω). The SHG enhancement level is predicted 

by the field enhancement theoretical model. Since the intracavity electric field 

is related to the quality factor, this model can also be expressed as: (Qω)2 × (Q2ω), 

where Qω and Q2ω are the quality factors for the fundamental and second order 
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waves, respectively. The experimental SHG enhancement factor is defined as 

the ratio between the SHG signals from a MoS2 monolayer in cavity and on a 

glass substrate at different voltages and wavelengths, and is shown as a map in 

Fig. 1.17 e. It is shown that the experimental results agree well with the 

theoretical model. The maximum SHG enhancement (3300-fold) is observed 

(Fig. 1.17f) in the case where both the fundamental and second harmonic waves 

are spectrally tuned with the two cavity modes, that is, in double resonance 

condition. The frequency doubling process is technologically important for the 

generation of tunable lasers sources in the visible spectrum, and methods to 

improve SHG need to be explored.  

This thesis will provide a new method to significantly enhance the SHG 

of monolayer WSe2 in Chapter 4.  

1.5 Photocarriers of TMDCs  

Another important feature stemming from light-matter interactions in 

2D TMDCs is the optical generation of carriers. These carriers are fundamental 

to realize optoelectronic devices such as photodetectors and photovoltaic cells 

based on TMDCs. Given the impressive optical properties of 2D TMDCs, they 

are expected to exhibit superior performance in optoelectronic devices, with 

high efficiencies and fast responses. As the performance critically depends on 

efficient light absorption and excited carrier relaxation dynamics, it is important 

to understand the ultrafast optical phenomena of the semiconductors at the 

ultrafast timescale. This section will provide a brief discussion of the physics 

and applications related to photocarriers, introduce the techniques for measuring 

ultrafast behavior of photocarriers, followed by a review of current research on 

ultrafast photocarriers in TMDCs.  
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1.5.1 Physics and applications of photocarriers  

The study of photocarriers in 2D optoelectronic devices encompass light 

absorption efficiency, photocarrier excitation, free carrier generation, free 

carrier collection, charge trapping, and recombination. Photocarriers are the 

building blocks of photodetectors and photovoltaic cells. They can be detected 

in the following ways: by photoconduction where photoexcited carriers increase 

conductance of the device, and by a photocurrent where photoexcited carriers 

are converted into a current with the aid of, for example, a built-in electric field 

at a p-n junction. Due to the extremely strong excitonic effects in TMDCs, a 

key issue for photodetectors is exciton dissociation by built-in or externally 

applied electric fields.  

Experimental advances in photodetectors based on both in-plane and 

out-of-plane heterostructures of 2D TMDCs have been made. In-plane devices 

enable control of the material properties via electrostatic gating, whereas out-

of-plane devices support a much higher bias field (up to ~1 V nm–1), offering a 

reduced excitonic binding energy in multilayer structures for more efficient 

exciton dissociation45. Weak in-plane photoconduction was first observed by 

Mak et al. in illuminated 2D MoS2 transistors46. A high responsivity of 0.1 AW–

1 and external quantum efficiency of 50% was demonstrated by Britnell et al. in 

vertical TMDC devices with graphene as top and bottom electrodes (Fig. 

1.18a)2, where the TMDC is not 2D but bulk with a thickness varying from 5 to 

50 nm. The enhanced performance is attributed to Van Hove singularities in the 

electronic density of states of TMDC which enhances light-matter interactions, 

leading to enhanced photon absorption and electron-hole creation which are 

effectively collected at the graphene electrodes. In principle, the electrons/holes 
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generated in TMDCs have no preferred diffusion direction and, hence, no net 

photocurrent is measured (Left, Fig. 1.18b). However, the presence of a built-

in electric field due to the doping between the graphene sheets or by gating 

(Right, Fig. 1.17b) across the TMDC can separate the electron-hole pairs and 

enable the flow of photocurrent.  

 

Figure 1.18 | Schematic view and band diagram of optoelectronic devices based 
on 2D TMDCs. (a) Schematic diagram of few-layer WS2 vertical 
photoconductor with graphene as top and back electrodes2. (b) Schematic band 
diagram for the heterostructure as shown in (a) with a built-in electric field to 
separate the generated electron–hole pair2. (c) Schematic illustration of the 
photodetector based on graphene/MoS2 stacked layers47. (d) Schematic 
illustration of the photoelectron transfer process in as shown in (c)47. Figures 
reproduced with permission: (a-b), ref. 2, © 2013, American Association for the 
Advancement of Science; (c-d), ref. 47, © 2014, Nature Publishing Group.  
 

Zhang et al. also reported an out-of-plane TMDC transistor with 

graphene electrodes (Fig. 1.18c)47 and obtained a high photogain greater than 

108. This is because photoelectrons generated in MoS2 can be effectively 

injected into graphene due to the presence of a perpendicular electric field 

caused by the combination of the built-in and applied electric field, as well as 

charged impurities or absorbants. The related photoelectron transfer process is 

demonstrated in Fig. 1.18d, where the effective electric field of the p-doped 
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graphene/MoS2 heterostructure is larger than that of the n-doped graphene, 

resulting in easier separation of the photogenerated electron-hole pairs. These 

studies demonstrate the potential for efficient photodetection in out-of-plane 

heterostructures based on 2D materials.  

Given the MoS2/graphene heterostructure has superior optoelectronic 

properties, it is used as a model in this thesis to investigate the photocarrier 

dynamics. This work is presented in Chapter 5, where the steady-state 

measurement and sample preparation were done by me and the characterization 

of photocarrier dynamics were conducted by our collaborator Dr. Lei Wang in 

Jilin University, China. Further improvement of device performance is strongly 

dependent on an understanding of the photocarrier dynamics, which warrants 

an in-depth study. Next, the techniques used to characterize the carrier dynamics 

will be introduced.  

1.5.2 Ultrafast spectroscopy  

 Insights into the photoresponse process, photocarrier origins and 

relaxation behaviors are crucial in optimizing device performance. The 

development of ultrafast (femtosecond) pulse laser techniques renders high 

temporal resolution, thus enabing ultrafast spectroscopies to directly monitor 

the carrier dynamics, whereby the decay time of the carriers in each path, and 

the mechanisms of the energy loss resulting from electron-exciton, exciton-

exciton and electron-phonon interactions can be quantitatively analyzed. The 

general ultrafast spectroscopies include time-resolved PL (TRPL) spectroscopy 

and pump-probe spectroscopies such as transient 

absorption/reflection/transmission spectroscopies. TRPL is a tool used for 

probing bright excitons which can emit light through radiative decay. 
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Temperature-dependent TRPL studies reveal that the PL decay of monolayer 

MoS2 is very fast (~ 4 ps) at low temperature, and an additional slow 

recombination process occurs at higher temperature due to exciton-phonon 

scattering48.  

Pump-probe spectroscopy is another ultrafast technique frequently 

employed to monitor the carrier dynamics in semiconductors. Unlike TRPL 

spectroscopy, pump-probe spectroscopy not only characterizes bright excitons 

but also interrogates the dynamics of dark states that cannot emit light, thereby 

providing comprehensive information about exciton states even in materials 

with low quantum yield. We next discuss pump-probe spectroscopy, taking 

transient absorption spectroscopy as an example.  

As a typical pump-probe technique, transient absorption spectroscopy 

(TA), is taken as an example to introduce the working principle. In TA 

spectroscopy, an excitation (or pump) pulse is used to promote the sample to an 

electronically excited state. A weak probe pulse is also sent through the sample, 

but with a short time delay with respect to the pump pulse. The difference 

absorption spectrum (ΔA) is then calculated, namely, the absorption spectrum 

of the excited sample minus the absorption spectrum of the sample in the ground 

state. By changing the time delay between the pump and the probe, and 

recording a ΔA spectrum at each time delay 𝜏, a ΔA profile as a function of time 

and wavelength is obtained. The ΔA spectrum contains information on the 

dynamic of photocarriers in the generation and relaxation processes. Details of 

the setup and data analysis will be shown in Chapter 2. 
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1.5.3 Pump-probe studies of TMDCs 

The highly temporal and spatial resolution of the pump-probe technique 

enables it to be widely used to study the ultrafast behavior of photocarriers in 

TMDCs (Fig. 1.19a). Using this technique, Cui et al. directly determined the 

exciton lifetimes of ~ 18 ps in monolayer WSe2 (Fig. 1.19b)7. They then adjusted 

the distance between the centers of the pump and probe spots on the sample, 

and measured the differential reflection signal as a function of the probe delay 

at each distance (Fig. 1.19c). In this way, they deduced the exciton lifetime, 

transport property of these photocarriers such as exciton diffusion coefficient 

(15±5 cm2/s), diffusion length (160 nm), mean free path (17 nm), mean free 

time (0.24 ps), electron mobility (200 cm2/(V s)), exciton mobility (600 cm2/(V 

s)) and so on. These parameters are useful for understanding the exciton 

behavior in WSe2, which is important for applications in optoelectronics devices. 

 

Figure 1.19 | Carrier dynamics and transport properties revealed by pump-probe 
technique7. (a) Schematic view of the pump-probe technique applied on 
monolayer WSe2. (b) The exciton lifetime (red squares, left axis) as a function 
of the pump fluence. (c) Differential reflection signal as a function of both the 
probe delay and the probe position measured from the monolayer WSe2 sample. 
Figures reproduced with permission from: (a-c), ref. 7, American Chemistry 
Society.   
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Unlike low-density exciton systems, high-density exciton processes 

such as in TMDCs would exhibit more complex dynamics due to the 

involvement of exciton-exciton interactions. For instance, exciton-exciton 

annihilation, a many-body interaction process where one electron-hole pair is 

destroyed and its energy transferred to another exciton, was identified in 

monolayer MoS2 and MoSe2 via pump–probe spectroscopy. This process can 

be considered the excitonic analog of the Auger recombination process, so 

studying this process is important for understanding the nonradiative decay 

channel. Under excitations with high injected density,  the exciton-exciton 

annihilation rates in monolayer MoS2
49 and MoSe2

50 are deduced to be 

(4.3 ± 1.1) × 10-2 cm2/s and (33 ± 6) × 10-2 cm2/s, respectively.  

 

Figure 1.20 | Energy and electron transfer verified by pump-probe technique51. 
(a) Schematic view of a hybrid composed of monolayer WS2 and Al disks. (b) 
Spectral cut at 500 fs from part (symbols) fit to a multiple-Gaussian function 
(solid line). (c) Schematic of the mechanism of energy transfer at the studied 
hybrid system. (d) Schematic of the proposed mechanism of charge transfer at 
the studied hybrid system. Figures reproduced with permission from: (a-d), ref. 
51, © 2016, American Chemistry Society.  
 



40 
 

The pump-probe technique can also be used to characterize the energy 

and charge transfer between TMDCs and plasmonic nanostructures (Fig. 1.20a), 

as reported by Boulesbaa et al. in a hybrid composed of monolayer WS2 and an 

array of aluminum (Al) nanodiscs51. Femtosecond pump-probe spectroscopy 

results indicate that within ~ 830 fs after photoexcitation of the monolayer WS2, 

energy transfer from the WS2 excitons excites the delocalized surface plasmon 

resonance (DSPR) of the Al array (Fig. 1.20b). Upon the damping of these 

excited plasmons, energy and/or electron transfer back to WS2 occurs (Fig. 1.20 

c and d) as indicated by an increase of the reflected probe signal at the WS2 

exciton transition energies at later time delays. This simultaneous exchange of 

energy and charges between the metal nanostructure and WS2 leads to an 

extension of the average lifetime of the WS2 excitons from ~ 15 ps to ~ 58 ps in 

the absence and presence of the Al nanodisks, respectively. The pump-probe 

technique quantitatively reveals the energy and charge transfer processes in the 

time domain, shedding light on the design of hybrid plasmonic/2D structures 

with long exciton-plasmon lifetimes for higher efficiencies in photovoltaics, 

photodetectors and photocatalysis applications.  

 
1.6 Objective and scope of this thesis 

 The relative strong light-matter interactions in 2D TMDCs as compared 

with graphene brings about novel optical properties, making them attractive for 

applications in optoelectronics. However, there are still several challenges 

inhibiting their practical applications. One major challenge is to achieve 

stronger light-to-light conversion efficiencies for ultralow threshold lasing 

applications. Another challenge is to develop a good understanding of photon-
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to-carrier conversion and exciton dissociation processes in 2D TMDC photo-

conduction devices. 

In the context of these challenges, this thesis reports the enhancement of 

light-to-light conversion efficiency and investigates the light-to-carrier 

conversion process of 2D TMDCs using PL, SHG and TA techniques. Chapter 

2 provides a brief description of the fabrication and characterization techniques 

used in this study of 2D TMDCs. As the innate atomic-layer thickness limits 

light absorption and emission of 2D TMDCs, Chapters 3 and 4 focus on 

improving the first-order optical property (PL) and second-order optical 

property (SHG) of monolayer WSe2 by gold plasmonic nanostructures, 

respectively. Detailed analyses of the enhancement mechanism as well as the 

interaction processes between the plasmonic nanostructure and monolayer 

WSe2 are also presented. These studies provide an effective way to enhance the 

light emission properties of 2D TMDCs, paving the way towards plasmon-

enhanced optoelectronic devices based on 2D materials.  

Light-matter interactions in 2D TMDCs also gives rise to a photo-to-

carrier conversion process. This process has been widely explored in optically 

active A and B excitons, whereas the study of C excitons in the band nesting 

region is less well studied. Chapter 5 uses the technique of third-order nonlinear 

TA spectroscopy to characterize the relaxation dynamics of photoexcited C 

excitons in MoS2 and their collection efficiency in MoS2/graphene 

heterostructures. This work provides a detailed understanding of the exciton 

dissociation and collection processes, and should motivate further studies on hot 

electron behaviors in 2D materials and their potential applications. In Chapter 

6, a summary of the key results is presented, as well as a discussion on possible 
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future extensions to this thesis regarding exploring novel optical properties of 

plasmonic nanostructures with 2D TMDCs and their applications in novel 

optoelectronic devices.  
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Chapter 2 Fabrication and characterization techniques 

This chapter will present a general review of the fabrication, transfer and 

characterization techniques used in 2D materials. The 2D materials WSe2, MoS2 

and graphene used in this thesis were prepared by the chemical vapor deposition 

(CVD) method, and transferred to target substrates by wet transfer techniques. 

The gold plasmonic nanostructures were fabricated by the template-stripping 

method. The optical properties were characterized by photoluminescence (PL), 

Raman, second harmonic generation (SHG) and transient absorption (TA) 

spectroscopies. The morphologies of the samples were characterized by optical 

microscopy, atomic force microscopy (AFM) and scanning electron microscopy 

(SEM). The detailed recipes and equipment are described in Chapter 3, 4 and 5 

where they were used.  

2.1 Preparation of 2D materials 

 Two major strategies have been employed to obtain monolayer 2D 

materials: one is the top-down method of mechanical or chemical exfoliation 

from bulk crystals; the other is the bottom-up method of chemical vapor 

deposition method (CVD)1. The first method allows the production of high-

quality and micrometer-sized monolayer samples. The second CVD method is 

more suitable for large-scale production as it generates high-quality 2D 

materials with a scalable size, controllable thickness as well as excellent optical 

and electronic properties.  

2.1.1 Growth of TMDCs 

 For practical application of 2D TMDCs in electronic and optical devices, 

synthesis of atomically thin membrane with layer controllability and large-area 

uniformity by CVD is an indispensable requirement.  
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 An early strategy for growing large-area MoS2 layers reported by Lain-

Jong Li’s group is based on the direct chemical vapor phase reaction of MoO3 

and S powders2, 3. The precursors MoO3 and S powers are placed on separate 

ceramic or quartz boats, and the desired substrate such as c-face sapphire or 

silicon wafer are placed at the downstream of the furnace (Fig. 2.1a) or put 

facing down at the top of the boat containing MoO3 (Fig. 2.1b). When MoO3 is 

heated to 600 C° ̶  700 C° by the furnace, S is heated to ~ 120 C° by heating belt 

(Fig. 2.1a)2 or by utilizing the temperature variation (Fig. 2.1b)3 nearby the 

furnace, the gas Ar or mixture of H2/Ar will carry the sulfur vapor to react with 

the diffused MoO3 in the form of an intermediate phase MoO3-x on the substrate. 

This approach renders the growth of single crystalline MoS2 flakes on arbitrary 

substrates, and is thus widely used for producing synthetic monolayer TMDCs.  

 Figure 2.1c shows the process for producing wafer-scale MoS2 

membranes4. A MoO3 thin layer with a desired thickness was initially thermally 

evaporated on c-face sapphire substrate. In the process of growth, the MoO3-

coated sapphire substrate is reduced to MoO2 or other reduced Mo oxides in a 

H2/Ar environment at 500 C°. The sample was then annealed in a sulfur-rich 

environment at 1000 C°, leading to the formation of a wafer-scale MoS2 thin 

layer with semiconductor properties. Other TMDCs materials such as WSe2 can 

be grown by similar method5. The monolayer WSe2 with triangular shape used 

in Chapter 3 and 4 were grown by Lain-Jong Li’s group and the monolayer 

MoS2 film used in Chapter 5 was grown by myself via the method as shown in 

Figure 2.1 b, and the furnace was brought from MTI Corporation as shown in 

Fig. 2.2a.  
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Figure 2.1 | Schematic illustration for the growth of TMDCs by CVD method. 
(a-b) Schematic of the synthesis process of MoS2 by using precursors of MoO3 
and S powers. The temperature control of S power is achieved by heating tape 
(a) or by putting it at an appropriate place nearby the furnace (b). (c) Schematic 
illustration for the synthesis of MoS2 layers by sulfurization of MoO3 film on c-
face sapphire4. Figure reproduced with permission from: (c), ref. 4, © 2012, the 
Royal Society of Chemistry.  
 
2.1.2 Growth of graphene  

Large-area graphene films can be grown on copper substrates at the 

temperature up to 1000 C° by CVD of carbon using a mixture of methane and 

hydrogen6. The films grown by this method are predominantly single-layer 

graphene with a small percentage (less than 5%) of the area having a few layers. 

They are continuous across copper surface steps and grain boundaries with the 

size of several centimeters. The low solubility of carbon in copper makes this 

growth process self-limiting, thus generating monolayer graphene on the copper 

foil substrate. The large-area monolayer graphene used in Chapter 5 was grown 

by myself via this CVD method. A separate furnace from the one used to grown 

MoS2 was utilized to grow graphene so as to avoid contamination (Fig. 2.2b).  
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Figure 2.2 | Photos of the furnaces (MTI Corporation) that were used to grow 
2D materials. (a) The furnace was used to grow monolayer MoS2. (b) The 
furnace was used to grow monolayer graphene. 
 
2.2 Transfer techniques 

 

Figure 2.3 | Processes to transfer TMDCs or graphene on desired substrates. (a) 
Pictures showing the procedure to transfer as-synthesized MoS2 layer from a 
sapphire to a SiO2/Si wafer4. (b) Schematic view of the transfer process of 
graphene7. Figure reproduced with permission from: (a), ref. 4, © 2012, the 
Royal Society of Chemistry. 
 

Exploring the potential of 2D materials requires us to perfectly transfer 

the CVD synthesized 2D materials from the growth substrates onto other 

substrates without compromising the sample quality and properties, as the 

substrates used for the growth of 2D materials may be different from those 

required for fundamental or applied research. The early strategy used to transfer 
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2D materials as demonstrated in Fig. 2.3 is called the wet transfer method4, 7, 

namely, using polymethyl methacrylate (PMMA) to support the 2D materials 

and then etching the growth substrate by hot base solution to lift off the films 

followed by removal of PMMA. Subsequently, a dry transfer method was 

developed leveraging the penetration of water between hydrophobic TMDCs 

films with spin coated polystyrene (PS) and hydrophilic growth substrates to lift 

off the films8, and dry transferring the film to the desired substrate by tweezers. 

In this thesis, the wet transfer method was used to transfer TMDCs and graphene 

as it provides a better contact between the 2D materials and the target substrate.  

2.3 Fabrication of metal nanostructures 

 

Figure 2.4 | Detailed illustration on the fabrication process of template-stripped 
gold substrates used in Chapter 3 (Left Panel) and Chapter 4 (Right Panel). (a, 
a’) Spin coating of hydrogen silsesquioxane (HSQ) resist onto the silicon 
substrate. (b, b’) Electron beam exposure of HSQ resist with the design pattern 
and NaOH/NaCl salty development of HSQ resist. (c, c’) Silicon etching by 
inductively coupled plasma (ICP). (d, d’) Residue HSQ resist mask sputtered 
away by reactive-ion etching (RIE) oxygen plasma. (e, e’) Deposition of 150-
nm-thick gold film by using e-beam evaporator. (f, f’) Drop casting of optical 
adhesive (OA) glue onto the gold film and followed by a glass coverslip. OA 
glue is then cured by UV irradiation. (g, g’)-(h, h’) Template stripping process 
to fabricate the patterned gold nanostructures. 
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The metal nanostructures supporting localized surface plasmon can be 

used to enhance the optical or optoelectronic properties of 2D TMDCs as 

discussed in Chapter 1. In this thesis, the gold nanostructures used in Chapter 3 

(Left Panel, Fig. 2.4) and Chapter 4 (Right Panel, Fig. 2.4) was made by 

template-stripping method9 as sub-20-nm-wide trenches can be easily obtained 

by this method. This narrow trenches can provide extremely strong localized 

field as compared with other nanostructures upon illumination of laser, thus 

rendering enhanced light emission from TMDCs. The fabrication was done by 

Dr. Zhaogang Dong in my co-supervisor A/P Joel K. W. Yang’s group, Institute 

of Materials Research and Engineering (IMRE). 

 The gold substrate used in Chapter 3 has crossed trenches, while the one 

used in Chapter 4 has trenches all along one direction. Despite the slight 

difference in trenches, both substrates were patterned by the template-stripping 

method based on nano-patterned silicon templates, as shown in Fig. 2.4. First, 

2% hydrogen silsesquioxane (HSQ) dissolved in methyl isobutyl ketone (MIBK) 

was spin coated onto a cleaned silicon substrate at 5000 rounds per minute (rpm). 

The thickness of the HSQ layer was around 30 nm. Then, the pattern of the HSQ 

resist was fabricated using electron beam lithography (EBL) with an electron 

acceleration voltage of 100 keV. The exposed HSQ was developed using 

NaOH/NaCl (1 wt %/4 wt %) in de-ionized water for 60 seconds before 

immersing in DI water for 60 seconds to stop the development. Next, silicon 

etching was carried out by inductively-coupled plasma (ICP) using a gas 

combination of Cl2 and HBr. The HSQ feature functioned as a protection mask. 

After the silicon etching process, the HSQ mask was removed by using reactive-

ion-etching (RIE) oxygen plasma, where the HSQ mask was sputtered away by 
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the reactive ions. Next, a 150-nm-thick gold film was evaporated onto the 

silicon substrate. Several droplets of the optical adhesive (OA) glue were put 

onto the sample surface using a pipette. A glass slide was then placed on top of 

the OA glue and the OA glue was cured using ultra-violet radiation, followed 

by template-stripping process, where the gold substrate was stripped from the 

silicon template.  

2.4 Optical characterization 

 The optical properties of 2D TMDCs were carefully characterized 

before and after transferring them onto the desired substrate. This section will 

briefly review the working mechanism and optical equipment used to 

characterize 2D TMDCs.  

2.4.1 PL and Raman 

PL and Raman are importance nondestructive techniques to characterize 

the quality and thickness of the TMDCs. In PL and Raman measurement, a 

confocal setup (Fig. 2.5a) is used to excite the sample using a monochromic 

pump laser. The pump laser was focused by a microscope objective lens, and 

the PL or Raman was then collected by the same objective and detected by a 

nitrogen cooled charge coupled device. PL is the main technique used in 

Chapter 3, and the detailed measurement parameters will be shown there.  

In monolayer TMDCs, electrons in the valence bands maximum (VBM) 

can be excited to the conduction bands minimum (CBM) by a pump laser, and 

the excited carriers can also recombine, releasing the energy by emitting light, 

as shown in Fig. 2.5b. The former process can be characterized by light 

absorption measurements, and the latter process can be characterized by PL 

measurements. More information about the origin of PL and the thickness-
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dependence of PL intensity is described in Section 1.3. If lattice vibrations or 

phonons participate in the optical transitions, the generated photon will have a 

lower energy than the incident photon (Stoke shift), and the energy difference 

is associated with a specific phonon modes of the materials. This inelastic light 

scattering process is called Raman scattering, as shown in Fig. 2.5c. 

 

Figure 2.5 | Optical setup of PL and Raman, and the related physics process. (a) 
Photo of a typical PL and Raman setup (WITec). (b) Light absorption and 
emission process. ħω0 is the energy of the incident light, ħω is the energy of the 
emitted light in the PL process. (c) Raman scattering process. ħωq is the energy 
of the emitted phonon.  
 

For the Raman spectrum of monolayer WSe2, two dominant peaks are 

observed around 250 cm-1 (Fig. 2.6a)10. However, few systematic trends could 

be observed on both the two modes as the film thickness increases. The Raman 

spectrum of MoS2 also has two prominent peaks: an in-plane (𝐸2𝑔
1 ) mode 

located around 383cm-1 and an out-of-plane (𝐴1𝑔) mode located around 407cm-

1, as shown in Fig. 2.6b11. The in-plane mode is caused by sulphur atoms 

vibrating in one direction and the molybdenum atom in the other, while the out-

of-plane mode results from just the sulphur atoms vibrating out-of-plane. These 

two modes evolve with the thickness of MoS2. In the monolayer, the in-plane 

mode upshifts to 386 cm-1 and the out-of-plane downshifts to 404 cm-1. The 

peak difference of the two modes (~18cm-1) is a reliable identification for 

monolayer MoS2.  

http://www.baidu.com/link?url=RikCDv-PxPiNNY7fILn252bcyUMjXI3SN47SPK8KVb0eW0HYVYKlUUFKScDxkylyEJZG6CaqPM4JsCHpWV5bPJk45Ow8kD_6mMzZvh0beTS
http://www.baidu.com/link?url=RikCDv-PxPiNNY7fILn252bcyUMjXI3SN47SPK8KVb0eW0HYVYKlUUFKScDxkylyEJZG6CaqPM4JsCHpWV5bPJk45Ow8kD_6mMzZvh0beTS
http://www.baidu.com/link?url=RikCDv-PxPiNNY7fILn252bcyUMjXI3SN47SPK8KVb0eW0HYVYKlUUFKScDxkylyEJZG6CaqPM4JsCHpWV5bPJk45Ow8kD_6mMzZvh0beTS
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Figure 2.6 | Raman spectra of TMDCs. (a) Raman spectra of monolayer WSe2 
taken with a laser under conventional geometry (VV) and cross polarization 
(VH)10. (b) Raman of spectra of MoS2 with various thickness11. Figure 
reproduced with permission from: (a), ref. 10, © 2014, Nature Publishing Group; 
(b), ref. 11, © 2015, American Chemical Society.  
 
2.4.2 SHG spectroscopy 

Discovery of second harmonic generation (SHG) in 1961 by Peter 

Franken et al. at University of Michigan opened up a window for exploring 

nonlinear optics. Shortly after the construction of the first laser by Theodore 

Harold Maiman, this field underwent dramatic advances. As more information 

about the origin of SHG and its function in characterizing TMDCs has already 

been presented in Chapter 1, this section will only demonstrate a brief 

comparison of SHG and PL techniques. Both techniques can be used in 

microscopy and spectroscopy modes to characterize the material properties. 

However, they have several differences in their origin, requirements for samples 

and optical set for conducting experiments. First, SHG is a second order 

coherent process where two lower energy photons are up-converted to exactly 

twice the incident frequency (half the wavelength) of an excitation laser. This 

process is carried out via an intermediate virtual state (Fig. 2.7a), requiring the 

materials to have no inversion symmetry. In contrast, PL is a process for 

https://en.wikipedia.org/wiki/Second-harmonic_generation
https://en.wikipedia.org/wiki/Peter_Franken
https://en.wikipedia.org/wiki/Peter_Franken
https://en.wikipedia.org/wiki/University_of_Michigan
https://en.wikipedia.org/wiki/Theodore_Harold_Maiman
https://en.wikipedia.org/wiki/Theodore_Harold_Maiman
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materials absorbing light with higher energy and emitting light with lower 

energy (Fig. 2.7b), requiring the materials to be semiconductors. The energy of 

the emitted light is associated with the optical bandgap of the materials. Second, 

the SHG experiment is generally conducted by pulsed laser, as the SHG is a 

nonlinear process requiring high electric field, while PL experiment is often 

conducted with a continuous-wave laser with energy larger than bandgap of the 

samples. The detailed parameters for SHG experiment will be discussed in 

Chapter 4.   

 

Figure 2.7 | Comparison of SHG and PL processes. (a) Demonstration of the 
process related with SHG. (b) Demonstration of the process related with PL.    
 
2.4.3 Reflectance spectroscopy 

Reflectance spectroscopy is a useful tool to deduce the absorbance of 

the materials on an opaque substrate and to identify the plasmon resonant 

wavelength of metal nanostructures. The reflectance spectrum is the plot of the 

reflectance as a function of wavelength. Generally, the resonant wavelength of 

the nanostructure is featured as a dip in the reflectance spectrum, as the 

nanostructure has strong absorption there. In Chapter 3 and 4, the plasmon 

resonant wavelength was quantitatively determined by this simple approach.  

 

https://en.wikipedia.org/wiki/Wavelength
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Figure 2.8 | Photo of the CRAIC UV-VIS-NIR micro-spectrophotometer (model 
QDI 2010) used to measure reflectance spectra.  
 

Reflectance is defined by the fraction of incident electromagnetic power 

that is reflected at an interface. The absolute reflectance spectrum of a target 

sample is normally determined by comparison with a standard substrate such as 

aluminum or gold substrate with known reflectivity via the equation:  

                                                         𝜌𝑡 = 𝜌𝑠
𝐿𝑡

𝐿𝑠
                                                               (2.1) 

where 𝜌𝑡 is the reflectance of the target sample with unit of percentage, 𝜌𝑠 is the 

reflectance of the standard with known reflectance spectrum profile, Lt and Ls 

are the reflected signal of the target and standard substrate, respectively, which 

are collected by the charge-coupled device (CCD) of the equipment with the 

unit of CCD counts. The main purpose for using the standard sample here is to 

calibrate the intensity of the incident light as its intensity varies with wavelength. 

The optical reflectance spectra of the sample shown in Chapter 3 and 4 were 

measured using a CRAIC UV-VIS-NIR micro-spectrophotometer model QDI 

2010 (equipped with a 36× objective lens with NA = 0.5). The picture of the 

setup is shown in Fig. 2.8.  
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2.4.4 Transient absorption spectroscopy 

Experimental setup  

 
Figure 2.9 | Pump-probe setup. A schematic view of a typical two colour pump-
probe setup. Pump (red) comes from the Ti: sapphire oscillator. The continuum 
white light (silver) generated from the sapphire crystal (blue) is used as the 
probe.   
 

The experimental setup for transient absorption (TA) spectroscopy is 

illustrated in Fig. 2.9. The TA spectra is measured by using a Kerr-lens mode-

locked Ti: sapphire oscillator and a standard two-color pump-probe setup. The 

output of the oscillator with certain wavelength is split into two beams by a 

beam splitter. One beam with a diameter of hundreds of µm was focused on the 

sample as the pump and blocked after the sample. The other beam is focused on 

a sapphire, calcium fluoride plate, quartz or water to generate a supercontinuum 

white light with wavelength normally ranging from 400 to 1100 nm (depending 

on the material) and used as a broadband probe. The probe has low intensity so 

as to avoid multiphoton/multistep processes during probing, namely it does not 

transfer a significant population from the ground to the excited states (or vice 

versa), and has a diameter slightly smaller than the pump. In order to vary the 

time delay (𝜏) between the pump and probe pulses, the pump is sent through an 

optical delay line, which consists of a retroreflector mounted on a computer-

controlled translation stage.  
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A TA experiment proceeds as follows12: tuning the time delay between 

the pump and probe beams to a fixed duration by the optical delay line, and 

using an optical chopper to block every other excitation pulse. In this way, the 

sample is being excited by the pump and not excited alternately. The detector 

alternately records the spectrally resolved intensity of the probe that passes 

through (transmission mode) or reflected from (reflection mode) the sample 

being ‘pumped’ and ‘unpumped’, I(λ)pumped and I(λ)umpumped. An absorbance 

difference spectrum ΔA(λ) is reconstructed according to: 

                                   ∆A (𝜆) = − log 𝐼(𝜆)pumped/𝐼(𝜆)umpumped                   (2.2) 

where λ is the detection wavelength. Subsequently, the delay line is moved to 

another time delay between the pump and probe, and the above procedures are 

repeated. In this way, the entire dataset ΔA (λ, 𝜏) is collected. 

Contributing processes to the spectrum 

 

Figure 2.10 | Contributions in TA spectra. (a) Physics process of signal 
contributions in transient absorption spectroscopy13. Both the ground state 
bleaching (GSB) and the stimulated emission (SE) result in a negative change 
in absorbance ΔA < 0. The excited-state absorption (ESA) and the absorption of 
a photoproduct (PA) give a positive signal ΔA > 0. (b) Components comprising 
transient absorption spectrum: ground-state bleaching (dashed line), stimulated 
emission (dotted line), excited-state absorption (gray line), sum of these 
contributions (thick solid line)14. Figure reproduced with permission from: (b), 
ref. 13, © 2009, Photosynthesis Research, Springer.  
 

As shown in Fig. 2.10, a ΔA spectrum contains contributions from 

various processes14:  



58 
 

(1) The first contribution is ground-state bleaching. When the pump pulse 

excites the sample, a fraction of the molecules leave the ground states and 

transfer to the excited state (dark green arrow, Fig. 2.10a). This means the 

number of ground-state molecules in the excited sample is less than that in 

unexcited sample. As a result, a negative signal in the ΔA spectrum is observed 

in the wavelength region of ground state absorption (dashed line, Fig. 2.10b).  

(2) The second contribution is stimulated emission. It occurs when the probe 

pulse finds optically allowed transition of excited state in molecules, and the 

photons of the probe pulse stimulate the emission of the molecules (yellow 

dashed arrow, Fig. 2.10a). This process increases the intensity of the detected 

probe, resulting in a negative signal in ΔA spectrum (dotted line, Fig. 2.10b).  

(3) The third contribution is excited-state absorption. Upon excitation with the 

pump beam, the molecules in the excited state can be excited to a higher excited 

state (blue arrow, Fig. 2.10) in certain wavelength regions, and absorption of 

the probe at these wavelengths emerges. As a result, a positive signal in the ΔA 

spectrum is observed in the wavelength region of excited-state absorption (gray 

line, Fig. 2.10b).  

(4) The fourth possible contribution to the ΔA spectrum stemming from product 

absorption. Upon excitation of the photosynthetic or photochemical system, 

reactions may occur that generate a transient or a long-lived molecular state, 

such as triplet states, charge-separated states and isomerized states (red arrow, 

Fig. 2.10a). The absorption of such a product will arise as a positive signal in 

the ΔA spectrum. 

Note that the intensity of the probe pulse is so weak that the excited-

state population is not affected appreciably by these processes. 
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Data analysis and interpretation 

TA spectroscopy yields multidimensional data sets ΔA (λ, 𝜏) where one 

independent dimension is given by the delay-time 𝜏, and the other one by the 

probe wavelength λ. The large amounts of data collected can be analyzed by 

global and target analysis techniques. The common global analysis procedure is 

global lifetime analysis (GLA), where the data, Δ𝐴(𝑡, 𝜆𝑖), is represented by a 

discrete sum-of-exponentials function:  

                                         Δ𝐴(𝑡, 𝜆𝑖) = ∑ 𝐷𝐴𝑆𝑛
𝑗=1 (𝜏, 𝜆𝑖)exp (−𝑡/𝜏𝑗)                      (2.3) 

where the global parameters spanning the dataset are the lifetimes, τ, and the 

DAS (𝜏, 𝜆𝑖)  are pre-exponential amplitudes. The DAS are decay-associated 

spectra, representing the kinetic information of different states. It is plotted 

against detection wavelength, λ, as shown in Fig. 2.11a.  

 
Figure 2.11 | TA spectra15. (a) Decay-associated spectra (DAS) of the two 
lifetime τ1 and τ2, and time course of absorption intensity for two detection 
wavelength λ1 and λ2. (b) States-associated absorption (SAAS) and states-
associated emission spectra (SAES) of the two-component system.  
 

 For a coupled N-states system, we have in general n = N, namely, the 

number of kinetic components (lifetimes) equals the number of distinguishable 

states in the system. Take a system with n = 2 for example. The lifetime for a 

certain state is constant at all detection wavelength, i.e., τ1(λ1) = τ1(λ2) =… τ1(λi) 

and τ2(λ1) = τ2(λ2) =… τ2(λi). Then we need to do target analysis, namely, fitting 
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a ‘spectral model’ to the data. The physical parameters of interest are not DAS, 

but the SAAS (Fig. 2.11b) which represents state-associated absorption 

spectrum. The following equations show the relationships between these 

parameters15: 

                              𝐷𝐴𝑆1(𝜆𝑒𝑚) = 𝑐11 ∗ 𝑆𝐴𝐴𝑆1 + 𝑐12 ∗ 𝑆𝐴𝐴𝑆2                            (2.4) 

                              𝐷𝐴𝑆2(𝜆𝑒𝑚) = 𝑐21 ∗ 𝑆𝐴𝐴𝑆1 + 𝑐22 ∗ 𝑆𝐴𝐴𝑆2                              (2.5)  

The DAS are linear combinations of SAAS with coefficient clm. The lifetimes 

𝜏𝑖  are functions of rate constants and the kinetic connecting scheme of the 

system under study. The coefficients for the SAAS are complicated functions 

of both the rate constants, the excitation wavelength, and the extinction 

coefficients of the species involved.  

Comparison of TA and steady-state spectroscopy 

TA spectroscopy is an extension of steady-state absorption spectroscopy, 

but their working mechanism and setup are totally different. TA spectroscopy 

is an example of non-linear spectroscopy based on the pump-probe technique, 

measuring signal change of the probe passing through the sample in the case of 

illumination and blocking of the pump laser. Here, the absorbance at a particular 

wavelength or a range of wavelengths is measured as a function of time after 

excitation by a flash of pulsed laser. The time resolution relies on the ability to 

resolve two physical actions of the pump and probe in real time. In principle, 

the shorter the detection time, the better the resolution. Therefore, in TA 

spectroscopy, a femtosecond laser is frequently used as it offers a better 

resolution than a nanosecond laser. In contrast, the steady-state absorption 

spectroscopy only uses one light source covering a broad range of wavelengths 

https://en.wikipedia.org/wiki/Absorbance
https://en.wikipedia.org/wiki/Wavelength
https://en.wikipedia.org/wiki/Excited_state
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for radiating the sample. It provides spectral information of the absorbance of 

the material but cannot give temporal information about the carrier dynamics. 

TA is the major technique used in Chapter 5, where the setup is similar 

to the one shown in Fig. 2.9 and detailed experimental parameters are listed 

there. The TA experiments in Chapter 5 were done and analyzed by Dr. Lei 

Wang in Prof. Hongbo Sun’s group, Jilin University, China. This part is 

included for completeness and better understanding of Chapter 5. 

2.5 Characterization of morphology 

The morphology of 2D materials and nanostructure were characterized 

by optical microscopy (OM), atomic-force microscopy (AFM) and scanning 

electron microscopy (SEM).  

2.5.1 AFM 

 

Figure 2.12 | Setup for morphology characterization.  (a) Atomic Force 
Microscopy (FastScan, Bruker). (b) Field Emission Scanning Electron 
Microscopy (FEI Verios 460). 
 

AFM is a very-high-resolution type of scanning probe microscopy 

(SPM), with demonstrated resolution on the order of fractions of a nanometer, 

more than 1000 times better than the optical diffraction limit. The height and 

https://en.wikipedia.org/wiki/Scanning_probe_microscopy
https://en.wikipedia.org/wiki/Nanometer
https://en.wikipedia.org/wiki/Diffraction_limited
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roughness of the samples in this thesis were measured by a BRUKER 

Dimension FastScan AFM (Fig. 2.12a).  

2.5.2 SEM 

SEM produces images of a sample by scanning it with a focused beam 

of electrons. These electrons interact with atoms in the sample, generating 

various signals that contain information about the sample surface topography. 

SEM images shown in this thesis were measured by FEI Verios 460 Field 

Emission SEM (Fig. 2.12b) with a current of 100 pA and electric field of 10 kV.  

2.6 Scanning tunneling macroscopy 

Scanning tunneling microscopy (STM) measurements in Chapter 5 were 

carried out by Dr. Yuli Huang in my main supervisor Prof. Andrew T. S. Wee’ 

group in National University of Singapore (NUS). Scanning tunneling 

spectroscopy (STS), an extension of STM, provides information about the 

density of electrons in a sample as a function of their energy. The STM/STS 

measurements were conducted in an ultra-high vacuum system housing an 

Omicron LT-STM interfaced to a Nanonis controller. The sample was degassed 

overnight at 350 °C before STM/STS analysis was performed, and kept at 77 K 

during the measurements. For dI/dV spectra, the tunneling current was obtained 

by a lock-in amplifier, with a modulation of 625 Hz and 40 mV. Note that the 

bias voltage (Vtip) is applied on the STM tip; hence negative values correspond 

to the conduction band and positive values to the valence band. 
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Chapter 3 Giant PL Enhancement in WSe2-
Gold Plasmonic Hybrid Structures 

3.1 Introduction 

Distinct from semimetal graphene with no band gap, crystalline 

monolayers of transition metal dichalcogenides (TMDCs) are direct bandgap 

two-dimensional (2D) semiconductors that are promising as light-active 

materials for optoelectronic applications1, 2.  Recently, TMDCs have shown 

great potential in ultrasensitive photodetectors and ultrathin light absorbers and 

emitters3-5.  However, their application in photonic devices is limited by their 

low absolute photoluminescence (PL), albeit the direct band gap in monolayer 

TMDCs leads to much larger PL than the bilayer, few-layer and bulk 

counterparts. The low PL is caused by low quantum efficiency arising from low 

radiative decay rate and weak absorption owing to the innate thin thickness6. 

Fortunately, integrating noble metal nanostructures supporting localized surface 

plasmons (LSPs)7-13 and propagating surface plasmon polaritons (SPPs)14, 15 can 

afford significant PL enhancement owing to the increase of optical density of 

states.  

Among TMDCs, tungsten diselenide (WSe2) attracts tremendous 

research interests  as it is a promising material for creating electrically excited 

light-emitting diodes1 and heterostructures with MoS2 (ref. 5). It has been shown 

to be a promising emitter at ~ 750 nm wavelength with a quantum yield that is 

two orders of magnitude larger than that of MoS2 (refs 16, 17) at room 

temperature. However, the research of PL enhancements from WSe2-plasmonic 

hybrid nanostructures is limited. Recently reported enhancements in MoS2 are 

potentially close to the ultimate limit that can be achieved from this material9, 
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18. While it is generally more challenging to achieve large enhancements from 

systems with a higher quantum yield, it is significant to explore the ultimate 

limit in the PL enhancements that can be achieved in WSe2.  

We obtained giant PL enhancement factor (EF) of ~ 20,000-fold from a 

single crystal monolayer of WSe2 by suspending it over sub-20-nm-wide 

trenches that support lateral gap plasmons. By systematically tuning the gap 

plasmon resonances to the 633-nm pump laser, a close correlation was observed 

between the local near-field intensity, the Purcell factor and the measured PL 

enhancements. This character sheds light on the utility of lateral gap plasmons 

in promoting excitation of electron-hole pairs at the pump laser wavelength and 

their radiative emission at 750 nm, providing an effective way to obtain giant 

PL in TMDCs. Unlike previous plasmon-enhanced structures8, 9, 12, 13, our hybrid 

plasmon-enhanced design provides full access to the top surface of WSe2, 

facilitating stacking of other 2D materials, adding electrical top contacts or 

optical waveguiding, and conducting chemical doping. 

3.2 Experimental and simulation methodology 

3.2.1 Growth and transfer of WSe2 

        The triangular-shape monolayer WSe2 was grown on sapphire by the 

chemical vapor deposition (CVD) method. It was conducted by Dr. Yung-

Huang Chang in our collaborator Prof. Lain-Jong Li’s group, at the 

King Abdullah University of Science and Technology (KAUST). The WO3 

powder (0.3 g) was placed in a ceramic boat located in the center of the furnace 

and the Se powders were placed in a separate ceramic boat at the upper stream 

side maintained at 270 ˚C during the reaction. The sapphire substrates for 

growing WSe2 were put at the downstream side, where the Se and WO3 vapors 



66 
 

were brought to the sapphire substrates by an Ar/H2 flowing gas (Ar = 80 sccm, 

H2 = 20 sccm, chamber pressure = 1 Torr). The center heating zone was heated 

to 925 ˚C at a ramp rate of 25 ˚C /min. Note that the temperature of the sapphire 

substrates is ∼750 to 850 ˚C when the center heating zone reaches 925 ̊ C. After 

reaching 925 ˚C, the heating zone was kept at that temperature for 15 min and 

the furnace was then naturally cooled down to room temperature. The quality 

of WSe2 was characterized by optical microscopy, PL and Raman techniques 

(Fig. 3.1). The optical microscopy in Fig. 3.1a shows that the triangular-shape 

WSe2 with a size of ~ 4.5 µm is well crystallized and densely distributed on 

sapphire. It has one pronounced emission peak at 768 nm (1.61 eV), i.e. the A 

direct excitonic transition19-21, which is a typical PL spectrum of a pristine 

monolayer WSe2 (Fig. 3.1b). The Raman spectrum excited by 532-nm laser is 

shown in the inset of Fig. 3.1b, where there are two characteristic peaks for 

monolayer WSe2 on sapphire at 248 cm-1 and 259 cm-1, which are from the 

degenerate E′/A1
′  mode and 2LA(M) mode, respectively22.  

 

Figure 3.1 | Characterization results of WSe2 on as-grown sapphire. (a) Optical 
microscope image of WSe2 grown on sapphire. The scale bar is 10 µm. The 
black dots are nucleation points of WSe2 in the growth process. (b) Raman and 
PL spectra of WSe2 on sapphire as measured by 532-nm pump laser. The laser 
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powers for measuring PL and Raman spectra were 110 µW and 450 µW 
respectively, and the corresponding integration times were 0.5 s and 15 s, 
respectively. 
 

After growth, the WSe2 was transferred from the sapphire substrate to 

the gold substrate by a wet transfer method. First, the WSe2 on sapphire 

substrate was coated with a layer of PMMA (950K, A3) by spin-coating (step 

1: 500 rpm for 10 s; step 2: 2000 rpm for 70 s), followed by baking at 130 ˚C 

for 2 min. The PMMA at the edge of the sapphire substrate was cut off by a 

knife in order to facilitate the following exfoliation of PMMA-capped WSe2 

from the substrate. Then, a NaOH (3 mol/L) solution at 100 ˚C was used to 

exfoliate PMMA-capped WSe2 from sapphire. After that, the PMMA-supported 

WSe2 film was transferred to deionized (DI) water so as to remove the etchant 

and residues. A fresh gold substrate was then used to ‘fish out’ the PMMA-

capped WSe2 film, followed by drying on a hot-plate (75 ˚C for 5 min and then 

100 ˚C for 10 min). The PMMA was finally removed by acetone vapor and 

cleaned by isopropyl alcohol (IPA). 

3.2.2 Characterizations 

 

Figure 3.2 | PL signal of unpattern gold film and gold nanostructure without 
WSe2. The pitches range from 60 to 200 nm. The PL signal measured by 532-
nm (a) and 633-nm pump laser (b), respectively.  
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AFM images and SEM images as well as reflectance spectra were 

measured by systems as discussed in Chapter 2. A confocal micro-

photoluminescence setup was used to excite the sample by using a 532-nm or 

633-nm CW pump laser, which is focused by a 100x microscope objective lens 

(NA = 0.65). Photoluminescence (PL) emission was then collected by the same 

objective and detected by a nitrogen cooled charge coupled device. The spot 

sizes of the 532-nm and 633-nm pump lasers were approximately 600 nm and 

1.2 µm, respectively. The PL mappings were measured by the 532-nm laser as 

the smaller laser spot size of this gave a better PL mapping resolution. The 

background PL signals of pure gold nanostructures (Fig. 3.2) without WSe2 

were subtracted from all the PL spectra of WSe2 on patterned gold 

nanostructures. The PL EF is defined as the ratio of integrated PL intensity of 

WSe2 on patterned gold nanostructure to that on unpatterned gold film.  

3.2.3 Numerical simulation method 

The simulation was done by Dr. Yinghong Gu in my co-supervisor Prof. 

Cheng-Wei Qiu’s group, National University of Singapore. A commercial 

software package, Lumerical Finite-Difference Time-Domain (FDTD) 

Solutions, was used to simulate the optical field distributions and Purcell 

factors. Periodic boundary conditions were used along x- and y-axes, while 

perfect-matched layer (PML) was used along z-axis. The finest mesh size was 

set to be 0.5 nm in the structure. The geometries of the metal nanostructures in 

the simulations were designed to match with the corresponding SEM images 

with a trench depth of 75 nm. This fine adjustment in the geometry was done 

for every pitch, which explains the discontinuous jumps in the numerical data 

points (Fig. 3.8a and b).  
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3.3 WSe2-plasmonic hybrid nanostructures. 

 

Figure 3.3 | Schematic of WSe2-gold plasmonic hybrid structure with strong 
optical absorption. (a) Schematic of PL emission from a single crystal 
monolayer of WSe2 flake on a gold substrate. Part of the triangular flake rests 
on the patterned region of the substrate consisting of sub-20 nm wide trenches. 
(b) Representative simulation of the electric field distribution of the lateral gap 
plasmons with a WSe2 monolayer flake suspended over a single trench. The 
polarization of the incident laser field is across the gap. The dashed yellow line 
denotes the boundary between air and gold. The scale bar is 20 nm. (c) 
Representative Scanning electron micrograph (SEM) image of WSe2 on square 
arrays with a trench width of 12 nm (Patterned) and unpatterned gold film 
(Unpatterned). The scale bars in the main figure and the inset are 1 µm and 100 
nm, respectively.  
 
  A schematic of the investigated system is shown in Figure 3.3a. We 

transferred CVD grown WSe2 monolayer flakes onto gold substrates with 

trenches as narrow as sub-20 nm. The gold substrate was fabricated by template-

stripping method (see details in Section 2.3). This sample enables a direct 

comparison of PL emission from the same single crystal WSe2 flake, where 

regions over unpatterned gold were taken as the base reference. The template-

stripping method used to prepare the gold nanostructures has advantages over 
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other commonly used electron beam lithography (EBL) method to make gold 

nano-bowties, nano-rods or nano-discs8, 12, 13, where 4 or 5 pieces of gold 

substrate with nanostructures are reproducible from one piece of patterned 

silicon substrate, critical for high-throughput and time-saving manufacturing23, 

24. Moreover, we do template-stripping right before the transfer process of WSe2 

so as to reduce contamination from adsorbed air-borne molecular species and 

preserve the hydrophilic nature of freshly stripped gold25. 

The trenches in gold support strong field enhancements as shown in the 

FDTD simulation results in Fig. 3.3b, where a monolayer WSe2 flake is placed 

over the trench. The resonances are in the form of lateral gap plasmons in the 

sub-20 nm trenches with E-fields predominantly parallel to the plane of WSe2 

to promote strong light absorption26. This resonance can be tuned to be matched 

with the pump laser wavelength by varying the pitch of the structures, which 

are critical for plasmon coupling with light to achieve optimal field 

confinement27, 28. Figure 3.3c presents a scanning electron micrograph (SEM) 

image of a triangular WSe2 single crystal monolayer as transferred onto the gold 

substrate with a trench width of ~ 12 nm. 

3.4 Observation of PL enhancement in WSe2.  

 Here, we show that the lateral gap plasmons are able to enhance the PL 

emission significantly. A template-stripped gold substrate with a large pitch 

(760 nm) and 532-nm pump laser were chosen for this purpose so that the 

enhanced PL due to lateral gap plasmons in the trench could be spatially 

resolved. Fig. 3.4a and Fig. 3.4b present the SEM image and the corresponding 

PL mapping across the same WSe2 flake, respectively, so that it enables us to 

have a self-consistent comparison of PL enhancement from a single flake, thus 
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avoiding potential variations in PL emission between different flakes. The PL 

experiment was carried out using a 532-nm pump laser with a power of 30 μW 

and the intensity value at each pixel of Fig. 3.4b was obtained by integrating the 

PL spectra across the spectrum window of 700-820 nm. This PL mapping shows 

that the sub-20 nm trenches on gold substrate were able to enhance the PL 

emission considerably. The weaker PL enhancement at Point C is due to the tear 

defect in the flake that is observable in the SEM image.   

 

Figure 3.4 | Characterization results of WSe2-gold plasmonic hybrid structure. 
(a) SEM image of a WSe2 flake on a patterned nanostructure with a pitch of 760 
nm. “A” points to a portion of WSe2 suspended above an intersection of two 
underlying trenches, while “B” corresponds to WSe2 on unpatterned gold film. 
“C” points to a tear defect. The scale bar is 1 µm. (b) PL intensity (I) mapping 
of the WSe2-gold plasmonic hybrid structure. A 532-nm pump laser was chosen 
for a fine PL mapping resolution. (c) PL spectra from A, B and as-grown WSe2 
on sapphire. The 532-nm laser power is 30 µw and integration time is 0.5 s. (d) 
Comparison of Raman spectra from WSe2 on patterned and unpatterned gold 
film, and on sapphire. The pump laser is 532 nm with the power of 450 µW. 
The integration time was 15 s.  
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Figure 3.4c presents a quantitative comparison of PL spectra from WSe2 

on patterned gold nanostructures (i.e. Point A), unpatterned gold film (i.e. Point 

B) and on sapphire. In this particular sample with a pitch of 760 nm, the 9-nm-

wide trenches enhance the PL emission from WSe2 of up to 37-fold as compared 

to the emission from WSe2 on sapphire. Moreover, PL emission from WSe2 on 

unpatterned gold film is enhanced by 7-fold as compared to the emission from 

WSe2 on sapphire, which might be due to the substrate-induced p-doping25 and 

field enhancement by the gold.  The PL of monolayer WSe2 on unpatterned gold 

and sapphire are decomposed into emission from positively charged exciton 

(trion) and neutral exciton by Lorentz fitting (Fig. 3.5). The emission ratio of 

trion to exciton is higher in WSe2 on unpatterned gold than WSe2 on sapphire, 

indicating the p-doping of the former caused by the gold substrate. The change 

in doping level could also be induced from the downshift of Raman peak in 

WSe2 when transferred from sapphire onto gold substrate29, 30 (Fig. 3.4d).  

 

Figure 3.5 | Comparison of Lorentz-fitted PL spectra of WSe2 on unpatterned 
gold (a) and on as-grown sapphire (b), respectively. PL spectra of monolayer 
WSe2 (red curve) are fitted (black curve) with Lorentz functions and 
decomposed into exciton (blue curve) and trion (green curve) peaks.  
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3.5 PL enhancement mechanism.  

The physical processes involved in the PL enhancement are investigated 

next. The PL intensity of emitters is determined by its excitation rate (i.e. 

absorption of the pump laser) and its emission efficiency (i.e. Purcell factor). 

When the plasmon resonance of WSe2-gold nanostructures matches the 

wavelength of the pump laser, the excitation rate of WSe2 will be enhanced31, 

i.e. γexc ~ |ENF|2 (near-field intensity enhancement). In addition, the plasmon 

resonance at the emission wavelength enhances the radiative decay rate and 

quantum efficiency via the Purcell effect32.   

 

Figure 3.6 | Optical characteristics of patterned gold nanostructures with 
different pitch sizes. (a) Relative reflectance spectra of patterned gold 
nanostructures with pitch sizes of 60 – 200 nm with respect to the unpatterned 
gold film. The solid and dashed curves present the experimental and simulated 
spectra, respectively. The dash dot line indicates the position of the pump laser 
of 633 nm. (b) Experimental (Exp.) and simulated (Sim.) resonance wavelength 
of the patterned gold nanostructures as a function of pitch size. (c) SEM images 
of the template-stripped gold nanostructures with respective pitch sizes. The 
inset numbers denote the pitch sizes in the unit of nm. The scale bars in the SEM 
images are 100 nm.   
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Figure 3.7 | Comparison of gold patterned nanostructure with pitches of 200 and 
220 nm. Atomic force microscope (AFM) measurement results of 
nanostructured silicon templates with the pitch sizes of 200 nm (a) and 220 nm 
(b), and the corresponding height profile along the white dashed lines (c) and 
(d). (e) Experimentally measured relative reflectance spectrum with respect to 
unpatterned gold film for gold nanostructure substrates with the pitch sizes of 
220 nm and 200 nm. (f) Simulated relative reflectance spectrum of gold 
patterned nanostructure with different trench depths (the pitch size is 220 nm). 
 

The simulations show an excellent agreement with the measured spectra, 

as seen in Fig. 3.6a. Moreover, the dependence of the plasmon resonance on the 

pitch size is summarized in Fig. 3.6b, where the plasmon resonance was red-

shifted from 507 to 633 nm as the pitch size is increased from 60 to 200 nm. 

Figure 3.6c presents the SEM images of the patterned trenches of different 

pitches. Well-defined square structures are observed in the patterned gold 

nanostructures for large pitch sizes of 140 − 200 nm while the shape evolves 

into rounded disks as the pitch was reduced to 60 nm. This effect is due to the 
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nanofabrication process, i.e. proximity effects in EBL and micro-loading effects 

during etching. Resonance wavelengths beyond 633 nm were not been obtained 

in our patterned nanostructures as the resonance wavelength for nanostructures 

with pitches larger than 200 nm exhibited a blue shift due to a shallower trench 

depth as caused by imperfections in the fabrication process (Fig. 3.7). In the 

simulation, the surface geometry of the trenches is based on the SEM images 

(Fig. 3.6c) and the trench depth is based on the height profile of the ridges on 

the silicon template measured by AFM (Fig.3.7c) 

 

Figure 3.8 | Photoluminescence spectra, near-field intensity enhancement, 
Purcell factor enhancement and PL enhancement of WSe2 on patterned gold 
nanostructures with different pitch sizes. (a, b) PL spectra measured by 532-nm 
and 633-nm pump laser, respectively. (c, d) Simulated enhancement factor of 
the near-field intensity for the WSe2 monolayer flake as placed on the trench 
region of the gold substrate compared to that on unpatterned gold film at the 
pump laser wavelength of 532 nm and 633 nm, respectively. This enhancement 
factor for the near-field intensity is denoted as “EFNF”, which accounts for the 
excitation process. (e) Simulated enhancement factor for the Purcell factor at 
the PL emission wavelength of WSe2 (750 nm) denoted as “EFPF”, accounting 
for the emission process.   
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 Both 532-nm and 633-nm pump lasers were used to investigate the 

effect of plasmon-enhanced PL emission from monolayer WSe2. Figure 3.8a-b 

presents the corresponding PL spectra as extracted from the PL mapping. We 

note that the 633-nm pump laser gives a higher PL emission as compared to the 

532-nm pump laser. We simulated the enhancement factor (EF) of near-filed 

intensity, which is defined as the ratio of the simulated |E|2 on top of the trench 

to the simulated |E|2 on the unpatterned gold film at pump laser wavelength of 

532 and 633 nm, respectively (Fig. 3.8c-d). To estimate the emission 

enhancement, we calculated the Purcell factors for dipoles located on top of the 

trenches of gold nanostructures and for dipoles on top of the unpatterned gold 

film33. The emission enhancement was then determined by the ratio of these 

Purcell factors (Fig. 3.8e). The Purcell factors were obtained directly from the 

FDTD analysis34, where the Purcell factors were equivalent to the emitter power 

of dipole arrays on the patterned or unpatterned gold substrates divided by that 

in the free space. Note that the classical calculations of Purcell factors do take 

into consideration both radiative and non-radiative rates for the dipole in the 

different environments35. Classically, the non-radiative decay rates are due to 

Ohmic losses in the metallic structures adjacent to the dipole. Despite the higher 

intrinsic absorption at 532 nm as compared to that at 633 nm in WSe2, excitation 

at 532 nm resulted in low field enhancements (Fig. 3.8c-d) and PL 

enhancements (Fig. 3.9a), due to inter-band transitions of electrons in gold at 

532 nm36.  

 Figure. 3.9b presents the experimental PL EF (corrected by the trench 

area fraction) excited by the 633-nm laser and the product of the simulated EF 

of near-filed intensity and Purcell factor as a function of pitch sizes. Despite the 
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higher density of trenches on the smaller pitch structures, on-resonance 

excitation with the pitch of 200 nm results in the strongest near-field intensity 

and Purcell factor enhancements which were computed 1 nm above the gold 

substrate, i.e. at the expected z-plane of WSe2. The standard deviation in Fig. 

3.8a and b was obtained by statistically analyzing ten spectra of WSe2 on each 

patterned gold nanostructure. Variations could be attributed to the slight trench 

size and shape variation of the patterned gold nanostructures, or optical non-

uniformity among different triangular single crystals of WSe2.  

 

Figure 3. 9 | Experimental PL enhancement factor (EF) (after correcting for the 
trench area fraction) and the simulated product of near-field enhancement factor 
(EFNF) at the related excitation wavelength and Purcell factor enhancement 
factor (EFPF) at the emission wavelength (750 nm). The excitation pump is 532-
nm laser (a) and 633-nm laser (b), respectively. The data points and 
corresponding error bars are obtained, respectively, by calculating the mean 
value and standard error of PL EF based on ten experimental PL spectra for each 
nanostructure. The inset in (b) shows the PL mapping of a WSe2 monolayer 
flake sited on patterned gold nanostructure with a pitch of 200 nm (on the left 
of the dashed line) and unpatterned gold film (on the right of the dashed line) 
under the illumination of 633-nm pump laser. The intensity value at each pixel 
was obtained by integrating the PL spectrum across the spectrum window of 
700 − 820 nm. The solid line presents the shape of the flake and the dashed line 
presents the boundary of the patterned and unpatterned substrate. The laser 
power was 30 µW and integration time was 0.5 s. 
 

As seen in Fig. 3.8b, the maximum PL enhancement was achieved by 

pumping WSe2 on a nanostructure with the pitch of 200 nm via 633-nm laser. 
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With the gap plasmon resonance tuned to the 633-nm pump laser wavelength, 

the integrated PL intensity from WSe2 on this gold nanostructure was enhanced 

up to 1,810-fold (without correction by the trench area fraction) compared to 

the reference on unpatterned gold film (see Fig. 3.9a-b).  

 

Figure 3.10 | The method to calculate the PL enhancement factor of WSe2 over 
the trench. (a, b) Comparison of PL spectrum of WSe2 on pitch 200 nm and on 
unpatterned gold measured by 633-nm laser. The PL peak energy and full-width 
at half-maximum (FWHM) in (a) are 1.64 eV and 65 meV respectively, while 
the corresponding values in (b) are 1.62 eV and 101 meV. The pump laser power 
was 30 µW and integration time was 0.5 s. (c) Diagram showing the area of 
multiple trenches perpendicular to the polarization direction of the laser within 
a laser spot. The trench parallel to the polarization direction of the laser is not 
shown for simplicity. The white arrow denotes the polarization direction of the 
laser and the red circle represents the laser spot. Λ denotes the pitch size and W 
denotes the trench width. The dashed lines illustrate how Pythagorean theorem 
was used to calculate the length of the trenches. 
 

Due to the small pitch size of 200 nm, the modulation of WSe2 PL 

intensity by the array of trenches could no longer be resolved in the PL mapping 

(see the inset of Fig. 3.8b). From Fig. 3.3b and Fig. 3.10b as shown later, we 

assume that the enhancements are still localized to WSe2 at the trenches, where 

this assumption will be supported by the PL mappings as shown in Fig. 3.10d 

and Fig. 3.10f. As measurements here were done with the pump laser polarized 

along the x-axis, fields are confined only within the trenches along the y-axis. 

Correcting for the small area occupied by these trenches, we obtain the 
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maximum effective PL EF of ~20,000 in WSe2 over the trench using the 

formula9: 

                                                      < EF > =  
𝐼patterned

𝐼unpatterned

𝐴0

𝐴gap
                                 (3.1) 

where Ipatterned is the PL intensity from WSe2 on the patterned gold nanostructure 

and Iunpatterned is the PL intensity from WSe2 on the unpatterned gold film. A0 

represents the excitation area of the laser spot size (π×6002 nm2) and Agap 

represents the area of the trenches (1.0×105 nm2) perpendicular to the 

polarization direction of the laser within the laser spot (see Fig. 3.9c). To the 

best of our knowledge, this magnitude of enhancement has not been previously 

observed from 2D materials7-15. 

Such a giant EF for the measured PL emission is due to the plasmon-

enhanced excitation process and the plasmon-enhanced emission process. To be 

more specific, as shown in Fig. 3.7c, the plasmonic nanostructure is able to 

enhance the excitation intensity by ~310-fold, at the pump laser wavelength of 

633 nm, when the pitch size is 200 nm. Furthermore, as shown in Fig. 3.7e, the 

Purcell factor on this 200-nm-pitch nanostructure is able to be enhanced by 

~307-fold, as compared to the one on unpatterned gold film. Therefore, the 

experimental EF of PL emission could be predicted by the product of these two 

enhancement factors (EFs), which is calculated to be more than 9×104, as shown 

in Fig. 3.8b for the pitch size of 200 nm. In addition, we would like to mention 

that it is unlikely that phase transition of WSe2 is at play here, although the 

direct contact between WSe2 and gold plasmonic structures. The 

semiconducting 2H to metallic 1T phase transition, which has only been 

observed in high-vacuum and low-temperature conditions37, has associated 
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Raman and PL quenching effects38. However, we observed strong PL 

enhancement instead of quenching.  

3.6 Polarization dependence of PL emission 

 

Figure 3.11 | Polarization-dependent characteristics of PL emission from WSe2 
flake on gold nanostructures with a pitch size of 920 nm and a pump laser of 
532 nm. (a) SEM image of WSe2 flake on the gold nanostructures. The white 
dashed circles denote the region, where the trenches in the gold film intersect 
and the dashed square denotes the center of the square region. (b, c) Simulated 
electric field distribution at a plane 1 nm above the surface of patterned gold 
nanostructures with 0-degree and 45-degree polarizations, respectively. (d, e, f) 
Corresponding PL intensity mappings with polarization angles of 0, 45 and 90 
degrees, respectively. The intensity value at each pixel was obtained by 
integrating the PL spectrum across the spectrum window of 700 − 820 nm. The 
white arrows show the polarization directions of the pump laser. (g, h) PL and 
Raman spectra of WSe2 taken at the intersection of gold trenches and square 
center, respectively. All the scale bars are 1 µm. The laser power and integration 
time for measuring PL (Raman) is 30 µW and 0.5 s (450 µW and 15 s). 
 

Next, we investigate the polarization-dependent characteristics of the PL 

emission from WSe2 on patterned gold nanostructures. To resolve the PL 

enhanced regions, we chose a 920-nm-pitch substrate and a 532-nm pump laser 

to do the PL mapping. Here, we choose the 532-nm pump laser to do the PL 
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mapping simply because the 532-nm pump laser has a smaller spot size due to 

the shorter wavelength, as compared to the 633-nm pump laser. As a result, the 

imaging resolution of the PL mapping as obtained by the 532-nm pump laser is 

much clearer to show the enhanced PL emissions from trench regions. Figure 

3.10a shows an SEM image of the sample. Figures 3.10b-c present the simulated 

electric field distributions of lateral gap plasmons at the intersection of two 

trenches with 0- and 45-degree polarizations for the excitation.  

The simulated electric field distributions of this nanostructure agree with 

the experimental PL mappings in Fig. 3.10d-f. The maximum field 

enhancement occurs in trenches perpendicular to the polarization direction (Fig. 

3.10b) and at the intersection of the trenches under 45-degree polarization (Fig. 

3.10c). A plot of PL intensity intersecting several trenches indicates a laser 

beam waist of ~ 600 nm. These results provide further evidence that the highest 

PL enhancements are from WSe2 directly above the trenches, where the optical 

fields are localized. It is noted that when the pitch size is larger than the pump 

laser wavelength, both lateral gap plasmons at the trenches and SPP on the flat 

squares are excited. However, the intensity of the SPP is only 1/6 of that of the 

lateral gap plasmon. Thus, the contribution to the PL enhancement of WSe2 still 

dominantly stems from the lateral gap plasmons supported by the trenches. 

Figures 3.10g-h present the PL and Raman spectra of WSe2 on the intersection 

and on the square center, respectively. Both Raman and PL intensities of WSe2 

at the intersection are found to be larger than the ones at the square center. The 

un-shifted Raman peak of WSe2 over trenches and square center suggests that 

no strain is induced by the trench and thus it also confirms that the observed PL 

enhancement was not induced by strain39. 



82 
 

3.7 Discussion 

Furthermore, the WSe2-gold plasmonic hybrid nanostructure allows us 

to conveniently evaluate a recent claim in the literature40 which states that 

suspended 2D materials are expected to have larger PL than the counterparts on 

a substrate, because the substrate depopulates the density of states in 2D 

materials through charger transfer. Nevertheless, as shown in Fig. 3.10d and Fig. 

3.10f, the gaps parallel to the pump laser polarization do not exhibit any stronger 

PL over its surrounding, although WSe2 is suspended here. Therefore, it 

suggests that the suspension nature of WSe2 by the trenches contributes little to 

the PL enhancement.  

It should be noted here, that the square geometry chosen has the 

advantage of being independent of the incident polarization. In other words, if 

the incident polarization is either purely x-polarized or y-polarized, we will 

achieve the same EF. Therefore, for any other polarizations in-between, we 

always could decompose the incident optical field into the respective x-

polarized component and y-polarized component. Since the PL emission 

intensity is linear with the excitation intensity, the EF remains the same. 

Lastly, we would like to mention that there were no observable local 

heating effects in our experiments. In hybrid structure of MoS2−gold 

nanoantenna, an increased absorption of the laser light at the nanoantenna may 

cause local heating so as to red shift and broaden the MoS2 PL emission peak. 

Simultaneously, the local heating might cause a reduction in PL intensity of 

MoS2 (ref. 12). In our experiment, the PL peak position and its full-width-at-

half-maximum (FWHM) of WSe2 on both patterned and unpatterned gold film 

have no power dependence (Fig. 3.11a-d). Hence, for the range of laser power 
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used, the integrated PL and peak intensity increase linearly with respect to the 

laser power (Fig. 3.11e-f), showing no signs of local heating effect.  

 

Figure 3.12 | Power dependence of monolayer WSe2 PL spectra from patterned 
gold nanostructures. (a) and unpatterned gold film (b), by varying pumping 
power of 532-nm laser. The integration time in PL measurements was 0.1 s. PL 
FWHM and peak energy of WSe2 on the patterned gold substrates (c) and on 
the unpatterned gold film (d), as a function of laser power. PL peak intensity 
and integrated intensity of WSe2 on the patterned gold nanostructures (e) and 
on the unpatterned gold film (f), as a function of laser power. 
 
3.7 Summary 

In summary, concentrating and manipulating the electromagnetic field 

in sub-20 nm trenches can achieve unprecedented PL enhancement of WSe2. 

Tuning the resonance of lateral gap plasmons to be aligned with the pump laser 
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wavelength effectively boosts the light−matter interactions in WSe2, thus 

enhancing the light emission efficiency of WSe2. A giant PL EF of ~20,000 was 

observed in WSe2 when using the 633-nm pump laser. We expect further PL 

enhancements to be achieved through the design of double-resonance structures 

with directionality control. This work demonstrates an important method to 

enhance the PL of TMDCs since it could enable high-efficiency and high-

quality photodetectors and sensors, where photon absorption and emission 

dictate the device performance. The incorporation of gold arrays with sub-20 

nm wide trenches onto WSe2 monolayers opens up a new platform for 

investigating novel electrical/optical properties in 2D materials, such as 

electroluminescence and second harmonic generation, speeding up the 

applications of novel optoelectronic devices.  
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Chapter 4 Enhanced Second Harmonic Generation  

         of WSe2 by Metasurfaces 

4.1 Introduction 

Second harmonic generation (SHG) is the lowest order frequency 

mixing nonlinear optical process in a nonlinear medium, where two photons are 

effectively combined and converted to a new photon with half the wavelength 

of the input photons1. SHG plays an important role in frequency up-conversion 

in lasers and optoelectronic hybrid devices2-5. Recent studies have shown that 

two-dimensional transition metal dichalcogenides (2D TMDCs) 6, especially 

tungsten diselenide (WSe2)7, have advantages over conventional nonlinear 

materials in serving as SHG source materials8 as their atomic crystal thickness 

is far below the optical coherence length eliminating the requirement for phase 

matching and satisfies the design trend for smaller and thinner nonlinear optical 

and optoelectronic devices9-11. However, this sub-nanometer length for light-

matter interaction in 2D TMDCs also limits the total SHG conversion efficiency 

and limits their applicability. Exciton-enhanced SHG, namely, the enhancement 

of SHG efficiency at the exciton resonance energy, has been reported12-14. At 

the temperature of 4 K, SHG emission intensity from monolayer WSe2 can be 

tuned by changing the wavelength of the pump laser, and it is enhanced by three 

orders of magnitude when the SHG emission energy is aligned with exciton 

resonance12. At cryogenic temperatures, the SHG intensity of a field-effect-

transistor device based on monolayer WSe2 can be tuned over an order of 

magnitude by an electrostatic field and is strong at the A-exciton energy13. The 

tunability of the SHG intensity originates from the electrostatic modulation of 

oscillator strength at the resonance frequencies of various exciton species. As 
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such, these exciton-based methods are inherently narrowband, so when the two-

photon energy of the fundamental wave is shifted away from exciton resonance, 

the SHG decreases dramatically15. Furthermore, these enhancement and 

tunability effects are compromised to a factor of four at room temperature15.  

An approach to boost the SHG at room temperature is to use photonic 

nanostructures that can concentrate the electromagnetic field of the incident 

light so as to enhance SHG16-20. It was reported that a 200-fold SHG 

enhancement in TMDC can be obtained by coupling of a pump laser to a silicon 

cavity mode. However, this results in an unfavorable broad background in the 

SHG spectra16. Sharp and tunable SHG spectra were achieved in TMDC 

integrated in a Fabry−Perot microresonantor with resonances at both the 

fundamental and the second-harmonic frequencies, where a maximum 

enhancement of 3000-fold was obtained17.  

Metasurfaces refers to surfaces covered by ultrathin plasmonic 

structures21, enable us to engineer the spatial distribution of amplitude, phase 

and polarization response of optical signals from materials surrounding them22. 

Similar to the work on PL enhancement in Chapter 323, this chapter reports that 

a gold metasurface with sub-20 nm trenches can also significantly boost the 

SHG from monolayer WSe2 at room temperature, with an enhancement factor 

of ~13,000 as compared with its counterpart on flat gold film. This is among the 

highest SHG enhancement factor for TMDCs reported so far. The enhancement 

is attributed to the enhanced localized near-field of the fundamental wave at the 

sub-20-nm-wide trenches, which then boosts the SHG from monolayer WSe2. 

Furthermore, this strategy allows for easy tuning of the total SHG intensity with 

an extinction ratio of 33 by rotating the polarization direction of the pump laser. 
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The sharp peak profile of the SHG spectra is not influenced by the pump laser 

polarization. This hybrid system of metasurface and monolayer WSe2 can be 

utilized to configure a tunable “nonlinear mirror” with excellent 

monochromaticity, and also it has a flat surface with overall thickness of only 

150 nm, facilitating the development of miniaturized on-chip optoelectronic 

devices.  

4.2 Methods 

4.2.1 Material growth and quality of WSe2.  

 

Figure 4.1 | Characterization results of WSe2 on sapphire, flat gold and the metasurface. 
(a) Optical microscope image of WSe2 grown on sapphire. (b-c) Raman, PL and SHG 
mappings of a triangular-shape WSe2 on sapphire. The intensity value at each pixel for 
PL mapping was obtained by integrating the PL spectrum across the spectrum window 
of 700 − 820 nm, for Raman is the spectrum window of 245 – 265 cm-1 and for SHG 
is the peak intensity at 400 nm.  The PL and Raman were measured by 532-nm CW 
laser, and SHG was measured by 800-nm fs laser. (e-g) Comparison of PL, Raman and 
SHG spectra from WSe2 on different substrates. 

 The monolayer WSe2 single crystal was grown on c-cut sapphire by the 

chemical vapor deposition (CVD) method (see Section 3.2.1). The growth was 

carried out by Dr. Ming-Hui Chiu in Prof. Lain-Jong Li’s group, 

King Abdullah University of Science and  

Technology. This technique yields high quality monolayer WSe2 with a crystal 

size ranging from 4 to 15 µm (Fig. 4.1a). The typical PL spectrum of a pristine 
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monolayer WSe2 (Fig. 4.1e) is dominated by an emission peak at 768 nm (1.62 

eV) that arises from the A direct excitonic transition. For monolayer WSe2 on 

sapphire, the Raman spectrum excited by a 532-nm laser shown Fig. 4.1f, and 

has two characteristic peaks at 251 cm-1 and 260 cm-1 that originate from the 

degenerate E′/A1
′  mode and 2LA(M) mode.  

4.2.2 Fabrication of gold substrate and transferring of WSe2 

 The gold substrate consisting of metasurface and flat gold film was 

prepared by a template-stripping method (see detailed fabrication processes in 

Section 2.3). The gold substrate used here has trenches all aligned in one 

direction, which is slightly different from the one in Chapter 3. Then WSe2 flake 

was transferred onto the gold substrate by a wet transfer approach (Section 

3.2.1). 

4.2.3 Characterization 

 AFM images, reflectance spectra and SEM images were obtained as 

described in Chapter 2. A confocal micro-PL/Raman setup was used to excite 

the sample using a 532-nm CW pump laser, which is focused by a 100x 

microscope objective lens. The SHG was measured by a femtosecond laser 

beam with tunable central wavelength of 800 - 900 nm and repetition rate of 80 

MHz. The detailed setup is shown in Fig. 4.3c. The SHG enhancement factor is 

defined by the ratio of the total SHG intensity from WSe2 on the metasurface to 

the emission from its counterpart on the flat gold film. The total SHG intensity 

does not depend on the crystal orientation.  

4.2.4 Numerical simulations 

 The simulation was done by Miss Lei Jin in my co-supervisor Prof. 

Cheng-Wei Qiu’s group, National University of Singapore. A commercial 
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software package, Lumerical FDTD Solutions, was used to simulate the optical 

field distributions and reflectance spectra. Periodic boundary conditions were 

used along the x- and y-axes, while a perfect-matched layer (PML) was used 

along z-axis. The finest mesh size was set to be 0.5 nm in the structure. The 

width of the metal nanostructures in the simulations were designed to match 

with the related SEM image (Fig. 4.4c and Fig. 4.6a, respectively), with a trench 

depth of ~ 102 nm for 170nm pitch and ~ 30 nm for 910 nm pitch. The depth of 

the trenches were estimated from the height of the ridge of the silicon template 

as shown in the AFM profile (Fig. 4.2).   

 
Figure 4.2 | Height of the ridges on silicon template. AFM measurements of 
patterned silicon template with pitch sizes of 170 nm (a) and 910 nm (b), and 
the associated height profile along the white dashed lines (c) and (d). 
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4.3 Results and discussion 

4.3.1 Hybrid structure and characterization facility  

 

Figure 4.3 | Schematic of second-harmonic generation (SHG) from monolayer 
WSe2 flake on a gold substrate. Part of the flake was on the metasurface 
consisting of sub-20-nm-wide trenches and the rest on flat gold film. (b) 
Representative scanning electron micrograph (SEM) image of WSe2 on 
metasurface with a trench width of 16 nm (Metasurface) and flat gold film (Flat 
gold). (c) Optical setup for measuring SHG mappings and SHG spectra. This 
fundamental-wave (FW) laser was linearly polarized via a polarizer. Then it was 
reflected by a dichroic mirror (Semrock, FF750-SDiO2-25×36) and focused on 
the sample through a 100× air objective with a numerical aperture (NA) of 0.90 
(Nikon, Ti-U inverted microscope, TU Plan Fluor). The sample was mounted 
on a piezo-actuated 3D nanopositioning stage (Physik Instrumente, P545.2R7). 
The generated second-harmonic wave (SHW) was then back collected by the 
same objective and passed through the dichroic mirror. Next, the SHW went 
through a short pass filter (Laser 2000, FF01-750/SP-25) that was used to 
completely filter out the FW laser. Finally, a flip mirror was used to redirect the 
SHW to either a photomultiplier tube (PicoQuant, PMA 182) for SHG mapping 
or a spectrometer (Princeton Instruments, 2300i) for spectrum measurement. 
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Figure 4.3a shows a schematic view of SHG from the hybrid 

nanostructure of monolayer WSe2 and gold substrate, which consists of the 

metasurface with sub-20-nm-wide trenches and flat gold film. Inversion 

symmetry breaking24 in crystal structure of monolayer 2H-type WSe2 brings 

about nonzero second-order susceptibility, enabling WSe2 to convert incident 

light with frequency ω into light with double frequency 2ω, i.e., SHG. 

Monolayer WSe2 on metasurface especially over trenches has much larger SHG 

than on flat gold film owing to the gap-plasmon-enhanced electric field of pump 

laser and strengthened light-matter interaction in WSe2. Unlike our previously 

reported crossed trenches used to obtain giant photoluminescence of WSe2
23, 

the trenches here are all aligned along the y-axis direction so that the pump laser 

with electric field polarized along the x-axis can excite gap plasmons. In contrast, 

the pump laser with electric field polarized along the y-axis cannot excite gap 

plasmons. In this case, tuning the polarization direction of incident light can 

switch on or off of the gap plasmon in the trenches, thus tuning the SHG 

intensity of WSe2, which will be discussed in detail later. Figure 4.3b shows the 

scanning electron micrograph (SEM) image of monolayer WSe2 flakes covering 

both the gold metasurface and flat gold film. The CVD-grown monolayer WSe2 

flakes were transferred onto a freshly prepared gold metasurface with sub-20 

nm width trenches (see details of WSe2 growth, transfer and metasurface 

fabrication in Section 2.1-2.3, respectively). The quality and layer number of 

WSe2 were confirmed by optical microscopy (OM), Raman and 

photoluminescence before transfer (see details in Fig. 4.1).  

Figure 4.3c demonstrates the optical setup for the SHG experiments of 

WSe2 on gold substrate. A femtosecond laser beam with a tunable central 
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wavelength of 800 - 900 nm and repetition rate of 80 MHz, generated from a 

Ti: sapphire oscillator (Coherent, Chameleon Ultra Ⅱ), was linearly polarized 

then focused on the sample through a 100× air objective with a numerical 

aperture (NA) of 0.90 (Nikon, Ti-U inverted microscope). The sample was 

raster scanned by a piezo-actuated 3D nanopositioning stage (Physik 

Instrumente, P545.2R7). At each pixel, the back scattered SHG signal was 

collected through the same objective, and passed through a dichroic mirror and 

a short-pass filter which completely filtered out the fundamental beam before 

being detected by either a photomultiplier tube (PicoQuant, PMA 182) or a 

spectrograph (Princeton Instruments, 2300i). There was no analyzer before the 

detectors except in the experiment of investigating the influence of crystal and 

trench orientation. For all SHG measurements, the pump laser power on the 

sample was typically at 0.5 mW to prevent possible damage, with the exception 

of the experiment on power dependence. 

4.3.2 Giant SHG enhancement 

To make a precise comparison on SHG from WSe2 flakes on the 

metasurface (dark grey) and flat gold film (grey), monolayer WSe2 flakes 

covering both regions were chosen here, as shown in the scanning electron 

microscopy (SEM) image in Fig. 4.4a. To maximize the electric field 

enhancement in this experiment, the metasurface with dense trench distribution 

(pitch of 170 nm) was designed to have a resonance mode covering the 

fundamental wavelength of the pump laser at 800 nm. In order to investigate the 

localized gap plasmon resonance, the reflectance spectra of the metasurface and 

flat gold film were measured by white light with electric field polarized along x 

and y respectively as shown in Fig. 4.4b. In both polarization conditions, the 
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reflectance spectra of flat gold film (black and orange lines) almost overlap due 

to the isotropic dielectric properties of gold in the x-y plane, where no localized 

plasmon resonance mode is observed. In comparison, the polarization direction 

of incidence light can switch on or off the localized gap plasmon mode in the 

metasurface. Specifically, x-polarized incident light, with electric field 

polarization perpendicular to the trench direction, can excite plasmon resonance 

in the metasurface so as to result in a broad absorption dip ~ 800 nm in the 

reflectance spectrum (red line). On the other hand, y-polarized incident light 

with electric field polarization along the trench direction cannot excite gap 

plasmons, since the incidence light interacts with the metasurface in a way 

similar to the flat gold film, resulting in a similar reflectance spectrum as the 

flat gold film (blue line). The former case is referred to as “resonant excitation” 

and the latter “non-resonant excitation” for simplicity. The dips around 400 and 

470 nm in all reflectance spectra are attributed to the absorption of gold caused 

by inter-band transitions25. 

 The localized lateral gap plasmon plays a significant role in SHG 

conversion efficiency. Figures 4.4c and d are the SHG mappings of WSe2 on 

metasurface and flat gold film. The 800-nm pump laser was incident normal to 

the surface and polarized along x- (Fig. 4.4c) and y-axis (Fig. 4.4d), respectively. 

SHG was measured without any analyzer in front of the detector, so the total 

SHG intensity was independent of the crystal orientation of WSe2 with respect 

to the polarization direction of pump laser. Regardless of whether resonant or 

non-resonant excitation was used, the metasurface (areas outlined by white 

dashed square) enhances SHG of WSe2 dramatically as compared with the flat 

gold film (the rest part). There is no observable SHG signal from the bare gold 
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metasurface (Fig. 4.4f), indicating that the measured SHG signal is only from 

active nonlinear material WSe2. 

 

Figure 4.4 | Large SHG enhancement observed in WSe2 on metasurface. (a) 
SEM image of WSe2 flakes on gold metasurface (dark grey) and on flat gold 
film (grey). The white dashed square shows the region of metasurface. The 
colour of gold substrate without WSe2 is light grey. (b) Reflectance spectra of 
gold metasurface (M) and flat gold film (F) under the illumination of white light 
polarized parallel (x) and perpendicular (y) to the trenches orientation. (c-d) 
SHG peak intensity mapping of WSe2 on gold metasurface (A/A’) and flat gold 
film (B and B’) under resonant excitation and non-resonant excitation, 
respectively. The pump laser is 800 nm with power on the sample of 0.5 µw. (e-
f) SEM image (e) of metasurface with and without WSe2, and the related SHG 
mapping (f).  
 

 For a quantitative comparison, 4 SHG spectra from WSe2 on the 

metasurface (A or A’) and flat gold film (B or B’) under resonant or nonresonant 

excitation conditions are shown in Fig. 4.5a. In resonant excitation, the SHG 

from monolayer WSe2 flake on metasurface (A) is enhanced by ~1600-fold as 

compared to the one on flat gold film (B). This enhancement is because the 

trenches support lateral gap plasmons which can concentrate the 
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electromagnetic field of the pump laser into the trench region, so that it enhances 

the light-matter coupling in the plane of the WSe2 flake and enables the WSe2 

flake to efficiently convert 800-nm light into 400-nm light. Further simulation 

and experiments as shown in Fig. 4.7 will verify that SHG enhancement in the 

sample occurs at the trenches. Considering the area fraction of the trenches 

within a laser spot, the maximum SHG enhancement of WSe2 over the trenches 

is calculated to be ~ 13,000-fold as compared with emission from the reference 

sample on flat gold. Since the flat gold plane is near the node of the incident 

electric magnetic radiation at 800 nm, this may be not the optimal condition for 

a reference signal. As compared with WSe2 on sapphire, the PL enhancement 

factor for WSe2 over the trench is ~ 7000. This normalization method is similar 

to the one used in Chapter 3 (see more detail in Fig. 3.9c). In non-resonant 

excitation, the SHG enhancement of WSe2 on metasurface (A’) as compared 

with the counterpart on flat gold drops to ~ 400-fold (with normalization of 

trench occupation) owing to the lack of gap plasmon mode, while SHG of WSe2 

on flat gold (B’) maintains the same value as it is under resonant excitation (B). 

Therefore, rotating the polarization of pump laser can dynamically tune the total 

SHG intensity of WSe2 on metasurface with an extinction ratio of ~ 33, 

demonstrating its advantage over WSe2 on flat gold or as-grown sapphire (Fig. 

4.1g) whose intensity cannot be influenced by polarization direction of incident 

light. It is noted that in both excitation cases, SHG spectra of WSe2 on 

metasurface was evidenced by a sharp peak at the second-harmonic wavelength 

(400 nm) with no spectral broad background or two-photon photoluminescence, 

allowing for obtaining light source at shorter wavelength and with high purity 

which is not possible by linear photoluminescence (Fig. 4.1f).  
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Figure 4.5 | Quantitative comparison of SHG intensity. (a) Representative SHG 
spectra of Points A, A’, B and B’ as shown in SHG mappings. (b) SHG intensity 
with an error bar of WSe2 on metasurface and on flat gold film. 
 

Moreover, unlike previously reported nanocavities16, 18, the 150 nm 

thick hybrid structure that provides a flat top surface can serve as an important 

nonlinear element for realizing ultrathin optical information processors on chip. 

In addition, the integration of WSe2 on metasurfaces can promote the 

application of ‘nonlinear mirrors’. The nonlinear mirror that generates the 

second harmonic back toward the fundamental source is a significant concept 

in nonlinear metasurface and metamaterials26, 27, where the difficulty in 

obtaining the backward phase-matching condition requires judiciously design 

of the metamaterials28. In contrast, in our hybrid structure, monolayer WSe2 as 

a nonlinear medium eliminates the requirement for phase matching and provides 

a source for second harmonic wave with a propagation direction opposite to the 

fundamental wave, and where the metasurface supporting the gap plasmon 

resonance absorbs most of the fundamental wave and enhances the backward 

SHG intensity. The forward propagation of the second-harmonic wave is 

blocked by the 150-nm-thick gold substrate as the penetration depth for gold at 
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400 nm wavelength is ~ 16 nm. Therefore, the hybrid structure can be regarded 

as a potential WSe2-mediated gap-plasmon nonlinear mirror.   

4.3.3 SHG enhancement mechanism and position  

Next, the SHG enhancement mechanism is analyzed in detail. For 

monolayer WSe2 with D3h point-group symmetry, the second-order 

susceptibility tensor has a single nonzero element: 𝜒WSe2

(2) = 𝜒𝑏𝑏𝑏
(2) = 

−𝜒𝑎𝑎𝑏
(2) = −𝜒𝑎𝑏𝑎

(2) = −𝜒𝑏𝑎𝑎
(2)  , where a and b are the principle axes in crystal 

coordinates. Here a corresponds to a zigzag direction and b corresponds to an 

armchair direction that has a mirror plane symmetry (Fig. 4.6a). This leads to a 

theoretical estimate of the total SHG signal: 

                                   𝐼2ω = 𝐶|𝐄2𝜔|2 ∝ |𝜒𝑏𝑏𝑏
(2)

|2|𝐄𝜔|4 ,                                         (4.1)                  

where E2ω is the electric field of the double frequency wave, and Eω is the 

electric field of the fundamental wave and C is a constant. The metasurface is 

designed to enhance the nonlinear effects of WSe2 by providing near-field 

enhancement of the fundamental wave (Eω) at the trenches via coherent 

oscillations of positive and negative charges at the two edges of the trenches in 

the form of lateral gap plasmons.  

 



100 
 

Figure 4.6 | SHG enhancement mechanism. (a) Lattice structure of single 
crystalline monolayer WSe2 with triangular shape. a and b are principle axes in 
the monolayer plane in the crystal coordinates (a, b, c), where a corresponds to 
a zigzag direction, b corresponds to an armchair direction that has a mirror plane 
symmetry and c is the out-of-plane 3-fold rotation axis. (b) Simulation of the 
electric field distribution of the lateral gap plasmons with a WSe2 monolayer 
flake being suspended over a single trench with a width of 18 nm and a pitch of 
170 nm. The polarization of the incident laser field is across the gap. The dashed 
yellow line denotes the boundary between air and gold. 
 

 Figure 4.6b shows simulated electric field distribution over a trench 

using FDTD simulation, where the spatial overlap of the enhanced near field of 

Eω and monolayer WSe2 strengthens the light coupling in WSe2 and boosts SH 

emission, and the near-field of Eω is enhanced by ~13-fold as compared to the 

electric field of the pump laser in the air (E0), predicting a theoretical SHG 

enhancement factor of 134 (~ 29,000). Our maximum SHG enhancement extent 

(13,000-fold) is less than this predicted value as the gold substrate may cause 

loss of SHG signal at 400 nm due to interband-transition and reabsorption. The 

reabsorption of 400-nm signal can be seen in both metasurface and flat gold 

(Fig. 4.4b). This also accounts for the weaker SHG intensity from WSe2 on flat 

gold as compared with the emission from WSe2 on as-grown sapphire (Fig. 

4.1g). Although the near-field enhancement near 800 nm is well controlled by 

the gold metasurface, the absorption of gold below 500 nm causes the emitted 

SHG to be partially absorbed. Thus, the device could be improved by using a 

different metal that has low absorbance ~ 400 nm. The effective second order 

susceptibility 𝜒𝑒𝑓𝑓
(2)  was computed by using the measured SHG spectra as29: 

                                      𝜒𝑒𝑓𝑓
(2)

∝ (𝐼2𝜔)1/2 𝐼𝜔⁄  ,                                                           (4.2) 

 where 𝐼𝜔  and 𝐼2𝜔  are the pump laser and second-harmonic intensities. 

According to this method, the effective second order susceptibility 𝜒𝑒𝑓𝑓
(2)

 of 
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WSe2 on metasurface is calculated to be ~ 7.44 × 103 pm/V without 

normalization of the trench occupation. The 𝜒𝑒𝑓𝑓
(2)  of our CVD-grown WSe2 on 

sapphire is ~ 9.24 pm/V, which is slightly lower than that of the mechanically 

exfoliated monolayer TMDCs as reported by refs. 13, 3. If mechanical 

exfoliated WSe2 had been transferred onto the metasurface, the 𝜒𝑒𝑓𝑓
(2)  could have 

been even higher.  

To experimentally verify the SHG enhancement mechanism and 

position, triangular WSe2 flake on trenches with large pitch size of 910 nm was 

prepared for SHG mapping. Figure 4.7a shows the SEM image of a triangular 

WSe2 flake covering 6 trenches. Fig. 4.7b presents the simulated electric field 

distributions over one of these trenches with pump polarization perpendicular 

(left panel) and parallel (right panel) to the trench. Corresponding to the SEM 

image, there are 6 brighter SHG strips in the SHG mapping (Fig. 4.7c) when the 

polarization direction of incident light is perpendicular to the trench orientation, 

proving that the SHG enhancement position is located at the trenches that 

support lateral gap plasmons. It is also noted that the SHG amplitude at WSe2 

between the trenches is almost the same as that at WSe2 on flat gold (Fig. 4.7c), 

indicating that the SHG enhancement only occurs at WSe2 over the trenches. 

This observation can be confirmed by the localized electric field distribution 

over the trenches with the pitch of 910 nm (left panel in Fig. 4.7b). As expected, 

when the incident light is rotated 90 degrees, the brighter strips almost disappear 

(Fig. 4.7d), confirming trenches without generation of gap plasmons (right 

panel in Fig. 4.7b) have little influence on SHG from WSe2.    
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Figure 4.7 | SHG enhancement positions. (a) SEM image of single-crystalline 
monolayer WSe2 flake on metasurface with a pitch size of 910 nm. We 
purposely chose the large pitch size here so that the SHG emission from the 
neighbouring trenches could be spatially resolved. (b) Simulated electric field 
distribution at a plane 1 nm above the surface of metasurface with pump 
polarization perpendicular (left panel) and parallel (right panel) to the trench. 
The short dot line denote the geometry of the trench. (c-d) SHG mappings of 
WSe2 flake on metasurface as shown in the SEM image under resonant 
excitation and non-resonant excitation, respectively. The white dashed lines 
outline the boarders of the WSe2 flake. The white arrows show the polarization 
directions of the pump laser.  
 
4.4.4 Influence of crystal and trench orientation  

Due to the sensitivity of the SHG to the crystal symmetry, crystal-

orientation-dependent SHG measurements provide important crystallographic 

information of WSe2 atomic layers if the collected SHG signal was sent through 

a linear-polarized analyzer. The components of the second-order susceptibility 

are normally provided in terms of the crystal axes (a, b, c). However, it is 

convenient to describe the nonlinear polarization in terms of the laboratory axes 

(x, y, z) as the direction of propagation and polarizations of the interacting waves 

are defined relative to the laboratory axes. According to the transformation from 
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the crystal coordinate to the laboratory coordinate, we can derive the effective 

second-order susceptibility along x and y axes. As such, the parallel (𝐸2ω
ǁ ) and 

perpendicular (𝐸2ω
⊥ ) components of the second-harmonic electric field with 

respect to the fundamental polarization can be expressed as30: 

                                                        𝐄2ω
ǁ ∝ |𝜒𝑏𝑏𝑏

(2)
|cos3(Ɵ + Ɵ0),                        (4.3) 

                                                        𝐄2ω
⊥ ∝ |𝜒𝑏𝑏𝑏

(2)
|sin3(Ɵ + Ɵ0),                         (4.4) 

where Ɵ is the rotated angle of the sample. Ɵ0 is the initial angle between 

armchair direction (b) of the WSe2 and polarization direction of the fundamental 

wave (y). The total SHG intensity (without the analyzer) is expressed as follows:  

               𝐼2𝜔 = 𝐼2𝜔
ǁ + 𝐼2𝜔

⊥ = 𝐶2[(𝐸2ω
ǁ )2 + (𝐸2ω

⊥ ]2) ∝ 𝐶2|𝜒𝑏𝑏𝑏
(2)

|2 ,                   (4.5) 

where I2ω is constant with respect to the crystal orientation. For the experiments 

in Fig. 4.8 b-c, we placed an analyzer before the spectrometer with its 

polarization direction aligned with the polarizer for the pump laser, so we only 

need to consider the parallel component of SHG intensity. This can be employed 

to determine and distinguish the contributions of SHG signals influenced by the 

monolayer WSe2 crystal orientation and the trench orientation, respectively. A 

triangular monolayer WSe2 flake covering both metasurface and flat gold film 

(Fig. 4.8a) was rotated by 5-degree steps and the SHG spectra from these two 

positions were respectively recorded at each rotation angle (Ɵ).  
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Figure 4.8 | Influence of crystal and trench orientation (a) SEM image of WSe2 
flake on flat gold film (Ⅰ) and metasurface (Ⅱ). White dashed line denotes the 
region of the investigated WSe2 flake with the armchair directions denoted by 
blue dashed arrow. a and b are principle axes in the monolayer plane in the 
crystal coordinates. x and y are from laboratory coordinates (x, y, z), where x is 
perpendicular to y, y corresponds to the polarization of pump laser. The SHG 
components detected parallel to the polarization of pump laser, i.e., Eω // E2ω. 
Ɵ is the rotate angle of the sample. Ɵ0 is the initial angle between the b and Eω. 
The yellow bar denotes the orientation of the trench. (b-c) Polar plot of the 
normalized SHG intensity fromⅠandⅡ, respectively. The black squares are 
experimental data which are fitted by red curve according to the symmetry 
analysis in the text. The blue triangle with white dashed arrow are used to denote 
the crystal orientation. (d-e) Normalized SHG intensity fromⅠandⅡ as a 
function of laser power in log-log scale plot, respectively. (f) Normalized SHG 
intensity fromⅠandⅡ as a function of laser wavelength, respectively. The data 
points and corresponding error bars are obtained, respectively, by calculating 
the mean value and standard deviation of the SHG peak amplitude based on 10 
spectra for each regions.  
 

Figures 4.8b and c shows the polar plot of WSe2 on flat gold (RegionⅠ) 

and metasurface (RegionⅡ), respectively, where the SHG intensity is plotted as 

a function of the rotation angle. A clear petal pattern with six-fold symmetry 

can be observed in Fig. 4.8b for WSe2 on flat gold where the SHG pattern 

follows an equation derived from Eq. (4.3):  I2ω ∝ C1cos2[3(Ɵ + Ɵ0)], where C1 

is a constant obtained from the largest SHG intensity. The peaks of SHG 
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intensity point to the armchair directions in monolayer WSe2 lattice, i.e., the 

perpendicular bisectors of the single crystalline flake (white dashed arrow). The 

fitting denoted by the red curves shows that the initial offset angle (Ɵ0) between 

the armchair direction of the single crystalline WSe2 and fundamental wave 

polarization is 10°, indicating that the armchair was initially rotated with respect 

to the fundamental wave. Unlike the polar pattern of Region Ⅰ, Region Ⅱ shows 

a polar pattern with two large and two small petals that can be well fitted by 

theequation: 

                  𝐼2𝜔
′ = C2cos2[3(Ɵ + Ɵ 0)]•cos4Ɵ ,                                               (4.6) 

where C2 is a constant that is fitted by normalizing the SHG intensity at each 

angle. The first cosine term represents the influence of the crystal orientation 

and the second cosine term reflects how the angle between the trench and the y 

axis influences the SHG intensity. The trenches were initially oriented 

perpendicular to the polarization of fundamental wave, in which case, the near 

field of the fundamental wave localized at the gap has the largest value: 𝐄gap
ǁ  = 

fEω, where 𝐄gap
ǁ  is the enhanced local electric field with the same polarization 

direction as Eω and f is the enhancement factor defined by Egap/E0. As the 

trenches rotates an angle of Ɵ, the near field enhanced by the gap plasmon is 

given by 𝐄gap
ǁ = 𝑓𝐄𝜔cosƟ . Therefore, the SHG intensity of the WSe2 on 

metasurface varies with the rotation of the trench accordingly to the cos4Ɵ 

function.  

In addition, the power-dependent total SH signal from both WSe2 on flat 

gold film and metasurface (Figs. 4.8d-e) exhibits quadratic input power 

dependence, and the fitting line (red) has a slope of ~ 2, confirming the second-

order nature of the nonlinear process. As shown in Fig. 4.8e, at high pump 
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powers, the SHG intensity deviating from a quadratic dependence may be due 

to absorption processes. In particular, the pump laser is absorbed via two-photon 

absorption and the second harmonic signal is absorbed linearly31, resulting in a 

power-dependence slope of 1.15. Figure 4.8f shows the influence of pump laser 

wavelength on SHG intensity where the power of fundamental wave remains 

the same at each wavelength. With increasing pump wavelength, the SHG 

intensity of WSe2 on flat gold film drops, whereas for WSe2 on metasurface, the 

SHG intensity first goes up then decreases, reaching a maximum at the 

wavelength of 850 nm corresponding to the plasmon resonance of the 

nanostructure (Fig. 4.8b). It is also worth noting that for WSe2 on metasurface, 

there is a strong SH response in a broad wavelength range even at room 

temperature, showing its advantage over the method of exciton-enhanced SHG.  

4.5 Summary 

Transferring WSe2 onto metasurfaces with plasmon resonance that 

approach the fundamental wavelength of 800 nm can significantly enhance SH 

emission at 400 nm by 13, 000-fold, without emission peak broadening or 

increased spectral background. The large enhancement can be maintained in a 

broad wavelength range even at room temperature. As validated by experiments 

and simulation, the augmented SHG mainly originates from the intensification 

of the local fields at excitation wavelength induced by gap plasmons located 

over the trenches. Furthermore, the anisotropic gold substrate composed of 

trenches aligned in single direction allows for dynamic tuning of the SHG 

amplitude from WSe2 by rotating the polarization direction of pump laser. This 

method is superior to the previously reported isotropic photonic cavity which 

fixes the SHG intensity from TMDCs. This hybrid system comprising a 
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metasurface and monolayer WSe2 provides a convenient and practical means to 

obtain blue emission from a near-infrared laser in monolayer TMDCs. It can 

also serve as a nonlinear mirror with applications ranging from nanoscale 

nonlinear optical frequency converters, highly monochromatic lasers, and all-

optical signal processors.  
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Chapter 5 Slow Cooling and Efficient Extraction of  

              C-Exciton Hot Carriers in MoS2 Monolayer  

5.1 Introduction 

Controlling the relaxation behaviour of electron-hole pairs in low cost 

is significant for hot carrier-related optoelectronic applications1, 2. For bulk 

semiconductor photovoltaics, phonon-assisted hot-carrier cooling generates 

heat, so the maximum theoretical light-into-electricity conversion efficiency is 

limited to only ~31% (ref. 3). This value could double if all hot carriers could 

be extracted efficiently by suitable conductors4. To overcome this shortcoming, 

slowing down the hot-carrier relaxation by circumventing the phonon-assisted 

relaxation is the typical approach investigated5.  

Slow hot-carrier cooling can be achieved by reducing the material 

dimensionality to achieve quantum confinement from one (two-dimensional 

material) to all three (quantum dot) dimensions, as the enlarged energy spacing 

arising from quantum confinement causes a ‘phonon bottleneck’6. However, the 

initial hot-carrier extraction efficiency in typical quasi-zero-dimensional 

semiconductor quantum dot systems at room temperature is still low. For 

CdSe/CdS/ZnS core-shell quantum dots, only about a third of the 

photogenerated hot electrons located in the CdS shell will transfer to the 

electron acceptor (methyl viologen)7. Moreover, for bare CdSe quantum dots 

adsorbed within methyl viologen, this hot electron extraction is negligible, 

because an extremely fast hot-carrHoier extraction process is required to 

compete against phonon-assisted relaxation8. Additional relaxation mechanisms 

that come into play are Auger-like processes and surface-state trapping, which 
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are efficient in quantum dots9, 10, unless the photogenerated electrons and holes 

are spatially separated to a certain extent5, 7.  

Two-dimensional systems such as semiconducting transition metal 

dichalcogenides (TMDCs) with finite bandgaps11, 12have been recently shown 

to be very promising for ultrathin and flexible energy conversion and storage 

devices13-17. Due to the parallel bands in their density of states or the so-called 

band nesting effect18, these atomically thin materials present strong optical 

responses even for excitation energies far exceeding their bandgaps. Recent 

work in atomically thin molybdenum disulfide (MoS2) have suggested that the 

photoexcited electron-hole pairs in the ‘band nesting’ region (denoted as C-

excitons) could exhibit a very fast intraband relaxation and a very slow indirect 

emission process due to spontaneous charge-separation in momentum space19, 

20. The band nesting refers to regions in the band structure with conduction band 

and valence band parallel to each other in energies, implying that when a 

material absorbs a photon, the resulting electrons and holes will move to the 

lower energy states. As a result, they propagate with the same but opposite 

velocities, reducing the possibility of the electron-hole combination.  

Therefore, it can be expected that the resulting hot-carrier relaxation for 

the C-exciton state would be different from that associated with the band-edge 

excitons in atomically thin TMDCs. Moreover, because of the renormalized 

bandgap and enhanced electron-electron interactions induced by the reduced 

Coulomb screening21, as well as an indirect to direct bandgap transition 

attributed to the quantum confinement effect22, 23in two dimensions, this C-

exciton relaxation is expected to be distinguishable from its few-layer and bulk 

counterparts. Indeed, previous time-resolved studies have shown that the 
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intervalley (K) transfer in MoS2 bulk is very efficient due to the dominant 

indirect bandgap characteristic24, while for the few-layer MoS2 case, although 

there is efficient charge carrier photogeneration25, the decay of neutral C-

excitons is still faster than neutral band-edge excitons. However, the 

fundamental photophysical mechanism and detailed processes of hot-carrier 

relaxation and follow-up extraction for the C-exciton state in single-layer 

TDMCs have not yet been elucidated26, and could be crucial to understand the 

working mechanisms in related two-dimensional nanophotonic devices. 

In this chapter, we report the transient characteristics of the intrinsic 

high-energy C-exciton state in MoS2 monolayers and MoS2 

monolayer/graphene heterostructures by studying its femtosecond broadband 

transient absorption (TA) spectrum. We observe a slower hot-carrier relaxation 

for the C-excitons, in comparison with band-edge A/B-excitons, indicating the 

presence of an additional mechanism for the suppression of phonon-assisted 

relaxation which is not dominated by the quantum confinement effect. In 

combination with scanning tunneling spectroscopic (STS) analysis and steady-

state optical spectroscopies, we identify the screening-sensitive bandgap 

renormalization of single-layer MoS2 with and without graphene as a substrate. 

The relevant initial charge transfer processes in MoS2 monolayer/graphene 

heterostructures are confirmed, and a direct hot-carrier extraction with a 

remarkable efficiency of ~80% is demonstrated for the C-exciton at room 

temperature, with corresponding values for A/B-excitons of 93%/81%. These 

results show that atomically thin TMDCs provide opportunities for modifying 

the electronic structure and manipulating the hot-carrier relaxation behavior in 

two-dimensional d-electron systems.  
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In this work, my contribution is growing graphene and MoS2 as well as 

characterizing their quality by AFM, Raman and PL techniques. As part of our 

collaboration, the transient absorption experiment was conducted by Dr. Lei 

Wang in Prof. Hongbo Sun’s group in Jilin University, China.  

5.2 Preparation of 2D materials  

5.2.1 Growth and transfer of graphene film 

 
Figure 5. 1 | Properties of graphene grown on copper. (a) OM of graphene grown 
on copper. (b) Raman spectrum of graphene grown on copper.   

 

Large-area monolayer graphene was grown on copper foils 

(ALFA10950.GZ, 99.999%) at 1000 °C by a CVD method using a mixture of 

methane and hydrogen gases as reported elsewhere (Fig. 5.1a). The 1 cm by 2 

cm copper foil sample was heated to 1000 ˚C inside a quartz tube under a H2 

atmosphere with 15 sccm flow at 150 mTorr and followed by thermal annealing 

at the same temperature. The growth of single-layer graphene was then started 

with a CH4/H2 gas mixture (60 and 15 sccm, respectively) for 30 min at 750 

mTorr. Subsequently the furnace was rapidly cooled to room temperature. The 

quality of graphene on copper is verified by Raman spectra where there are 

characteristic G and 2D peaks at 1450 cm-1 and 2650 cm-1 respectively, and no 
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defect peak is observed. The broad background is caused by the signal from the 

copper foil.   

 
Figure 5.2 | Properties of graphene transferred onto quartz.  (a) Optical 
microscope image of graphene on quartz under 100 objective. (b) Raman 
spectrum of graphene on quartz. (c) G peak (15621640 cm-1) mapping of 
graphene on quartz. (d) 2D peak (26382739 cm-1) mapping of graphene on 
quartz. 
 
 The transfer process for graphene is slightly different from that for 

TMDCs in the substrate etching solution used. The former uses ammonium 

peroxydisulfate to etch copper foil, but other processes are similar (see details 

in Section 3.2.1). The quality of graphene transferred on quartz was carefully 

characterized by OM and Raman, as shown in Fig. 5.2. The OM image (Fig. 

5.2a) shows that the transferred graphene is dominated by continuous 

monolayer film with few multilayer flakes. The layer number of the graphene 

can be identified by analysing the Raman intensity ratio of 2D peak and G peak. 

As shown in Raman spectrum (Fig. 5.2b) and mappings (Fig. 5.2c-d), this film 
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shows a typical monolayer feature with the intensity ratio of ~ 2. The D peak ~ 

1300 cm-1 in the Raman spectrum (Fig. 5.2b), which is associate with defects, 

is near the background level.  

 
5.2.2 Growth and transfer of MoS2 film 

 MoS2 monolayers were grown by CVD on SiO2/Si substrates27. The 

substrate was placed at the centre of the furnace, while the precursor powder 

(sulfur, 0.15 g) was placed in a quartz boat in a suitable upstream position. The 

smooth side of the SiO2/Si substrate was placed face down on a customized 

quartz half rod leaving a 2-µm gap between the substrate and the rod, and 0.05 

g of MoO3 was put on the back of the substrate. The quartz tube was heated 

from room temperature to 650 ˚C with inlet of 50-sccm Ar, and when the 

temperature reached the maximum value, the Ar flow was adjusted to 10 sccm. 

The furnace was kept for 20 min at 650 ˚C for the growth of MoS2. Uniform 

MoS2 monolayers were obtained on the smooth side of the SiO2/Si substrate. 

The MoS2 transfer28 method is similar to that used to transfer WSe2 (cf. Section 

3.2.1). Here, the target substrate is quartz with or without graphene. Hence, both 

MoS2 monolayer and MoS2 monolayer/graphene heterostructure samples on 

quartz substrates were obtained. To confirm the sample quality of MoS2, OM, 

AFM, PL and Raman characterization were performed before and after transfer, 

as shown in Figs. 5.3 and 5.4. The monolayer MoS2 grown on Si wafer is 

continuous film (Fig. 5.3a) with a typical PL emission peak at ~ 660 nm (Fig. 

5.3b) and Raman modes ( E2g
1  and A1g ) at ~ 390 cm-1 and ~ 410 cm-1, 

respectively.  After transferred onto quartz, the monolayer MoS2 remains to be 

a continuous film with a thickness of 0.75 nm (Fig. 5.4).   
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Figure 5.3 | Characterization of MoS2 on Si wafer. (a) Optical microscope image 
of MoS2 on quartz under 100 objective. (b, c) PL and Raman of MoS2 on Si 
wafer.  
 

 

Figure 5.4 | Characterization of MoS2 transferred onto quartz. (a) Optical 
microscope image of MoS2 on quartz under 100 objective. (b) AFM height 
profile of MoS2 on quartz. (c) Cross-sectional profile along the red line in (b).  
 
5.2.3 Characterization setup  

The optical imaging was performed in a Nikon Eclipse LV 100D system, 

and the AFM imaging was performed by a BRUKER Dimension FastScan 

system using the tapping mode. The Raman/PL spectra and mapping were 

collected in a confocal system (The Alpha 300R). The wavelength of the 

excitation laser was 532 nm with a spot size of approximately 0.5 mm. The 

steady-state PL spectra and mapping were obtained with a 600 grooves mm-1 

grating, while a 1,800 grooves mm-1 grating was used to obtain detailed line 

shapes of the Raman band. The experimental conditions for STM/STS 

measurements were described in Section 2.6.  

 The TA setup is described in Section 2.4.4. In the TA setup for both 

transmission and reflection modes, a mode-locked Ti: sapphire laser/amplifier 
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system (Solstice, Spectra-Physics) was used (800 nm wavelength, 1.5-mJ pulse 

energy, 100 fs pulse width, 250 Hz repetition rate). The low frequency was set 

to allow matching of the signal with the collection system. The output of the 

amplifier was split into two parts, with the stronger beam used to generate the 

desired excitation light. For 600 nm and 650 nm excitation, a TOPAS system 

was adopted, while 400 nm excitation was directly doubled from 800 nm laser 

pulses. The broad-band white-light probe pulses from 400 nm to 850 nm 

generated from 2 mm thick water. The TA data were collected by a fiber-

coupled spectrometer connected to a computer. The group velocity dispersion 

of the transient spectra was compensated by a chirp program29. All the 

measurements were performed at room temperature.  

5.3 Theoretical calculations.  

 We collaborated with Xianbin Li in Jilin University and performed the 

calculations using the DFT as implemented in the VASP codes. The exchange 

correlation energy was described by the generalized gradient approximation, in 

the scheme proposed by Perdew, Burke and Ernzerhof (PBE)30, 31. A unit cell 

with vacuum region of 16 Å was used for the calculation, and a 9  9  1 

Monkhorst-Pack mesh grid was used to sample the Brillouin zone. The cutoff 

energy of the plane wave basis was 520 eV. All atoms were relaxed until the 

Hellman-Feynman forces on individual atoms were less than 0.02 eV Å-1. The 

effect of spin–orbit coupling was also included. Although the PBE calculation 

could underestimate the MoS2 bandgap32, the resulting profile of energy band 

is expected to be correct. 
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5.4 Steady-state optical characterization.  

MoS2 monolayers and graphene were grown by chemical vapor 

deposition (CVD) on SiO2/Si substrates and copper foils, respectively27, and 

then transferred to a fresh quartz substrate using a standard 

poly(methylmethacrylate) (PMMA) transfer method28. Details of MoS2 

monolayer and MoS2 monolayer/graphene sample preparation and steady-state 

characterizations are presented in Section 5.2. The OM of MoS2 transferred on 

graphene is shown in Fig. 5.5a. 

 

Figure 5.5  Influence of graphene on the electronic bandgap of MoS2 monolayer. (a) 
Optical microscope and AFM images of MoS2 monolayer/graphene heterostructure. 
The scale bar is 2 m. (b) Theoretically predicted energy band structure 
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corresponding to the direct transitions in the momentum space of MoS2 monolayers 
considering the spin-orbit coupling. Eg, energy gap; Eb, exciton binding energy. The 
green area is the band nesting region. The vertical brown, pink, and purple arrows in b 
represent the optical transitions of A/B/C-exciton, respectively. (c) Steady-state 
absorption spectra of graphene, MoS2 monolayer, and MoS2 monolayer/graphene 
heterostructure. The orange solid line is the PL spectrum of MoS2 monolayer under 532 
nm excitation. (d) STS spectra for MoS2 monolayer and MoS2 monolayer/graphene 
heterostructure. (e) Sketch of electronic and optical bandgaps for MoS2 monolayer 
(bottom figure). The top image illustrates the MoS2 monolayer (sky blue solid sphere 
represents the Mo atom, and yellow solid sphere represents the S atom); brown, 
pink, and purple spheres represent the A/B/C-exciton, respectively; the orange curves 
represent the hot-carrier cooling and diffusion processes. (f) Sketch of electronic 
and optical bandgaps for MoS2 monolayer/graphene heterostructure (bottom figure). 
The top illustration schematizes the MoS2 monolayer/graphene heterostructure (black 
solid sphere represents the C atom); the red arrows indicate the vertical electron 
extraction processes. Eopt, optical bandgap.  
 

Figure 5.5b-c exhibit, respectively, the ab initio calculation of the band 

structure related to the band nesting region for MoS2 and the corresponding 

measured steady-state absorption and PL spectra. According to Fig. 5.5c, when 

MoS2 monolayers are placed on a graphene substrate, the oscillator strengths of 

band-edge A/B-excitons around 650 nm and 600 nm decrease slightly, while for 

the high-energy C-exciton around 430 nm the oscillator strength increases. The 

resulting PL of the MoS2 monolayer/graphene heterostructure (not shown) is 

found to be strongly quenched, in contrast to the reference case of MoS2 

monolayers alone (Fig. 5.5c), where the PL peak at around 660 nm (1.88 eV) is 

observed, corresponding to the optical bandgap (Eopt) of the MoS2 monolayer. 

These results imply complex interactions between the MoS2 monolayer and 

substrates33 that need to be understood. 

5.5 Electronic bandgap measurement and transient experiment 

To shed light on the correlations between the electronic structures of 

MoS2 monolayer on different substrates and internal exciton relaxations, 

electronic bandgap and time-resolved ultrafast spectroscopy studies were 

performed. The influence of graphene on the electronic bandgap (Eg, equal to 
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the quasiparticle bandgap, Eq) of MoS2 monolayer is revealed by the STS 

analysis shown in Fig. 5.5d. It is found that Eg is reduced from 2.75 eV for MoS2 

monolayer alone to 2.30 eV for the MoS2 monolayer/graphene heterostructure. 

Moreover, the measurements indicate that graphene lowers the conduction band 

minimum (CBM, left) of the MoS2 monolayer by ~ 0.45 eV, while the 

corresponding valence band maximum (VBM, right) is pinned at ~1.85 eV 

below the Fermi level. The exciton binding energy, Eb = Eg – Eopt, is calculated 

to be 0.42 eV and 0.87 eV for the MoS2 monolayer with and without graphene, 

respectively. The former value approximates well to the previously reported 

values of Eb of 0.48 eV and associated Eg of 2.40 eV for CVD MoS2 monolayers 

grown directly on cleaved graphite (HOPG) substrates34, and the latter is close 

to the reported theoretical predictions (Eb of 1.0 eV and Eg of 2.8 eV)35-38. This 

indicates a screening-sensitive bandgap renormalization, similar to that reported 

for the MoSe2 monolayer21. In addition, the reduced Eb measured for MoS2 

monolayer/graphene heterostructures could facilitate the charge transfer from 

MoS2 monolayer to graphene, and this phenomenon will be discussed later. The 

relevant energy levels for MoS2 monolayer and MoS2 monolayer/graphene 

heterostructure are presented in Fig. 5.5e-f respectively, as extracted from the 

steady-state experimental data. According to our experimental observations and 

density functional theory (DFT) calculations, the location of Dirac point of 

graphene is close in energy to the middle of bandgap of MoS2 monolayer, about 

1.20 eV higher than its VBM (Fig. 5.6). 
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Figure 5.6 | DFT calculation of the projected band structure (left) and density of 
states (right) of MoS2-graphene heterostructure. The blue dots (left figure) 
represent the contribution of carbon atoms in graphene.  

The inherent excited-state relaxation processes for A/B/C-excitons in 

MoS2 monolayers and MoS2 monolayer/graphene heterostructures are 

elucidated by broadband TA experiments in transmission mode39, 40. Typical TA 

spectra of MoS2 monolayers under 400 nm excitation (pump density of 5 J cm-

2, initial exciton density of 1.28  1012 cm-2) are shown in Fig. 5.7a. These 

spectra represent the pump-induced absorption changes observed in the samples, 

namely the differential optical density with and without pump light excitation 

(O.D. = O.D.pump - O.D.w/o pump). As can be seen in Fig. 5.7a, there are three 

distinct negative transient species (bleaching signals) at around 656 nm, 608 nm 

and 430 nm (1.89 eV, 2.04 eV and 2.88 eV), corresponding to the energy states 

of A/B/C-excitons observed in the steady-state absorption spectrum (Fig. 5.5c), 

respectively. The positive peaks for atomically thin TMDCs as shown in Fig. 

5.7a are usually attributed to peak shift and broadening of A/B/C-exciton 

states41-43, excited-state absorption and/or the absorption of new photogenerated 

transient species, for example, the effect of charges at high pump conditions2, 25, 

26. 
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Through a global analysis: 

               O.D. =    i
n

i
i t  /exp

1




                                                 (5.1)  

where i() are the pre-exponential factors used for the calculation of decay-

associated spectra (DAS),  is the probe wavelength, t is the time delay between 

pump and probe, i are –independent lifetimes39, 44, and i is the number of 

molecule states. Global analysis is a mathematical method to extract useful 

lifetime components, i.e., molecule states, from an overwhelming amount of 

data, i.e., spectra intensity as a function of wavelength (transient absorption 

spectrum) at different delay time between the pump and probe. To be specific, 

as shown in Eq. 5.1, all the transient absorption spectra regardless of the time 

delay can be represented by the sum product of a few number of decay 

associated spectra resulting from molecule states and the associated exponential 

factors. More details can be seen in Section 2.4.4. As shown in Fig. 5.7b, it is 

deduced that there are at least four lifetime components for MoS2 monolayers. 

For the band-edge bleaching region, the first two shortest lifetime components 

mainly represent the contributions of A/B-exciton populations. The lifetime 

component of 0.27 ps (blue) that is dominant in this spectral region could arise 

from fast nonradiative recombination, for example, exciton-exciton 

annihilation45, 46, while the next lifetime component of 1.3 ps (green) not only 

matches the spectral positions of steady-state PL peaks well, but also agrees 

with the fast decay component of band-edge emission47. As such, it could be 

responsible for the radiative recombination of band-edge excitons. Concerning 

the bleaching region of the high-energy C-exciton state, the longer lifetime 

component of 23 ps (orange) is dominant, and could represent contributions of 
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charge populations generated by self-separation of C-excitons in momentum 

space forming hot carriers.  

 

Figure 5.7  Global fitting for transient absorption spectra of MoS2 monolayers. (a) 
Transient absorption spectra of MoS2 monolayers probed at different delay times 
under 400 nm excitation (pump density of 5 J cm-2, initial exciton density of 
1.28  1012 cm-2). (b) Global analysis for the transient absorption data in a. The 
vertical dashed line indicates the position of the C-exciton state, while the horizontal 
dashed line indicates O.D. = 0. (c) Normalized decay dynamics of A-, B-, and C-
exciton states under the pump condition in (a). The red solid lines are the global 
fitting results. (d) Normalized decay dynamics of the C-exciton state under 400 
nm, 600 nm and 650 nm excitation with similar initial exciton density. The solid 
lines are the global fitting results. 
 

 Finally, the remaining lifetime component in the nanosecond range (red) 

is used to match the long-lifetime decay background. It is therefore suggested 

that the global analysis on the TA data of MoS2 monolayer should be applied 

when the initial exciton density is low enough, for example, less than 2  1012 

cm-2 adopted here. This analysis demonstrates a slower decay for the hot-

carriers associated with the C-exciton state, especially at the first tens of 

picoseconds, as observed in Fig. 5.7c. The resulting characteristic population 
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decay dynamics for the C-exciton state generated by the different excitations 

give an average hot-carrier lifetime of 350  50 ps (Fig. 5.7d). 

 

Figure 5.8 | Transient absorption of bilayer graphene. (a) Photography of the 
twisted bilayer graphene on Si/SiO2 studied here. (b) Transient absorption 
spectra of the twisted bilayer graphene (blue line), and pure Si/SiO2 substrate 
(magenta line) probed at 0.2 ps under 400 nm excitation (300 J cm-2). The dot 
line indicates the spectrum probed at 0 ps. (c) The dynamics probed at 580 nm 
for the twisted bilayer graphene, and Si/SiO2 substrate. 
 
 It is worth noting that this anomalous relaxation behavior is contrary to 

the expected faster decay for the C-exciton when considering only its electronic 

instability. In fact, the parallel bands in the density of states will induce very 

fast carrier relaxation, as demonstrated in bilayer graphene. Bilayer graphene 

was prepared by manual transfer of two monolayer graphene films (Fig. 5.8a) 

and transient absorption spectra was measured with 400 nm excitation (Fig. 

5.8b). The dynamics probed at 580 nm (Fig. 5.8c) demonstrates that the average 

carrier lifetime for twisted bilayer graphene is only ~ 0.2 ps. However, for MoS2 

monolayers, in the case where the excited-states of lower energy band-edge 
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exciton states are already occupied, the C-exciton state under 400 nm excitation 

could cause a transient and complex excited-state Coulomb environment in the 

pump spectral region. In this context, the high-energy C-exciton relaxation in 

the band nesting region will slow down.  

 

Figure 5.9 | Transient absorption spectra of MoS2 monolayer measured by 600 
nm and  650 nm pump laser, respectively as well as their global analysis (a) 
Transient absorption spectra of MoS2 monolayers probed at different delay times 
under 600 nm excitation (initial exciton density of 1.27  1012 cm-2). (b) 
Transient absorption spectra of MoS2 monolayers probed at different delay times 
under 650 nm excitation (initial exciton density of 1.13  1012 cm-2). (c) Global 
analysis for the transient absorption data in panel (a). (d) Global analysis for the 
transient absorption data in panel (b). 
 
 To verify this hypothesis, we performed band-edge excitation TA 

experiments using 600/650 nm excitation (Fig. 5.9), for which the high-energy 

C-exciton state is still observed (that is, there is an efficient up-conversion 

process). For these band-edge excitation conditions, the initial exciton densities 

were set close to that for the 400 nm excitation case as presented in Fig. 5.7ac. 

In the global analysis results of band-edge excitations (Fig. 5.9 c and d) and 400 
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nm excitation (Fig. 5.7b), the main difference comes from the shortest lifetime 

components. For the 600 nm excitation case (Fig. 5.9c), there is a positive 

excited-state absorption peak in the lifetime component of 0.38 ps, which is 

located at the same spectral position of the C-exciton state. And this kind of 

positive excited-state absorption peak also appears in the lifetime component of 

0.2 ps for the 650 nm excitation case (Fig. 5.9c), although a little red-shifted. In 

contrast, in the global analysis of the 400 nm excitation TA experiment (Fig. 

5.7b), there is no positive signal around the position of the C-exciton state in the 

lifetime component of 0.27 ps.  

 
 Since band-edge excitations cannot directly generate the high-energy C-

excitons, this positive excited-state absorption peak could be related to the 

formation of C-excitons. There reason for the formation of C-exciton under 

band-edge excitations involves photogenerated band-edge excitons jumping 

firstly into the high excited states by the exciton-exciton annihilation, and then 

fast tunneling to the C-exciton state by an energy state hybridization36. 

Furthermore, these subtle differences between the band-edge excitation and 400 

nm excitation TA experiments, suggesting a fast tunneling mechanism from the 

high excited states of band-edge excitons to the C-exciton state35, which is 

consistent with our hypothesis. 

 TA experiments for higher exciton densities at 400 nm pump condition 

reveal another remarkable characteristic of the C-exciton state, which is an 

extremely weak initial exciton-density dependent relaxation. As shown in Fig. 

5.10a, by increasing the pump density from 5 to 80 J cm-2 (initial exciton 

density 1012  1013 cm-2), the initial TA signal amplitude of the C-exciton state 

probed at 0.36 ps increases and exhibits a linear behaviour even up to 240 J 
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cm-2. Moreover, while the normalized decay traces at different pump densities 

for the C-exciton state show similar profiles, the band-edge bound optical 

exciton states are strongly affected by the high initial exciton density. This 

implies a transient and reversible method to control the optical responses of 

band-edge excitons in ultrashort timescales48 by changing the carrier population 

in the C-exciton state.  

 

Figure 5.10  Excitation-density dependent transient behaviours on MoS2 monolayers. 
(a) Transient absorption spectra of MoS2 monolayers probed at 0.36 ps under 400 
nm excitation with different excitation power densities. (b) Reciprocal of decay 
traces of the C-exciton state (430 nm) under different excitation power densities, 
normalized at the minimum O.D.-1. Inset shows the traces in the main panel 
within the first 10 ps.  
 
5.6 Free-carrier relaxation feature for C-exciton hot carriers 

 Based on the rate equation49 that describes the non-geminate/free carrier 

recombination: 

                                    𝑛0

𝑛𝑡
− 1 = 𝑘𝑛0𝑡                                                           (5.2) 

where n0 is the initial exciton density, t is time, and k is the second-order rate 

constant for recombination, a linear relationship between O.D.-1 at the C-

exciton state and t is observed in Fig. 5.10b. This linearity is consistent with a 

two-body recombination mechanism, and supports our hypothesis that 

photocarriers in the C-exciton state are hot carriers with free-carrier properties. 

In addition, this linearity is weakly dependent on the initial exciton density, 
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which suggests that the exciton dissociation occurs efficiently in the C-exciton 

state, in agreement with the self-separation of photocarriers in the nesting region 

in momentum space. From linear fits using the rate equation at different pump 

densities, we can obtain the value representing the slope of each fitting line as 

kn0. As n0 can be calculated based on the related pump laser density and the 

absorption of the monolayer MoS2, we can calculate the value of k. As such, we 

can estimate a second-order recombination rate constant of (3.8  0.2)  10-2 

cm2 s-1 at the extremely low initial exciton density limit (n0  0) by 

extrapolating an exponential-decay phenomenological expression. 

 We now turn to the detailed description of hot-carrier relaxation 

processes in single-layer MoS2. It is well known in low-dimensional systems 

that many-body processes represent an important obstacle for achieving slow 

hot-carrier cooling. For the anomalous C-exciton relaxation in two-dimensional 

TMDCs, the band nesting effect is crucial, as it does not only provide an 

alternative high-energy exciton state, but also promotes self-separation of 

photocarriers in the nesting region in momentum space, which helps circumvent 

the Auger recombination channel owing to momentum mismatching. The 

quantum confinement in the two-dimensional system also changes the energy 

level alignment between the C-exciton and band-edge optical exciton (A/B-

exciton) states. As the conduction and valence band energy levels for the former 

are higher than those for the latter, hot carriers in the C-exciton state will 

eventually jump to the lowest energy states in momentum space. This process 

will then dominate over the indirect bandgap recombination that predominates 

in bulk and few-layers cases. Furthermore, when photoinduced band-edge 

excitons and their excited states generate C-excitons by an up-
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conversion/many-body process26, 36, they also play a role in slowing down the 

C-exciton relaxation due to the transient excited-state Coulomb interactions50, 

51. By those factors together, a free-carrier recombination feature is created for 

the hot carriers in the C-exciton state of MoS2 monolayer. 

5.7 Initial extraction process for C-exciton hot carriers 

 

Figure 5.11  Initial carrier extraction in MoS2 monolayer/graphene heterostructure. 
(a) Transient absorption spectra of MoS2 monolayer/graphene heterostructures 
probed at different delay times under 400 nm excitation (initial exciton density 
of 1.73  1012 cm-2). (b) Global analysis for the transient absorption data in (a). The 
vertical dashed line indicates the position of the C-exciton state, while the horizontal 
dashed line indicates O.D. = 0. (c) Illustration of the photophysical processes in the 
MoS2 monolayer and initial charge transfer in the MoS2 monolayer/graphene 
heterostructure. 
 
 Finally, we use the MoS2 monolayer/graphene heterostructure to 

examine the initial carrier extraction processes. Figure 5.11a and b shows the 

TA spectra of MoS2 monolayer/graphene films at room temperature (400 nm 

excitation, initial exciton density of 1.73  1012 cm-2) and global fitting results, 

respectively. It is found that due to the influence of graphene, only three lifetime 

components compared to four previously are needed in the global analysis. 

Comparing with the results in bare MoS2 monolayers, we calculate that the 
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heterostructures present an initial carrier extraction efficiency of 93%, 81%, and 

80% for the A-, B-, and C-exciton states, respectively. Detailed fitting data are 

presented in Table 5.1. 

Table 5.1 Femtosecond time-resolved TA dynamics parameters obtained by 
global fitting under 400 nm excitation. 
 Lifetime 

component 
(ps) 

1  
(0.27)  

2  
(1.3)  

3  
(23)  

4  
(1500)  

ave   

MoS2 
monolayer 

A exciton 0.59 0.02 0.17 0.22 334  
10 

 

B exciton 0.54 0.06 0.24 0.16 246  
8 

 

C exciton 0.14 0.04 0.59 0.23 360  
12 

 

 Lifetime 
component 

(ps) 
 1  

(0.55)  
2  

(16)  
3  

(420)  
ave   

MoS2 
monolayer 
/Graphene 

A exciton  0.80 0.15 0.05 24  1 0.93 
 

0.01 
B exciton  0.63 0.27 0.10 47  1 0.81 

 
0.01 

C exciton  0.30 0.55 0.15 72  2 0.80 
 

0.01 

Carrier extraction efficiency: 
22 MoSGrapheneMoS /-1   . 

 The normalized dynamics of A-, B- and C-exciton states with and 

without the graphene substrate are shown in Fig. 5.12. For the band-edge A-

exciton, a high charge transfer efficiency (>90%) is expected, as reported in 

other atomically thin van der Waals heterojunctions49,50. In contrast, for the 

initial hot-carrier extraction in the C-exciton state, this is the first time to our 

knowledge that such a highly efficient hot-carrier transfer is demonstrated in the 

MoS2 monolayer/graphene heterostructure. The related physical picture is 

illustrated in Fig. 5.11c. This observation could open new avenues for hot-

carrier driven optoelectronic applications2, such as water photolysis and singlet 
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exciton fission based on atomically thin TMDCs, when other special electron 

acceptors are utilized to replace the graphene adopted here. 

 

Figure 5.12  Decay dynamics of A-, B- and C-exciton state. (a), Normalized 
decay dynamics of A-, B-, and C-exciton state for MoS2 monolayer/graphene 
heterostructures under the pump condition in Fig. 5.11, panel a. A direct 
comparison for the exciton dynamics in the TA experiments of MoS2 with and 
without graphene substrate under 400 nm excitation. (b), (c) and (d) show, 
respectively, the normalized dynamics of A-, B- and C-exciton state. The red 
solid lines are the global fitting results. 
 
5.8 Discussion 

 One novel transient feature found here is the slower carrier relaxation 

(~350 ps) compared to the band-edge A/B-excitons, which stems from the 

favorable band alignment and complex excited-state Coulomb environment, 

rather than solely on quantum confinement in two-dimension systems. As a 

result, the hot-carrier relaxation in the C-exciton state is three orders of 

magnitude slower than the typical carrier relaxation for parallel bands in the 

density of states (such as ~0.2 ps in twisted bilayer graphene). Thus, two lateral 

carrier transport modes in MoS2 monolayers are revealed: slow hot-carrier 
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diffusion and traditional band-edge carrier transport (Fig. 5.5e, top), which are 

highly important for understanding the working mechanisms of two-

dimensional optoelectronic devices based on TMDC monolayers52. It is worth 

noting that the hot-carrier diffusion in the C-exciton state of MoS2 monolayer 

not only possesses the free-carrier relaxation feature, but also exhibits an initial-

exciton-density-dependent second-order recombination rate constant. The latter 

could reflect the initial excited-state Coulomb environment around the 

photogenerated C-excitons. This contrasts with the band-edge free-carrier 

relaxation behaviour, such as in organometallic halide perovskite films49, where 

the second-order recombination rate constant is invariant under different pump 

fluences. 

5.9 Summary 

 In summary, our results establish a fundamental photophysical model in 

MoS2 monolayers by carefully analyzing the excited-state relaxation processes, 

especially the hot-carrier cooling and initial extraction for the C-exciton state in 

the band nesting region. A two-body recombination mechanism for the hot-

carrier relaxation in the C-exciton state is proposed. In addition, an 

unprecedented initial hot-carrier extraction efficiency of 80% for the C-exciton 

state at room temperature is further identified when we use graphene as the 

electron acceptor (scheme in Fig. 5.5f, top). This highly efficient initial charge 

separation in the vertical direction occurs among the band-edge states (the initial 

carrier extraction efficiency is 93% and 81% for the band-edge A- and B-

exciton states, respectively) and all high-energy excited-states indicate the 

optimized fabrication route for the construction of all two-dimensional van der 

Waals heterostructure devices. The heterostructure also yields a two-fold 
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reduction of Eb in comparison with the pristine MoS2 monolayer (Fig. 5.5f, 

bottom). This further implies one approach to modulate the Eg of single TMDC 

monolayer crystals is by locally overlapping with other dielectric screening 

materials. Further theoretical research such as time-dependent quantum 

calculations are necessary for a better understanding of many-body processes 

involving the hot-carrier generation, relaxation and initial extraction in these 

atomically thin two-dimensional heterostructures.  
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Chapter 6 Summary and outlook 

6.1 Summary 

2D transition metal dichalcogenides (TMDCs) have recently attracted 

tremendous attention owing to their remarkable optical and electronic properties 

arising from their atomically thin nature. However, there are still several 

challenges hindering practical applications. One main challenge is to achieve 

stronger light-to-light conversion efficiency in 2D TMDCs for the application 

in ultrathin lasing. The other challenge is to develop a good understanding of 

photo-to-carrier conversion process and exciton dissociation of 2D TMDCs in 

photoconduction devices. This thesis has demonstrated strategies to enhance the 

light-to-light conversion efficiency and investigated the light-to-carrier 

conversion process of 2D TMDCs by using photoluminescence (PL), second 

harmonic generation (SHG) and transient absorption (TA) techniques.  

Chapter 3 demonstrated that tuning the resonance of lateral gap 

plasmons to be aligned with the 633-nm pump laser effectively boosts the 

light−matter interactions in WSe2, thus enhancing the PL of WSe2 by ~20,000-

fold. The giant enhancement arises from the judiciously designed sub-20-nm-

wide trenches that can bring in large field enhancement at the excitation 

wavelength and large Purcell factor at the emission wavelength. The unique 

feature of the trenches is the small mode volume that can support large optical 

density of states, enabling the possibility of enhancing the PL of other TMDCs. 

The trench geometry can be improved by making the side wall smoother and a 

Fabry-Perot cavity system such as gold array with trenches/2D materials/meta 

film can be designed to enhance PL of the entire piece of 2D materials instead of 

localized positions. Further PL enhancements are expected to be achieved 
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through the design of double-resonance structures with directionality control. 

This work opens up a new platform for investigating novel electrical/optical 

properties in 2D materials, such as electroluminescence and second harmonic 

generation.  

Chapter 4 reports that gold substrate with sub-20-nm-wide trenches can 

enhance SHG of monolayer WSe2 to 13,000-fold, owing to the strong local 

electric field enhancement of the fundamental wave. This work provides a 

practical method to obtain blue emission from a near-infrared laser in monolayer 

TMDCs, and has applications as nanoscale nonlinear optical frequency 

converters. Further optimization of the SHG efficiency can be achieved by using 

silver nanostructure with less loss at the wavelength of the SHG signal. Note 

that the nanostructure with plasmon resonance at ~ 800 nm that is efficient to 

enhance SHG is not very efficient to enhance PL and Raman as the field 

enhancement at pump wavelength of 532 nm for PL and Raman measurement 

is low. This indicates that for certain optical property, we need to design specific 

nanostructure and try to reduce quenching effect. 

The light-matter interaction in 2D TMDCs also gives rise to a photon-

to-carrier conversion process. This process has been widely explored in 

optically active A and B excitons, whereas the study of C excitons in the band 

nesting region is often neglected. Chapter 5 characterized the relaxation 

dynamics of photoexcited C excitons in MoS2 and their collection efficiency in 

MoS2/graphene heterostructures by TA spectroscopy. This work provides a 

detailed good understanding of the exciton dissociation and collection 

processes, motivating further studies on the hot electron behaviors in 2D 

materials and their potential applications. 
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6.2 Outlook 

 The enhanced PL and SHG of TMDCs by plasmonic nanostructures 

pave the way toward lateral gap plasmon-enhanced optoelectronic devices such 

as light emission diode (LED) and photocurrent transistors. In particular, the 

work regarding plasmon-enhanced PL allows us to increase the quantum 

efficiency of LED by lateral gap plasmon, where TMDCs heterostructures 

serve as light active materials and nanostructures serve as light enhancement 

tool. We can first make transistors on silicon wafer based on TMDCs 

heterostructure and then pattern nanostructure consisting of metal arrays 

with small gaps on it. Alternatively, we can first make the metal arrays on 

silicon wafer and then transfer TMDCs on top of them. The nanostructure 

should be designed to have plasmon resonance wavelength aligned with the 

light emission wavelength of the TMDCs heterostructure. In this case, when 

the TMDCs heterostructure emits light under electric field, the 

nanostructure with narrow gaps will dramatically enhance the out-coupling 

of the light in the far field, thus enhancing the quantum efficiency of the 

LED devices. Note that we should avoid direct connection of the metal 

nanostructure with the electrodes of the devices to avoid a “short circuit”. 

The work on plasmon-enhanced SHG point to the use of lateral gap plasmon 

to increase other second-order nonlinear processes such as two-photon 

absorption and make photon sensors based on this effect. The structure of 

these sensors is similar to the one used for LED, but the plasmon resonance 

should be designed to align with the pump laser. Unlike conventional photon 

sensors based on linear light absorption and photocurrent conversion, the 

one based on two-photon absorption and current generation will have 
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broader working spectral range. Furthermore, the nanostructure will 

increase the photocurrent via increasing the two-photon absorption.  

 There are many interesting follow-up studies from the work on 

exciton dynamics in TMDCs such as the charge and energy transfer in WSe2 

and MoS2 heterostructure and in hybrid system of TMDCs and metallic 

nanostructures. 

 Recent advances in the development of other 2D semiconductors and 

van der Waals heterostructures bring about more exciting opportunities. A few 

examples are worth further investigation. First, the unique valley-dependent 

properties are intriguing for applications in information processing. An example 

is coupling 2D TMDCs to microcavities or plasmonics nanostructures and 

enhancing the valley-polarization degree of the PL and SHG by making use of 

the valley optical selection rule in 2D TMDCs1, 2. Second, achieving strong-

coupling between light and excitons in 2D TMDCs by integration of the 

plasmonic nanostructures with TMDCs. The strong coupling can lead to light-

matter hybrid states and new quasi-particles such as exciton polaritons, allowing 

for the observation of intriguing coherent phenomena such as Bose-Einstein 

condensation as well as enabling novel photonics devices such as polariton 

lasers3. Third, the use of complex excitonic species in optoelectronics devices 

is not well studied, for example utilizing trions (charged excitons) to transport 

photoexcited carriers4. Here the usage of pump-probe techniques such as 

transient absorption spectroscopy will help to reveal the exciton dynamics in 

terms of excitation and relaxation in the light absorption, emission and carrier 

transport processes. Last but not least is the recent discovery of new 2D 

semiconductors with anisotropic optical and optoelectronic properties, 
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including phosphorene. Together with 2D TMDCs, they provide a material 

toolbox for 2D semiconductors with gap energies spanning the visible to near-

infrared spectral range. Fabricating novel heterostructures by stacking these 2D 

materials or integrating them with plasmonic nanostructures are intriguing for 

exploring novel optical properties and developing new optoelectronic devices.  
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Figure 1.11c,d 
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Figure 1.11c,d 
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Figure 1.14 
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