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CHAPTER 1 

 

Introduction 

 

1.1 The Upconversion of Light 

Upconversion of light denotes a set of processes by which the frequency of a light signal 

is increased when appropriate materials are exposed to sufficiently intense light fields. Two 

main classes of upconversion are salient to the materials system explored here: harmonic 

generation (HG) and multiple/multi-photon photoluminescence (MPPL).  

Harmonic generation is the process by which a number of identical photons of incident 

light combine parametrically—that is, without energy transfer to or from the system— to 

produce a new photon of light with the energy of the input photons. This produces light with 

frequency that is integer multiples of the input signal (Equation 1).  

∑ 𝜔𝑛
1 = 𝑛𝜔          (1) 

Where n refers to the order of the upconversion process, the simplest of which is the case 

of second harmonic generation (SHG) in which two photons of frequency ω combine to form a 

new photon of energy 2ω. As no energy is lost to the system, the spectral width of the 

upconverted signal will depend on the width of the input signal, and not the properties of the 

upconversion media. However, there is some broadening of the linewidth with the preservation 

of the time-bandwidth product. With multiple photons of input light “consumed” to produce 

each photon of upconverted light, the quantity of upconverted light that is produced will depend 

nonlinearly on the intensity of the input signal. For even-order harmonics to be produced, the 
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upconverting material must not possess a center of inversion symmetry in the crystal structure. 

A general treatment of the role that crystalline symmetry plays in harmonic generation can be 

found in most optics texts, for a particular recommendation, I point the reader to chapter 11 

section 3.2 of Optical Properties of Solids by Mark Fox[1]. 

The conventional approach of nonlinear optics texts [2] describes harmonic generation as 

operating through the generation of higher order polarization components (P(n)) due to the 

intense input of electric fields (E) into the upconverting material, proportional to the nonlinear 

susceptibility χn.  

𝑃(2) = 휀0𝜒(2)𝐸2         (2) 

Where we consider an oscillating electric field of the form: 

𝐸(𝑡) = 휀0𝜒(2)𝐸0
2𝑠𝑖𝑛2(𝜔𝑡)        (3) 

the nonlinear polarization induced by such a field is: 

𝑃(2)(𝑡) =  휀0𝜒(2)𝐸0
2𝑠𝑖𝑛2(𝜔𝑡) =  

1

2
휀0𝜒(2)𝐸0

2[1 − 𝑐𝑜𝑠(2𝜔𝑡)]   (4) 

thus, if the second order nonlinear susceptibility is non-zero, and the material is driven at 

frequency ω, second order polarization will be induced—oscillating at 2ω—leading to the 

generation of second harmonic light. 

The upshot of this view of harmonic generation is that optical stimulation of a material 

with intense electric fields induces dipole polarization components at harmonic frequencies. 

These dipoles can then emit light at that harmonic frequency, or as shall be examined here, they 

can interact with nearby resonators with which they spectrally overlap. Of particular importance 

among the potential interactions that these resonators can experience, is a recently described 
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phenomenon called cascaded third harmonic generation (THG). This process generates 3ω light 

via a two-step process of SHG followed by sum frequency generation (SFG) of the 2ω light 

generated by the SHG and another photon of the fundamental[3]. Each step in the cascaded 

process involved two-photons and thus is dependent on the second-order susceptibility; 

however, three input fundamental photons are required, thus producing a third-order 

dependence on input intensity. This contrasts with a direct mechanism of third harmonic 

generation—in which three photons of ω light combine in a single step to form 3ω light—which 

depends on the third-order susceptibility. These processes are difficult to disambiguate because 

both processes feature third-order dependence on the pump intensity. However, cascaded THG 

benefits from an intermediate harmonic resonance at 2ω to enhance the efficiency of the SFG 

step. Thus, proving the importance of this resonance to the observed enhancement of THG is 

an important indicator for a cascaded THG process.  

___________________________________________________________________________ 

 

Figure 1.1 Diagram of cascaded THG in CuS/Au plasmonic nanoparticle system. 

___________________________________________________________________________  

Multi/multiple photon photoluminescence are upconversion processes by which several 

photons act in concert to produce an excite electrons in a material. These excited electrons then 

decay and emits the energy as one photon, possessing greater energy than one of the individual 

inputs. Multiphoton photoluminescence is this process in which the absorption of the input 

photons occurs simultaneously, with no intermediate electronic excited state, and multiple 
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photon photoluminescence is this process in which the promotion of the electron occurs 

sequentially. These processes produce broadened output spectra, depending upon the lifetime 

of the exciton and relaxation of the excited electron within the conduction band. The response 

order of upconversion via MPPL varies widely, dependent upon the band gap energy of the 

material and the energy of the incident light. Additionally, due to the thermalization of the 

excited electrons before recombination, energy is transferred to the material during the MPPL 

process. Thus, high excitation intensities could lead to heating of the material, potentially 

lowering the optical damage threshold of the system.  

1.2 Upconversion from plasmonic nanoparticles 

Nanoparticulate materials are a class of acute interest for implementation in upconverting 

materials[4]–[6]. Three of the distinguishing properties that such materials possess are: high 

ratios of surface area to volume, localization and intensification of electric fields, and, for films 

of nanoparticles thinner than the wavelength of the light that is exciting them, lack of 

interference effects between the fundamental and upconverted fields.  

The high surface area per unit mass (a result of square-cube law surface-to-volume 

scaling) of nanoparticulate materials is particularly advantageous for second-harmonic 

generation. The requirement of non-centrosymmetry for SHG generally disqualifies metallic 

materials from producing a significant 2ω signal. However, the crystalline symmetry of these 

materials is broken at the surface (due to the missing crystalline plane that would be above the 

material). Thus, for nanoparticulate materials, in which a significant fraction of the atoms are 

situated at surface sites, the non-centrosymmetric requirement is relaxed, and significant even-

order harmonic generation can be measured[7]. This includes cascaded THG, which despite 

having a third-order dependence on input-field intensity, is dependent on the second-order 

susceptibility, and thus is sensitive to the non-centrosymmetry requirement.  
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Another important property of nanoparticulate materials is their propensity to localize and 

intensify electromagnetic fields. There are many examples of processes that lead to the 

localization of electric fields, such as the pseudo-random phenomena that stem from the 

interference of multiple light scattering paths in densely packed, disordered media such as 

substrates for Raman enhancement (SERS). These can boost the nonlinear conversion in 

localized hot spots[8]. Of particular interest for this dissertation, however, are resonant 

enhancement effects within and between plasmonic nanoparticles. Light at resonant 

frequencies can induce collective oscillations of surface charge carriers in sufficiently 

conductive nanoparticulate matter, known as localized surface plasmon resonances (LSPR). 

The coherent oscillation of these charges produces very strong local electric fields at the 

resonant frequency, which, following from Equation 1, induce higher-order polarization 

components. Thus, pumping plasmonic nanoparticles at their resonant frequency increases their 

efficiency in harmonic generation[9],[10].   

____________________________________________________________________________ 

 

Figure 1.2 LSPR excitation by electric field (a) and field intensity distribution around a 

nanoparticle with excited plasmon (b). Copyright 2015 Springer Nature, reproduced with 

permission. 

____________________________________________________________________________ 
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Finally, when nanoparticles are processed into thin films, they avoid one of the major 

design constraints of standard (macroscopic) nonlinear crystals: the requirement for phase 

matching. In macroscopic nonlinear crystals, there is a potential for interference to occur 

between the transmitted fundamental harmonic and the generated second-harmonic, which 

could lead to the negation (via destructive interference) of the 2ω signal. This is caused by a 

phase mismatch between the two frequencies that arises from the dispersion of the nonlinear 

medium. Conversely, appropriate phase matching can lead to the amplification of the generated 

second-harmonic signal. These nonlinear crystals must be thick to obtain a useful quantity of 

upconverted light due to their low efficiency of upconversion; however with appropriate crystal 

thickness and orientation, total conversion efficiencies of 10% are not abnormal. Plasmonic 

nanoparticles, on the other hand, feature high upconversion efficiencies due to resonant 

enhancement. These gains in efficiency allow for reduction of the path length that is required to 

produce an equivalent amount of upconverted light. Thus, nanoparticles can be processed into 

thin films which are not thick enough (with respect to the wavelength, t<<λ) to produce 

significant phase mismatch between the fundamental and harmonics. These thin-film 

nanoparticle material systems are relieved of the constraints on orientation and angle of 

incidence that weigh on standard nonlinear crystals. However, this comes at the cost of 

efficiency due to the lack of constructive interference to amplify the generated harmonic.    
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____________________________________________________________________________ 

 

Figure 1.3 Schematic of SHG in a nonlinear crystal with (a) imperfect phase matching and (b) 

perfect phase matching. Reproduced with permission, Jacopo Bertolotti, 2018. 

____________________________________________________________________________ 

1.2.1 Metallic nanoparticles 

The upconverting properties of a wide variety of metallic nanoparticles have been 

examined[9]. Those relevant to this dissertation are gold nanoparticles. Gold nanoparticles 

feature a surface plasmon resonance that is widely tunable through the visible range through 

tailoring of the particle size and aspect ratio. A wide variety of gold structures has been 

examined for upconversion, including gold nano-spirals by my forerunner in the Haglund 

group, Dr. Rod Davidson[11]. Generally, upconversion in Au nanoparticles requires carefully 

controlling the morphology of the Au structure to tune the LSPR of the structure[12], increase 

surface area, and create asymmetric elements. The Au nanoparticles can also be combined with 

other materials or structures to create coupled systems between the LSPR of the Au and an 
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optical feature of the coupled element[13]. To give just a brief sampling of the deep literature, 

the gold LSPR has been coupled to excitons in quantum dots[14], whispering gallery modes in 

nanorods[15], and the LSPR of other gold nanoparticles [16]. Importantly, Au nanoparticles 

will also exhibit MPPL when they are excited with light that is detuned from the LSPR, which 

arises from intraband transitions[17],[18].  

In contrast to gold, aluminum nanoparticles have only a nascent literature, particularly in 

the subset of synthetically produced Al nanoparticles. That is, aluminum nanostructures 

derived from top-down methods such as e-beam lithography[19] have a relatively well-

established literature, but synthetic routes to Al nanoparticle synthesis have only recently been 

reported [20], owing to the difficulty of managing the highly reactive (pyrophoric) aluminum 

reagents. Whereas gold, as a noble metal, will react to form metallic nanoparticles from its salts 

readily in a large variety of conditions (including, at its simplest, in water under ambient 

conditions with sodium citrate), aluminum is much more sensitive, and will oxidize to form 

Al2O3 unless great care is taken to ensure air-free reaction conditions. Yet, despite the 

difficulty, they exhibit promising surface plasmon resonances stretching throughout the UV-A 

band (320-400 nm) dependent upon the nanoparticle diameter.  

1.2.2 Plasmonic Semiconducting nanoparticles 

A subset of the semiconducting nanoparticles exhibits plasmonic resonances. These 

features arise from a high concentration of charge carriers, either from external dopants, or 

from intrinsic properties, as is the case for CuS. Some examples of self-doped plasmonic 

semiconductors include MoO3, WO3-x [21], Cu2-xS, Cu2-xSe, MoS2, and NiO, [22]. The class of 

doped plasmonic semiconductors is much larger due to the number of combinations of 

semiconductor and dopant, a few of the more common examples include: Cs doped WO3[23], 

TiO2-xHx [24], In doped SnO2[25], and Al doped ZnO[26]. In comparison to metallic 
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nanoparticles, this grouping of plasmonic semiconducting nanoparticles have a paucity of 

articles in the literature about their nonlinear optical properties. Of these materials, 

stoichiometric copper sulfide (CuS, Covellite) was selected for examination. The plasmonic 

resonance of CuS is broad and centered in the near IR [27], with a peak near 1064 nm, the 

wavelength of common Nd:YAG and Nd:glass lasers. This wavelength also places the plasmon 

resonance of appropriately sized gold nanoparticles at the second harmonic of the pump laser. 

This would permit for the examination of harmonic coupling between the LSPR of the CuS and 

gold. The spectral positioning of this LSPR combined with the synthetic expertise of the 

Macdonald group, especially in the phase control of metal chalcogenide nanoparticles 

(including copper sulfides), to make CuS the preeminent candidate for harmonic coupling with 

gold nanoparticles. Notably, the Tao group has examined the role of the surface plasmon 

resonance of CuS in two photon absorption[28], but harmonic generation from CuS was terra 

incognita. 

1.3 Interaction between CuS and Au nanoparticles 

One objective of this work will be to identify the mechanisms through which the gold and 

covellite nanoparticles interact. Coupling between plasmonic resonances is well described in 

the literature, via nonradiative mechanisms such as plasmon-induced resonant energy transfer 

(PIRET) [29]. Coupling between dipoles on the surface of two proximate nanoparticles, as in 

the case for plasmonic nanoparticles, features a characteristic dependence on the distance 

between the two particles to the inverse sixth power. Such direct coupling of surface dipoles 

also depends on the spectral overlap between the two resonances. However, in the CuS/Au 

system explored in this dissertation, there is no spectral overlap between the two LSPRs, nor 

between the gold LSPR and the CuS excitonic absorption. Rather, it is the second-harmonic 

components of the nonlinear polarization induced in the CuS nanoparticles by the pump laser 
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that couple to the LSPR of the gold. This coupling could serve to transfer second-harmonic 

energy from the CuS nanoparticles into the LSPR of the Au nanoparticles non-radiatively, 

which would then participate in a sum frequency generation process with another quantum of 

fundamental harmonic light from the pump laser, leading to the generation of third harmonic 

light in a cascaded process. This coupling would require spatial overlap between the local fields 

of the respective LSPR, thus, we expect that the enhancement effect should depend strongly on 

the separation between the two nanoparticle species. Supporting this hypothesis will rely on 

proving that the harmonic relationship between the two nanoparticles is critical to THG, that 

Au nanoparticles can efficiently generate the sum frequency of the fundamental and second 

harmonic signals (chapter 3), and that the two nanoparticles’ interaction is spatially dependent  

and mediated by surface dipoles (chapter 4).  

Understanding of the fundamental mechanisms that govern the interaction between 

harmonically coupled plasmonic nanoparticles will pave the way for development of these 

materials for nonlinear optical applications in thin films, in which applications standard 

upconverting crystals are poorly suited. Due to the short path length of these applications, the 

amplification by constructive interference between the fundamental and generated harmonic 

available in larger crystals cannot occur in thin films. Thus, the local field enhancement 

available from plasmonic nanomaterials is necessary for usable quantities of upconverted light 

to be produced. Combinations of nano-optic layers have been proposed for application in 

document verification[30] and currency anti-counterfeiting measures[11]. Furthermore, 

upconversion by harmonic generation does not exhibit the spectral broadening that occurs 

during upconversion from MPPL, nor is reliant on comparatively slow electronic transitions.   

1.4 Scope of dissertation 

This dissertation will examine the nonlinear optical properties of multilayer films 
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containing harmonically coupled plasmonic nanoparticles. In particular, the bulk of the text will 

concern a system comprising of layers of CuS and Au nanoparticles, with results from Al 

nanoparticles briefly discussed in a later chapter.  

In the second chapter, the synthesis of CuS and Au plasmonic nanoparticles, their 

fabrication into bilayer films via a simple, scalable bath method, and the multiple sources of 

upconversion that these films exhibit will be described. The nonlinear order of the upconversion 

signals will be analyzed and the efficiency of harmonic generation from the bilayer films will 

be compared to standard nonlinear crystals such as β-barium borate (BBO). The enhancement 

of harmonic generation from the combination of CuS and Au nanoparticles into a bilayer film 

will be demonstrated.  

In the third chapter, the critical role of the harmonic relationship between the LSPR of the 

two types of plasmonic nanoparticles will be explored and the mechanism of harmonic 

generation enhancement through a cascaded SFG process will be discussed. The bilayer films 

exhibit SFG between a fundamental and second harmonic pump beams. An analytic model of 

third harmonic generation from the CuS and Au nanoparticles will be presented that explains 

the observed THG enhancement as occurring due to incoherent surface dipole interactions 

between the two nanoparticle layers.  

In the fourth chapter, the hypothesis of the analytic model that the interaction between the 

harmonic nanoparticles occurs via surface dipole interactions will be supported by experiments 

that add an Al2O3 layer of varying thickness between the nanoparticles. The final section will 

deal with the results from a preliminary exploration of the nonlinear optical properties of 

synthetically produced aluminum nanoparticles. 

In the fifth and final chapter, the dissertation will be concluded, with a summary of the work 
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contained in the preceding chapters and an outlook on the future research prospects for 

nonlinear multiply-plasmonic nanoparticle films. 
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CHAPTER 2 

 

 

Synthesis and nonlinear optical properties of Au and CuS nanoparticles and fabrication 

into bilayer films 

 

 

2.1 Introduction 

 

The second-order nonlinear response of metal nanostructures is a well-known example of 

the effects of both the broken symmetry at surfaces and the resonant enhancement generated 

through localized surface plasmon resonances (LSPRs). Plasmonic resonances of coupled 

metal nanostructures can enhance the non-linear properties of materials through near-field 

dipole-dipole coupling[31],[32] and also enhance the non-linear response of metallic materials 

themselves[12],[33]. In the specific case of second harmonic generation (SHG), further 

enhancements can be achieved by designing nanostructures with additional resonances at the 

fundamental, second harmonic, or both. Examples include arrays of split-ring resonators[34], 

of gold nanofeatures that support Fano resonances[35], and of LSPR active gold nanoparticles 

that couple into optical whispering gallery modes[36]. Enhancement of SHG via two-plasmon 

coupling has also been demonstrated using arrays of differently sized or shaped plasmonic 

features in specific geometric arrangements[37]–[40], or by combining metals with differing 

plasmon energies (e.g. bi-plasmonic heterobimetallic Au/Ag nanorods[41]).  

The complexity of the structures for multiplasmonic enhancement of second harmonic 

generation have driven near-total reliance on lithography to obtain precise control over 

composition, shape, and arrangement of the individual nanostructures. However, lithography 

imposes significant limitations on device geometry and scalability. Alternatively, colloidal 

nanoparticles can provide similar control over composition and shape of the nanostructures and 

yet are also amenable to solution processing and conformal deposition.  

The synthesis of metal nanoparticles with prominent LSPR absorption of varying 

composition and shape, typically of Au, Ag and their alloys, is a maturing field. The narrow-

band LSPRs of these nanomaterials are tunable from the UV through the visible and NIR[42], 
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and have been widely employed for plasmon-enhanced second-harmonic generation. However, 

plasmon resonances in metal nanoparticles tend to be relatively spectrally narrow – and thus 

this strategy for designer coupled plasmonic SHG structures tend to be useful primarily for a 

single input/output frequency pair. 

Heterostructures that couple the plasmon of a metal with the exciton of a semiconductor 

have been shown to enhance the generation of second harmonic light[43],[44]. In this case, 

second-harmonic generation from the semiconductor nanocrystal is enhanced by the local field 

effects of the metal plasmon resonance[45]. These studies showed that separation of the 

semiconductor and the metal components was important, as direct contact between them allows 

inter-facial charge transfer that damps the SHG[46].  

Many semiconductors, including the large family of copper chalcogenides have NIR 

plasmon resonances that can be tuned by changing composition, doping, or morphology[47]. 

These materials have untapped potential in plasmon-plasmon coupled heterostructured 

nanomaterials for second-harmonic generation. Moreover, these semiconductor plasmon 

resonances turn out to be relatively broad[48]. Therefore, a large spectral bandwidth can be 

covered through many potential combinations of semiconductor nanocrystals with an LSPR at 

a fundamental frequency, which couple resonantly to a metal nanoparticle with an LSPR at the 

second-harmonic frequency. These combinations of resonantly coupled plasmonic nanocrystals 

are a promising strategy for broadly tunable emission of upconverted light, with the added 

benefit that the nanoparticle constituents are synthesizable by standard solvothermal techniques 

and solution processable into films.  

Here we demonstrate for first time that plasmonic semiconductors can be used in 

conjunction with metallic nanoparticles to enhance second harmonic generation or other 

multiphoton upconversion mechanisms. We specifically study a heterostructure comprising a 

bilayer of nanoparticle films. The first contains CuS (covellite) nanoparticles which feature a 

broad LSPR in the near infrared (NIR) (λLSPR,CuS = 900-1600) nm and the second layer contains 

gold nanoparticles which feature a visible spectrum LSPR (λLSPR, Au = 510-610 nm), when 

excited by a femtosecond Nd:glass laser (1050 nm).  
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Covellite exhibits electronic properties typical of a heavily doped semiconductor due to an 

intrinsically high concentration of holes (h+). These holes act as positive charge carriers, giving 

covellite a p-type character and a plasmon resonance that absorbs strongly from 900 to 1600 

nm[27]. Plasmonic states in covellite function as intermediate virtual states in two-photon 

absorption, and in coupled plasmon-exciton complexes for two-photon photoluminescence. In 

CuS, the second harmonic of the bluest edge of the plasmon resonance overlaps with the onset 

of excitonic absorption (2.5 eV, 496 nm, just below the conduction-band edge). A three-fold 

enhancement of two-photon photoluminescence in covellite was demonstrated at an excitation 

wavelength of 855 nm, where this plasmon-exciton energy matching condition occurs[28]. 

Excitations at lower photon energies, such as the 1050 nm light used here, are insufficient to 

produce an excitonic state via two-photon absorption.  

However, in the Au-CuS heterostructure, enhanced SHG exceeding the incoherent sum of 

the individual components was still observed for laser excitation at 1050 nm. Upconverted light 

produced by SHG was separated from that produced by multiphoton photoluminescence 

(MPPL) by using appropriate filters; in addition, the full spectrum of upconverted light was 

also measured. Both the MPPL and SHG signals were enhanced by the heterostructure; at high 

pump laser intensities the enhancement of the MPPL was small compared to the SHG. The 

discovery and exploitation of this SHG enhancement with colloidal nanocrystals could lead to 

the development of efficient non-linear materials on planar or non-planar surfaces through 

solution processing, and with further development of the colloidal chemistry, to non-bleaching, 

non-blinking, free-standing, upconversion nanocrystal hybrid systems as biological imaging 

probes and contrast agents. 

2.2 Synthesis and facile bath method of Au and CuS nanoparticles 

Au and CuS nanoparticles were synthesized using standard solvothermal techniques 

(Figure 2.1 a and b). The nanoparticles were then assembled into heterostructured films using 

a facile bath method[49],[50] as diagramed in Figure 2.1c. Descriptions of Au & CuS 

nanoparticle synthesis[27],[51], optical characterization methods, and heterostructure 

characterization are available in Section 3.7.  



16  

___________________________________________________________________________ 

Figure 2.1 (a)TEM and schematics of CuS nanoparticles. (b) TEM and schematic of Au 

nanoparticles. (c) Schematic of the film deposition process. 

___________________________________________________________________________ 

Additionally, a laser-induced annealing effect on the film was observed upon repeated 

exposure of the sample to the laser. Initial decreases in signal leveled off after several exposures 

to the laser permitting stable measurement conditions, as shown in Appendix A.1. These two 

factors were compensated by controlling the focal-spot placement on the sample and ensuring 

pre-measurement exposure for approximately 15 minutes to the laser.  

The anisotropic geometry of CuS nanoparticles allows excitation of both transverse and 

longitudinal plasmon modes; however, CuS exhibit only a single broad, intense extinction band 

due to overlap of the two allowed modes. For Au nanoparticles, the isotropic shape facilitates 

the dominance of a single plasmon resonance centered at 560 nm (Figure 2.2a). The presence 

of Au nanoparticles on the functionalized glass slide was confirmed by both the Au plasmon 

resonance peak (λLSPR, Au = 560 nm) in UV-vis-NIR spectroscopy as shown in Figure 2.2a and 

SEM micrographs (Appendix A.2), which show an even coverage of Au nanoparticles on the 

glass surface. Profilometry indicated the film was multilayered, as the ~30 nm thickness of a 

film layer from the bath method is greater than the diameter of the Au nanoparticles (~7 nm) 

(Appendix A.3). Profilometry also demonstrated that CuS films were approximately twice as 

thick as than those of Au. This ensured sufficient upconverted signal from films containing only 
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CuS nanoparticles, despite their relatively low nonlinear susceptibility.  

___________________________________________________________________________ 

Figure 2.2 (a) UV-vis-NIR spectrophotometry of typical nanoparticle films deposited on glass 

microscope slides. The fundamental wavelength of the pump laser and the second harmonic 

are denoted by gray lines. (b) Illustration of SHG enhancement by plasmonic resonance in 

Au-CuS hybrid film. (c) The nonlinear optical properties experimental configuration.  

___________________________________________________________________________ 

Deposition of CuS onto the sample was confirmed by the broad CuS plasmon extinction 

peak (λLSPR, CuS = 1300 nm) in UV-Vis-NIR spectroscopy. Comparison of the plasmon 

extinction between films containing only Au or CuS nanoparticles and nanoparticle 

heterostructures shows that there is no shift in the linear plasmonic response of either Au or 

CuS (Figure 2.2a). Thus, enhanced nonlinear activity in either species due to shifts in the 

dielectric environment[52] is unlikely. 

 

2.3 Upconversion in Au, CuS, and hybrid nanoparticle films produced by the bath 

method 

The nanoparticle films were exposed to 150 fs pulses from a mode-locked Nd:glass laser 

operating at 1050 nm wavelength, at a pulse repetition frequency of 100 MHz that induced the 

generation of visible upconverted light as illustrated in Figure 2.2c. The beam was attenuated 

with crossed polarizing filters, and the intensity of the visible light monitored with a 

photomultiplier tube (PMT). The PMT was not sensitive in the IR region, with a cutoff around 

700 nm.  

A short-pass optical filter (edge at 720 nm), together with the sensitivity drop of the PMT 

in that spectral region, reduced the NIR signal from the laser fundamental below the detection 

a b c 
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limit. Spectroscopy of a SHG material (BBO), as shown in Appendix A.4, supports this 

conclusion by demonstrating complete attenuation of the fundamental beam and the presence 

of a peak at 525 nm. All nanoparticle films— CuS, Au and the hybrid Au/CuS— demonstrated 

a supralinear intensity response. In addition to SHG at double the frequency of the pump-laser 

fundamental, the LSPR of gold nanostructures, especially gold nanorods and dimers, enhances 

a broad photoluminescence spectrum due to multiple-photon absorption[18]. Multiple-photon 

photoluminescence (MPPL) has been identified as requiring two-, four-, and six-photon 

absorptions although few experiments have been able to separate the influence of two-photon 

SHG from the MPPL components[53]. In contrast to the sharp SHG signal (set by the bandwidth 

of the laser), the MPPL feature is a broad emission feature ranging from ~400-650 nm. Short-

pass and notch filters were used to capture the SHG signal and the MPPL, respectively.  

Films containing only gold nanoparticles produced a strong nonlinear response consistent 

with many literature reports (Figure 2.3a). Second harmonic generation has been demonstrated 

in gold nano-particle arrays, hemispherical gold caps on silica nanospheres, gold dimer nano-

antennas and gold nanorods[33],[54]. However, for the Au nanoparticle films, filtering of the 

upconverted light to capture SHG or MPPL signal demonstrated that only a small contribution 

of the upconverted light was from the second harmonic (Figure 2.3b); instead, most of the 

output was from the MPPL contribution (Figure 2.3c). This is likely because SHG from the 

interior of the gold nanoparticles is improbably due to its inversion symmetry.  

The nonlinear response of the CuS-only films was modest, roughly a factor of 15 less than 

that of the gold films at the strongest laser intensity employed. This is consistent with their 

centrosymmetric structure, which prevents SHG from the bulk, but allows weak surface SHG 

enhanced by its NIR plasmon resonance. Additionally, at 1050 nm laser excitation, two-photon 

absorption is not sufficient to excite valence band electrons of CuS into the conduction band. 

Thus, two-photon absorption followed by SH emission can only proceed via surface or trap 

states in the band gap[55]. Correspondingly, the MPPL contribution from films containing only 

CuS (Figure 2.3c) was much smaller than the SHG contribution (Figure 2.3b).  
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___________________________________________________________________________ 

Figure 2.3 (a) Intensity of the unfiltered visible light generated versus the input laser intensity 

for each film type: Au only (orange), CuS only (green) and heterostructure (blue). (b) Intensity 

of light generated by the films at the second harmonic of the pump laser. (c) Intensity of visible 

light produced by the films not at the second harmonic. This light corresponds to upconversion 

by MPPL. (d) Spectrum of output light produced by nanoparticle heterostructure demonstrating 

upconversion by both higher harmonic generation and multiple photon photoluminescence 

mechanisms. 

___________________________________________________________________________ 

At pump intensities above about 4 GW/cm2, the heterostructure films produced a strong 

nonlinear response. Importantly, the emission from the hybrid films was still greater than the 

incoherent sum of the two components. To quantify the enhancement due to coupling between 

the nanoparticles, the visible light contribution of the nanoparticle components was measured 

as a fraction of the upconverted light produced by the hybrid films. 
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𝜒𝑗 =  
(𝐼𝐴𝑢,𝑗 + 𝐼𝐶𝑢𝑆,𝑗)

𝐼ℎ𝑦𝑏𝑟𝑖𝑑,𝑗
     𝑗 = 𝑆𝐻𝐺, 𝑀𝑃𝑃𝐿, 𝑈𝑛𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑                                 (1) 

Thus, higher values of χj correspond to larger SHG enhancement due to hybridization, because 

less of the hybrid film output is attributable to its nanoparticle components.  

Figure 2.4c plots the values of χj for SHG and MPPL across the pump laser range of 3.5-7 

GW/cm2. The SHG and MPPL signals are enhanced similarly at lower pump intensities, such 

that the values of χSHG and χMPPL are similar. However, at intensities above 6 GW/cm2, the high-

order dependence of MPPL from the Au nanoparticles reflects the increase of upconverted 

signal attributable directly to the Au nanoparticles; this, in turn, drives a decrease in χMPPL. The 

SHG signal does not exhibit a similar change in the order of response as the MPPL signal, and 

thus the magnitude of χSHG, remains constant across the full range of laser intensities.  

To further quantify the enhancement that film hybridization pro-vides, a modification of 

the analytical enhancement factor (AEF) defined by Jais et. al. was used[43].   

𝐴𝐸𝐹 =
𝐼𝐴𝑢−𝐶𝑢𝑆/𝜌𝐴𝑢−𝐶𝑢𝑆

𝐼𝐴𝑢/𝜌𝐴𝑢
                                                                                (2) 

Where I is the SHG intensity and ρ is the optical density of Au nanoparticles at 525 nm. The 

enhancement effect strengthens as the input intensity increases for the SHG signal. At the 

maximum pump-laser intensity (6.64 GW/cm2), the AEF for the SHG signal was 3.3,  
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___________________________________________________________________________ 

Figure 2.4 Double-logarithmic plots of the upconverted light intensity as a function of pump-

laser intensity. (a) Fit for the SHG signal (515-560 nm). (b) Fit for the MPPL signal (560-720 

nm). (c)  The fraction of upconverted signal in hybrid samples that is directly attributable to the 

nanoparticle constituents (χj, Equation 1) for the SHG and MPPL components as a function of 

pump laser intensity. 

___________________________________________________________________________ 

while the AEF for the MPPL signal was 1.7. The measured visible light intensity as a function 

of pump-laser intensity was used to construct a double-logarithmic plot of the data whose slope 

yields the order of the nonlinearity that produces upconversion, the values for the order 

coefficients for the MPPL filtered and SHG filtered data are shown in Table 1 & 2 respectively. 

The variances in the fit coefficients are the ± one standard deviation limits.  

2.4 Multivalent upconversion response order 

Inspection of the log-log plots for the Au films suggests that at the highest pump-laser 

intensities, the order of the nonlinearity increases. This is indicated by the increasing slope of 
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the orange line in Figure 2.4a and b, in the fit to those data above 6 GW/cm2 (Au high). Although 

the Au slope increase occurs in both the MPPL and SHG regimes, it is far more prominent in 

the MPPL regime. This suggests that any observed order increase in the 515-560 nm spectrum 

is due to contribution from MPPL overlapping with the SHG signal. This also explains why the 

order in the SHG regime is greater than two, as would be expected from an SHG signal.  

Spectral overlapping of the MPPL and SHG signals caused the response in that part of the 

spectrum to take on the response characteristics (n>2) of MPPL. This conclusion is supported 

by the spectrum of the upconverted output (Figure 2.3d) which features convolution of the SHG 

and MPPL peaks in the 520-540 nm spectrum.  

___________________________________________________________________________ 

Table 2.1  Values of log-log fitting coefficients for MPPL filtered data (400-502 nm, 

562-700 nm) 

   

 Au film (low) Au film 

(high) 

Au:CuS CuS film 

a -7.42±0.31 -12.3±2.0 -6.84±0.078 -

7.05±0.44 

b 6.17±0.44 12.3±2.5 5.99±0.11 5.03±0.59 

R2 0.96 0.89 0.99 0.91 

 

Table 2.2 Values of log-log fitting coefficients for SHG filtered data (522-552 nm) 

 Au Film Au:CuS CuS film 

a -5.72±0.18 -6.79±0.051 -5.82±0.23 

b 3.57±0.27 5.65±0.075 3.43±0.34 

R2 0.95 0.99 0.91 

___________________________________________________________________________ 
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The mechanism of the enhancement awaits further investigation, in particular using time-

resolved techniques to elucidate the dynamics of the harmonics and the broadband MPPL 

emission. However, we can draw some conclusions. The MPPL mechanism is effective 

especially in gold, as a result of intraband transitions in the sp band that occur concurrently with 

interband d-to-sp transitions to create a d-band hole that serves as the final state for an sp-to-d 

interband transition[18]. The SHG and THG signals, on the other hand, arise from virtual 

transitions originating in the d band in gold, where they are quite efficient; a similar mechanism 

must be operative in the CuS, but to judge from the relative yields in Fig. 3(a)-(c), must be much 

less efficient, even though the hole-rich valence band in CuS might seem to enable virtual multi- 

or multiple-photon transitions.  

The enhancement mechanism may be modeled by thinking of the planar components of the 

heterostructure as resonant, coupled cavities in close but not intimate contact, with the CuS 

nanodisks resonant near the fundamental frequency of the laser, the gold nanoparticles at the 

second harmonic. The coupling is weak; with a coupling constant on the order of 10-12 if it 

scales with the relative upconversion intensities in Figs. 3(b)-(c). Moreover, this is evidently 

not the entire story, because the largest broadband MPPL signal arises from the heterostructure, 

and this is not explainable either by the combination of intraband and interband transitions seen 

in gold, or by excitonic transitions – which cannot be accessed at these pump-photon energies. 

In particular, the broadband MPPL signal does not extend into the ultraviolet where the THG 

signal is observed.  

It is interesting to compare the efficiency of SHG from the hybrid nanoparticle films to that 

of SHG from β-barium borate (BBO), perhaps the most widely used nonlinear harmonic-

generating crystal. For laser intensities below the SHG enhancement threshold (4 GW/cm2), 

normalized to the thickness of the sample and laser power squared, the BBO and hybrid 

nanoparticle films have nearly equivalent (2.2::1 Au/CuS:BBO) SHG per unit thickness. On the 

other hand, at the highest measured pump intensity (6.64 GW/cm2), when the intensity of SHG 

is normalized to sample thickness and the square of the pump-laser intensity, the hybrid 
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nanoparticle film has almost an order of magnitude greater yield per unit thickness than BBO 

(9.2::1). This is about twice the volume-normalized yield from lithographically fabricated gold 

Archimedean nanospirals[11]. Since the second-harmonic yield is also proportional to the 

effective second-order susceptibility deff, this implies that the hybrid bi-layer has deff~13 

pm/V.  

Nanoparticle films containing only Au and CuS nanoparticles were also evaluated. For 

films with the same optical density of nanoparticles as the hybrid sample, normalized by length 

and laser power squared, the nanoparticle films produced modestly more second harmonic light 

than BBO (2.8::1), and the CuS nanoparticle films produced less visible light than BBO (0.2::1). 

This further highlights the relatively low nonlinear response of CuS nanoparticles when excited 

at 1050 nm without the presence of the Au nanoparticles. Optimization of the films and 

nanocrystal orientation, density, and interlayer spacing is expected to further improve this 

material property. 

 

2.5 Conclusion  

 

In summary, Au nanospheres have a plasmon resonance at the second harmonic of the 

fundamental plasmonic resonance of CuS nanoparticles. Hybrid CuS/Au nanoparticle 

heterostructures exhibited an analytic enhancement factor for the second harmonic signal of 

3.3, exhibiting greater second harmonic yield than the sum of either nanoparticle film alone. 

This suggests that there is a coupling effect between the plasmon resonance of the CuS 

nanoparticles and the Au nanoparticles. The presence of Au nanoparticles attenuates the bleach 

of the CuS nonlinear absorption in hybrid films. The hybrid films exhibit greater upconversion 

efficiency per unit thickness than BBO, a high-performance nonlinear crystal.  

This work demonstrates that a thin film heterostructure that places semiconducting and 

metallic nanoparticles in close proximity can enhance nonlinear optical properties by coupling 

of plasmons. Such a material system has important advantages for nonlinear optical materials, 

in that plasmon-plasmon processes are ultrafast compared to excitonic processes and the ease 
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with which the nanoparticle films can be fabricated via solution processing. Many plasmonic 

metal and semiconducting combinations can be envisioned with plasmon bands ranging from 

the NIR to the UV, making this design highly tunable. In this particular system, the plasmon 

resonance at the fundamental is centered on the favored wavelength for dispersionless 

propagation in the telecommunications band. In these nanoparticle films, phase matching is not 

required. This development in nanocrystal-based nonlinear optical materials will allow reduced 

size of optical components, reaching toward the domain of planar nano-optical devices. Further 

exploration of the dependence of SHG yield on the interaction distance between coupled 

plasmonic elements, the effect of coupling between plasmonic elements on the third-harmonic 

generation, and of alternative material systems will allow increased understanding of the 

fundamental mechanisms that govern coupling between plasmonic nanoparticles. 
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CHAPTER 3 

 

 

The dependence of THG upon plasmonic harmonicity 

 

3.1 Introduction 

 

 Metal nanostructures have been widely employed to enhance nonlinear optical 

processes, such as second harmonic generation (SHG),[38],[56],[57] third harmonic generation 

(THG), [10],[58],[59] and multiphoton photoluminescence (MPPL) [17],[18],[60]. Metal 

nanoparticles with their high electron polarizabilities, intense optical resonances and high 

surface-to-volume ratio, become effective substrates for optical phenomena that occur on 

surfaces. As examples, when excited with an intense light field, the localized surface plasmonic 

resonances (LSPR) generates gigantic local electric fields, enhancing Raman signals of nearby 

molecules, or yielding high upconversion efficiency. Plasmonic properties can be varied by 

material and structural factors,[61],[62] in addition to bimetallic alloys [63],[64]. 

 Increasingly complex coupled systems have been prepared that demonstrate strong 

nonlinear response enhancement, especially for coupled semiconductor and metallic nanoparticle 

systems [43],[52],[65]. In such systems, for example, the metal nanoparticles modify the 

nonlinear response of the semiconductor nanoparticle via coupling between the plasmonic 

resonance and excitons in the semiconductor [45]. Our complementary approach has been to 

examine the enhancement of the harmonic generation of a heterostructured film comprising of 

plasmonic semiconductor and plasmonic metallic nanoparticles separated by a thin layer of 

insulating ligands. In contrast to plasmon-exciton approaches, dually resonant systems feature 

additional local electric field enhancement from both nanoparticles, further increasing harmonic 

generation efficiency [66],[67]. 

 An emerging class of these biplasmonic structures feature plasmonic resonances that 

harmonically couple to each other, that is, such that one resonance is energetically located at a 
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excitation fundamental and the other resonance located at a harmonic of the excitation energy 

[68]–[70]. These systems have promise as platforms for efficient and thin-film harmonic 

generators. A CuS nanostructured thin film with uniform distribution has been prepared with a 

simple and cost-effective chemical bath deposition method (CBDM) show high quality of optical 

and electric properties [71]. The LSPR peak of CuS can be tuned by electrochemical reduction 

[72]. Besides CBMD, many deposition methods have been reported [73],[74]. 

 CuS belongs to a class of heavily doped colloidal nanocrystals of metal chalcogenides 

that exhibit both semiconductor and plasmonic behavior. Their plasmonic behavior originates 

from the collective oscillation of excess free carriers associated with constitutional vacancies, 

leading to a NIR plasmon resonance. Moreover, the LSPR features of metal chalcogenide 

nanoparticles are controlled by their geometric parameters, such as size, shape and in addition to 

the constitutional free carrier density determined by the particular stoichiometric composition 

and crystal structure [47],[75],[76]. Covellite CuS possesses semi-metallic character due to a 

large concentration of delocalized holes in the valance band from stoichiometric constitutional 

S2- vacancies. The extinction band of CuS results from the convolution contributions of a weak 

out-of-plane and a dominant in-plane dipolar LSPR mode[77],[78]. These modes can be 

separated by a change to the crystal orientation or the incident light polarization [27]. 

 The LSPR of metallic gold are from the collective oscillation of Fermi-edge electrons. 

The resonant energy is tunable from the UV through to the near-infrared predominantly by 

changing geometry: shells, aspect ratio, shape, and alloying with other elements. Particle size can 

also tune the LSPR, as red-shifted quadrupolar resonances become increasingly important for 

large particles [79]–[81]. The size of the nanoparticle also effects the dephasing time of the 

collective resonance, with spherical particles larger than 50 nm producing long dephasing times, 

on the order of tens of fs. Very small nanoparticles, with diameter less than 3 nm, are not large 

enough to feature near field effects. Instead, excitation decays into hot electrons within 1 fs. 

Intermediate sizes, such as the 15 nm particles predominantly examined here, feature dipolar 

LSPR with medium dephasing times that decay into hot electrons [82]. 

 Resonant excitation of LSPR can enhance SHG [83]. Such enhancement has been 
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demonstrated in various structural designs of gold nanoparticles: split-ring-resonators,[34] arrays 

of gold nanorods,[84],[85] a single dimer of gold nanospheres,[86] and hybrid plasmon-fiber 

cavity systems [87]. However, few studies have been reported on the enhancement of harmonic 

generation from Au nanoparticles in conjunction with harmonically resonant plasmonic 

semiconductor nanoparticles such as the hybrid Au/CuS nanoparticle films that we explore 

herein. This combination has the potential for dual plasmonic structures in which the resonances 

are spectrally located such that a harmonic relationship exists between the excitation energies of 

their respective LSPR.  

 Previously, we observed that Au/CuS bilayer nanoparticle films enhanced the yield of 

second-harmonic light by a factor of 3.3 compared with the sum of constituent nanoparticles on 

their own [88]. Additionally, these films exhibited signals from several upconversion pathways, 

including SHG, THG and MPPL peaks. It was expected, that, as a third order process, THG 

would be far less intense the second order SHG; yet, in these initial studies, it was noted that the 

third harmonic signal was similar in intensity as the second harmonic signal. This observation 

suggested that the plasmonic interactions between Au and CuS nanoparticles were serving to 

enhance THG as much or more than the enhancement of SHG. Which is consistent with other 

plasmonic nanoscale systems, due to their large third order polarizability and centrosymmetry[9] 

. Additionally, a THG process derived from plasmonic interactions has the advantage of 

occurring within the context of ultrafast processes, which means that there is no delay due to the 

thermalization and recombination steps as occurs plasmon-exciton coupled systems. The peak 

excitation frequency of Au/CuS bilayer heterostructures is also centered near the telecom O- and 

E-bands, meaning that it can be integrated into thin-film optical modulators for fiber 

telecommunications making for exciting applications of such structures in ultrafast 

communication technologies. 

 Herein, we demonstrate that the dominance of THG or MPPL upconversion 

mechanisms can be switched by the detuning of CuS or Au plasmon resonance from the harmonic 

condition. Additionally, to separate THG from possible degenerate sum frequency generation 

(SFG), a dual beam setup with both fundamental (frequency ω) and second harmonic (frequency 
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2ω) beams was constructed [89],[90]. By changing the ratio of ω:2ω intensity, we observed for 

the first-time simultaneous excitation of the LSPR of both nanoparticles in the Au/CuS 

nanoparticle films. This simultaneous excitation increased the efficiency of THG, lowering the 

detection onset threshold (the lowest power at which signal could be measured above the 

background). Finally, a dipole-dipole interaction analytic model for the enhancement of THG 

from Au/CuS bilayer heterostructured films is presented. The behavior predicted by the model 

closely matches experimentally measured data, suggesting that interactions of surface dipoles 

between nanoparticles is an effective approach to understanding the upconversion properties of 

Au/CuS films. 

3.2 CuS orientation effects on upconversion mechanism 

 

Au nanoparticles of were synthesized following literature precedent in several sizes: 

3nm,[91] 15 nm,[51] and 100 nm [92]. The gold nanoparticles of 3 and 100 nm diameters, 

which were synthesized in water, needed to be transferred to an organic solvent for film 

deposition. This was accomplished following a transfer ligand-based approach to give surface 

capping of octadecylamine [93]. Likewise, CuS nanoparticles were synthesized using well 

established approaches. These disk-shaped nanoparticles had an average diameter of 15 nm and 

were capped with oleylamine. Nanoparticles were deposited sequentially onto glass slides 

using spin coating to form bilayer films. The structure of the films and optical properties were 

confirmed through Scanning Electron Microscopy in secondary electron and backscatter 

detection modes (Appendix B.1) and UV-vis-NIR spectrophotometry, respectively. The 

thickness of the films was 120 nm as measured using profilometry (Appendix B.2). These 

methods confirmed the bilayer structure of the nanoparticles on the glass, as well as the 

presence of the thick, encapsulating layer of oleylamine ligand surrounding the nanoparticles. 

The ligand layer is critical to preventing the nanoparticle layers from coming in direct contact; 

were this to occur, then the nanoparticles will quench each other’s LSPRs,[94] preventing 

harmonic coupling. In the bilayer films reported on here, the oleylamine layer separates each 

nanoparticle from its neighbors by a few (3-10) nanometers, forming a somewhat diffuse layer 
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of nanoparticles whose density is dependent upon the number of oleylamine molecules that 

intercalate between the nanoparticles. While there is considerable variation in the spacing of 

the nanoparticles from one to the next, over the length of the spot size of the laser (10 μm) 

there is an averaging effect which homogenizes the upconversion response at various sampling 

points across the film.  

The processing conditions under which CuS nanoparticles were deposited had a large 

impact on upconversion properties. If nanoparticles were drop-cast onto a substrate (with Au 

nanoparticles already situated thereupon) and allowed to dry into a layer, the LSPR was blue 

shifted compared to the colloidal measurement. SEM and in-plane XRD indicated that the CuS 

disks would orient face-to-face and lie in stacks on their edges. The particle stacking had the 

effect, causing the blue-shifted, out of plane (axial) mode of the plasmon resonance to become 

the predominant resonance (Figure 3.1a) [27]. This blue shift caused the LSPR of CuS to no 

longer align with the excitation frequency of the laser. Thus, this change in processing 

effectively detuned the surface plasmon from the resonant condition. Upon stimulation by a 

1050 nm laser, the detuned sample exhibited the broad emission peak characteristic of MPPL 

(Figure 3.1b). Without the resonant enhancement from the surface plasmon at the fundamental 

frequency, harmonic generation was not efficient enough to be detected at the excitation 

intensities available in our experiment (6.7 GW/cm2).  

In contrast, when CuS nanoparticles were added to the films through spin-coating, SEM 

(Figure 3.1c,d) indicated the particles were mostly aligned with basal planes parallel to the 

surface. The LSPR centered at 1300 nm indicated that the in-plane (transverse) mode 

dominated the profile of the LSPR. With laser excitation at 1050 nm, a signal centered on 3ω 

was measured, although it was not possible with only this experiment to determine of this 

signal resulted from THG or SFG. While THG and SFG typically have a narrow line width 

dictated by the laser’s characteristics, in these experiments wide slit setting was used on the 

monochromator to measure these data to maximize the signal-to-noise ratio, resulting in an 

artificially broadened peak. In short, the tuning and detuning of the CuS plasmon resonance 

indicates that coincidence with the laser fundamental is a necessary component in bi-plasmonic 
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systems to observe the strong 3ω signal indicative of harmonic generation, instead of only 

MPPL. 

______________________________________________________ 

Figure 3.1 (a) UV-vis-NIR spectrophotometry of two heterostructure films deposited on 

glass microscope slides: Au with CuS in axial orientation (blue), Au with CuS in transverse 

orientation (green). (b) Spectra of output light produced by the two nanoparticle heterostructures. 

(c) SEM images of CuS nanoparticles with axial orientation produced by drop casting. The green 

lines highlight the edges of select nanodisks as a guide to the eye. (d) SEM images of CuS 

nanoparticles with transverse orientation produced by spin coating. 

____________________________________________________________________________ 

3.3 Au nanoparticle size effects on THG enhancement 

  The tuning of the plasmon resonance of Au nanoparticles was also integral to the 

efficiency of harmonic generation. Spin coated films were prepared with Au nanoparticles of 3, 

15, and 100 nm diameters. The amount of third harmonic light produced by these films was 

measured, then identical layers of CuS were coated on top of the Au nanoparticle layers. This 

allowed for comparison of the extent to which the LSPR of the Au nanoparticles of differing 

sizes interact with the LSPR of CuS. The selected sizes of Au nanoparticles were chosen because 

of their have significant differences in their collective plasmon oscillations (Figure 3.2a). The 15 

nm Au nanoparticles exhibited narrow, dipolar LSPR with its peak centered at λ=550 nm. This 

resonance corresponds most closely to the second harmonic of the stimulating laser (and thus the 

second harmonic of the plasmon resonance of the CuS nanoparticles). The 100 nm Au 
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nanoparticles had a broader resonance than the 15 nm particles, and the peak absorption 

wavelength was shifted towards the red in addition to longer dephasing times (tens of fs) and 

broadband scattering. Conversely, 3 nm diameter Au nanoparticles have a very low absorbance 

cross section and have very short dephasing times (1 fs) such that the excitation quickly decays 

into hot electrons, precluding an LSPR absorbance peak [95],[96]. 

 The efficiency of the generation of 3ω light (350 nm) from heterostructured films 

containing 3, 15, and 100 nm diameter Au nanoparticles varied widely. Films containing 15 nm 

Au nanoparticles and CuS nanoparticles demonstrated the strongest signal at the third harmonic, 

with a 20x factor of enhancement over the sum of the light produced by Au and CuS on their 

own (Figure 3.2b). The LSPR of the 15 nm Au nanoparticles closely aligns with the harmonic 

condition (Au LSPR at 2ω) that produces enhancement of harmonic generation.  

 In stark contrast, films with 100 nm diameter Au particles produced a much more 

modest amount of third harmonic light. Indeed, there appeared to be no enhancement effect, as 

films with 100 nm Au and CuS nanoparticles produced only as much third harmonic signal as 

the sum of their parts. The LSPR of the 100 nm Au nanoparticles is detuned from the harmonic 

condition, and this appears to inhibit harmonic coupling of the CuS and Au plasmonic resonances 

(Figure 3.2c) which is needed for efficient production of 3ω light. Similarly, films containing 3 

nm Au and CuS nanoparticles also only generated as much third harmonic light as the sum of 

each nanoparticle layer on their own, once again suggesting that there is no enhancement by 

bringing nanoparticles into proximity unless they also satisfy the harmonic condition. The 3 nm 

particles feature very low LSPR absorbance, and so again, the harmonic condition between the 

CuS (LSPR at laser fundamental ω) and Au (at 2ω) seems to be necessary for enhancement of 

the signal at 3ω. Notably, third order dependence was measured for samples at all sizes of Au 

nanoparticles (Appendix B.3). On their own, the 100 nm Au nanoparticles generated less 3ω 

light than 15 nm Au particles on their own by a factor of five at the highest excitation intensity. 

3 nm diameter Au nanoparticles also produced a lesser quantity of upconverted light than 15 nm 

diameter particles by a factor of 1.5. Taken together, these results strongly suggest that 
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enhancement of 3ω signal only occurs when the plasmon resonance of the Au is energetically 

situated at the second harmonic of the laser. The enhancement of harmonic generation, then, is a 

resonant effect mediated by the LSPR and thus is size dependent, rather than having its origins 

in crystallographic or macroscale material properties.    

____________________________________________________________________________ 

Figure 3.2 (a) UV-vis-NIR spectrophotometry of three size Au films deposited on glass 

microscope slides. Intensity of the THG signal generated by 1050 nm excitation as a function of 

the input laser intensity for films with different Au nanoparticle diameters and CuS in the 

transverse orientation (b) dAu=15nm (c) dAu=100nm (d) dAu=3nm 

____________________________________________________________________________ 

3.4 Dual simultaneous excitation of Au and CuS nanoparticles in a hybrid film 

 

With the integral role of the harmonic positioning of the LSPR in Au and CuS 

nanoparticles confirmed, the question remained of how the upconversion of the light to the 

third harmonic was occurring in the bilayer films, as two separate mechanisms were likely. 

Ambiguity existed between a direct THG process (ω + ω + ω = 3ω) and a degenerate cascaded 

process (ω + ω=2ω then ω + 2ω = 3ω); a cascaded THG process would explain why the third 

harmonic signal was similar in intensity compared to the second harmonic in our previous 
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study due to the second order nature of the SHG and SFG steps [88]. Both the cascaded and 

direct THG possess an order of 3, thus further experimentation was required to disambiguate 

between the two processes by testing the possibility of SFG in the nanoparticle bilayer films 

directly using separate ω and 2ω beams[3]. 

The films were contemporaneously stimulated with both 1050 nm (ω) and 525 nm (2ω) 

light by the use of a beam splitter and a high-efficiency frequency doubling crystal, β-barium 

borate (BBO), in an approach similar to the demonstration of SFG in other nanostructured 

materials (Figure 3.3a) [89]. This approach decouples the SHG and SFG steps in the cascaded 

THG process, allowing for direct testing for the capability of the nanoparticle films to perform 

the second (SFG) step in cascaded THG. Simultaneous excitation at 1050 nm and 525 nm 

directly induces surface plasmon resonances in the CuS and Au, respectively. With both 

plasmon resonances actively stimulated, the yield of light at the third harmonic increased 

greatly with respect to single beam stimulation at the same intensity, from the addition of the 

SFG signal (Figure 3.3b).  

Excitation at 2ω in addition to the ω stimulation enhanced generation of 3ω light in these 

bi-plasmonic systems across varied intensities of w and 2w. These experiments were performed 

by decreasing the reflectance: transmittance ratio in the beam splitter, which in effect lowers 

the relative amount of 1050 nm light and increases the quantity of 525 nm light, causing an 

increase in the light yield at 3ω. Indeed, even comparing dual beam excitation with different 

mixes of components, the mix with more 2ω excitation produced a greater quantity light at 3ω 

(50:50 BS curve is above 70:30 and 100:0 at the same laser intensity).  

The use of the 50:50 split in the excitation beam stands out, as this mixture has overall low 

power as a result of losses in the beam splitter and during the upconversion process. A mixture 

of linear and nonlinear components produced an overall order of 1.68 with respect to the ω 

intensity (Figure 3.3c). This mixture is composed of SFG (first order with respect to ω) and 

MPPL (6th order, see chapter 2) mechanisms producing 350 nm light under this excitation 

condition. The presence of the MPPL signal is demonstrated in Appendix B.4.  
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____________________________________________________________________________ 

Figure 3.3 (a) A simplified diagram of the experimental dual-beam setup. BS= Beam splitter, 

HS= Harmonic separator, BPF=350 nm Bandpass filter. Red line is 1050 nm fundamental 

beam, green is 525 nm (2ω) beam, and blue 350 nm (3ω) beam. (b) Intensity of THG output 

generated by hybrid films as a function of fundamental beam intensity after beam splitter for 

different R:T ratio beam splitter: 100:0 (red—power of 2ω 0 μW), 70:30 (blue—power of 2ω 

beam 185 μW), 50:50 (orange—power of 2ω 300 μW). (c) Double-logarithmic plots of THG 

intensity as a function of pump laser intensity. 

____________________________________________________________________________ 

With the feasibility of SFG in CuS-Au nanoparticle bilayer films established, the observed 

enhancement of THG due to the presence of a harmonic plasmon resonance suggests that a 

cascaded mechanism of SFG seeded by SHG is responsible, rather than enhancement of a 

direct THG process. To examine the validity of this explanation, we built a dipole-dipole 

interaction analytic model and observed its correspondence with experimental measurements. 

To set about building an analytic description of the harmonic generating properties Au-CuS 

nanoparticle bilayer films, we considered the effect of the electric field of each nanoparticle 

upon the other nanoparticle. In an approach akin to that taken for similar heterogenous 

nanoparticle ensembles [65],[97], coherence between the LSPR fields was not considered 

because the dephasing time of the plasmons are much shorter than the duration of the pump 

pulse, meaning that the resonances very quickly lose coherence and thermalize—due to 

electron-electron collisions—once the pump pulse ends. 

3.5 Analytic model of THG enhancement from harmonic relationship between 
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plasmonic nanoparticles 

 

To examine the validity of this explanation, we built a dipole-dipole interaction analytic 

model and observed its correspondence with experimental measurements. To set about building 

an analytic description of the harmonic generating properties Au-CuS nanoparticle bilayer 

films, we considered the effect of the electric field of each nanoparticle upon the other 

nanoparticle. In an approach akin to that taken for similar heterogenous nanoparticle ensembles 

[65],[97], coherence between the LSPR fields was not considered because the dephasing time 

of the plasmons are much shorter than the duration of the pump pulse, meaning that the 

resonances very quickly lose coherence and thermalize—due to electron-electron collisions—

once the pump pulse ends. 

The full derivation and model details are available in Supporting Section S2. In brief, the 

far-field intensity of the third harmonic (ITHG) output by the bilayer system will be the sum of 

the 3ω signal originating from each component. 

𝐼𝑇𝐻𝐺
ℎ𝑦𝑏𝑟𝑖𝑑

= 𝐼𝑇𝐻𝐺
𝐴𝑢 + 𝐼𝑇𝐻𝐺

𝐶𝑢𝑆          (1) 

Each component in turn, will be dependent upon the intensity of the electric fields around 

them. For example, the CuS nanoparticles will have terms for fields from the laser pump beam 

(Ip
3) and the LSPR field of the Au nanoparticles (IAu

3), but also the cross terms between the Au 

LSPR and the pump beam (Ip
2IAu and IpIAu

2). Scaling factors ΠAu/CuS are needed to account for 

the extinction coefficients of the particles at the pump frequency (we expect ΠAu to be much 

smaller than ΠCuS at w and vice versa at 2w judging from their absorbance spectra). Thus, the 

general statement for THG from the Au-CuS nanoparticle system is: 

𝐼𝑇𝐻𝐺
ℎ𝑦𝑏𝑟𝑖𝑑

= [𝛼𝑐𝑠𝑡
𝐴𝑢𝛬𝑎𝑢
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6𝐼𝐶𝑢𝑆

3} +
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3}]   (2) 

𝐸𝑠𝑝𝑝
𝐴𝑢 = 𝛱𝐴𝑢𝐸𝑃              𝛱𝑎𝑢 =

𝑉𝐴𝑢𝑔𝑙

4𝜋𝑟3
휁𝐴𝑢                        (3)               

𝐸𝑠𝑝𝑝
𝐶𝑢𝑆 = 𝛱𝐶𝑢𝑆𝐸𝑃             𝛱𝑐𝑢𝑠 =

𝑉𝐶𝑢𝑆𝑔𝑙

4𝜋𝑟3 휁𝐶𝑢𝑆                           (4) 

αcst, Λ, and Fppp are constants relating the charge carrier density and mobility of Au and CuS as 
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well as nanoparticle size and spacing to the nonlinear susceptibility of these materials Equation 

5. 

  𝜒𝑝𝑝𝑝
𝐴𝑢 =

2𝜇21
3 𝑝𝐴𝑢

𝑉𝐴𝑢∈0ℏ3 (𝛬𝐴𝑢
3 𝐹𝑝𝑝𝑝

𝐴𝑢 )                  (5) 

Equation 2 implies a bilateral relationship between the two nanoparticles, with each 

nanoparticle enhancing the local electric fields for the other nanoparticle. Thus, we see that 

Equation 2 is composed of two components, one of which represents THG from the Au 

nanoparticles—with intensity terms from the pump beam and the local field of the CuS 

LSPR—and the other of which represents THG from CuS nanoparticles, again with intensity 

terms from the pump beam and the Au LSPR.  

Under single beam excitation at 1050 nm (ω), the absorbance of the Au plasmon is 

negligible, equation 2 Simplifies to: 

𝐼𝑇𝐻𝐺
ℎ𝑦𝑏𝑟𝑖𝑑

= [𝛼𝑐𝑠𝑡
𝐴𝑢𝛬𝑎𝑢
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4𝐼𝐶𝑢𝑆

2𝐼𝑝 + 𝛱𝐶𝑢𝑆
6𝐼𝐶𝑢𝑆

3} +

𝛼𝑐𝑠𝑡
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3}]             (6) 

 because the ΠAu terms are near zero due to how far off 1050 nm stimulation is from the Au 

resonance. Under dual-beam excitation all of the terms of Equation 2 are nonzero, and it is the 

additional terms containing ΠAu which account for the increase in measured THG in the dual-

beam mode. 

The importance of the harmonic condition between the LSPR of Au and CuS nanoparticles 

is explicable with the simple model of the superposition of two waves (with the same group 

velocity) and different frequencies,[98]  f1 and f2. This approach models near-field coupling 

between the respective LSPR of the nanoparticles as opposed to the treatment provided in 

Appendix B.5, which considers the LSPR as acting incoherently upon each other. This 

resulting superimposed wave has greater amplitude than the input waves (Equation 7), in which 

the amplitude term (Em) has doubled.  

𝐸(𝑥, 𝑡) = 𝐸𝑚 cos(𝑘1𝑥 − 𝜔1𝑡) + 𝐸𝑚 cos(𝑘2𝑥 − 𝜔2𝑡) = 2𝐸𝑚 cos [
𝑘1−𝑘2

2
𝑥 −

𝜔1−𝜔2

2
𝑡] cos [

𝑘1+𝑘2

2
𝑥 −

𝜔1+𝜔2

2
𝑡]        (7) 
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In the resulting expression, the amplitude envelope of the resulting oscillation is controlled 

with the first cosine term. This means that the amplitude profile (beat frequency) is largely 

controlled by the difference in frequency, which is consistent with the rotating wave 

approximation in nonlinear optics, invoked above (Equation 8) [99]. 

𝑓𝑏𝑒𝑎𝑡 = (𝑓1 − 𝑓2)          (8) 

Thus, when the resonant frequencies of the two oscillations are in a harmonic relationship 

(f1 = 2f2) the beat frequency is the same as the frequency of the fundamental oscillation (fbeat = 

f2). Due to the increase in amplitude of the superimposed wave, this has the effect of enhancing 

the electric field intensity. Notably, if the resonances are tuned away from the harmonic 

condition, then the beat frequency will not match the fundamental frequency and would not 

enhance the excitation intensity as effectively, as there lacks coherence between the resonant 

mode and the excitation pulse. If we apply this approach to the plasmonic resonances of Au 

and CuS nanoparticles in a bilayer film, treating the LSPR as dipolar oscillations (as above) 

each of which are actively being pumped at their respective resonant frequencies— as is the 

case for the simultaneous dual beam excitation condition, but not in the 1050 nm only 

excitation— then the beat frequency is the same as the resonant frequency of the CuS 

nanoparticle (fbeat= 285.5 THz, 1050 nm). Thus, the amplitude of the electric field at ω is 

enhanced by the presence of the Au LSPR, which concomitantly increases the quantity of THG 

from the CuS.  

The upconverting properties of the Au/CuS bilayer heterostructure are accurately predicted 

by the model. In particular, the third harmonic enhancement effect in samples containing 15 nm 

Au nanoparticles (as measured experimentally) were reproduced by plotting Equation 2 with 

ΠAu and ΠCuS as fitting parameters (Figure 3.4a). The validity of the obtained values these 

coupling constants was confirmed by separate calculation from the known values of the 

physical constants (Appendix B.5). We see that the simple addition of signal from films 

containing Au and CuS separate from each other, without the Iau & ICuS terms that come from 

the local field of one nanoparticle’s plasmonic resonance acting on another nanoparticle, is 

lower than the combined film, in which the nanoparticles interact. Indeed, the relative quantity 
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of enhancement closely matches experimentally measured increase from having both 

nanoparticles. The spectral width of the output THG signal is also agrees with experimentally 

measured values (Figure 3.4c). Using the spectral profile of the pump laser and plugging the 

arbitrary intensity thereof at a variety of wavelengths into Equation 1, then plotting the THG 

output intensity for these wavelengths, the spectral width of the experimental results was 

closely matched.  

3.6 Conclusion 

 

Thin bilayer films containing Au and CuS nanoparticles, with surface plasmon resonances at 

the frequency of a pump laser (CuS) and at the second harmonic (Au), respectively, exhibited 

enhanced THG over the individual films as a result of dipole-dipole, incoherent interactions 

between the nanoparticles. Using the dipole approximation, an analytic model that accounts for 

both the action of the Au LSPR on harmonic generation in CuS and the action of the CuS 

LSPR on harmonic generation in Au accurately predicts the upconversion properties of these 

bilayer nanoparticle films. Additionally, the process-property relationships between the 

deposition-controlled orientation of the CuS nanoparticles and the output spectrum were 

explored. It was found that CuS nanoparticles, stacked face-to-face (with their edge facing out), 

showed a blue-shifted LSPR compared to face-up nanoparticles. This difference in excitation 

energy corresponded to the disappearance of the 3ω signal in the output spectrum, indicating 

that the LSPR of the nanoparticles was critical to the upconversion mechanism. Similarly, 

shifting the Au plasmon resonance by changing the nanoparticle diameter in different bilayer 

films shows that the enhancement effect due to the Au nanoparticle can be eliminated if the 

resonance of the particles is not resonant with second harmonic of the pump beam. This also 

supports the assertion that the interactions between the Au and CuS nanoparticles in these films 

are mediated by their LSPRs. Moreover, direct excitation of the Au LSPR at 2ω with 

simultaneous excitation at the CuS plasmon resonance at ω demonstrated efficient sum 

frequency generation This suggests that the plasmon resonance of Au enhances the generation 

of 3ω light in a cascaded THG process. 
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_________________________________________________________________________ 

Figure 3.4 Correlation between experimental results and predicted values from dipole-dipole 

analytic model. (a) THG signal as a function of input intensity from predicted from analytic 

model for: 15 nm diameter Au & CuS nanoparticle hybrid film (solid green) and Au 

nanoparticle only (dashed purple). Experimental data from bilayer films are plotted as circles 

and data from single species films with diamonds. (b) The predicted output intensity of 

upconverted light at various wavelengths, diamonds are experimental data. Line theoretical fit 

centered on 3ω with a fitting full width at half max of 25 nm. 

_________________________________________________________________________ 

To further explore the fundamental mechanisms that govern interactions between 

harmonically resonant plasmonic nanoparticles, the effect of the properties of the gap between 

the two nanoparticle layers should be investigated. Directly probing the nanoparticle interface 

with localized measurement techniques such as near-field spectro-microscopy will potentially 

yield insights into the coupling mechanism that governs the enhanced harmonic generation. 

Off-resonant excitation from an optical parametric amplifier (OPA) would allow us to explore 

the various upconversion mechanisms that these films, and possibly demonstrate switching 

between generation of harmonics and MPPL. Finally, the concept of harmonic interactions 

between plasmonic nanoparticles for upconversion can be extended to three-plasmon systems 
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or engineered multilayers to increase higher-order harmonic generation and overall efficiency 

of these systems.  

3.7 Experimental methods 

 

Nanoparticle Synthesis & Film Deposition 

Nanoparticles of CuS and Au were synthesized as described in previous 

reports[88],[91],[92] (Equations 9 and 10). For the 3 and 100 nm Au nanoparticles, which were 

synthesized in H2O, an additional ligand exchange step was necessary to prepare them for film 

deposition. 

  

 

 

In this procedure, 400 mg of octadecylamine (Sigma-Aldrich, 90%) was dissolved 10 mL of 

CHCl3 with 1 mL of Dodecanethiol (Sigma-Aldrich, 98%) and placed in a separation funnel. 

To this solution, 20 mL of as synthesized aqueous colloidal Au was added and vigorously 

mixed. The layers separated after 3 minutes, and the nonpolar layer (now containing the Au 

nanoparticles) was extracted. This colloidal suspension was then cleaned by a centrifugation 

procedure in which 35 mL of ethanol were added and then centrifuged at 8000 rpm for 5 

minutes. The supernatant was decanted, and the pellet of nanoparticles was redissolved in a 

small amount of toluene. This procedure was performed twice. Deposition of nanoparticles was 

performed with a Ni-Lo scientific Ni-Lo 5 spin coater. To prepare the nanoparticle suspension 

for deposition, excess solvent was removed with a rotary evaporator until the liquid was 

reduced to a dark ink. The concentrated nanoparticle suspension was then pipetted onto a glass 

slide until the substrate was completely covered, (1 mL for a 2 X 2 cm section) and spun at 600 

RPM for 30 seconds or until dry. The nanoparticle loading on the slide was controlled during 

the concentration step, with lesser nanoparticle concentrations producing fewer nanoparticles in 

film. For the deposition of CuS, it was found that the addition of a small amount of oleylamine 

(3%vol) prior to concentration and deposition improved the quality of the final film and 

AuCl
3
 + 1,2-hexadecandiol + 1-Octadecene + Oleylamine + Oleic acid                         Au   (9) 

130
o

C 

CuCl + 1-Octadecene + Oleylamine + Oleic Acid                                  CuS   (10) 

180
o

C 

S:OLAM 
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prevented cleaning of the already deposited Au nanoparticles off the substrate.  

Alternatively, nanoparticles could be deposited by the bath method (employed in chapter 

2). In this method, Fischer Scientific glass microscope slides (3 cm x 1 cm x 1 mm) were 

sectioned into four parts with a diamond tipped scribe. The glass sections were cleaned by 

placing them in a petri dish with 30 mL of piranha solution (1:4 H2O2:H2SO4) for 10 min on 

each side.29 The glass sections were then rinsed with deionized water and dried in an oven for 

10 min at 107°C. Cleaned glass sections were exposed on both sides for 40 min to a 

toluene/chloroform (70/30%v) bath into which 40 μL of (3-mercaptopropyl)trimethoxysilane 

was added immediately after the glass slides were placed in the bath.30 The sections were 

rinsed with toluene and dried with a stream N2 and placed in an oven for 7 min. The 

functionalized glass sections were then held vertically (to ex-pose both sides of the glass) in a 

gold nanoparticle deposition bath with 30 mL of xylene and 44.2 μmol of Au nanoparticles 

(aliquot re-dispersed in toluene from synthesis assuming 100% yield) for 24h. The slides, 

faintly pink in color as is typical of Au nano-spheres in air, were rinsed with toluene and dried 

with a stream of N2. For samples containing only Au nanoparticles the process was stopped at 

this point. For hybrid samples, the slides were held vertically in a bath containing 2-

aminoethanethiol saturated in 30 mL of ethanol for 24 h. In order to prevent surface charging, 

the slides were then placed in a 1% (volume) solution of the base diazobicy-cloundec-7-ene 

(DBU) in toluene for 1 h. Finally, the slides were placed in a bath of 250 μmol of CuS 

nanoparticles dispersed in 30 mL of xylene for 48 h. For samples containing only CuS 

nanoparticles, the Au nanoparticle and 2-aminoethanethiol deposition steps were skipped, 

proceeding instead straight from (3-mercaptopropyl)trimethoxysilane deposition to the 

deposition of CuS nanoparticles. Regardless of which method was employed, the structure of 

the nanoparticle films was confirmed with scanning electron microscopy (SEM) (Zeiss Merlin 

SEM) at 1.10 kV with the InLens secondary electron detector and at 5 kV with the NTS-BSD 

backscatter detector. Powder X-ray diffraction (XRD) patterns were acquired both in and out of 

the plane of the film in a Rigaku SmartLab X-ray diffractometer with a CuKα source and a 

D/teX Ultra 250 detector (out of plane) and an SC-70 detector (in plane). The operating voltage 
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was 40 kV and current were 44 mA. Samples were prepared by drop casting concentrated 

nanoparticle colloids onto glass microscope slides.  

Optical measurements 

Extinction spectra of the nanoparticle film samples were acquired in a Jasco V-670 UV-

vis-NIR spectrophotometer with an integrating sphere from 350 to 1800nm. Optical 

measurements were conducted using the nonlinear microscope depicted in Figure 3.3a. A 

femtosecond mode-locked Nd:glass laser (Time-Bandwidth GLX-200 oscillator) provides 

pulses of center wavelength 1050 nm at an average power of 230 mW and 177 fs duration with 

a repetition rate of 100 MHz and an energy per pulse of 3 nJ. The laser beam was mechanically 

chopped at a frequency of 265 Hz, with a duty cycle of 20%, thus, each exposure of the sample 

lasts roughly 750 𝜇𝑠. Repeated exposures produce an annealing effect on the film [46], but a 

steady state is reached, permitting stable measurement condition. Images of the laser exposure 

site after annealing are available in appendix B.10. The beam is split into a path that proceeds 

directly to the sample, and one that is upconverted to 2ω by beam splitters with various R:T 

ratios (Thorlabs BST11 70:30 (R:T) and BSW11 50:50 (R:T) UV Fused silica plate beam 

splitters). The transmission beam is upconverted with a 0.5 mm thickness β-Barium Borate 

(BBO) crystal, and then the unconverted fundamental frequency was removed by a harmonic 

separator (Optosigma YHS-25.4C05-1064). The two beams are then focused onto the sample 

with a beam waist of 10 μm, ensuring via the construction of the beam path that the length 

through which they traveled was the same. To determine the order of the dependence of THG 

on fundamental pump intensity, we placed a rotational polarizer on the ω beam. Using this, the 

laser power was adjusted by varying the angle between the output polarization of the pump 

laser and the rotational polarizer. The pump power was measured in a Thorlabs S130C power 

meter with a PM100D readout. Measurements of the THG signal were carried out with a band 

pass filter (Optosigma VPF-25C-10-25-350). Our detector was a solid-state photomultiplier 

tube (PMT, Hamamatsu, R9875U, NMA0340) operating at 1.1 kV for ultraviolet light 

detection. A Newport ¼ m 74100 Monochromator and the PMT detector were used to collect 

the output spectrum of the nanoparticle heterostructures. 
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CHAPTER 4 

 

Distance dependence of plasmonic interactions between harmonic nanoparticles 

4. hidden 

 

4.1 Interstitial Al2O3 separating the Au and CuS layers 

 

Following the investigations of chapters 2 and 3, a question yet remained—by what 

mechanism do the Au and CuS nanoparticles interact with each other? The effect of distance 

between the two nanoparticles was explored to elucidate how exactly the presence of the CuS 

nanoparticles induces greater nonlinear polarization in the Au nanoparticles (and vice versa). 

The work of Summer L. Arrowood had already established that direct interfacing between the 

Au and CuS nanoparticles led to the extinction of their respective surface plasmon 

resonances[94]; a thin insulating layer was required to prevent direct electronic transfer between 

the two layers. However, the bath method of deposition did not provide enough control over 

the amount of ligand that coordinated between the Au and CuS nanoparticles to reliably tune 

separation over the nanometer scale. Attempts to change the separation distance between the 

nanoparticle layers by changing the length of the ligand (from 2-aminoethanethiol to 11-

aminoundecanethiol) between them failed, likely due to the presence of multiple intercalated 

layers of ligand, rather than a single monolayer. 

Thus, an alternative approach to layer separation was employed requiring sputter 

deposition of Al2O3
 layers of varying thickness on top of the Au nanoparticle layer and then 

depositing the CuS nanoparticles atop the alumina layer. The alumina layer was deposited in 

the Angstrom Amod multimode deposition chamber (Figure 4.1a). The deposition rate was 

characterized on blank glass slides via spectroscopic ellipsometry. This extrapolated deposition 

rate was then used to fabricate films of defined thickness on top of the Au nanoparticle layer. 
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The thickness remains to be confirmed via atomic force microscopy (AFM) as part of ongoing 

investigations of this system. Several samples were prepared with Al2O3 layer thicknesses 

ranging from 10-50 nm.  

Similar quantities of CuS in the transverse orientation were deposited on the alumina 

layer via spin coating as confirmed by the optical density measured by UV-vis-NIR absorption 

(Figure 4.1b). The capability of these films to generate second- and third-harmonics were then 

compared to each other under single beam excitation with the Nd:glass laser. A plot of the 

quantity of 3ω light generated at peak excitation laser intensity for each Al2O3 layer thickness 

revealed a sharp inflection in behavior around 15 nm in thickness (Figure 4.1c). For layers 

thicker than 15 nm, the bilayer films produced a relatively low quantity of 3ω light. Moreover, 

THG efficiency did not vary with layer thickness in this range, as the nanoparticles essentially 

acted as independent layers; the intense local electric fields from their plasmon resonances were 

effectively shielded from each other by the insulating alumina. As the alumina layer thinned to 

less than 15 nm, the nanoparticles start to be able to influence each other, and a rapid rise in the 

yield of 3ω light is evident.  

___________________________________________________________________________ 

Table 4.1 Peak intensity of THG signal for Au/CuS bilayer films as a function of 

separation between the layers. 

___________________________________________________________________________ 

Separation Distance(nm) Peak THG Intensity (W/cm2) 

10 0.216 

12 0.084 

15 0.028 

30 0.014 

50 0.012 

60 0.018 
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This curve fits neatly to a t-6 dependence, which is a hallmark of nonradiative surface 

dipole interactions, such as PIRET. This further supports the central claim that the interaction 

that enhances harmonic generation between Au and CuS nanoparticles is mediated by their 

plasmon resonances, despite the fact that there is no spectral overlap between the surface 

plasmon resonances of the two nanoparticle species. The resonance instead occurs between the 

second-order polarization components in the CuS nanoparticle and the LSPR of the Au, which 

possess spectral alignment. Evidence for nonradiative energy transfer mechanisms, might seem 

contrary to the observed SFG in CuS/Au bilayer films between coincident ω and 2ω beams, 

which would seem to imply a radiative intermediate (Chapter 3).  

___________________________________________________________________________ 

Figure 4.1 (a) Schematic of film structure of Al2O3 separation layer experiments. The CuS and 

Au nanoparticles layers have a combined thickness of 120 nm (Appendix B.2) (b) UV-Vis-NIR 

spectrophotometry of Au/CuS film with 50 nm Al2O3 interlayer (exemplary of all samples with 

Al2O3 layer). (c) peak THG intensity as a function of interlayer thickness with fitting 

parameters.  

___________________________________________________________________________ 

However, when the Au LSPR was detuned from the harmonic condition the observed THG 

signal dramatically decreased, which means that the Au plasmon resonating at 2ω is critical to 

the cascaded SFG process. Whether this resonance is pumped directly by an incident 2ω beam, 
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or induced non-radiatively by a resonant energy transfer, the second step (ω+2ω= 3ω) of the 

cascaded process occurs as the result of a coherent buildup of the fundamental and second 

harmonics[3].  

The distance dependence data of Figure 4.1c satisfies both the distance dependence of the 

interaction between the two nanoparticles and the relative magnitude of the enhancement effect. 

Despite gigantic increases in the local electric field due to the LSPR, which provides HG 

enhancement of several orders of magnitude when pumped directly, a 20x increase (between 

the thickest to the thinnest Al2O3 layered samples) in THG was observed in our CuS/Au system. 

This difference is due to the inefficiency of coupling through the second order components of 

the polarization of the CuS, which are naturally less because they are proportional to the 

susceptibility tensor χ(2). However, with the coherent buildup occurring in the cascaded THG 

mechanism, we none the less see 3ω signals on the order of the 2ω signal, due to the 

consumption of the 2ω light coherently into the cascaded mechanism. A full treatment of this 

proposed mechanism will require modelling of E field enhancement due to coupling between 

the two nanoparticles species that takes into account the conversion between the first- and 

second-order polarization in the CuS nanoparticles before coupling to the Au LSPR. However, 

this substantial task lies beyond the scope of this dissertation and will be one of the central 

challenges of succeeding work.   

 

4.2 Synthesis and upconverting properties of Al nanoparticles 

Thus far, we have examined systems in which two nanoparticle elements resonate at the 

fundamental and second harmonic of the pump frequency. A significant increase in the 

efficiency of THG form these structures has been demonstrated, which directly invites 

conceptual extension to structures with resonant elements at higher harmonics. That is, 

resonance at ω and 2ω led to enhancement of SHG and THG, thus a structure with resonance 

at ω, 2ω, and 3ω would lead to enhancement of SHG, THG, and fifth harmonic generation 

(FHG).  

Recently developed [20], colloidally produced Al nanoparticles are a suitable material, 
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with a size-dependent LSPR band extending across the near UV. Synthesis of the Al 

nanoparticles generally followed the literature procedure, with the notable alteration of utilizing 

neat titanium isopropoxide rather than a solution diluted in toluene.  

 

 

 

Injecting neat titanium isopropoxide rather than a solution in toluene eased the air-free 

requirements on the reagent preparation—which will form TiO2 if exposed to air or water—

allowing the synthesis to be performed on a Schlenk line. In aluminum nanoparticle reactions, 

the titanium serves as a catalyst for the aluminum reduction; TiO2 cannot serve this purpose, 

thus the formation of TiO2 must be avoided. The reaction proceeded as described, and cleanup 

provided a drab grey suspension possessing a strong piscine odor (due to the presence of 

unremoved dimethylethylamine). A 5% vol. solution of acetic acid was used to clean the 

reaction glassware after removing the nanoparticle product, this acidic solution protonated the 

byproduct amine, allow for solubility in water. This limited the impact of the stench compounds 

on unsuspecting coworkers. XRD confirmed that the product was pure aluminum without any 

titanium alloying or side products (Figure 4.2a). Size and optical properties of the nanoparticles 

were confirmed with TEM and UV-vis-NIR spectrophotometry respectively (Figure 4.2b and 

c), showing 100 nm diameter particles with an LSPR peak at 370 nm, slightly red shifted from 

the third harmonic of the pump laser (350 nm). The nanoparticles were processed into films by 

spin coating following the procedure outlined in section 3.1 by adding 100 μL of oleic acid per 

dram of nanoparticle suspension to prevent aggregation during the deposition process. Testing 

of the Al nanoparticle nonlinear optical properties initiated with single-beam excitation of Al 

nanoparticles on their own. 

As with other nanoparticle species that we have examined, THG and MPPL components 

were produced by the sample (Figure 4.2d). The MPPL signal was less intense than that 

measured from Au nanoparticles for similar particle loading at the same excitation intensity. 

(CH3)2C2H5NAlH3 + Oleic Acid                          Al + H2 + (CH3)2C2H5N  (1)   
THF/1,4-dioxane 

Ti(OiPr)4 
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With the baseline performance of Al nanoparticles established, future experiments will feature 

films that will be prepared containing the combinations of CuS, Au, and Al nanoparticles. With 

the addition of a resonant state at 3ω, we hypothesize that the generation of 4th harmonic light 

(at λ = 262 nm) will be enhanced in a doubly cascaded process similar to the observed 

enhancement of THG. That is, we hypothesize that there will be a three-step process of SHG 

(ω+ω=2ω), SFG (2ω+ω=3ω), and SFG again (3ω+ω=4ω). The baseline 4th and 5th HG 

efficiency of Au and CuS nanoparticles without Al was established using filtering and a new 

PMT sensitive in the UV range to select for these harmonics. No fourth harmonic signal was 

measured from these samples, probably due to the centrosymmetry of the constituent 

nanoparticles and lack of plasmon resonance at the 3rd harmonic frequency to enhance a 

cascaded mechanism. A 5th harmonic signal—with low intensity—was measured from the 

Au/CuS samples (Figure 4.2e). The creation of trilayer films and a full exploration of their 

upconverting properties lies beyond the scope of this dissertation and is entrusted to my 

colleague, Yueming Yan.  

___________________________________________________________________________ 

 



50  

Figure 4.2 Summary of Al nanoparticle results. (a) XRD of synthesized Al nanoparticles. (b) 

TEM of representative Al nanoparticles. (c) UV-Vis-NIR of Al nanoparticles suspended in THF. 

(d) THG output of Al nanoparticle film with (inset) log-log plot demonstrating 3rd order 

dependence. (e) FHG signal from Au/CuS nanoparticle film.  

____________________________________________________________________________ 

4.3 Conclusion 

 In this chapter, the latest, and still ongoing, explorations of harmonic generation from 

multi-plasmonic nanoparticle thin films was discussed. First, the effect of nanoparticle distance 

on the observed enhancement of THG produced by the Au/CuS film was examined by adding an 

interstitial layer of alumina between the nanoparticle layers. The amount of third-harmonic light 
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that the films were able to produce varied with the inverse sixth power of the alumina layer 

thickness. With thick (t > 30 nm) alumina layers, the CuS and Au nanoparticles acted 

independently as separate nanoparticle films and no THG enhancement was observed. 

Preliminary interpretation of this result suggests that the interaction between the nanoparticles 

species is mediated by surface dipole interactions, with relatively short ranges, that decay rapidly. 

This is consistent with the hypothesis that harmonically coupled plasmonic nanoparticles will 

exhibit mechanisms such as PIRET between them, despite not possessing direct spectral overlap. 

Future directions in this project will involve utilizing alumina deposition techniques that allow 

for very thin layers, such as atomic layer deposition (ALD), to achieve insulating interlayers of 

thickness less than 10 nm. Further characterization of the Alumina layer uniformity is also called 

for via a high-resolution method such as AFM.  

 Second, recent efforts to synthesize and characterize aluminum nanoparticles to add 

onto CuS and Au nanoparticle structures was reported. Literature syntheses were adapted to 

produce and deposit Al nanoparticles, which then demonstrated THG with similar efficiency as 

Au nanoparticles. Future work on this project will require tuning the Al nanoparticle synthesis 

to produce nanoparticles whose LSPR is perfectly coincident with the third harmonic of the pump 

laser. Attempts to follow the literature approach of varying the THF/1,4-dioxane ratio to control 

nanoparticle diameter failed, possibly due to premature addition of capping ligand, which 

quenches the reaction[100], or due to the use of neat Ti(OiPr) rather than dilute catalyst. Once 

harmonically coincident Al nanoparticles have been achieved, films containing CuS, Au, and Al 

nanoparticles can be fabricated and the efficiency of second, third, and (particularly) fifth 

harmonic generation can be examined.  
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CHAPTER 5 

 

Conclusion   d  

 

  

5.1 Dissertation Summary 

 A large class of nonlinear materials show enhanced harmonic generation by exciting 

the localized surface plasmonic resonance (LSPR) of metallic or semiconducting nanoparticles. 

Moreover, material systems containing coupled plasmonic elements have been shown to increase 

performance beyond that of a single LSPR. In this work we have described a novel bilayer 

nanoparticle system in which plasmonic coupling occurs between the LSPRs of a metallic 

nanoparticle component (Au) and the second harmonic of the LSPR of a semiconducting 

nanoparticle component (CuS), under laser excitation at 1050 nm, the resonance fundamental of 

the CuS. These nanoparticles were solvothermally synthesized and then processed into thin 

bilayer films whose upconversion order, absorption efficiency, and spectral profile were 

characterized. Multiple sources of upconverted light were detected, including second, third, and 

fifth harmonic, as well as a broadband MPPL signal. The effect of plasmonic interactions 

between CuS and Au nanoparticles on upconversion occurring via the mechanisms of second- 

and third- harmonic generation and multiple photon photoluminescence was also explored, with 

the finding that the THG signal featured the greatest enhancement. The critical importance of a 

harmonic relationship between the resonant frequencies of the two nanoparticles was 

demonstrated for both the fundamental and second harmonic resonance, showing that detuning 

either LSPR from the resonant condition led to a quenching of the enhancement effect. Dual 

beam stimulation of the films with fundamental and second harmonic light demonstrated sum 

frequency generation as a viable source of 3ω light, suggesting that a cascaded mechanism of 

SHG followed by SFG (between the fundamental and second harmonic signals) may be the 

mechanism for the observed enhancement of THG. An analytical model is also presented that 
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describes the interactions between the CuS and Au as occurring between surface dipoles and 

predicts the observed upconversion enhancement reasonably well. The dependence of 

upconversion on the distance between the nanoparticles was also explored by adding interstitial 

layers of Al2O3 between the Au and CuS nanoparticle layers. The enhancement of harmonic 

generation was found to be proportional to the inverse sixth power of the interstitial layer 

thickness, consistent with the treatment of the coupling as occurring via nonradiative resonant 

energy transfer between surface dipoles. Finally, upconversion from Al nanoparticles, whose 

LSPR occurs at the third harmonic of the fundamental excitation wavelength is examined. 

5.2 Field outlook 

 Understanding the processes that govern the interaction between harmonically aligned 

plasmonic nanoparticles will open a pathway to developing ultrafast, usable efficiency 

upconversion thin-film devices by clarifying the conditions that efficiently generate harmonics 

without background multiphoton photoluminescence. While further investigation in the sub-10 

nm regime of Al2O3 interlayer thickness will help confirm the observed t-6 trend, a complete 

treatment of importance of interparticle spacing will require a simulation component. Finite 

difference time domain (FDTD) simulations via Lumerical could be used to model, a series of 

geometries that may exist in the films, whose behavior is an aggregate of various spacings and 

orientations. Because the plasmon resonances of CuS and Au do not overlap, these simulations 

would not show any coupling occurring between them if we simply used the actual values of 

their complex permittivity. Thus, one approach would be to construct a material whose resonance 

overlaps with Au, and whose optical density is equal to the efficiency of the generation of second 

order polarization components in the CuS (when pumped at 1050 nm), thus, in effect, modelling 

the coupling occurring between the Au and the second order components of the CuS LSPR.  

 A series of fundamental experimental investigations also remain. These include the 

completion of the trilayer CuS/Au/Al structure, which will show if the concept of cascaded 

harmonic generation can be extended beyond the third harmonic. Furthermore, the nonlinear 

properties of harmonically resonant nanoparticle films when pumped off their fundamental 
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resonance remains unexplored. Utilizing a tunable optical parametric amplification (OPA) setup 

will allow for pumping of these systems across a wide range of frequencies, and for the 

examinations of a broader range of materials, including various combinations of plasmonic 

semiconductors and metallic nanoparticles. The materials systems explored in this dissertation 

only featured interactions between plasmonic resonances, but with the appropriate plasmonic 

semiconductor, there is the possibility of harmonic plasmonic-excitonic-plasmonic systems 

CuS2-xSex/Al for example. Many variations on the positioning of these absorbance features could 

be constructed. Additionally, pump-probe experiments could be utilized to get detailed 

information on the dynamics involved in the interaction between the plasmon resonances. Such 

an approach was recently reported on Au/CuS Janus particles in solution[101]. 

 The approach in synthesis and fabrication discussed in this dissertation has major 

engineering advantages over top-down methods that many investigators use to explore multi-

plasmonic systems. Foremost among the advantages is the scalability of solvothermal synthesis 

as a method of producing nanoparticles and the bath method of depositing them. Other 

advantages include low cost, conformal (substrate geometry independent) coatings, and thin 

layer sizes. However, a major weakness of this approach is control. Control over spacing, density, 

and orientation are far superior in top-down methods such as e-beam lithography. Thus, it may 

be worth including some top-down elements for the purposes of scientific exploration, such 

templating the substrate surface, or directly growing the nanoparticles on the substrate. While 

these approaches have been employed to explore bi-plasmonic systems composed of metal 

structures, multi-plasmonic systems incorporating both semiconducting and metallic resonances 

are less prevalent.  

 Although this dissertation has established the baseline properties of such systems, much 

work remains before biplasmonic nanoparticle films could be integrated into thin, conformal 

optical components.  
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Appendix A 

 

Supplemental Figures for Chapter 2 

4. hidden 

3  

A.1 Annealing effect in nanoparticle films.  Peak lock-in amplifier (LIA) signal of (a) the same 

sample spot for consecutive laser exposures. Each exposure had a duration of 10 minutes. (b) 

Peak LIA voltage after the annealing effect is no longer observable in a different sample from 

(a)   
  

a 

b 
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A.2 SEM images and profilometry trace of the fabrication process of hybrid nanoparticle films. 

(a) Bare, unfunctionalized glass microscope slide after cleaning. (b) Sample surface with Au 

nanoparticle layer. (c) Hybrid film deposited without DBU treatment leading to aggregation 

and deposition of CuS islands. (d) Bilayer film containing both Au and CuS nanoparticles 

connected by linker molecule 2-aminoethanethiol. 
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A.3 profilometry traces of Au only film (orange), CuS only film (green), bare glass (grey), and 

hybrid Au-CuS nanoparticle film (blue). Low positions correspond to bare glass where the 

nanoparticle films have been wiped away. 
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A.4 Intensity vs. wavelength spectrum acquired with an Ocean Optics USB4000 Si-CCD 

spectrometer of (a) laser without spectral attenuation and (b) second harmonic signal from 

BBO crystal with laser fundamental attenuated by filter. Dashed lines correspond to peak laser 

emission at 1050 nm. (c) Log-log plot of BBO upconverted intensity vs fundamental harmonic 

laser intensity, featuring the expected second order dependence for SHG. 
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Appendix B 

 

Supplemental Figures for Chapter 3 
 

B.1 Scanning electron micrographs of Au-CuS nanoparticle films. (a-d) Samples with CuS in 

the axial orientation collected with a mixture of backscattered and SE2 electrons. (e-h) CuS in 

the transverse orientation collected with SE2 electrons.  
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B.2 Profilometry measurement of film thickness from spin coating method. Low positions (before 

dotted line) correspond to bare glass where the nanoparticle films have been wiped away. Difference in 

average height between bare glass and film domains (film height) is 121 nm.  
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B.3 Log-log plots of data from Figures 3.2 b,c,d of bilayer (Au/CuS) films demonstrating third 

order dependence. Notably, the 3nm Au nanoparticles feature a sharp transition in response 

order from 1 to about 6. This is consistent with results from Chapter 2 from nanoparticles in 

which the harmonic generation and MPPL signals spectrally overlap. 
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B.4 Measurement of MPPL from dual beam stimulation of Au-CuS films with 50-50 beam 

splitting. The quantity of MPPL is the broad band intensity of light collected by the PMT (600-

300 nm) with the second harmonic (525 nm) filtered out and the THG signal (350 nm) 

subtracted.  

 

B.5 Theory of Third Harmonic Generation in Au and CuS Nanoparticle heterostructure 

 

2.1 SPP Fields in Au and CuS nanoparticles 

 

We consider that the metallic nanohybrid is made of an ensemble of Au nanoparticles (NPs) and 

CuS NPs. The nanohybrid is deposited on a substrate (i.e., background material) with dielectric 

constant ϵb. A schematic diagram of the nanohybrid is shown in Figure B.6. We know that the 

free electrons are present on the surface of the Au-NP. These electrons oscillate collectively and 

produce electron surface plasmons.  When a pump field is applied to the Au-NP, photons of the 

pump field interact with the surface plasma and create quasiparticles called surface plasmon 

polaritons (SSPs).  
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Figure B.6: Schematic diagram of a hybrid which consists of an ensemble of interacting Au-

nanoparticles and CuS nanoparticles.   
 

We know that CuS is a direct band gap semiconductor, and that CuS-NPs are heavily doped p-

type semiconductors. The p-type semiconductors have positively charged holes which are free 

to move in materials. Hence, a CuS-NP has free holes on surface and these holes oscillate 

collectively and produce hole surface plasmons. When a pump field is applied on the CuS-NP, 

photons interact with the hole surface plasmons and create surface plasmon polaritons (SSPs).   

 

Let us calculate the SPP electric field produced by the Au-NP and CuS-NP, considering that the 

Au-NPs are spherical. The dielectric constant of the Au-NP is denoted as 𝜖𝑎𝑢 . The radius of the 

Au-NP is taken as 𝑅𝐴𝑢. We applied a pump field with amplitude 𝐸𝑝 and frequency 𝜔𝑝in the 

nanohybrid. The pump field induces a dipole in the Au-NP, and it is denoted as 𝑝𝑎𝑢. This dipole 

produces the SPP field denoted as 𝐸𝑠𝑝𝑝
𝐴𝑢 . Solving the Maxwell's equations in the quasi-static 

approximation [102]–[106] one can find the following expression of 𝐸𝑠𝑝𝑝
𝑎𝑢

 as  

 

𝐸𝑠𝑝𝑝
𝐴𝑢 =

𝑝𝐴𝑢

4𝜋∈0∈𝑏𝑟 
3                                                                                                                                     (1) 

𝑃𝑎𝑢 = 𝜖0𝜖𝑏𝑉𝐴𝑢𝑔𝑙휁𝐴𝑢(𝐸𝑝)        𝑉𝑎𝑢 =
4

3
𝜋𝑅𝐴𝑢

3                                                                                       (2)  

휁𝐴𝑢 = [
∈𝐴𝑢−∈𝑏

∈𝐴𝑢+2∈𝑏
]                                                                                                                                (3)  

 

In the eqns. (2), the constant 𝑔𝑙 is called the polarization parameter and it has values 𝑔𝑙 = 1 

and 𝑔𝑙 = −2 for  𝒑𝐴𝑢||𝑬𝑠𝑝𝑝
𝐴𝑢  and 𝒑𝑎𝑢 ⊥ 𝑬𝑠𝑝𝑝

𝐴𝑢 , respectively. Here the 휁𝑎𝑢 quantity is called the 

SPP polarization factor of the Au-NP. 

 

Similarly, one can calculate the SPP field produced by the CuS-NP. We consider that the shape 

of CuS-NPs is rectangular whose volume is 𝑉𝐶𝑢𝑆 = 𝐿𝑥𝐿𝑦𝐿𝑧. The dielectric constant of the CuS-

NP is denoted as 𝜖𝑐𝑢𝑠. The pump field induces a dipole 𝑝𝐶𝑢𝑆 in the CuS-NP. This dipole produces 
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the following SPP field 𝐸𝑠𝑝𝑝
𝐶𝑢𝑆. 

 

𝐸𝑠𝑝𝑝
𝐶𝑢𝑆 =

𝑝𝐶𝑢𝑆

4𝜋∈0∈𝑏𝑟3                                                                                                                                (4) 

 

𝑝𝐶𝑢𝑆 =∈0∈𝑏 𝑉𝐶𝑢𝑆𝑔𝑙휁𝐶𝑢𝑆
𝑖 (𝐸𝑝)           휁𝐶𝑢𝑆

𝑖 =
∈𝐶𝑢𝑆−∈𝑏

3𝜂𝑖
𝐶𝑢𝑆(∈𝐶𝑢𝑆−∈𝑏)+3∈𝑏

           𝑖 = 𝑥, 𝑦, 𝑧                           (5)                                  

 

휂𝑥
𝐶𝑢𝑆 =

1

2
∫

𝑑𝑠

(𝑠+𝐿𝑥
2 )

 

3/2
(𝑠+𝐿𝑦

2 )
 

1/2
(𝑠+𝐿𝑧

2)
 

1/2

∞

0
                                                                                      (6) 

휂𝑦
𝐶𝑢𝑆 =

1

2
∫

𝑑𝑠

(𝑠+𝐿𝑥
2 )

 

1/2
(𝑠+𝐿𝑦

2 )
 

3/2
(𝑠+𝐿𝑧

2)
 

1/2

∞

0
                                                                                      (7) 

휂𝑧
𝐶𝑢𝑆 =

1

2
∫

𝑑𝑠

(𝑠+𝐿𝑥
2 )

 

1/2
(𝑠+𝐿𝑦

2 )
 

1/2
(𝑠+𝐿𝑧

2)
 

3/2

∞

0
                                                                                      (8) 

 

Where the 휁𝐶𝑢𝑆
𝑖  quantity is called the SPP polarization factor of the CuS-NP. Note that it depends 

on the shape of the sample. For this treatment, the condition in which CuS nanoparticles are 

oriented with their basal planes parallel to the substrate surface (transverse orientation) is 

considered. In this orientation, only the x and y shape anisotropy factors are considered, which 

due to the hexagonal disk shape of the nanoparticle have the same value.  

 

The SPP fields of Au-NS and CuS-NP can be written in the compact forms as follows.          
 

𝐸𝑠𝑝𝑝
𝐴𝑢 = Π𝐴𝑢𝐸𝑝   Π𝐴𝑢 =

𝑉𝐴𝑢𝑔𝑙

4𝜋𝑟3 𝜉
𝐴𝑢

                                                                                                           (9) 

 

             

  𝐸𝑠𝑝𝑝
𝐶𝑢𝑠 = Π𝐶𝑢𝑆𝐸𝑝  Π𝐶𝑢𝑆 =

𝑉𝐶𝑢𝑆𝑔𝑙

4𝜋𝑟3 𝜉
𝐶𝑢𝑆

                                                                                                  (10) 

 

 

Note that both electric fields depend on r-3. The 𝛱𝐴𝑢 and 𝛱𝐶𝑢𝑆 parameters are called the SPP 

coupling constants for Au-NP and CuS-NP, respectively.  

 

Let us calculate the SPP resonance frequency of Au-NP. We consider the following form of the 

dielectric constant for Au-NP, which is widely used in the plasmonic literature. 

 

∈𝐴𝑢=∈∞ (1 −
𝜔𝐴𝑢

2

𝜔𝑝(𝜔𝑝+𝑖/𝜏𝐴𝑢)
)                                                                                                (11) 

 

In the above expression, 𝜔𝐴𝑢 is the plasmon frequency and 𝜖∞ is the dielectric constant of metal 

when light frequency is very large. Here 𝜏𝐴𝑢 is the decay rate which is responsible for the heat 

energy loss. Note that the real part of 𝜖𝐴𝑢 has a negative value when 𝜔𝑝 < 𝜔𝐴𝑢. It is interesting 

to find that when 𝜖𝐴𝑢 has a negative value, the denominator of the polarization factor 휁𝐴𝑢 given 

in Equation 3 becomes zero at a certain value of the frequency. Let us call this value 𝜔𝑝 = 𝜔𝐴𝑢
𝑟𝑒𝑠 . 

This means that the polarization and SPP field have a huge value when 𝜔𝑝 = 𝜔𝐴𝑢
𝑟𝑒𝑠.  

 

2.2 THG in Au and CuS nanohybrid 

 

We have established that the Au-NP has one SPP resonance 𝜔𝐴𝑢
𝑟𝑒𝑠.  Therefore, we treat the Au-

NP as a two-level system whose ground state is denoted as |1>, and its virtual excited state as 
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|2>.  The frequency difference between levels |1> and |2> is expressed as 𝜔𝐴𝑢
𝑟𝑒𝑠. A schematic 

diagram of two-level system is shown in Figure B.7.  

 

 
 

Figure B.7: A schematic diagram for a two-level Au-NP is plotted. Energy levels are denoted as 

|1> and |2>. To study the THG, the pump field is applied to the 1⟩ ↔ |2⟩ transition.  

. 

To study the nonlinear properties in the Au-NP, we calculate the third order susceptibility, χ𝐴𝑢
(3)

 

of the Au nanoparticles. We know that the third order susceptibility is responsible for the THG.  

Following the method of references,[2],[107] the expression of the third order polarization, 𝑃𝐴𝑢
(3)

 

, is given as 

𝑃𝐴𝑢
(3)

=∈0 𝜒𝐴𝑢
(3)

𝐸𝑝𝐸𝑝𝐸𝑝                                                                                                                         (12) 

Where χ𝐴𝑢
(3)

 is the third order expressions of the susceptibility χ𝐴𝑢.  Following the method of 

references,[108] the polarization of the Au nanoparticles can also be expressed in terms of the 

quantum density matrix operator (ρ) as follows. 

𝑃𝐴𝑢
(3)

= 2
𝑝𝐴𝑢

𝑉𝐴𝑢
[𝜌𝐴𝑢

(3)
+ ℎ. 𝑐. ]                                                                                                                (13) 

Here 𝑝𝐴𝑢 is the matrix element of the dipole moment of the Au nanoparticle and 𝜚𝐴𝑢
(3)

= 𝜚21
(3)

 is 

the third matrix element of density matrix operator ρ𝑎𝑢 between transition |1⟩ ↔ |2⟩, and h.c. 

stands for the Hermitian conjugate. 

Comparing Equations 12 and 13 and we found the relation between the susceptibility and the 

density matrix elements as follows.  

𝜒𝐴𝑢
(3)

=
2𝑝𝐴𝑢(𝜌𝐴𝑢

(3)
)+ℎ.𝑐.

∈0𝑉𝐴𝑢𝐸𝑝𝐸𝑝𝐸𝑝
                                                                                                                    (14) 

We found that the third order susceptibility depends on the third order density matrix elements. 
                                

2.3 Enhancement of THG in Au-NP due to CuS-NP 

 

We consider that the Au and CuS nanoparticles are present together to study the effect of CuS 

nanoparticles on the THG intensity of Au nanoparticles. Now, we calculate the third order 

density matrix element, 𝜌𝐴𝑢
(3)

 which appears in the expression of the susceptibility. 
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To calculate the density matrix element, we need to know what electric fields are incident on the 

Au nanoparticles. The pump field with amplitude 𝐸𝑝 acts on the Au nanoparticles, while the CuS 

emits an electric field of the surface plasmon polariton, 𝐸𝑠𝑝𝑝
𝐶𝑢𝑆. Therefore, provided that the 

nanoparticles are spatially close, the SPP field also acts on the Au nanoparticles. Hence, there 

are two electric fields incident on the Au nanoparticle i.e., 𝐸𝑝 and 𝐸𝑠𝑝𝑝
𝐶𝑢𝑆. The interaction of SPP 

field with the dipole of the Au nanoparticle is a dipole-dipole interaction.  

 

Using the dipole and rotating wave approximations the interaction Hamiltonian is  

 

𝐻𝐴𝑢 = 𝐻𝐴𝑢−𝑝𝑟𝑜𝑏𝑒 + 𝐻𝐷𝐷𝐼
𝐴𝑢                                                                                                                        (15)  

𝐻𝐴𝑢−𝑝𝑟𝑜𝑏𝑒 = ℏ𝛬𝐴𝑢𝛺𝑝𝜎21 + ℎ. 𝑐. 

𝐻𝐷𝐷𝐼
𝐴𝑢 = ℏ𝛬𝐴𝑢𝛺𝐶𝑢𝑆𝜎21 + ℎ. 𝑐.                                                                                                          (16)   

 

𝛺𝑃 =
𝜇21𝐸𝑝

ℏ
         𝛺𝐶𝑢𝑆 =

𝜇21𝐸𝑠𝑝𝑝
𝐶𝑢𝑆

ℏ
= 𝛱𝐶𝑢𝑆𝛺𝑝          𝛬𝐴𝑢 =

4𝜋∈0∈𝑏𝑅𝐴𝑢
3 𝑔𝑙𝜁𝐴𝑢ℏ𝛺𝑃

𝜇21
2                         (17)                         

 

where h.c. stands for the Hermitian conjugate. Here σ21 = |2 >< |1|  is the SPP polariton 

creation operator.  The parameter 𝛺𝑝 and 𝛺𝐶𝑢𝑆 are the Rabi frequencies associated with the pump 

and the SPP fields, respectively.  The first term in the Hamiltonian is the polariton and photon 

interaction. The second term is the DDI between Au-NP and CuS-NP. 

 

Density Matrix Method: Following established methods and with the Hamiltonian of 

Equation (15), the equations of the motion for density matrix elements are  
𝑑𝜌11

𝑑𝑡
= +𝛾21𝜌22 + 𝑖𝛬𝐴𝑢𝛺𝑝(𝜌12 − 𝜌21) + 𝑖𝛬𝐴𝑢𝛺𝐶𝑢𝑆(𝜌12 − 𝜌21) 

𝑑𝜌22

𝑑𝑡
= −(𝛾21)𝜌22 − 𝑖𝛬𝐴𝑢𝛺𝑝(𝜌12 − 𝜌21) − 𝑖𝛬𝐴𝑢𝛺𝐶𝑢𝑆(𝜌12 − 𝜌21) 

𝑑𝜌21

𝑑𝑡
= −𝑑21𝜌21 + 𝑖𝛬𝐴𝑢𝛺𝑝(𝜌22 − 𝜌11) + 𝑖𝛬𝐴𝑢𝛺𝐶𝑢𝑆(𝜌22 − 𝜌11)                                                 (18) 

 

where  

 
𝑑21 = 𝛿21 + 𝑖𝛾21              𝛿21 = 𝜔𝐴𝑢

𝑟𝑒𝑠 − 3𝜔𝑝                                                                                       (19) 

 

Here 𝛿21 is called the field detuning. The physical quantity  γ21 is the transition rate for transition 

|2⟩ ↔ |1⟩. Note that we use notation 𝜌21
(3)

= 𝜌𝐴𝑢
(3)

. 

 

The THG density matrix element 𝜌𝐴𝑢
(3)

= 𝜌21
(3)

 is calculated in the third order in Ω𝑃
3 , Ω𝑃

2 Ω𝐶𝑢𝑆, 

 Ω𝐶𝑢𝑆
2 Ω𝑃, and Ω𝐶𝑢𝑆

3 ,  by solving Equation (18) in the steady sate. After some mathematical 

manipulations we obtained the following analytical expression for 𝜌𝐴𝑢
(3)

:  

𝜌𝐴𝑢
(3)

= 𝜌𝑝𝑝𝑝
𝐴𝑢 + 𝜌𝑝𝑝𝑠

𝐴𝑢 + 𝜌𝑝𝑠𝑠
𝐴𝑢 + 𝜌𝑠𝑠𝑠

𝐴𝑢                                                                                                            (20) 

 

The density matrix elements appearing in Equation (20) are  

𝜌𝑝𝑝𝑝
𝐴𝑢 = (𝛬𝐴𝑢𝛺𝑝)

3
𝐹𝑝𝑝𝑝

𝐴𝑢 = 𝛬𝐴𝑢
3 𝛺𝑝

3𝐹𝑝𝑝𝑝
𝐴𝑢  

𝜌𝑝𝑝𝑠
𝐴𝑢 = (𝛬𝐴𝑢𝛺𝑝)

2
(𝛬𝐴𝑢𝛺𝐶𝑢𝑆). 3𝐹𝑝𝑝𝑝

𝐴𝑢 = 𝛬𝐴𝑢
3 𝛺𝑝

2𝛺𝐶𝑢𝑆. 3𝐹𝑝𝑝𝑝
𝐴𝑢  

𝜌𝑝𝑠𝑠
𝐴𝑢 = (𝛬𝐴𝑢𝛺𝑝)(𝛬𝐴𝑢𝛺𝐶𝑢𝑆)2. 3𝐹𝑝𝑝𝑝

𝐴𝑢 = 𝛬𝐴𝑢
3 𝛺𝑝𝛺𝐶𝑢𝑆

2 . 3𝐹𝑝𝑝𝑝
𝐴𝑢  
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𝜌𝑠𝑠𝑠
𝑎𝑢 = (𝛬𝐴𝑢𝛺𝐶𝑢𝑆)3𝐹𝑝𝑝𝑝

𝐴𝑢 = 𝛬𝐴𝑢
3 𝛺𝐶𝑢𝑆

3 . 𝐹𝑝𝑝𝑝
𝐴𝑢  

 

𝜌𝑝𝑝𝑝
𝐴𝑢 = 𝛺𝑝

3𝛬𝐴𝑢
3 𝐹𝑝𝑝𝑝

𝐴𝑢         𝜌𝑝𝑝𝑠
𝐴𝑢 = 𝛬𝐴𝑢

3 𝛺𝑝
2𝛺𝐶𝑢𝑆. 3𝐹𝑝𝑝𝑝

𝐴𝑢                                                                             (21) 

𝜌𝑝𝑠𝑠
𝐴𝑢 = 𝛬𝐴𝑢

3 𝛺𝑝𝛺𝐶𝑢𝑆
2 . 3𝐹𝑝𝑝𝑝

𝐴𝑢 𝜌𝑠𝑠𝑠
𝐴𝑢 = 𝛬𝐴𝑢

3 𝛺𝐶𝑢𝑆
3 𝐹𝑝𝑝𝑝

𝐴𝑢            𝐹𝑝𝑝𝑝
𝐴𝑢 =

4𝑖 𝑅𝑒(𝑑21)

(𝛾21)𝑑21𝑑21(𝑑21)∗                              (22)                        

         

We evaluate the third order susceptibility 𝜒𝐴𝑢
(3)

 by substituting the expression for 𝜚𝐴𝑢
(3)

 from 

Equation (20) into Equation (14) to obtain 

𝜒𝐴𝑢
(3)

= 𝜒𝑝𝑝𝑝
𝐴𝑢 + 𝜒𝑝𝑝𝑠

𝐴𝑢 + 𝜒𝑝𝑠𝑠
𝐴𝑢 + 𝜒𝑠𝑠𝑠

𝐴𝑢                                                                                                      (23) 

where: 

  𝜒𝑝𝑝𝑝
𝐴𝑢 =

2𝜇21
3 𝑝𝐴𝑢

𝑉𝐴𝑢∈0ℏ
3 (𝛬𝐴𝑢

3 𝐹𝑝𝑝𝑝
𝐴𝑢 )       𝜒𝑝𝑝𝑠

𝐴𝑢 =
6𝜇21

3 𝑝𝐴𝑢

𝑉𝐴𝑢∈0ℏ
3 (𝛬𝐴𝑢

3 𝛱𝐶𝑢𝑆𝐹𝑝𝑝𝑝
𝐴𝑢 )                                                (24) 

𝜒𝑝𝑠𝑠
𝐴𝑢 =

6𝜇21
3 𝑝𝐴𝑢

𝑉𝐴𝑢∈0ℏ
3 (𝛬𝐴𝑢

3 𝛱𝐶𝑢𝑆
2 𝐹𝑝𝑝𝑝

𝐴𝑢 )      𝜒𝑝𝑝𝑠
𝐴𝑢 =

2𝜇21
3 𝑝𝐴𝑢

𝑉𝐴𝑢∈0ℏ
3 (𝛬𝐴𝑢

3 𝛱𝐶𝑢𝑆
3 𝐹𝑝𝑝𝑝

𝐴𝑢 )                                             (25) 

The THG intensity: We calculate the THG intensity for the Au-NP as follows. 

𝐼𝑇𝐻𝐺
𝐴𝑢 =

1

2
√

∈0

𝜇0
𝑛3|𝐸𝑇𝐻𝐺

𝐴𝑢 |
2

=
∈0𝑐

2
𝑛3|𝐸𝑇𝐻𝐺

𝐴𝑢 |
2
                                                                                       (26) 

Here 𝐸𝑇𝐻𝐺
𝐴𝑢  is the THG electric field emitted by the Au nanoparticle.  

The intensity of THG can be calculated by solving the nonlinear Maxwell equations. One can 

find the following expression of the 𝐸𝑇𝐻𝐺
𝐴𝑢  field. 

 

𝐸𝑇𝐻𝐺
𝐴𝑢 = 𝑖

6𝜔3𝐿

𝑐
{

𝜒𝑝𝑝𝑝
𝐴𝑢 𝐸𝑝𝐸𝑝𝐸𝑝 + 𝜒𝑝𝑝𝑠

𝐴𝑢 𝐸𝑝𝐸𝑝𝐸𝐶𝑢𝑆

+𝜒𝑝𝑠
𝐴𝑢𝐸𝑝𝐸𝐶𝑢𝑆𝐸𝐶𝑢𝑆 + 𝜒𝑠𝑠𝑠

𝐴𝑢𝐸𝐶𝑢𝑆𝐸𝐶𝑢𝑆𝐸𝐶𝑢𝑆

}                                                     (27)           

 

Inserting Equation 27 into Equation 26 we get the expression for the THG intensity.  
 

𝐼𝑇𝐻𝐺
𝐴𝑢 =

18∈0𝜔3
2𝐿2𝑛3

𝑐
{
|𝜒𝑝𝑝𝑝

𝐴𝑢 |
2

|𝐸𝑝
3|

2
+ |𝜒𝑝𝑝𝑠

𝐴𝑢 |
2

|𝐸𝑝
2𝐸𝐶𝑢𝑆|

2

+|𝜒𝑝𝑠𝑠
𝐴𝑢 |

2
|𝐸𝑝𝐸𝐶𝑢𝑆

2 |
2

+ |𝜒𝑝𝑠𝑠
𝐴𝑢 |

2
|𝐸𝐶𝑢𝑆

3 |
2}                                                     (28) 

 

Note that the cross terms are neglected because they correspond to coherences. These were 

neglected due to the short dephasing time of the plasmon resonance with respect to the exciting 

pulse, with a dephasing time on the order of 10 fs, and pulse width of 177fs. This means that the 

plasmon resonances lose phase coherence due to electron-electron collisions and thermalize very 

quickly after the end of the pulse. Thus, coherence effects have been neglected, congruous with 

previous treatments of similar systems [65],[97],[105].   

 

It is possible to include the effect of coherence in our formulation in our future works whether 

this effect is important or not important for the present paper. However, the inclusion of 

coherence will make the expression of the THG intensity very complicated and challenging. An 

analytical expression for the THG intensity could not be achieved. One of the aims of the 

present theory was to derive a simple expression of the THG intensity so that experimentalists 

working in the plasmonic field can compare their experiments with the current theory.  
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We express the 𝐸𝑝 and 𝐸𝐶𝑢𝑆 in terms of pump intensity 𝐼𝑝 and SPP intensity  𝐼𝐶𝑢𝑆 as follows 

𝐼𝑝 =
∈0𝑐

2
𝑛3|𝐸𝑝|

2
             𝐼𝐶𝑢𝑆 =

∈0𝑐

2
𝑛3|𝐸𝑠𝑝𝑝

𝐶𝑢𝑆|
2
                                                                              (29) 

 

Now, we insert Equations 24, 25, and 29 into Equation 28 to get an expression of the THG 

intensity. 

𝐼𝑇𝐻𝐺
𝐴𝑢 = 𝛼𝑐𝑠𝑡

𝐴𝑢 Λ𝐴𝑢
6

|𝐹𝑝𝑝𝑝
𝐴𝑢

|
2

{𝐼𝑝
3 + 9Π𝐶𝑢𝑆

2𝐼𝑝
2𝐼𝐶𝑢𝑆 + 9Π𝐶𝑢𝑆

4𝐼𝐶𝑢𝑆
2𝐼𝑝 + Π𝐶𝑢𝑆

6𝐼𝐶𝑢𝑆
3

}                      (30)   

 

Where:  

 

𝛼𝑇𝐻𝐺
𝐴𝑢 =

144𝜔3
2𝐿2𝜇21

6 𝑝𝐴𝑢
2

∈0
4𝑉𝐴𝑢

2 𝑐4ℏ6𝑛3
2                                                                                                             (31)   

 

One can see from Equation 30 that there is an enhancement in THG due to the presence of the 

CuS nanoparticles.  

 

2.4 Enhancement in THG Intensity in CuS-NP due to Au-NPs 

 

Next, we study the effect of Au nanoparticles on the THG intensity emitted by CuS-NP. We find 

that Au-NP emits the surface-plasmon polariton electric field, 𝐸𝑠𝑝𝑝
𝐴𝑢 . The CuS-NP is interacting 

with Au-NP via 𝐸𝑠𝑝𝑝
𝐴𝑢  field. This interaction is nothing but the dipole-dipole interaction.  The 

interaction Hamiltonian for CuS nanoparticle in the dipole and rotating wave approximation can 

be written as follows. 

 

 𝐻𝐶𝑢𝑠 = 𝐻𝐶𝑢𝑠−𝑝𝑟𝑜𝑏𝑒 + 𝐻𝐷𝐷𝐼
𝐶𝑢𝑠 

𝐻𝐶𝑢𝑠−𝑝𝑟𝑜𝑏𝑒 = ℏ𝛬𝐶𝑢𝑆𝛺𝑝𝜎21 + ℎ. 𝑐. 

𝐻𝐷𝐷𝐼
𝐶𝑢𝑆 = ℏ𝛬𝐶𝑢𝑠𝛺𝐴𝑢𝜎21 + ℎ. 𝑐                                                                                 (32)                 

   

Where the physical parameters appearing in Equation 32 are found as 
 

𝛺𝐴𝑢 =
𝜇21𝐸𝑠𝑝𝑝

𝐴𝑢

ℏ
= 𝛱𝐴𝑢𝛺𝑃        𝛬𝐶𝑢𝑆 =

4𝜋∈0∈𝑏𝑉𝐶𝑢𝑆𝑔𝑙𝜁𝐶𝑢𝑆ℏ𝛺𝑃

𝜇21
2                                                         (33) 

 

Note that 𝐻𝐷𝐷𝐼
𝐶𝑢𝑆 = 𝐻𝐷𝐷𝐼

𝐴𝑢 . The first term in the interaction Hamiltonian between the SPP polariton 

with the pump photon. The second term the dipole-dipole interaction between CuS-NP and Au-

NP. 

 

Following the density matrix method of Au-NP, we found the third order density matrix 𝜚21
(3)

=

𝜚𝐶𝑢𝑆
(3)

 for CuS-NP as 

𝜌𝐶𝑢𝑆
(3)

= 𝜌𝑝𝑝𝑝
𝐶𝑢𝑆 + 𝜌𝑝𝑝𝑠

𝐶𝑢𝑆 + 𝜌𝑝𝑠𝑠
𝐶𝑢𝑆 + 𝜌𝑠𝑠𝑠

𝐶𝑢𝑆                                                                                                         (34) 

 

The density matrix elements appearing in Equation 34 are found as 
 

𝜌𝑝𝑝𝑝
𝐶𝑢𝑆 = Ω𝑝

3Λ𝐶𝑢𝑆
3 𝐹𝑝𝑝𝑝

𝐶𝑢𝑆               𝜌𝑝𝑝𝑠
𝐶𝑢𝑆 = 3Ω𝑝

3Λ𝐶𝑢𝑆
3 Π𝐴𝑢𝐹𝑝𝑝𝑝

𝐶𝑢𝑆                                                                    (35) 

𝜌𝑝𝑠𝑠
𝐶𝑢𝑆 = 3Ω𝑝

3Λ𝐶𝑢𝑆
3 Π𝐴𝑢

2 𝐹𝑝𝑝𝑝
𝐶𝑢𝑆     𝜌𝑠𝑠𝑠

𝐶𝑢𝑆 = Ω𝑝
3Λ𝐶𝑢𝑆

3 Π𝐴𝑢
3 𝐹𝑝𝑝𝑝

𝐶𝑢𝑆                                                                      (36) 

 

Finally, with the help of Equation 35, 36, the THG intensity emitted by the CuS-NP is 

calculated as follows. 
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  𝐼𝑇𝐻𝐺
𝐶𝑢𝑠 = 𝛼𝑐𝑠𝑡

𝐶𝑢𝑠Λ𝐶𝑢𝑆
6 |𝐹𝑝𝑝𝑝

𝐶𝑢𝑠|
2

{𝐼𝑝
3 + 9Π𝐴𝑢

2𝐼𝑝
2𝐼𝐴𝑢 + 9Π𝐴𝑢

4𝐼𝐴𝑢
2𝐼𝑝 + Π𝐴𝑢

6𝐼𝐴𝑢
3}                       (37)  

where 

𝛼𝑇𝐻𝐺
𝐶𝑢𝑆 =

144𝜔3
2𝐿2𝜇21

6 𝑝𝐶𝑢𝑆
2

∈0
4𝑉𝐶𝑢𝑆

2 𝑐4ℏ6𝑛3
2                                                                                                           (38)         

 

We found that the THG intensity of CuS-NP is enhanced due to the presence of Au 

nanoparticles. 

 

2.5 THG Intensity in Au and CuS nanohybrid 

 

The THG intensity emitted by the Au-NP and CuS-NP hybrid can be obtained by adding the 

intensities of the Au and CuS nanoparticles. The THG intensity for the hybrid system is found 

as 
 

𝐼𝑇𝐻𝐺
ℎ𝑦𝑏𝑟𝑖𝑑

= 𝐼𝑇𝐻𝐺
𝐴𝑢 + 𝐼𝑇𝐻𝐺

𝐶𝑢𝑆                                                                                                                          (39) 

 

Substituting the expression for 𝐼𝑇𝐻𝐺
𝐴𝑢  and 𝐼𝑇𝐻𝐺

𝐶𝑢𝑆  from Equations 30 and 37 into Equation 39, we 

get 
 

    

𝐼𝑇𝐻𝐺
ℎ𝑦𝑏𝑟𝑖𝑑

= [𝛼𝑐𝑠𝑡
𝐴𝑢 Λ𝐴𝑢

6
|𝐹𝑝𝑝𝑝

𝐴𝑢
|
2

{𝐼𝑝
3 + 9Π𝐶𝑢𝑆

2𝐼𝑝
2𝐼𝐶𝑢𝑆 + 9Π𝐶𝑢𝑆

4𝐼𝐶𝑢𝑆
2𝐼𝑝 + Π𝐶𝑢𝑆

6𝐼𝐶𝑢𝑆
3

} +

𝛼𝑐𝑠𝑡
𝐶𝑢𝑠Λ𝐶𝑢𝑆

6
|𝐹𝑝𝑝𝑝

𝐶𝑢𝑆
|
2

{𝐼𝑝
3 + 9Π𝐴𝑢

2𝐼𝑝
2𝐼𝐴𝑢 + 9Π𝐴𝑢

4𝐼𝐴𝑢
2𝐼𝑝 + Π𝐴𝑢

6𝐼𝐴𝑢
3

}]                                            (40) 

 

We predicted that the hybrid intensity depends on the dipoles and SPP coupling constant of the 

Au and CuS nanoparticles. 

 

The expression of the THG intensity can be further written in the compact form as follows 

 

𝐼𝑇𝐻𝐺 = 𝐶𝑎𝑢{𝐼𝑝
3 + 9Π𝐶𝑢𝑆

2𝐼𝑝
2𝐼𝐶𝑢𝑆 + 9Π𝐶𝑢𝑆

4𝐼𝐶𝑢𝑆
2𝐼𝑝 + Π𝐶𝑢𝑠

6𝐼𝐶𝑢𝑆
3

} + 𝐶𝐶𝑢𝑆{𝐼𝑝
3 +

9Π𝐴𝑢
2𝐼𝑝

2𝐼𝐴𝑢 + 9Π𝐴𝑢
4𝐼𝐴𝑢

2𝐼𝑝 + Π𝐴𝑢
6𝐼𝐴𝑢

3
}                                                                          (41) 

 

Where 

𝐶𝐶𝑢𝑆 = 𝛼𝑐𝑠𝑡
𝐶𝑢𝑆𝛬𝐶𝑢𝑆

6 |𝐹𝑝𝑝𝑝
𝐶𝑢𝑆|

2
   𝐶𝐴𝑢 = 𝛼𝑐𝑠𝑡

𝐴𝑢𝛬𝐴𝑢
6 |𝐹𝑝𝑝𝑝

𝐴𝑢 |
2
                                                                       (42) 

 

Note that unit of  𝐶𝐴𝑢 and 𝐶𝐶𝑢𝑆 is (W/m2)-2.  The intensity parameters  𝐼𝑝, 𝐼𝐴𝑢 and 𝐼𝐶𝑢𝑆 have unit 

(W/m2). On the other hand, the SPP coupling parameters  𝛱𝐴𝑢 and 𝛱𝐶𝑢𝑆 are unitless. 

 

2.6 SHG intensity of Au-NP alone and CuS-NP alone 

 

We can calculate the THG intensity emitted from Au nanoparticles alone from Equation 40 by 

putting  𝛱𝐶𝑢𝑆 = 0 and 𝛬𝐶𝑢𝑆 = 0 to obtain  

 

𝐼𝑇𝐻𝐺
𝐴𝑢 = 𝛼𝑐𝑠𝑡

𝐴𝑢𝛬𝐴𝑢
3 |𝐹𝑝𝑝𝑝

𝐴𝑢 |
2

. 𝐼𝑝
3                                                                                                                    (43)   
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Similarly, the THG intensity emitted from CuS nanoparticle alone can be calculated from 

Equation 40 by putting  𝛱𝐴𝑢 = 0 and 𝛬𝐴𝑢 = 0.  

 

𝐼𝑇𝐻𝐺
𝐶𝑢𝑆 = 𝛼𝑐𝑠𝑡

𝐶𝑢𝑆𝛬𝐶𝑢𝑆
3 |𝐹𝑝𝑝𝑝

𝐶𝑢𝑆|
2

𝐼𝑝
3                                                                                                      (44)   

 

Comparison of Theory and Experiments 

 

 
 

Figure B.8: A comparison between the theory and experiments for the 15 nm sample. The 

experimental points are shown in circles for the Au-CuS sample, crosses for the Au sample and 

diamonds for the CuS sample.  The dashed line and dotted lines are for the Au-only and the 

CuS-only samples, respectively. The dash-dotted line adds the THG intensities from single 

layers of Au and CuS nanoparticles. 

 

The solid line in Figure B.8 is the fit for the Au-CuS sample, derived from Equation 40.  The 

SPP coupling parameter values that result from the fitting procedure are ΠCuS = 3.1 and ΠAu = 

0, corresponding to single-beam excitation at 1050 nm as in the experiment.    The theoretical 

value ΠCuS = 3.1 is used to calculate the output intensity of the third harmonic as shown in 

Figure B.9. 

 

 
 

Figure B.9: Output intensity of the THG signal with 1050 nm fundamental input. 

Experimentally measured points are shown in diamonds. The solid line is theoretical 

calculation from input beam properties. 

 

 

 

By substituting the following physical constants into Equations 5, 6 and 10,  
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εCuS = 5.76, εb = 1.69, Lx = Ly = 15 nm, 
𝑉𝐶𝑢𝑆

4𝜋𝑟3
=  2.1 

 

where the ratio 
𝑉𝐶𝑢𝑆

4𝜋𝑟3 =  2.1  is based on the estimated packing fraction of the nanoparticles on 

the surface in Figure 3.1d, we calculate the value of ΠCuS to be 1.7; within the limits of 

accuracy with which we can estimate the physical parameters, this is reasonably close to the 

value derived from fitting the experimental data.   

 

 

B.10 SEM of Au/CuS bilayer films at (a-c) the site of laser exposure and (e-f) sites without 

laser exposure 
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