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Abstract 

Two-dimensional transition metal dichalcogenides (TMDCs), with direct 

bandgaps in the visible to near-infrared wavelength, offer a tantalizing platform for 

making optoelectronic devices with enhanced and novel functionalities. In this 

dissertation, we explore the valley dynamics and various excitonic states in monolayer 

TMDCs, as well as demonstrate tunable and enhanced exciton emission using plasmonic 

nanocavities. First, we probe the origin of the excitonic and localized states in monolayer 

WSe2 using polarization-resolved PL spectroscopy at temperatures from 10 K to room 

temperature. Next, Kerr rotation experiments are used to investigate the temporal and 

spatial valley dynamics of monolayer TMDCs using femtosecond pump and probe 

pulses.   

Despite these remarkable optical properties, atomically thin TMDC monolayer 

suffer from intrinsically weak light absorption (~3 %) and low photoluminescence (PL) 

quantum yield (~0.4 %). Furthermore, among the complex excitonic states of monolayer 

TMDCs, the B exciton emission is inherently weak compared to the dominant A exciton 

emission. Thus, we demonstrate a tunable plasmonic nanocavity where emitters are 

sandwiched in a sub-10-nm dielectric gap between a metallic film and colloidally 

synthesized silver nanocubes. When emitters with an intrinsic long lifetime are embedded 

in the gap region, the spontaneous emission rate enhancements can be exceeding 1,000 

times while the structure maintains a high quantum efficiency (>50 %) and directional 
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emission. Incorporating semiconductor quantum dots into the plasmonic cavity enable 

ultrafast spontaneous emission with emission rates exceeding 90 GHz. Finally, when 

MoS2 monolayers are integrated into this plasmonic nanocavity with tunable plasmon 

resonances, we observe a 1,200-fold enhancement for the A exciton emission and a 

6,100-fold enhancement for the B exciton emission. Moreover, we show a strong 

modification of the PL emission peaks, which exhibits a strong correlation between the 

emission wavelengths and the nanocavity resonance. Manipulating the optical properties 

of these 2D materials using tunable plasmon resonances is promising for the design of 

novel optical devices with precisely tailored responses, which is critical for optimizing 

the performance of future optoelectronic and nanophotonic devices.  
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Chapter 1    Introduction  

    

1.1 Perspective 

Dimensionality is one of the most significant parameters for nanoscale materials, 

because the same chemical compound may exhibit extremely different properties when it 

is arranged in discrete dimensional crystal structures [1]. Among these, two-dimensional 

(2D) materials have attracted much interest in recent decades due to their strikingly 

different electronic and optical properties from their bulk counterpart.  

There are several reasons that make 2D materials attractive to the scientific 

research and technological applications, compared with traditional 3D bulk materials. 

First, the quantum confinement in the direction perpendicular to the 2D plane leads to 

novel properties that makes them distinct from their bulk materials [2]. Second, although 

the 2D materials are atomically thin, they still interact strongly with light. For example, 

one MoS2 single layer absorbs ~10% of vertically incident light at excitonic 

resonance [3]. Third, the surface of the 2D materials are naturally passivated without any 

dangling bounds, so that they can be easily integrated with other photonic structures such 

as waveguides [4] and optical cavities [5,6]. It is also possible to build vertical 

heterostructures by stacking different 2D materials together without the “lattice 

mismatch” issue [7]. 
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Among the 2D materials, graphene, the monolayer counterpart of graphite is the 

form that has received the most attention, primarily because of its extremely high carrier 

mobility [8] and surprising molecular barrier properties [9]. However, since pristine 

monolayer graphene has zero bandgap, field-effect transistors (FETs) made from 

graphene cannot be effectively switched off and hence have low on/off switching 

ratios [10], making graphene unsuitable for fabrication of transistors and other 

semiconductor devices. Moreover, introducing bandgap by quantum mechanical 

confinement in patterned or exfoliated graphene nanoribbons will always significantly 

decrease mobility (about 200 cm2/V/s for a 150 meV bandgap), reduce coherence or 

increase off-state current [11]. In contrast, monolayer transition metal dichalcogenides 

(TMDCs) are direct bandgap semiconductors, exhibiting encouraging light-emitting 

properties primarily in the visible and near-infrared wavelength range. This group of 

materials offers an appealing platform for applications in nanophotonics and 

optoelectronics.  

In this dissertation, I explore the valley dynamics and the origin of excitonic states 

in monolayer TMDCs using optical techniques [12,13]. Additionally, plasmonic 

nanocavities are used to selectively control the excitonic states in monolayer 

TMDCs [14–18]. 
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1.2 Background 

Although 2D materials have been theoretically investigated for many decades, 

two primary reasons have restricted their experimental studies. First, it is challenging to 

split bulk crystals into individual atomically thin layers, and questions have been raised 

on whether freestanding atomic layers could ever exist because they would be 

thermodynamically unstable below a certain thickness [19,20]. Second, monolayers are 

nearly transparent to visible light and can hardly be recognized under an optical 

microscope on most substrates such as glass and sapphire. This argument was later 

extended by Mermin [21] and was supported by experimental evidence. In fact, as the 

thickness of thin films decreases, its melting temperature also decreases. As a result, the 

films segregate into islands or decompose at a thickness of several atomic layers [22]. 

Thus, it was commonly believed that atomically thin monolayers could only be an 

integral part of the 3D structures, typically grown epitaxially on top of the monocrystals 

with crystal lattice matching. 

A few decades later, Frindt et al. predicted that layered van der Waals materials 

could be mechanically and chemically exfoliated into few- or even single-layers [23,24]. 

One explanation was that the strong interatomic bonds ensured that thermal fluctuations 

could not lead to the dislocation or other crystal defects even at elevated temperatures. 

Earlier attempts to isolate thin films mainly focused on chemical exfoliation, but the 

process was not controllable and usually resulted in new 3D materials. 2004 was the first 

time that single-layer graphene and other 2D atomic crystals were obtained using the 
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mechanical cleavage method [25]. These crystals could be exfoliated on top of non-

crystalline substrates, in liquid suspension and as suspended membranes.  

This mechanical exfoliation technique has greatly stimulated the scientific and 

engineering interest in graphene as well as other 2D materials. Many novel materials that 

have been initially considered to exist only in the realm of theory have been synthesized. 

These include groups IV and II-VI semiconductor analogues of graphene, boron nitride, 

titania- and perovskite-based oxides. In particular, there is burgeoning research interest in 

the group of transition metal dichalcogenides (TMDCs) in their atomically thin 2D forms, 

due to the recent advances in sample preparation, optical detection and characterization, 

transfer and manipulation techniques, as well as the physical understanding of these 2D 

materials [10]. Furthermore, TMDCs show a wide range of electronic, optoelectronic and 

nanophotonic applications [2,10,26]. 

 

1.3 Organization 

This dissertation is organized as follows. Chapter 2 provides an introduction to 

the group of TMDCs, including the crystal and band structures, various excitonic species 

and the valley-dependent optical selection rules, as well as a description of the optical 

measurement techniques. In Chapter 3, the origin of the excitonic states in monolayer 

WSe2 is investigated via temperature- and polarization-dependent photoluminescence 

(PL) spectroscopies. In Chapter 4, time-resolved Kerr rotation spectroscopy is used to 
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probe the temporal and spatial valley dynamics in MoS2 and WSe2 monolayers. Chapter 5 

describes the film-coupled plasmonic nanocavity that have been used to tailor the optical 

properties of emitters, such as enhancing the spontaneous emission, increasing the 

directionality and maintaining a high quantum yield. In Chapter 6, this plasmonic 

nanocavity is used to enhance the exciton emission in monolayer MoS2, as well as 

selectively tune the emission spectrum depending on the plasmon resonance. 
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Chapter 2    Transition metal dichalcogenides 

 

2.1 Introduction 

Two-dimensional (2D) transition metal dichalcogenides (TMDCs), such as MoS2 

and WSe2, have spurred excitement for potential applications in optoelectronic and 

nanophotonic devices due to their unique optical and electronic properties [2,10,26] . A 

brief discussion of the crystal and electronic structures in monolayer TMDCs is shown in 

section 2.2. These unique properties lead to the optical selection rules that are explained 

in section 2.3. These valley-dependent optical selection rules enable circularly polarized 

light to selectively couple to one valley or spin state in monolayer TMDCs, as discussed 

in section 2.4. A brief description of multiple excitonic states in monolayer TMDCs is 

given in section 2.5. Experimental techniques to investigate the exciton dynamics are 

described in section 2.6, including polarized photoluminescence (PL), time-resolved PL, 

pump-probe transient spectroscopy and time-resolved Faraday and Kerr rotation.  

 

2.2 Crystal and electronic structures  

TMDCs are a group of materials with the formula MX2, where M is a transition 

metal element from group IV, group V or group VI, and X is a chalcogen (S, Se or 
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Te) [10]. These materials form strongly bonded layered structures with the form X-M-X, 

but with weak interlayer interactions, thus making mechanical exfoliation into atomically 

thin monolayer flakes feasible [1]. A schematic of the crystal structure of MoS2 is shown 

in Figure 2.1. MoS2 is an isomorph of graphene with molybdenum (Mo) and sulfur (S) 

atoms occupying the inequivalent A and B sub-lattices in the Bernal structure. Within 

each layer, the Mo and S atoms form 2D hexagonal lattices, with the Mo atom being 

coordinated by the six neighboring S atoms in a trigonal prismatic geometry. Since the 

two sub-lattices are occupied, respectively, by one Mo atom and two S atoms, inherent 

inversion symmetry is explicitly broken in monolayer MoS2 [27]. Similar behavior is also 

expected for other members of TMDCs. 

 

Figure 2.1: Trigonal prismatic structure of monolayer TMDCs. (a) The honeycomb 

lattice structure with broken inversion symmetry. (b) Top view of the lattice structure. (c) 

The first Brillouin zone with the high-symmetry points labeled in the diagram.  
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The band structures of many TMDCs have previously been calculated by first 

principles and tight-binding approximations [28–30], and are measured using many 

spectroscopic tools [31,32]. In general, Mo- and W-based TMDCs are semiconducting 

whereas Nb- and Ta-based ones are metallic [28–30]. Contrary to the linear dispersion at 

the K point in pristine graphene, a bandgap opens near the K points in the first Brillouin 

zone in TMDCs. Bulk TMDCs have indirect bandgap with conduction band minimum 

and valence band maximum located at the Q and the Γ points, respectively [33,34], 

whereas monolayer TMDCs become direct bandgap semiconductors with gaps located at 

the K and -K points [31,32]. 

This transition can be understood as a result of an increased indirect gap size due 

to the significant quantum confinement effect in the out-of-plane direction, while the 

direct gap at the K and -K points remain mostly unaffected with layer number [26,33,34]. 

More specifically, the electronic distributions are spatially correlated to the atomic 

structures [32]. Previous density functional theory (DFT) calculations for MoS2 have 

shown that the conduction band states at the K point are mainly due to the localized d-

orbitals on the Mo atoms, located in the middle of the S-Mo-S layer sandwiches and 

relatively unaffected by interlayer coupling [10]. However, the states near the Γ point are 

due to combinations of the antibonding pz-orbitals on the S atoms and the d-orbitals on 

Mo atoms, which have a strong dependence on the interlayer coupling effect [32]. Thus, 

as the layer number decreases, the direct bandgap near the K points are relatively 

unchanged, whereas the transition at the Γ point changes significantly from an indirect to 
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a direct one. Prominent experimental evidence of this transition is the emergence of 

strong PL emission in the monolayer limit of TMDCs, while the PL emission is relatively 

weaker for multiple layers or bulk TMDCs, indicating a transition from an indirect to a 

direct bandgap [31,32]. A similar transition from an indirect bandgap in the bulk to a 

direct bandgap in the monolayer form is expected for all Mo- and W-based TMDCs. The 

basic electronic properties of different TMDCs are summarized in Table 2.1.   

Table 2.1: Electronic properties of common monolayer TMDCs. 

 MoS2 MoSe2 WS2 WSe2 

Optical gap (eV) ~2 [31,32] ~1.7 [35] ~2.1 [36] ~1.75 [37,38] 

Exciton binding 
energy (eV) 

0.2-0.55 [39]  ~0.6 [40] 0.4-0.7 [36,37] ~0.4 [38] 

Valence band spin 
splitting (meV) 

~150 ~180 ~430 ~470 

Conduction band 
spin splitting (meV) 

~3 ~20 ~30 ~35 

 

2.3 Valley dependent optical selection rules  

In this section, we consider the valley dependent optical selection rules for the 

interband transitions in the ±K valleys of monolayer TMDCs. The Berry curvature Ω


 and 

orbital magnetic moment m  are two important quantities in characterizing the effect of 

the Berry phase of electrons in the Bloch bands on their transport properties [41,42]. The 

Berry curvature acts as an effective magnetic field in the momentum space, while the 
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orbital magnetic momentum arises from the self-rotating motion of the electron wave-

packet. Due to the broken inversion symmetry in monolayer TMDCs, both the Berry 

curvature and the orbital magnetic momentum from the K and -K valleys have the same 

magnitudes but are of opposite sign. Moreover, the 2D nature of monolayer TMDCs 

restricts Ω


 and m  to the out-of-plane direction [27,41]. 

 

Figure 2.2: Schematic of the electronic bands around the K and -K points in 

monolayer TMDCs. Conduction band and valence band spin splitting is shown. The spin 

and valley degrees of freedom are locked together. Azimuthal quantum number (m) for 

each band is labeled. 

 

A schematic for the electronic bands around the K and -K points in monolayer 

TMDCs is shown in Figure 2.2, where m is the azimuthal quantum number of the total 

interatomic orbital, intra-atomic orbital and spin angular momentum for each band [26]. 

According to Fermi’s Golden Rule, under σ+ or σ- circularly polarized light excitation, 

only the transitions with 1±=∆m  are allowed in a particular valley, giving rise to the so-
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called valley-dependent optical selection rules. Such a valley optical selection rule is 

analogous to the spin optical selection rules in conventional III-V semiconductors [43]. 

This selectivity allows the optical initialization, manipulation and detection of valley 

polarization in monolayer TMDCs [44–46]. 

This optical selection rule can also be explained in a massive Dirac fermion 

model [41]. In monolayer TMDCs, the conduction and valence band edges at the ±K 

valleys have the Hamiltonian in the following form [27]: 

 
zyyxxz kktaH σσστ 

2
)( ∆
++=  (2.1)                                                              

where a is the lattice constant, t is the effective hopping integral, 1±=zτ  is the valley 

index, and Δ is the energy gap. σ  are Pauli matrices defined in the basis consisting of the 

two d-orbitals of the metal atom with magnetic quantum numbers of 0=m  and zm τ2= , 

respectively. In this model, the Berry curvature in the conduction band is given by [27]: 

 
zc kta

tazk τ2/32222

22

)4(
2ˆ)(

∆+
∆

−=Ω


 
(2.2) 

We should note that the Berry curvature in the valance band has the same magnitude, but 

opposite sign, which can be expressed as )()( kk cv


Ω−=Ω . The orbital magnetic moment 

has the same values in the conduction and valence bands, which has the form [41]  

 
z

e
kta
tazkm τ





24
2ˆ)( 2222

22

∆+
∆

−=  
(2.3) 

Particularly, at the Dirac points when k = 0, *ˆ)0( Bzzm µτ−=
 , where ** 2/2 mB =µ is the 

spin Bohr magneton but with the free electron mass replaced by the effective mass at the 
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band edge. The valley degree of freedom is also related to an intrinsic magnetic moment 

as far as the low-energy carriers near the band edges are concerned. The valley-dependent 

m  hence makes it possible to couple the valley degree of freedom to a magnetic field and 

to detect the valley polarization as a magnetic signal. 

Because the two K valleys have opposite values of m , the valley-dependent 

optical selection rules for the interband transitions can be expected. For the massive Dirac 

fermion model, the Berry curvature Ω


, the orbital magnetic moment m , and the optical 

circular dichroism are related by the following expression [41]: 

 
)(

2)(
ˆ)(

)(
ˆ)()( ** ke

k
zk

k
zkmk

B

c

B











∆

⋅Ω
−=

⋅
−=

µµ
η  

(2.4) 

where )(k


η  is the degree of circular polarization for the interband transition at k


, which 

is defined as the difference in oscillator strengths for left (σ+) and right (σ-) circular 

polarization normalized by their sum, and 2/12222 )4()( ∆+=∆ ktak


 is the direct transition 

energy at k


. At the ±K points, we have zτη −= ( 1±=zτ  for the ±K valleys), which 

means that the degree of circular polarization has opposite signs at the two valleys. Thus, 

the valley contrasting m  leads to the valley-dependent optical selection rule for optical 

excitation with circularly polarized light, where the interband transition at K (-K) valley 

only couples to the σ+ (σ-) circularly polarized light. 
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2.4 Coupled spin and valley physics  

Monolayer TMDCs also provide a unique platform to explore the interplay 

between spin and valley degrees of freedom [27,41,42]. The lack of inversion symmetry 

in the lattice structure of monolayer TMDCs confines the electron motions in the plane. 

This confinement and the d-orbitals of the heavy transition metal atoms in the material 

result in a strong spin-orbit coupling for the band-edge electrons and holes, which leads 

to a large splitting in the valence band at the ±K valleys. One evidence of this strong spin-

orbit coupling is that two main excitonic features can be observed in the optical 

absorption spectra [41], which are associated with the optical transitions from the upper 

and lower valence band to the bottom of the conduction band, respectively. The energy 

splitting is typically in the range of 150 meV to 400 meV depending on different 

transition metal elements [10,27]. 

In contrast to the valence band edges, the spin-orbit coupling is relatively weak at 

the conduction band edges, which are predominantly from the m = 0 d-orbitals. Previous 

first-principles calculations show a small but finite conduction band splitting with a 

magnitude of several to several tens of meV for different monolayer TMDCs [34,47,48]. 

This splitting mainly arises from the weak mixing of p-orbitals from the chalcogen atom 

and coupling to the remote m = 1 d-orbitals [49]. 
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Figure 2.3: Spin and valley dependent optical selection rules for the interband 

transitions. Solid curves are bands with spin-up or spin-down quantized along the out-

of-plane direction. 1ω  and 2ω  are the transition frequencies from the two split valence 

band tops to the conduction band bottom, respectively. 

 

One important consequence of the large valence band splitting is that the spin 

degeneracy is also lifted at each of the K valleys, which hence locks the spin and valley 

degrees of freedom at the band edges [27]. More specifically, the spin-up state at the K 

valley is degenerate with the spin-down state at the -K valley. As a result, spin can also 

be selectively excited through valley-dependent optical selection rules that have been 

discussed in section 2.3. As illustrated in Figure 2.3, two band-edge excitonic transition 

frequencies, 1ω  and 2ω  relate the spin and valley polarization in the opposite ways, 

which is similar to the interband transition involving heavy-hole and light-hole in 

conventional III-V semiconductors [43]. Thus, carriers with various combination of spin 

and valley indices can be selectively excited using optical fields of different circular 
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polarizations and frequencies [27]. For example, σ+ circularly polarized light with a 

frequency 1ω  ( 2ω ) generates spin-up (spin-down) electrons and spin-down (spin-up) 

holes in the K valley, while the excitation in the -K valley is the time-reversal of the 

above. Moreover, because the single carrier spin flip requires a simultaneous intervalley 

transfer, the intervalley spin relaxation is expected to be extremely slow [27,41]. 

 

Figure 2.4: Illustration of the valley unpolarized electron and hole Hall effect. An in-

plane electric field, E, is applied. The arrows represent the spins for the electrons or holes 

that are coupled to the valley degree of freedom and accumulate on sample edges. 

 

Many experimental results of the interaction between spin and valley states in 

monolayer TMDCs have emerged recently [41,42,50,51]. In the presence of an in-plane 

electric field, which drives a longitudinal charge current as shown in Figure 2.4, electrons 

or holes from the K and -K valleys experience opposite transverse Lorentz-like forces 

because of the opposite signs of Berry curvatures in the different valleys, and hence move 

in opposite directions perpendicular to the applied electric field. This leads to the valley 

Hall effect. Because the spin and valley indices are coupled, the generation of the valley 

Hall effect is also accompanied by a spin Hall effect. Spin-up and spin-down electrons or 
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holes also move to the opposite sides of the sample boundaries under an in-plane electric 

field, as illustrated in Figure 2.4. The spin and valley Hall effect has already been 

observed in experiment from monolayer MoS2 [50] and bilayer WSe2 [51]. 

 

Figure 2.5: Spin and valley Hall effects in monolayer TMDCs. (a) Electrons and holes 

are excited by circularly polarized light with different optical frequencies, 1ω  (blue) and 

2ω  (red) as labeled in Figure 2.3. (b) Electrons and holes are excited by linearly 

polarized light with frequency 2ω . The white ‘-’ and ‘+’ symbols represent the electrons 

and holes in the K valley, while the black symbols represent the ones in the -K valley. 

 

Optical excitation with circular polarization can also generate a charge Hall 

current according to the valley-dependent optical selection rules, which can be detected 

as a voltage signal between the two opposite boundaries in the sample as seen in Figure 

2.5(a) [27]. The sign of the voltage is determined by the helicity (σ+ or σ-) of the 

circularly polarized light. Furthermore, optical excitation with linear polarization also 

provides interesting results. As shown in Figure 2.5(b), under the optical excitation of 
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linearly polarized light with a frequency 1ω , spin-up electrons from the K valley and 

spin-up holes from the -K valley are accumulated on one boundary, whereas spin-down 

electrons from the -K valley and spin-down holes from the K valley are accumulated on 

the other boundary [27]. Consequently, each boundary remains charge neutral but carries 

a net spin polarization as well as a net valley polarization. Because the spin and valley 

lifetimes of holes are expected to be more robust on the boundaries, electrons will get 

unpolarized first and recombine with the spin and valley polarized holes. This 

recombination leads to the emission of photons with opposite circular polarizations on the 

two boundaries, which can be optically detected. Therefore, the coupled spin and valley 

dynamics in monolayer TMDCs suggests a tantalizing platform for integrated spintronic 

and valleytronic applications, where the spin and valley indices can provide unique 

information carriers with logic operations between the two enabled by the spin-valley 

coupling. 

 

2.5 Multiple excitonic states in monolayer TMDCs 

An exciton is a bound electron and hole pair with an energy spectrum similar to 

that of a hydrogen atom. In monolayer TMDCs, exciton dominates the optical responses 

and plays a key role in the performance of optoelectronic and nanophotonic devices made 

from TMDCs [10,26]. In contrast to other semiconductors with tightly bound excitons, 

which are either highly delocalized in momentum space (Frenkel type) or highly 

localized in real space, the excitons in monolayer TMDCs are found to be the Wannier 
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type, where both electrons and holes are well localized near the ±K points in the first 

Brillouin zone [52], giving rise to the so-called valley exciton. The exciton that we 

typically refer to is called the bright exciton, which is a bound state of the electron and 

hole in the same K valley. Thus, the bright exciton also has a certain valley index similar 

to the free electrons and holes. Contrary to the bright exciton, an intervalley dark exciton 

arises from the radiative recombination between a hole in the valence band of the K 

valley and an electron in the conduction band of the -K valley [36]. In doped 

semiconductors, the exciton can further lower its energy by either capturing an excess 

electron or hole to form a three-body excited state called a negatively or positively 

charged exciton (trion) [42]. Previous gate-dependent PL measurements have 

demonstrated that the excitonic states of either positively charged trions, neutral excitons 

or negatively charged trions can be tuned via electrostatic doping levels in monolayer 

TMDCs [35]. The excitonic transitions can also be modified by various other external 

approaches, such as gas absorption [53], chemical doping [54], and strain-induced 

effect [55,56]. 

In monolayer TMDCs, strong Coulomb interactions make electrons and holes 

tightly bound in the valley exciton state, due to their atomically thin geometry, relatively 

large electron and hole effective masses, and the reduced dielectric screening effect [38]. 

One consequence of this strong Coulomb interaction is that the exciton binding energies 

of monolayer TMDCs are extremely large, which are expected to be in the range of 0.5 

eV to 1 eV depending on different materials [37,38,57,58]. Because of this large binding 
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energy, excitons remain stable even at room temperature and hence are predicted to be 

the key operation element in the valleytronic and optoelectronic devices based on these 

materials. Exciton binding energy also provides insight into many physical properties 

such as the Bohr radius and many-body interactions. For example, the calculated exciton 

Bohr radius is on the order of 1 nm, which corresponds to a real-space wave function for 

the electron-hole relative motion that extends over several unit cells [37,39,52,59]. 

Furthermore, the strong Coulomb interactions have led to other strong interaction effects 

including the formation of biexcitons [60–62], excitonic Mott transition [63] and strong 

exciton-phonon coupling [64,65] in monolayer TMDCs. 

 

Figure 2.6: Schematic of the electron-hole exchange interaction of the conduction 

and valence electron states. The Coulomb interaction V(k) between the two electrons in 

opposite valleys scatters the conduction electron to the valence band and the valence 

electron to the conduction band, and hence couples the two excitons in opposite valleys. 
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The excitons from the two K valleys are coupled by the electron-hole exchange 

Coulomb interactions, which acts as an in-plane effective magnetic field on the valley 

states [66]. It leads to a valley-orbit coupling and splits the bright exciton into two 

branches with in-plane valley states, thus contributing to the exciton valley depolarization 

in monolayer TMDCs. This electron-hole exchange interaction, neither related to 

intervalley scattering nor spin-flip scattering, is an interband process between conduction 

and valence states of the electrons that leads to a virtual exciton annihilation-creation 

process. The resulted effective magnetic field has a magnitude that depends on the 

magnitude of the exciton k


, while its direction is also determined by the direction of k


, 

as illustrated in Figure 2.6. Thus, this k


-dependent exchange interaction combined with 

momentum scattering results in a finite and varying in-plane effective magnetic field, 

which is the main source that leads to the exciton valley depolarization [42]. 

The trion binding energies of monolayer TMDCs are typically in the range of 20 

to 40 meV for different materials, which is an order of magnitude larger than that of 

conventional semiconductors such as GaAs [67]. The binding energies for positively and 

negatively charged trions are comparable, indicating the comparable electron and hole 

masses in monolayer TMDCs. PL measurements can directly reveal the trion binding 

energy via the energy difference between the neutral exciton and the charged trion 

peaks [45]. 

Contrary to excitons, trions are not well coupled to the electron-hole exchange 

interactions. In MoX2, trions only have an intervalley configuration where the extra 
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carrier is in the opposite valley from the electron-hole pair that can recombine, so the 

electron-hole exchange is forbidden due to the Pauli blocking [68] and the valley 

depolarization is determined by the intervalley scattering. For the trions in WX2, the 

additional exchange term between the excess electrons and the recombining electron-hole 

pair leads to an energy splitting between the inter- and intra-valley 

configurations [45,66], which largely suppresses exchange-induced valley depolarization. 

Therefore, trion valley polarization is expected to be significantly more stable than the 

exciton valley polarization in monolayer TMDCs. 

Previous work has also demonstrated the existence of biexciton in monolayer 

WSe2, which is a four-body correlated state with two excitons tightly bound 

together [60,61]. The biexciton is identified as a sharply defined state in the PL emission 

spectrum at high exciton density. The binding energy of biexciton is estimated to be 

several tens of meV, comparable to the trion binding energy in monolayer TMDCs. 

Moreover, theoretical calculations show that the large biexciton binding energy arises not 

only from strong carrier confinement, but also from reduced and non-local dielectric 

screening effects [61]. These results show that monolayer TMDCs are favorable 

candidates for creating higher-order correlated states and probing many-body processes, 

but in this dissertation, I will mainly focus on the exciton and trion states in monolayer 

TMDCs. 
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2.6 Experimental techniques for investigation of valley 
exciton dynamics 

In this dissertation, optical techniques are used to probe the valley dynamics of 

exciton, trion and localized states in monolayer TMDCs. There are several benefits of 

using optical techniques, for example, large valley polarization may easily be induced via 

circularly polarized laser excitation. A laser beam can be focused down to about a 1 μm 

spot size, and the energy of a laser can be tuned to probe a particular transition or a 

spectrometer may be used to resolve fine structures. Moreover, pump-probe spectroscopy 

using short optical pulses can be used to measure temporal dynamics in the material. In 

addition to understanding the valley dynamics and investigate a number of timescales, 

optical techniques may also be used to initialize, detect and manipulate valley states. In 

this section, I will describe several commonly used optical techniques for probing the 

valley dynamics in monolayer TMDCs. 

 

2.6.1 Polarized photoluminescence  

In the previous section 2.3, it was described that circularly polarized light can be 

used to initialize valley polarization according to the valley dependent optical selection 

rules. These selection rules govern not only the absorption but also the inverse process of 

radiative recombination. Consistent with the selection rules, previous polarization-

resolved PL measurements have shown that circularly polarized light can selectively 

excite electron-hole pairs in one of the K valleys, and the resulting exciton or trion 
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emission is found to be strongly polarized with the same circular polarization as the 

incident light [44,46]. These results are direct evidence that the valley polarization of the 

photo-excited carriers is largely retained during hot-carrier relaxation, exciton formation, 

and radiative recombination processes. The degree of circular polarization, η , is defined 

as [44] 
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where )( +σI  and )( −σI  correspond to the PL intensities of right and left circularly 

polarized components, respectively. The valley depolarization mechanisms for excitons 

and trions have been discussed in the previous section 2.5. While the electron-hole 

exchange Coulomb interaction leads to the valley depolarization for excitons, the trion 

valley depolarization mainly arises from intervalley scattering.  

Such a measurement of the polarized PL emission only gives information about 

the valley excitonic state at the time of recombination and provides little knowledge 

about various valley timescales. However, with the time-resolved PL measurement, 

information about the exciton and trion lifetimes can be obtained as described in the next 

section. 

 

2.6.2 Time-resolved photoluminescence 

Contrary to PL spectroscopy, which measures the total light emission from the 

sample and is limited by the carrier recombination, time-resolved photoluminescence 
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(TRPL) provides information about the temporal evolution of the emission from a sample 

upon optical illumination by a short pulsed laser. More specifically, the pulsed laser first 

generates electron-hole pairs in the sample. Then these electron-hole pairs decay to the 

lower energy levels, and subsequently recombine, followed by the emission of photons. 

The emitted photons are composed of a set of wavelengths corresponding to the transition 

energies of the sample. Thus, measurement of the photon counts as a function of time 

provides a way to measure the transition energies and their lifetimes. TRPL is a useful 

experimental technique for measuring the charge carrier lifetimes in conventional 

semiconductors such as GaAs [69], analyzing efficiencies of solar cells and light-emitting 

diodes [70], and characterizing optical qualities of quantum dots [71]. 

For the signal detection of TRPL, a streak camera can be used, which is an ultra-

high speed detector that measures the intensity of light in very short periods of time. 

However, the equipment is usually quite expensive, and an alternative approach is to use 

time-correlated single photon counting (TCSPC). In the experiment, a defined “start” is 

provided by the electronics steering the laser pulse or using a photodiode, and a defined 

“stop” signal is realized by the detection with single-photon sensitive detectors. The 

measurement of the time delay is repeated many times to account for the statistical nature 

of the emission from the sample. The delay times are sorted into a histogram that plots 

the occurrence of emission as a function of time after the excitation pulse.  

For monolayer TMDCs, TRPL spectroscopy has been extensively used to 

measure the lifetimes of exciton, trion and localized states. For example, the exciton 
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emission decay time is on the order of 4-5 ps for monolayer MoS2 [72,73] and WSe2 [74], 

whereas the trion emission decay time is about several tens of picoseconds [74]. More 

recent measurements find an intrinsic exciton radiative recombination time of 1-2 ps for 

monolayer MoSe2 and WSe2 at a temperature of T = 7 K [75]. Moreover, the decay time 

of defect-related localized states is observed to be much longer than the exciton and trion 

decay times, which are typically more than 100 ps depending on different 

samples [72,74]. 

TRPL measurements can provide information about the decay times of various 

excitonic states in monolayer TMDCs, but one problem is that such measurements are 

always limited by the instrument response of the system. Thus, for valley timescales that 

are below several picoseconds, it is not possible to resolve them using TRPL 

measurements. However, pump-probe spectroscopy with sub-picosecond temporal 

resolution can measure these ultrafast timescales as described in the next section. 

 

2.6.3 Pump-probe spectroscopy 

Pump-probe spectroscopy is used when the timescales of the processes in the 

materials are much faster than the bandwidth of conventional detectors, typically tens of 

picoseconds. Pump-probe experiments are usually carried out using picosecond or 

femtosecond laser pulses. A pump pulse is first incident on the sample and creates some 

changes that are measured using a subsequent probe pulse. The time delay between the 

pump and probe pulses are usually controlled by a delay stage involving a retro-reflector 
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mirror. After the two beams propagate through the sample, the two beams are separated 

so that only the probe beam is detected and analyzed. The separation of the pump and 

probe beams can be achieved if the two beams have orthogonal polarizations or different 

frequencies. 

The commonly measured parameters are the pump-induced transmittance or 

reflectance of the probe beam after it transmits through or reflects off the sample. More 

specifically, the pump beam first modifies the transmittance or reflectance of the sample. 

For small delay times between the pump and probe beams, the transmittance or 

reflectance of the probe beam is very low and then increases with increasing time delay. 

By measuring the transmittance or reflectance as a function of the delay time, it is 

possible to observe the transmittance or reflectance recovery timescales of the sample. In 

this way, we can know about the relaxation times of the optical gain or refractive index 

after the excitation of an ultrafast laser pulse. Thus, pump-probe spectroscopy provides a 

direct temporal measurement of the gain and refractive index nonlinearities in the 

materials with sub-picosecond temporal resolution. These parameters including the 

optical gain and refractive index might be directly related to some optical processes in the 

materials, which can be an indication of various timescales.  

Because the excitonic and valley dynamics in TMDCs are typically very fast 

(several picoseconds), which is restricted by the resolution of conventional 

photodetectors, the pump-probe spectroscopy is a commonly used experimental 

technique to probe various timescales in these materials including the exciton lifetimes 
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and radiative electron-hole recombination time. In the experiment, the pump pulse first 

excites electrons from the valence band into the conduction band in the sample. After 

some time delay, the transmission or reflection of the probe pulse is used to monitor the 

total photoexcited carrier populations including both free carriers and excitons. The 

changes in the optical conductivities after photoexcitation due to excitonic optical 

nonlinearities and band-filling effects have a significant dependence on the probe pulse 

energy [76]. Thus, the probe energy can be either near an exciton resonance or near a 

band edge, which leads to completely different decay dynamics that can be investigated 

in the material.  

Using the pump-probe transient absorption or transmission spectroscopy with 

different pump and probe energies and pulse widths, researchers have probed various 

timescales and dynamics in monolayer TMDCs. For example, Wang et al. have shown a 

fast defect capture time of 2 ps and a slow defect capture time of 100 ps in the defect-

assisted electron-hole recombination process in monolayer MoS2 [76], while Mai et al. 

have demonstrated a <1 ps time for electron valley depolarization and a 10 ps time for 

hole valley relaxation in monolayer MoS2 [62]. Moreover, Sun et al. have observed an 

exciton lifetime of 19 ps and a nonradiative recombination time of more than 105 ps for 

monolayer MoS2 [77]. Such measurements are important to understand the ultrafast 

valley dynamics as well as many-body physics in these 2D semiconductors. In the next 

section, I will describe another useful optical technique which can provide a direct 

measurement of the spin and valley polarization in the material. 
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2.6.4 Time-resolved Faraday and Kerr rotation 

The Faraday effect was first discovered by Michael Faraday in 1846, when he 

observed a rotation of the polarization axis of the linearly polarized light after it goes 

through a piece of glass in a magnetic field that is applied along the light propagation 

direction [78]. The Kerr effect is a direct analogous of the Faraday effect, but is measured 

in a reflection geometry instead of a transmission geometry [79]. The origin of the 

Faraday and Kerr effects is due to a magnetic field dependent circular birefringence in the 

material. For a birefringent material, the right and left circularly polarized light has 

different refractive indices, which corresponds to different velocities when they pass 

through the material. Thus, a phase delay arises between the right and left circularly 

polarized light, and this is equivalent to a rotation of the polarization axis of a linearly 

polarized light which consists of right and left circularly polarized light, as shown in 

Figure 2.7. 

Birefringence can be induced by many other effects in the material in addition to 

magnetic fields, such as by strain, a net spin polarization or a net valley polarization. In 

the material, a net spin polarization causes less absorption of the filled states due to Pauli 

blocking, which leads to a relative shift between the absorption spectra of right and left 

circularly polarized light. Because the absorption and index of refraction are linked by the 

Kramers-Kronig relations, a difference arises in the refractive indices for right and left 

circular polarizations. Thus, the polarization axis of the linearly polarized light rotates by 
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an angle that is proportional to the spin polarization along the direction of light 

propagation. In fact, the Faraday and Kerr effects have been widely employed to probe 

the electron or hole spins in conventional semiconductors such as GaAs [80]. They have 

also been used to achieve the spin initialization and readout, as well as the control of 

single electron spin in quantum dots [81,82]. 

 

Figure 2.7: Schematic of the Faraday effect. The polarization axis of the linearly 

polarized light is rotated by a small angle upon transmission through a birefringent 

material. The rotation angle is proportional to the magnetization along the propagation 

direction of the light, and is also proportional to the different refractive indices of right 

and left circularly polarized light (n- - n+). Kerr rotation is directly analogous to Faraday 

rotation but is measured in a reflection geometry instead of a transmission geometry. 

 

Pulsed lasers extend the Faraday and Kerr effects into the temporal domain, 

which can provide a more direct look at the spin and valley dynamics in the material. The 

time-resolved measurements use pump and probe pulses at the same or different energies. 

The setup schematic is similar to the pump-probe transient spectroscopy as described in 
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section 2.6.3. One of the pulses is directly incident on the sample, while the other pulse 

goes through a mechanical delay line to control the time delay between the arrival time of 

the pump and probe pulses. By sweeping the delay between the pump and the probe, the 

spin or valley dynamics can be mapped out. One way to distinguish between spin and 

valley polarizations in the material is the application of a transverse magnetic field. When 

a magnetic field is applied perpendicular to the direction of the optically injected spins, 

the precession of the spins is revealed and can be described by an exponentially decaying 

cosine [43]: 
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where 0θ  is the initial amplitude, *
2T  is the transverse spin lifetime, and /Bg Bµ=Ω  is 

the Larmor frequency. The transverse spin lifetime and g-factor can be determined by 

fitting the experimental data into this equation. However, the valley polarization does not 

have such dependence on the applied transverse magnetic field. Previous work has shown 

a persistent PL polarization in monolayer MoS2 when the applied magnetic fields is up to 

9 T, confirming the origin of polarized PL as arising from the valley polarization [44]. 

Time-resolved Faraday and Kerr rotation measurements can be used to probe the 

valley dynamics in monolayer TMDCs, and more details are given in Chapter 4. Using 

these techniques, previous work by Plechinger et al. has shown a photocarrier 

recombination time of 4.5 ps, as well as a slower time of 17 ps due to partial transfer of 

spin and valley polarizations from photoexcited carriers to resident carriers in monolayer 
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MoS2 [83], whereas Zhu et al. have observed a single exponential decay time of 6 ps 

arising from the exciton valley polarization in monolayer WSe2 [84]. Furthermore, decay 

times of several nanoseconds have also been observed for monolayer MoS2 and WSe2, 

which has been attributed to different interpretations such as the electron spin 

lifetime [85,86], trion valley depolarization time [87], B-exciton valley 

depolarization [88] and valley hole depolarization time [89]. 
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Chapter 3    Probing the origin of excitonic 

states in monolayer WSe2 

  

3.1 Introduction 

In the previous Chapter 2, I have given an introduction to the group of transition 

metal dichalcogenides (TMDCs), including their crystal and band structure, coupled spin 

and valley physics, as well as a description of some experimental techniques for probing 

exciton and valley dynamics. Due to the reduced dielectric screening effect and strong 

Coulomb interactions [38,67], the electrons and holes are tightly bound together at the 

energy dependent ±K valleys in monolayer TMDCs, giving rise to the valley exciton and 

trion states. Determination of the binding energy is critical to provide insight into other 

physical properties of exciton such as the Bohr radius and many-body interactions. To 

date, a number of experimental techniques have been used to determine the exciton 

binding energy; however, the obtained values from theoretical calculations [39,90] and 

different experimental methods [37,38,57,58] are inconsistent, and may also depend upon 

specific sample preparation conditions. Additionally, our understanding of the 

fundamental properties of the intrinsic excitonic features in monolayer TMDCs remains 

incomplete. Various possible mechanisms, including impurity-related scattering, 

interaction with phonons and carrier-carrier interactions, still need to be systematically 
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addressed. The optical studies of the excitonic features that have been reported so far are 

not consistent, showing striking material variations [61,72,74,91,92]. 

In this chapter, I describe the temperature- and polarization-dependent PL results 

used to probe the origin of multiple excitonic states in monolayer WSe2, which were first 

published in Ref. [12]. The sample consists of exfoliated monolayer WSe2 on SiO2/Si 

substrate as described in section 3.2. The experimental setup used for low temperature PL 

measurement and polarization-resolved measurement is described in section 3.3. 

Excitation power dependent PL measurements reveal different dominating recombination 

processes for each emission peak as discussed in section 3.4. Then, a multi-level model is 

employed to describe the temperature dependence of excitonic and localized states and 

reveal a lower bound for the exciton binding energy in monolayer WSe2 as shown in 

section 3.5. Last, section 3.6 describes the results on the temperature dependent degree of 

circular polarization in monolayer WSe2 and are compared to previous work on 

monolayer MoS2.  

 

3.2 Sample description 

The sample used in this experiment is monolayer WSe2 flakes exfoliated from its 

bulk crystal (2D Semiconductors Inc.) onto a 285 nm SiO2/Si substrate using the well-

established micro-mechanical exfoliation technique [1]. The thickness of the SiO2 layer is 

chosen to offer the best optical contrast between thin WSe2 flakes and the substrate, thus 

increasing the visibility of the single-layer sheets [93]. After promising thin flakes are 
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identified under an optical microscope, as shown in Figure 3.1 (a), and confirmed by 

Raman spectroscopy with a typical Raman peak mode at ~250 cm-1 for single layer 

WSe2 [94], atomic force microscopy (AFM) is used to measure the layer thickness. 

Figure 3.1 (b) shows the AFM image of the area indicated in the optical image in Figure 

3.1 (a). The height profile shown in Figure 3.1 (c) is taken along the white dashed line in 

Figure 3.1 (b), revealing a thickness of ~0.7 nm for monolayer WSe2, in agreement with 

previous studies [94,95]. 

 

Figure 3.1: Optical and AFM images of a WSe2 sample. (1) Optical microscopy image 

taken with a 100x objective. (b) AFM image of the area in (a) indicated by the dashed 

lines. (c) Height profile taken along the dashed line in (b) confirming the presence of 

monolayer WSe2. Adapted from Ref. [12]. 

 

3.3 Experimental setup 

For low temperature measurements, the sample is mounted in a cryostat (Janis 

ST-500 modified with an extension snout) cooled by flowing liquid helium. All of the 

following measurements are carried out in a confocal microscopy setup as shown in 
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Figure 3.2. The experiments are performed using two different excitation lasers. One is a 

488 nm continuous-wave (cw) Argon laser, and the other is a femtosecond laser at 632 

nm generated by a tunable frequency-doubled optical parametric oscillator (OPO) 

pumped by a Ti:sapphire pulsed laser. For the experiments requiring circularly polarized 

excitation, the laser first passes through a Glan-Thompson polarizer and then a broadband 

quarter-wave plate. The laser power is maintained below 30 μW, which is in the linear 

absorption regime (as shown in the power dependent PL measurements in Figure 3.4) to 

avoid any heating or saturation effects. The laser beam is focused onto the sample via a 

50x, numerical aperture (NA) of 0.65 Nikon microscope objective with a laser spot size 

of ~1 μW. 

To identify the right-handed (σ+) and left-handed (σ-) circularly polarized PL 

signals, the emission from the sample is sent through a quarter-wave plate followed by a 

linear polarizer. The beam is then focused at the entrance slit of a spectrometer and 

detected by a charge-coupled device (CCD) camera. Scattered laser light is blocked by a 

suitable long-pass filter placed immediately before the spectrometer entrance slit. 
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Figure 3.2: Schematic of the experimental setup for the temperature and 

polarization dependent PL measurements. For the excitation power dependent PL, 488 

nm cw laser is used, and a 632 nm femtosecond pulsed laser is used for the rest of the 

measurements. 

 

3.4 Excitation power dependence of the emission 
dynamics 

PL spectra from monolayer and bulk WSe2 flakes are first measured at a 

temperature of T = 10 K using the 488 nm cw excitation laser. Five pronounced PL peaks 

are observed from monolayer WSe2 at low temperature as displayed in Figure 3.3, which 

differs significantly from the spectral characteristics of WSe2 monolayer measured at 

room temperature where only one broad PL peak is observed at 1.65 eV [94,95]. 

Additionally, a PL spectrum from bulk WSe2 taken at a temperature of T = 10 K is also 
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shown in Figure 3.3. Compared with the PL spectrum from the monolayer, the red-

shifted, weak PL indicates the transition to an indirect bandgap in bulk WSe2. The origin 

of the multiple emission peaks in monolayer WSe2 is further discussed below by 

observing the excitation power dependence and the evolution of the PL spectra from T = 

10 K to room temperature.  

The excitation power dependence of the five PL peaks from monolayer WSe2 at T 

= 10 K is shown in Figure 3.4, where the peaks are labeled as indicated in the inset. The 

solid lines are fits to the data using a power law: αPI ∝ , where I is the PL peak intensity 

for a given excitation power, P. The extracted exponent factor, α , for the five peaks is 

1.0, 1.0, 1.6, 1.3 and 0.8, in the order from peak 1 to 5, revealing insight into the different 

dominating recombination process for each peak. 

 

Figure 3.3: PL spectra from monolayer and bulk WSe2 at T = 10 K. Five different 

emission peaks are observed for monolayer WSe2, whereas only one broad peak is 

observed for the bulk. A 30 μW, 488 nm cw excitation laser is used in the measurement. 

Adapted from Ref. [12]. 
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At T = 10 K, peaks 1 and 2 are primarily attributed to the radiative recombination 

of excitons and trions [61,74,96,97], respectively, because the photon emission rate is 

observed to be linearly dependent on the excitation power ( PI ∝ ). This linear 

dependence is expected from the first-order rate equation for the radiative recombination 

process [98]. For peaks 3 and 4, several earlier reports have observed similar emission 

features, but the nature of these peaks appear to depend on specific experimental 

conditions. While Wang et al. [74] and Jones et al. [97] assigned these peaks as localized 

states, You et al. [61], under much higher pulsed laser excitation, have demonstrated the 

observation of biexciton emission. In our experiment, both peaks 3 and 4 are observed 

under cw excitation even with relatively low power (<30 μW) as shown in the low-

temperature PL spectrum in Figure 3.3, thus defect-related localized state transitions are 

the most likely origin of these peaks. When photo-excited electron-hole pairs are trapped 

in potential wells, which may be created by lattice defects or residual impurities 

commonly introduced during the mechanical exfoliation process [99], localized states 

may form within the bandgap with an emission energy below the exciton and trion 

emission energies. An exponent factor, α , between 1 and 2 is expected from these bound 

exciton transitions [98], which is consistent with our observations. 
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Figure 3.4: Excitation power dependence of emission dynamics. (a) PL intensity as a 

function of the excitation power for peaks 1, 2 and 5. (b) PL intensity as a function of the 

excitation power for peaks 3 and 4. The solid lines are fits to a power law. Adapted from 

Ref. [12]. 

 

Several mechanisms could explain the sub-linear power dependence of peak 

5 [74,91,97,100]. Among those explanations, phonon sideband emission is one possible 

mechanism [97], which can be interpreted as the radiative recombination of electrons and 

holes separately localized at different spatial sites [101]. Considering the rate equations 

for free and localized carriers, one can derive that the PL intensity arising from the 

recombination of localized electron-hole pairs is 5.0PI ∝ . Abundant defects and 

impurities common in exfoliated monolayer WSe2 may explain the slightly larger 

extracted exponent factor of 0.8 for peak 5 than predicted theoretically for phonon 

sideband emission. An alternative explanation for the origin of peak 5 may be excitons 
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bound to the isoelectronic defects in the silicon substrate [100], where isoelectronic traps 

dominate the recombination process. 

 

3.5 Temperature dependence of the emission dynamics 

The polarization of the PL offers opportunities for optically manipulated valley 

index in monolayer TMDCs. However, the degree of PL polarization under 488 nm 

(~2.54 eV) excitation is relatively low at ~10% even at T = 10 K, because the excitation 

is far from the exciton emission energy of monolayer WSe2 as shown above [46]. Thus, 

in all of the following measurements, the excitation is performed using a 632 nm pulsed 

laser (~1.96 eV), which is closer to the neutral exciton emission energy, thus leading to a 

larger degree of PL polarization at low temperatures. Under this excitation, three 

pronounced peaks are identified at a temperature of T = 10 K and is shown in Figure 3.5 

along with the evolution of the PL spectra with increasing temperature. 

In the temperature range between 30 K and 50 K, four PL peaks are clearly 

observed. Peak 1 at 1.75 eV and peak 2 at 1.72 eV are recognized as the neutral exciton 

and trion emission, respectively, which are consistent with previous reports [97] and the 

cw excitation measurement presented above. A trion binding energy of ~30 meV is 

obtained from a clear separation between the exciton and trion peaks. Because of this 

relatively large trion binding energy, trions could theoretically survive at room 

temperature where the thermal energy is kBT ~ 25 meV. The other two peaks with lower 

photon energies are recognized as localized states. As the temperature increases, all of the 
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peaks red-shift and follow each other closely, representing a decreased bandgap. The 

intensity of peaks 3 and 4 significantly decreases above a temperature of 50 K and 

eventually vanishes, whereas clear exciton and trion peaks remain in the temperature 

range between 50 K and 150 K. As the temperature further increases beyond 150 K, the 

neutral exciton peak dominates the PL spectrum with a long low-energy tail, which may 

be a signature of the existence of trion emission at room temperature. The main exciton 

emission peak at room temperature is because of an extremely large exciton binding 

energy of monolayer WSe2 compared with conventional semiconductors [38]; this means 

that electrons and holes are tightly bound together and can rarely escape due to thermal 

fluctuations. Conversely, other peaks have smaller binding energies, which can be 

thermalized more easily with increasing temperatures. 
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Figure 3.5: PL spectra of monolayer WSe2 at different temperatures. The top curve 

is bulk WSe2 at T = 300 K for comparison. The dashed gray lines are guides to the eye. A 

30 μW, 632 nm femtosecond laser is used for excitation in the measurements. Four PL 

emission peaks can be identified at a temperature of 30 K, which are labeled by the 

numbers in the figure. Adapted from Ref. [12]. 

 

To further clarify the underlying dynamics responsible for the evolution of the 

emission peaks, multiple PL peaks are fitted to an integrated Lorentz function and the 

photon energies of peaks 1, 2 and 4 labeled in Figure 3.5 are plotted as a function of 

temperature, as shown in Figure 3.6. The evolution of peak 3 is not shown here because it 

only exists at three measured temperatures. The solid lines are fits to a modified 
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Varshni’s equation describing the temperature dependence of a semiconductor 

bandgap [35,102,103]: 
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where )0(gE is the transition energy at T = 0 K, S is a dimensionless constant describing 

the strength of the electron-phonon coupling, and 〉〈 ω  represents the average acoustic 

phonon energy involved in electron-phonon interactions. From the fits, we extracted 

33.2≈S , 8.15≈〉〈 ω meV for the exciton, and 32.2≈S , 1.14≈〉〈 ω meV for the trion. 

This electron-phonon coupling constant S of monolayer WSe2 is larger than reported for 

other monolayer TMDCs, such as MoS2 ( 82.1≈S ) and MoSe2 ( 93.1≈S ) [102]. This 

difference may originate from the relatively smaller effective mass in the intervalley 

transition for monolayer WSe2 [104], thus leading to a stronger electron-phonon 

coupling. Additionally, it should be noted that the exciton-phonon interaction also plays a 

significant role in the shift of the exciton peak energies [105]. When the exciton moves 

within the crystal lattice, it interacts with phonons via scattering processes. At low 

temperatures, phonons are relatively inactive; therefore, the scattering is primarily 

dominated by phonon absorption. As the temperature increases, phonon emission and 

absorption contribute equally to the exciton scattering; thus, the exciton energy shifts as a 

result of this exciton-phonon interaction [105]. It has also been calculated that beyond the 

Debye temperature, the exciton energy has a linear temperature dependence, whereas it is 

independent of temperature in the low temperature limit, which is consistent with the sole 
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contribution of phonon absorption [105]. However, this calculation only provides a 

general trend and the actual dependence is largely associated with the material properties, 

which can also be modified by other effects such as thermal expansion and impurities in 

the material. 

 

Figure 3.6: Temperature dependence of PL emission peak energies. Photon energies 

of the peaks labeled as 1, 2, 4 in Figure 3.5 as a function of temperature. The solid lines 

are fits to the data using Eq. (3.1). Adapted from Ref. [12]. 

 

Further analysis of the temperature dependent data reveals insight into the exciton 

and trion binding energies. By fitting the four emission peaks into an integrated Lorentz 

function, the PL intensities of peaks 1, 2 and 4 labeled in Figure 3.5, are plotted as a 

function of 1/T as shown in Figure 3.7. As temperature increases, the intensities of peaks 

1 and 2 first gradually increase then dramatically decrease, whereas the intensity of peak 

4 only decreases with temperature. The multi-level model commonly employed for 
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conventional semiconductors such as zinc oxide nanowires, is used to describe the 

temperature dependence of the PL peak intensities as given by [106–108]: 
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where I (0) is the PL intensity at T = 0 K, kB is the Boltzmann constant, and A and B are 

fitting parameters. E1 describes the activation energy that causes the increase in PL 

intensity with increasing temperature, whereas E2 represents the activation energy for the 

normal thermal quenching process at higher temperatures. By fitting the experimental 

data, we obtained 1.01 ≈E meV, 1982 ≈E meV for the exciton, and 31 ≈E meV, 

542 ≈E meV for the trion. The value of E2 for the exciton represents the thermal energy 

that is needed for the normal thermal quenching process as the temperature is increased 

up to 300 K, which is smaller than the previously reported exciton binding energy of 370 

meV for monolayer WSe2 obtained from two-phonon PL excitation spectroscopy [38] 

and 790 meV obtained from optical reflectivity/absorption spectra [58]. Since our sample 

has not been completely thermally quenched, the E2 value obtained here only represents a 

lower bound of the exciton binding energy of monolayer WSe2. An additional reason for 

the discrepancy could be variations in the number of impurities and defects in our 

exfoliated sample as well as interactions between the carriers and the heavily doped 

silicon substrate. 
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Figure 3.7: Temperature dependence of PL emission peak intensities. PL intensities 

of peaks 1, 2 and 4 as labeled in Figure 3.5 as a function of 1/T. The solid lines are fits to 

the data using Eq. (3.2). Adapted from Ref. [12]. 

 

As noted above, peaks 3 and 4, corresponding to localized states, are easier to 

thermalize than the exciton and trion states. At low temperatures, a certain amount of 

carriers could be captured by these localized, trapped states. As temperature increases, 

the trapped carriers could be released again from the localized states and recombine 

radiatively, leading to the increased PL intensity in the exciton and trion peaks below T = 

60 K. Moreover, between 50 K and 100 K, the trion peak even surpasses the exciton peak 

because carriers from peaks 3 and 4 are thermalized into the trion peak, resulting in a 

dramatic increase in its PL intensity. The value of E1 for the trion (~3 meV) is consistent 

with the temperature point of KT 65≈ where peaks 3 and 4 vanish in the measured PL 

spectrum. 
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3.6 Temperature dependence of PL polarization 

Next, I will discuss the circular polarization of the emission peaks and their 

evolution with increasing temperatures. Under +σ  circularly polarized excitation, the +σ  

and −σ  polarized components of the PL emission spectrum are shown in Figure 3.8. The 

experimental method to detect the +σ  and −σ  components is described in the previous 

section 3.3. Thus, the degree of circular polarization of peaks 1, 2 and 4 as a function of 

temperature is shown in Figure 3.9. Here, the degree of circular polarization is given 

by [44,46]: 
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where )( +σI  and )( −σI  correspond to the PL intensity of the σ+ and σ- polarization 

components, respectively. As observed in Figure 3.9, under near-resonant circularly 

polarized excitation, the trion peak generally has a larger degree of circular polarization 

than the exciton peak; however, they both follow a similar trend with increasing 

temperature. While the exciton and trion emission shows a relatively large value of 25% 

and 37%, the localized states also show a small circular polarization of 13% at a 

temperature of T = 10 K. The observed circular polarization of these localized states is 

consistent with previous reports [45,74], but the origin is presently not well-understood. 

One possible mechanism could be related to a partial transfer of the valley polarization 

from optically generated electron-hole pairs to the localized electrons or holes [83]. 
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Figure 3.8: Polarization-resolved PL spectra for monolayer WSe2. In the experiment, 

a 30 μW, 632 nm σ+ circularly polarized laser was used, and the measurement was taken 

at T = 10 K. The σ+ and σ- components of the detected PL emission are represented by 

the black and red curves, respectively. Adapted from Ref. [12]. 

 

Additionally, variations in the degree of circular polarization were observed 

between WSe2 and MoS2. In contrast to monolayer MoS2, which displays a flat plateau 

with a circular polarization of ~31% below T = 90 K [44], the degree of circular 

polarization of monolayer WSe2 dramatically decreases at temperatures below T = 50 K 

for both exciton and trion peaks. Beyond T = 50 K, the circular polarization gradually 

reduces, indicating the domination of phonons in the intervalley scattering at high 

temperatures. As revealed from the fitting parameters in the modified Varshni’s equation 

(3.1), the electron-phonon coupling strength S of monolayer WSe2 is stronger than that of 

monolayer MoS2 due to its relatively smaller effective mass in the intervalley transitions. 

As a consequence, the difference in the degree of circular polarization between WSe2 and 
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MoS2 is likely due to the relatively stronger electron-phonon coupling and lower Debye 

temperature of monolayer WSe2, causing phonons to be involved in the intervalley 

scattering at much lower temperatures than in monolayer MoS2. Therefore, the degree of 

circular polarization of monolayer WSe2 displays a significant drop below T = 50 K as 

opposed to showing a similar temperature independence to monolayer MoS2. Moreover, 

abundant impurities and vacancies, as well as the effect of the heavily doped substrate, 

also play roles in determining the degree of circular polarization, which may account for 

the absence of a plateau at low temperatures.  

Finally, a small in-plane magnetic field of ~0.35 T was applied to the WSe2 

monolayer at T = 10 K. The degree of circular polarization did not show any visible 

change, which agrees with previous reports [44] and further demonstrates that we are 

indeed probing the valley polarization in monolayer WSe2. 

 

Figure 3.9: Temperature dependence of the PL polarization of monolayer WSe2. 

Degree of circular polarization as defined in Eq. (3.3) as a function of temperature for 

peaks 1, 2 and 4 as labeled in Figure 3.8. Adapted from Ref. [12]. 
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3.7 Conclusions 

In this chapter, I have described the temperature and polarization dependencies of 

the exciton, trion and defect-related localized states from mechanically exfoliated 

monolayer WSe2. Contrary to other members of monolayer TMDCs such as MoS2 and 

MoSe2, the temperature dependence of the valley polarization in monolayer WSe2 under 

near-resonant circularly polarized excitation lacks a flat plateau at low temperatures, 

which indicates a stronger electron-phonon coupling and impurity-related scattering in 

monolayer WSe2. We have also successfully applied a multi-level model developed for 

conventional semiconductors to monolayer TMDCs, which explains the dynamics of 

various excitonic states and reveals a lower bound for the exciton binding energy. The 

insight into the excitonic and localized states in monolayer WSe2 provided by these 

experiments is an important step towards material optimization for potential future 

optoelectronic device applications such as photodetectors and photovoltaic cells. 
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Chapter 4    Temporal and spatial valley 

dynamics in monolayer TMDCs 

  

4.1 Introduction 

The valley excitonic states are the key operation elements for optoelectronic and 

valleytronic devices. The manipulation of the valley states has been demonstrated by a 

variety of experimental methods to date [35,44,46,96]. For example, optical pumping of 

exciton valley polarization in monolayer MoS2 was first achieved using polarization-

resolved PL measurements [44,46]. Control of valley states has also been realized by 

applying an out-of-plane magnetic field [96].  Additionally, the reversible tuning from 

positively charged trion, neutral exciton to negatively charged trion has been 

demonstrated via electrostatic doping in monolayer MoSe2 [35]. These experimental 

results form a basis for achieving quantum manipulations of the valley index that is 

necessary for valleytronic applications. 

However, fundamental timescales in monolayer TMDCs are still not well 

understood, such as exciton radiative lifetime, photocarrier recombination time, and 

valley relaxation time. For example, time-resolved PL spectroscopy has shown fast 

exciton decay time of 2-5 ps but is limited by the instrument response time [72–75,91]. 
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Recent pump-probe transient absorption measurements observe an ultrafast exciton 

lifetime of 1-2 ps [62,76,109,110], which is attributed to ultrafast radiative recombination 

of exciton [109], fast defect capture [76], carrier-carrier scattering [110], or fast electron 

valley depolarization [62]. Additionally, most time-resolved experiments display bi-

exponential or tri-exponential decay dynamics, and the slower decay components of 

several tens of picoseconds are attributed to different origins such as trion emission 

decay [74], slow defect capture [76], carrier-phonon scattering [110], or hole valley 

relaxation [62]. Several more recent reports observe nanosecond decay [85–87]; however, 

this is attributed to different origins, including a polarization of resident carriers, electron 

spin relaxation, or hole valley polarization. In these studies, a significant dependence is 

also observed upon specific experimental conditions and the spatial locations that are 

probed within single flakes. Therefore, further investigation of these timescales is 

essential to understand and utilize the valley properties in monolayer TMDCs. 

In this chapter, I describe the time-resolved Kerr rotation (TRKR) experiments 

used to probe the temporal and spatial valley dynamics in monolayer TMDCs, which 

were first reported in Ref. [13]. The materials used in the experiments are MoS2 and 

WSe2 monolayers as described in section 4.2. Energy degenerate pump and probe pulses 

are used in the experimental setup as described in section 4.3. The origin of the observed 

Kerr rotation signal in monolayer TMDCs is probed by excitation energy dependent 

measurements as discussed in section 4.4. Different valley timescale observed for MoS2 

and WSe2 monolayers are shown in section 4.5, and further investigation of their origin is 
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probed by temperature dependent Kerr rotation measurements in section 4.6. Moreover, 

as shown in section 4.7, the valley dynamics can also be spatially resolved using Kerr 

rotation measurements, critical for understanding the dynamics of excitonic states over 

large areas. 

 

4.2 Sample description 

The samples used in the experiments are MoS2 and WSe2 monolayers, and both 

are prototypical members of TMDCs. Monolayer MoS2 is synthesized using a seed-

promoter-assisted chemical vapor deposition (CVD) method [111], which is nucleated 

with the assistance of the seeding promoter perylene-3,4,9,10-tetracarboxylic acid 

tetrapotassium salt (PTAS). The resulted MoS2 monolayers are uniform and highly 

crystalline over a wafer-scale area, but still contain some isolated flakes. These isolated 

star-like or triangular-shaped flakes are used for probing the spatial dependence of the 

valley dynamics in section 4.7.  

The WSe2 monolayers are obtained from micromechanical cleavage of bulk 

crystals (the same crystal as the one used in the previous Chapter 3). An optical 

microscopy image and its corresponding atomic-force microscopy (AFM) image of the 

obtained flake are shown in Figure 4.1 (a) and (b), respectively. The inset of Figure 4.1 

(b) shows the height profile along the white dashed line, which is about 0.7-nm-thick 

indicating that the exfoliated flake is a monolayer consistent with previous literature [12].  
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Figure 4.1: Optical microscopy and AFM images of exfoliated WSe2 monolayer. (a) 

Optical microscopy image taken under 50x, NA of 0.65 objective lens. (b) The 

corresponding AFM image of the exfoliated flake. The inset shows the height profile 

along the white dashed line. Adapted from Ref. [13]. 

 

Next, the PL spectrum of this WSe2 monolayer flake was measured using a 488 

nm continuous-wave (cw) laser at room temperature. As can be seen in Figure 4.2, a 

pronounced emission peak at ~1.65 eV can be observed in the PL spectrum, which 

corresponds to the typical A exciton emission peak at room temperature, in agreement 

with previous literature [91,95]. Additionally, the Raman spectrum of this WSe2 

monolayer was also measured using the same laser source, as shown in Figure 4.3. A 

typical Raman mode at ~250 cm-1 for monolayer WSe2 is observed in the 

spectrum [94,112], which further confirms that the exfoliated flake is a single layer. 
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Figure 4.2: PL spectrum of exfoliated monolayer WSe2. The spectrum was measured 

using a 488 nm continuous-wave laser at room temperature. A broad emission peak at 

~1.65 eV can be observed. Adapted from Ref. [13]. 

 

 

Figure 4.3: Raman spectrum of the exfoliated monolayer WSe2. The spectrum was 

measured at room temperature under 488 nm cw excitation. The mode at 520 cm-2 

represents the typical Raman mode from the silicon substrate and is also used to calibrate 

the spectrum. A typical Raman mode at ~250 cm-1 of monolayer WSe2 is observed in the 

spectrum. Adapted from Ref. [13]. 
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4.3 Experimental setup 

A schematic of the experimental setup is shown in Figure 4.4. In the experiment, 

energy degenerate pump and probe pulses are used from a tunable frequency-doubled 

optical parametric oscillator synchronously pumped by a Ti:Sapphire laser (150 fs pulse 

duration, 80 MHz repetition rate) for the TRKR measurements. A nonpolarizing beam-

splitter is used to divide the laser into two different paths, namely, the pump and probe 

beams. For circularly polarized excitation, the pump beam passes through a linear 

polarizer followed by a quarter-wave plate. For the probe beam, a Glan-Thompson 

polarizer is used to create the linear polarization. To control the time delay between the 

arrival of the pump and probe pulses, the probe beam passes through a mechanical delay 

line consisting of a retro-reflector mirror on a 1 m linear ball-bearing slide stage. A 

computer-controlled stepper motor drives the stage through a belt-gear attachment. 

Finally, the two beams are spatially overlapped and focused on the sample via a 50x, NA 

of 0.65 microscope objective with a ~1.5 μm-diameter spot size. The sample is placed in 

a helium-flow magneto-optical cryostat, which is mounted on a 2D translation stage, 

allowing for fine adjustments along the x and y directions. 

In the collection path, a spatial filter, consisting of a lens pair and a pinhole, is 

used to block the pump beam and let the probe beam pass through. The probe beam goes 

through a half-wave plate followed by a 50:50 polarizing beam-splitter, which separates 

the horizontally and vertically polarized components. These two beams are then focused 
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onto the two diodes of a balanced photodiode bridge (Thorlabs, PDB 210A), where the 

difference signal is proportional to the Kerr rotation angle. Because this angle is typically 

very small (approximately milliradians), a pre-amplifier and lock-in detection is used to 

isolate the desired signal from the background noise. For the spatial mapping as discussed 

in section 4.7, we move a 2D translation stage underneath the cryostat and sample in the 

x-y plane while maintaining the spatial overlap of the pump and probe beams. 

 

Figure 4.4: Schematic diagram of the experimental setup. SHG OPO: second-

harmonic generation of optical parametric oscillator; PBS: polarizing beam-splitter; λ /4: 

quarter-wave plate. Adapted from Ref. [13]. 

 

4.4 Origin of Kerr rotation in monolayer TMDCs 

Due to the valley-dependent optical selection rules for the interband transitions 

shown in Figure 4.5 (a), the helicity of the circularly polarized pump is well coupled to 

the valley index and selectively excites electron-hole pairs in one of the K valleys. This 

creates an imbalance between the populations in the two valleys and results in a relative 
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shift between the absorption spectra of σ+ and σ- polarized light. Because the absorption 

and index of refraction are linked by the Kramers-Kronig relations, a difference occurs 

between the refractive indices of σ+ and σ- polarized light. This difference is measured 

through a rotation of the polarization axis of the linearly polarized probe beam upon 

reflection off the sample, referred to as the Kerr rotation angle, and it is measured at 

varying time delays, Δt, between the pump and probe pulses. Therefore, the Kerr rotation 

angle is linearly proportional to the valley polarization along the direction of the beam 

propagation and can be expressed as [51,113,114]: 

 )](Im[ −+ −= ααγθK  (4.1) 

where Kθ  is the induced Kerr rotation angle, γ  is a parameter that accounts for the 

optical properties of the substrate and small sample variations, and −+ −αα  is the 

difference between the complex optical response of the σ+ and σ- polarized light, which 

is induced by the imbalance between the populations in the ±K valleys upon optical 

excitation. Figure 4.5 (b) shows the valley dynamics of a CVD-grown monolayer MoS2 

sample that is measured using TRKR at a temperature of T = 10 K. 
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Figure 4.5: TRKR measurements of valley dynamics. (a) Diagram of the valley-

dependent optical selection rules for the interband transitions. (b) Valley dynamics 

measured by TRKR for a CVD-grown MoS2 monolayer at a temperature T = 10 K with a 

laser excitation energy of 1.93 eV. The solid line shows a bi-exponential fit to the 

experimental data. Adapted from Ref. [13]. 

 

To confirm the origin of the Kerr rotation signal in monolayer TMDCs, TRKR 

measurements are performed for a CVD-grown MoS2 monolayer at different excitation 

energies at a fixed temperature of T = 10 K. Figure 4.6 displays the excitation energy 

dependence of the valley dynamics for the monolayer MoS2 when the excitation energy is 

tuned from 1.84 eV to 2.07 eV. Representative TRKR spectra for five excitation energies 

are shown in Figure 4.6 (a), and bi-exponential decay dynamics are observed for all the 

measured excitation energies. Moreover, the two extracted decay components (Tfast and 

Tslow) from bi-exponential fits to the data are almost independent of the excitation energy 

between 1.84 eV and 2.07 eV as shown in Figure 4.6 (b). A slight variation in the fast 

decay component is likely because of different valley depolarization times for the A and 
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B excitons. Nevertheless, this nearly excitation-energy-independent observation indicates 

that no other valley states such as dark exciton or biexciton appears within the measured 

excitation energies. 

 

Figure 4.6: Excitation energy dependence of valley dynamics of monolayer MoS2 at 

T = 10 K. (a) Measured Kerr rotation as a function of pump-probe delay time for a range 

of excitation energies as indicated in the figure. Bi-exponential fits to the data are also 

shown. (b) The two decay components that are extracted from the bi-exponential fits to 

the TRKR data as a function of excitation energy. Adapted from Ref. [13]. 

 

However, the Kerr rotation intensity at a fixed pump-probe delay time of Δt = 0.5 

ps displays a strong dependence on the excitation energy, with a pronounced peak at 

~1.93 eV, where the excitation energy is close to the A exciton emission energy (~1.91 

eV) as seen in Figure 4.7 (a). This peak indicates the excitation energy that is observed to 

generate the largest optically induced valley polarization in monolayer MoS2. A clear 
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sign reversal of the Kerr rotation intensity is observed at an excitation energy of ~1.9 eV 

near the A exciton emission energy. 

To further elucidate this excitation energy dependence, Eq. (4.1) is considered 

again. The real part of the complex optical response, )(Re −+ −αα , is assumed to be an 

integrated Lorentz function representing the typical absorption spectrum of monolayer 

MoS2. The four parameters as indicated in the top panel of Figure 4.7 (b) are extracted 

from our measured absorption spectrum of monolayer MoS2 with typical A and B exciton 

absorption peaks at 1.91 eV and 2.04 eV, respectively [115]. Thus, the imaginary part, 

)(Im −+ −αα , can be calculated using the well-known Kramers-Kronig relations and is 

shown in the bottom panel of Figure 4.7 (b). The parameter γ  in Eq. (4.1) is associated 

with the optical properties of the substrate, sample geometry, doping level, and other 

experimental conditions. Here, for simplicity, the parameter γ  is assumed to be 

independent of the excitation energy for the range of interest and is found to be a 

complex constant, which is also consistent with a previous report [51]. Based on this, the 

excitation energy dependence of the TRKR intensity is calculated from Eq. (4.1) and is 

shown by the red line in Figure 4.7 (a) along with the experimental data. As can be seen, 

the prediction from Eq. (4.1) reveals a very good agreement with the experimental data. 
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Figure 4.7: Excitation energy dependence of Kerr rotation intensity. (a) Measured 

and calculated Kerr rotation intensity at a pump-probe delay time of Δt = 0.5 ps as a 

function of excitation energy. The solid circles represent experimental data, and the 

colors correspond to the excitation energies indicated in Figure 4.6 (a). The prediction 

from Eq. (4.1) is shown by the red solid line. (b) The real and imaginary parts of the 

difference in the complex optical response function −+ −αα  for σ+ and σ- polarized light. 

The imaginary part is calculated from the real part using the Kramers-Kronig relations. 

Adapted from Ref. [13]. 

 

As restricted by our experimental setup, the absorption spectrum of monolayer 

MoS2 is obtained from another flake at room temperature, so the position and linewidth 

of the excitons are slightly shifted when the sample is cooled down. This is the main 

reason for the discrepancy between the calculation from Eq. (4.1) and the experimental 

data in the vicinity of the B exciton peak. Moreover, a slight deviation at the excitation 

energy below the A exciton resonance (between 1.8 eV and 1.9 eV) may be due to the 

excitation energy dependence of the valley polarization, a phenomenon that has been 
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reported for monolayer MoS2 [46] and WSe2 [12]. Our observations are consistent with 

previous polarization-resolved PL measurements that reveals a larger degree of valley 

polarization for near-resonant than for off-resonant excitation [12,46]. Therefore, from 

the excitation-energy-dependent TRKR measurements, we have verified that the 

observed Kerr rotation signal is primarily originating from the difference between the 

optical responses of the σ+ and σ- polarized light, which is also proportional to the valley 

polarizations generated by the circularly polarized pump beam. Similar excitation-

energy-dependent TRKR results should also be expected for the exfoliated WSe2 

monolayer, but more resonant peaks and narrower linewidths may be observed, 

considering the different absorption and emission spectra of monolayer WSe2 compared 

to those of monolayer MoS2. 

 

4.5 Valley dynamics in different TMDC monolayers 

To explore material variations, TRKR measurements are performed for MoS2 and 

WSe2 monolayer, two prototypical members of TMDCs that exhibit strikingly different 

PL spectra at low temperature as shown in Figure 4.8 (a) and (b). Based on the above 

analysis of the excitation-energy-dependent TRKR measurements for monolayer MoS2, 

we determine that the Kerr rotation intensity is the highest when the excitation energy 

(1.93 eV) is slightly above the A exciton resonance (1.91 eV). Thus, an excitation energy 

of 1.75 eV is chosen for the following TRKR measurements for monolayer WSe2, which 
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is slightly above the A exciton resonance (1.73 eV) as can be seen from the PL spectrum 

in Figure 4.8 (b). 

 

Figure 4.8: PL spectra of MoS2 and WSe2 monolayers measured at a temperature of 

T = 10 K. (a) PL spectrum of a CVD-grown monolayer MoS2. (b) PL spectrum of an 

exfoliated WSe2 monolayer. Adapted from Ref. [13]. 

 

Figure 4.9 (a) and (b) display representative valley dynamics that are measured by 

TRKR on monolayer MoS2 and WSe2, respectively, at a temperature of T = 10 K. When 

the pump helicity is switched from σ+ to σ- polarization, the TRKR signal is reversed for 

both samples, as expected from the optical selection rules for the intervalley transitions as 

shown in Figure 4.5 (a). 

It has also been verified that the applied pump and probe powers are within the 

linear regime by performing excitation power dependent TRKR measurements as shown 

in Figure 4.10. As either the pump power or the probe power increases, the initial Kerr 

rotation intensity (at Δt = 0) linearly increases, while the extracted two decay components 
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remain almost unchanged. These control experiments allow us to identify a linear regime 

for the pump power between 0.2 mW and 1.9 mW and for the probe power between 10 

μW and 580 μW. For all the following measurements, the pump and probe powers are 

kept in the linear regime at 1.5 mW and 0.2 mW, respectively. 

 

Figure 4.9: Valley dynamics of MoS2 and WSe2 monolayers measured via Kerr 

rotation. (a) TRKR measured for a monolayer MoS2 at a temperature of T = 10 K. An 

excitation energy of 1.93 eV is used in this experiment as indicated by the arrow in 

Figure 4.8 (a). (b) TRKR measured for a WSe2 monolayer at a temperature of T = 10 K. 

An excitation energy of 1.75 eV is used in this experiment as indicated by the arrow in 

Figure 4.8 (b). The opposite TRKR signal is observed for σ+ and σ- pump polarizations 

for both MoS2 and WSe2 monolayers. The solid lines in (a) and (b) are fits to a bi-

exponential decay function. Adapted from Ref. [13]. 

 

Contrary to the single-exponential decay previously observed in monolayer WSe2 

at low temperature [84,87], bi-exponential decay dynamics is observed for both MoS2 

and WSe2 monolayers. The two decay components that are obtained from fits to the data 
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shown in Figure 4.9 (a) and (b) are 1.6 ± 0.1 ps and 31 ± 2 ps (MoS2); and 6.7 ± 0.2 ps 

and 70 ± 6 ps (WSe2). For monolayer MoS2, the bi-exponential behavior is observed from 

20 different flakes as shown in Figure 4.11, displaying only minor variations from sample 

to sample for both fast and slow decay components. Therefore, this sample-independent 

observation is most likely an indication of the intrinsic neutral exciton and trion states 

rather than other defect-related localized states. 

 

Figure 4.10: Power dependence of the TRKR measurements for a monolayer MoS2 

flake at a temperature of T = 10 K. (a) Valley dynamics measured via TRKR at 

different pump powers. The arrow indicates the increasing pump power. (b) The Kerr 

rotation intensity at a pump-probe delay time of Δt = 0 as a function of pump power. (c) 

The extracted two decay components as a function of pump power. A probe power of 0.2 

mW is used in (a-c). (d) Valley dynamics measured via TRKR at different probe powers. 

The arrow indicates the increasing probe power. (e) The Kerr rotation intensity at a 

pump-probe delay time of Δt = 0 as a function of probe power. (f) The extracted two 
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decay components as a function of probe power. A pump power of 1.9 mW is used in (d-

f). Adapted from Ref. [13]. 

 

Because the TRKR signal is not only affected by the valley polarization of the 

exciton and trion, but also by the overall exciton intensity created from optical pumping, 

an ultrafast radiative decay time arising from both polarized and unpolarized excitons is 

also expected. This radiative decay time for excitons has been observed to be 1-2 ps in 

previous pump-probe transient absorption measurements [75,76,109,110]. Additionally, a 

rapid exciton valley depolarization time also on the timescale of several picoseconds has 

been reported [84], which arises from the strong long-range Coulomb exchange 

interactions between the nonequivalent K valleys [116,117]. Thus, this fast decay 

component (~1.6 ps) in monolayer MoS2 originates from the neutral exciton valley 

polarization with small contributions from the radiative decay of the excitons. For the 

slow decay time, as previously observed in time-resolved PL measurements [74], the 

trion emission decays within several tens of picoseconds, and trion polarization is 

expected to be more stable than neutral exciton polarization, because trions in the ±K 

valleys are not coupled by the Coulomb exchange interaction. Therefore, even though 

both excitons and trions coexist during the initial several picoseconds, neutral exciton 

polarization decays much faster than trion polarization and hence dominates the decay 

dynamics as a consequence of the intervalley scattering caused by the Coulomb exchange 

interactions. After a majority of the exciton polarization relaxes, the trion polarization 
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gradually evolves, showing a slower decay time of ~31 ps. We also note that the defect 

states in the sample may contribute to the slight sample variations in the slow decay time 

as shown in Figure 4.11. 

 

Figure 4.11: Sample variation of the valley dynamics measured via TRKR. The two 

decay components that are extracted from measurements on 20 different MoS2 

monolayers at a temperature of T = 10 K. Adapted from Ref. [13]. 

 

For monolayer WSe2, the fast decay component of ~6.7 ps is dominated by the 

neutral exciton depolarization, similar to monolayer MoS2, despite the coexistence of 

both exciton and trion polarizations during the initial several picoseconds. However, the 

slow decay component of 70 ps for monolayer WSe2 has a different origin than for 

monolayer MoS2. One possible explanation could be related to the existence of an 

intervalley dark exciton state [88,118,119], where a hole in the valence band of the K 

valley is radiatively recombined with an electron in the conduction band of the -K valley 
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upon optical excitation. However, as has been observed in previous PL 

measurements [118], an important indication of the existence of dark exciton is that the 

PL intensity increases as the temperature increases, which is the opposite trend to our 

previous observation [12]. Additionally, the decay time of dark excitons is typically 

several nanoseconds, which is considerable longer than bright excitons and trions, 

whereas the observed decay time of 70 ps in our experiment is relatively short. Thus, a 

more likely explanation is associated with defect-related localized states. Previous 

polarization-resolved PL measurements have observed a small but finite degree of 

circular polarization for the localized states [12,74,97]. The origin of this finite valley 

polarization is not fully understood yet, but one of the possible explanations relates to a 

partial transfer of the valley polarization from photo-excited electron-hole pairs to the 

localized carriers, which can be further captured by the defects in the material. This 

timescale is considerably longer than previously observed by time-resolved PL [72] and 

pump-probe differential transmission measurements [76]. 

 

4.6 Temperature dependence of valley dynamics 

To further illuminate the valley dynamics in MoS2 and WSe2 monolayers, we 

perform TRKR measurements at different temperatures for both MoS2 and WSe2, as 

shown in Figure 4.12 and Figure 4.13, respectively. For monolayer MoS2, no significant 

variations are observed for the decay components below 30 K. However, for temperatures 

above 30 K, we observe a clear decrease of the slow decay component down to 12 ps at T 
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= 125 K, whereas the fast decay component is observed to be almost unchanged from 10 

K to 125 K. Similar temperature-dependent behavior is observed from three different 

MoS2 samples [represented by different colors in Figure 4.12 (b)]. Additionally, the 

TRKR could even be detected at room temperature, and the extracted decay components 

obtained on another MoS2 sample at room temperature before it is cooled down 

[represented by the green symbols in Figure 4.12 (b)] is consistent with the observed 

temperature-dependent trend. The observation of the decay components of both excitons 

and trions at room temperature relates to the large binding energies [38,67] and the large 

valley polarizations of these quasiparticles of monolayer MoS2 [72]. The fast trion 

depolarization time at higher temperatures is due to phonon-related scattering processes, 

which cause the valley polarization to relax more rapidly. Moreover, the distinct 

temperature dependencies of the fast and slow decay components reveal a strikingly 

different coupling strength of exciton-phonon and trion-phonon interactions, but the 

underlying coupling mechanism still needs further investigation. 

For monolayer WSe2, as can be seen in Figure 4.13, the valley polarization also 

displays a bi-exponential decay below 75 K, and the two decay components decrease in a 

similar fashion to monolayer MoS2 as the temperature increases. However, for T >100 K, 

we observe a clear mono-exponential decay lasting up until room temperature. This 

transition from bi- to mono-exponential decay may arise from the thermalization of the 

defect-related localized states: As the temperature increases, carriers are released from 
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the trapped levels and recombine radiatively, leading to increased populations in both 

exciton and trion states.  

 

Figure 4.12: Temperature dependence of valley dynamics in monolayer MoS2 

measured by TRKR. (a) The valley dynamics of a monolayer MoS2 flake at different 

temperatures. The solid lines are fits to a bi-exponential decay function. (b) The extracted 

two decay components for MoS2 as a function of temperature. Different colors represent 

three different MoS2 monolayers. The green symbols represent the extracted decay 

components obtained at room temperature for another monolayer before it is cooled 

down. Adapted from Ref. [13]. 

 

We also note from our previous temperature-dependent PL measurements that the 

trion emission peak is much stronger than the exciton emission peak and dominate the PL 

spectrum in a certain temperature range [12]. Thus, after the defect states vanish at a 

temperature between 75 K and 100 K, the domination of the trion polarization gives a 

decay time of ~30 ps at T = 100 K and ~25 ps at T = 125 K, while the decay time of ~7 ps 

at room temperature indicates that exciton polarization dominates. 
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Figure 4.13: Temperature dependence of valley dynamics in monolayer WSe2 

measured by TRKR. (a) The valley dynamics of a WSe2 monolayer at different 

temperatures. The solid lines are fits to either a bi-exponential or a single-exponential 

decay function. (b) The extracted two decay components of the same WSe2 monolayer as 

a function of temperature. Adapted from Ref. [13]. 

 

4.7 Spatial distributions of the valley dynamics 

In order to provide insight into variations of the optically initialized valley 

polarization over large areas, we spatially resolve the dynamics of valley states in 

monolayer MoS2. Since recent PL spatial mapping [120,121] and second-harmonic 

generation imaging [122] have been able to identify the crystal orientation and edge 

morphology of CVD-grown MoS2 monolayers, it is important to explore the valley 

excitonic properties near the edges and grain boundaries of TMDC monolayers. First, we 

perform a one-dimensional (1D) scan of the temporal evolution of the TRKR traces 
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across a MoS2 monolayer, as shown in Figure 4.14. Taking into account the stability of 

our setup and the time needed, we are not able to perform such spatial mapping of TRKR 

traces in 2D. However, the 1D scan does not show any significant spatial variations in the 

decay dynamics across the flake. Thus, in this work, we will mainly focus on the spatial 

variation of the Kerr rotation intensity at a fixed pump-probe delay time. 

 

Figure 4.14: Spatial dependence of the temporal evolution of the valley dynamics. (a) 

Measured Kerr rotation intensity as a function of the pump-probe delay time at different 

spots of a single MoS2 monolayer as labeled in (c). (b) The fitted decay components that 

are obtained from bi-exponential fits to the TRKR traces in (a) at different spots as 

labeled in (c). (c) Optical microscopy image of the MoS2 monolayer. The numbers 

represent the different spots that have been addressed by TRKR. Adapted from Ref. [13]. 
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Figure 4.15 shows the spatial distributions of the Kerr rotation intensity at a fixed 

pump-probe delay time (Δt = 0.5 ps) for six different MoS2 monolayers along with their 

corresponding optical microscopy images, at both low temperature (T = 10 K) and room 

temperature. The Kerr rotation intensities are normalized for each sample. Because 

exciton depolarization dominates the decay dynamics during the initial several 

picoseconds as discussed above, the Kerr rotation intensity at Δt = 0.5 ps is mostly an 

indication of the valley exciton polarization. Although each flake has slightly different 

spatial dependence on the optically initialized valley polarization, higher Kerr rotation 

intensities are generally observed near the center of the flakes. As opposed to the second-

harmonic optical imaging [122], edge states in monolayer MoS2 do not reveal any 

enhanced valley exciton polarization in our 2D spatial maps. 

The isolated star-like and triangular-shaped flakes are formed during the CVD 

growth process with complex polycrystalline structures [120]. The resulted grain 

boundaries have been demonstrated from previous reports to quench exciton 

emission [120,121,123]. Thus, these grain boundaries are likely to have led to the 

reduced valley exciton polarization near the edges as observed from the TRKR spatial 

maps here. Alternatively, the observed weaker Kerr rotation intensities near the edges 

could be associated with an energetically disordered edge region that may form during 

the termination growth process, such as resulting from lattice orientation mismatch and 

nonbonding second-layer growth [124]. This edge region is expected to be more 
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complicated than a particular atomic termination such as a Mo- or S-zigzag termination, 

and it may cause largely quenched valley polarization compared to the interior, locally 

ordered region [125]. Additionally, owing to the large exciton binding energy of 

monolayer MoS2, the spatially resolved valley dynamics measured by TRKR can also be 

detected at room temperature, as shown in Figure 4.15 (d)-(f). 

 

Figure 4.15: Spatial distributions of valley dynamics. 2D maps of Kerr rotation 

intensity at a fixed pump-probe delay time (Δt = 0.5 ps) for six MoS2 monolayers and 

their corresponding optical microscopy images at (a-c) T = 10 K and (d-f) room 

temperature. The Kerr rotation intensities are normalized for each 2D map. The red 

dashed line represents the edges of each flake. Laser spot diameter: ~1.5 μm. Scanning 

resolution: 0.5 μm. Adapted from Ref. [13]. 
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4.8 Conclusions 

In conclusion, our results reveal the ultrafast valley dynamics of exciton, trion and 

defect-related localized states in MoS2 and WSe2 monolayers using TRKR measurements 

with sub-picosecond temporal resolution. Excitation energy dependent TRKR 

measurements reveal the origin of the observed Kerr rotation in monolayer MoS2, which 

is induced by the imbalance between the populations in the ±K valleys upon optical 

excitation and is linearly proportional to the valley polarization in the material. A 

maximum Kerr rotation intensity is observed when the excitation is tuned slightly above 

the A exciton resonance, indicating the largest optically initialized valley polarization. 

Different temperature dependencies of the valley dynamics between MoS2 and WSe2 

monolayers reveal distinct underlying mechanisms for the slow decay components. 

Furthermore, the spatially resolved TRKR measurements show weaker valley 

polarization near the edges of the MoS2 monolayer, which is interpreted to be associated 

with quenched exciton near the grain boundaries or a disordered edge region of CVD-

grown monolayer MoS2.  

We also observe TRKR for both monolayer MoS2 and WSe2 at room temperature, 

which may open the possibility for valleytronic devices operating at ambient conditions. 

Moreover, our TRKR measurements and results are not unique to MoS2 and WSe2. 

Similar measurements can be directly extended to other direct bandgap 2D materials, 

such as MoSe2 and WS2, to investigate the valley dynamics in different materials. These 

temporal and spatial TRKR experiments elucidate pathways to manipulate multiple 
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excitonic states in monolayer TMDCs, which may also leads to the design of hybrid 

structures composed of different low-dimensional materials, which are promising for 

future integrated on-chip nanoscale components [4,126,127]. 
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Chapter 5    Film-coupled plasmonic 

nanopatch antennas 

  

5.1 Introduction 

As mentioned in previous Chapter 2, TMDCs interact strongly with light. For 

example, if normalized to the corresponding layer thickness, the absorption coefficient of 

monolayer MoS2 is more than 17105 −× m  in the visible range [3], which is an order of 

magnitude larger than the absorption coefficients of GaAs and Si. However, due to their 

atomically thin layer, such an interaction with light must be further enhanced before 

monolayer TMDCs can be used for practical devices. To date, a large variety of strategies 

have been explored to enhance the optical absorption and emission in monolayer 

TMDCs, such as via chemical treatment [128], nanostructuring of monolayers [129], 

using photonic crystal cavities [130], and incorporation of nanowires [131,132]. Among 

them, integration with optical cavities allows for the significant manipulation of the local 

optical density of states surrounding the 2D TMDCs, enabling greatly modified optical 

properties in these materials.   

A conventional approach for enhancing the light-matter interaction is the use of 

ultrathin optical materials with an optical waveguide. For example, integrating monolayer 
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graphene with a silicon optical waveguide can produce a broadband optical modulator 

over the telecommunication range of 1.3 to 1.6 μm [4]. However, the modulation range is 

only limited by 2% and an extremely long waveguide length (tens to hundreds of 

micrometers) is needed to achieve high absorption in graphene.  

In contrary, integration with an optical cavity makes the realization of compact 

devices possible at the expense of a reduced light-matter interaction bandwidth, which is 

determined by the quality factor of the cavity [2]. Earlier, a microcavity consisting of 

Bragg mirrors was used to enhance the absorption of graphene, but limited enhancement 

was observed due to the relatively low quality factor of the microcavity [133]. Later on, 

photonic crystal cavities with a high quality factor were used to achieve a much greater 

enhancement in 2D materials through in-plane Bragg reflections from periodic holes and 

total internal reflection in the out-of-plane direction [130,134,135].  

Another approach for enhancing the interaction of light and 2D materials is the 

integration of plasmonic nanocavities. Plasmonic systems have been widely used to tailor 

nanoscale light-matter interactions such as enabling surface Raman scattering [136], 

facilitating nonlinear optical processes [137] and achieving enhanced 

fluorescence [16,138]. Localized surface plasmons are non-propagating excitations of the 

conduction electrons of metallic nanostructures coupled to the electromagnetic fields. 

When the curved surface of a small, sub-wavelength conductive nanoparticle exerts an 

effective restoring force on the driven electrons, a resonance may arise with field 

amplification both inside and in the near-field zone outside the particle [139]. This 
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resonance is called localized surface plasmon resonance (LSPR). Relying on the use of 

LSPRs, plasmonic structures can confine light in a sub-wavelength volume much smaller 

than the diffraction limit. The resulting high field intensity creates an enhanced local 

density of states, which strongly boosts optical processes such as light absorption and 

emission at the nanoscale. To date, various plasmonic nanostructures have been used to 

enhance the absorption and emission properties in monolayer TMDCs, such as core-shell 

gold nanoparticles [6], silver nanodisk arrays [140], silver bowtie arrays [141] and gold 

nanorods [142,143]. 

In this chapter, I will show a plasmonic nanocavity based on a film-coupled 

nanopatch antenna design, which is used to enhance the PL intensity of monolayer MoS2 

as well as demonstrate selective tuning of the exciton emission. The colloidal synthesis 

process for the plasmonic nanopatch antennas is described in section 5.2. An absorptive 

metasurface based on the film-coupled colloidal silver nanocubes is demonstrated in 

section 5.3, which shows near complete absorption, good off-angle performance and 

large tunability from visible to near-infrared. When dye molecules with an intrinsic long 

lifetime are embedded in the gap region as shown in section 5.4 , a large emission rate 

enhancement is achieved while a high quantum efficiency is maintained as well as highly 

directional emission. Additionally, when semiconductor quantum dots are coupled to the 

plasmonic nanopatch antennas, an ultrafast spontaneous emission rate corresponding to 

over 90 GHz is realized as described in section 5.5.  
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5.2 Colloidal synthesis of plasmonic nanopatch 
antennas 

Colloidal synthesis of nanoparticles and the assembly of these into advanced 

structures have attracted great interests both in research and industrial developments in 

recent years [144,145]. Colloidal synthesis of nanoparticles has several advantages over 

lithographically fabricated nanostructure, such as superior size homogeneity, low cost 

and the possibility of large-scale, parallel production. In this section, I will describe the 

procedures to synthesize silver nanocubes and how to couple these silver nanocubes with 

an underlying gold film to form plasmonic nanopatch antennas [14]. The results 

described in this section were first reported in Ref. [14].   

For the synthesis of silver nanocubes, we first prepare 1.3 mM sodium 

hydrosulfide hydrate (NaSH) by dissolving 1 mg of NaSH in 13.5 mL of Ethylene glycol 

(EG), 20 mg/mL poly vinylpyrrolidone (PVP) solution by dissolving 0.1 g of PVPV in 5 

mL of EG, 3 mM hydrochloric (HCl) solution by mixing 2.5 μL of 0.6 M liquid HCl 

solution with 4.9975 mL of EG and silver trifluoroacetate (AgC2F3O2) in 0.8 mL of EG. 

Before the synthesis, we clean the round-bottom flask (RBF) and its cap carefully using 

concentrated nitric acid (HNO3) and then wash them with clean de-ionized (DI) water. At 

the same time, we prepare a heating bath by placing a silicone fluid bath on top of a 

stirring hotplate with a well-controlled temperature. The temperature is set to 150 ºC and 

the stirring speed is set to 260 rpm. Then, the clean RBF is mounted as shown in Figure 

5.1 (a), and a clean magnetic stirring bar is put into the RBF. 
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Figure 5.1: Equipment setup for silver nanocube synthesis. (a) A photograph of the 

equipment setup showing the heating bath on top of the stirring hotplate with temperature 

control. (b) Picture of the nanocube solution after the 2.5-hour synthesis. Adapted from 

Ref. [14]. 

 

When the RBF is dipping into the heating bath, we first place 10 mL of EG 

solution into the RBF. After 20 minutes, we pour the EG solution into a disposal 

container. Next, we place 5 mL of EG solution into the RBF again and wait for 5 

minutes. Then, we place 60 μL of NaSH solution, 500 μL of HCl solution, 1.25 mL of 

PVP solution and 400 μL of AgC2F3O2 solution into the RBF, respectively. The silver 

nanocubes are forming in 2.5 hours. After that, we turn off the heater but leave the 

stirring on to avoid the fluid burning on the bottom. Then we use the clamp to raise and 

remove the RBF from the heating bath. After the solution is cold, we add 5 mL of 

acetone into the RBF and the final nanocube solution is shown in Figure 5.1 (b). Next, we 

transfer the final solution into eight smaller 1.5 mL plastic tubes and centrifuge these 
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tubes for 10 minutes. As a result, all the silver nanocubes are at the bottom of the tubes 

and the top supernatant is removed. Then we fill 1 mL of DI water into each of these 

tubes, vortex and sonicate the tubes. Now the nanocubes are suspended in mainly DI 

water and are ready to be used.  

Ultra-smooth gold film is usually used as the ground plane for the plasmonic 

nanopatch antenna, which is deposited onto purchased cleanroom-cleaned glass slides 

using an electron-beam evaporator. 5 nm chromium acts as an adhesion layer between the 

glass substrate and the gold film. The evaporation process takes place inside a vacuum 

chamber, enabling the molecules to evaporate freely in the chamber and then sublimate 

on the substrate. The total thickness of the gold film is 75 nm and the surface roughness 

is measured using an atomic force microscope yielding a typical root mean square of 0.7 

nm.  

The dielectric spacing layer between the gold film and the silver nanocube is 

typically polyelectrolyte (PE) layers with alternating poly(allylamine) hydrochloride 

(PAH) and poly(styrenesulphonate) (PSS) layers coated via layer-by-layer (LBL) 

deposition. PAH is slightly positively charged while PSS is slightly negatively charged. 

As the evaporated gold film is slight negatively charged, a PAH layer is always deposited 

first. The gold-coated slide is first immersed in the cationic solution of 3 mM PAH and 1 

M NaCl for 5 minutes, rinsed thoroughly with a gentle stream of DI water and followed 

by immersion in an anionic solution of 3 mM PSS and 1 M NaCl for 5 minutes. The 

samples are rinsed with 1 M NaCl solution between successive layers. This process is 
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repeated until the desired polymer thickness is obtained, with each bilayer having a ~2 

nm thickness. A top layer of PAH is then deposited to create a positively charged layer to 

promote nanocube adhesion. In addition to the PE layers, dielectric layers, such as Al2O3 

and HfO2, can also be deposited on the gold film via atomic layer deposition (ALD).  

Furthermore, the emitters can be embedded in the dielectric spacing layers. Dye 

molecule solutions or quantum dot solutions can be directly drop-casted onto the sample 

surface, and a cover slip is placed on top of the solution drop to ensure that the molecules 

or quantum dots are uniformly incorporated into the top layer. After 10 minutes, the 

sample is rinsed thoroughly with DI water and dried with clean nitrogen gas. 2D 

materials can be transferred onto the surface using a polydimethylsiloxane stamping 

method and details will be described in the next chapter. 

 

Figure 5.2: SEM characterizations of silver nanocubes. (a) SEM image of a 

concentrated nanocube sample. (b) SEM image of a diluted (1/10) nanocube sample. (c) 

SEM image of a diluted (1/100) nanocube sample. Adapted from Ref. [14]. 

 

For the deposition of silver nanocubes, the obtained nanocube solution can be 

either diluted using DI water or concentrated using a centrifuge for the specific purposes. 
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Then the nanocube solution is placed onto a clean cover slip and the sample is placed in 

contact with the cover slip. This results in the silver nanocubes to be immobilized on the 

top polymer layer via electrostatic interaction. Last, the sample is rinsed with DI water 

and dried with clean nitrogen gas. Scanning electron microscopy (SEM) images of the 

final samples with different concentrations of nanocubes are shown in Figure 5.2. The 

detailed procedures for fabricating plasmonic nanopatch antennas are given in the 

Appendix A. 

 

5.3 Large-area metasurface perfect absorber 

The first application of this plasmonic nanopatch antenna is to make nearly 

perfect absorbers [15]. Naturally occurring materials either have weak absorption or 

produce strong reflections, and have poorly defined spectral features beyond the visible 

spectrum [146]. Thus, the properties of these materials as light absorbers are insufficient 

for many modern photonics applications. Nearly perfect absorbers based on metasurfaces 

with metallic elements have been developed to address these limitations in spectral 

ranges from the near-infrared [147,148] to microwaves [149]. However, large-area and 

spectrally selective perfect absorbers have not been demonstrated in the visible spectrum. 

In this section, I describe nearly perfect absorbers over large areas on conformal 

surfaces, with spectral tunability from the visible to near-infrared spectrum. The results 

described in this section were first reported in Ref. [15]. The absorbers are based on the 

plasmonic nanopatch antennas that was described in the previous section 5.2. No emitters 
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are embedded in this structure. Each film-coupled nanocube acts like a magnetic 

dipole [150], where the resonance of the dipole is determined by the size of the nanocube 

and the spacer [151]. The collective action of many nanocubes on the surface creates an 

effective magnetic response. As a result, the impedance of the surface is matched to free 

space and both reflection and transmission of the surface are eliminated, resulting in 

complete absorption [152]. The incident light is dissipated by the generation and decay of 

surface plasmons in the gap between the bottom nanocube facet and the top of the metal 

film. 

 

Figure 5.3: Metasurface perfect absorber based on colloidal silver nanocubes. (a) 

Reflection spectrum from an absorber with a resonance at 650 nm, showing a minimum 

reflectivity of 0.4%. (b) Image of sample with a 10 m m region coated with nanocubes on 

top of gold, while surrounding region is coated with gold. A defocused laser with a 

diameter of 13 mm illuminates the absorber region. (c) Images of the laser beam on a 
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screen after reflection from the absorber sample shown in (b), as the laser wavelength is 

swept from 500 to 700 nm. Adapted from Ref. [15]. 

 

Figure 5.3 (a) shows the reflection spectrum from a metasurface absorber with a 

resonance in the visible spectrum at 650 nm, obtained using a combination of 75 nm 

nanocubes and a 7 nm spacer layer. A minimum reflectivity of 0.4% is achieved at the 

resonance wavelength using a surface coverage density of 15%. To visually demonstrate 

the nearly complete absorption, an absorber area with a 10 mm diameter is illustrated at 

near-normal incidence by a defocused laser spot slightly larger than the absorber region 

as shown in Figure 5.3 (b). Figure 5.3 (c) shows the reflection from the sample imaged 

onto a screen as the laser wavelength is swept from 500 to 700 nm. When the laser 

wavelength is at the absorption peak at 650 nm, the 10 mm metasurface area appears 

completely black relative to the reflection from the gold film around the absorber. 
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Figure 5.4: Tuning the absorber resonance from visible to near-infrared. (a) 

Reflection spectra of absorbers with resonances from the visible to the near-infrared 

using a range of nanocube size (L) and spacer layer thickness (d). (b) Resonance 

wavelength as a function of particle size and spacer thickness. (c) SEM images of typical 

particles from each synthesis having average particle size L. As the particle size 

increases, the facets become smaller, blueshifting the absorber resonance. Adapted from 

Ref. [15]. 

 

The resonance of the absorber can be tuned from the visible to the near-infrared 

spectrum by using different nanocube sizes and by controlling the spacer thickness, 

thereby changing the resonant cavity formed between the nanocube and the metal film as 

shown in Figure 5.4. The average nanocube size can be tailored from 75 nm to 140 nm by 

controlling the synthesis parameters, resulting in excellent control of the resonance 

wavelength. With increasing size, the silver particles develop new facets, becoming non-

cubic for particle sizes L >140 nm. As a result, while the size of the particles increases, 
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the individual facets become smaller, reducing the resonator size and blue-shifting the 

resonance as seen in Figure 5.4 (b). The polymer spacer layer thickness is controlled with 

~2 nm increments from 1 nm to 7 nm using the dip coating method. For gap thickness 

>10 nm, the resonance monotonically approaches the uncoupled nanocube resonance. 

In addition to nanoscale control of the resonator dimensions, fine control over the 

surface density of the nanocubes, and hence the optical properties, is also possible. The 

nanocube density is controlled by the time the substrate is exposed to the nanocube 

solution as illustrated in Figure 5.5. In this demonstration, the nanocube surface fill 

fraction is tuned from 5.3% to 19.2% over a centimeter scale sample. The dark-field 

microscopy images of each sample show a color change as the resonance (790 nm) 

increases in strength with increasing nanocube density as seen in the corresponding SEM 

images in Figure 5.5 (b). The maximum absorption at the resonance wavelength 

correspondingly increases to 99.7% at a surface coverage density of 19.2%, which is 

equivalent to a mean spacing between nanocubes of ~228 nm. 

 

Figure 5.5: Controlled nanocube density. (a) Dark-field microscopy images of a 10 

mm absorber region with increasing density of 100 nm nanocubes. The density is 
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controlled by the time, t, that the sample is exposed to the nanocube solution. (b) SEM 

images of the samples in (a) showing increasing nanocube density. (c) Absorption at the 

resonance of 790 nm as a function of nanocube fill fraction, and also plotted versus mean 

nanocube separation. Adapted from Ref. [15]. 

 

In contrast to metasurface absorbers fabricated using lithography, the nanocube 

perfect absorbers can be assembled over surfaces of arbitrary size and shape. Figure 5.6 

shows a 5 cm diameter wafer coated with the perfect absorber. Under resonant 

illumination at 645 nm, the wafer shows almost no visible refection, in contrast to the 

same wafer coated only with gold. The absorber can also be coated on arbitrary curved 

surfaces. A meta surface absorber was assembled conformally from solution over the 

entire surface of a glass half-sphere, 2.5 cm in diameter, with silver serving as the ground 

plane material as shown in Figure 5.6 (c). The green tint to the reflection of the objects in 

the surroundings occurs because the red wavelengths are absorbed by the metasurface. 

The inset show an SEM image of a 1 µm region of the half-sphere, and reflectivity of the 

surface shows absorption at the resonant wavelength of 90%. 
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Figure 5.6: Large area and conformal absorber. (a) A 5 cm diameter wafer coated 

over the entire surface with a gold film, a 7 nm spacer and 75 nm nanocubes, with a 

resonance of 645 nm. A defocused 645 nm laser beam is incident on the sample and the 

reflection is imaged on a screen, showing almost no visible reflection. (b) For comparison 

with (a), a 5 cm wafer coated only with a gold film shows strong reflection of the laser 

beam. (c) A glass half-sphere coated with 100 nm of silver and a 7 nm polymer spacer 

layer, followed by conformal deposition of 75 nm nanocubes. Insets show SEM image 

taken on the side slope of the sample and the near-normal incidence reflection spectrum. 

Adapted from Ref. [15]. 

 

In many applications, complete absorption must be accomplished at normal as 

well as oblique incidence and the absorbing surface must be insensitive to polarization. In 

Figure 5.7, absorption at oblique angles of a 10 mm absorber area is shown with a 
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resonance in the visible at 650 nm. The angular behavior of the absorbers is quantified 

using white light reflectance measurements as a function of angle. The reflection 

spectrum for a sample with a resonance at 790 nm and a 19.2% nanocube fill fraction is 

nearly angle-insensitive for incidence angles less than 50°. The absorption resonance for 

transverse electric polarized light shows a slight redshift with increasing angle, while the 

spectrum for transverse magnetic light shows a slight blue-shift. The on-resonance 

absorption and its angular dependence can be tuned by changing the nanocube density 

from 5.3% to 19.2% using the controlled deposition method. For a fill fraction of 19.2%, 

the maximum absorption at 6° is 99.7% and remains above 95% absorption as the 

incidence angle is increased to 50°. 
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Figure 5.7: Absorption behavior with angle and polarization. (a) Reflection of a 

defocused laser beam from a 10 mm absorber is imaged on a screen. The image is an 

overlay of single exposures at each incidence angle. (b) Reflection spectrum as a function 

of incidence angle from a sample with a 790 nm resonance, under transverse electric and 

transverse magnetic incident polarization. (c) Absorption at the resonance wavelength as 

a function of incidence angle for samples with varying fill fraction from 5.3% to 19.2%. 

Adapted from Ref. [15]. 
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5.4 Large Purcell enhancement 

In the previous section, I have described the metasurface perfect absorbers based 

on the plasmonic nanopatch antennas, which is a passive system without emitters 

incorporated. Typical luminescent emitters have relatively long emission lifetimes (~10 

ns) and non-directional emission. These intrinsic optical properties are poorly matched to 

the requirements of nanophotonic devices. Much previous work has focused on 

modifying the photonic environment of emitters to enhance the spontaneous emission 

rate, known as the Purcell effect [153]. In this section, I will show that by coupling dye 

molecules into the film-coupled nanocube system, this structure can achieve large 

spontaneous emission rate enhancement, high radiative efficiency and directional 

emission [16]. The results described in this section was first published in Ref. [16]. 

The structure consists of a 75 nm silver nanocube situated over a metal film, 

separated by a well-controlled nanoscale gap (5-15 nm) embedded with emitters as 

shown in Figure 5.8 (a). The fundamental plasmonic mode of the film-coupled nanocube 

is localized in the gap with the dominant electric field oriented in the vertical direction, 

transverse to the gap. Through full-wave simulations, the radiation pattern of the antenna 

at the resonance wavelength is predicted to have a single lobe oriented in the surface-

normal direction as shown in Figure 5.8 (b). The fraction of emitted light collected by the 

first lens is calculated to be 84% using an objective lens with a numerical aperture of NA 

= 0.9. The scattered radiation pattern of a single nanopatch antenna (NPA) was measured 

by imaging the back of the objective lens, showing excellent agreement with simulations. 
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Emission at angles larger than 64º falls outside the collection cone of the objective lens, 

explaining the small discrepancy between measurements and simulations. 

 

Figure 5.8: Directional plasmonic nanopatch antenna. (a) Schematic cross-section of a 

film-coupled silver nanocube showing the simulated fundamental plasmonic gap mode 

with maximum field enhancement of ~100. (b) Simulated (black) and measured (red) 

radiation pattern from a single nanoscale patch antenna, showing that most emission falls 

within the numerical aperture of the objective lens. (c) Map of spontaneous emission rate 

enhancement relative to a dipole in free space as a function of position under the 

nanocube. (d) Map of the radiative quantum efficiency as a function of the position under 

the nanocube. The white dashed line indicates the lateral extent of the nanocube. Adapted 

from Ref. [16]. 
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Due to the large field enhancement and increased density of states, emitters 

placed in the nanogap experience large changes in their spontaneous emission rate. In 

general, the spontaneous emission rate of a dipole is given by: 

 0
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where ω  is the emission frequency, p  is the transition dipole moment of the emitter, r  

is the position, 0ε  is the permittivity of free space and 0
intγ  is the internal non-radiative 

decay rate of the emitter. In the plasmonic environment, the large field greatly enhances 

the local density of states: 

 pp nrrGnr 
⋅⋅∝ )},(Im{),( ωρ  (5.2) 

where pn  is the orientation of the transition dipole of the emitter and G is the dyadic 

Green’s function, which is the electric field interacting with the emitter due to its own 

radiation. Figure 5.8 (c) and (d) represents maps of the emission properties of an NPA 

with a plasmon resonance of 650 nm and a gap thickness of 8 nm computed by full-wave 

simulations. When the emitters are resonant with the plasmon mode, the NPA shows 

dramatic enhancement in the spontaneous emission rate spγ  relative to the emission rate 

in free space, 0
spγ . The calculated emission rate depends on the lateral position of the 

emitter under the nanocube, with rate enhancements exceeding 4,000 near the corners of 

the nanocube for dipoles oriented along the z direction. At the same time, the emission 
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efficiency remains high (>0.5) and spatially uniform as seen in Figure 5.8 (d), quantified 

by the radiative quantum efficiency sprQE γγ /= , where rγ  is the radiative rate of the 

emitter. 

 

Figure 5.9: Large spontaneous emission rate enhancement. (a) Comparison of the 

measured time-resolved fluorescence decay for Ru dye on glass and Ru dye enhanced by 

a single nanoantenna with an 8 nm gap. (b) Experimental and simulated distribution of 

Ru dye emission rates from the nanopatch antenna. The experimental distribution is 

obtained from a fit of the time-resolved fluorescence to a stretched exponential. Adapted 

from Ref. [16]. 

 

To demonstrate large emission rate enhancements experimentally, fluorescent 

ruthenium metal complex dye (Ru dye) were used as they have a long intrinsic lifetime of 

50600/1 0
0 ±== spγτ ns. The fabrication process is similar to the one that was described 

in section 5.2. The relationship between nanocube size, gap size and plasmon resonance 
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follows the one in section 5.3. Figure 5.9 (a) shows the time-resolved emission from a 

single NPA with an 8 nm gap after non-resonant pulsed excitation at 535 nm. The 

emission shows a non-exponential decay with an initial rate of 1max 7.0/1 −= nsspγ at t = 0, 

corresponding to a maximum spontaneous emission rate enhancement, also called the 

Purcell enhancement, of 860/ 0max =spsp γγ . The slower decay rates contributing to the 

emission result from the spatial dependence of the rate enhancement. The distribution of 

emission rate constants was extracted by fitting the time-resolved fluorescence to a 

stretched exponential and then decomposing the fit function into a sum of rate constants 

by performing a Laplace transform. The extracted distribution shows that a fraction of Ru 

molecules is optimally positioned, with 0max / spsp γγ  approaching 1,000, while the most 

likely enhancement from the NPA is 60/ 0* =spsp γγ .  

A critical parameter in correctly simulating the optical response of the NPA is the 

orientation of the emitter transition dipoles relative to the gap mode electric field. The 

distribution of dipole orientations was determined directly by angle- and polarization 

resolved fluorescence measurements of Ru dye embedded in a polymer film. The 

measurements revealed that most emission dipoles are oriented at 75º relative to the 

surface normal. The simulated temporal decay curves were obtained by assuming that 

dipoles are distributed uniformly in the plane of the gap and in the top 2 nm of the spacer 

polymer film. The emission from a dipole at position r  and angle θ  is given by: 

 )](cos)(exp[)(),,( 2 trrtrI spr θγγθ 
−∝  (5.3) 
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After incorporating the distribution of emission dipoles and performing spatial averaging, 

it was found that the predicted temporal emission decay curve and the emission rate 

distribution are in excellent agreement with experiments as shown in Figure 5.9. 

 

Figure 5.10: Gap thickness dependence of spontaneous emission rates. (a) Measured 

and simulated time-resolved Ru dye emission for four gap thickness, with intensities 

normalized to t = 0. (b) Distribution of measured emission rates for each gap thickness as 

obtained from a stretched exponential fit followed by a Laplace transform. The maximum 

spontaneous emission rate max
spγ is given by the slope of the time-resolved decay near t = 

0, and the most likely emission rate 0
spγ is given by the mode of the rate distribution. (c) 

Three measures of rate enhancement as a function of gap thickness, both from experiment 

and from simulations. Adapted from Ref. [16]. 
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To probe the mechanisms and demonstrate control of emission rate enhancement, 

the gap thickness was tuned from 5 nm to 15 nm. Figure 5.10 presents the time-resolved 

emission from a single representative nanocube for each of four gap thicknesses. A non-

exponential decay is observed for all samples, with a strong increase in emission rate 

with decreasing gap thickness. The simulated decay curve, obtained as described earlier, 

show excellent agreement with experiment. From the experimental emission rate 

distributions in Figure 5.10 (b), three measures of emission rate enhancement were 

obtained as a function of gap thickness together with the simulated values as seen in 

Figure 5.10 (c). The maximum Purcell enhancement 0max / spsp γγ  shows a strong 

dependence on gap thickness, increasing to ~2,000 for the 5 nm gap. The most likely rate 

enhancement 0* / spsp γγ  shows similar trends to the maximum rate enhancement, but at 

lower values due to the non-optimal position of most emitters in the NPA. 

The observed large emission rate enhancements are only desirable if the quantum 

efficiency (QE) remains high. To obtain the QE, the fluorescence enhancement factor 

(EF) is defined relative to dipoles on glass as: 
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where η  is the emission collection efficiency and exγ  is the excitation rate. Figure 5.11 

shows the excitation rate enhancement and QE as a function of gap thickness. The 

excitation rate enhancement is modest due to the non-resonant excitation and increases 

with decreasing gap size. The simulated QE remains high for a wide range of gap 
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thicknesses greater than 6 nm, well above the intrinsic efficiency of the Ru dye, QE0 = 

0.2, taken as a typical QE of fluorescent dyes [154]. Furthermore, the QE at the position 

of highest emission rate enhancement, maxr , is also high, pointing to the possibility of 

integrating single emitters with the NPA. Notably, due to the large emission rate 

enhancements, large enhancements in the radiative rate are possible even for embedded 

emitters with an intrinsically low QE.  

 

Figure 5.11: Fluorescence intensity enhancement with high quantum efficiency. (a) 

Simulated average excitation rate enhancement for dipoles in the nanogap relative to 

dipoles on glass. Also shown is excitation enhancement at the position of maximum 

emission rate enhancement, maxr . (b) Simulated average quantum efficiency (QE) as a 

function of gap thickness. The QE is high for a range of gap thicknesses and becomes 

smaller than the intrinsic quantum efficiency, QE0, only for gaps d <6 nm. Also shown is 

the QE at the position of maximum emission rate enhancement, maxr . (c) Measured and 

simulated average fluorescence enhancement factor per emitter <EF>, as defined in Eq. 

(5.4). The experimental error bars represent one standard deviation from a set of 

approximately ten measured NPAs for each gap thickness. Adapted from Ref. [16]. 
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Using the predicted collection efficiency of the NPA emission (84%) and the 

emission from dipoles on glass (15%), the average EF, <EF>, is obtained as shown in 

Figure 5.11 (c). To obtain experimental values for <EF>, the ratio of emission from NPA 

and the Ru-polymer films on glass was measured, normalized by the emissive area from 

each sample [138]. The experimental <EF>, measured for approximately ten NPAs for 

each sample, shows excellent agreement with simulations without any fitting parameters. 

The variation in emission intensity between NPAs is probably due to the non-uniform 

distribution of Ru dye molecules in the polymer film, because a similar spot-to-spot 

variation was observed in the control sample emission. The accurate prediction of <EF> 

together with the accurate prediction of the emission decay rates provide direct validation 

that the radiative efficiency of the NPA is high and well described by the simulations in 

Figure 5.11 (b). Having established the accuracy of the simulated QE of the system, the 

critical parameters of radiative rate enhancement can be determined. Due to the high QE, 

the maximum radiative rate enhancement is for gaps d ≤  8 nm, which is higher than the 

for gaps where d >7 nm. For gaps d <7 nm, quenching of the dye emission by the metal 

becomes a significant loss mechanism. 

 

5.5 Ultrafast spontaneous emission 

The plasmonic nanopatch antenna provides a flexible platform for the 

enhancement of radiative properties with high efficiency and directionality. Although a 

large spontaneous emission rate enhancement for Ru dye molecules was shown in the 
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previous section, the emission rates are still very slow (~0.7 ns). In this section, I describe 

an ultrafast and efficient source of spontaneous emission by integrating colloidal and 

photostable semiconductor quantum dots (QDs) into the plasmonic structure [17], which 

were first published in Ref. [17]. 

 

Figure 5.12: Quantum dots (QDs) coupled to plasmonic nanopatch antennas 

(NPAs). (a) Three-dimensional illustration of a NPA. The simulated radiation pattern 

from the antenna is shown in red. (b) Cross-sectional schematic of the NPA consisting of 

a silver nanocube on top of a gold film, separated by a 1 nm PAH spacer layer and a 

sparse layer of ~6 nm diameter CdSe/ZnS QDs. (c) Transmission electron microscopy 

image of a silver nanocube and QDs; scale bar, 50 nm. Adapted from Ref. [17]. 

 

The sample structure is similar to the one as described in the previous section 5.4, 

except that a sparse layer of colloidal QDs and a ~1 nm PAH layer act as the spacer layer 
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as shown in Figure 5.12 (a) and (b). On average, ~10 QDs are located under each 

nanocube, as determined by transmission electron microscopy (TEM) of a similar sample 

prepared on a carbon film as seen in Fig. 5.12 (c). Using a custom-built microscope, 

individual NPAs are identified by dark-field and fluorescence imaging in Fig. 5.13 (a) 

and (b), followed by spectroscopy (Fig. 5.13 (c)) and time-resolved fluorescence 

measurements on the located nanoparticles. Owing to the distribution of nanocube sizes, 

only a subset of NPAs is resonant with the QD fluorescence as shown in Fig. 5.13 (b). 

In the absence of QDs in the nanogap region, the scattering spectrum of a single 

NPA is dominated by the lowest-order fundamental mode with a single Lorentz peak as 

observed in experiments shown in Figure 5.13 (c). Full-wave simulations show a similar 

resonance peak with the resonance wavelength determined by the nanocube size, and by 

the thickness and dielectric constant of the material in the gap region. When QDs are 

present in the nanogap, the scattering spectrum is broadened as shown in Figure 5.13 (d). 

This mode broadening is attributed to an inhomogeneous dielectric environment in the 

cavity. The random spatial distribution of the QD positions results in a non-uniform 

dielectric constant in the nanogap and may also cause the nanocube to be tilted relative to 

the gold film. 
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Figure 5.13: Spectral properties of the plasmonic nanopatch antenna. (a) Dark field 

scattering image showing individual NPAs as bright spots with different intensities 

because of different scattering amplitudes and resonant wavelengths. Scale bar, 5 μm. (b) 

Fluorescence image of the same location when illuminated by a defocused 514 nm 

continuous-wave laser. Several NPAs, labeled 1, 2 and 3 are visible in the scattering and 

fluorescence images. Only NPAs resonant with the QD emission are visible in the 

fluorescence image. Scale bar, 5 μm.  (c) Measured and simulated scattering spectrum of 

a single NPA with a polymer-filled gap and no QDs, in normalized units. (d) Measured 

scattering spectrum of a single NPA containing QDs in the gap region. The measured 

fluorescence spectrum for QDs coupled to the NPA is also displayed in red showing good 

overlap with the scattering spectrum. Adapted from Ref. [17]. 
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Next, to quantitatively estimate the enhancement in the fluorescence intensity of 

the QDs coupled to single plasmonic NPAs, a series of experiments were conducted on 

three different samples: (i) a sample containing QDs coupled to NPAs as described 

above; (ii) a sample of QDs adhered on top of a PAH layer on a gold film but without any 

nanocubes; and (iii) a sample with QDs adhered to a PAH layer on a glass slide. For 

excitation, a 535 nm Ti:sapphire laser is used with a pulse length of ~150 fs, which is 

passed through a pulse picker to reduce the repetition rate from 80 to 40 MHz. The 

excitation laser is focused to a diffraction-limited spot, ~300 nm in diameter and the QD 

fluorescence is collected in an epifluorescence configuration and measured by an 

avalanche photodiode.  

Figure 5.14 (a) shows the dependence of the QD fluorescence intensity on the 

laser excitation power for the three samples described above. The fluorescence intensity 

from the QDs coupled to a single NPA is substantially higher than from the QDs on a 

PAH layer on a glass slide or on a gold film. The emission intensity from QDs coupled to 

a single NPA shows linear scaling with excitation power density in the range of 0.01-10 

kW/cm. At higher excitation power densities, permanent photobleaching of the QDs 

occurs before saturation of the excited state population can be reached. All subsequent 

measurements in this section are conducted at an excitation power density of 1 kW/cm. 

The average enhancement in fluorescence intensity due to the NPA is given by 

the fluorescence enhancement factor: 
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where NPAI  and glassI  are the fluorescence intensities measured in the far field from a 

~300 nm diameter laser spot exciting a single NPA and a glass slide with QDs, 

respectively. The intensities are normalized by the area from which the fluorescence 

originates in each measurement, where spotA  is the area of the excitation spot and NPAA  is 

the area under a single nanocube. Measurements of the fluorescence intensity from 11 

individual NPAs show enhancement factors that vary from 177 to 2,300, with an average 

value of 831=
avg

EF  as shown in Figure 5.14 (b). For these measurements, only NPAs 

with plasmon resonances around the QD emission wavelength (625-635 nm) were 

selected. The variation in <EF> is attributed to two factors: (i) the random spatial 

distribution of QDs within the nanogap, with QDs near the nanocube edges experiencing 

higher excitation field enhancements [151], and (ii) the random orientation of each QD, 

with absorption dipoles oriented vertically having the largest coupling to the excitation 

field. 
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Figure 5.14: Fluorescence enhancement of QDs coupled to NPAs. (a) QD 

fluorescence intensity as a function of average incident laser power in three cases – on a 

glass slide, on a gold film and coupled to individual NPAs. The solid lines are fits to a 

power law, with the power exponents, p, showing a nearly linear scaling. The vertical 

dashed line indicates the power at which subsequent measurements are performed under 

pulsed excitation. (b) Histogram showing the distribution of the fluorescence 

enhancement factors of the 11 measured NPAs. Adapted from Ref. [17]. 

 

The measured fluorescence enhancement is a combination of enhancements in the 

collection efficiency, the excitation rate and the radiative quantum efficiency that is 

averaged over all positions and orientations of the QDs in the nanogap: 
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where η , Γ and QE are the emission collection efficiency, excitation rate and quantum 

efficiency in the NPA sample, respectively. Each of these values is normalized by the 

same quantity corresponding to the QDs on glass, which is denoted ‘0’. The excitation 
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rate excΓ  depends both on the location of the QD in the nanogap r  and the dipole 

orientation θ . The excitation rate term is: 
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where zyxrE ,,)(  are the electric field components in the x, y and z directions at the 

excitation frequency. Given a random distribution of QD orientations, integrating Eq. 

(5.7) over θ  and r  yields a value of the average excitation rate enhancement of 

30/ 0 =ΓΓ excexc . Using the simulated far-field radiation pattern, the collection efficiency 

from the NPA was estimated to be 84% using an objective with NA = 0.9, while the 

collection efficiency from randomly oriented QDs on the glass slide using the same NA 

objective was 19%. The QE in the NPA is approximately spatially uniform in the gap 

region with an average value of ~0.5, whereas the intrinsic quantum yield of the QDs in 

solid state is taken to be 0.1. By combining these calculations, the average fluorescence 

enhancement factor from the simulations is <EF> = 660. The agreement in the 

fluorescence enhancement factor between the theory and the experiment indicates that the 

high radiative quantum efficiency of the NPA predicted by the simulations is accurate. 
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Figure 5.15: Increased spontaneous emission rate of QDs coupled to NPAs. (a) 

Normalized time-resolved fluorescence of QDs on a glass slide (red) compared with QDs 

on a gold film (blue) and coupled to a single NPA (green). The instrument response 

function (IRF) is also shown. Fits to exponential functions convolved with the IRF are 

shown in black. A single exponential function is used for the QDs on glass and gold. A 

biexponential function is used to fit the NPA decay. (b) Scatter plot of fluorescence decay 

times for ~30 NPAs showing the relative intensity contributions of the fast and slow 

decay components. The dashed line connects the two components for each individual 

NPA. Some decay curves show a more robust fit to a single exponential, and, in these 

cases, the slow component is not shown. (c) A histogram showing the decay time 

distribution of the fast and slow components of the ~30 individually measured NPAs. 

Adapted from Ref. [17]. 

 

Next, time-resolved fluorescence measurements were used to demonstrate the 

enhancement of the spontaneous emission rate. Figure 5.15 (a) shows the normalized 

time dependence of the emission of QDs on glass, on a gold film, and coupled to a single 
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NPA. The decay of QDs on a glass slide features a single exponential component with a 

lifetime of 1.07.9 ±=glassτ ns. On a gold film without nanocubes, the QDs show a 

shortened lifetime of 03.08.0 ±=goldτ ns but with a significantly reduced intensity as 

shown in Figure 5.14 (a), which is the result of direct metal quenching [138,155].  

When the QDs are coupled to the NPA, a dramatic decrease in the fluorescence 

lifetime is observed in Figure 5.14 (a). This decrease in lifetime is accompanied by a 

simultaneous increase in the time-integrated fluorescence. The measured fluorescence 

from a single NPA is a summation of the emission from all of the random lateral 

positions and orientations of QDs in the gap region, as each of these QDs has a different 

emission rate. The random dipole orientation of QDs ensures that a subset of QDs is 

always optimally coupled to the NPA, unlike horizontally oriented organic molecules, 

which have unfavorable coupling to the dominant vertical electric field. The spatial and 

orientational summation is expected to produce a non-exponential decay curve with a 

distribution of rates. However, the observed fluorescence decay approaches the 

instrument response function (IRF) of the detector (~30 ps full width at half maximum), 

which hinders extraction of the full-rate distribution. Instead, a biexponential function 

deconvolved with instrument response was used as an approximate fitting model, 

resulting in time constants of 981=slow
NPAτ  ps and 11=fast

NPAτ  ps for the NPA shown in 

Figure 5.15 (a). The dominant fast component corresponds to a Purcell enhancement 

relative to QDs on glass of 880. We note that this Purcell factor represents only a lower 

bound due to the detector resolution limit. The relative amplitudes of the fast and slow 
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fluorescence decay components for ~30 other NPAs are shown in Figure 5.15 (b) along 

with the decay lifetime distribution in Figure 5.15 (c). For some fluorescence decay 

curves, a single exponential was found to be a more robust fitting function because the 

lifetimes approached the IRF. All of the NPAs showed fast decay components in the 

range of 11-51 ps that corresponds to a maximum Purcell factor of 190 to 880. Critically, 

these large Purcell enhancements are obtained simultaneously with a high radiative 

quantum efficiency as demonstrated above. 

 

5.6 Conclusion 

In this chapter, I have shown that the film-coupled plasmonic nanopatch antenna 

is a platform for achieving large emission rate enhancement, high radiative quantum 

efficiency and highly directional emission. When ensembles of colloidal QDs are coupled 

to the plasmonic structure, an ultrafast spontaneous emission source is achieved with an 

emission speed exceeding 11 ps. In addition to dye molecules and colloidal QDs that 

were described above, other short-lifetime and photostable emitters, such as crystal color 

centers and 2D materials, can be integrated readily into the gap of the NPA. Furthermore, 

by optimal positioning and orientation of the emitter dipoles via chemical or other means, 

even larger rate enhancements are possible. Moreover, the NPA is also a natural 

candidate for use as an efficient single-photon source or more generally as a fast 

nanoscale directional emitter.  
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Chapter 6    Plasmonic control of excitonic 

states in monolayer MoS2 

  

6.1 Introduction 

Monolayer TMDCs offer an appealing platform for applications in nanophotonic 

and optoelectronic devices due to their remarkable optical properties [2,10,26]. However, 

compared to other direct bandgap semiconductors, monolayer TMDCs suffer from weak 

light absorption and low PL quantum yield partly due to their sub-nanometer thin layer. 

The absolute PL quantum yield is observed to be 0.4% for suspended MoS2 

monolayers [31]. Furthermore, as discussed in the previous section 2.5, monolayer 

TMDCs possess a variety of excitonic states such as the neutral exciton, charged exciton 

(trion), biexciton and bound exciton. Among the various exciton species, the A and B 

excitons (each having neutral and trion states) have attracted considerable research 

interest.  

This chapter will focus on monolayer MoS2 which is a representative member of 

TMDCs. As illustrated in Figure 6.1, a large valence band splitting in monolayer MoS2 

gives rise to two different valley exciton species, namely the A and B excitons, which are 

associated with the optical transitions from the upper and lower valence band to the 
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bottom of the conduction band, respectively. These two excitons are manifested as the 

dominant peaks in the room-temperature absorption and emission spectra of monolayer, 

and hence are predicted to play a crucial role in the operation of future optoelectronic 

devices. However, the main contribution to the PL quantum yield for monolayer MoS2 is 

from the dominant A exciton emission, while the B exciton emission is much weaker 

with PL intensity of ~20% of the A exciton emission, due to the lower intrinsic quantum 

yield of the B exciton state [5]. Therefore, improving the PL quantum yield of this B 

exciton state is essential for potential applications such as highly efficient light emitting 

diodes, solar cells and photodetectors.  

 

Figure 6.1: Schematic of band structure in monolayer MoS2 in the K valley. The 

arrows represent the optical transitions associated with the A (red) and B (blue) excitons, 

respectively. CB: conduction band; VB: valence band.  

 

Although various plasmonic nanostructures have previously been used to enhance 

the PL in monolayer MoS2 [6,140–143], the reported enhancements are only 2-60 folds 

and these structures generally require intensive nanofabrication. Additionally, most 
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attention has been limited to the enhancement of the A exciton emission. Although 

several previous reports have observed an enhancement in the B exciton emission as a 

side effect of enhancing the A exciton emission, the observed enhancement of 2-25 folds 

is very low [141,156]. Moreover, very little is known about the relationship between the 

nanocavity resonance and the PL enhancement factor in monolayer MoS2. In the previous 

Chapter 5, I have described a plasmonic nanocavity based on a nanopatch antenna design, 

which can enhance spontaneous emission rate, maintain a high quantum efficiency and 

achieve directional emission when emitters, such as dye molecules or colloidal quantum 

dots, are coupled to the gap region. The large aspect ratio between the small vertical 

dimension (<10 nm) and the larger horizontal dimension (~75 nm) of the nanocavity 

makes it ideal for the integration of MoS2 monolayer.  

In this chapter, the film-coupled plasmonic nanocavities are used to selectively 

control the A and B exciton emission in monolayer MoS2 [18]. The results described in 

this chapter were first reported in Ref. [18]. The geometry of the plasmonic structure is 

described in section 6.2. A custom-built bright/dark field confocal microscope is used for 

single cube scattering and PL measurements and the details about our experimental setup 

are given in section 6.3. By utilizing two resonant modes of the plasmonic nanocavity, 

large PL enhancements of the A and B exciton emission are achieved in monolayer MoS2 

as described in section 6.4. Moreover, by tuning the nanocavity resonance across the 

emission spectrum, the emission peaks are strongly modified by the nanocavity as shown 

in section 6.5, exhibiting a correlation between the nanocavity resonance and the 
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emission wavelengths. Last, section 6.6 shows the relationship between the PL 

enhancement factor and the nanocavity resonance for the A and B excitons, respectively. 

 

6.2 Sample description 

The sample geometry is illustrated in Figure 6.2. First, a 75 nm gold film is 

deposited onto a silicon substrate using electron-beam evaporation at a deposition rate of 

2 Å/s with 5 nm of chromium as an adhesion layer. Then, 5 nm of Al2O3 layer is 

deposited on the gold film via atomic layer deposition (ALD), acting as the dielectric 

spacer layer. Monolayer MoS2 is synthesized using chemical vapor deposition (CVD) 

method, similar to the samples that are used in Chapter 4. After MoS2 monolayers are 

obtained on the substrate, they are transferred to the Al2O3-coated gold film using a 

polydimethylsiloxane (PDMS) stamping method [157]. 2 μL of DI water is drop-casted 

onto a 2-mm-thick PDMS stamp, and the droplet is pressed against the MoS2 onto the 

growth substrate. Then, the PDMS stamp is peeled off with the MoS2 monolayer attached 

and is subsequently pressed against the Al2O3-coated gold film. After the PDMS stamp is 

peeled off, monolayer MoS2 is left behind on the top surface of the Al2O3 layer. 

Next, 10 μL of cationic poly(allylamine) hydrochloride (PAH) (3 mM) droplet is 

deposited using a micropipette onto a region of the substrate that contains MoS2 

monolayers. After 5 min, the droplet is removed using the micropipette, followed by 

several washes with 10 μL of DI water droplets. The silver nanocubes are synthesized as 

described in the previous chapter 5.2, with sizes ranging from 50 nm to 75 nm as labeled 
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in Figure 6.2 (b). A 3 nm poly(vinylpyrrolidinone) (PVP) layer is coated around the 

nanocubes, which is a byproduct of the nanocube synthesis. The density of the deposited 

nanocubes should be sufficiently low to allow optical measurements of individual 

nanocubes. After a 1,000-fold dilution, a 5 μL droplet of the nanocube solution is 

deposited onto the region coated with PAH layer, to which the nanocubes adhered. After 

15 min, the nanocube droplet is removed using a micropipette, followed by several 

washes with 10 μL of water droplets. 

The total gap thickness d in this nanostructure is ~10 nm, which consists of a 5 

nm Al2O3 layer, a MoS2 monolayer (~0.7 nm), a 1 nm PAH adhesion layer and a 3 nm 

PVP coating. Additionally, a control sample of monolayer MoS2 on a thermal oxide SiO2 

(300 nm)/Si substrate is also fabricated.  

 

Figure 6.2: Sample schematic. (a) 3D illustration of the plasmonic nanocavity, 

consisting of silver nanocubes of varying sizes on top of a gold film, separated by an 

Al2O3 layer, a MoS2 monolayer and a polyelectrolyte adhesion layer. (b) Cross-section 

schematic illustration of the fabricated nanocavity sample. Adapted from Ref. [18].  
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6.3 Experimental setup 

All of the optical measurements are performed using a custom-built bright-

field/dark-field confocal microscope. The schematic of the experimental setup is shown 

in Figure 6.3. The light source for the scattering measurement is a spectrally broad lamp 

with emission from the visible to the near-infrared. White light is coupled into the collar 

of a 100x, NA = 0.9 dark-field objective, and the scattered light from the sample is 

collected by the same objective and imaged on an electron multiplying digital camera. As 

seen in Figure 6.4, individual nanocavities are identified as the bright spots under dark-

field illumination imaging. The different colors of the spots represent the varying 

resonances of each film-coupled nanocube’s associated fundamental cavity mode. The 

edges of the monolayer MoS2 flake appear as blue outlines due to light scattering. The 

light scattered from the nanocavities was imaged through an intermediate pinhole 

aperture onto an imaging spectrograph to obtain the scattering spectrum and identify the 

resonance wavelength. 
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Figure 6.3: Schematic of the home-built optical microscope for measuring single 

nanocavities. TL indicates Thorlabs and NF indicates New Focus. 

 

For PL measurements, the excitation source was a Ti:sapphire laser with an 80 

MHz repetition rate and a 150 fs pulse length, which pumped an optical parameter 

oscillator (OPO) to produce wavelengths from 400 to 640 nm. The output of the OPO 

was then coupled to a single-mode fiber. The collimated fiber output was passed through 

a defocusing lens and then imaged onto the sample plane, creating a ~20 μm spot. The 

2D fluorescence image is collected using the same objective and imaged on an electron 

multiplying digital camera (Hamamatsu EM-CCD, model C9100). We then only selected 
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cavities that both exhibited PL under this widefield excitation and simultaneously 

possessed a resonance between 590 to 680 nm, as determined from the dark-field 

measurement.   

 

Figure 6.4: Dark-field microscope image of the fabricated sample. The edges of MoS2 

monolayers appear as the blue outlines and the bright spots represent individual 

nanocavities. The scale bar is 5 μm. Adapted from Ref. [18].  

 

For quantitative PL measurements, the defocusing lens was removed, and the 

laser was focused to a diffraction-limited spot on the nanocavity. Monolayer MoS2 on 

gold in area far from the nanocavity exhibits very weak PL and contributes <10% of the 

total PL signal. The PL was collected by the objective, passed through a 550 nm long-

pass fluorescence filter and detected by a HR550 Horiba Jobin Yvon spectrometer and 

Symphony charge coupled device (CCD) camera. Every time the excitation wavelength 

was changed, the fiber output was recollimated to ensure that the laser focal spot 

remained confocal.   
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As a reference, we first measure the intrinsic PL spectrum from the control 

sample, as shown in Figure 6.5. The spectrum can be fitted into two Lorentz-shaped 

peaks, corresponding to the A and B excitons at 1.87 eV and 2.01 eV, respectively. Their 

associated optical transitions in the K valley are illustrated in Figure 6.1. We should note 

that in the broad room-temperature emission spectrum, it is difficult to distinguish the A 

exciton and A- trion peaks as they are only ~20 meV apart [67]. Thus, we fit all the PL 

spectra in this chapter to two Lorenz-shaped A and B exciton peaks. 

 

Figure 6.5: Normalized PL spectrum of monolayer MoS2 control sample on the 

SiO2/Si substrate. The measured spectrum (black line) is fitted to A and B exciton peaks 

at 1.87 eV and 2.01 eV, respectively (dashed lines). Adapted from Ref. [18]. 

 

6.4 Selective enhancement of exciton emission 

The film-coupled plasmonic nanocavity has an ultra-small effective mode volume 

[ 3)/(001.0 nVeff λ≈ ], so that light can be well confined in the sub-10 nm gap of the cavity, 
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resulting in a large electric field enhancement (>100) across the gap along the out-of-

plane direction as well as weaker, but still important field enhancement (~10) in the 

plane. Previous full-wave finite-element simulations show that the fundamental mode of 

the plasmonic nanocavity is dipolar, whereas the first harmonic is quadrupolar [5]. The 

two modes are spectrally separated by several hundreds of nanometers across the visible 

spectrum but also exhibit good spatial overlap. Thus, when a MoS2 monolayer is 

integrated to the plasmonic nanocavity, a large PL enhancement can be achieved with the 

combination of the enhanced absorption at the first harmonic cavity resonance and the 

enhanced PL quantum yield at the fundamental cavity resonance. Additionally, it is also 

found that the fundamental resonance changes significantly with nanocube size and gap 

thickness while the second-order resonance remains almost unchanged at ~420 nm. 

Therefore, by tuning the fundamental cavity resonance to the exciton energies, we can 

selectively enhance the emission of multiple excitonic states in monolayer MoS2, 

including the weakly emitting exciton species such as the B exciton. Because the second-

order cavity mode barely changes with the nanocube size and the gap thickness, the same 

excitation wavelength of 420 nm is used for all of the PL measurements in the following 

experiments. 

The relationship between the nanocube size, gap thickness and the plasmon 

resonance has been well established previously [16,15]. Typically, a plasmonic 

nanocavity with a 10 nm spacer layer, consisting of 5 nm Al2O3 layer, a MoS2 monolayer, 

1 nm adhesion layer and 3 nm PVP coating, combined with a 75 nm nanocube leads to a 
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resonant wavelength of ~650 nm, which is around the intrinsic A exciton emission peak 

(663 nm), as observed on the thermal oxide SiO2/Si substrate [16,15]. Likewise, a 

nanocavity with a 10 nm spacer layer and a 65 nm nanocube has a resonant wavelength 

of ~620 nm, close to the intrinsic B exciton peak (616 nm) [15,16]. 

 

Figure 6.6: Selective enhancement of A and B exciton emission. (a) Schematic 

illustration of the nanocavity sample with nanocube sizes. (b) PL spectra from a MoS2 

monolayer on SiO2/Si (black) and a MoS2 monolayer in the nanocavity containing a 75 

nm nanocube (red), mostly enhancing the A exciton emission peak (vertical dashed line). 

The measured dark-field scattering spectrum of this nanocavity is shown in the blue 

curve. (c) PL spectra from a MoS2 monolayer on SiO2/Si (black) and a MoS2 monolayer 

in the nanocavity containing a 65 nm nanocube (red), mostly enhancing B exciton 
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emission peak (vertical dashed line). The measured dark-field scattering spectrum of this 

nanocavity is shown in the blue curve. Adapted from Ref. [18]. 

 

At 420 nm excitation, a nanocavity with a plasmon resonance at 676 nm exhibits 

a 53-fold enhancement in the A exciton peak intensity and a 7-fold enhancement in the B 

exciton peak intensity, as shown in Figure 6.6. The enhancement factors here refer to the 

ratio of the fitted A or B exciton peak intensities from the nanocavity sample (red curve) 

to the control sample (black curve) at the same excitation power and using the same 

diffraction-limited laser spot, which are not normalized to the area under a single 

nanocube. The white-light scattering spectrum for this particular nanocavity is displayed 

in Figure 6.6 (b) (black curve). Its fundamental mode at 676 nm shows a good overlap 

with the A exciton peak, thus mostly enhancing the A exciton peak intensity. Likewise, a 

nanocavity with a plasmon resonance at 611 nm (blue curve) is resonant with the B 

exciton peak as shown in Figure 6.6 (c). Consequently, a 211-fold enhancement in the B 

exciton peak intensity is observed while the A exciton peak intensity exhibits a 17-fold 

enhancement relative to the control sample.  

In addition to the enhancements in the peak intensities, the shape and particularly 

the position of both emission peaks are strongly modified by the nanocavity. Notably, a 

dominant B exciton peak is observed in Figure 6.6 (c), which is in stark contrast to the 

intrinsic PL spectrum of monolayer MoS2 which features a strongly dominating A 

exciton emission in Figure 6.5. Additionally, from Figure 6.6 it is seen that coupling 
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monolayer MoS2 to these plasmonic nanocavities causes the emission peaks to be tuned 

towards the cavity resonance. 

 

6.5 Tuning the emission spectrum of monolayer MoS2 

In this section, we show how far the emission peaks can be tuned from their 

intrinsic values and the effect of varying the nanocavity resonance on the A and B 

exciton emission spectra. To reveal the effect of the nanocavity resonance on the shifted 

PL emission peaks, the PL spectra are investigated at a number of cavity resonances 

using three different batches of nanocubes with an average nanocube size of 50 nm, 65 

nm and 75 nm. The distribution of the nanocube edge length L in the each batch allows us 

to investigate a wide range of nanocavity resonances across the emission spectrum from 

590 nm to 680 nm. 

As can be seen in Figure 6.7, the shape of the emission spectrum is observed to be 

strongly modified by the nanocavity. Depending on the plasmon resonance, resλ , the PL 

spectrum exhibits a dominant A exciton peak, a dominant B exciton peak, or both exciton 

peaks, as displayed in the different panels in Figure 6.7. The intrinsic PL emission 

spectrum from the control sample is shown in the top panel for comparison.  
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Figure 6.7: Modification of monolayer MoS2 emission spectrum. Shifted PL emission 

peaks relative to the control sample when monolayer MoS2 is coupled to nanocavities 

with varying resonances. The plasmon resonance ( resλ ) for each individual nanocavity is 

indicated by the arrow in each panel. Each PL spectrum is fitted to two Lorentz-shaped 

peaks (dashed gray lines), correlating to the A (at lower energy) and B (at higher energy) 

exciton peaks. The top panel is a measured PL spectrum of a MoS2 monolayer on the 

SiO2/Si substrate as a reference. Adapted from Ref. [18]. 

 

To explore the shift of the A and B exciton peaks individually, all the PL spectra 

are fitted to two Lorentz-shaped peaks as shown by the dashed gray lines in Figure 6.7. 

We regard the fitted peak with lower energy as the A exciton peak and the peak with 

higher energy as the B exciton peak. The extracted peak emission wavelengths, emλ , for 
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the A and B excitons are shown as a function of the nanocavity resonance, resλ , in Figure 

6.8. The bubble size indicates the ratio of the A or B exciton peak intensity to the overall 

intensities, which are IA/(IA+IB) for the red data points and IB/(IA+IB) for the blue data 

points. By tuning the nanocavity resonance from 590 nm to 680 nm, most data points 

appear around the dashed gray line that represents emres λλ = , which indicates that the 

emission peak wavelengths of both A and B excitons closely follow the nanocavity 

resonance. The A exciton peak shifts over 40 nm while the B exciton peak exhibits a 25 

nm shift relative to the intrinsic emission wavelengths. While the intrinsic A and B 

exciton energies are not modified by the nanocavity, the nanocavity enhances different 

parts of the broad room temperature emission peaks depending on the plasmon 

resonance, thus resulting in a relative shift in both emission peaks. 

 

Figure 6.8: Plots of the fitted emission peak wavelength ( emλ ) for both A and B 

exciton peaks as a function of the nanocavity resonance ( resλ ). The bubble size relates 

to the ratio of the A and B exciton peaks intensity to the overall intensities. The positions 
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of A ( IntrinsicA,λ ) and B ( IntrinsicB,λ ) exciton peaks from the control sample is labeled by 

the red and blue dashed lines, respectively. The dashed gray curve shows where 

emres λλ = . Adapted from Ref. [18]. 

 

6.6 PL enhancement factor and nanocavity resonance 

To reveal the effect of the nanocavity resonance on the PL enhancement of the A 

and B exciton peaks, we examine the fitted peak intensities as a function of the 

nanocavity resonance in the range of 590 nm to 680 nm. From full-wave 

simulations [16,17,138], the field enhancements depend on the lateral position of the 

emitter under a single nanocube, with the largest enhancements near the corners of the 

nanocubes. Thus, in order to quantitatively estimate the enhancement, the average PL 

enhancement factor across a single cavity is defined as 

 

cav
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where cavI  is the PL intensity from the cavity and 0I  is the PL intensity from MoS2 on 

the thermal oxide. Compared to the values that was mentioned in Figure 6.6, the 

enhancement factors here are scaled to the ratio of the diffraction-limited excitation laser 

spot size spotA ~ (350 nm)2 to the area under an individual nanocube cavA ~ L2, where L is 

the nanocube edge length as labeled in Figure 6.2 (b). Furthermore, we correct for the 

fact that the diffraction-limited focal spot on the sample is smaller at shorter wavelengths. 
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Thus, <EF> gives the average enhancement in PL per unit area of MoS2 monolayer. To 

obtain plasmon resonances that span the entire emission spectrum, three different batches 

of nanocubes are used in the experiments, with average nanocube sizes of 50 nm, 65 nm 

and 75 nm. Hence, a different value of L is used to calculate the enhancement factor 

<EF> for individual nanocavities depending on the specific batch of nanocubes that is 

addressed. 

By varying the nanocavity resonance across the emission spectrum, the average 

enhancement factor <EF> as defined in Eq.(6.1) exhibits a strong correlation with the 

nanocavity resonance for both A and B exciton peaks, as shown in . Although all the 

nanocavities have the same gap thickness of ~10 nm, the measured PL intensities for the 

A and B exciton peaks vary from near background levels to enhancements of more than 

three orders of magnitude. In particular, the largest enhancement factors for both peaks 

occur at the nanocavity resonances that are slightly red-shifted relative to their intrinsic 

emission peaks from the control sample. The maximum enhancement of <EF> = 1,200 

for the A exciton peaks occurs at a nanocavity resonance of resλ = 670 nm (665 nm for the 

intrinsic A exciton), while the maximum enhancement of <EF> = 6,100 for the B exciton 

peak occurs at resλ  = 625 nm (616 nm for the intrinsic B exciton). In contrast to the 

factors mentioned in Figure 6.6, these enhancement factors are normalized to the area 

under an individual nanocube. 
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Figure 6.9: Relationship between PL enhancement factor and nanocavity resonance. 

The circles represent the PL enhancement factor <EF> for individual nanocavities, which 

is normalized to the area under a single nanocube as defined in Eq.(6.1), as a function of 

the nanocavity resonance for both A (red) and B (blue) exciton peaks. The highest 

enhancement factor is 6,100-fold for the B exciton peak and 1,200-fold for the A exciton 

peak. The normalized PL spectrum of a MoS2 monolayer on the SiO2/Si substrate is 

shown in the dashed green area. Adapted from Ref. [18]. 

 

As can be seen, when the nanocavity is resonant with the B exciton peak, we can 

enhance the inherently weak B exciton emission significantly such that the B exciton 

peak dominates the overall PL spectrum of monolayer MoS2. This large B exciton 

emission is attributed to the intrinsically low quantum yield of that state. When coupled 

to the nanocavity, the final quantum yield of the A and B exciton emission is determined 

by the radiative efficiency of the nanocavity which has previously been found to be 
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~50% [16]. Since the intrinsic PL peak intensity of the A exciton is about 5 times of the 

B exciton peak as shown in Figure 6.5, a ~5 times larger enhancement factor is expected 

for the B exciton emission relative to the A exciton emission, which has been observed in 

our experiment in Figure 6.9.  

 

6.7 Conclusion 

In conclusion, we have observed a maximum enhancement factor of 6,100-fold 

for the intrinsically weak B exciton peak and a maximum enhancement factor of 1,200-

fold for the A exciton peak when MoS2 monolayer is coupled to a plasmonic nanocavity. 

The PL enhancement factors for both A and B exciton peaks exhibit a strong correlation 

with the resonance wavelength of the fundamental mode of the nanocavity. Additionally, 

strong modifications of the A and B exciton peak wavelengths are demonstrated by 

tuning the nanocavity resonance across the emission spectrum 

For the first time, we observe a dominant B exciton peak in the PL emission 

spectrum of monolayer MoS2 when the nanocavity is resonant with the B exciton. 

Efficient light coupling and the tunability of emission peaks in these low-dimensional 

nanoscale materials may facilitate highly efficient optoelectronic devices such as 

photodetectors, light-emitting diodes and photovoltaics. Moreover, benefiting from the 

colloidal fabrication technique, our observations may lead to the design of large-scale and 

inexpensive nanophotonic devices with more efficient and tunable excitonic emission. 
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These are all key elements towards realizing fully integrated on-chip nanoscale networks 

based on hybrid structures composed of different low-dimensional materials.   
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Chapter 7    Conclusion 

This dissertation has explored the valley dynamics and various excitonic states in 

monolayer TMDCs, as well as demonstrated selective control of excitonic states using 

tunable plasmonic nanocavities. To perform these experiments, polarization-resolved PL 

spectroscopy and time-resolved Kerr rotation measurements were employed at 

temperatures from 10 K to room temperature. Moreover, a custom-built bright-field/dark-

field confocal microscopy setup was also utilized to address the scattering and 

fluorescence signals from individual plasmonic nanopatch antennas.  

First, an exfoliated WSe2 monolayer was measured using temperature- and 

polarization-resolved PL spectroscopies in Chapter 3. The origin of the exciton, trion and 

localized states has been probed via excitation power, temperature and polarization 

dependencies. Compared to other members of TMDCs, a stronger electron-phonon 

coupling strength and impurity-related scattering process was observed for monolayer 

WSe2. Furthermore, a multi-level model developed for conventional semiconductors was 

successfully applied to monolayer TMDCs for the first time, which explained the 

dynamics of various excitonic states and revealed a lower bound for the exciton binding 

energy. These results provide insight into the dynamics of excitonic and localized state in 

monolayer WSe2, which is an important step towards material optimization for potential 

optoelectronic applications. 
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In Chapter 4, time-resolved Kerr rotation measurements allowed us to investigate 

the valley dynamics of monolayer TMDCs in the time-domain using femtosecond pump 

and probe pulses. By varying the time delay between the pump and the probe pulses, the 

temporal evolution of the valley polarization was mapped out. Excitation wavelength 

dependent measurements revealed the origin of the observed Kerr rotation in monolayer 

MoS2, which is induced by the population imbalance between the two valleys and is 

linearly proportional to the valley polarization in the materials. Biexponential decay 

valley dynamics was observed for both MoS2 and WSe2 monolayers at low temperatures. 

While the fast decay component was associated with a rapid exciton depolarization time, 

the slow decay components showed different underlying mechanisms for the two 

materials. Additionally, the spatial distribution of valley dynamics across MoS2 

monolayers showed weaker Kerr rotation intensities near the edges, which might result 

from quenched exciton emission near the grain boundaries or a disordered edge region 

formed in the CVD growth process.  

These Kerr rotation experiments elucidate the valley dynamics of more complex 

excitonic species, such as the trion and the localized state, which help us to gain a deeper 

understanding of the coupling mechanisms between different valleys and with their 

environment. Moreover, the valley-dependent properties are attractive for potential 

applications in information processing. As similar to the spin, coupling 2D TMDCs to 

optical cavities and making use of the valley-dependent selection rules may realize an 

efficient information transmission over long distances. In addition to probing the valley 
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dynamics over large areas, the spatially-resolved Kerr rotation can also be used to detect 

the spin and valley accumulations on the edges of a Hall bar. 

These rich excitonic states and valley dynamics make monolayer TMDCs 

promising candidates for nanophotonic and optoelectronic applications. However, the 

intrinsic weak absorption and low quantum yield in monolayer TMDCs has suppressed 

their potential to make practical devices. One way to overcome these problems is to 

integrate them with plasmonic cavities. In Chapter 5, a plasmonic nanocavity based on 

the nanopatch antenna design was demonstrated, which can achieve large spontaneous 

emission enhancement as well as maintain a high quantum efficiency and obtain 

directional emission. When emitters with an intrinsic long lifetime were embedded in the 

gap of the plasmonic cavity, over 1,000-times emission rate enhancement was obtained 

while the quantum efficiency was more than 50%. Incorporating colloidal quantum dots 

into the plasmonic nanocavity enabled an ultrafast and efficient spontaneous emission 

source with an emission rate exceeding 90 GHz. Additionally, a metasurface absorber 

based on the nanopatch antennas showed nearly complete absorption, with resonances 

ranging from visible to near-infrared wavelengths.  

Finally, a MoS2 monolayer was coupled to the gap region of this plasmonic 

nanocavity as described in Chapter 6. By overlapping the fundamental mode of the cavity 

with the emission and the second-order mode with the absorption of monolayer MoS2, a 

large PL enhancement could be achieved. When the nanocavity resonance spanned the 

emission spectrum, we observed a 1,200-fold enhancement in the A exciton emission and 
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a 6,100-fold enhancement in the B exciton emission. Moreover, a strong modification of 

the PL emission spectrum was observed, showing a strong correlation between the 

emission wavelength and the nanocavity resonance. Contrary to the intrinsic PL spectrum 

which has a dominant A exciton peak, a dominant B exciton peak was observed when the 

nanocavity is resonant with the B exciton emission.  

From previous full-wave simulations, the calculated electric field enhancement 

depends on the lateral position of the emitter under the nanocube, with the largest field 

enhancements exceeding 100 near the edges of the nanocubes for dipoles oriented along 

the out-of-plane direction [5,16,17,138]. However, the dipole orientation of monolayer 

MoS2 is mostly along the in-plane direction. Thus, by optimizing the position and 

orientation of the emitter dipoles via chemical or other means, even larger PL 

enhancements are possible. For example, the interlayer exciton in the WS2/MoS2 

heterostructure has a nearly vertically oriented dipole. When this heterostructure sample 

is coupled to the plasmonic nanocavity, a large PL enhancement of ~10,000 could be 

observed for the interlayer exciton. Additionally, while previous work mainly focused on 

the single nanocavity, the PL emission and quantum yield enhancements of these 

plasmonic cavities can be achieved over large macroscopic areas because of the colloidal 

fabrication technique. By increasing the nanocube density, the collective effect of 

neighboring nanocavities can be harnessed to further increase the optical response. 

The large PL enhancement achieved in this structure can be utilized to increase 

the responsivity of photodetectors based on monolayer TMDCs. The tailored optical 
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properties may lead to the design of novel nanophotonic devices with efficient light 

coupling and tunable emission wavelength. For example, the plasmonic nanocavity can 

be used to enhance the single-photon emission from the defect states in monolayer 

TMDCs. In addition, with monolayer TMDCs acting as the gain medium, this structure 

may lead to a nanoscale laser operating in the visible regime with an ultralow lasing 

threshold. Furthermore, this structure can be integrated with phase transition materials, 

such as using thin VO2 film as the spacer, and an actively tunable device can be achieved 

via thermal switching.  
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Appendix A   Experimental details of 

synthesizing colloidal nanopatch antennas 

 

Caution: Several chemicals (such as concentrated nitric acid – 15.698 M HNO3 

and hydrochloric acid – 6 M HCl) used in these procedures are hazardous. Proper gloves, 

eye protection and other safety equipment must be used. Please refer to the materials 

safety datasheets (MSDS) of all chemicals before use.  

 

A.1 Nanocube synthesis  

A.1.1 Preparation of reagents 

Note: Ethylene glycol (EG) must be anhydrous. Close the EG container’s cap 

whenever it is not used to prevent water absorption. Silver trifluoroacetate (AgC2F3O2) is 

very sensitive to light therefore the AgC2F3O2 solution is prepared in the last step. 

1.1.1. Prepare 1.3 mM sodium hydrosulfide hydrate (NaSH) solution by 

dissolving 1 mg of NaSH in 13.5 mL of EG. 

1.1.2. Prepare 20 mg/mL poly vinylpyrrolidone (PVP) solution by dissolving 0.1 

g of PVP in 5 mL of EG. 

1.1.3. Prepare 3 mM hydrochloric solution by mixing 2.5 µL of 6.0 M liquid 

HCl solution with 4.9975 mL of EG. 
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1.1.4. Prepare AgC2F3O2 solution by dissolving 0.1 g of AgC2F3O2 in 0.8 mL of 

EG. 

 

A.1.2 Equipment setup 

1.2.1. Clean the round-bottom flask (RBF) and its cap with concentrated (70%, 

15.698 M) nitric acid HNO3. Fill the RBF with HNO3 and put the cap on for 30 min. 

Ensure the cap touches the acid.  

1.2.2. After HNO3 acid, clean the RBF and cap again with clean de-ionized (DI) 

water. Use clean nitrogen gas to dry the RBF and cap afterwards. The RBF and its cap 

must be clean and dry.  

1.2.3. Clean a magnetic stirring bar by immersing it in HNO3 for 30 min. After 

HNO3, clean it again with DI water and dry it with clean nitrogen gas. 

1.2.4. Prepare a heating bath. Place a silicone fluid bath on top of a stirring 

hotplate with a well-controlled temperature as shown in Figure A.1 (a). Use an external 

thermometer to monitor the fluid bath temperature. Set the temperature to 150 °C and the 

stirring speed to 260 rpm. 

1.2.5. Mount the RBF with a clamp as shown in Figure A.1 (b). Place the 

magnetic stirring bar (prepared in step 1.2.3) into the RBF.  
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Figure A.1: Equipment setup for Ag nanocube synthesis. (a) A photograph of the 

equipment setup showing the heating bath on top of the stirring hotplate with temperature 

control. (b) A close up of the round-bottle flask (RBF) containing the nanocube solution 

during the synthesis. The setup is located inside a fume hood with proper air ventilation. 

 

A.1.3 Synthesis procedure 

1.3.1. Dip the RBF into the heating bath (approximately 10 mm deep into the 

liquid – see Figure A.1 (a) and (b)). 

1.3.2. Use a micropipette to place 10 mL of EG solution into the RBF. Put the 

cap on the RBF and wait for 20 min. The purpose of this step is to clean the RBF again, 

this time with EG. 

1.3.3. After 20 min, remove the cap and then lift the RBF out of the heating bath, 

pour the 10 mL of EG into a disposal container. Note: The EG solution is hot (150 ºC) 
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and it is recommended to take the entire clamp out (Figure A.1 (b)). Make sure that the 

magnetic stirring bar (see step 1.2.5) does not fall out. 

1.3.4. Put the RBF back into the heating bath (see step 1.3.1). 

1.3.5. Use a micropipette to place 5 mL of EG into the RBF and put the cap on. 

1.3.6. Wait for 5 min. 

1.3.7. Take the RBF’s cap off, use a micropipette to place 60 µL of NaSH (as 

prepared in step 1.1.1 above) into the RBF. Put the cap back on. 

1.3.8. Wait for 2 min. 

1.3.9. Take the RBR’s cap off, use a micropipette to place 500 µL of the HCl 

solution (as prepared in step 1.1.3 above) into the RBF. 

1.3.10. Immediately after the previous step, use a micropipette to place 1.25 mL 

of the PVP solution (as prepared in step 1.1.2 above) into the RBF. Put the cap back on. 

1.3.11. Wait for 2 min. 

1.3.12. Take the RBF’s cap off, use a micropipette to place 400 µL of the 

AgC2F3O2 solution (as prepared in step 1.1.4 above) into the RBF. Put the cap back on. 

1.3.13. Wait for 2.5 hours. Ag nanocubes are forming during this step. If possible, 

during this time, reduce the room light to a minimum. 

1.3.14. After 2.5 hours, turn the heater off but leave the stirring on to avoid the 

fluid burning on the bottom. Use the clamp (shown in Figure A.1 (b)) to raise the RBF 

above the heating bath. Remove the cap. 
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1.3.15. Remove the RBF from the heating bath such that it will cool off faster. 

After ~20 min, add 5 mL of acetone into the RBF. Vortex it in order to mix the solutions 

well. In the end, the total volume of the solution is 12 mL. See Figure A.2 (a). 

1.3.16. Use a micropipette and transfer the final solution to eight smaller 1.5 mL 

plastic tubes. 

1.3.17. Centrifuge these eight tubes at a speed of 5150x g for 10 min. As a result, 

all the Ag nanocubes will be at the bottom of the tubes. Use a micropipette to remove the 

top supernatant, leaving ~100 µL at the bottom of each tube. 

1.3.18. Fill 1 mL of DI water into each of these tubes (obtained from step 1.3.17). 

Vortex and sonicate (5 min) the tubes. Nanocubes are now suspended in mainly DI water. 

1.3.19. Centrifuge again the eight tubes prepared in step 1.3.18 at 5150x g for 5 

min. All the Ag nanocubes will be at the bottom of the tubes. Use a micropipette to 

remove the top supernatant, leaving around 100 µL at the bottom of each tube. 

1.3.20. Fill 1 mL of DI water into each of the tubes obtained from step 1.3.19. 

Vortex and sonicate the tubes. Nanocubes are now suspended in DI water. The final 

nanocube solution obtained from this synthesis is shown in Figure A.2 (b) as an example. 
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Figure A.2: Pictures of the nanocube solution. (a) Nanocube solution after the 2.5 hour 

synthesis and (b) after transfer to smaller tubes and re-suspended in de-ionized water.  

 

A.2 Gold film evaporation  

Note: An electron-beam evaporator was used to deposit gold (Au) films onto 

purchased cleanroom cleaned slides, with chromium (Cr) acting as an adhesion layer. The 

evaporation process takes place inside a vacuum chamber, enabling the molecules to 

evaporate freely in the chamber and then sublimate on the substrate. The operation 

procedure is: 

2.1. Vent the chamber, by pressing “Auto Vent”. 

2.2. Open chamber door and load substrates in the dome. 

2.3. Close the door and pump down by pressing “Auto Pump”, it takes 

approximately one hour for the chamber to pump down until the pressure is below 5×10-6 

Torr. 
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2.4. Edit the recipe. Layer#1: Cr, thickness: 5 nm, deposition rate: 1 

Angstrom/s; layer#2: Au, thickness: 50 nm, deposition rate: 2 Angstrom/s.  

2.5. Upon reaching the desired vacuum level, the deposition process of the first 

metal will automatically start by pressing “Auto Run”.  

Note: During the deposition, the high voltage module is turned on and the voltage 

is 10 kV. Gun rotation module is turned on, and fixture rotation is 20 rpm. After the first 

layer finishes, the system will automatically move to the pocket location of the second 

metal and start deposition. 

2.6. After the entire process is complete, press “Auto Vent” to vent the 

chamber and take the sample out. 

Note: The total thickness of the Au film was 50 nm and the surface roughness was 

measured using an atomic force microscope (AFM) yielding a typical root mean square 

(RMS) of 0.7 nm. No special treatment was performed of the purchased glass substrates 

before Au film deposition.  

 

A.3 Deposition of PE layers  

A.3.1 Preparation of reagents 

3.1.1. For the sodium chloride (NaCl) solution, mix 29 g of NaCl powder with 

500 mL of DI water. 

3.1.2. For the polystyrene sulfonate (PSS) solution, mix 29 g of NaCl powder 

with 500 mL of DI water then add 1.5 mL of the PSS stock solution.  
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3.1.3. For the poly(allylamine) hydrochloride (PAH) solution, mix 29 g of NaCl 

powder with 500 mL of DI water then add 132 mg of PAH.  

 

A.3.2 Layer-by-layer deposition 

Note: PAH is slightly positively charged while PSS is slightly negatively charged. 

As the Au film fabricated in Section A.2 above is slightly negatively charged, a PAH 

layer will be deposited first. The steps below will demonstrate in details how to deposit 

five PE layers: PAH/PSS/PAH/PSS/PAH. 

3.2.1. First, deposit a PAH layer by immersing the gold film (fabricated in 

Section 2 above) into a PAH solution (prepared in step 3.1.3) for 5 min. This results in a 

PAH layer on top of the Au film with a thickness of ~1 nm. 

3.2.2. After 5 min, rinse the Au film + 1 PAH layer with clean DI water.  

3.2.3. Immerse the Au film + 1 PAH layer into a NaCl solution (prepared in step 

3.1.1) for 1 min. 

3.2.4. Immerse the Au film + 1 PAH layer (after step 3.2.3) into a PSS solution 

for 5 min. This results in a PSS layer with a thickness of ~1 nm on top of the PAH layer. 

3.2.5. After 5 min, rinse the Au film + 1 PAH layer +1 PSS layer with clean DI 

water. 

3.2.6. Immerse the Au film + 1 PAH layer + 1 PSS layer into the NaCl solution 

for 1 min. 
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3.2.7. Immerse the Au film + 1 PAH layer + 1 PSS layer into the PAH solution 

for 5 min. This results in another PAH layer with a thickness of ~1 nm on top of the PSS 

layer (prepared in step 3.2.4 above). 

3.2.8. After 5 min, rinse the Au film + 1 PAH +1 PSS + 1 PAH layers with clean 

DI water. 

3.2.9. Immerse the Au film + 1 PAH + 1 PSS + 1 PAH layers into the NaCl 

solution for 1 min. 

3.2.10. Immerse the Au film + 1 PAH + 1 PSS + 1 PAH layers into the PAH 

solution for 5 min. This results in a second PSS layer with a thickness of ~1 nm on top of 

the PAH layer (which was prepared in step 3.2.7 above). 

3.2.11. After 5 min, rinse the Au film + 1 PAH +1 PSS + 1 PAH + 1 PSS layers 

with clean DI water. 

3.2.12. Immerse the Au film + 1 PAH + 1 PSS + 1 PAH +1 PSS layers into the 

NaCl solution for 1 min. 

3.2.13. Immerse the Au film + 1 PAH + 1 PSS + 1 PAH +1 PSS layers into the 

PAH solution for 5 min. This results in another PAH layer with a thickness of ~1 nm on 

top of the PSS layer (which was prepared in step 3.2.10 above). 

3.2.14. Finally, rinse the Au film + 1 PAH + 1 PSS + 1 PAH +1 PSS + 1 PAH 

with DI water and dry the sample using clean nitrogen gas. 
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Note: The total thickness of the five PE layers was measured in air using a 

spectroscopic ellipsometer at incidence angles of 650, 700, and 750, yielding a thickness 

of 5.0 ± 0.1 nm. 

 

A.4 Deposition of Cy5 dye molecules  

4.1. Prepare a 25 µM Cy5 solution with DI water as the solvent. 

4.2. Expose the surface of the sample (which has a series of five PE layers – as 

described in Section A.3 above) to 100 µL of a 25 µM Cy5 solution for 10 min. First 

drop cast 100 µL of the Cy5 solution (prepared in step 4.1) onto the sample surface and 

then place a cover slip on top of the solution drop. Cy5 molecules will incorporate into 

the top PE layers uniformly. 

4.3. After 10 min, rinse the sample with DI water and dry it with clean 

nitrogen gas. 

 

A.5 Deposition of nanocubes to form nanopatch 
antennas (NPAs)  

5.1. Dilute the nanocube solution obtained from Section A.1 by one hundred 

times using DI water to enable the optical study of individual NPAs.  

5.2. Use a micropipette to place a drop of 20 µL of diluted nanocube solution 

(prepared in step 5.1) onto a clean cover slip. Place the sample (prepared in Section A.4 ) 



 

148 

in contact with the cover slip for 2 min. This results in the Ag nanocubes to be 

immobilized on the top terminal PAH layer because the nanocubes synthesized here are 

negatively charged and the top PAH layer is positively charged.  

5.3. After 2 min, rinse the sample with DI water and dry with clean nitrogen 

gas.  

Note: Steps 5.1 - 5.3 describe a procedure to prepare a sample for optical studies 

of single NPAs using a dark field microscope (dark field scattering). To prepare a sample 

for reflectivity measurements, a similar procedure is applied except that in step 5.1 the 

original nanocube solution is diluted by a factor of 1/10 instead of 1/100.  

 

A.6 Optical characterizations 

Note: A custom built optical bright-/dark-field microscope is used in these 

measurements. The NPAs are illuminated by a white light source through a long working 

distance bright-/dark- field objective. The reflected/scattered light from the NPAs is 

collected by the same objective. A pinhole aperture (50 micrometer diameter) is used at 

an image plane to select signal from an individual nanoantenna. A digital camera is used 

to capture a color image. A spectrometer and a charge coupled device (CCD) camera are 

used to acquire spectral data. For fluorescence measurements, a 633 nm continuous wave 

HeNe laser is used for excitation and the signal was spectrally filtered by a long pass 

filter. 
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A.6.1. Dark field scattering spectrum of single NPAs 

6.1.1. Under white light illumination, identify single NPAs on the sample that was 

prepared in Section A.5. Under white light illumination, individual NPAs appear as 

bright, red or pink colored dots. 

6.1.2. Align a single NPA with the pinhole aperture using a translation stage. 

Ensure that the dark field scattering image of the NPA is still observed after the pinhole 

aperture.  

6.1.3. Acquire a spectrum of the scattered light from the NPA using the 

spectrometer and CCD camera with a 1 s integration time. Because the aperture area (50 

µm) is much bigger than the physical size of the NPA (~ 75 nm) the spectrum contains 

scattered light from the NPA in addition to signal from the area surrounding the NPA.  

6.1.4. Move the sample to an area without any NPAs and acquire another 

spectrum with a 1 s integration time. This spectrum represents scattered light from the 

background.  

6.1.5. Remove the sample with NPAs and place a certified reflectance standard 

sample in the setup. Acquire a spectrum of the scattered light with a 0.1 s integration time 

in order to normalize the signal from the NPA.  

6.1.6. Close the pinhole aperture and acquire a spectrum with a 0.1 s integration 

time without any input signal. This spectrum represents the CCD dark counts.  

6.1.7. Calculate the final scattering spectrum of an NPA as follow: 
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NPA scattering

darkCCDlightwhite

backgroundbackgroundNPA

II
II

−
−

= +  
(A.1) 

where  backgroundNPAI + , backgroundI , whitelightI , CCDdarkI  are the scattering spectra measured by 

steps 6.1.3, 6.1.4, 6.1.5 and 6.1.6, respectively.  

6.1.8. Extract the plasmon resonance of the NPA by calculating the centroid of the 

scattering resonance peak.  

 

A.6.2 Fluorescence enhancement of Cy5 molecules by single NPAs 

6.2.1. Under white light illumination, identify single NPAs from the sample 

prepared in Section A.5. In the dark field, individual NPAs appear as bright, red or pink 

colored dots. 

6.2.2. Align a single NPA with the pinhole aperture using a translation stage. 

Ensure that the dark field scattering image of the NPA is detected by the camera placed 

after the pinhole aperture. 

6.2.3. Turn off the white light illumination and turn on the 633 nm continuous 

wave HeNe laser used for excitation. 

6.2.4. Place a 633 nm long pass laser filter in the optical path right before the 

entrance to the spectrometer in order to block any scattered laser light. 

6.2.5. Acquire a fluorescence spectrum of the emission from the Cy5 molecules 

using a 1 s integration time. Because the aperture area (50 µm) is much larger than the 
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physical size of the NPA (~ 75 nm) this spectrum contains emission from both molecules 

embedded in the NPA as well as molecules surrounding the NPA.  

6.2.6. Move the sample to an area without any NPAs and acquire another 

spectrum with a 1 s integration time. This spectrum represents the emission from 

molecules in the background, without any NPAs. 

6.2.7. Prepare a separate sample, which will be used as a control sample, 

following the procedure in Sections A.3 and A.4 where Cy5 molecules are incorporated 

with PE layers on top of a glass slide (without a Au film and Ag nanocubes). 

6.2.8. Acquire a fluorescence spectrum of the emission from Cy5 molecules on 

the control sample prepared in the previous step using a 10 s integration time. 

6.2.9. Determine the fluorescence enhancement factor by using the fluorescence 

spectra measured in steps 6.2.5, 6.2.6 and 6.2.8, taking into account the CCD dark counts, 

normalization by unit area and acquisition times. 
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