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Panupon Samaimongkol 

 

ABSTRACT  

(academic) 
 

 

In this dissertation, I have verified that the striking purple color of the intermetallic compound 

AuAl2, also known as purple gold, originates from surface plasmons (SPs). This contrasts to a 

previous assumption that this color is due to an interband absorption transition. The existence of 

SPs was demonstrated by launching them in thin AuAl2 films in the Kretschmann configuration, 

which enables us to measure the SP dispersion relation. I observed that the SP energy in thin films 

of purple gold is around 2.1 eV, comparable to previous work on the dielectric function of this 

material. Furthermore, SP sensing using AuAl2 also shows the ability to measure the change in the 

refractive index of standard sucrose solution. AuAl2 in nanoparticle form is also discussed in terms 

of plasmonic applications, where Mie scattering theory predicts that the particle bears nearly 

uniform absorption over the entire visible spectrum with an order magnitude higher absorption than 

efficient light-absorbing carbonaceous particle also known a carbon black. The second topic of this 

dissertation focuses on plasmon enhanced fluorescence in gold nanoparticles (Au NPs). Here, I 

investigated the distance-dependent fluorescence emission of rhodamine green 110 fluorophores 

from Au NPs with tunable spacers. These spacers consist of polyelectrolyte multilayers (PEMs) 

consisting of poly(allylamine hydrochloride) and poly(styrene sulfonate) assembled at pH 8.4. The 

distance between Au NPs and fluorophores was varied by changing the ambient pH from 3 to 10 
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and back, which causes the swelling and deswelling of PEM spacer. Maximum fluorescence 

intensity with 4.0-fold enhancement was observed with 7-layer coated Au NPs at ambient pH 10 

referenced to pH 3. The last topic of this dissertation examines a novel approach to assemble 

nanoparticles, in particular dimers of gold nanospheres (NSs). 16 nm and 60 nm diameter NSs were 

connected using photocleavable molecules as linkers. I showed that the orientation of the dimers 

can be controlled with the polarization of UV illumination that cleaves the linkers, making dipolar 

patches. This type of assembly provides a simple method with potential applications in multiple 

contexts, such as biomedicine and nanorobotics. 
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Panupon Samaimongkol 

 

ABSTRACT  

(general audience) 
 

 

This dissertation covers three related topics. The first is an investigation of the optical properties 

of the unusually colored purple gold, which is a blend of gold and aluminum with the chemical 

formula is AuAl2. This compound is interesting in that the origin of this color is different from most 

other metals. In the case of gold, for example, the metal gold is yellow color by absorbing the blue 

component from white light, leaving behind yellow color reflected light. The blue light is absorbed 

by electrons that change their state from a lower energy to a higher one. In purple gold, the color 

results from a different phenomenon known as “surface plasmons.” Surface plasmons are waves 

consisting of many electrons that move back and forth near an interface between a metal and an 

electrical insulator. The energy of surface plasmons in purple gold is low and corresponds to the 

purple color in this compound. Recently, published theoretical work supports the possibility of 

surface plasmons in purple gold. In this dissertation, I experimentally verify the presence of surface 

plasmons in purple gold. To launch surface plasmons, light was reflected off of a purple gold film 

deposited on the hypotenuse of a prism with varying angles of incidence. Surface plasmons can be 

observed by the sudden dimming of reflected light. From this, I was able to extract the surface 

plasmon dispersion relation, which is the relation between the inverse of the wavelength and the 

energy of the surface plasmons. In addition, I computed the light absorption properties of purple 
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gold when it is used in a nanoparticle form. The computational result showed that small purple gold 

nanoparticles absorb light very well, which may be useful in photothermal cancer therapy and solar 

steam generation. 

 

The second dissertation topic comprises a study of fluorescent molecules. These are compounds 

that reemit light with a different and redder color than the color of the light that illuminates them. 

In this experiment, green fluorescent molecules were placed near the surface of gold nanoparticles 

to observe how the brightness of the light emission is affected by the distance between the molecule 

and the metal. The underlying mechanism is based on localized surface plasmon resonances in gold 

nanoparticles. Localized surface plasmon resonances are waves consisting of many electrons that 

oscillate inside the particle, and they only occur when light at certain frequency illuminate the 

particle. On the resonance, the particle also exhibits the brighter light around the particle’s surface 

but the dimmer light away from the particle’s surface. The light enhancement from the particle can 

change the light emission of the fluorescent molecules. If the fluorescent molecules were placed in 

the range of localized surface plasmon resonances, the light emission is increased owing to the 

brighter light from the particle. However, if the fluorescent molecules were placed further away 

from the range of localized surface plasmon resonances, the light emission is decreased owing to 

the dimmer light from the particle. The distance between the surface of gold nanoparticle and the 

fluorescent molecules was varied by wrapping the gold particles with ultra-thin films of different 

plastic polymers before attaching fluorescent molecules to the surface of the films. These polymer 

films have the property that they swell and shrink when the acidity and basicity of the solution of 

gold particles changes, which allows me to vary the distance between the gold particles and 

fluorescent molecules. The results showed that the observed light gets dimmer when the solution 

is more acidic. On the other hand, the brighter light is noticed when the solution is more basic, and 

this observation is repeatable many times. Moreover, my work differs from other published works 
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in that the particles with the polymer films are more robust and stable than the other particles. This 

allows more design flexibility and suggests applications in biomedical or environmental research 

where the particles can be used to locally measure properties, such as acidity in confined spacers 

such as living cells. It may be possible to use this technique for tumor cells in our body or toxic 

pollutants in the air or water.   

 

The last dissertation topic involves assembling nanoparticles to build them into larger structures. 

In this experiment, I fabricated particle dimers that consisted of two gold nanospheres of different 

sizes. They were attached together by using small molecules that are sensitive to ultraviolet (UV) 

light, where these molecules allow small gold nanospheres to be attached to large gold nanospheres 

only in those locations on the large nanospheres that have been illuminated with a sufficient amount 

of UV light. To achieve this alignment, UV light with a linear polarization (a specific electric field 

direction) was used to select the area on the large nanospheres where the UV light was particularly 

intense and therefore able to break the molecules, leaving positively charged surface patches on the 

spheres. This results in the electrostatic attraction between the positive patches on the large gold 

nanospheres and the negatively charged small gold nanospheres.  With this method, I was able to 

make dimers of nanospheres in a preferred alignment by changing the polarization of UV light. The 

experimental results showed a good yield of dipolar patches, which allows multifunctional 

nanostructures with applications in nanomedicine, optical sensing, nanoelectronics, etc.  
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 Introduction 

1.1 Motivation and Literature review 

The search for better materials that exhibit the desired properties for novel applications has long been 

governing significant attention. For example, semiconductors have been used as small-sized transistors in 

microelectronic industry for a few decades. These tiny transistors enhance the capability of information 

processing at higher speeds, which in turn contribute to the development in other scientific fields that 

require a large-scale computation. Nevertheless, the technology in the microelectronic industry still 

confronts several inevitable challenges when the size of an electronic switch (e.g. a MOSFET or a CMOS 

gate) has been scaled down from micrometer to nanometer size. These daunting issues include an increase 

in power dissipation density, gate current leakage due to the quantum tunneling effect, and the short channel 

effect [1-3]. Though optical components can also be used for fast information processing, their bulky size 

is not compatible with a portable platform high integration densities. Thanks to rapid progress in material 

science, plasmonic materials offer a path to overcome the limitations in optical information processing. Due 

to the efficient subwavelength confinement of localized surface plasmons (LSPs) in plasmonic material, 

electronic miniaturization beyond the diffraction limit is possible [4-6]. In addition, the presence of LSPs 

can be applied for improving the sensitivity of detection in biosensors and chemical sensors. Due to a large 

enhancement of the local electromagnetic (EM) field associated with LSPs, small changes in the local 

environment (e.g. a change in the concentration of analyte molecules) bring about a significant change in 

optical properties in certain metal nanostructures with applications in rapid monitoring and analysis [7-10] 

by way of a number of techniques including surface-enhanced Raman spectroscopy (SERS), surface-

enhanced infrared spectroscopy (SEIRA), and second harmonic generation (SHG) [11-15]. New materials 

that possesses LSPs are therefore of considerable interest because of their potential for such applications, 
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while potentially providing simpler fabrication, better tunability, and superior properties compared to 

conventional materials such as gold and silver. In that vein, one of the topic of this dissertation is the 

investigation of the plasmonic properties of the intermetallic compound AuAl2, which currently is mainly 

used in the jewelry industry due to its intense purple color. In chapter 2, I explore the use of this material 

for plasmonic applications.  

The locally enhanced optical field induced by SPs and LSPs does not only improve the sensitivity of such 

well-known techniques as SERS, but it also plays an important role in the recent advancement in 

fluorescence spectroscopy. Drexhage et al. investigated the radiative and nonradiative rates of the emission 

intensity of a fluorescent dye near metallic and dielectric interfaces in 1974 [16]. After this early result, the 

effect of a metal nanostructure on the emission dynamics of fluorophores has been widely studied from 

both theoretical and experimental perspectives, opening a new field of research known as plasmon-

enhanced fluorescence (PEF). The coupling between a LSP and a fluorophore in its vicinity determines the 

overall fluorescence intensity that may be either quenched or enhanced depending on many parameters, 

such as the size and shape of a plasmonic nanostructure, the spacing between two species, and the spectral 

properties of a nanostructure and a fluorescent molecule [17-19]. Of all these parameters, two important 

factors play a central role in fluorescence emission intensity. The first factor is the spectral overlap between 

the spectra, i.e., an absorption and emission, of respectively the LSPs and the fluorophores. The second 

factor is the distance between the surface of the plasmonic (usually metallic) nanostructure and the 

fluorophore where the Purcell effect is responsible for the principle of PEF [20]. Though metallic 

nanostructures do not possess a cavity like a conventional resonator, it nonetheless provides an enormous 

local density of optical states (LDOS), thereby increasing the characteristic emission rate of a fluorophore 

in its vicinity [21].  PEF enhancement can also be accomplished using a coupling between fluorophores and 

LSPs supported by a periodical plasmonic nanostructure, such as nanohole [22-24], nanorod [25], 

nanograting [26, 27] and nanoparticle array [28]. Similarly, nonperiodical but extended metallic 

nanostructures are also employed to obtain increases in excitation rate and a quantum yield [29-31]. For 
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example, Weitz et al. showed several orders of magnitude enhancement in the fluorescence intensity of 

Eu3+ ion on a silver island substrate in 1983 [31]. Significant enhancement has also been observed from 

copper island [32] and silver fractal nanostructures [33]. In addition, upconversion nanoparticles (UCNPs) 

particles that absorb multiple lower-energy photons and emit a higher-energy photoncan be coupled to a 

metallic nanostructure in order to enhance the efficiency of the fluorescence upconversions. Feng et al. 

established a system composed of UCNPs coupled to gold nanorods of varying aspect ratios, and 

demonstrated a 22.6-fold intensity enhancement [34].  

 

The distance between a metal nanostructure and a fluorophore can be precisely controlled by using an AFM, 

a thiol layer, or a polyelectrolyte film as a spacer [35-37]. A common positively charged polycation is 

poly(allylamine hydrochloride) (PAH), while a common negatively charged polyanion is poly(styrene 

sulfonate) (PSS). Due to its abundance of primary amines, PAH can be used as class of stimulus responsive 

polymer that swells and shrinks up to several hundred percent when ambient pH is varied [38, 39]. For 

polyelectrolyte multilayer (PEM) films consisting of PAH and PSS, the change in film thickness results 

from the change in the degree of ionization in PAH as it is a weak electrolyte. This occurs when films are 

assembled at pH comparable to or higher than the pKa of PAH (8.8) [40, 41]. This results in film containing 

excess amines [42]. As ambient pH is increased, the amine groups lose their charges, repel counter ions and 

become hydrophobic, making the film shrink. As ambient pH is decreased, on the other hand, amine groups 

regain their charges and attract counter ions and water molecules, making the film swell [43, 44]. This 

property enables the film thickness to be tuned with pH, and it is repeatable for multiple cycles [45]. Other 

similar PEM films have also been observed to change in thickness under ambient pH variation [39, 45, 46]. 

Most of the literature reports on PEF fluorescence quenching and enhancement phenomena that make use 

of PEM films use them asfixed rather than tunable spacers [18, 47-51]. In these reports, additional film 

layers are deposited to increase the distance between metal and fluorophores [52, 53]. To date, only one 

paper examines plasmonic fluorescence enhancement using a tunable spacer. Yuan et al employed 
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poly(acryloyl hydrazide), as a pH-responsive polymer, as the spacer varying the distance between silver 

nanoparticles and Por4+ dyes in order to show an almost two-fold intensity enhancement as the ambient pH 

was changed [54]. In chapter 3 of this dissertation, I detail an experiment exploiting the swelling-deswelling 

behavior of PAH/PSS film to systematically vary the distance between gold nanospheres and a fluorophore, 

while the number of layers in PEM films is kept fixed.  

Au nanoparticles (NPs), in particular spherical gold colloids have been extensively studied for a long time 

since they can be used in diverse and multidisciplinary research fields because of their optical properties. 

These depend upon the particle shape and size, the surrounding medium, and any inter-particle spacing [55-

58]. The properties originate from LSPs profiles, the peak of which is in the visible region visible region 

and can be shifted when the properties on the surface of the Au NPs change [59, 60]. These characteristics 

make Au NPs excellent as a platform for biological sensors, chemical sensors, and other nanodevices [61-

66]. The optical properties of Au NPs have been exploited for thousands of years; at least since the 8th 

century BC. The oldest known artifact that implement this is gold-plated Egyptian ivory where the purple 

staining in the ivory was achieved by Au NPs formed during the production process [67]. Another 

prominent example is the Roman Lycurgus Cup (4th century) as shown in Figure 1.1. The glass matrix of 

this vessel contains 20-50 nm-sized Au and Ag NPs, which make it appear red in transmitted light (or when 

illuminated from behind) and turn green in reflected light (or when illuminated from the front) [68, 69]. 

Other handicrafts include the Purple of Cassius teapot (ca. 17th century), ornamental cups, glasses, lustre 

plates (15th –16th century) etc. [70, 71].  

Due to the unique color of Au NPs, their optical properties were first investigated by Michael Faraday. He 

accounted for the color of “a beautiful ruby fluid” (or Au colloids in the present terminology) as a result of 

“a mere variation in the size of particles” in the Bakerian lecture entitled “Experimental Relations of Gold 

(and Other Metals) to Light” [72]. His report paved the way for many scientists to conduct theoretical and 

experimental studies on the optical characteristics of nanoparticles made of gold and other metals [73-76].   



5 

 

There are numerous approaches, both top-down and bottom-up to fabricate Au NPs, which vary in particle 

shape, size, solubility, stability and functionality [77]. For example, Au nanospheres in a water suspension 

are commonly prepared by a citrate reduction method [78-80]. For Au nanorod synthesis, a seed-mediated 

growth method is usually used [81, 82]. Physical fabrication methods (e.g. thermolysis, sonochemistry, 

photochemistry etc.) have also been reported [83-85]. In this dissertation, chemical synthesis, which is in 

the class of “bottom-up” approach, has been used to synthesize spherical Au NPs suspended in water. This 

synthesis is based on the reduction of Au3+ ions to Au0 by reducing agents, where the Au NPs are made 

stable by capping or stabilizing agents that are adsorbed on the particle surface and repel each other, thereby 

preventing the particles from aggregating. A variety of reducing and stabilizing agents is available 

depending on the medium in which the particles are, and on the particle size. For example, citrate or 

ascorbate act as reducing and stabilizing agents in aqueous medium [86, 87], while glycol acts as a reducing 

and stabilizing agent in an organic medium [88]. 

 

Figure 1.1: The Lycurgus Cup, a 4th-century Roman drinking glass goblet which changes color under different illumination. This 

cup has a dull green background in normal lighting from the front, but appears ruby red under lighting originating from the back. 

The color changing effect stems from metal (Au and Ag) nanoparticles embedded inside the glass. The left image has been obtained 

by unknown from the Wikipedia website (https://en.wikipedia.org/wiki/Lycurgus_Cup#/media/File: 

Lycurgus_Cup_red_BM_MME1958.12-2.1.jpg). It was made available by Marie-Lan Nguyen which is licensed under a CC BY 

2.5. It is attributed to “unknown”. The right image has been obtained by Johnbod from the Wikipedia website 

(https://en.wikipedia.org/wiki/Lycurgus_Cup#/media/File:Green_Lycurgus_Cup.jpg). It was made available by Johnbod which is 

licensed under a CC BY-SA 3.0. It is attributed to “Johnbod”. 
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The oldest and best-established method to fabricate Au nanosphere in an aqueous medium is the citrate 

reduction method due by Turkevich. It uses citrate ions acting as both reducing and stabilizing agents [79]. 

Au NPs obtained from this reaction have diameters between 10 and 50 nm, which can be controlled by the 

amount of citrate ions as shown by Frens. and are stable due to electrostatic repulsion of the negatively 

charged double layers created by citrate ions adsorbed on the Au NP surface [78]. Even after nearly seven 

decades, this method still remains heavily used because of the inexpensive reductant and non-toxic medium 

that are biocompatible and also compatible with many other applications. Au NPs with small diameters 

between 2-6 nm can be synthesized by the Brust method, but the medium is an organic solvent (toluene) 

which requires the phase-transfer technique if an aqueous medium is needed [89]. With other approaches, 

monodisperse and quasi-spherical Au NPs up to 200 nm in diameter can be fabricated by a kinetically 

controlled seeded growth strategy, which yields a narrow-sized distributions of Au NP in aqueous medium 

[87, 90]. 

Au NPs are not only used as individual units, but can also be combined into more complex ordered 

structures, such as nanocube-nanosphere dimers [91], heterodimers [92], and a core-satellite structure [93]. 

Such nanoparticle assembly has recently received a considerable amount of attention as the resulting 

nanostructures can be very helpful for a number of applications. For example, a plasmonic chiral sensor 

made of Au NPs dimers and oligomers can detect chiral molecules of antibiotics [94], heavy metals (e.g. 

Hg2+, Ag+) [95, 96], and DNA [97]. Other structures of this type of sensor include NP chains [98], NP 

helices [99], and NP pyramids [100]. A plasmonic fluorescence sensor in a form of a core-satellite structure 

was made from CdTe quantum dots and Au NP in order to enhance fluorescence intensity in proteins [101]. 

In addition to conventional colorimetric sensors using Au NPs colloids [102], a spectral blue shift of Au 

NPs dimers has also been used to probe DNA in serum [103]. A SERS sensor made of vertically aligned 

Au nanorods has been demonstrated for monitoring minute food contaminants at femtomolar concentrations 

[104].  
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Due to the great variety of complex ordered nanostructures useful in applications, numerous techniques and 

strategies have been employed to assemble NPs into larger structures. This dissertation focuses on a 

particular type of nanoassembly known as an “orientational assembly” where each building block is 

precisely arranged in a preferential direction in order to form a one- (1D) or two-(2D) dimensional 

nanostructure. The building blocks may be either isotropic (e.g. nanospheres) or anisotropic NPs (e.g. 

nanorods, nanostars, or nanocubes) where the interaction between NPs is designed such that a specific 

orientation of assembly is achieved. The interactions may depend on many factors, such as the shape of 

NPs, the capping layer coating the NPs, and the ligands used for binding the NPs together [105, 106]. 

Orientational alignment may be mediated by the shape anisotropy of the NPs themselves [91]. Even if the 

shape of a NP is isotropic, the assembly may be controlled by an anisotropic driving force, resulting in an 

aligned structure [107]. The interaction driving the assemble can have different origins, such as electrostatic 

attraction [107], entropic forces [108, 109], hydrogen bonds [110], and van der waals forces [111-113]. In 

addition to such intrinsic forces, efficient directional control on NP assembly can be achieved using external 

forces such as an applied electric field [114], surface-modified substrates [115], or bimolecular ligands 

[116]. For NPs assembly from biomolecules, Mirkin and Alivistatos were the first to harness DNA as a 

linker in order to organize Au NPs into a nanocrystal form in 1996 [102, 117]. As DNA is easily synthesized 

and controlled in terms of base sequences, it is often employed for other regiospecific structures such as 

Au-Ag dimers [118], Au NPs dimers [116, 119, 120], Au NPs trimers [121], Janus (two-faced) clusters 

[122], and alternating particle chains [98]. This work has also inspired other complex nanostructures to be 

built with other molecules such as poly(ethyleneglycol) [101], antibodies [123], and disulfide linkages 

[124].  

In this dissertation, I use a photocleavable molecule as the linker between NPs. These are molecules that 

release an active functional group upon absorption of a photon. Many equivalent terms are used to describe 

such molecules, including photocleavable, photolabile, photoremovable, photoactivatable, photouncaging 

or photoreleasable [125]. These moieties were first introduced in 1966 [126, 127], and can be integrated 
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into larger ligands for a multitude of applications such as cell adhesion [128], sequential protein release 

[129], DNA sequencing [130], and NPs assembly [131, 132]. For the case of NPs assembly, the 

photoreleased product is usually a positively or negatively charged functional group that enables binding 

by electrostatic attraction. More specifically, such a photocleavable molecule comprises a photoremovable 

group, which reacts to light as an external stimulus, and ligand attached to a NP that presents the caged 

group upon irradiation. For example, nitrophenethyl and nitrobenzyl groups undergo a photouncaging 

reaction when irradiated with UV light [133-136], while a 4--amino acid and an o-nitrobenzyl 

methacrylate are chemically cleaved upon irradiation with visible light [125, 137]. Other derivatives have 

also been developed as photoactivable groups, including benzoin esters, cinnamyl esters, 

fluorenecarboxylates etc. [138, 139]. Note that photoclevable molecules undergo a bond cleavage only if 

enough energy is provided by the light. In chapter 4 of this dissertation, I describe an experiment where a 

photocleavable linker was used to form well-defined Au NPs dimers. 

This nanostructure consists of two different Au nanospheres of two different diameters. The alignment of 

small Au NPs on large Au NPs is here controlled by the polarization of the incident UV light. A bond 

cleavage occurs preferentially in a certain area of the spheres, leaving positively charged amines under low 

pH condition. This allows negatively charged particles to assemble onto the desired areas, creating 

structures of a defined orientation as defined by the polarization direction. Such structures have potential 

applications in several fields, including pharmacology and optoelectronic devices. 

 

1.2 Dissertation outline 

This dissertation consists of this introductory chapter and three additional chapters, each relating a specific 

experiment as outlined below: 
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1.2.1 Chapter 2 Launching low energy surface plasmon resonances (SPRs) in the purple gold 

(AuAl2) intermetallic 

Chapter 2 demonstrates the existence of SPs in the AuAl2 intermetallic compound. AuAl2 is an oxidation-

resistant material with an intense purple color. This color has long been thought to be due to an interband 

absorption transition, but its theoretical dielectric function predicts that SPs are responsible for the unusual 

color. This chapter describes an experiment that launches SPs in AuAl2 thin film using the Kretschmann 

configuration, verifying the SP origin of the color. The SP dispersion relation was established 

experimentally from a careful experimental measurement and found to be in a good agreement with the 

theoretical dispersion relation. A SPR sensor based on AuAl2 films was also investigated in order to further 

verify the existence of low energy SPPs in this material. Finally, the chapter ends with a discussion of the 

feasibility of employing AuAl2 nanoparticles in particular applications. 

1.2.2 Chapter 3 Tunable fluorescence intensity by pH-responsive polymer on Au 

nanocomposites 

Chapter 3 places an emphasis on the role of LSPs on fluorescence phenomena, i.e., fluorescence quenching 

and enhancement. This chapter begins with a literature review of the study of what is known as plasmon-

enhanced fluorescence (PEF). It describes the mechanisms behind the quenching and enhancement of 

fluorophore luminescence intensity in terms of bright and dark plasmons. The chapter also outlines the 

concept of plasmonic nanoantenna, which provides a means of estimating the emission rate of the 

fluorophore such as a fluorescent molecule or a quantum dot in the presence of a metallic nanoparticle. An 

experiment is elaborated using the swelling-deswelling property of certain PAH/PSS films to tune the 

distance between gold nanospheres and a fluorophore by varying the ambient pH. The characterizations, 

such as extinction and fluorescence spectra, of a system composed of Au NPs and fluorophores are plotted 
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as a function of the ambient pH. Finally, this chapter draws a conclusion from the experiment and discusses 

the possibility of practical applications in biosensors and photonic devices.   

1.2.3 Chapter 4 Optically aligned assembly of gold nanospheroids 

Chapter 4 is dedicated to a novel approach to nanoparticle assembly. Gold nanoparticles are used as the 

building blocks for a fabrication of nanosphere dimers. The introduction of this chapter explores recent 

literature on self-assembly of different types of nanoparticles. Background on the chemistry of a 

photocleavable molecule, known as LIP3, used in this research is also provided. In addition, preliminary 

results of self-assembled monolayer (SAM) of LIP3 on gold film are presented. Our plan to combine larger 

and smaller gold nanoparticles into complex ordered aggregates is outlined. This chapter also reports 

experimental results obtained using field emission scanning electron (FESEM) microscopy. Finally, this 

chapter examines the possibility of controlling and binding different types of nanoparticles (e.g. gold and 

hematite nanoparticles) for an application in a water-splitting reaction.  

 

1.3 Background: Plasmonics  

Recent interest in surface plasmon polaritons (SPPs) and localized surface plasmons (LSPs) has led to the 

emergence of the new branch at the intersection of material science and optics known as plasmonics. 

Plasmonics is dedicated to fundamental phenomena and applications of optical phenomena associated with 

surface electromagnetic (EM) waves at the dielectric-metal interface in extended as well as in nanoscale 

systems. It is of considerable interest in nanoscience because of two striking characteristics of SPPs and 

LSPs, namely the localization and the enhancement of the EM field.  

The first unusual feature of SPPs and LSPs is the ability to confine an EM wave to a volume of 

subwavelength width along a metal dielectric interface with applications to plasmonic waveguiding and 

transmission. Despite the dominance of electronic components based on semiconductors in integrated 
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circuits, information transmission is still limited by electrons that carry less data, travel slower, and create 

more heating than photons. Consequently, photonicsthe area of study that harnesses light for application 

offers photons as the information carrier to improve performance in information processing and 

transmission. Though photonic components feature superior rates of information transfer, the size of 

conventional photonic components (e.g. optical fibers) are bulky owing to the diffraction limit of light, 

which makes the size of the photonic devices at least one or two orders of magnitude larger than those of 

the electronic devices. This size mismatch between the electronic and photonic components impedes the 

capability of making smaller, faster, and more powerful devices. Because SPPs are strongly confined along 

a surface with lateral dimensions potentially much smaller than the wavelength of light, they can be 

employed in plasmonic waveguides, and by extension in plasmonic circuits, which then are good candidates 

to bridge the size-gap between nanoscale electronics and microscale photonics devices [140-146].  

The second remarkable feature of SPPs and LSPs is the capability of providing a strong intensity 

enhancement of the plasmon EM field enhancement relative to the excitation field. In this context, regions 

with greatly enhanced EM fields are known as hot spots. This effect is particularly pronounced within a 

few nanometers of sharp corners or narrow gaps in metal nanostructures. Some examples of such structures 

include hemisphere dimers [147-149], nanocube dimers [150-152], nanostar [153-155] dimers, as well as 

larger aggregations of more than two particles [156]. Multiple hot spots are also observed on sharp corner 

structures and sharp tips [157, 158] including nanorods [159], nanoprisms [160, 161], and nanoflowers 

[162]. Hot spot generation can significantly increase the Raman signal in Raman spectroscopya technique 

for identifying molecules based on their mechanical vibrational modes. The near-field enhancement factor, 

defined as 𝑔 = (𝐸𝑙𝑜𝑐𝑎𝑙/𝐸0)2 where 𝐸0 is the amplitude of the electric field of the incident light, can be 

engineered, depending on the configuration of the nanostructure, to reach values of up to 107 [163], which 

has opened a new field known as surface enhanced Raman spectroscopy (SERS) [164-166].  

Plasmonic hot spots are also instrumental in the area of plasmon-enhanced fluorescence (PEF) 

spectroscopy. By placing a fluorescent molecule in the vicinity of a metallic nanostructure, the highly 
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enhanced local EM field owing to LSPs can increase both the fluorescence excitation and the emission rate 

of the fluorophore. The fluorescence enhancement factor may increase about 2- to 200- fold for nanorods 

[167, 168], nanoholes [24, 169, 170] or core-shell nanoparticles [171-173]. A record 1300-fold 

enhancement was observed for a bowtie nanostructure and fluorophore with low intrinsic quantum 

efficiency [174]. This intensity enhancement provides higher signal-to-noise ratio in fluorescence imaging 

[34, 173, 175].  

 

1.4 Terminologies 

In this dissertation, certain common terms appear in several of the chapters. In this subsection, I provide 

the fundamental meaning and physical principles behind these terms. The details and derivation of 

interesting equations (e.g. a dispersion relation, a cross section, an efficiency etc.) will be elaborated in the 

relevant chapters. 

1.4.1 The plasmon 

A plasmon is a quantum mechanical quasiparticle resulting from the quantization of classical plasma 

oscillations. A plasma can be modeled as a gas of electrons overlapping a background of fixed positive ions 

such that the overall structure is charge neutral. Electrons are free to move in the structure, but any deviation 

from the equilibrium charge density is subject to a restoring force produced by the positive ions, which 

results in the possibility of plasma oscillations. Plasmons are bosonic particles and can be seen as a 

collective excitation of conduction electrons in a material, launched by the appropriate excitations such as 

particle impact or EM radiation. Nevertheless, the term plasmon is used to denote all kinds of conductive 

electron oscillations in a material and this can be categorized into three types depending upon the dimension 

of the conducting object. The three types are (1) volume or bulk plasmons, (2) surface plasmons, and (3) 

localized surface plasmons. 
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1.4.2 Volume or bulk plasmons 

A volume or bulk plasmon, as suggested by the name, is a collective oscillation of electrons in a bulk 

material as shown in Figure 1.2. The simplest example of a bulk plasmon is a system of positive and 

negative ions of ionized gas in a discharge tube. In addition, plasmons are observed in metals because free 

electrons inside these materials behave similarly to a plasma under suitable excitation.   

 

 

Figure 1.2: (a) Bulk or volume plasmons are coherent collective oscillations of free electrons at the plasma frequency 𝜔𝑝 given by 

Eq. (1.3.1) in bulk material. (b) If an incident electromagnetic (EM) wave (or light) with the frequency 𝜔 below the plasma 

frequency 𝜔𝑝 is incident upon the material, the majority of light is reflected and wave transmitted. In contrast, if the frequency 𝜔 

of an incident EM is above the plasma frequency 𝜔𝑝, light is transmitted through the material.     

From the classical point of view, a bulk plasmon is an oscillation of conduction (or free) electrons back and 

forth relative to the positive fixed ions, which have heavier masses than electrons, at the frequency known 

as the plasma frequency 𝜔𝑝: 

 𝜔𝑝
2 =

𝑛𝑒2

𝑚𝑒𝑓𝑓𝜖0
 , (1.4.1) 
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in which 𝑛 is the conduction electron density, 𝑒 is the elementary charge, which equals 1.602  10-19 C, 

𝑚𝑒𝑓𝑓 is the effective mass of an electron in the metal, and 𝜖0 is the permittivity of free space, which is 

approximately equal to 8.85  10-12 F m-1. In bulk gold, the volume plasmon energy ℏ𝜔𝑝 ≈ 8.55 eV [176]. 

Classical plasma oscillations were theoretically investigated by Langmuir in 1928 [177]. However, the term 

bulk plasmons was later introduced by Pines in 1964 [178] when he and his collaborator Bohm pioneered 

theoretical research on plasmas in the quantum regime [179-182]. The existence of bulk plasmons was later 

experimentally verified by electron energy loss spectroscopy in aluminum and magnesium thin foils [183]. 

1.4.3 Surface plasmons and surface plasmon polaritons 

A surface plasmon (SP) is the collective oscillation of conduction electrons near an interface such as the 

interface between a metal and a dielectric, as shown in Figure 1.3. Because this type of plasmon travels 

along the surface of the material, it is also known as a propagating surface plasmons (PSPs).  There are 

several other ways to view the SP. From the perspective of electrodynamics, the SP is a particular case of 

a surface wave in the theory of ground-wave propagation along the Earth by Zenneck [184] and Sommerfeld 

[185]. From the perspective of optics, the SP is one of the modes of an interface. Finally, from the aspect 

of solid state physics, the SP is a collective oscillation of electrons or the quantization of plasma travelling 

near the surface of a metal [186].  

Surface plasmon resonance (SPR) is a physical phenomenon that occurs when the in-plane wave vector of 

incident photons matches the wave vector of a SP at the frequency of the light, thereby exciting SPs that 

propagate along the interface. 
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Figure 1.3: Surface plasmons (SPs) are coherent electron oscillations travelling along the interface between two media such as a 

metal and a dielectric.  

Another term used interchangeably with SP in many publications is surface plasmon-polariton (SPP). The 

word polariton refers to a quasi-particle associated with the coupling between a photon and any other 

elementary excitation, such as a phonon, polaron, exciton etc. This term emphasizes that the plasmonic 

excitation includes a EM component as well as an electron component that together make up the SPP. 

The term surface plasmon was originally introduced by Ritchie in 1957 as he theoretically explained SPs 

as the mechanism behind the energy loss of fast electrons passing through thin metal films [182]. In 

addition, the term polariton was first proposed by Hopfield in 1958 in order to describe the electromagnetic 

response of a medium using a quantum model [187, 188]. Finally, the term surface plasmon polariton was 

adopted when Elson and Ritchie exploited Hopfield’s idea to explain a quantization of surface plasma 

waves [189].  

In this dissertation, the term SPPs will be used for most propagating surface plasmon modes. Other terms 

and acronyms found in the literature for the same phenomenon include plasmon surface polariton (PSPs), 

surface plasma waves (SPWs), surface plasma oscillations (SPOs), and surface electromagnetic waves 

(SEWs) [190]. Many publications also use the short term surface plasmons instead of the longer surface 

plasmon polaritons. 
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1.4.4 Localized surface plasmon 

A localized surface plasmon (LSP) is, again, the collective coherent oscillations of conduction electrons 

inside a nanostructure such as metallic nanospheres, nanotriangles, nanorods etc. As the size (or a diameter) 

of the nanoparticle is generally smaller than the wavelength of the incoming light, the free electrons inside 

the particle do not propagate along the surface. Instead they oscillate within the nanostructure due to the 

oscillatory electric field of the incident light as shown schematically in Figure 1.4. As the coherent electron 

oscillations usually happen in a nanoparticle, the LSP is also called a particle plasmon [191-194]. However, 

LSPs can exist locally within extended structured surfaces and constructs [195, 196]. Lastly, the term 

localized surface plasmon resonance (LSPR) is not different from LSP. The “R” simply emphasizes the 

resonant nature of this mode, which distinguishes it from a SPP. Such resonance can be observed as a peak 

in the extinction spectrum as shown in Figure 1.10 and Figure 1.11. 

 

Figure 1.4: Schematic diagram representing a localized surface plasmon (LSP) inside a metal nanoparticle. The incident light 

travels to the right and induces (free) conduction electrons to oscillate, in phase with the incoming electric field. Such oscillations 

are widely distributed over the volume of a particle. Even if light is composed of an oscillating electric 𝑬 and magnetic 𝑩 fields 

perpendicular to each other, only the 𝑬 fields (blue arrows) are shown because most materials are non-magnetic. Therefore, the 

effect of 𝑩 field is negligible compared to that of 𝑬 field which can exert a Coulomb force directly on the charged particles, in this 

case electrons.    
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1.5 Theory 

1.5.1 Dispersion Relation of a surface plasmon polariton 

In this section, we will focus on a SPP propagating along smooth interfaces or thin films. Note that this 

section provides a summary, while the full treatment will be laid out in Raether’s book [203].  

 

Figure 1.5: Schematic representation of a surface plasmon polariton (SPP) propagating in the 𝑥-direction on the interface (𝑧 = 0) 

between a metal with a complex dielectric function 𝜖𝑚(𝜔) and a dielectric with a real positive dielectric constant 𝜖𝑑. Since a SPP 

is a p-polarized EM wave, in each medium, the 𝑦-component of the 𝑬 field vanishes, and the 𝑥- and 𝑧- components of the 𝑯 field 

are zero. 

Consider a SPP propagating on a planar interface between two materials in the 𝑥-direction as indicated in 

Figure 1.5. Since a SPP usually exists on a metal-dielectric interface, we assume that the dielectric material 

has an isotropic, positive, real dielectric constant 𝜖𝑑 in the upper half-space 𝑧 > 0, while the metal surface 

has an isotropic frequency-dependent, complex dielectric function 𝜖𝑚(𝜔) = 𝜖𝑚𝑅 + 𝑖 𝜖𝑚𝐼 in the lower half-

space 𝑧 < 0.  
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1.5.1.1 The solutions to Maxwell’s equations 𝑬 and 𝑯 fields  

A SPP can be represented by the electric field 𝑬 and magnetic field 𝑯 in each medium. This can be obtained 

from the solution of Maxwell’s equations with the appropriated boundary conditions (BCs). The solutions 

for a p-polarized EM wave at frequency 𝜔 are as follows: 

In the dielectric (𝑧 > 0) 

 

 𝑬𝑑 = (𝐸𝑥𝑑 , 0, 𝐸𝑧𝑑) exp 𝑖(𝑘𝑥𝑥 + 𝑘𝑧𝑑𝑧 − 𝜔𝑡) ,  

  (1.5.2) 

 𝑯𝑑 = (0, 𝐻𝑦𝑑 , 0) exp 𝑖(𝑘𝑥𝑥 + 𝑘𝑧𝑑𝑧 − 𝜔𝑡) .  

 

In the metal (𝑧 < 0) 

 𝑬𝑚 = (𝐸𝑥𝑚, 0, 𝐸𝑧𝑚) exp 𝑖(𝑘𝑥𝑥 − 𝑘𝑧𝑚𝑧 − 𝜔𝑡) ,  

  (1.5.3) 

 𝑯𝑚 = (0, 𝐻𝑦𝑚, 0) exp 𝑖(𝑘𝑥𝑥 − 𝑘𝑧𝑚𝑧 − 𝜔𝑡) .  

 

The propagation vector 𝒌 in each medium depends on the frequency 𝜔 and the dielectric functions 𝜖𝑚(𝜔) 

and 𝜔𝑑(𝜔) via 

 𝑘𝑆𝑃𝑃(𝜔) = 𝑘𝑥 =
𝜔

𝑐
√

𝜖𝑚𝜖𝑑

𝜖𝑚 + 𝜖𝑑
 , (1.5.4) 

 

 𝑘𝑧𝑑(𝑚) =
𝜔

𝑐
√

𝜖𝑑(𝑚)

𝜖𝑚 + 𝜖𝑑
 , (1.5.5) 

 

where 𝑐 is the speed of light in vacuum. 
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A SP dispersion relation 𝜔(𝑘) may be recast as energy 𝐸 and the wave vector 𝑘 by using the fact that 𝐸 =

 ℏ𝜔. Therefore, (1.5.5) can be rewritten as 

 𝐸 = ℏ𝑐𝑘𝑆𝑃𝑃√
𝜖𝑚 + 𝜖𝑑

𝜖𝑚𝜖𝑑
 . (1.5.6) 

 

The SP dispersion relations of Au and AuAl2 in air calculated from (1.5.6) are shown in Figure 1.6. 

 

Figure 1.6: The theoretical dispersion relations 𝐸(𝑘) of SPPs on Au and AuAl2 calculated from (1.5.6). The experimental dielectric 

function of Au is from Johnson and Christy [197], while that of AuAl2 is from Supansomboon [198]. The adjacent dielectric is air. 

1.5.1.2 Discussion on the existence of a SPP 

If a SPP exists and travels along the 𝑥-direction but not in the 𝑧-direction, i.e., it is bound to the interface, 

two conditions must be met: 

1.𝑘𝑧𝑑 and 𝑘𝑧𝑚 must be imaginary because the amplitudes of the 𝑬 and 𝑯 fields decay exponentially with 

the distance 𝑧 from the interface, i.e., 𝑅𝑒(𝑘𝑧𝑑) = 0 and 𝑅𝑒(𝑘𝑧𝑚) = 0. 

2.𝑘𝑆𝑃𝑃 must be real and positive, i.e., 𝑅𝑒(𝑘𝑥) > 0. Thus, from (1.5.4) and (1.5.5), one has 

 𝜖𝑚(𝜔) ∙  𝜖𝑑 < 0 , (1.5.7) 
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and 

 𝜖𝑚(𝜔) + 𝜖𝑑 < 0 . (1.5.8) 

 

To meet these requirements, one possibility is that (i) 𝜖𝑑 is frequency-independent positive real and (ii) 

𝜖𝑚(𝜔) = 𝜖𝑚𝑅 + 𝑖 𝜖𝑚𝐼 is frequency-dependent and complex where 𝜖𝑚𝑅 < 0 and 𝜖𝑚𝑅 > 𝜖𝑑; that is, the real 

part of 𝜖𝑚(𝜔) must be negative enough such that 𝜖𝑚(𝜔) + 𝜖𝑑 < 0. These condition can be satisfied in a 

large number of metals and other conductors at frequencies in the UV, visible, or near infrared. 

1.5.1.3 Excitation of a surface plasmon polariton 

We have already seen there are several ways to launch surface plasmons. One of them is to employ electron-

energy-loss-spectroscopy (EELS), which uses fast electrons to excite 2D surface plasmons in certain 

materials (e.g. doped graphene) [199-201]. The other conventional way is optical excitation, which harness 

light or an electromagnetic wave to launch surface plasmons, and it will be the principal method used here.  

To launch SPPs by optical excitation, a phase matching condition must be fulfilled, which has three 

requirements: 

1.The frequency 𝜔 of the incoming EM wave must be the same as that of the SPP, i.e., 𝜔𝐸𝑀,𝑖𝑛 = 𝜔𝑆𝑃𝑃 . 

2.The component of the wave vector 𝒌 of the incoming EM wave that is parallel to the propagation direction 

of the SPP must be the same as that of the SPP, i.e., 𝑘|| 𝐸𝑀,𝑖𝑛 = 𝑘𝑆𝑃𝑃 or 𝑘𝑥 𝐸𝑀,𝑖𝑛 = 𝑘𝑥.  

3.The polarization of the incoming EM wave must be the same as that of the SPP, i.e., p-polarization.  

In quantum mechanics terminology, the first requirement is the so-called energy matching because 𝐸 =

ℏ𝜔, while the second is known as momentum matching because 𝑝 = ℏ𝑘.  

In other words, phase matching occurs when two dispersion relations (of the incoming EM wave and the 

SPP) intersect. At the intersection point, all conditions above can be satisfied causing energy transfer 

between the incoming EM wave and the SPPs. 
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In practice, the first and third requirements are easily fulfilled, while the second is not accomplished by a 

simple setup. To illustrate this, consider the optical excitation of a SPP on a planar surface (e.g. a metal 

film in air). The p-polarized light is incident on the surface from the adjacent dielectric medium (e.g. air or 

vacuum) which is next to the metal film. 

 

The dispersion relation 𝜔(𝑘) for the incoming EM wave is simply given by 

 

 𝜔 = 𝑐𝑘 , (1.5.9) 

 

while the dispersion relation of the SPP can be rewritten from (1.5.6) as 

 

 𝜔𝑆𝑃𝑃 = 𝑐𝑘𝑆𝑃𝑃√
𝜖𝑚 + 𝜖𝑑

𝜖𝑚𝜖𝑑
 . (1.5.10) 

 

These two expressions (1.5.9) and (1.5.10) can be plotted as the red line and the black curve depicted in 

Figure 1.7. Since 𝑅𝑒 (√
𝜖𝑚+𝜖𝑑

𝜖𝑚𝜖𝑑
) < 1, these two lines do not intersect at any frequency above 𝜔 = 0 nor can 

the in-plane component of the light wave vector 𝑘𝑥 ≤ 𝑘, ever satisfy the momentum-matching condition.  

In other words, SPPs cannot be excited by simply shining light on a metal. This is a direct consequence of 

the SPPs confinements to the interface, which requires an imaginary 𝑘𝑧𝑑, precluding any propagation in the 

𝑧-direction.  
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Figure 1.7: Excitation of SPPs on a metal film-air interface. The solid black curve represents the SPP dispersion relation on a metal 

(1.5.10). The solid red line is the light line in vacuum (1.5.9), which does not intersect the SPP dispersion relation at any point 

except the origin. In other words, SPP cannot be excited by the light line in free space. However, if light line is excited in a dielectric 

(e.g. a prism in the next section) as represented by the solid blue line, the light dispersion relation changes and can intersect the 

black curve, causing SPRs in a metal film. The orange line represents leaky surface modes given by 𝜔 =  √𝜔𝑝
2 + 𝑐2𝑘2. 

1.5.1.4 Reflectivity minimum in the Kretschmann configuration 

There are several experimental configurations that provide the wave vector matching needed for optical 

excitation of SPPs. For example, one can use diffraction of surface waves on a grating or on surface features 

[202-204]. The effective magnitude of the in-plane component of the incident light wave vector is then 

increased by adding the grating’s reciprocal lattice vector to that of the light’s wave vector such that 

momentum matching occurs. Another important technique is to use photon tunneling under total internal 

reflection (TIR). Two versions of this are usually discussed: (i) the Kretschmann [205] and (ii) the Otto 

[206] configurations. 

In this dissertation, the Kretschmann configuration is adopted because of the convenient practical setup 

where a metal film is deposited onto a dielectric prism made from high-refractive index glass as depicted 

in the inset of Figure 1.8.The prism is illuminated as shown in the inset so that an angle of incidence on the 
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hypothenuse 𝜃𝑖 greater than the critical angle 𝜃𝑐 can be obtained. The reflection of the wave off the metal 

creates an evanescent field that penetrates into the metal film. If the phase matching condition illustrated  

in Figure 1.7 is satisfied, the evanescent field can excite a SPP on the outer surface of the metal film. When 

the excitation of a SPPs occurs, a minimum in the reflectivity vs. angle of incidence curve is observed. Note 

that the thickness of the metal film has an impact on the angle 𝜃𝑚𝑖𝑛 at which the reflectivity is minimum 

and on the launching of the SPRs because the thicker the film is, the harder it is to launch SPPs as the 

evanescent SPP wave decays exponentially before it reaches the other side of the Au film so that for 

sufficiently thick films, the excitation of the SPPs vanishes [207]. 

 

 

Figure 1.8: Theoretical reflectivity 𝑅 of the excitation EM wave plotted as a function of the incident angle 𝜃𝑖  in the Kretschmann 

configuration for prism-air (blue curve) and Au-air (orange curve) interfaces. The inset shows the Kretschmann configuration 

which contains a prism with a 30-nm thick Au film coated on one side. Light at wavelength 𝜆 = 632.8 nm is incident from air to 

the prism and then to the Au film and then reflected back through the prism and air where the detector is located. The SPP excitation 

happens at the Au-air interface when the incident angle 𝜃𝑖 = 𝜃𝑟𝑒𝑠 = 37.4°, which is in the total internal reflection regime (𝜃𝑖 >

𝜃𝑐 = 34.2° for glass with 𝑛 = 1.78). 

Figure 1.8 shows the theoretical reflection curve for the case of a 30-nm Au film deposited on an equilateral 

prism made of N-SF11 glass, the refractive index of which at wavelength 𝜆 = 632.8 nm is 𝑛𝑝 = 1.7786 +
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𝑖(3.8639 × 10−8) ≅ 1.7786 (because the imaginary part of the refractive index the extinction 

coefficient is much smaller than the real part). The critical angle 𝜃𝑐 is given by 𝜃𝑐 = arcsin (
𝑛𝑎𝑖𝑟

𝑛𝑝
), and 

equals 34.2. 

The orange curve is the reflectivity at the Au-prism interface. The minimum reflectivity 𝑅𝑚𝑖𝑛 is observed 

at an incident angle 𝜃𝑟𝑒𝑠 = 37.4°, which is the angle at which SPRs occurs and SPPs are launched. From 

Figure 1.7, the SPPs excitation takes place at an angle greater than the critical angle (𝜃𝑟𝑒𝑠 > 𝜃𝑐). At the 

resonance angle, the wave vector 𝑘|| 𝐸𝑀 in a prism matches the SPP wave vector 𝑘𝑆𝑃𝑃 in (1.5.4). From the 

inset of Figure 1.8, the wave vector in a prism 𝑘𝑝 with refractive index 𝑛𝑝 is given by 𝑘𝑝 = 2𝜋𝜆𝑝 =

2𝜋/(𝜆/𝑛𝑝) = 2𝜋𝑛𝑝/𝜆 where 𝜆 is the wavelength of light in vacuum or air. Moreover, the component of a 

wave vector in the prism that is parallel to the surface is 𝑘𝑝 sin 𝜃. Thus, at the resonance angle 𝜃𝑖 = 𝜃𝑟𝑒𝑠, 

𝑘|| 𝐸𝑀 = 𝑘𝑝 sin 𝜃𝑚𝑖𝑛 or 

 𝑘||,𝐸𝑀 =
𝜔

𝑐
𝑛𝑝 sin 𝜃𝑟𝑒𝑠 .  (1.5.11) 

 

The calculation of the reflectance R shown in Figure 1.8 was obtained from the characteristic transfer 

matrix (CTM) method, the details of which are elaborated in appendix A.  

There are two interpretations that are true simultaneously that account for why there is minimum in the 

reflectance when SPPs are excited. The first interpretation is that the dip in reflectance results from the 

conversion of light to SPPs that carry energy away along the interface, so that it never reaches the detector 

[203, 207-210]. The second interpretation explains the reflectivity minimum as a result of the destructive 

interference between (i) light emitted from the SPP due to radiation damping and (ii) total internal reflection 

of the incident light [211-215].  
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1.5.2 Localized surface plasmon resonances (LSPRs)  

For the case of a sufficiently small metallic nanoparticle (MNP), the electromagnetic excitation of a 

plasmon differs from that in the bulk (or volume) and on the surface of a thin film because the size of a 

particle 𝑑 is comparable to the metal skin depth and usually much smaller than the incident wavelength 𝜆, 

i.e. 𝑑 ≪ 𝜆. Accordingly, an electric field associated with an incoming light can penetrate inside the particle 

and induce the net charge difference at the particle boundaries. Although the 𝑬 field oscillates over time for 

small (𝑑 ≪ 𝜆) particles, it can be considered to be static at any instant. This treatment is known as the quasi-

static approximation. In this case, all free conduction electrons inside the particle move under the influence 

of an electric field according to Coulomb’s law with respect to the positive ion cores, which are much 

heavier and can be taken to be immobile. The net displacement of the negatively charged electrons with 

respect to the positively charged ions generates the restoring force pulling electrons back toward 

equilibrium, thereby causing a coherent oscillation of the conduction electrons at the resonance frequency 

of the particle, as shown in Figure 1.4. The wavelength at which the maximum extinction occurs, denoted, 

in this dissertation, by 𝜆𝐿𝑆𝑃𝑅, depends on the size, shape, surface chemistry, agglomeration state of the 

particle, etc. [55-58]. In LSPs, the electrons do not propagate along the surface, but locally oscillate inside 

the particle. This kind of plasmon is called a localized surface plasmons (LSPs) or a localized surface 

plasmon resonances (LSPRs) [19, 216-218]. This is because the restoring force leads to harmonic 

oscillation that can be excited through resonant coupling to an incident EM wave [219].  

1.5.2.1 Mathematical formulation for a spherical nanoparticle: Mie scattering theory 

To describe the interaction between light and a particle quantitatively, one needs to solve Maxwell’s 

equations with appropriate boundary conditions. Those solutions, i.e. 𝑬 and 𝑯 fields in every region of the 

incident, scattered and internal fields, allow the calculation of extinction, scattering and absorption cross 

sections . The analytical solution to Maxwell’s equations for a spherical particle was achieved and first 
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given by Gustav Mie in 1908 [73], which led to the main formulation of the so-called Mie scattering theory. 

It is also referred to Lorenz-Mie theory or Lorenz-Mie-Debye theory. See Bohren and Huffman [220] for a 

complete exposition of this theory. 

Consider a spherical nanoparticle with radius 𝑎, of which the complex permittivity is 𝜖𝑝, the magnetic 

permeability is 𝜇𝑝, and the complex refractive index is 𝑛𝑝 or 𝑛𝑝
2  =  𝜖𝑝𝜇𝑝. It is embedded in a linear, 

homogeneous and isotropic ambient medium, whose real permittivity is 𝜖𝑚, magnetic permeability is 𝜇𝑚, 

and the real refractive index is 𝑛𝑚 or 𝑛𝑚
2  =  𝜖𝑚𝜇𝑚 . This particle is illuminated by light of wavelength 

𝜆𝑚 = 𝜆0/𝑛𝑚 and wave vector 𝑘𝑚 =  2𝜋/𝜆𝑚 where 𝜆0 is the wavelength of light in a vacuum or air as 

shown in Figure 1.9.    

 

Figure 1.9: Schematic diagram for Mie scattering theory. A plane 𝑥-polarized electromagnetic wave with incident fields (𝑬𝒊, 𝑯𝒊) 

in the surrounding medium is impinging upon a spherical particle of radius 𝑎. The internal fields (𝑬𝟏, 𝑯𝟏) inside the sphere and 

the scattered fields (𝑬𝒔, 𝑯𝒔) after the reradiation can be achieved by solving the wave equations derived from Maxwell’s equations 

with the appropriate boundary conditions.   

In this situation, the extinction 𝜎𝑒𝑥𝑡, scattering 𝜎𝑠𝑐𝑎 and absorption 𝜎𝑎𝑏𝑠 cross sections are given 

respectively by: 



27 

 

 𝜎𝑒𝑥𝑡 = 𝜋𝑎2
2

𝑥2
∑(2𝑙 + 1)𝑅𝑒(𝑎𝑙 + 𝑏𝑙) ≅ 𝜋𝑎2

2

𝑥2
∑ (2𝑙 + 1)𝑅𝑒(𝑎𝑙 + 𝑏𝑙)

𝑁𝑚𝑎𝑥

𝑙=1

∞

𝑙=1

 ,  

   

 𝜎𝑠𝑐𝑎 = 𝜋𝑎2 2

𝑥2
∑(2𝑙 + 1)(|𝑎𝑙|2 + |𝑏𝑙|

2 ) ≅ 𝜋𝑎2 2

𝑥2
∑ (2𝑙 + 1)(|𝑎𝑙|2 + |𝑏𝑙|

2 )

𝑁𝑚𝑎𝑥

𝑙=1

∞

𝑙=1

 , (1.5.12) 

   

 𝜎𝑎𝑏𝑠 = 𝜎𝑒𝑥𝑡 − 𝜎𝑠𝑐𝑎,   

 

where the coefficients1 𝑎𝑙 and 𝑏𝑙, also known as Mie coefficients for the scattered fields, are 

 𝑎𝑙 =
𝑚2𝑗𝑙(𝑚𝑥)[𝑥𝑗𝑙(𝑥)]′ − 𝜇𝑗𝑛(𝑥)[𝑚𝑥𝑗𝑙(𝑚𝑥)]′

𝑚2𝑗𝑙(𝑚𝑥) [𝑥ℎ𝑙
(1)(𝑥)]

′
− 𝜇ℎ𝑙

(1)
(𝑥)[𝑚𝑥𝑗𝑙(𝑚𝑥)]′

 ,  

  (1.5.13) 

 𝑏𝑙 =
𝜇𝑗𝑙(𝑚𝑥)[𝑥𝑗𝑙(𝑥)]′ − 𝑗𝑛(𝑥)[𝑚𝑥𝑗𝑙(𝑚𝑥)]′

𝜇𝑗𝑙(𝑚𝑥) [𝑥ℎ𝑙
(1)(𝑥)]

′
− ℎ𝑙

(1)
(𝑥)[𝑚𝑥𝑗𝑙(𝑚𝑥)]′

 ,  

 

where 𝑚 = 𝑛𝑝/𝑛𝑚, 𝜇 = 𝜇𝑝/𝜇𝑚, and the size parameter 𝑥 = 𝑘𝑚𝑎. The functions 𝑗𝑙(𝑧), ℎ𝑙
(1)

(𝑧) where 𝑧 =

𝑥 or 𝑚𝑥 are the 𝑙-th order spherical Bessel and Hankel functions of the first kind, respectively. 

The cross sections in (1.5.12) are theoretically obtained by summing an infinite series of the coefficients 𝑎𝑙 

and 𝑏𝑙 . This series comprises the sum of different order modes where 𝑙 = 1 corresponds to the dipolar 

mode, 𝑙 = 2 the quadrupolar mode, 𝑙 = 3 the octupolar mode etc. In practice, the sum can be truncated 

after some 𝑙 = 𝑁𝑚𝑎𝑥. In this dissertation, I use the value proposed by Bohren and Huffman where 𝑁𝑚𝑎𝑥 =

𝑥 + 4𝑥1/3 + 2. 

                                                      

1 The index 𝑙 instead of 𝑛 is employed to avoid confusion of using 𝑛 which, in this case, refers to the (complex) 

refractive index. 
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Mie theory is also applicable for the quasi-static approximation. This special case is also known as Rayleigh 

theory where (1.5.12) reduces to  

 𝜎𝑒𝑥𝑡 = 𝜎𝑠𝑐𝑎 + 𝜎𝑎𝑏𝑠 ,  

   

 𝜎𝑠𝑐𝑎 =
3

2
𝑘𝑚

4 𝑉2
|

𝜖𝑝 − 𝜖𝑚

𝜖𝑝 + 2𝜖𝑚
|

2

, (1.5.14) 

   

 𝜎𝑎𝑏𝑠 = 3𝑘𝑚𝑉𝐼𝑚 (
𝜖𝑝 − 𝜖𝑚

𝜖𝑝 + 2𝜖𝑚
) ,  

 

where 𝑉 is the volume of a particle. 

1.5.2.2 Numerical calculation of efficiencies of Au NPs 

As Au NPs are widely used in many applications, this subsection shows the computational results of 

efficiencies 𝑄𝑠 defined in terms of 𝜎 as 𝑄 = 𝜎/𝜋𝑎2 of Au NPs in comparison with experimental results 

that will be shown later in this dissertation. The system studied in this case is a spherical Au NP with 

varying diameters suspended in water as the surrounding medium with 𝑛𝑚 = 1.33 and 𝜇𝑚 = 0.999992 ≅

1 [221, 222]. The wavelength-dependent complex refractive indices of gold 𝑛𝑝(𝜆) were obtained from 

Johnson and Christy [197]. A linear interpolation was exploited to compute the complex refractive indices 

at intermediate wavelengths such that the calculation could be performed for any wavelength in range from 

400 to 1000 nm. The relative magnetic permeability of gold is one (𝜇𝑝 = 1) [221, 222].  
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Figure 1.10: LSPR absorption (black), scattering (red) and extinction (blue) efficiencies calculated using Mie theory for 

spherically-shaped Au NPs with diameters (𝑑 = 2𝑎) of (a) 20 nm, (b) 40 nm, (c) 60 nm, and (d) 80 nm. The black curve (a) almost 

coincides with the blue curve, indicating the absorption plays a dominant role in small particles.   

Figure 1.10 plots the calculated 𝑄𝑎𝑏𝑠, 𝑄𝑠𝑐𝑎, and 𝑄𝑒𝑥𝑡 of spherical Au NPs with diameters of 20, 40, 60, 80 

nm, respectively in water. There are two interesting aspects which can be deduced from these plots. First, 

it is seen that the scattering efficiency increases as the size of a nanoparticle increases, while the absorption 

efficiency is larger than that of scattering as the size of a nanoparticle decreases. In other words, the 

extinction of a smaller particle is dominated by absorption, while the extinction (= scattering + absorption) 

of a larger particle is dominated by scattering. This is expected because Rayleigh theory predicts that the 

absorption and scattering efficiencies are proportional to the first and the second power of the particle’s 

volume (𝑄𝑎𝑏𝑠  ∝ 𝑉 and 𝑄𝑠𝑐𝑎 ∝ 𝑉2), respectively. Second, the resonance wavelength corresponding to the 

maximum extinction 𝜆𝐿𝑆𝑃𝑅 is red shifted, i.e. 𝜆𝐿𝑆𝑃𝑅 increases to a longer wavelength, when the diameter of 

a nanoparticle increases (cf. Figure 1.11). This is due to electromagnetic retardation effect which is why 



30 

 

𝜆𝐿𝑆𝑃𝑅 is insensitive to particle size in the quasi-static regime where 𝑑 ≪ 𝜆. This feature enables one to 

qualitatively determine the size or the agglomeration state of a particle from the extinction spectrum in the 

experiment, at least for sufficiently large particles.  

 

Figure 1.11: Normalized extinction efficiencies of spherical Au NPs of various diameters in the range 20-80 nm. As the Au NPs 

become larger, the resonance peaks shift to longer wavelengths and broaden due to an inhomogeneous polarization inside the 

nanoparticle by the incident electromagnetic field. 
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 Launching low energy surface 

plasmon resonances (SPRs) in the purple 

gold (AuAl2) intermetallic 

 

This chapter will explore the surface plasmons (SPs) in the intermetallic compound known as purple gold 

(AuAl2). Intermetallic compounds are phases formed by two or more metallic elements in definite 

stoichiometry. Their properties (e.g. bonding, crystal structure, electrical and optical properties etc.) can be 

quite dissimilar to their constituents. This is exemplified by the gold-aluminum (Au-Al) system. If one were 

to anneal a bulk junction between Au and Al, one would obtain all five intermetallic phases with different 

colors that are formed simultaneously as shown in Figure 2.1. These are Au4Al (tan), Au5Al2 (tan), Au2Al 

(metallic grey), AuAl (white) and AuAl2 (purple), respectively. 

 

Figure 2.1: The formation of all five intermetallic compounds from a bulk junction between gold (Au) and aluminum (Al). (a) 

Schematic diagram of all five phases and (b) the phase diagram of the Au-Al system. The right image (or Figure 2.1 (b)) has been 

modified and obtained by Cepheiden from the Wikipedia website (https://en.wikipedia.org/wiki/Gold-

aluminium_intermetallic#/media/File:Phasendiagramm_Gold-Aluminium.svg). It was made available by Cepheiden which is 

licensed under a CC BY-SA 3.0. It is attributed to “Cepheiden”. 
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Intermetallics differ from alloys even though both are formed by two or more metallic elements. In 

particular, alloys are random mixtures of metals, while intermetallics possess the long-range order of a 

multicomponent crystalline compound. This order gives the intermetallic distinct properties from their 

parent metals [1].    

This chapter is based on a manuscript that has been submitted for publication. Some theoretical calculations 

have been elaborated for clarity and ease of understanding. 

 

2.1 Introduction 

2.1.1 The intermetallic compound purple gold 

Of the five intermetallic compounds between gold (Au) and aluminum (Al) [2], the most aluminum-rich is 

AuAl2, or purple gold. It is made of 79% by weight of Au and 21% by weight of Al. As this name suggests, 

AuAl2 is distinguished by an intense and unusual purple color, first described by W. C. Robert-Austen in 

1891 as amethyst gold [3]. As it meets the definition of 18 carat gold, its main use today is as a decorative 

element in gold jewelry [4-6]. In a negative sense, it is also important technologically as it occurs in gold 

wirebonds onto aluminum contact pads in integrated circuits, where its presence signifies a contact of poor 

reliability, which has earned the compound the moniker “purple plague,” as it is associated with 

microcircuit failure during wire bonding. For this reason, there is an extensive literature studying the 

formation of intermetallics at the interface between Au and Al [2, 7-11]. Despite its past notoriety, purple 

gold has been employed in a number of applications beyond the jewelry, such as a transparent electrode 

[12] and a selective solar absorber [13].  
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2.1.2 Color perception and the interband transition  

Before discussing the mechanism contributing to purple color in purple gold, the color perception of human 

will be discussed using bulk gold and silver (Ag) as examples. First, people perceive color either as (i) a 

consequence of the interactions between white light and an object or because (ii) the object itself emits a 

non-white light spectrum. White light is composed of the entire spectrum (different colors) of visible light. 

These colors are red, orange, yellow, green, blue, indigo, and violet as seen from the separated color from 

a prism or in a rainbow. Alternatively, white light may be interpreted as a combination of three primary 

colors (red, green, and blue) of light with equal intensity.  

 

Figure 2.2: A plot of normal reflectivity of bulk Au and Ag vs energy. The reflectivity 𝑅 is calculated using Fresnel’s equations at 

zero angle of incidence (𝜃𝑖 = 0). The energy range between dashed blue lines represent the range of white light or visible spectrum. 

The refractive indices of Au and Ag are obtained from Johnson and Christy [14]. 

Consider a graph of normal reflectance versus energy in bulk Au and Ag demonstrated by blue dashed lines 

in the Figure 2.2. The range of energy of visible spectrum light is from around 1.7 to 3.1 eV. For Au, the 

reflected intensity drops at the blue end of the spectrum under white light illumination; that is, red and green 

light together appearing as a yellow color will be reflected from bulk Au more effectively than blue light. 
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Therefore, the color of Au appears as yellow. For Ag, the reflectance is high across the entire visible 

spectrum, which results in a pure metallic white color. 

The mechanism that accounts for the formation of color of pure Au and Ag have been long known and can 

be explained with band theory. In this framework, the origin of the color formation is the so-called interband 

transition, which constitutes the excitation of electrons from an occupied band to an unoccupied band. The 

interband transitions correspond to the absorption peaks in the imaginary part of a dielectric function or a 

relative permittivity 𝜖𝐼, which is depicted in Figure 2.3 for the case of bulk Au and Ag. 

 

Figure 2.3: The dependence of the imaginary part of the complex dielectric function 𝜖𝐼 as a function of energy 𝐸 of bulk Au and 

Ag. Both complex dielectric functions 𝜖 = 𝜖𝑅 + 𝑖𝜖𝐼 of Au and Ag are obtained from Johnson and Christy [14]. 

The electron configuration of Au is [Xe] 4f14 5d10 6s1, while that of Ag is [Kr] 4d10 5s1, which means that 

Au and Ag have a similar electronic structure in that they have one free conduction electron per atom. As 

a consequence, both elements have a same mechanism for the interband transition. 

In Au (the orange line), the peak of 𝜖𝐼(𝐴𝑢) occurs around 2.5 eV (blue-green spectrum), which corresponds 

to the onset of the interband transitions from the 5d band to the 6sp hybrid band, giving rise to an additional 

absorption process. The observed color of Au is yellow, as the corresponding wavelengths (~2.5 eV) are 

absorbed, thus reflecting the rest of the visible spectrum. For the case of Ag (the grey line), the same 
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mechanism applies since Ag has a similar electronic structure as Au. However, the onset of the interband 

transition occurs around 4.0 eV, which lies in the ultraviolet.  All of the visible spectrum is reflected, causing 

the characteristic white metallic color of silver. Knowing the mechanism that explains the formation of 

color in bulk Au and Ag, the next section will elaborate the case of purple gold. 

 

2.1.3 Optical properties of purple gold 

It was originally assumed that AuAl2 also derives its color from an interband absorption [15, 16] akin to 

how copper and gold achieve their colors, although several authors have argued that the 5d band in this 

compound lies too far below the Fermi level for this to be plausible [17-19]. A recent calculation of the 

AuAl2 dielectric function 𝜀𝑚 suggested that low energy bulk plasmons play a pivotal role in the origin of 

the purple color [20, 21]. The existence of bulk plasmons in purple gold was also experimentally made 

plausible by the same authors through electron energy-loss spectroscopy (EELS) [21]. 

To elucidate the argument above, one need to interpret the frequency dependence of the complex dielectric 

function2 𝜖(𝜔) = 𝜖𝑅 + 𝑖𝜖𝐼 of purple gold (AuAl2) as well as that of gold (Au) for comparison. Note that 

the rising zero crossing of the real part of the dielectric function 𝜖𝑅 is characteristic of bulk plasmons, while 

a peak in the imaginary part 𝜖𝐼 suggests the dominance of interband transitions. Figure 2.4 depicts the 

experimental dielectric functions of Au and AuAl2.  

                                                      

2 The term dielectric function is ambiguous because some authors use this term for the absolute permittivity 𝜖 which 

has the unit F m-1. Here, the dielectric function represents the relative permittivity 𝜖𝑟 defined as the ratio between the 

absolute permittivity 𝜖 and the permittivity of free space 𝜖0 = 8.854 × 10−12 𝐹 𝑚−1.  
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Figure 2.4: Experimental dielectric functions 𝜖 = 𝜖𝑅 +  𝑖𝜖𝐼 of Au and AuAl2. The solid curves are the real part 𝜖𝑅, whereas the 

dash curves represent the imaginary part 𝜖𝐼. The experimental data of Au is from Johnson and Christy [14], while that of AuAl2 

were deduced from normal reflection analysis [22]. 

For the case of Au, the zero crossing of 𝜖𝑅  occurs at much higher energy (6 eV), which is outside the 

visible spectrum (1.7 - 3.1 eV). The peak in 𝜖𝐼  (2.5 eV), however, lies inside that region. Therefore, the 

interband transition (a peak in 𝜖𝐼) plays a significant role in the yellow color of gold, while bulk plasmons 

(a vanishing of 𝜖𝑅) come into play at higher energy. 

For the case of AuAl2, the situation is the reverse of that of pure Au. The significant absorption peak in 𝜖𝐼  

(4.3 eV), occurs at the higher energy, which is outside the visible spectrum. However, the zero crossing 

of 𝜖𝑅 occurs in visible region. Therefore, the presence of bulk plasmon instead plays an important role in 

the purple color of AuAl2, while the interband transition plays a role in UV region.  

 

2.1.4 Evidence of low energy plasmons 

One of the possible ways to excite a plasmon is to launch an electron beam through a thin film specimen 

and measure the energy-loss distribution of reflected or transmitted electron owing to inelastic scattering. 
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The presence of plasmons will show as peaks in EELS spectra [21, 23-25]. Keast et al. observed a peak 

around 2 eV, indicating low-energy plasmons as predicted from the reflection spectrum (a zero crossing of 

𝜖𝑅   2 eV). A calculated spectrum of EELS can be obtained from the energy-loss function ℑ(−1/𝜖) and is 

in agreement with experimental spectra [21]. 

2.1.5 Objectives 

From the previous section 2.1.4, the existence of bulk plasmons in the AuAl2 intermetallic are consistent 

with EELS results.  However, there is still no direct experimental evidence for the presence of surface 

plasmons and localized surface plasmon resonances in AuAl2 compounds as the EELS peak could 

conceivably have non-plasmon origins. Accordingly, the objective of this work is to verify whether the 

strong purple color of AuAl2 is due to a low energy surface plasmon even though the prevailing assumption 

has been that it is due only to interband transitions. 

To accomplish this, one needs to prove the existence surface plasmon resonances in AuAl2 thin films. 

Moreover, surface plasmon polariton dispersion relations should be derived both theoretically and 

experimentally.    

In this chapter, we confirm the plasmon assumptions by demonstrating that surface plasmons (SPs) can be 

launched into thin AuAl2 films just as in pure gold films. We extract a dispersion relation for the surface 

plasmon in purple gold and compare it to theory. We show that although SPs in AuAl2 are quite lossy, they 

still lend themselves to surface plasmon resonance (SPR) sensing. Finally, we discuss potential plasmonics 

applications of AuAl2, which would be particularly promising in purple gold nanoparticles (AuAl2 NPs). 

 

2.2 AuAl2 sample fabrication  

AuAl2 can be fabricated in several different ways depending on whether bulk or thin film samples are 

desired. 
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To investigate the presence and properties of a surface plasmon, one need to fabricate thin film specimen.  

However, the procedure for producing thin film sample is different from that of its bulk counterpart. 

2.2.1 Distinctions between bulk and thin film forms 

AuAl2 in bulk form can be prepared by annealing a bulk mixture of Au and Al. However, the final product 

will not be pure AuAl2; there are also four other Au-Al phases: Au4Al, Au5Al2, Au2Al and AuAl. In other 

words, once a bulk couple of Au and Al are heated to a high enough temperature and for a long adequate 

time, one metallic species will interdiffuse to the other. As a result, they will form all five intermetallic 

compounds are formed as can be expected from the equilibrium phase diagram of Au-Al system (see Figure 

2.1) [8]. 

 

Figure 2.5: Schematic diagram for Au-Al compound formation in the thin-film form. The process is different from that of bulk 

formation in Figure 2.1. 
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AuAl2 thin films, on the other hand, cannot be obtained simply by scaling the thickness down from a bulk-

diffusion couple and expecting the formation of all five intermetallic phases after heat treatment. Thin film 

reaction results in only one or two phases due to the single compound formation sequence as illustrated in 

Figure 2.5. Therefore, the desired intermetallic compound or the final phase can be achieved by controlling 

the amount of materials available in the initial reaction. For example, the AuAl2 thin film is the end phase 

of the Al-rich (𝑑𝐴𝑙 >  𝑑𝐴𝑢) bimetallic Au-Al film annealed at temperature more than 150 C for a sufficient 

time. 

 

2.2.2 AuAl2 thin film fabrication 

A significant literature exists to guide the fabrication of this AuAl2 films, showing that the just described 

method is prone to the production of undesired compounds, such as AuAl or Al, along with AuAl2. For 

instance, G.Majni et al. made a binary Au-Al thin film of thickness 150 and 140 nm, respectively and then 

annealed it at temperature around 247 C for 5 minutes. The final product appeared with a purple color; 

nonetheless, 4He+ MeV backscattering spectra revealed another Au-Al compoundAuAl, underneath the 

AuAl2 film [26], showing the importance of correctly chosen thickness ratios of Au and Al, if we are to 

obtain a pure AuAl2 film. More specifically, the following parameters must be chosen appropriately: 

(i) The ratio of Al and Au films thickness 𝑑𝐴𝑙/𝑑𝐴𝑢; 

(ii) The annealing temperature; 

(iii) The annealing time; 

(iv) The annealing environment. 
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2.2.3 Color of AuAl2 thin film from various conditions 

To find a working procedure for producing a pure and uniform AuAl2 film, the deposition and annealing 

conditions were adjusted so that the most intense purple color appeared as observed by the naked eye. 

Table 2.1: Characteristic color, shown on both sides, of 50-nm thick Au-Al thin films with different (i) thickness ratios of Al and 

Au films (𝑑𝐴𝑙/𝑑𝐴𝑢) and (ii) annealing temperature. 

 

 

Table 2.1 illustrates the color appearance of a series of bilayer Au-Al thin film, from both the front and 

back sides. The thickness ratio of Al and Au 𝑑𝐴𝑙/𝑑𝐴𝑢 and the annealing temperature were varied, while the 

total film thickness was kept constant at 50 nm, and the annealing time was maintained at 30 minutes for 

all cases. All other parameters, e.g. base pressure of the thin film deposition and nearly-free-oxygen 

environment during heat treatment, were also kept constant. 

Firstly, if one looks at the first column where the thickness ratio 𝑑𝐴𝑙/𝑑𝐴𝑢 is approximately 1.50, the front 

side of each sample exhibits purple color, but the back does not, which implies that those specimens 

contains Au-Al intermetallic other than purple gold AuAl2, most likely AuAl. As a result, this thickness 

ratio is not appropriate for making good AuAl2 thin film at any annealing temperature. 
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Secondly, consider the extreme case where the ratio 𝑑𝐴𝑙/𝑑𝐴𝑢 is about 3.00, as shown in the last column. 

Here, the back side instead shows intense purple color, while the front appears a metallic-gray color, which 

indicates an excess of aluminum after annealing, as can be expected from Figure 2.5. 

Thirdly, a similar behavior and its explanation also materializes for the case of 𝑑𝐴𝑙/𝑑𝐴𝑢  2.40 in the third 

column. 

Finally, purple color characteristic of AuAl2 appears on both sides of samples with thickness ratio of 

𝑑𝐴𝑙/𝑑𝐴𝑢   1.96, where those samples annealed at temperature more than 300 C revealed more intense 

purple color than the sample heated at 250 C. However, any difference in color between the two specimens 

annealed at 300 C and 350 C is not evident to the naked eye.   

Note that the ratio 1.96 is theoretically the correct thickness ratio between Al and Au for formation of the 

AuAl2 compound, which can be proved as follows:     

 

Figure 2.6: Schematic picture of a binary Au-Al thin film. (a) A single-bilayer Au-Al film where the Au film is beneath Al film. 

We need 𝑑𝐴𝑙/𝑑𝐴𝑢   1.96 to obtain the AuAl2 intermetallic. (b) A 50-nm double bilayer Au-Al film with layer thicknesses chosen 

to produce a AuAl2 thin film. 

Consider a binary Au-Al thin film where an aluminum film is on the top of a gold film. Each layer has the 

same surface area 𝐴 but different thickness 𝑑𝐴𝑙 and 𝑑𝐴𝑢 for aluminum and gold, respectively (See Figure 

2.6 (a)). Owing to the same surface area 𝐴 and constant term 𝑁𝐴 of both films, the thickness ratio is given 

by    
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𝑑𝐴𝑙

𝑑𝐴𝑢
=  (

𝑁𝐴𝑙

𝑁𝐴𝑢
) (

𝑀𝐴𝑙

𝑀𝐴𝑢
) (

𝜌𝐴𝑢

𝜌𝐴𝑙
) = (

2

1
) (

26.98 𝑢

196.97 𝑢
) (

19.30 𝑔 𝑐𝑚−3

2.70 𝑔 𝑐𝑚−3 )  ≈ 1.96, (2.2.15) 

 

since the number ratio of aluminum to gold atoms 𝑁𝐴𝑙𝑁𝐴𝑢 should be 2:1 to obtain the AuAl2 intermetallic. 

In sum, according to Table 2.1, to fabricate purple gold (AuAl2) thin films, we need to make a double-

bilayer Au-Al thin film with thickness ratio 𝑑𝐴𝑙/𝑑𝐴𝑢 around 1.96 and anneal it at a temperature of at least 

300 C for at least 30 minutes. The reason for depositing two successive bilayers rather than one is to ensure 

that the resulting film consists of uniform AuAl2 without inclusions of other intermetallics. 

 

2.2.4 AuAl2 thin film procedures 

In-house fabricated AuAl2 30 nm thick film was deposited onto two kinds of substrates: (i) 2.5  2.5 cm2 

glass slides, and (ii) equilateral prisms made of NS-F11 glass. The former is for characterization of the 

AuAl2 compound with non-optical methods (e.g. XPS, SIMS, etc.), while the latter is for Kretschmann 

excitation of SPPs. In that case, metal was deposited only on half of the hypotenuse of the prism, leaving 

other half uncoated, so it can be used for total internal reflection measurements. The pure gold films were 

deposited in the same configuration, although just a single 30 nm film was deposited at once with no 

annealing required. 

 The glass slides were precleaned by submersion in freshly-prepared aqua regiaa 1:3 V/V mixture of conc. 

HNO3:HClfor 20 minutes, then rinsing with copious amounts of nanopure water 3 times, and drying with 

a stream of dry nitrogen (N2) gas. The surface of the equilateral prisms was however used without cleaning 

as they were clean as received. After cleaning, the substrates were immediately loaded into an electron 

beam (e-beam) evaporator chamber and pumped down to high vacuum for thin film deposition. Once the 

pressure had reached 7.0  10-7 Torr, the system was flushed with N2 gas, pumped down again, and five 

sequential layers were deposited as follows: (i) 2.6 nm Ti, (ii) 5.2 nm Au, (iii) 10.9 nm Al, (iv) 5.3 nm Au, 
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(v) 10.1 nm Al. The Ti film was included to obtain good adhesion between the metal film and the glass 

substrate. This stack has a 1.96:1 ratio of Al and Au as required for a AuAl2 film. After thin film deposition, 

the substrates were forthwith annealed at 300 C for 30 minutes under nearly oxygen- and water-free 

conditions in a glove box. A change of color from grey (attributed to the Al film at the top of the stack) to 

purple was clearly noticeable, indicating the formation of AuAl2. This purple color does not change 

significantly over the course of several months at least. This is because despite the high Al content, AuAl2 

is highly resistant to oxidation [27]. 

2.2.5 AuAl2 thin film verification 

At this stage, the color of the resulting film was used as a guide to whether the compound is AuAl2 or not. 

If the film appeared purple, it was assumed to consist of AuAl2. Although we did not perform them here, 

more quantitative methods for characterizing the film may be performed in the future. I will note two such 

methods here. The first method is to determine the atomic ratio of Au and Al, which can be compared to 

that of AuAl2, i.e., Al:Au = 2. This can be attained by secondary ion mass spectrometry (SIMS). The second 

approach is to compare X-Ray diffraction patterns from the films to that of AuAl2 [22, 28].  

 

2.3 Excitation of SPs by the Kretschmann configuration 

Before attempting to launch SPs in AuAl2, we use the Kretschmann configuration to verify that we can 

observe SPs in a regular Au film. 

2.3.1 SPRs in 30-nm thick Au films at a single wavelength 

The schematic diagram depicted in Figure 2.7 shows the setup for exciting SPPs in a Au thin film. The light 

source in this case is a HeNe laser, which emits a monochromatic, coherent, and collimated light of 633 nm 

wavelength. 
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Figure 2.7: Schematic diagram of our SPR setup for launching SPPs in Au film using a HeNe laser as a light source. The inset 

shows the prism has Au film deposited on only the half face hypotenuse and a 2.5-nm Ti film with adhesion layer to ensure the 

metal sticks to the glass. 

Since this laser outputs randomly polarized light, a linear polarizer P was added so that a well-defined 

polarization state was obtained. The beam was then p-polarized after passing through a polarizing beam 

splitter cube, while deflected s-polarized residue beam was recorded by a Si photodetector D1, which was 

connected to a voltmeter for reading the voltage. The transmitted p-polarized light excited SPPs by 

illuminating the Au film surface coated on the half face of the N-SF11 equilateral prism as described in 

section 2.2.4 and shown here in the inset of Figure 2.7. A 2.5-nm Ti film was first deposited for better 

adhesion between a prism and Au film. The reflected light from the prism was collected by a Si 

photodetector D2 for reading the light intensity for each incident angle 𝜃𝑖, which was varied by moving a 

rotational stage. Note that the Si photodetector D2 was moved every time when the incident angle changes 

to collect the reflected light at the highest intensity.  

The angle 𝜃𝑖
′ read from the rotational stage is not the actual incident angle 𝜃𝑖 onto the metal but can be 

transformed to the real incident angle using the geometry as shown in the inset of Figure 1.7 in Chapter 1, 

i.e., 



66 

 

 𝜃𝑖 = 60° − arcsin (
𝑛𝑎𝑖𝑟

𝑛𝑝
sin(𝜃𝑖

′)) . (2.3.16) 

 

Let 𝑆 be a signal which is the ratio of the voltage read from D2 and D1, respectively. The relative reflectance 

𝑅 can then be calculated as a ratio of signal from the gold coated and uncoated sections at the prisms as: 

 

 𝑅 =
𝑆𝐴𝑢

𝑆𝑝𝑟𝑖𝑠𝑚
  where 𝑆 =

𝑉𝐷2

𝑉𝐷1
 . (2.3.17) 

 

A graph of the reflectance 𝑅 as a function of the angle of incidence 𝜃𝑖 for the gold film is shown in Figure 

2.8. 

 

Figure 2.8: Experimental SPR reflectivity curve of a 30-nm thick film of Au at wavelength 𝜆 = 633 nm from a HeNe laser. The 

blue and orange curves represent the relative reflectance from the prism-air and Au-air interfaces, respectively. The dip in 

reflectivity in the red curve at 36.3 is a manifestation of SPP excitation. 

The reflectance from the Au-prism interface (orange curve) exhibits the signature of SPRs in the Au film. 

The SPR manifests as a minimum in the reflectivity that occurs around 36.3 (or 𝜃𝑟𝑒𝑠,𝑒𝑥𝑝= 36.3), which is 
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more than the critical angle (𝜃𝑐,𝑒𝑥𝑝 = 34.2) from the prism-air interface (blue curve), verifying that SPR 

occurs in the range of total internal reflection regime.   

This experimental results show a good agreement with the theoretical results as already shown in Chapter 

1 where 𝜃𝑟𝑒𝑠,𝑡ℎ𝑒𝑜𝑟𝑦 = 37.4 and 𝜃𝑐,𝑡ℎ𝑒𝑜𝑟𝑦 = = 34.2. The difference between 𝜃𝑚𝑖𝑛 from theory and 

experiment may be attributed to (i) the actual thickness of Au film, which may not be exactly 30 nm, and 

(ii) the addition of Ti film to the experiment, which should have been taken into account in the theoretical 

calculation. 

 

2.3.2 SPRs in 30-nm Au film probed by white light 

 

Figure 2.9: Schematic diagram for SPP excitation in 30-nm Au film. This setup was employed for a dispersion relation 

reconstruction.  

The light source used in this setup was a halogen light source, which provides a broad and intense spectrum 

of white light ranging approximately from 400 to 1000 nm. As with the HeNe laser, the beam was p-

polarized by the linear polarizer P. The light was then passed through an iris diaphragm to make the size of 

the beam smaller and more collimated, leading to a smaller spread in the angle of incidence. The prism and 

rotation stage was the same as in the HeNe measurement, but the light was collected by a fiber optic and 
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then sent to a spectrometer as shown in Figure 2.9. The results of this experiment are shown in Figure 2.10 

as a graph between reflectance 𝑅 and wavelength 𝜆 where each curve is associated with the reflection from 

Au film for a given angle of incidence 𝜃𝑖. 

 

Figure 2.10: Reflectivity spectra from a 30-nm Au film in the Kretschmann configuration. Each curve represents the reflectance 

at a different incident angle as a broad spectrum light source was used for illumination. 

Each curve in the graph manifests SPRs in Au thin film as a dip in reflectivity as outlined in Chapter 1. The 

wavelength at which the reflectivity is minimum (𝜆𝑚𝑖𝑛) corresponds to the wavelength where the SPR 

conditions are satisfied, and that therefore that can launch SPPs at a specific incident angle 𝜃𝑖. We can see 

that 𝜆𝑚𝑖𝑛 blue shifts as the incident angle increases.  

Having measured 𝜆𝑚𝑖𝑛 for each angle of incidence 𝜃𝑖, a SPP dispersion relation for SPs in the Au film can 

be plotted by calculating the wave vector 𝑘 and the energy 𝐸 =  ℏ𝜔 = ℎ𝑐/𝜆𝑚𝑖𝑛, where the wave vector 𝑘 

is given by 

 𝑘 =
2𝜋

𝜆𝑚𝑖𝑛
 𝑛𝑝 sin 𝜃𝑖 . (2.3.18) 
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2.3.3 SPRs in 30-nm AuAl2 film by a Halogen light source 

Having verified that we can launch SPPs in Au thin films and used this data to obtain the SPP dispersion 

relations in gold, the next step is to repeat these experiments in the case of purple gold. However, the setup 

in Figure 2.9 results in a very broad spectrum which makes it difficult to find the wavelength of minimum 

reflectivity 𝜆𝑚𝑖𝑛. To work around this, the setup was modified as shown in Figure 2.11. This setup is similar 

to that of Figure 2.9, but the setup implements a technique known as phase-polarization contrast, which 

allowed us to observe the dip in reflectivity more clearly [29].  

 

 

Figure 2.11: Experimental setup for launching SPPs in AuAl2 thin films based on the Kretschmann configuration. To enhance the 

contrast in the SPRs intensity profile, a technique known as “phase-polarization contrast” was implemented in this experiment. 

This technique makes use of the rapid phase change that reflected p-polarized light undergoes when either the incident angle 𝜃𝑖  or 

energy 𝐸 are tuned through the SP.   

At the resonance angle of incidence 𝜃𝑟𝑒𝑠, the reflected p-polarized component changes its intensity and 

phase while the s-component remains unchanged. Therefore, a quarter-wave plate is added to the setup to 

create a 90 phase difference between s- and p- polarizations, while a polarizer P2 will be added such that 
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the p-polarized light interferes destructively with the s-polarized light at the SP resonance, which causes a 

minimum in the observed reflectivity. 

Apart from this modification, the experiment on AuAl2 films was performed in the same way as on Au film. 

A graph of reflectivity vs wavelength for different angles of incidence was plotted in Figure 2.12.  

 

Figure 2.12: A plot of p-polarization reflectance (normalized by s-polarization reflectance) versus wavelength in 30 nm thick 

AuAl2 film. Each curve corresponds to a different incident angle 𝜃𝑖  and yields an associated 𝑚𝑖𝑛 from which the surface plasmon 

dispersion relation can be found. 

A broad and shallow minimum in the reflectivity spectrum was observed, but it was nevertheless 

sufficiently well-defined for the detectability of 𝜆𝑚𝑖𝑛. Using the same calculation as in the Au case, a SPP 

dispersion relation can be constructed, which indicates that we have launched SPPs in a AuAl2 thin film. 

 

2.4 Surface plasmon polariton (SPP) dispersion relations 

After obtaining a 𝜆𝑚𝑖𝑛 for each angle of incidence 𝜃𝑖 from the reflectivity spectra of Au and AuAl2 film, 

an in-plane wave vector 𝑘 and its corresponding photon energy 𝐸 can be computed using (2.3.4) and (2.3.5). 

To determine if the experimental results support the theoretical predictions, the wave vector 𝑘 and the 
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energy 𝐸 were also calculated using (1.3.8) and (2.3.5) with literature values of relative permittivities of 

Au and AuAl2 [14, 22]. The dispersion relations for both theoretical and experimental data are plotted in 

Figure 2.13, including the light line in air (or vacuum) given by 𝜔 = 𝑐𝑘.   

 

Figure 2.13: Theoretical (solid lines) and experimental (symbols) SPP dispersion relations of AuAl2 (purple line and purple 

diamonds) and Au (orange line and yellow triangles) films. The dash black line represents the light line in vacuum (or air) given 

by 𝜔 = 𝑐𝑘.    

The dispersion relations for both of Au and AuAl2 are below the light line in vacuum as expected from 

theory and appear to approach a constant energy in the limit of large wave vectors. For Au, the experimental 

dispersion relation shows a good agreement with the theoretical one. For AuAl2, the experiment and theory 

agree somewhat less well, but they still display a similar behavior at the large wave vector limit. More 

specifically, theory predicts that lim
𝑘→∞

𝐸𝑡ℎ𝑒𝑜𝑟𝑦 = lim
𝑘→∞

ℏ𝜔𝑆𝑃𝑃
𝑡ℎ𝑒𝑜𝑟𝑦

= 1.9 𝑒𝑉, while experiment anticipates 

that lim
𝑘→∞

𝐸𝑒𝑥𝑝 = lim
𝑘→∞

ℏ𝜔𝑆𝑃𝑃
𝑒𝑥𝑝

= 2.1 𝑒𝑉. There are several possibilities that cause the deviation of the 

experimental curve from the theoretical one. Firstly, it may result from the determination of 𝑚𝑖𝑛 from the 

reflectivity curve, which may not be exact and be somewhat offset due to the phase-polarization contrast 

technique. Secondly, there may be an excess of Au or Al in AuAl2 film. Lastly, the experimental relative 

permittivity 𝜖(𝜆) obtained from Supansomboon [22] may not be the same as the film obtained from this 
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experiment. Furrer et al. showed that the microstructure of a AuAl2 film depends on the annealing 

temperature during the formation process. This results in a different shade of purple color, thereby causing 

in different relative permittivities in different AuAl2 films [28].  

 

2.5 Surface plasmon resonance (SPR) sensing 

2.5.1 General background 

Whenever the condition for SPR are met in a metal film, an evanescent electric field exists and decays 

exponentially from the outer metal surface into the environment. The decay length of this field is around 

0.2-0.3 light wavelengths. As a result, any changes of refractive index in the close vicinity of the metal will 

have an impact on the SPR conditions and lead to a shift in the resonance angle. This is the principle of 

operation behind SPR biosensors, which are used for identifying or detecting small amount of ligands or 

proteins in a solution. SPR sensors can probe biomolecular interaction in real time, and without labeling. 

The sensors can therefore be of benefit in a number of fields, including chemistry, pharmacology, biology 

etc. [30-34]. 

In this section, we will demonstrate the existence of SPs in AuAl2 using SPR sensing. In other words, we 

will study a change of reflected light intensity at a particular incident angle near the resonance angle when 

the refractive index of the close vicinity of AuAl2 film changes. That angle is called the sensitive angle 𝜃𝑠𝑒𝑛 

because the reflectiviy has the highest slope at this wavelength, yielding the highest sensitivity to changes 

in refractive index. To illustrate this idea, consider Figure 2.14, which shows reflected light intensities under 

SPR from a Au film with thickness 50 nm in two different environments near the film: water (𝑛𝑤  =  1.33) 

and sucrose solution (𝑛𝑠  =  1.34). In practice, a convenient way to change the medium near the Au film is 

through a so-called flow cell, which is mounted onto the Au film.  
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Figure 2.14: Theoretical SPR reflectivity curves for 50-nm Au film with two different solutions-water 𝑛𝑤  =  1.33 (blue) and 

sucrose solution 𝑛𝑠  =  1.34 (orange)-are in contact. The inset shows the same graphs but over a larger range of angles of incidence. 

It is clear from the graph that the reflectivity curve as well as the resonance angle 𝜃𝑟𝑒𝑠 shift to the right 

(from 56.13 to 56.9) when the refractive index of the close vicinity increases (from 𝑛𝑤  =  1.33 to 𝑛𝑠  =

 1.34). Moreover, suppose one chose the sensitive angle 𝜃𝑠𝑒𝑛 at 54.35, the reflectivity would also increase 

(from 0.409 to 0.541).  Therefore, small changes in the refractive index of the surrounding medium can be 

sensitively detected via a change in the reflected light intensity. 

 

2.5.2 Experimental setup 

To investigate the SPR sensing, a sensitive angle 𝜃𝑠𝑒𝑛 must first be determined as we will measure 

reflectivity at that angle when the environment near the AuAl2 film is changed. The experimental setup for 

finding 𝜃𝑠𝑒𝑛 is illustrated in Figure 2.15. The light source used here was a 20-mW laser diode [LDM785, 

Thorlabs, Inc.], which emits a 785-nm-wavelength beam. It was chosen because we focused on the low-

energy surface plasmon as shown in the dispersion relation in Figure 2.13. 
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Figure 2.15: Schematic representation for the SPR sensor used to determine the sensitivity of SPPs in AuAl2 and Au films to 

changes of refractive index of the surrounding medium.  

As previously, p-polarized light was achieved when the beam passed through a linear polarizer P. This light 

was the incident upon a prism with a AuAl2 film fabricated on its hypotenuse. The prism was mounted to a 

flow cell, where the reference solution was DI water. The reflected light was collected by a Si-photodetector 

[DET100A, Thorlabs, Inc.]. A chopper and a chopper controller [MC2000, Thorlabs, Inc.] were employed 

to make a periodic interruption of light at a certain frequency (𝑓 = 400 Hz). A lock-in amplifier [SR850, 

Stanford Research Institute] was then used to extract small signals otherwise obscured by noise. These 

small signals were then transmitted to a computer and analyzed in a LabVIEW™ program. 

Reflectivity curves as a function of incident angle for ambient media of water and air are plotted in Figure 

2.16. These graphs indicate the presence of SPRs in AuAl2 in both sets of curves (either air with 𝑛𝑎  =

 1.0000 or DI water with 𝑛𝑤  =  1.3330). The theoretical curves (Figure 2.16 (a)), generated from the 

Fresnel equations, demonstrate broad dips on both interfaces which should be compared to a sharper dip in 

Au films which has lower damping. Figure 2.16 (b) shows an experimental plot between reflectivity and 

angle of incidence, which can be varied by moving the rotational stage. Note that the last angle we were 

able to perform the experiment was at 60 due to the fact that we were working with the equilateral prism.      
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Figure 2.16: Calculated (a) and measured (b) angular reflectivity spectra of a system consisting of NSF11-AuAl2-Air and NSF11-

AuAl2-Water. Curves for prism-air and prism-water interfaces are included to illustrate that the SPR curves lie within the total 

internal reflection regime. Note that the film thickness of AuAl2 is 30 nm. 

As liquids (e.g. sucrose solutions) would be introduced into a flow cell, a sensitive angle of 𝜃𝑠𝑒𝑛 = 57.24° 

was selected from the AuAl2-water-interface curve in which the purple-square graph indicates SPRs in 

AuAl2. Note that plots for AuAl2-air interface are shown for completeness and are not related to the 

detection experiment. 

 

2.5.3 Refractive index sensitivity 

To measure the signal change in our SPR sensor when the refractive indices of the surrounding medium 

changes, three different concentrations of sucrose solution were prepared (see Table 2.2). The signal was 

then collected at the sensitive angle in the same setup we used before (see Figure 2.15) where DI water 

(𝑛𝑤  =  1.3330) was used as the reference solution. Note that a 1-Brix sucrose solution is 1 g of sucrose 

in 100 g of solution. 
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Table 2.2: Sucrose solutions used for the SPR sensing study in Au and AuAl2 films. 

Solutions (at 20C)* 𝒏 𝚫𝒏 %Signal (Au) %Signal (AuAl2) 

DI Water (reference) 1.3330 0 - - 

0.35-Brix sucrose solution 1.3335 5  10-4 5.89 0.47 

0.70-Brix sucrose solution 1.3340 10  10-4 8.54 0.95 

1.75-Brix sucrose solution 1.3355 25  10-4 26 2.43 

* Methods of Analysis of the Association of Agricultural (now "Analytical") Chemist (A.O.A.C.) 1965 

 

Figure 2.17: Time evolution of reflectivity when different solutions were injected into a SPR- AuAl2 (purple) sensor at 𝑠𝑒𝑛 = 

53.24 and a SPR-Au (orange) sensor at 𝑠𝑒𝑛= 54.21 (shown in inset).  

The change in SPR reflectivity as a function of time as the sucrose concentration was changed every 400 s 

is depicted in Figure 2.17. It is clear that the signal (purple line) increases when refractive index in close 

vicinity of AuAl2 film increases. For example, at time t  400 s the reflectivity changed from 0.165 to 0.166 



77 

 

when the 0.35-Brix sucrose solution (𝑛𝑠,0.35  =  1.3335 or 𝑛 = 𝑛𝑠 − 𝑛𝑤 =  𝑛𝑠,0.35 – 𝑛𝑤  =  5  10−4) 

was injected into the flow cell. The signal then returned to 0.165 again at t  800 s, when the flow cell was 

flushed with DI water. Similar behaviors also occured when 0.70-Brix (𝑛𝑠,0.7  =  1.3340) and 1.75-Brix 

(𝑛𝑠,1.75  =  1.3355) sucrose solutions were introduced into and then removed from the flow cell.  

Furthermore, the inset of Figure 2.17 also shows signal change of SPR sensor based on Au film for 

comparison. Note that the experimental setup for Au is the same as that of AuAl2 except (i) the light source 

in the case of Au was a He-Ne laser ( =  633.2 nm) and (ii) a polarizing beam splitter [Thorlabs] was 

inserted between the chopper and the linear polarizer (see Figure 2.15). According to Table 2.2 and Figure 

2.16, one can see that SPR sensing in the AuAl2 film is much less sensitive to changes in refractive index 

than in the Au film, as the reflectivity change is far larger in Au for a given refractive index change. Even 

if the refractive index sensitivity of a AuAl2-SPR sensor is not excellent, this experiment verifies the 

existence of SPPs in AuAl2 film at an energy where we can assign the purple color of the film to its 

influences. Note that the noise in the AuAl2 measurement is less than in the Au film because the 785-nm 

laser used in this experiment is more stable than the HeNe laser.  

 

2.6 Possible applications for AuAl2 nanoparticles 

In practical plasmonic applications, AuAl2 will be likely used in the form of nanoparticles. Such particles 

have not yet been made, but we can estimate their optical properties from the bulk dielectric function [22]. 

Figure 2.18 presents the theoretical scattering and absorption cross sections for spherical 20 nm diameter 

nanoparticles made from either AuAl2 or Au, which is shown for comparison.  

It is interesting to note that that AuAl2 nanoparticles absorb light nearly uniformly over the entire ultraviolet 

and visible spectrum ranging from 300 to 750 nm. The order of magnitude of the absorption cross section 

is relatively comparable to one of the absorbance peaks in single-walled carbon nanotubes [35], and 

significantly higher than the absorbance of light-absorbing carbonaceous particles also known as carbon 
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blacks or black carbons [36].  The other striking property is the ability to absorb light in the infrared region 

even if the structure is a solid sphere. For other metals, surface plasmon resonances in the infrared are 

accomplished by more complex structures, such as nanorods, nanoshells, nanostars etc. [37-41]. This 

suggests possible applications of these particles as light absorbers in the field of obscurants [42] or 

photothermal cancer therapy [37-40] etc.  

 

Figure 2.18: (a) Scattering cross section and (b) absorption cross section spectra of 20-nm diameter AuAl2 (purple) and Au (yellow) 

nanospheres in water suspension calculated using Mie scattering theory. 

Note that surface plasmon resonances in single crystal nanoparticles are usually stronger than those in  

polycrystalline ones [43]. Keast et al. predicted that the theoretical optical spectrum of small spherical 

AuAl2 nanoparticles should be comparable in strength to that of Au nanoparticles [20], significantly 

stronger than what is shown in Figure 2.18. The difference between theoretical and bulk measurements may 

be attributed to defects in the film, which increases electron scattering and plasmon losses. This idea is 

supported by an experiment by Angela Furrer et al. that showed that the intense purple color of AuAl2 thin 

film can be removed gradually with increasing doses of ion bombardment that create defects in the crystal, 

and recovered again by post-irradiation heat treatments that anneals out those defects [28]. The bulk 

intermetallic will always contain many defects, but a small single crystal nanosphere is likely to be nearly 
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defect free. The manufacture of such particles may therefore be even more worthy of pursuit than our 

estimates here indicate. 

 

2.7 Conclusion 

Surface plasmon polaritons (SPPs) can be launched in the intermetallic compound AuAl2, also known as 

purple gold. These surface plasmons are of unsually low energy and account for intense purple color of this 

compound, even though it has long been believed that the color originates from an interband transitions. 

We have also measured the SPP dispersion relation in AuAl2. It reveals that the plasmon energy in the large 

wave vector limit corresponds to 2.1 eV, i.e. lim
𝑘→∞

𝐸𝑒𝑥𝑝 = 2.1 𝑒𝑉, notably lower than in Au. Due to the 

defects in the AuAl2 film during the fabrication process, SPs in this intermetallic are quite lossy.  In terms 

of SP sensing, AuAl2 exhibits the ability to measure the change in the refractive index of standard sucrose 

solution, which also confirms the existence of SPs in the AuAl2 film at an energy consistent with a 

plasmonic origin of the color. When AuAl2 is used in nanoparticle form, Mie scattering theory shows that 

the small particles absorb light nearly uniformly over the entire visible spectrum with an order magnitude 

higher cross section than a light-absorbing carbon black. This suggests applications of these particles to 

solar steam generation and photothermal therapy.  
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 Tunable fluorescence intensity 

by pH-responsive polymer layers on Au 

nanospheres 

A fluorophore is a fluorescent molecule or other entity that can absorb incoming light and reemit it with a 

different and redder wavelength. The time between absorption and reemission is on the order on 

nanoseconds, which distinguishes it from the phenomenon of phosphorescence where the emission time is 

on the order of milliseconds to seconds.  Fluorescence spectroscopy is an analytical technique that has been 

in use for several decades. It can produce a high-contrast image or detect a single molecule. It can also be 

used as a probe, a sensor, or a biomarker in medical diagnostics and other fields. Despite the versatility of 

its applications, the use of fluorophores is still limit owing to finite quantum yield, photostability, and 

emission intensity [1].  

To improve the detection sensitivity of fluorescence spectroscopy, one of the possible ways is to couple a 

fluorophore with a metal nanoparticle (MNP). The effect of a MNP on the emission dynamics of 

fluorophores opens a new field of research known as “plasmon-enhanced fluorescence (PEF)”. Many 

equivalent terms are used to describe the effect we are interested in, including (i) metal-enhanced 

fluorescence (MEF), (ii) surface plasmon-enhanced fluorescence spectroscopy (SPFS), or (iii) surface-

enhanced fluorescence spectroscopy (SEFS).  
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3.1 Introduction 

3.1.1 Background 

PEF is a complex phenomenon, where the emission intensity of a fluorophore may be either quenched or 

enhanced by a nearby MNP. The fluorophore-MNP interaction is influenced by several parameters 

including the size, shape, and surface chemistry of the MNP, the fluorophore-particle spacing, and the 

spectral overlap between the LSP spectrum of the MNP and the fluorophore absorption and emission spectra 

[2-5]. Of these parameters, the distance between the surface of the MNP and the fluorophore plays the 

primary role in determining the fluorescence intensity [2, 6, 7]. 

The optical effects originating with LSPs in MNP can be tuned by changing particle shape and size, the 

material composition of the particle, and the dielectric function of the surrounding medium [8-13]. This 

enables a precise control over the PEF effect, which is of great use in developing it into an optical contrast 

probe for biolabelling and bioimaging. When PEF is used to enhance fluorescence intensity, it provides a 

higher signal-to-noise ratio and better sensitivity, and decreases photobleaching rates [14, 15]. When used 

to quench fluorescence, PEF can be used for identification of biomolecules, tumor cells, and toxic pollutants 

[16-20].   

The change in fluorescence intensity can be theoretically explained by the Purcell effect. In this present 

situation, LSPs act like an optical resonator that provides an enormous increase in the local density of 

optical states (LDOS) near the particle, thereby providing additional channels for relaxation that increase 

the emission rate of the fluorophore [21]. Accordingly, the fluorophore’s excited state lifetime decreases, 

which brings about a reduction in photobleaching and a corresponding change in quantum yield [7, 14, 22-

28] that depends on whether the states into which the emission is coupled are able to radiate light or not. 

This results in either an increase or a decrease in the effective fluorescence intensity. 

Figure 3.1 schematically illustrates the Jablonski diagrams of the emission of a fluorophore with and 

without a MNP. 
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Figure 3.1: Jablonski diagrams of a fluorophore (a) without and (b) with a MNP. The latter is the situation in PEF. 

In the absence of a MNP, the fluorophore absorbs energy from incoming photons with an excitation rate 

𝛾𝑒𝑥𝑐
0  where the superscript zero indicates the state without a MNP. The electronic state of the fluorophore 

changes from the ground state to a higher excited state. The excited state then rapidly relaxes to a lower 

excited state by releasing vibrational energy in the form of phonons into the surrounding medium. The 

electrons remain in the lowest vibrational level of the electronic excited states on the time scale of 

nanoseconds known as the “fluorescence lifetime”, and they relax to an accessible vibrational level of the 

electronic ground state by two processes. The first process is to emit a photon with a radiative rate 𝛾𝑟
0, 

causing the fluorescence emission. The excited state can also decay nonradiatively at a rate of 𝛾𝑛𝑟
0  through 

various processes ultimately resulting in the production of heat rather than light.  

In the presence of a MNP placed near a fluorophore, the total excitation rate of the fluorophore increases 

by an additional rate due to LSPs denoted by 𝛾𝑒𝑥𝑐
𝑝

. Here, the superscript 𝑝 indicates that the process is 

plasmon-induced, i.e., it is due to coupling to plasmon modes in the nearby MNP. On the decay side, the 

interaction between the fluorophore and the MNP opens a new decay channel with rate 𝛾𝑝 owing to the 

presence of plasmons. This new rate is proportional to the near-field enhancement factor 𝑔 = (𝐸𝑙𝑜𝑐𝑎𝑙/𝐸0)2 

where 𝐸0 is the amplitude of the electric field of the incident light. This decay results in the excitation of a 
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plasmon mode in the MNP, which in turn can decay either radiatively or non-radiatively. As a result, 𝛾𝑝 is 

a sum of a radiative and a non-radiative decay rate, or 𝛾𝑝 = 𝛾𝑟
𝑝

+ 𝛾𝑛𝑟
𝑝

.  

The new decay channel is then actually the result of a coupling between the dipole of the fluorophore’s 

excited state and the plasmon modes of the MNP. LSP modes with a strong dipole (𝑙 = 1) character are 

known as “bright plasmons”. Due to their dipole character, they can radiate the energy, releasing it in a 

form of photons with a radiative rate 𝛾𝑟
𝑝

. Bright plasmons also have a non-radiative channel at some rate 

𝛾𝑛𝑟,1
𝑝

. LSP modes made up of higher multipoles (𝑙 > 1), including quadrupoles, octupoles, etc. are known 

as “dark plasmons” due to their lack of dipole character. These higher-order modes cannot decay 

radiatively, so their decay is dominated by non-radiative decay at some rate 𝛾𝑛𝑟,2
𝑝

. 

The coupling between the fluorophore and the LSPs depends strongly on the distance between the 

fluorophore and the MNP. If the fluorophore mainly couples to bright plasmons, 𝛾𝑝 is dominated by the 

plasmon radiative decay at rate 𝛾𝑟
𝑝

, resulting in an enhancement of the fluorescence intensity. However, if 

the fluorophore is placed closer to the MNP, the dipole from the fluorophore mainly excites dark plasmons. 

Since these modes radiate poorly, the excitation energy is not converted into photons, which results in the 

fluorescence quenching [29-37]. The reason higher multipoles are more readily excited when 𝑑 is small is 

that they correspond to higher spatial frequencies on the surface of the MNP. The closer the fluorophore is 

to the surface, the larger the high frequency content of the fluorophore polarization field on the surface, and 

the larger the coupling to the higher order dark plasmon modes. 

Figure 3.2 plots the fluorescence enhancement of a fluorophore placed in the vicinity of a 60 nm diameter 

Au nanosphere at the distance 𝑑 from the nanoparticle surface. This enhancement is defined as the ratio of 

the radiative emission rates of the fluorophore with and without a Au NP present. The excitation and the 

emission wavelength were assumed to be the same at 𝜆𝑒𝑥𝑐 = 𝜆𝑒𝑚 = 650 nm. The dielectric function of 

pure gold was obtained from the well-known work by Johnson and Christy [68]. This calculation follows 

the procedures laid out by Bharadwaj et al. [23].  
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Figure 3.2: Calculated fluorescence enhancement as a function of distance 𝑑 from the surface of a spherical Au NP with a diameter 

of 60 nm.   

If the fluorophore is placed less than 5 nm from the surface of a Au NP, the fluorescence quenching is 

observed. The fluorescence enhancement occurs when the distance 𝑑 is greater than 5 nm and increases 

rapidly if the fluorophore is further away from the Au NP. The maximum fluorescence enhancement is 

achieved at a distance around 12 nm, and it decreases slowly if the distance is increased even further. 

Note that the calculation does not account for the presence of a dielectric material in which the fluorophore 

is embedded. Moreover, the computation was the quasi-static assumptions, which results in the observed 

quenching phenomenon. These results would be improved, if other numerical methods such as the multiple 

multipole (MMP) method [23], finite difference time domain (FDTD) method [69], finite integration 

technique (FIT) [70], finite element method (FEM) [71] etc., were use. A good review of the exact solution 

and numerical computations is discussed in several published articles [72-74]. 

Because the separation distance 𝑑 between fluorophore and MNP has a significant impact on fluorescence 

intensity, fluorescence lifetime, and quantum yield, the effect of varying 𝑑 has been widely studied both 

theoretically and experimentally. The earliest experimental work was performed by Drexhage et al. in 1974. 

They investigated the radiative and nonradiative rates of the emission intensity of a fluorescent dye 
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(cadmium arachidate) near metallic and dielectric interfaces [38]. Chance et al. also theoretically and 

experimentally reported the effect of quantum yield and lifetime of an Eu3+ chromophore near a metal 

surface [39, 40]. Recently, most studies have focused on MNPs rather than surfaces because of the potential 

applications of MNPs in chemical sensors and nanodevices [3-5, 29, 41, 42].   

3.1.2 pH-stimulus-responsive polymers as spacers: PAH and PSS 

There are many types of spacers that can separate fluorophores from metal nanostructure. Early work in the 

1980s used a fatty acid layer [39], a solid argon layer [44], and a SiOx layer [45] as spacers between 

fluorophores and metal surface. For fluorophore-MNP separation, polyelectrolyte multilayers (PEMs) are 

often employed. These are charged polymer films that can be wrapped around nanoparticles using layer-

by-layer (LbL) assembly. In this method, a positively charged polymer, e.g. poly(allylamine hydrochloride) 

(PAH) (see Figure 3.3 (a)), is wrapped around the intrinsically negatively charged MNPs. The particles are 

then wrapped with a negatively charged polymer such as poly(styrene sulfonate) (PSS) (see Figure 3.3 (c)). 

This process can be repeated as many times as desired to make a progressively thicker PEM. A single 

PAH/PSS bilayer contributes to the thickness of a PEM films approximately 1 nm, if the film is applied at 

near neutral pH, giving good control over the MNP-fluorophore spacing (The PEM films used in this work 

are deposited at higher pH, which makes them substantially thicker). Schneider et al. demonstrated the 

quenching effect on two different organic dyes, Fluorescein isothiocyanate (FITC) and lissamine rhodamine 

B sulfonyl chloride (LISS) deposited on 13-nm-diameter gold nanoparticles (Au NPs) wrapped with 

PAH/PSS PEMs [28]. Similarly, Kang et al. also investigated the fluorescence quenching and enhancement 

of cypate as the fluorophore, varying the number of PAH/PSS bilayers [46]. Most studies of this type have 

used PEMs as spacers of fixed thickness, where the distance between MNPs and fluorophores increases 

linearly with the number of deposited bilayers applied to the MNP [3-5, 29, 41, 42]. However, some types 

of PEMs operate as stimuli-responsive polymers or smart polymers [47, 48], where the thickness changes 

in response to changes in the external environment, such as variations in temperature [49, 50], electric 



90 

 

potential [51-53], magnetic potential [54], mechanical force [55], and pH [56-59].  It is therefore possible 

to use such PEMs as dynamically tunable spacers between MNPs and fluorophores, which is an effective 

technique to manipulate PEF. Using this type of tunable spacer may also make it possible to exploit the 

PEM effect in sensing application. Recently, Yaun et al [7] reported this approach in porphyrin dye and 

silver nanoparticles separated by poly(acryloyl hydrazide), which is a pH stimulus-responsive polymer [60]. 

As the ambient pH was varied from 4 to 9, the maximum fluorescence intensity was almost two-fold greater 

than the reference intensity at pH = 4. This is the only example in the literature of using tunable PEMs to 

tune the PEF effect that we are aware of.  

 

Figure 3.3: Non-fluorescent polyelectrolytes used in the experiment:(a) poly(allylamine hydrochloride) (PAH), (b) PAH-DTC and 

(c) poly(sodium-4-styrenesulfonate) (PSS). 

In this dissertation, we employed the idea of tunable spacers to make particles with greater stability and 

flexibility and studied the resulting particles more systematically than in previous work. Stability was 

achieved by depositing PAH-DTC polymer, which is a modified version of PAH where some amine groups 

have been transformed into dithiocarbamate (DTC), around 30 nm diameter gold nanospheres. The DTC 

groups in this polymer anchor covalently to the gold surface, which makes the colloid more rubust and 

stable. These particles were then wrapped with PSS and PAH polymers under conditions that result in a 
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pH-responsive PEM that is able to change the distance between the Au NPs and fluorophores deposited on 

the outer surface of the particles. This occurs when bilayers of PAH and PSS are assembled at pH 

comparable to or higher than the pKa of PAH (8.8) [61, 62]. This leads to a film containing excess amines, 

uncoordinated with the sulfonate groups in PSS. As the ambient pH is raised, these amine groups lose their 

charges, repel counter ions and become hydrophobic, making the film shrink. As ambient pH is decreased, 

on the other hand, amine groups regain their charges, attract counter ions and become hydrophilic, making 

the film swell. This kind of PEM film can shrink and swell several hundred percent in thickness in response 

to changes in pH [56-59]. On flat surfaces, the thickness of a single layer PAH deposited in this fashion 

varies from 7 to 18 nm, while that of a PAH/PSS/PAH film varies from 12 and 42 nm [66]. The thickness 

in our case may be quite different from these values, but they are in any case significantly larger than 1 nm 

per bilayer. 

3.1.3 Fluorophores: RGCS 

In this dissertation, 5(6)-carboxyrhodamine 110 (also known as rhodamine green carboxylic acid), 

succinimidyl ester hydrochloride (RGCS) was chosen as our indicator dyes for three reasons. First, RGCS 

is relatively insensitive to change in an ambient pH, which means that we will be able to attribute  changes 

in fluorescence to the PEF effect. Second, the emission spectrum centered around 523 nm overlaps well 

with the LSP spectrum in Au nanospheres as shown in Figure 3.4, which is a requirement for PEF [63]. 

Third, this dye is commercially available with a NHS group that makes it easy to bind the dye to the amine 

group in PAH. 

This chapter investigates the effect of Au NPs on fluorescence enhancement of RGCS dyes. The 

fluorophore distance from the Au NPs is modulated by exploiting the swelling and deswelling property of 

a particular PEM spacer. First, the surfaces of Au NPs were functionalized with PAH-DTC, a modified 

PAH film where some amine side groups have been transformed into dithiocarbamate (DTC) groups as 

shown in Figure 3.3 (b). The DTC group enables this positively charged polymer to covalently bind to the 



92 

 

gold surface, making the anchoring PEM layer strongly bound to the particle, and thereby more robust [43]. 

The PAH-DTC layer is followed by PSS/PAH bilayers assembled at pH 8.4, which makes the film pH- 

responsive. Finally, RGCS-PAH was applied to the particles as the terminal layer. The distance between 

Au NPs and fluorophores could then be varied by changing the ambient pH from 3 to 10 and back, during 

which time we monitored changes in extinction spectra and fluorescence intensity.  

   

 

Figure 3.4: Spectra showing the overlap between the extinction spectrum of 30-nm size Au NPs (black solid line) and the 

fluorescence spectrum of the RGCS dye (magenta short dashed line). The fluorescence spectra of PAH-RGCS (blue dot-dashed 

line) and a conjugate Au NP/PAH-DTC/PSS/PAH-RGCS nanoparticles (red long dashed line) are also shown. The fluorophores 

were excited at 470 nm. Inset: molecular structure of RGCS.  

 

3.2 Materials and Methods 

3.2.1 Materials 

Tetrachloroauric (III) acid trihydrate (HAuCl4·3H2O) and trisodium citrate dihydrate (Na3C6H5O7·2H2O) 

were purchased from Sigma-Aldrich. Polyelectrolytes employed for multilayer depositions were the 
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polycation poly(allylamine hydrochloride) (PAH) (MW = 15 000 g/mol) and polyanion poly(sodium-4-

styrenesulfonate) (PSS)  (MW = 70 000 g/mol) and were supplied from Sigma-Aldrich. 5(6)-

Carboxyrhodamine 110, succinimidyl ester hydrochloride (RGCS) was obtained from Setareh Biotech. All 

reagents were of analytical grade and used as received without further purification. Nanopure water with 

resistivity 18.2 M-cm and total organic carbon (TOC) less than 1 ppb used in all experiments was 

produced by a Barnstead™ Nanopure™ system.  

Unless otherwise stated, the reaction vessels used in all experiments were standard borosilicate glass 

containers (e.g. beakers, Erlenmeyer flasks etc.) that were precleaned with aqua regia (1:3 V/V of 

concentrated HNO3 and HCl acids, respectively) for 20 min, followed by rinsing with copious amounts of 

nanopure water and dried in an oven at 120 C for 60 min. 

3.2.2 Preparation of polymer solutions and derivatives  

3.2.2.1 PAH and PSS solution 

The base solution of PAH was prepared by dissolving 400 mg of PAH in 50 mL in nanopure water (8 

mg/mL) while stirring for a minimum of 12 h. Similarly, the base solution of PSS was obtained by 

dissolving 400 mg in 50 mL nanopure water (8 mg/mL). Both base solutions were adjusted to pH 8.4 using 

1 M solutions of NaOH and HCl. 

3.2.2.2 PAH-DTC solution 

Dithiocarbamate (DTC)-anchored PAH (PAH-DTC) was obtained using the procedures described by Kai 

Chen et al [43] following the reaction shown in Figure 3.5. Briefly, a 100 mM (monomer basis) PAH 

solution was prepared by dissolving 28 mg of PAH in 3 mL nanopure water for at least 12 h or overnight, 

and the pH of the solution was raised from ~3.4 to 8.80 using NaOH. The solution was transferred to a 

capped vial and degassed for 10 min with argon (Ar). The solution was then injected with 30 L of 1 M 

CS2 in ethanol, followed by vortex mixing for 30 s, and left to stir gently for 6 h.  
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Figure 3.5: Reaction scheme for PAH-DTC formation.  

3.2.2.3 PAH-RGCS solution 

To make the PAH-RGCS conjugate, 0.16 mg RGCS (a quantity corresponding to 1% of the available 

amines in the dissolved PAH) was dissolved in 2 mL purified anhydrous DMF, and then added to 18 ml of 

an aqueous solution of PAH (8 mg/mL) at pH 8.4, which was stirred at room temperature for at least 6 

hours. The solution was then dialyzed (Spectra/Por 6 Dialysis Membrane MWCO: 2 kD) against a mixture 

of isopropanol and pure water (2:8 v/v) for 5 days to remove unreacted RGCS and reaction byproducts. The 

alcohol/water mixture was replaced daily during dialysis. The thus purified solution was kept at room 

temperature and in darkness until used. 

The hydrolysis of RGCS NHS ester with primary amines in PAH yields RGCS-conjugated PAH (PAH-

RGCS) as a primary product and NHS as a byproduct as shown in Figure 3.6. 

 

Figure 3.6: Conjugation of RGCS to PAH in a primary-amine-free aqueous solution at pH 8.4. This hydrolysis reaction forms a 

stable amide bond between RGCS and PAH. 
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3.2.3 Synthesis of citrate stabilized Au colloids  

Au NPs with a mean diameter of 30 nm were fabricated by the well-known standard citrate reduction 

method pioneered by Turkevich and further developed by Frens [64, 65] as follows: 600 L of a 1% w/v 

(or 34 M) solution of trisodium citrate dihydrate was rapidly injected into 50 mL of a 0.01% w/v (or 0.25 

M) solution of HAuCl4·3H2O while under boiling and vigorous stirring. After approximately 5 min, the 

color turned purple and the solution was removed from the heat and allowed to cool down. The solution 

was kept in darkness at 4 C until use. The resulting Au particles are terminated with negatively charged 

citrate ligands. The average size of the particle is around 32 nm based on imaging with scanning electron 

microscopy as depicted in Figure 3.7. 

 

Figure 3.7: (a) A FESEM micrograph of Au NPs. (b) A particle size distribution based on 748 particles with the average diameter 

around 32 nm. 

3.2.4 Polymer deposition on Au NPs  

The innermost, covalently anchored polyelectrolyte layer was applied by slow dropwise addition of 3 mL 

of the PAH-DTC solution into 30 mL Au NP colloid while under vigorous stirring. This suspension was 
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then stirred at moderate speed for a further 2 h. The colloid was then transferred into 1.5 mL polypropylene 

Eppendorf Safe Lock tubes and centrifuged (Eppendorf model 5430) at 4000 g for 45 min. 98% of the 

supernatant was discarded, followed by redispersion to the original volume with nanopure water. The 

suspension was concentrated by centrifugation and resuspended two additional times and finally diluted to 

15 mL. In this dissertation, such a suspension is denoted Au NP/PAH-DTC because Au NPs were wrapped 

with PAH-DTC polymer. 

A PSS layer was then deposited by dropwise addition under vigorous stirring of 15 mL of Au NP/PAH-

DTC into 15 mL of the base PSS solution. This suspension was stirred at moderate speed for a further 12 h 

in darkness. It was purified by centrifugation and redispersion in the same way as in the PAH-DTC 

deposition step, except that centrifugation was carried out for 50 min at 3000 g, and only performed twice. 

In the final step, the resulting Au NP/PAH-DTC/PSS suspension was diluted to 15 mL. 

PAH and PAH-RGCS were deposited with the same protocol as PSS, except that centrifugation and 

redispersion were performed three times. 

3.2.5 Characterization of pH-responsive Au NPs 

NP suspension extinction spectra were measured with an Ocean Optics H2000CG-UV-NIR 

spectrophotometer and a Halogen lamp (Ocean Optics DH-2000-s), using 1 cm path length quartz cuvettes. 

The zeta ()–potential measurements were performed on a Malvern Intruments Zetasizer Nano ZS in a 

folded capillary zeta cell (DTS 1070). Fluorescence spectra were collected with a Perkin Elmer LS 45 

luminescence spectrometer using a 470 nm excitation wavelength of a scan rate of 150 nm/min, and with 

entrance and exit slits widths both set to 10 nm resolution. For the fluorescence measurements only, samples 

were diluted three times before the measurement. 
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3.3 Results and Discussions 

3.3.1 Fluorescence properties of RGCS dyes and PAH-RGCS polymers 

 

Figure 3.8: Fluorescence emission spectra of (a) RGCS dye in water and (b) PAH-RGCS polymers in water as a function of pH. 

The insets show a relatively small change of maximum fluorescence intensity vs pH. The magenta long-dashed-dot-dashed- lines 

on both plots represent the fluorescence intensity at the original pH before pH adjustment which were 5.98 and 5.35, respectively. 

Figure 3.8 (a) depicts fluorescence spectra of RGCS fluorophores dissolved in water at various pHs. It 

reveals that the change in fluorescence intensity with pH in the range of 3 to 10 is fairly small (around 

19%). In addition, most spectra in Figure 3.8 peak around 523 nm. The exception is the fluorescence 

spectrum of RGCS solution at pH 3, however, which is lower in intensity and exhibits a slight redshift in 

emission wavelength from 523 to 528 nm. As shown in Figure 3.8(b), the fluorescence intensity variation 

of dissolved PAH-RGCS is even smaller than in the free dye, showing a variation in intensity at less than 

8% with pH adjustment, with all fluorescence spectra peaking around 524 nm. The smaller variation in 

the polymer-bound could be due to the amine groups in PAH, which at low pH gain a positive charge that 

repel the hydronium ions so that the local acidity at the dye molecules is lower than in the free solution, 

leading to less variation in fluorescence intensity in PAH-RGCS. Therefore, in the pH range 3-10, we can 

treat the PAH-RGCS fluorescence intensity is largely independent of pH.  
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3.3.2 Characterizations of Au NPs and their derivatives  

 

Figure 3.9: (a), (c), (e), and (g) plot extinction (=absorption + scattering) spectra of different Au NPs, while (b), (d), (f), and (h) 

show corresponding zeta potentials development during polymer depositions.  
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In this dissertation, we made the Au NPs that were wrapped with 3, 4, 5, 6, 7, and 9 polymer layers, which 

will be denoted as the 3-, 4-, 5-, 6-, 7-, and 9- layer particles, respectively. The innermost layer is PAH-

DTC for particles with an odd number of polymer layers, the outermost layer is a positively charged PAH-

RGCS. On the other hand, for the particles with an even number of polymer layers, the two outermost layers 

are PAH-RGCS followed by a negatively charged PSS. The intermediate layers were contributed as 

PSS/(PAH/PSS)n, where n is an integer between 0 and 3. 

Figure 3.9 (a) illustrates the extinction spectra of Au NPs and their corresponding Au derivatives for 

particles that were wrapped with 3 polymer layers. A minute drop in the 527-nm peak extinction indicates 

a loss of particles from suspension after the first layer (PAH-DTC) has been deposited, confirming that the 

resulting particle suspension is relatively stable. Further loss of particles is seen after the second (PSS) and 

the third layer (PAH-RGCS) polymer wrapping as evidenced by small drops in the extinction peaks. 

However, the total drop in the extinction peak is less than 10%, indicating a high yield in the fabrication 

process. An increase of LSP wavelength 𝜆𝐿𝑆𝑃𝑅 from 527 nm to 534 nm can be attributed to an increase in 

index of refraction in the surrounding medium due to the polymer coating. Nevertheless, after the second 

and third polymer deposition, any change in 𝜆𝐿𝑆𝑃𝑅 is all but indiscernible, demonstrating that these 

polymers do not have a significant impact on the optical properties of Au NPs. 

For the 5-layer particle, a significant drop of the extinction peak is observed after the outermost layer (PAH-

RGCS) was deposited, indicating a loss of particles during the fabrication process. A wider spectrum is also 

noticed due to the aggregations of the particles as shown in Figure 3.9 (c). For the 7- and 9- layer particles 

(see Figure 3.9 (e) and (g)), we observe an increase of 𝜆𝐿𝑆𝑃𝑅 more clearly due to an increase in refractive 

index in the surrounding medium from the polymer coating. In addition, further loss of particles is noticed 

after each successive polymer wrapping as evidenced by the drop of the extinction peaks. We also see the 

wider spectrum because of particle aggregation as the number of polymer layers is larger. Even though 

some particles were lost during the fabrication process for the 5-, 7-, and 9- layer particles, the total drop in 
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the extinction peak is less than 25%. This yield is good enough for the study in the change in fluorescence 

intensity when the pH of the suspension was varied. 

Figure 3.9 (b), (d), (f), and (h) illustrate the zeta potentials of the Au NPs as there are wrapped with 

successive polymer layers. We observe that the potentials alternate between negative and positive values, 

thereby suggesting the complete encapsulation of each polymer after the centrifugation-redispersion step. 

In addition, zeta potentials consistently greater than 25 mV is consistent with relatively stable suspensions 

exhibiting little particle aggregation. 

 

Figure 3.10: Fluorescence spectra of Au NPs, their derivatives, and supernatant from particles with (a) 3, (b) 5, (c) 7, and (d) 9 

polymer layers. 

To verify that fluorescence from the RGCS dyes was due to dye molecules attached to the nanoparticles 

via PAH-RGCS polymers, each particle derivative was characterized by fluorescence spectroscopy as 

shown in Figure 3.10. The characteristic 523 nm fluorescence peak appears when the outermost PAH-

RGCS layer has been applied. In particular, the supernatant does not show any significant fluorescence. 
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This means that the observed fluorescence results nearly entirely from dye attached to the Au particles 

rather than from free PAH-RGCS in the solvent. 

3.3.3 pH-dependent extinction and fluorescence properties of the 3-layer particles 

 

Figure 3.11: Extinction spectra of Au NP/PAH-DTC/PSS/PAH-RGCS when the ambient pH of the suspension was varied by (a) 

raising the pH and (b) lowering the pH. 

As the pH of the particle suspensions is raised from acidic to alkaline, the suspension extinction spectrum 

redshifts and becomes much wider as shown in Figure 3.11 (a). When the pH is returned to acidic, the 

spectrum narrows and blueshifts, partially recovering to its original appearance as shown in Figure 3.11 

(b). Because the outermost layer of the particles is positively charged due to primary amines in PAH, it will 

lose some of its charge as the pH approaches the pKa of PAH. This results in the flocculation of particles 

at high pH that in turn produces a broadening of the spectrum due to the redshifting of plasmon modes in 

the floccuates. As the pH is lowered, the amines regain their charge, and this makes the particles tend to 

redisperse. The reversal is not complete, as some particles irreversibly aggregate at the higher pH. 

As the pH of the particle suspensions is raised from acidic to alkaline, the fluorescence spectrum intensities 

and redshifts as shown in Figure 3.12 (a). When the pH is returned to acidic, the spectrum decreases and 

redshifts a little as shown Figure 3.12 (b).  
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Figure 3.12: Fluorescence spectra of Au NP/PAH-DTC/PSS/PAH-RGCS when the ambient pH of suspension was varied in (a) 

raising pH and (b) lowering pH. 

As mentioned in the introduction, the PEF enhancement efficiency is strongly sensitive to the distance 

between fluorophores and MNPs. The observed enhancement of the fluorescence intensity with pH can be 

attributed to the swelling and deswelling behavior of the PAH-rich PEM. At low pH, PAH gains more 

charges and swells, thereby increasing the PEM thickness as well as the distance between the fluorophores 

and the Au NPs.  Since the coupling between fluorophores and plasmon modes decreases exponentially 

with the distance from the surface, this leads to a reduction in fluorescence intensity. At high pH, the PAH 

polymer layers lose their charges and deswell, so that the polymer shell thickness decreases, thereby 

decreasing the distance between the fluorophores and the Au NPs. Accordingly, the plasmon-fluorophore 

coupling increases, leading to an increase in fluorescence intensity. If the fluorophores are placed near the 

Au NPs at an optimal distance, the PEF enhancement is maximized. In this experiment, a 2.8-fold increase 

in fluorescence intensity was observed in the 3-layer particles, as the pH was raised from 3 to 10. Though 

the fluorophores are near the surface of Au NPs at pH 10, the distance is still beyond the range of the dark 

plasmon effect, which accounts for the observed fluorescence enhancement.  

Changing the pH of the particle suspension means adding fluid to slightly diluting it and thereby potentially 

reducing the fluorescence intensity for reasons unrelated to PEF. However, in this experiment, no more 
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than 20 L was added to each 15 mL liquid not during each pH adjustment step so that the total dilution of 

the suspension amounted to less than 5%. Therefore, the observed fluorescence enhancement from this 

experiment results entirely from the presence of Au NPs and the change in the distance from the Au NPs 

and the fluorophores rather than changes in the suspension concentration.  

We also observe that the pH-induced fluorescence intensity modulation is reversible at least 3 times when 

the pH of the suspension is repeatedly cycled between pH 3 and 10 as shown in Figure 3.13. This results 

from the property of these PAH film that their thickness changes with pH, and it is repeatable for multiple 

cycles [67]. It is notable that the fluorescence intensity trends upward as the experiment proceeds, which 

could be an impediment to using the particles in sensing applications. One possible explanation for this 

drift could be that successive swell/deswell cycles cause intermixing of the PAH-RGCS with the rest of the 

PEM, bringing fluorophores on average closer to the particle, leading to increased PEF. 

 

 

Figure 3.13: Reversible changes of fluorescence intensity of Au NP/PAH-DTC/PSS/PAH-RGCS when the pH of the suspension 

was alternately switched between pH 3 and pH 10. 
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3.3.4 pH-dependent fluorescence properties of the 5-, 7-, and 9-layer particles 

The graphs in Figure 3.15 (a), (c), (e), and (g) show the peak fluorescence intensity plotted against pH for 

3-, 5-, 7-, and 9- layer particles, respectively. Figure 3.15 (a) is in fact a summary of Figure 3.12. In all 

cases, we see an increase in intensity with pH, and a decrease as it is lowered again. The relationship is 

nearly linear, with only a small amount of hysteresis, which is very encouraging for potential sensing 

applications. Moreover, the fluorescence intensity is larger when the particles are wrapped with a larger 

number of polymer layers. We attribute this to a larger surface area in the particles with a thicker PEM, 

which allows more fluorophores to be conjugated to surface amine groups, resulting in higher fluorescence 

intensity.  

From Figure 3.14, we can see that even though the fluorescence intensity at high pH rises rapidly with PEM 

thickness, a much smaller increase is seen at low pH. We may be able to account for this observation by 

taking into account the distance-dependent fluorescence intensity. 

 

Figure 3.14: A plot of fluorescence intensity at pH 3, 7, and 10 of Au NPs wrapped with 3, 5, 7, and 9 polymer layers. The number 

above the line indicates the ratio in fluorescence intensity between pH 10 to pH 3. 

To better visualize the change in the fluorescence spectra at different pH, Figure 3.14 summarizes the 

changes in fluorescence intensities at pH 3, 7, and 10 for the 3-, 5-, 7-, and 9- layer particles.  
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Figure 3.15: (a), (c), (e), and (g) peak fluorescence intensity as a function of pH in 3-, 5-, 7-, and 9- layer particles. (b), (d), (f), 

and (h) Normalized extinction ratio (see text) as a function of pH. The arrows indicate the change of either extinction spectrum or 

fluorescence intensity as the ambient pH was varied. 
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Here, the number above the fluorescence intensity at pH 10 indicates the ratio of the fluorescence intensity 

at pH 10 to that at pH 3. Although all ratios are above 2, the maximum 3.4-fold ratio was observed with 

particles wrapped with 7 polymer layers.  

At low pH, the PEM films are fairly thick, likely putting the dye at distances from the particle where the 

PEF decreases rapidly with film thickness (see Figure 3.2). This decrease counteracts the increase due to a 

larger amount of dye on the surface, so that we observe little increase in fluorescence intensity for the 5- 

and 7-layer particles at low pH. At high pH, the fluorescence intensity increases much more with the number 

of polymer layers wrapped around the particles. This may be due to the thinner films at higher pH placing 

most of the dye in the region of maximum fluorescence enhancement where the total intensity is relatively 

insensitive to changes in 𝑑. Since the particles with thicker PEMs have more dye, the consequently fluoresce 

more brightly at high pH. 

3.3.5 pH-dependent fluorescence properties of the 4- and 6- layer particles 

The particles discussed so far have been wrapped with an odd number of polymer layers. In other words, 

the outermost layer is PAH-RGCS, which is positively charged. To avoid particles flocculation at high pH, 

it would be advantageous if the final polymer layer could be a strong polyelectrolyte such as PSS. 

 

Figure 3.16: Peak fluorescence intensity as a function of pH of particles wrapped with (a) 4 layers and (b) 6 layers of polymers. 

The peak fluorescence intensities for 3- and 5- layer particles are also plotted for comparison. 
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We attempted achieve this state by simply wrapping the 3- and 5- layer particles in an additional PSS layer 

deposited at pH 8.4. As can be seen in Figure 3.16, the resulting 4- and 6- layer particles showed almost no 

fluorescence. This disappearance of the fluorescence may result from the removal of the PAH-RGCS dyes 

during the deposition of the final PSS layer, possibly because it may be more favorable to form free 

aggregates of PSS and PAH-RGCS than to deposit a PSS layer onto the PAH-RGCS terminated particles. 

It is therefore clear that other methods for obtaining non-flocculating particles are needed. 

It is interesting that the fluorescence intensity exhibits so little hysteresis under pH cycling. This result is 

not consistent with previous studies on flat substrates where a larger hysteresis was observed when the 

number of polymer layers was greater than one. On flat substrates, the unpaired amine groups in PAH/PSS 

PEM films form hydrophobic domains at high ambient pH. One might expect that the films should start to 

reswell again once the ambient pH is lowered from the higher values, but due to the tight binding of the 

hydrophobic domains, the films do not swell until much lower ambient pH is achieved, resulting in 

hysteresis.  

In this experiment, we work with small particles with high curvature and limited surface area, and it is 

possible that this geometry disrupts the formation of the hydrophobic domains minimizing the hysteresis. 

We currently do not understand the mechanisms that accomplishes this, but it is a good candidate for future 

work.  

3.3.6 pH-dependent extinction properties of the 5-, 7-, and 9-layer particles 

The right column of Figure 3.15 plots what I will call the normalized extinction ratios for the 3-, 5-, 7-, and 

9- layer particles, as the pH was cycled. This ratio is defined as the difference in extinction at the resonance 

wavelength and at 900 nm wavelength, and shows strong hysteresis when the ambient pH was varied 

cyclically as shown in Figure 3.15 (b), (d), (f), and (h). As we have already discussed, the particles tend to 

flocculate at high pH and disperse at low pH. This causes a broadening of the plasmon peak and 

consequently a lowering in the normalized extinction ratio at high pH. When the ambient pH was raised, at 
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intermediate pH it may take up to several hours before complete flocculation occurs, even though the 

particles become unstable at a relatively low pH. However, the time for raising the ambient pH was much 

shorter (~5-10 min), so we do not observe the change from the redispersion state to the flocculation state 

until a higher pH was reached, where flocculation occurs much more rapidly. In other words, the time scale 

for particle flocculation is slow on the experimental time scale as shown in Figure 3.15 (b), (d), and (h). 

However, if we raised the ambient pH over a longer time such that the particles start flocculating, a drop in 

the normalized extinction ratio is observed around as can be seen in Figure 3.15 (f). The same reasoning 

also applies when the ambient pH was lowered because the amines, at intermediate pH, may take up to 

several hours to regain their full charge, and make the particles redisperse. However, the experimental time 

scale is again much shorter than the time before particles completely redisperse in the medium. The net 

result of this is a hysteresis loop in the extinction ratio, even though we observe very little hysteresis in the 

fluorescence. Finally, it is worth mentioning that because some particles aggregate irreversibly at the higher 

pH, not all particles will fully redisperse when the pH is lowered again, which explains why the hysteresis 

loop is open rather than closed. 

It is interesting that strong hysteresis is observed in the normalized extinction ratios but does not appear to 

affect the fluorescence intensity even though the PAH film swells and deswells when the ambient pH was 

varied. We can attribute this to the optical responses of Au NPs and Au NP dimers. At high pH, the particles 

tend to flocculate. For instance, it is possible that two particles couple as a dimer and create a new plasmonic 

mode in its gap, which is known as the “gap plasmon mode”. This new plasmonic mode provides a strong 

electric field enhancement at long wavelengths, outside the excitation wavelength of the fluorophores. The 

area over which this enhancement occurs is also just a small fraction of the particle surface area. Therefore, 

most dye molecules are unaffected by the gap plasmon as they are located outside of the high intensity 

regions. The small amount of dyes that lie near the gap of the dimer where the gap plasmon is strong are 

also mostly unaffected by it due to the lack of spectral overlap. The overall effect is that the relation between 
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the fluorescence intensity and the ambient pH is quite independent of the flocculation state or the extinction 

spectrum.  

 

3.4 Conclusions 

A system of RGCS fluorophores conjugated to Au NPs with a tunable polymer spacer has been developed. 

The distance between the surface of the Au NPs and the fluorophores was varied by changing the ambient 

pH of the combined colloidal system utilizing a property of PAH-rich PEMs.  At low pH, these films swell 

such that fluorophores are pushed away from the LSPR field, resulting in a decrease in the fluorescence 

intensity. At high pH, on the other hand, the polymer shrinks in such a way that the fluorophores are pulled 

towards the Au NPs and interact more strongly with the LSPR field, causing an increase in fluorescence 

intensity. 

The relationship between the fluorescence intensity and the pH of the suspension is nearly linear with low 

hysteresis tuning of fluorescence intensity. Such behavior is very favorable for sensing applications where 

we can integrate the swelling and deswelling property of the PAH-rich PEMs to the fluorescence emission 

of the fluorophores. This suggests particles such as those can be used for quantitative optical detection of 

pH and other quantities at a microscopic level, which may be useful in biomedical and environmental 

research. 
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 Optically aligned assembly of 

gold nanospheres 

 

This chapter discusses the assembly of nanoparticles (NPs) into larger nanostructures. Specifically, I will 

describe an attempt to bind one type of NPs to another type to form more complex ordered and aligned 

aggregates. This chapter starts with an overview of recent literature on NP assembly. Properties of the 

photocleavable molecule used in the experiment are outlined. Next, a specific technique for building dimers 

of gold nanospheres (Au NSs) is introduced, followed by a discussion of the experiment as well as 

preliminary results. Finally, interesting results and possible future work are outlined. 

4.1 Introduction 

One of the chief objectives in nanoscience is to produce a small-sized architecture for novel nanodevices 

and nanoscale electronics. To reach this goal, well-ordered structures consisting of multiple NPs, each of 

which can serve a specific purpose, is an important direction to perform a multifunctional task. Metallic 

nanoparticles (MNPs) are particularly interesting for constructing such complex ordered nanostructures on 

account of their multiple useful features. In addition, many MNPs syntheses are well-established and 

straightforward to perform [1-3]. The particles’ optical, electrical, and magnetic properties can also be 

tailored by modulating their size, shape and surface chemistry [4-6]. Despite the rich variety of shapes and 

morphologies of available NPs [1-3, 7-10], it remains a challenge to organize them into well-defined 

ordered structures. Were this proposition fully realized, it would open new vistas in optoelectronic devices, 

in new material designs, and in medical applications. 
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The literature contains attempts at self-assembly of NPs ranging from very simplest (e.g. dimer) to fairly 

complex arrangement intended for different applications [11-19]. For example, Lee et al. fabricated high-

yield heterodimers from gold nanocubes (Au NCs) and Au nanospheres (NSs), which were covalently 

bonded using 1, 8-octanedithiols. Au NSs were attached to the vertices of Au NCs where a nanogap between 

these two types of NPs provides a strong localized electric field enhancement, which is helpful in surface-

enhanced Raman scattering (SERS) [15]. Kou et al. successfully assembled three types of gold 

nanostructures: Au NCs to Au NCs, Au NCs to Au NSs and gold nanobranches and Au NSs. They used 

glutathiones as linkers, and showed that these particles were preferentially bonded at the edges rather than 

a planar surface [14]. Chou et al. employed linker DNA strands with complementary sequences to join 

surface-modified MNPs with a single-stranded DNA to form core-satellite nanostructures, where a core 

NP, whose size is around 6 nm, is surrounded by satellite NPs with an appropriate surface functionality for 

ligand binding [12].  Wang et al. created side‐by‐side and end‐to‐end gold nanorods using antigen-antibody 

as linkers for sensing toxin in the environment [49]. Lee at al. assembled nanowires to form a molecular 

spring structure with poly(ethylenegylcol) as a linker to a protein-sensitive sensor [50]. Mastroianni et al. 

fabricated a pyramidal nanostructure from gold nanocrystals using DNA scaffolds for the construction of 

chiral nanostructures [51]. 

There is another interesting type of nanoassembly known as an “orientational assembly”, where NPs are 

arranged in a specific orientation to form larger scale structure in one or two dimensions. Wu et al. 

assembled silver (Ag) NPs and Au NPs to form heterodimers using antigen-antibody as linkers. Such larger 

structure can be further used as a plasmonic sensor, which can identify heavy metals (e.g. Hg2+, Ag+) [20]. 

Vertically oriented Au NPs dimers made using thiol-PEG molecules as linkers were also reported by Guo 

et al., who demonstrated their use as a colorimetric sensor to monitor DNA isolated from foodborne 

pathogens [21]. Plasmon rulers made of Au NPs dimers were also addressed by Chen et al. for the 

characterization of the distance between the particles [22]. Other regiospecific structures, including Au NPs 
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trimers [23], Janus (two-faced) clusters [24], and alternating particle chains [25], have also reported with 

numerous potential applications. 

Here, an oriented assembly of well-defined Au NS dimers is proposed. Specifically, Au NSs of two different 

diameters (~14 nm and ~60 nm) were used, and a photocleavable molecule was use as the linker. This 

molecule, which we will denote LIP3, consists of a thiol anchor group and a photoreactive group connected 

by a short alkane chain. The photosensitive group reveals a primary amine group upon absorption of a 

photon, which in turn protonates into a positively-charged reactive group at suitable pH. The larger Au NSs 

with photocleaved LIP3 were then incubated in small Au NSs suspension. Finally, negatively charged small 

Au NSs can be aligned onto large Au NSs by the polarization of ultraviolet (UV) light as illustrated in 

Figure 4.1 (a). This method differs from previously published work in that the shape of NPs used in this 

dissertation is isotropic, but the assembly is controlled by an anisotropic external force, specifically linearly 

polarized UV light. The UV light creates dipolar patches of photocleavable ligands on the larger NSs, 

inducing smaller Au NPs to bind in the center of the patches. The result is the assemblies that are aligned 

with the polarization of the exposing UV light.   

 

Figure 4.1: Schematic representation of ordered nanostructures assembled from MNPs as the building blocks. (a) a nanoparticle 

trimer with a specific orientation, (b) a core-satellite nanostructure, (c) a nanorod-nanosphere dumbell and (d) a nanocube-

nanosphere trimer. 
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4.2 LIP3: A photocleavable molecule 

The photocleavable molecule 1-(6-Nitrobenzo[d][1,3]dioxol-5-yl)ethyl (4-(1,2-Dithiolan-3-yl)butyl) 

carbamate was used as a linker between NPs in the experiment. Its molecular structure and synthesis route 

are shown in Figure 4.2  In this dissertation, this molecule will be denoted as “LIP3” [28]. LIP3 is 

synthesized from two precursors: (1) lipoic acid (or DL-thioctic acid) and (2) 1-(6-

Nitrobenzo[d][1,3]dioxol-5-yl)ethanol, as o-nitrobenzyl derivative. The lipoic acid moiety exhibits a 

disulfide group which is capable of tight binding to metallic surfaces or NPs [29-31]. The o-nitrobenzyl 

derivative is a photocleavable molecule, and after it is activated by UV irradiation, this functional group 

cleaves off and leaves behind a positively-charged primary amine group as shown in Figure 4.3 [32-34]. 

[The synthesis was performed by Ashley Gates from Dr.Webster Santos’s group, Chemistry department, 

Virginia Tech.] 

 

 

Figure 4.2: Synthesis of the photolabile protecting ligand LIP3. See Reference [28] for details. 

Daengngam et al. showed that LIP3 undergoes selective bond cleavage upon irradiation with UV light at 

365 nm wavelength. It decomposes into (1) a surface-bound lipoic acid derivative presenting a primary 

amine (-NH2) group, (2) a nitroso leaving group, and (3) carbon dioxide (Figure 4.3) [28].  

Before UV exposure, the characteristic absorption peak of 40 M LIP3 in ethanol (C2H5OH) is around 

340 nm. This absorption peak then shifts to 378 nm after UV irradiation (see Figure 4.4). In this 

dissertation, there are two primary UV sources used in the experiment. The first UV light source is a 
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UV Crosslinker (FB-UVXL-1000, Fisher Scientific), which provides 365-nm UV light with an average 

power 2.4 mW (or the corresponding power density 3.06 mW/cm2 because the beam diameter is 1 cm).  

 

 

 

Figure 4.3: The pathway of a photouncaging LIP3 into three products upon irradiation with UV-light at 365 nm wavelength. The 

red line shows where the molecule cleaves, leaving a primary amine group for nanoparticle binding under suitable conditions. 

 

Figure 4.4: The absorption spectra of 40 M LIP3 in ethanol and its decomposition under (a) 365-nm and (b) 376-nm UV 

irradiation. 
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The second light source is a collimated 376-nm UV laser beam (Stradus® 375-60, Vortran Laser 

Technology, Inc.). The power delivered by the laser can be controlled from 0 to 60 mW. Figure 4.4 (b) 

shows changes in the absorption spectrum of 40 M LIP3 in ethanol upon exposed to 376-nm UV after 

passing through a beam expander. The beam diameter was here and in the other experiment enlarged from 

1.2 mm to 1.0 cm, so an average power of 2.1 mW corresponds to a power density of 2.67 mW/cm2. In 

spite of the lower light flux, the rate of LIP3 decomposition is faster under laser illumination than in the 

crosslinker. 

The results from LIP3 in solution can be used as a guide for the assembly of Au NSs facilitated by LIP3 

clevage. Nevertheless, the decomposition rate of LIP3 immobilized on the surface of a metal (e.g. Ag or 

Au) in air may be different from that in solution. In addition, the metal film may reflect UV light or generate 

heat, which also has an impact on the decomposition rate of LIP3 and the possibility also on the NP binding 

to the uncaged amines. 

 

4.3 Preliminary results 

This section presents certain preliminary results leading up to the actual assembly experiments. These 

results provide some insight into the mechanisms underlying the assembly, while experimental procedures 

for the nanoassembly are elaborated in the next section. 

4.3.1 The effect of green (550 nm) light  

The photouncaging reaction of LIP3 under UV irradiation in Figure 4.3 reveals a primary amine group that 

bears a positive charge at lower pH (< 6). There are a number of methods to verify the existence of a positive 

charge of a cleaved LIP3. One convenient way is to observe the adsorption of negatively charged Au NPs 

on the LIP3-coated substrate. If LIP3 is bound to a surface, exposed to UV light, and incubated in a low pH 

(5.2 - 6) Au NSs suspension, Au NSs will be adsorbed on the surface due to an electrostatic attraction 
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between the amine groups and the Au NSs as depicted in Figure 4.7 (a). Due to the striking color of Au 

colloids, this results in a coloration that is clearly visible to the naked eye. Suppose an area of a metal 

substrate is separated into two regions: one of them exposed to a sufficient enough dose of UV, while the 

other is not, and the substrate is incubated in Au colloidal particles. Only the area that is exposed to UV 

shows appreciable Au NSs adhesion on the surface, which demonstrates the presence of positive charges 

from the amine groups in cleaved LIP3s as shown in Figure 4.5. 

 

Figure 4.5: FESEM micrographs of a sample consisting of two areas exposed to different doses of UV. (a) The darker area in the 

upper portion of the image was exposed to a sufficient enough dose of UV, showing the adsorption of Au NSs, while the brighter 

area was not. (b) The dark area under higher magnification, revealing the presence of small Au NSs as indicated by bright dots.  

Au NP adsorption on UV exposed LIP3-terminated surfaces may be inhibited by a 550-nm light irradiation, 

which corresponds to a green color (cf. Figure 4.6). See et al. observed this photoreaction while studying 

adhesion of Au NPs onto Ag NPs using LIP3 molecules as linkers. After UV irradiation of LIP3s on Ag 

NPs, an additional green light exposure can prevent cleaved LIP3 from absorbing negatively charged NPs 

under low pH condition. This results in a smaller number of Au NPs adsorbed to Ag NPs [27]. The 

underlying mechanism is still unknown and under investigation. The result is, however, of benefit to our 

experiment because it can be used to eliminate any non-specific NP bindings after the desired NP assembly 

has been performed. 
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Figure 4.6: Intensity spectra of UV (violet curve) and green (green curve) light sources used in the experiment. The main peak of 

the UV light source (a UV Crosslinker FB-UVXL-1000, Fisher Scientific) is centered around 365 nm, while that of the green light 

source is around 550 nm. 

4.3.1.1 The effect of green light on LIP3 bound to a planar Au surface 

The exposure time of green light on a sample containing LIP3 plays an important role in determining Au 

NPs binding to Au nanostructures. This section discusses how the surface properties of a sample are 

changed under green light illumination.  The experiment was performed on Au-coated samples with LIP3 

bound to the surface, forming what is known as self-assembled monolayers (SAMs). SAMs are highly 

ordered single layers of molecules that bonds to a solid surface. The samples were then exposed to either 

green (550 nm) or UV (365 nm) light under different conditions and subsequently incubated in a suspension 

of 16-nm-sized Au NPs. Finally, the samples were rinsed with nanopure water and dried in a stream of 

compressed air. 

First, Au NPs themselves do not attach onto unbounded Au surfaces because the surface itself is typically 

negatively charged, thereby repelling the same charges from Au NPs. Consequently, Au NPs binding is not 

observed on a plain Au surface as shown in Figure 4.7 (a) and (b).  
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Figure 4.7: (a) Schematic illustration and (b) FESEM image of 100-nm-thick Au film after incubating the substrate in a Au NPs 

bath for 20 min. It shows no Au NP attachment. (c) Schematic illustration and (d) FESEM image of a SAM of cleaved LIP3 bound 

to a Au film after incubating the substrate in a Au NPs bath for 20 min. The average diameter of the Au NPs used in this experiment 

is ~16 nm.  

If LIP3 is adsorbed on the surface of a Au film, Au NPs are now capable of being immobilized onto the 

surface as shown in Figure 4.8 (a), (c), and (d). The attachment of Au NPs on a planar Au surface is observed 

upon UV illumination as expected in Figure 4.8 (c) and (d). The LIP3 undergoes a photouncaging reaction, 

and one of the products becomes positively charged due to primary amine groups, attracting the Au NPs. 

Somewhat surprisingly a sample with no green light or UV treatment shows a similar result in Figure 4.8 

(b), although the reason is unknown. It is likely that some fractions of the LIP3 molecules are being cleaved 

prior to UV exposure, or that there are some contaminations in the LIP3 SAM [35].  
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Figure 4.8: FESEM images of samples consisting of 16-nm-diameter Au NPs binding onto LIP3 SAMs on thick Au films. The 

samples were treated with (a) no light exposure, (b) 6 h green light exposure only, (c) 15 min UV only, and (d) with 6-h green light 

exposure and followed by 15-min UV. Note that UV treatment was performed as the last step before Au NPs incubation. The 

incubation time in the Au NPs suspension was 20 min. The green light and UV doses were 21.6 and 2.7 J/cm2, respectively. 

However, if the sample is treated with green light only, Au NPs will not adhere to the surface, as shown in 

Figure 4.8 (b). This result is similar to the case of planar Au film without LIP3. See et al. hypothesize that 

this nonbinding may result from a hot-hole-catalyzed reaction that deactivates or removes the existing 

primary amines from the surface possibly though the formation of azo groups [36, 37]. The green-light-

induced photoreaction mechanism will be left as the subject of future work. Another interesting result is 

illuminated by Figure 4.9. If the dose (or exposure time) of green light is increased on the sample, the 

number of Au NPs adsorbed on the surface will decrease. In particular, the sample treated with 360 min, 

which corresponds to a dose of 21.6 J/cm2 almost show no NP attachment.    
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Figure 4.9: FESEM images of Au NPs density binding on LIP3 SAM surfaces under green light illumination with (a) 30 min, (b) 

45 min, and (c) 360 min (or 6 h) exposure time. All samples were not exposed to UV light. The following incubation time in Au 

NPs bath was 20 min. 

4.3.1.2 The effect of green light on LIP3 on Au NPs 

LIP3 and similar molecules form SAMs not only on flat Au substrates, but also on metal clusters, complexes 

and NPs [38]. We know that the SAMs formed by LIP3 are of a low to medium density, disordered variety 

[39, 40]. Here, LIP3s were used to functionalized immobilized spherical Au NPs with nominal diameter 

around 60 nm. We investigated how small spherical Au NPs with an average diameter about 16 nm adhere 

to the large Au NSs surface, as illustrated in Figure 4.10 (c) and (d) . As for the flat surface, if the sample 

consists only of large Au NSs with no SAM layer, small Au NSs will not be able to bind to the large ones 

owing to an electrostatic repulsion between the two types. 

Figure 4.11 shows nanoassembly onto on 60-nm-diameter LIP3-functionalized Au NPs under different light 

treatments. The results are similar to those for flat Au surfaces (see Figure 4.8). Small Au NSs bind to large 

Au NSs after the post UV treatment as shown in Figure 4.11 (c) and (d).  The Au NPs binding to the particles 

prior to UV exposure in Figure 4.11 (a) may be attributed to the premature decomposition of LIP3 prior to 

light exposure. Finally, a reduction in non-specific bindings was observed after green light exposure as 

shown in Figure 4.11 (b). This result is consistent with the sample with LIP3 on planar Au surface (cf. 

Figure 4.8 (b)) in that the exposure of a sample to green light may induce a photoreaction, that removes the 

ability of cleaved LIP3 to bind Au NSs. 
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Figure 4.10: (a) Schematic representation and (b) representative FESEM image of 60-nm-sized spherical Au NPs on a glass 

substrate without LIP3. In this control sample, there is no sign of small spheres adhering to the large ones or to the substrate surface 

on account of same charge repulsion between the particles. (c) Schematic representation and (d) representative FESEM image of 

small Au NSs attached to larger Au NSs bound to a glass substrate. The large Au NSs were immobilized using positively-charged 

polymer PAH.  

 

Figure 4.11: FESEM micrographs of small Au NSs adhesion on large Au NSs bound to a glass substrate. The samples were treated 

with (a) no light exposure, (b) 10 h green light exposure only, (c) 15 min UV only, and (d) 10 h green light followed by 15 min UV 

exposure. All samples were incubated in the 16-nm-diameter Au NPs suspension for 15 min. A significant drop in Au NSs adhesion 

is apparent in Figure 4.11 (b). 
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4.3.2 The effect of a contaminant (lipoic acid) on LIP3 SAM properties 

It is possible that some contaminants remain after LIP3 synthesis. At small amounts, these cannot be 

detected by nuclear magnetic resonance (NMR) and may therefore pass unnoticed into the final product. 

One notable possible contaminants is lipoic acid, which is a precursor to LIP3 in the synthesis (see Figure 

4.2). Lipoic acid containing thiol groups that allow it to adhere to gold substrates, and also contains a 

carboxyl (-COOH) group, which bears the negative charge. Accordingly, if a sample consisting of lipoic 

acid SAMs on a thick Au film is incubated in a Au NSs suspension, the particles will not be able to bind to 

the Au film due to electrostatic repulsion between the lipoic acid and the particles. 

To test the effect of lipoic acid on the binding properties of the SAM, we performed an experiment similar 

to that described in section 4.3.1. However, the samples were now submerged into a mixture of LIP3 and 

different amounts of lipoic acid and then exposed to UV and/or green light. The proportion of these two 

chemicals was set in terms of a molar ratio, and here I will denote this ratio as a percentage. Note that this 

percentage describes the deposition solution, but not necessarily the resulting films.   

Figure 4.12 shows the adsorption of Au NPs on samples coated with SAMs deposited from solutions with 

varying ratios of LIP3 to lipoic acid. First, Au NSs do not adhere to any of the substrates deposited with 

pure lipoic acid (the last row) whether these samples were treated with UV light, green light, or a 

combination. This is expected because lipoic acid does not have a primary amine functional group that can 

become positively charged under UV irradiation, but rather carries a negative charge due to its carboxyl 

group. Second, the samples treated with UV illumination (first column) reveal good adhesion of Au NSs 

on the surface even with as much as 5% lipoic acid in the LIP3, though the number of Au NSs binding to 

the SAMs is reduced. Third, the samples that were exposed to green light only (second column) show a 

reduction of Au NSs adhering to mixed SAMs consisting of LIP3 and lipoic acid, where the density of Au 

NSs dramatically decreases when 0.5% lipoic acid in the LIP3 was introduced. Furthermore, no Au NSs 

are bound to green-light-exposed samples with 1% and 5% lipoic acid in the LIP3 mixture. Finally, the 

samples treated with green light and followed by UV exposure (third column) show the similar results to 
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those exposed to UV light only. In other words, Au NSs still bind to a mixture of lipoic acid and LIP3 

SAMs surface regardless of the percentage (up to 5%) of lipoic acid in the LIP3.  

 

 

Figure 4.12: FESEM images of the density of Au NSs assembled on mixed SAMs consisting of LIP3 and lipoic acid layers with 

different amount of lipoic acid and different UV and green irradiation. The bright dots indicate Au NSs adhesion, while the black 

background is the untreated Au substrates. The ratio in parenthesis is the molar ratio between LIP3 and lipoic acid in the depositing 

solution.  
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4.4 Experimental procedures 

The Au NSs assembly samples were prepared with the following steps, as illustrated in Figure 4.13. 

Step 1 Sample cleaning 

Samples were prepared by cutting clear glass slides (Fisher Scientifics precleaned 25  75  1 mm Plain) 

into 2.5  2.5 cm2 pieces with a diamond scribe. These substrates were then cleaned by submersion in 

piranha etcha 3:1 V/V mixture of conc. H2SO4:H2O2for 20 min, followed by rinsing thoroughly with 

nanopure water 3 times, and finally drying with a stream of dry compressed air. 

Step 2 PAH monolayer deposition 

Each sample was submerged in a 10 mM PAH solution (prepared at pH 7.0) for 10 min, rinsing it in 

nanopure water for a further 10 min to remove the excess PAH film. Thereafter, it was dried under a stream 

of air. This yielded a positively-charged polymer layer on the surface of the sample.  

Step 3 Large Au NS adsorption 

The modified substrates were immersed in 3 mL of as-received suspensions of 60-nm-sized Au NSs with 

no an additional pH adjustment for 24 h at room temperature. They were then rinsed with nanopure water 

to remove weakly-bound Au NSs from the samples, followed by blow drying with compressed air. The 

resulting samples showed a pink color, indicating the adsorption of Au NSs on the surface of samples. 

Step 4 and Step 5 UV and Ozone treatment  

Samples were then transferred into a UV-ozone cleaner (Bioforce, Inc.) for 40 min to remove organic 

substances, particularly the PAH film as well as undesired substances from the surface [41-43]. The ozone 

cleaner generates UV light at 184.9 nm and 253.7 nm from a low-vapor Hg lamp. Both UV exposure and 

oxidation from the formation and decomposition of ozone (O3) can convert organic compounds into volatile 

substances such as CO2, N2, and H2O among others. Note that the time for removing contaminants may 

vary due to power fluctuation of the UV-ozone cleaner.  
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Figure 4.13: Illustration of the steps of nanoparticle assembly on a glass substrate. 
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After samples were exposed to UV-ozone, only large Au NSs with PAH underneath them resided on the 

surface. If the UV-ozone exposure time was less than the optimal time (40 min), some PAH residues still 

remained on the surface, which caused binding of small Au NSs directly to the surface in Step 8 and 9. 

However, if the exposure time was too long, UV and strong oxidation from O3 removed all the PAH 

including from beneath the large Au NSs so that they were no longer attached to the substrate. 

Step 6 LIP3 functionalization 

The adsorbed Au NSs were coated by LIP3 by immersing the samples in a 1 mM LIP3 ethanoic solution at 

room temperature and in a sealed container under Ar for 24 h to ensure complete coverage of LIP3 on the 

exposed gold surface. After the incubation, the samples were in turn rinsed with ethanol and nanopure 

water. Thereafter, they were dried under a stream of Ar gas. This step was performed in a dark environment. 

Only red light was allowed during the steps involving LIP3 because it provides minimal UV irradiation 

which otherwise may cause unintended photocleavage of LIP3 before subsequent light exposure steps 

Step 7 Exposure to green and polarized UV light 

Green light exposures 

After the samples from step 6 were dried with Ar gas, they were immediately exposed to green light at 550 

nm for 40 min. The setup for green light exposure is shown in Figure 4.14. 

 

Figure 4.14: Schematic of a 550 nm green light exposure setup.  
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The Mercury-Xenon white light source emits a continuous spectrum with high intensity ranging from UV 

to infrared region. However, a 550 nm bandpass filter with a 10 nm bandwidth (550FS10-50, Andover 

Corporation) transmits green light which is then reflected by a mirror onto the samples. The power density 

at the sample is 2 mW/cm2. 

Green light exposures were found to inhibit Au NSs attachment and binding to cleaved LIP3 [37]. As a 

result, it removes non-specific binding of small Au NSs in step 8. 

UV exposures 

After green light exposure, the samples were immediately exposed to UV for various time and polarizations 

configurations. Figure 4.15 displays the setup for UV exposure with a 376 nm UV laser (Stradus® 375-60, 

Vortran Laser Technology, Inc.). The incident optical power was reduced by a neutral density filter (NE005, 

Thorlabs, Inc), and the beam diameter was enlarged by a beam expander (BE02-05-A, Thorlabs, Inc) before 

exposing on a sample. This resulted in an intensity on the sample of 2 mW/cm2 as measured by a laser 

power meter (Thorlabs, Inc.) To vary the UV dose, the laser exposure time was controlled by a LabVIEW 

computer program. [This program was written by Dr. Kirby Myers from Dr.Robinson’s group, Physics 

department, Virginia Tech.]  

 

Figure 4.15: Schematic diagram of the UV exposure setup. The experiment was conducted in ambient air at room temperature. 
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The samples were separated into two sets: the first set contained one sample (sample Z) exposed to 

unpolarized UV irradiation, while the second set consisted of twelve samples (sample A-L) exposed to 

polarized UV irradiation at different doses.  

Sample Z was used as a control to ensure that small Au NSs adhere to the larger Au NSs everywhere. The 

exposure of sample Z was carried out using unpolarized UV light at 365 nm provided by a UV Crosslinker 

(FB-UVXL-1000, Fisher Scientific) for 15 min. The corresponding dose (or energy density) was around 

2700 mJ/cm2, which was enough to fully photocleave surface bound LIP3 to uncage the primary amine (-

NH2) groups. A shadow mask was used to allow certain areas of the sample to avoid UV exposure. This 

created Au NSs adhesion bands which were visible to the naked eye after step 8. 

The second set of samples were exposed to polarized UV light under varying conditions as shown in Table 

4.1. Note that the polarization angle is measured counter clockwise with respect to the sample’s horizontal. 

Table 4.1: List of samples exposed to UV light with various doses and polarization angles. 

Sample Name Exposure Dose (mJ/cm2) Exposure Type Polarization angle (degree) 

A 0 N/A N/A 

B 0.5 Polarized 135 

C 1.0 Polarized 135 

D 2.5 Polarized 135 

E 5.0 Polarized 135 

F 15.0 Polarized 135 

G 90.0 Polarized 135 

H 200 Polarized 135 

I 500 Polarized 135 

J 1000 Polarized 135 

K 2.5 Polarized 45 
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L 2.5 Polarized 90 

Z 2700 Unpolarized N/A 

 

The experimental procedures can also be summarized in Figure 4.16 

 

Figure 4.16: Schematic of the creation of aligned nanostructures. 

Step 8 and Step 9 Attachment of small Au NSs onto large Au NSs 

The UV-activated samples were incubated in a suspension of small 16-nm Au NSs containing 4 mM of 

NaCl salt for 60 min to ensure good binding between the small and large Au NSs. The salt was introduced 

into the gold colloids to increase the ionic strength and thereby reduce the Debye length, which enhances 

small Au NSs attachment [44-46]. Without the salt, the negative charges on the surface of a substrate repel 

the negatively charged Au NSs, preventing the binding between the small and the large Au NSs. In other 

words, the added salt screens or shields these negative charges, allowing the small Au NSs get closer to the 

larger Au NSs. The pH of the suspension was 6.0, low enough to protonate primary amines to give them a 

positively charge, but not so low so as to neutralize the negative charge of the citrate ions on the smaller 
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Au NSs. Note that the pKa of amines are lower in surface SAMs compared to in solution, which necessitates 

pH below neutral. The unreacted Au NSs were removed by rinsing samples thoroughly with nanopure 

water, after which samples were dried under a stream of N2 gas. This resulted in assemblies of Au NSs 

adsorbed on the samples that were ready for optical and other characterizations, such as field emission 

scanning electron microscopy (FESEM) imaging. 

4.5 Results and discussions 

 

Figure 4.17: (a) Optical intensity distribution map for a 60 nm diameter Au sphere exposed to linearly polarized light of wavelength 

 = 376 nm, and (b) a plot of the intensity enhancement on the surface of pure Au (orange) and pure silver (grey) NSs as a function 

of the polar angle.  

To understand how small Au NSs bind to the large Au NSs in the direction of UV polarization axis, we 

need to find the factors that cause LIP3 to undergo the photocleavable reaction. This can be attributed to 

the plasmonic enhancement in the large Au NSs. When linearly polarized light at the plasmon resonance 

wavelength is incident on the large Au NSs, the optical intensity near the surface of the sphere is 

significantly enhanced so that the incident light is sufficient for the photocleavage of LIP3. Figure 4.17 (a) 

illustrates a distribution of the optical intensity on the surface of a Au NS with a diameter of 60 nm that 
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was exposed to vertically polarized (along the y-axis) light incident into the plane, where the excitation 

wavelength is 376 nm. This simulation was performed using a computer program implementing Mie Theory 

written by Dr. Hans Robinson in Mathematica. It is expected that the intensity is greatly enhanced near the 

poles of the particle, as defined by the orientation of the incident light polarization. Figure 4.17 (b) plots 

the intensity enhancement along the surface of pure Au (orange) and Ag (grey) spheres as a function of the 

polar angle. This angle is measured from the equator in the clockwise direction around the sphere. At the 

poles ( = 90, 270) of the Au sphere, a 8-fold intensity enhancement is observed relative to the incident 

light intensity. On the contrary, at the equators ( = 0, 180) of the same particle, the intensity is reduced 

by about 90%. For a Ag sphere, the polar and equatorial intensities are respectively 49 and 7 times greater 

than that of incident light. The plasmonic enhancement is much greater in Ag spheres than in Au spheres 

because the Au NSs have no plasmonic resonance at 376 nm, while the Ag NSs do. The resonance 

wavelength of a 30 nm dimeter Au NS is around 526 nm, which is far beyond the excitation wavelength. 

However, the ratio of polar to equatorial light intensity is still greater in Au than Ag. From this theoretical 

calculation, it is clear that the absence of plasmonic enhancement in Au may not be an impediment to 

achieving patchiness. Finally, if the UV light dose is sufficiently large (or on the order of J/cm2), this should 

result in the full photocleavage of LIP3s everywhere on the sphere, removing the selectivity in the alignment 

of the nanosphere binding. 

 

Figure 4.18: FESEM micrographs of (a) sample A, (b) sample B, and (c) sample C. Sample A was exposed to green light only, 

while samples B and C were exposed to linearly polarized UV light with a dose of 0.5 and 1.0 mJ/cm2, respectively.  
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To qualitatively determine whether pairs of Au NSs are present on the substrate, imaging with FESEM was 

carried out. Figure 4.18 shows FESEM images of samples A, B, and C that were exposed to linearly 

polarized UV light with doses of 0.0, 0.5, and 1.0 mJ/cm2. Each image except where no UV light was 

applied includes an orange arrow that indicates the orientation of the UV laser polarization. Since the UV 

dose is too small, the intensity enhancement around the large Au NS is not enough to photocleave a 

sufficient amount of LIP3 that NS binding occurs. Therefore, we do not observe the attachment of small 

Au NSs to the large Au NSs for these very small doses.   

Figure 4.19 (a), (c), (e), and (g) show FESEM images of samples that were exposed to linearly polarized 

UV light with higher doses, but so high so as to fully cleave all LIP3. In this case, we expect preferential 

binding along the direction of the UV light polarization. The FESEM images verified this and a statistical 

survey of NP binding orientation shows strong preferences for binding near the expected 135 degrees for 

all doses between 2.5 mJ/cm2 to 90 mJ/cm2. In addition to the aligned binding, some degree of binding that 

was not along the UV light polarization axis was also observed. This results from the non-specific binding 

that occurs before green light exposure. As the Au NS binding is a random process, all particle 

configurations have a non-negligible probability to exist. However, binding along the UV light polarization 

axis has a greater probability to occur than the other binding orientations. 

Figure 4.20 (a)-(c) depict the FESEM images of samples H, I, and J that were exposed to polarized UV 

irradiation at a dose of 200, 500, and 1000 mJ/cm2, respectively. Here, small Au NSs adhere to not only the 

portions of large Au NSs that were exposed to polarized UV light, but also the portions of the unexposed 

ones. The result of this polarized exposure shows a similar pattern of Au NSs bindings as the sample 

exposed to unpolarized UV light (or from a UV crosslinker) as shown in Figure 4.20 (b) or Figure 4.11 (d). 

In other words, if the UV dose is sufficiently high, all areas of the large Au NSs are fully photocleaved no 

matter what direction of the polarization of UV light is, and the small Au NSs will bind everywhere with 

equal probability. 
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Figure 4.19: (a), (c), (e), and (g) are FESEM micrographs, while (b), (d), (f), and (h) are the corresponding particle relative 

orientation distributions (right) of samples. Samples D, E, F, and G were exposed to polarized UV light with doses of 2.5, 5.0, 15.0, 

and 90.0 mJ/cm2, respectively. The number of particles used in this analysis were N = 2151, 2037, 2270, and 2349, respectively. 

Orange arrows indicate UV light polarization axes that were used to expose the samples. 
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Figure 4.20: FESEM micrographs of (a) sample H, (b) sample I, (c) sample J, and (d) sample Z. Samples H, I, and J were exposed 

to linearly polarized UV light with a dose of 200, 500, and 1000 mJ/cm2, respectively. Sample Z was exposed to unpolarized UV 

light with a dose of 2700 mJ/cm2.   

To characterize the relative orientation of the aligned pairs, the location of small Au NSs adhering to the 

surface of large Au NSs is quantified in terms of the angle from the horizontal to a line connecting the 

centers of the small and large Au NSs in a dimer or trimer, measured in the counterclockwise direction. 

Orientation angles between 180 and 360 are shifted to the 0 to 180 range, which is reasonable due to 

the symmetry of the assembly. This angle measurement was performed using a computer program written 

by Dr. Hans Robinson in Mathematica that analyzed FESEM images for all samples. In this analysis, at 

least 2000 pairs from each sample were measured. 
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Figure 4.19 (b), (d), (f) and (h) display the Au NSs dimer relative orientation distributions determined from 

FESEM imaging. All histograms show that about 20 percent of the larger nanostructures consists of dimers 

that are aligned in the range of 130 to 140 degrees, while the UV light polarization axis used in this 

experiment was 135 degrees. These results are consistent with those previously discussed from the FESEM 

images. In other words, other dimers alignments and non-dimer orientations are still observed. These other 

orientations result from two factors. First, the variation of the intensity enhancement around the large Au 

NS is shown in Figure 4.17. The enhancement is large enough to photocleave LIP3 over a wide range of 

angles, allowing the small Au NSs to bind to the large Au NSs over the same range of angles. The second 

factor is the non-specific binding of small Au NSs that occurs regardless of polarized UV light exposure. 

This issue may possibly be reduced by longer time green light exposure.  For samples H, I, J, and Z, there 

is no discernible alignment as small Au NSs adhere to larger Au NSs almost all orientations. Therefore, the 

particle’s orientation distributions for these samples are not shown because the probability of particle 

bindings is equal in every orientation.  

To verify that the selective orientation of the Au NSs dimers is in fact due to the UV polarization, samples 

K and L were exposed to UV light with different polarization angles in comparison with sample D, but with 

the same dose of 2.5 mJ/cm2.  Figure 4.21 shows representative FESEM images and the corresponding 

particle orientation distributions of samples D, K, and L. At least 20 percent of the larger nanostructures 

were aligned along the direction of the UV polarization, verifying that the small Au NSs preferentially bind 

to the large Au NSs along the direction of UV polarization. 

Lastly, there are two interesting things to note. First, the width of the alignment is much narrower than 

expected from Figure 4.17, possibly due to a funneling effect of the electric field created by the patches. It 

is possible that we need the larger number of particles used in the analysis to observe the expected 

computational result. Second, the alignment is seen at very low doses, so low that we would expect only a 

few percent of LIP3 molecules to be cleaved the center of the dipolar patches. 
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Figure 4.21: (a), (c), (e) are FESEM micrographs, while (b), (d), and (f) are the corresponding particle orientation distributions of 

samples D, K, and L. These samples were all exposed to polarized UV light with a dose of 2.5 mJ/cm2 but with different polarization 

axes. The number of particles used in this analysis were N = 2151, 2312, and 2359, respectively. Orange arrows indicate UV light 

polarization axes that were used to expose the samples. 

4.6 Conclusions 

A novel approach to nanoparticle assembly was proposed and demonstrated, where spherical Au NPs were 

used as the building blocks, resulting in well-defined aligned Au NS dimers. The photocleavable molecule 

LIP3 was functionalized on the surface of large Au NSs and used to bind smaller Au NSs to the larger Au 

spheres. We showed that the dipolar patch alignment can be determined by the polarization and dose of UV 

light, which caused the polar areas of the large Au NSs to become positively charged. This allowed 

negatively charged small Au NSs to preferentially attach to the poles, making Au NS dimers aligned with 

the orientation of the UV light polarization. This was verified by analysis from FESEM images over large 

numbers of particle assemblies which showed that the small Au NSs bound more favorably to the large Au 

NSs in the direction of UV polarization. This method in other words provides a new tool for anisotropic 

nanoparticle assembly. Our method of assembly is flexible and conceptually simple and has potential 
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applications in multiple contexts, such as biomedicine and nanorobotics. In addition, our results 

demonstrated that green light exposure can prevent cleaved LIP3s from adsorbing negatively charged Au 

NSs, thereby eliminating non-specific bindings of small Au NSs to large Au NSs. Another interesting result 

is the effect of lipoic acid on LIP3 SAM properties. When samples consisting of LIP3 and lipoic acid were 

exposed to only green light, a significant reduction in non-specific pre-UV Au NSs binding occurs when 

the molar ratio of lipoic acid to LIP3 is at least 0.5%.   

4.7 Future work 

The photocleavable molecule LIP3 used in this experiment undergoes a photouncaging reaction when it 

absorbs a single UV photon. However, it is also possible to employ two-photon photocleavage of LIP3, 

which can enhance selectivity in the bounding to photocleaved regions. This can be accomplished by using 

a femtosecond-pulsed laser instead of a continuous wave light source. Furthermore, the wavelength of this 

light source should be in the infrared (~700-800 nm) region so that the resulting two-photon wavelength is 

suitable for the photouncaging reaction of LIP3.  

It is also possible to fabricate other aligned nanostructures from non-spherical NPs, including Au nanorods, 

Au nanoprisms, and Au nanostars because this kind of NPs has two interesting characteristics. First, on 

resonance, these anisotropic NPs exhibit highly intense electromagnetic field near the tips, sharp edges, or 

high curvature regions of the structures. Second, the LSPR wavelength of these non-spherical NPs can be 

flexibly tuned by changing their geometry. We can thus control the shape of this kind of NPs to achieve a 

LSPR that is resonant with the wavelength of the laser. This could make it possible to flexibly create other 

orientational nanostructures, including nanorod-nanosphere dumbells and nanocube-nanosphere trimers as 

shown in Figure 4.1 (c) and (d) [14, 16, 18, 26, 27].   
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Appendix A : A theoretical SPR 

reflectivity curve by a transfer matrix 

formulation   

The occurrence of SPR corresponds to a minimum in the reflectance of the metal film as it appears in graphs 

of the reflectivity 𝑅 vs the incident angle 𝜃0 for a certain wavelength 𝜆. For the case of Kretschmann 

configuration, a powerful way for deriving reflected and transmitted intensities is known as the 

characteristic transfer matrix (CTM) method. This approach represents boundary conditions at the film 

interfaces in the form of matrices, which leads to the calculation of reflectance and transmittance of light 

in a multilayer thin film system.  

This section summarizes this theory and presents results where it is applied to the Kretschmann 

configuration. For a complete derivation as well as a thorough discussion of this topic, however, other 

references should be consulted [1]. 

 

A.1 A multilayer thin film system 

Consider a stack of N thin films as shown in Figure A.1 (b) where the i-th layer has the corresponding 

thickness 𝑑𝑖 and complex refractive index �̃�𝑖 = 𝑛𝑖 + 𝑖𝑘𝑖. In addition, the first layer is exposed to the half-

space incident medium with �̃�0, whilst the N-th layer is contacted with the half-space substrate medium 

with �̃�𝑁+1.  
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Figure A.1: (a) The Kretschmann configuration setup used in the experiment. (b) The model for CTM method which consists of a 

stack of layers with (complex) refractive indices �̃�𝑖 and thickness 𝑑𝑖 for 𝑖 = 0, 1, 2, … , 𝑁, 𝑁 + 1.  

If light in the form of a plane wave is incident on the stack from the �̃�0 medium with an incident angle 𝜃0, 

the complex amplitudes of the electric fields in the incident 𝑬0 and substrate media 𝑬𝑁+1 are related by 

 (
𝐸0

𝐹

𝐸0
𝐵) = 𝑻𝟎,𝑵+𝟏 (

𝐸𝑁+1
𝐹

𝐸𝑁+1
𝐵 ) =  (

𝑇0,𝑁+1
11 𝑇0,𝑁+1

12

𝑇0,𝑁+1
21 𝑇0,𝑁+1

22 ) (
𝐸𝑁+1

𝐹

𝐸𝑁+1
𝐵 ), (A.1.1) 

 

where a complete transfer matrix 𝑻𝟎,𝑵+𝟏 is given by  

 𝑻𝟎,𝑵+𝟏 = 𝑻𝟎𝟏𝚽𝟏𝑻𝟏𝟐𝚽𝟐𝑻𝟐𝟑 … 𝚽𝑵𝑻𝑵,𝑵+𝟏. (A.1.2) 

 

In other words, it is obtained by a multiplication of two types of matrices, the interface and bulk transfer 

matrices 𝑇𝑖𝑗 and Φ𝑖. 

1.A transfer matrix through an interface between layers 𝒊 and 𝒋 : 𝑻𝒊𝒋 

 

 𝑻𝒊𝒋 =
1

𝑡𝑖𝑗
 (

1 𝑟𝑖𝑗

𝑟𝑖𝑗 1
), (A.1.3) 

where Fresnel coefficients 𝑟𝑖𝑗 and 𝑡𝑖𝑗 for s- and p- polarizations are shown in Table A.1. 
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Table A.1: Fresnel coefficients 𝑟𝑖𝑗 and 𝑡𝑖𝑗 for light propagating through an interface where 𝜃𝑖  and 𝜃𝑗  are incident angles in medium 

𝑖 and medium 𝑗, respectively. 

p- (or TM-) polarization s- (or TE-) polarization 

𝑟𝑖𝑗 =  
�̃�𝑗 cos 𝜃𝑖 − �̃�𝑖 cos 𝜃𝑗

�̃�𝑗 cos 𝜃𝑖 + �̃�𝑖 cos 𝜃𝑗
 𝑟𝑖𝑗 =  

�̃�𝑖 cos 𝜃𝑖 − �̃�𝑗 cos 𝜃𝑗

�̃�𝑖 cos 𝜃𝑖 + �̃�𝑗 cos 𝜃𝑗
 

𝑡𝑖𝑗 =  
2�̃�𝑖 cos 𝜃𝑖

�̃�𝑗 cos 𝜃𝑖 + �̃�𝑖 cos 𝜃𝑗
 𝑡𝑖𝑗 =  

2�̃�𝑖 cos 𝜃𝑖

�̃�𝑖 cos 𝜃𝑖 + �̃�𝑗 cos 𝜃𝑗
 

 

2.A transfer matrix through an i-th layer: 𝚽𝒊 

 

 𝚽𝒊 =  (𝑒−𝑖ϕ𝑖 0
0 𝑒𝑖ϕ𝑖

). (A.1.4) 

where 𝜙𝑖 represents the phase change of a plane wave as it propagates through medium 𝑖 :  

 𝜙𝑖 =  
2𝜋

𝜆0
𝑛𝑖𝑑𝑖 cos 𝜃𝑖, (A.1.5) 

where 𝜆0 is the wavelength of light in vacuum. 

In sum, to deal with wave propagation problems in a multilayer stack, all matrices 𝑻𝒊𝒋 and 𝚽𝒊 must be first 

determined. Multiplication of all transfer matrices then give rise to the complete transfer matrix 𝑻𝟎,𝑵+𝟏. 

 

A.2 A special case: The Kretschmann configuration 

For the case of the Krestschmann configuration (Figure A.1 (a)), a multilayer thin film system is involved 

where  

(1) The medium may normally be air or buffer solution; 

(2) Light typically impinges on the incident medium, which is the prism (e.g. a glass prism made of 

materials such a BK-7 or N-SF11 prism); 

(3) 𝐸𝑁+1
𝐵 = 0 , since no incident light is propagating toward the prism’s hypotenuse.   
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Consequently, (A.1.1) becomes  

 (
𝐸0

𝐹

𝐸0
𝐵) = 𝑻𝟎,𝑵+𝟏 (𝐸𝑁+1

𝐹

0
) =  (

𝑇0,𝑁+1
11 𝑇0,𝑁+1

12

𝑇0,𝑁+1
21 𝑇0,𝑁+1

22 ) (𝐸𝑁+1
𝐹

0
) =  (

𝑇0,𝑁+1
11 𝐸𝑁+1

𝐹

𝑇0,𝑁+1
21 𝐸𝑁+1

𝐹 ). (A.2.6) 

 

This equation enables us to calculate the reflection 𝑟 and transmission 𝑡 coefficients: 

 𝑟 =  
𝐸0

𝐵

𝐸0
𝐹 =  

𝑇0,𝑁+1
21

𝑇0,𝑁+1
11  (A.2.7) 

 𝑡 =  
𝐸𝑁+1

𝐹

𝐸0
𝐹 =  

1

𝑇0,𝑁+1
11   

Finally, the total reflectance 𝑅 and transmittance 𝑇 of the multilayer thin film system are: 

 𝑅 =  
𝑅𝑒(�̃�0) cos 𝜃0 |𝐸0

𝐵|2

𝑅𝑒(�̃�0) cos 𝜃0 |𝐸0
𝐹|2

=  |𝑟|2 (A.2.8) 

 𝑇 =  
𝑅𝑒(�̃�𝑁+1) cos 𝜃𝑁+1 |𝐸𝑁+1

𝐹 |2

𝑅𝑒(�̃�0) cos 𝜃0 |𝐸0
𝐹|2

=  
𝑅𝑒(�̃�𝑁+1) cos 𝜃𝑁+1

𝑅𝑒(�̃�0) cos 𝜃0
|𝑡|2  

Moreover, the phase of reflectance Φ is simply 

 Φ = arg 𝑟 (A.2.9) 

 

A.3 SPR reflectivity curves in Au and AuAl2 thin films 

The reflected intensity 𝑅 as a function of incident angle 𝜃0 for SPRs due to Kretschmann configuration can 

be calculated as indicated above. The relevant input parameters are specified in Table A.2 for pure Au and 

Table A.3 for AuAl2, respectively. The calculation was implemented in a Mathematica program included 

in this dissertation’s ETD package. 

The reflectivity curves computed based on Table A.2 and Table A.3 are shown in Figure 1.8 in chapter 1 

and Figure 2.16 in chapter 2, respectively. 
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Table A.2: Important parameters as input of computer programming used for SPP excitation in Au film by an incident beam with 

𝜆0 = 633 nm 

Material Refractive index n Extinction coefficient k Thickness 

N-SF11 Prism 1.779 0 25 mm 

Chromium 2.153 2.925 5 nm 

Gold (Au) 0.197 3.091 30-60 nm 

Air 1.0 0  

 

Table A.3: Input for SPR reflectance curve in AuAl2 film excited by a 785-nm incident beam 

Material Refractive index n Extinction coefficient k Thickness 

N-SF11 Prism 1.779 0 25 mm 

Chromium 2.789 3.307 5 nm 

Purple Gold (AuAl2) 0.928 2.558 30-60 nm 

Air 1.0 0  
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