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Abstract 
 

Plasmonic photocatalysis has drawn immense interest due to the innovative possibilities it provides 

in harnessing photonic energies across the full width of the solar spectrum to drive chemical 

reactions. Plasmonic noble metal nanoparticles are excellent light absorbers and their ability to 

focus light into small volumes have led to their use in a variety of applications from bio-molecular 

sensing, surface catalytic reactions, and as light concentrators for solar energy cells.  

 

 These abilities are enabled by the excitation of localized surface plasmon resonances, the 

coherent oscillations of conduction electrons, within metal nanoparticles. Metals such as gold and 

silver are particularly popular due to their resonances in the visible region of the electromagnetic 

spectrum. Utilizing solar energy to drive catalytic chemical reactions is often touted as an 

environmentally friendly alternative. There has been a tremendous amount of research dedicated 

to design metal nanostructures, modulate their resonance frequencies, and provide for systems that 

can enhance electromagnetic fields over the full width of the solar spectrum. The incorporation of 

metal nanoparticles that can absorb visible light with green semiconductor photocatalysts to form 

composite plasmonic photocatalytic systems that are far more efficient than their individual 

counterparts has been a major objective of the field. Nevertheless, there remains much to be 

learned and understood of the physical processes involving the dynamics of high-energy charge 

carriers or hot carriers that facilitate the catalytic potential of these unique systems.  

 

 This thesis begins by providing a comprehensive overview of the rich history of the field 

alongside the latest developments and issues for advanced research in hot carrier mediated 

plasmonic photocatalysis. In-depth discussions on the constituent components of a plasmonic 

system including the optical properties of noble metal nanoparticles, and the current landscape of 

noble metal-semiconductor heterojunction photocatalysis are considered. Further insights are 

provided via electromagnetic finite-difference time-domain simulations that have been extensively 

performed to guide various experiments and optimize relevant systems. With an incentive toward 

understanding the deeper fundamental roles of hot carrier phenomena and the relevant charge 

carrier dynamics in metal nanoparticles to facilitate plasmonic photocatalysis, we begin by 

examining monometallic silver nanoislands. This is followed by the study of gold nanoislands 
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organized in a bimetallic heterostructure involving a plasmonic gold core and a catalytic platinum 

shell.   

 

Research into the monometallic and bimetallic nanostructures provides for a comparative 

study on overcoming the chemical inertness of noble metals by incorporating them alongside 

another metal that is catalytic in nature. Facile and highly reproducible fabrication techniques 

involving physical vapor deposition methods are identified and exclusively utilized to build these 

monometallic and bimetallic nanoisland structures. Primary characterization techniques including 

ultraviolet-visible spectroscopy, and Raman spectroscopy are utilized to identify the plasmonic 

potential of these structures. Photocatalytic tests involving surface catalytic reactions with 

aromatic thiols, surface enhanced Raman spectroscopy, dye degradation, and Raman thermometry 

provide greater insights into the hot carrier dynamics within these systems. These efforts are 

extensively supplemented by knowledge from theoretical collaborations in other projects, 

involving electromagnetic simulations, on the optical characteristics of diverse plasmon-enhanced 

photocatalytic substrates including nanotubes, nanocubes, nanodimples, nanofractals as well as 

other exotic nanoparticle morphologies including nanoprisms, nanorods, nanoshells, and 

trimetallic heterostructures. 

  

 We conclude by discussing future directions of research that can be pursued building on 

what we have learned thus far on physical vapor deposition-based nanostructure fabrication, and 

plasmonic charge-carrier dynamics in monometallic and bimetallic heterostructures. Critical 

remarks on the limitations of existing systems and their optimization as potential plasmonic 

platforms in diverse photocatalytic applications are also provided.  
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Preface 
 

The work presented in this thesis was completed at the Department of Electrical and Computer 

Engineering of the University of Alberta. The thesis follows a hybrid format combining elements 

of a traditional and manuscript-based thesis.   

 

Chapter 1 of this thesis is adapted from material that has been discussed in the candidacy report, 

the lecture transcripts I developed as a guest lecturer on plasmonics in the ECE 458 – 

MicroElectroMechanical Systems course supervised by Karthik Shankar, and in a recent review 

article published and authored by Manuel, Ajay P., Shankar, Karthik, titled, “Hot Electrons in TiO2 

– Noble Metal Nano-Heterojunctions: Fundamental Science and Applications in Photocatalysis” 

to Nanomaterials (2021). I am the primary author and editor of the manuscript. Karthik Shankar 

was the supervisory author. 
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and references collaborative efforts involving theoretical electromagnetic simulations I have 

provided for various research initiatives and publications in the Shankar group.  

 

Chapter 4 of this thesis has been published as a research article authored by Manuel, Ajay P., 

Barya, Priyash, Riddell, Saralyn, Zeng, Sheng, Alam, Kazi M., and Shankar, Karthik, titled, 

“Plasmonic photocatalysis and SERS sensing using ellipsometrically modeled Ag nanoisland 
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experimental design, data collection, analysis of results, and manuscript completion. Priyash 

Barya, Saralyn Riddell, Sheng Zeng, and Kazi M. Alam assisted with data collection. Karthik 

Shankar was the supervisory author.  
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Chapter 1 

Introduction 
 

1.1 Solar Energy and Photocatalysis 
 

Solar energy is among the cleanest, and most abundant renewable energy sources available to the 

world. Nature exploits this resource routinely in photosynthesis, a fundamental driving factor in 

the delicate balance of the global ecosystem. Photosynthesis is the process by which plants, algae, 

photosynthetic bacteria, and protists derive and capture sunlight along with CO2 in the atmosphere 

and water as reactants to promote water-splitting chemistry: the reduction of CO2 to carbohydrates, 

and other carbon-rich products as well as the decomposition of water to molecular oxygen which 

is crucial to the sustainability of the planet’s biosphere.1 The overall chemical reaction in 

photosynthesis can be described as,  

6H2O + 6CO2 + Sunlight → C6H12O6 + 6O2. 

Amidst the rapidly rising global energy demand (17.4 Terrawatts (TW) in 2015 and a 2.2% 

growth averaged in 2017, the fastest since 2013)2 and environmental crises, the efficient utilization 

of renewable solar energy in chemical transformations is extremely important for modern industry. 

For decades, fossil fuels have served as the go-to conventional energy sources to meet global 

energy demands and for sustainable economic development. 140,000 TWh of energy per year is 

consumed by mankind, more than 80% of which is accounted by fossil fuels: oil, coal, peat, and 

natural gas. Our energy consumption is predicted to increase to about twice the current value in 

2050.3,4 The dominance of fossil fuels in the global market infrastructure for energy generation 

and distribution is largely due to their availability, stability, and high energy density.5 Over the last 

century, the proliferation of fossil fuel technology has led to dramatic increases in atmospheric 

CO2 levels (up to 100 parts per million by volume),6 with CO2 emissions being identified as the 

major cause of global warming. Beyond the increasing need to mitigate this global crisis, fossil 

fuels are also a limited energy resource. 

 

To address these issues, considerable effort has been placed on the implementation and 

development of renewable, environmental-friendly, artificial photocatalytic technologies to 

sustain modern civilization. The use of said artificial systems is to not only mimic photosynthesis 
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but to improve our knowledge of the process and provide for its selective enhancement via artificial 

means. (Figure 1.1) Solar irradiation on our planet in just one hour equals our annual energy 

consumption. By tapping into even 0.02% of the incoming solar energy, we could satisfy all our 

current energy needs.7,8 Diverse technologies including biological systems (algae), inorganic 

photocatalysts (transition metal oxides or semiconductors), organic photocatalysts (metal-organic 

complexes), biomimetic systems (enzyme-activated or dye-sensitized semiconductors), tandem 

cells, and z-schemes have been developed towards this goal. Among them, semiconductor 

photocatalysts have set the standard for artificial photocatalytic technology over the recent decade.  

 

 
 

Figure 1.1. Artificial photosynthetic systems based on semiconductors use photocatalysis to 

provide alternative energetic pathways and selectivity in desirable chemical reactions such as 

water splitting, CO2 photoreduction, and the degradation of harmful organic pollutants. Reprinted 

for academic use from Ref9. Copyright Royal Society of Chemistry (2008). 

1.2 Semiconductor Photocatalysis  
 

Semiconductor photocatalysts absorb photons to generate active electrons and holes that are then 

utilized to initiate chemical reduction and oxidation reactions.10–12 (Figure 1.2) A viable 

semiconductor photocatalyst is distinguished by its abilities for optimal light absorption over a 

wide range of wavelengths, good band energetics that provide for efficient charge separation, high 
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carrier mobility and long carrier diffusion lengths necessary for charge migration to initiate 

chemical reactions, as well as strong catalytic activity, stability, and from a commercial viewpoint, 

high sustainability and low cost. Various semiconductors have been considered as suitable 

candidates for photocatalysts including metal oxides, metal chalcogenides (group 16 elements 

including sulfides, selenides, tellurides, and polonides), metal nitrides, carbon nitrides, and III-V 

compounds.13 In this front, titanium dioxide (TiO2) has emerged as the benchmark material when 

it comes to a semiconductor photocatalyst thanks to its relatively low cost, high availability, low 

toxicity, stability in both acidic and basic media, and resistance to photocorossion.14 Altogether, 

semiconductor photocatalysts have been demonstrated to be useful for a wide range of applications 

including wastewater treatment, air purification,11 photoelectrochemical water splitting, carbon 

dioxide (CO2) photoreduction and hydrogen (H2) generation,15 photocatalytic degradation/aerobic 

oxidation of organic compounds.12,16 Yet, large-scale commercialization of semiconductor 

photocatalytic technology in the environmental and energy industries is still at its advent and 

remains to be fully exploited.  
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Figure 1.2. Schematic of the working principle and processes involved in semiconductor 

photocatalysis: (I) electrons and holes are excited via photonic excitation matching the energy 

bandgap of the semiconductor, (II) charge carrier recombination resulting in release of heat 

energy, (III)  conduction band electrons utilized for reduction reactions, (IV) valence band holes 

utilized for oxidative reactions, (V) other thermal and  photocatalytic reactions are facilitated, such 

as hydrolysis or reaction with active oxygen species, for mineralization of products, (VI) conduction 

band electron being trapped in a dangling surficial bond, and (VII) valence band hole trapped at 

the surface of a semiconductor.17 Reprinted with permission from Ref17. Copyright Royal Society 

of Chemistry (2014).   

 This is because, despite their obvious advantages, critical material-related limitations in 

semiconductor photocatalysts have surfaced. Among many of these limitations, the most 

debilitating cases involve low photocatalytic efficiencies and a lack of satisfactory photocatalytic 

materials that are responsive in the visible-light regime.10,18 The former is attributed to the 

recombination of excited electrons and holes in the semiconductor before their migration to the 

surface to initiate redox reactions. In homogeneous semiconductor materials, this migration is 

largely randomized in nature, resulting in high recombination and low photocatalytic efficiencies. 

The latter limitation concerns the fact that most commonly used semiconductors have wide band 
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gaps ( > 3.1 eV) and only absorb in the ultraviolet (UV) regime (λ < 400 nm) which consists of 

4% of all incoming solar radiation.13,19,20  

 

TiO2, for instance, is a wide bandgap semiconductor (3.2 eV for anatase and 3.0 eV for the 

rutile phase), with a minority carrier (hole) diffusion length of 70 nm for anatase TiO2 and 10 nm 

for rutile TiO2, and primarily absorbs in the UV-spectrum.21 Contrastingly, narrow bandgap 

semiconductors such as silicon (Si), and copper (II) oxide (Cu2O) lack long-term catalytic 

efficiency, and photo-corrode easily. Other semiconductors such as iron oxide (Fe2O3) are 

inhibited by extremely low photocatalytic activity.22 Furthermore, the use of UV light requires 

artificial light sources, and consequently, consumes electricity, making it less ideal. Although 

doping can be utilized to extend the light absorption range from the UV to visible wavelengths, 

the absorption coefficient and photocatalytic activity of the semiconductor typically 

decreases.13,14,23,24 Focused efforts in optimizing the optical path length, carrier mobility, charge 

carrier kinetics, light absorption, and band bending via exotic structural forms such as powders in 

aqueous solutions, nanoparticles (0D), nanorods (1D), nanosheets and films (2D), integrated 3D 

nanostructures, and mesoporous supports have all failed to achieve sustained success in extending 

the photocatalytic activity of semiconductor photocatalysts to visible wavelengths.13,15,25–29 

(Figure 1.3)  
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Figure 1.3. Various nanoscale architectures for photocatalytic applications from (a) 0D 

nanocrystals, (b) 1D nanostructures, (c) 2D nanosheets and films, and (d) 0D-1D-2D integrated 3D 

nanostructures. (a) Freestanding 0D nanoparticles provide for optimal light scattering and 

increased effective optical path length. (b) 1D nanomaterials provide a “highway” along one 

dimension for efficient and enhanced charge transport. By tuning the diameter of the nanowire 

one can control the light absorption enhancement at a given wavelength. The large surface areas 

of (c) 2D nanostructures can assist with highly reactive facets for photocatalysis and interfacial 

charge transfer. Lastly, (d) 3D materials are a composite assembly of 0D, 1D, or 2D nanomaterials 

and can be characterized by the constituent advantages of all three systems. Reprinted for 

academic use from Ref13. Copyright Royal Society of Chemistry (2015). Figure (2d) originally 

adapted by Ref13 from Ref30. Copyright John Wiley and Sons (2013). 

To forego these limitations, plasmonic photocatalysts have emerged as a promising 

technology for the harvesting and conversion of solar energy. Plasmon-enhanced photocatalytic 

systems take advantage of energetic charge carriers or “hot electrons”, a consequence of the 

resonant interaction of light with the collective and coherent motion of electrons in metal 

nanostructures, to further enhance and support photocatalytic activity. To understand these 
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composite plasmonic nanostructures, we start by considering the synergistic interaction of its 

individual constituents beginning with metal nanoparticles. 

1.3 Light-Matter Interactions 
 

The interaction of light and matter is integral to life on our planet. The existence of the Sun has 

been crucial to our planet’s evolution. Our vision of the world is supported by the interaction of 

light with our eyes. The lens in our eyes, our vision system, helps refract light to be focused onto 

the retina allowing us to see the world around us. Various scientific inventions from the Presocratic 

era to modern day civilization are based on our understanding of light-matter interactions allowing 

us to scale both the very large (stellar spectra) and very small aspects (light signals in glass fibers) 

of our universe.  

 

Diffraction places limitations on how we can use light and describes the bending of light 

or waves around an obstacle. An ideal lens honed and perfected in all aspects will image an object 

perfectly as a point. However, due to the wave nature of light, diffraction occurs at the limiting 

edges of the optical system’s aperture, or more precisely, when light passes through the corner or 

opening of a slit that is approximately the size of or smaller than that light’s wavelength.31 This 

results in an Airy disk or a diffraction blur, named in honor of Lord George Biddel Airy (1801-

1892), a British mathematician who discovered this phenomenon. Diffraction affects all kinds of 

propagating waves and has been observed in classical and quantum physics through the Hugyens-

Fresnel principle and the Double-Slit experiment, respectively.32 The latter has demonstrated, via 

wave-particle duality, that matter or particles just as much as waves, also experience diffraction.  

 

Essentially, diffraction states that all propagating waves cannot be focused to a spot smaller 

than half their wavelength. For visible light (400 – 700 nm), this means optical systems are limited 

to a resolution of 200 – 350 nm. This limits the boundaries of minimization for nanotechnology 

that can be realized through methods such as optical lithography. This would change with the 

discovery that light can exist not only as free traveling waves, but also as evanescent waves bound 

to the surfaces of objects.32 Evanescent waves are such that their intensities decay exponentially 

with distance from the interface at which they are formed i.e., these near-field waves do not carry 

their energy or information off into space. Unrestricted by diffraction, evanescent waves can be 

confined down to nanoscales.33 Plasmonics involves the use of evanescent waves in noble metal 
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nanoparticles but the journey towards this accomplishment follows a long trail of historical and 

significant jumps in scientific thought.   

1.4 Plasmonics – A Historical Perspective 
 

Plasmonics concerns the study and excitation of plasmons in noble metal nanoparticles. Plasmons, 

or plasma waves, are a quantum of plasma oscillation. Plasma is the fourth state of matter and 

describes a gas composed of charged particles, namely ions and free electrons. A plasma is 

characterized by its quasi-neutrality, a state of dynamic equilibrium as opposed to static 

equilibrium, where collective oscillations of the charged particles reinforce quasi-neutrality upon 

its disturbance.34 Essentially, areas of excess charge in a plasma are screened by surrounding 

charges to maintain quasi-neutrality. The Debye length is the physical parameter used to describe 

this screening mechanism and provides a measure of the distance over which an individual charged 

particle’s electric field can influence other nearby charges in the plasma. In a plasma, the charged 

particles move in a way such that they shield electric fields within a distance on the order of the 

Debye length. Analogous to a mass-spring system, the excess charges move from their original 

position and participate in collective oscillatory motions within the gas until equilibrium has been 

reached. The natural frequency of oscillation of these collective motions is characterized by the 

plasma frequency (ω𝑝),34  

ω𝑝 = (
𝑁𝑒2

𝑚𝑒ϵ0
)

1
2

(1.1) 

where 𝑁 is the number density of electrons, 𝑒 is the electron charge, 𝑚𝑒 is the mass of the electron,  

and ϵ0 is the permittivity of free space. In general, the collective oscillations in a plasma are of 

high frequency and are attributed to electrons oscillating about positive ionic cores that are unable 

to follow the motion of the electrons due to their larger mass. These oscillations are stationary, 

longitudinal, and electrostatic by nature. The collective restoring force between these positive and 

negative charges is determined by the ion-electron Coulomb attraction. Collisions between 

electrons and neutral particles are a source of damping and result in the gradual weakening of these 

collective oscillations and their amplitude. For the case of slight damping, the plasma frequency 

is greater than the electron-neutral collision frequency as otherwise electrons cannot behave in an 
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independent manner and will be forced by collisions to maintain equilibrium with neutrals, 

resulting in the medium being treated as a neutral gas.34  

 

Metals, in the strictest sense of the word, are not plasmas. However, we will see when one 

considers the high density of free electrons and the statistical mechanics used to describe the 

motion of these free charge carriers, a metal can be described equivalently as a gas of free charges 

or a confined plasma when studying its optical properties. The discovery of metal nanoparticles is 

not necessarily new as they have been produced for over 1500 years. The Lycurgus cup (Figure 

1.4), made in 300 A.D., is a definitive example of the use dilute quantities of gold and silver in a 

glass solution in the presence of chemical reducing agents.35 It is unlikely that the makers 

themselves were aware of the existence of these nanoparticles as the process probably involved 

accidental on-site contamination.32,36  

 

The use of silver (Ag) and gold (Au) nanoparticles continued to persist through history. 

16th century alchemists often falsely advertised Ag and Au solutions for medical ailments. 

Although Ag solutions do have antimicrobial properties, their use as medications were soon 

prohibited and replaced by safer antibiotics and antiseptics due to adverse side-effects.32 It wasn’t 

until 1818 that German scientists Johann Kunckel and Jeremias Benjamin Richter proposed that 

these noble metal solutions were in fact composed of small nanoparticles which were responsible 

for their  representative colors.37,38 In 1857, Michael Faraday would make the first systematic study 

of colloidal solutions, and discover that a dilute aqueous solution of NaAuCl4, subject to 

phosphorus and other reducing agents, could result in the gold being reduced to very small particles 

that “diffused to produce a beautiful ruby fluid.”39 Faraday’s experiment was motivated by his goal 

to support his wave theory of light. He argued the observed red hue of Au solutions was due to the 

absorption of light by Au nanoparticles in a demonstration of the interaction of light waves with 

subwavelength objects.32,39  
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Figure 1.4. The Lycurgus cup has been found to contain small amounts of gold and silver powder 

embedded in its glass matrix. The existence of this gold-silver alloy results in the cup 

demonstrating dichroic properties where (a) a green shade is reflected when the cup is lit from 

the front (attributed to silver), and (b) a red shade is transmitted from the back (attributed to 

gold).35 Reprinted with permission from The British Museum with attribution and adherence to 

Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA 4.0) 

license. 

In 1897, forty years following Faraday, Richard Zsigmondy would develop an independent 

method to make Au nanoparticles, and using an ultra-microscope of his own invention, prove 

Faraday's hypothesis of the existence of nano- to micro-size particles.40 It was also around 

Faraday's time that James Clerk Maxwell developed the electromagnetic wave theory of light. In 

1908, a scientist named Gustav Mie would solve Maxwell's equations to theoretically explain the 

ruby red color of Au solutions and the resonant structures observed in their spectra.32,41 It wasn’t 

until the 1950s that the term “plasmon” was coined by David Pines to describe high frequency 

plasma oscillations in metals.42 These oscillations traveled through the metal much like sound 

waves, were longitudinal in nature, did not couple with incident light (which is transverse by 

nature), and were excited by high energy electrons incident on the metal. Pines would identify 

these plasma oscillations as bulk (volume) plasmons to describe the process by which incident 

electrons lost energy while passing through the metal.32  
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Shortly after Pines, Rufus Ritchie discovered a different type of plasmon, traveling along 

the surface of the metal as opposed to the bulk, that could strongly interact with electromagnetic 

fields outside and in the vicinity of the metal surface. Ritchie would subsequently identify this 

phenomenon as surface plasmons that could also be excited by high energy electrons incident on 

a metal surface.43 A third and final form of plasma oscillation would be discovered in the 1970s 

by Martin Fleischmann and Richard van Duyne who observed the enhancement of Raman 

scattering signals from molecules adsorbed on rough metal surfaces.44,45 This Surface Enhanced 

Raman Scattering (SERS) originated from strong, enhanced local electromagnetic fields produced 

by the excitation of plasmon resonances on the metal surface. Unlike the former cases of 

“propagating” bulk and surface plasmons, these plasmons were localized and non-propagating in 

nature, and were aptly named localized surface plasmons or localized surface plasmon resonance 

(LSPR).  

 

Until the late 1990s, the study of plasmons occupied these distinct categories of plasmon 

phenomena. It wasn’t until the advancement of electron microscopy technology and 

nanofabrication techniques that these independent observations were identified as just different 

facets of a unified phenomenon in plasmons, provided certain material boundary conditions, that 

can be encompassed under one branch of study now known as plasmonics.32  

1.5 The Optics of Metals 
 

In modeling the plasmonics of metallic nanostructures, a classical approach is largely preferred 

where Maxwell’s equations are solved for the relevant system with appropriate boundary 

conditions to describe the interaction of light and a metal nanostructure: 

∇ ⋅ �⃗⃗� =  4𝜋𝜌, (1.2) 

∇ ⋅ �⃗� = 0, (1.3) 

∇ × �⃗� = −
1

𝑐

∂�⃗� 

∂𝑡
, (1.4) 

∇ × �⃗⃗� =
4π

𝑐
𝐽 +

1

𝑐

∂�⃗⃗� 

∂𝑡
, (1.5) 
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where ρ is the free charge density, 𝐽  is the free current density, 𝑐 is the speed of light, �⃗�  is the total 

electric field, and �⃗�  is the total magnetic field. An initial major simplification can be made in that 

all naturally occurring materials are generally nonmagnetic and as such the magnetic constituents 

of Maxwell’s equations can be ignored. The corresponding constitutive relation, in this case, for a 

simple homogeneous, isotropic dielectric material is,  

�⃗⃗� = ϵ�⃗� (1.6) 

where �⃗⃗�  is the electric displacement and ϵ is the dielectric constant or electric permittivity,  

ϵ = ϵ0(1 + χ) = ϵ0ϵ𝑟 (1.7) 

�⃗⃗� = ϵ0(1 + χ)�⃗� = ϵ0�⃗� + �⃗� (1.8) 

where χ is the electric susceptibility and is a measure of the electric polarization of the material, 

ϵ𝑟 is the relative dielectric constant, 𝜖0 is the permittivity of free space, and �⃗� = ϵ0χ�⃗�  is the 

dielectric polarization of the material. With these relations in mind and assuming an absence of 

electric sources, ∇ ⋅ D⃗⃗  =  0,46 we can combine Maxwell’s equations to get, 

∇ × ∇ × �⃗� = −μ0

∂2�⃗⃗� 

∂𝑡2
. (1.9) 

Thus, determining the response of an object to an electromagnetic wave is the equivalent 

of solving the wave equation alongside appropriate constitutive relations and boundary conditions. 

Generally, the solution to the wave equation can be written as a superposition of monochromatic 

plane waves of frequency ω and wavevector �⃗� ,  

�⃗� = 𝑅𝑒 [�⃗� (ω)𝑒𝑖(�⃗� ⋅𝑟 −ω𝑡)] . (1.10) 

The corresponding dispersion relation for these plane waves is,  

�⃗� 2 =
ϵω2

𝑐2
(1.11) 

and determines how these waves behave at interfaces. In general, waves are propagating for ϵ > 0 

and are evanescent if ϵ <  0. Therefore, waves are transmitted through a medium if ϵ𝑚𝑒𝑑 > 0 and 
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reflected if ϵ𝑚𝑒𝑑 < 0. By writing the solution to Maxwell’s equations as a superposition of 

monochromatic plane waves, it allows for us to take account of the finite response time of the 

material to an incident wave. As all real materials have a finite response time, the constitutive 

relation �⃗⃗� = ϵ�⃗�  can be reformulated as,  

�⃗⃗� (ω) = ϵ(ω)�⃗� (𝜔). (1.12) 

As such, the modeling of metallic nanostructures requires the development of a model for the 

frequency dependent dielectric response function of said metals so that a complete description of 

their optical response can be formulated.32  

1.5.1 The Lorentz-Drude Model  
 

The Lorentz-Drude or free-electron model is commonly utilized to capture the dielectric response 

of a metal. The model, in its original formulation, was developed by Hendrick Antoon Lorentz in 

1878 where atoms are considered as oscillating dipoles.47 In this oscillator model, the electron is 

assumed to be bound to the nucleus via a spring. The spring represents the restoring force for the 

electron in the case of small displacements from equilibrium. Like any bound spring, this oscillator 

system can be characterized by a natural resonant frequency ω0, which corresponds to the 

absorption wavelength of the given material. 

 

For frequencies that do not coincide with the resonant frequency, the atom will not absorb, 

and the medium will be transparent. In such a situation, the incident electric field of the light wave 

drives non-resonant, lagging oscillations (a feature of forced oscillators as we are not at resonance, 

resulting in retarded propagation and a reduction of velocity in the medium which is identified by 

the refractive index), in a repetitive and damping scattering process.47 Different atoms have 

different characteristic resonant frequencies corresponding to different spring constants, 𝑘. Lorentz 

used this dipole oscillator model to explain how atoms emit and absorb at discrete frequencies in 

terms of Maxwell’s equations. 

 

Lorentz’s model drew the picture of three types of oscillators in any medium. Working 

inside out from the nucleus of an atom we have atomic oscillators or bound electrons held strongly 
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and closest to the nucleus, vibrational oscillators (phonons) or mid-valence to valence electrons 

resonating at lower frequencies in the infrared spectral region, and lastly, free electron oscillators 

or electrons that are not bound to any atoms.47 These free electron oscillators are the focus of 

plasmonics, where metals are of primary concern, and correspond to conduction electrons in metals 

that are free, not bound to any atoms, and consequently do not experience a restoring force (there 

are no springs); the spring constant and the natural resonant frequency of these oscillators are equal 

to zero.  

 

The generalized Lorentz oscillator equation of motion describing the interaction between 

a light wave and an atom with a single resonant frequency ω0 due to the bound electrons is,47  

𝑚0

𝑑2𝑥

𝑑𝑡2
+ 𝑚0γ

𝑑𝑥

𝑑𝑡
+ 𝑚0ω0

2𝑥 = −𝑒𝐸(𝑡). (1.13) 

where 𝑥 refers to the displacement of the electrons. The terms on the left-hand side represent the 

acceleration of electrons (of effective mass 𝑚0), the damping force of the medium modeled as a 

frictional force proportional to the velocity and impeding motion (γ is the damping rate), and the 

restoring force. The term on the right-hand side represents the driving force exerted on the system 

by the total incident electric field of the light wave. This electric field can be considered as a 

totality acting on the electrons, including internal and external fields generated by the motion of 

electrons as well. For clarity, arrows indicating vector quantities have been eliminated assuming 

one works with a set orientation. Note, the subsequent calculation can still be performed in vector 

form. By applying the condition that the restoring force is zero for free electron oscillators 

(ω0 = 0), we arrive at the dipole oscillator model for metals,  

𝑚0

𝑑2𝑥

𝑑𝑡2
+ 𝑚0γ

𝑑𝑥

𝑑𝑡
= −𝑒𝐸(𝑡). (1.14) 

This modification of Lorentz’s original equation of motion for free electrons was attributed to 

physicist Paul Drude, thus resulting in its naming as the Lorentz-Drude model where, for a bulk 

crystal of a metal, its conduction or free electrons can be modeled as a classical gas of free, 

noninteracting electrons which relaxes through collisions with the lattice or other scatterers in the 

medium.  
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The assumption of metals as a gas of noninteracting free electrons in the Lorentz-Drude 

model may appear questionable but experiments have demonstrated that this model works well for 

many simple metals particularly at lower frequencies.32,46 The accuracy of this model can be 

attributed to the quantum-mechanical nature of electrons in the metal resulting in what is known 

as a screening effect. The electrons in the metal screen themselves from each other. Electrons not 

only repel each other due to classical electrostatic repulsion between like charges but electrons 

with like spins, due to the Pauli exclusion principle, also tend to avoid each other. As no two 

electrons can be in the same state, electrons with the same spin will have a low probability of being 

located near each other. In this manner, electrons in materials move somewhat independently of 

the other electrons.48  

 

For solids or crystalline materials, band theory demonstrates that if the lattice is perfectly 

periodic, electrons can flow freely as waves through the structure at certain energies, whereas 

waves at other energies do not propagate. The effect of the lattice (amounting to the protons and 

neutrons that make up the atoms) is accounted for via an effective mass. Similarly, for simple 

metals, the Schrodinger equation describing electron motion in metals (specifically, the plane-

wave envelope function) is nearly identical to that describing free electrons.32 The resulting 

envelope wave functions extend through the lattice with the interaction of conduction electrons 

being described as a mean-field interaction with the average potential of all other conduction 

electrons in the system. Because of this, each conduction electron can be treated as a noninteracting 

electron moving in a potential defined by an averaged field. The major difference in this picture is 

that these quasi-free electrons have an effective mass that is different from the mass of a true free 

electron. For metals such as gold and silver, the effective electron mass is nearly identical to the 

bare electron mass. In the case of imperfections in the lattice, wave damping via the scattering of 

electrons will occur and must be accounted for.48  

 

 As a result of these deductions, the electron motion in a bulk metal can be simply described 

using the classical model of a free-electron gas. For an incident oscillatory electric field of an 

electromagnetic wave of frequency ω, the resultant displacement of electrons within the metal and 
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any induced fields will oscillate at the same frequency ω such that 𝐸(𝑡) = 𝑅𝑒[𝐸(ω)𝑒−𝑖ω𝑡] and 

𝑥(𝑡) = 𝑅𝑒[𝑥(ω)𝑒−𝑖ω𝑡]. Substituting these relations into the equation of motion, we obtain,  

𝑥(ω) =
𝑒𝐸(𝑡)

𝑚0(ω2 + 𝑖γω)
. (1.15) 

The corresponding dielectric function can then be written as, 

𝐷 = ϵ𝑟ϵ0𝐸 = ϵ0𝐸 + 𝑃 = ϵ0𝐸 + 𝑁𝑝 = ϵ0𝐸 − 𝑁𝑒𝑥 (1.16) 

 where the induced polarization is defined as 𝑃 = 𝑁𝑝 = −𝑁𝑒𝑥 leading to,  

𝐷(ω) = ϵ0(ω)𝐸(ω) −
𝑁𝑒2

𝑚0

1

(ω2 + 𝑖γω)
𝐸(ω). (1.17) 

Therefore,  

ϵ𝑟(ω) = 1 −
𝑁𝑒2

𝑚0

1

(ω2 + 𝑖γω)
= 1 −

ω𝑝
2

ω2 + 𝑖γω
, (1.18) 

where, 

ω𝑝 = (
𝑁𝑒2

𝑚0ϵ0
)

1
2

. (1.19) 

Note, this is the resonant frequency of the free carrier gas (the plasma which we use to represent 

our bulk metal) not the individual electrons, which is zero as they are free. The total electric field 

acting on a conduction electron can therefore be defined as,  

𝐸(𝑡) = 𝐸𝑒𝑥𝑡(𝑡) + 𝐸𝑖𝑛𝑡(𝑡) = 𝐸𝑒𝑥𝑡(𝑡) +
𝑁𝑒𝑥

χϵ0
, (1.20) 

where the induced field within the metal is described via an overall polarization of the material 

resulting in plasma oscillations. We can therefore rewrite (1.15) as, 

𝑥(ω) (ω2 + 𝑖γω −
𝑁𝑒2𝑥

χϵ0𝑚0
) =

𝑒

𝑚0
𝐸𝑒𝑥𝑡(ω). (1.21) 

Assuming zero damping, this means that the displacement at the bulk plasmon frequency is finite 

for a small driving field and corresponds to excitations of the conduction-electron gas.32 In this 
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scenario, the displacement of the free electrons around the positive atomic cores are longitudinal 

in nature and akin to sound/pressure waves in the bulk of the metal. The harmonic oscillator 

approach used by the Lorentz-Drude model to characterize the motion of electrons in metals 

implies that these oscillations can also be quantized in units of ℎω𝑝. The quasi-particles that 

correspond to these quantized plasma oscillations are Pines’ bulk (volume) plasmons whose natural 

resonant frequency of oscillation (the bulk (metal) plasmon frequency) is equivalent to the 

generalized plasma frequency of the carrier gas in (1.19). Bulk plasmons arise in the limit of long 

wavelength and are essentially charge-density waves. Due to their longitudinal nature, bulk 

plasmons do not couple directly to light (which is transverse) and are excited by electron beams.42 

 

The Lorentz-Drude model, under the assumption of zero damping, also fundamentally 

states that the reflectivity of a gas of free electrons is 100% up to the plasma frequency ω𝑝. With 

γ =  0, 

ϵ𝑟(ω) = 1 −
ω𝑝

2

ω2
. (1.22) 

The complex refractive index �̃� of a medium is related to the dielectric constant by the relation 

�̃� = √ϵ𝑟 which implies that �̃� is imaginary for ω < ω𝑝, positive for ω > ω𝑝, and zero at ω = ω𝑝. 

Reflectivity is defined as,  

𝑅 = |
�̃� − 1

�̃� + 1
|
2

. (1.23) 

Considering the frequency dependence of �̃�, we see that the reflectivity is 100% for ω < ω𝑝,  

decreases for ω > ω𝑝, and approaches zero at ω =  ∞. (Figure 1.5) The Lorentz-Drude model 

essentially states that metals tend to be good reflectors at visible and long wavelengths. The 

reflectivity ceases to be 100% for frequencies above ω𝑝. For common metals such as aluminum 

(Al), copper (Cu), silver (Ag), and gold (Au) the corresponding wavelength to their plasma 

frequencies as calculated by the Lorentz-Drude model are 79 (Al), 115 (Cu), and 138 (for Au and 

Ag) nm, respectively.49 Therefore, we expect that all metals will eventually transmit if we go far 

enough into the UV where ω > ω𝑝. This is known as the ultraviolet transparency of metals. 

Reality is a different story.  
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Figure 1.5. Schematic of the reflectivity of an undamped free electron gas as a function of 

frequency as demonstrated by the Lorentz-Drude model.   

Experimental reflectivity studies of Au, Ag, and other noble metals demonstrate that there 

are discrepancies that the Lorentz-Drude model doesn’t account for. (Figure 1.6) Although the 

model accounts for the general shape of the reflectance spectrum for these noble metals, damping 

associated with electron-electron scattering, electron-phonon scattering, radiative relaxation etc., 

generally causes the reflectivity to be less than unity for ω < ω𝑝. Furthermore, the reflectivity 

cutoff predicted by the model does not match experiment as for  𝜔 < 𝜔𝑝 we are also able to 

observe a substantial drop from 100% reflectivity. These deviations are largely due to interband 

transitions in metals where an electron is promoted to a higher unoccupied energy level by 

absorbing an incident photon. In metals such as Au (as well as Cu and Ag), this interband 

absorption results in a major drop in reflectivity as the electrons from the 3d band with a very high 

density of states can be easily promoted to the 4s band which is quite broad in energy and has 

several unoccupied states. The energy differences between the 3d band and the Fermi level (where 

the lowest energy unoccupied states exist) differs between metals. It is this difference that sets the 

cutoff energy where the metals are observed to suddenly become less reflective and more 

absorptive. Copper’s reddish color is because the cutoff energy is at 2 eV corresponding to a 

wavelength of 560 nm. The interband absorption threshold of Au occurs at a slightly higher energy 

leading to its yellowish color. Silver’s interband absorption edge is around 4 eV, near the UV, 
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allowing it to be highly reflective throughout the whole visible spectrum and leading it to have no 

particular color at all.46,47  

 

Figure 1.6. Reflectivity of noble metals as a function of wavelength: (a) Al, (b) Ag, (c) Pt, (d) Cu, and 

(e) Au. Reprinted with permission from Ref50. Copyright Springer Link (1997).  

 Redefining the above discussion in the context of plasmons, with finite damping, bulk 

plasmons essentially are led to have a finite lifetime. These oscillations can only last for so long. 

For long wavelengths (low frequencies), the Lorentz-Drude model states that the propagation of 

electromagnetic waves is forbidden inside the metal plasma. The electrons simply re-emit the light 

and the metal plasma is largely undisturbed leading to the characteristic reflective properties of 

metals for ω < ω𝑝. At ω = ω𝑝, the metal plasma sustains longitudinal oscillations in its bulk or 

bulk plasmons. The Lorentz-Drude model fails to describe the optical response of metals for large 

frequencies close to ω𝑝where interband transitions occur. For ω > ω𝑝 the metal plasma supports 

transverse wave propagation, with the metal essentially becoming transparent.32,46,51 Ultimately, 

the Lorentz-Drude model’s assumption of 100% reflectivity for 𝜔 < 𝜔𝑝 is only feasible when the 

metal plasma thickness is much larger than the incident wavelength of light.   

 

 Similarly, solving the Lorentz-Drude model for the case where the bulk metal is terminated 

by a surface, one discovers the existence of longitudinal plasmons that are strongly localized to 

the surface of the metal, akin to evanescent waves, or surface plasmons. Having considered 
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plasmon excitation in bulk metals and metals terminated by a surface, we will now discuss how 

the Lorentz-Drude model translates to the case of plasmons in metal nanoparticles which are the 

focus of my thesis.   

1.6. The Homogeneous, Isotropic Spherical Nanoparticle 

 

Metal nanoparticles are the equivalent of rolled up surfaces, a 2-D to 3-D transformation. A 

terminated metal surface leads to the generation of plasmon modes strongly localized to the surface 

in surface plasmons. Therefore, it follows that metal nanoparticles should support discrete plasmon 

modes in three dimensions, as the charge oscillations and the corresponding electric field 

distributions are now quantized in three spatial directions.  

 

Understanding the optical response of plasmonic noble metal nanoparticles is integral 

towards optimizing plasmonic photocatalytic systems. Plasmonic noble metal nanoparticles refer 

to metal nanoparticles (mostly Au and Ag, in sizes of tens to hundreds of nanometers) of electron 

densities (Au has electron densities of 1028 m-3) that can couple with wavelengths of 

electromagnetic radiation in the visible spectrum that are far larger than the nanostructure itself. 

This is due to the dielectric-metal interface between the particles and the surrounding medium.46 

Contrastingly, in pure metals, there is a maximum limit to wavelength magnitudes, defined by the 

metal’s work function, that can effectively couple with the material sizes involved.52 Diverse 

shapes of plasmonic noble metal nanoparticles ranging from spheres, prisms, rods, cubes, and 

shells etc. have been studied in plasmonics. Once again, Maxwell’s equations must be solved with 

the proper boundary conditions to describe the interaction of nanoparticles with incident light. The 

nanosphere has the simplest geometry and provides analytical solutions in response to an 

electromagnetic field. The resultant features including dipole behavior, and enhanced local electric 

fields are retained and can be extended to other nanoparticle morphologies. 

  

A rigorous description of the electrodynamic response of a single spherical particle is 

provided by Mie theory,53,54 but for nanoparticles of size 𝑎 ≪  λ,  a simpler analytical description 

can be utilized. The condition 𝑎 ≪  λ stating the particle is much smaller than the wavelength of 

light in the surrounding medium, invokes what is known as the quasi-static approximation i.e., the 

phase of the electromagnetic wave is constant over the particle volume such that one can calculate 
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the spatial field distribution by assuming the simplified problem of a particle in an electrostatic 

field. The harmonic time dependence of the oscillating electromagnetic wave can then be added to 

the solution once the individual field distributions are known. This lower order approximation of 

the full scattering problem of the individual spherical nanoparticle is only valid up to particle sizes 

of 100 nm.46  

 

As long as the quasi-static approximation remains valid, the following simple physical 

picture of the polarizability of the spherical nanoparticle can be drawn. (Figure 1.7) We begin by 

considering a homogeneous spherical nanoparticle illuminated by plane-wave electromagnetic 

radiation. The sphere of radius a is assumed to be in a homogeneous, infinitely large, non-

absorbing and non-magnetic environment of dielectric constant ϵ𝑚. The electric field of the 

incident light is �⃗� = 𝐸0𝑒
−ω𝑡�̂�, where 𝐸0 is a constant, and �̂� is the unit vector of the 𝑥-direction. 

The field lines are parallel to the 𝑥-direction at sufficient distance from the sphere. The dielectric 

response of the sphere is modeled by the dielectric function ϵ(ω) which for the moment can be 

considered as a simple complex number ϵ. In this electrostatic approach, we are generally 

interested in a solution of the Laplace equation for the potential, ∇2ϕ = 0, from which we will 

calculate the electric field �⃗� = −∇ϕ. 
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Figure 1.7. Schematic of the optical response of a homogeneous, isotropic spherical nanoparticle. 

(a) Nanosphere irradiated by an incident plane wave of light. (b) Free electrons in the metal 

nanoparticle oscillate in phase with the incident electric field resulting in the generation of an 

oscillating dipole. Reprinted for academic use from Ref19. Copyright IOP Science (2013). 

Qualitatively, this results in the conduction electrons in the metal nanosphere being 

displaced by the external electric field and creating separated negative and positive charge centers 

at either ends of the sphere, thus forming a dipole. (Figure 1.7b) As such, the applied field induces 

a dipole moment 𝑝  inside the sphere of magnitude proportional to |𝐸0|, as given by, 𝑝 = 𝜖0𝜖𝑚𝛼�⃗�  

where α describes the static polarizability of the sphere, ϵ0 is the vacuum permittivity, and is 

related to other parameters by, 

α = 4πϵ0𝑎
3

ϵ − ϵ𝑚

ϵ + 2ϵ𝑚
. (1.24) 

Under plane-wave illumination where the harmonic time dependence is taken into consideration 

with �⃗� (𝑟 , 𝑡) = 𝐸0𝑒
−𝑖ω𝑡, the fields induce an oscillating dipole moment 𝑝 (𝑡) = ϵ0ϵ𝑚α𝐸0𝑒

−𝑖ω𝑡 

with α given by the electrostatic result. If ω is not too high, the dipole can oscillate fast enough to 

follow the phase of �⃗� . The most important and fascinating property of the metal nanoparticle’s 
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polarizability lies in the denominator of (1.24). It is apparent from here that the polarizability 

experiences a resonant enhancement under the condition that |ϵ + 2ϵ𝑚| is a minimum, which 

under the condition of small or slow-varying 𝐼𝑚[ϵ], is satisfied when, 

𝑅𝑒[ϵ(ω)] = −2ϵ𝑚. (1.25) 

This relationship is called the Frohlich condition, and the associated mode of resonance is indeed 

what is commonly stated as the localized surface plasmon resonance (LSPR) which in the case of 

the spherical metal nanoparticle takes the form of a dipole surface plasmon mode. The LSPR 

represents the resonant oscillation of the metal’s free electrons with the varying electric field of 

the incident light46 and is the origin of the enhancement of the local electric field, absorption, and 

scattering of the metal nanoparticle. As noted in (1.25), the resonance frequency is strongly 

dependent on the surrounding environment. Outside the sphere, but in the near-field zone, the 

electric field is expressed as,46  

�⃗� 𝑜𝑢𝑡 = �⃗� +
3�⃗� (�⃗� ⋅ 𝑝 ) − 𝑝 

4πϵ0ϵ𝑚𝑟3
(1.26) 

where the first term represents the incident light and the second represents the point dipole 

radiation. The 1/𝑟3 dependence shows that the dipole contribution decreases quickly as we move 

away from the sphere and that the enhancement of the electric field is local and limited to the 

vicinity (usually a few nanometers) of the spherical surface. The accompanying magnetic field 

present is seen to be much smaller than that of the electric field and vanishes upon the static 

approximation.46 

 

An immediate consequence of the LSPR is that the particle’s optical absorption has a 

maximum at a given frequency otherwise known as the plasmon resonance frequency. The 

plasmon resonance frequency can be derived using the Drude model, where the dielectric function 

ϵ(ω) of metals can be expressed as,46,47  

ϵ(ω) = 1 −
ω𝑝

2

ω𝑝
2 + 𝑖γω

= ϵ1(ω) + 𝑖ϵ2(ω), (1.27) 

ϵ1(ω) = 1 −
ω𝑝

2

1 + ω2τ2
, (1.28) 

ϵ2(ω) =
ω𝑝

2τ

ω(1 + ω2τ2)
, (1.29) 
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where ϵ1 and ϵ2 are the real and imaginary parts of ϵ, respectively, τ is the relaxation time for the 

free electron, and γ =  1/τ is the intraband damping frequency. ω𝑝 is the plasma frequency of the 

bulk metal and is given by (1.19), with 𝑁 being the electron number density, 𝑒 the electric charge, 

and 𝑚0 the effective mass of the electron.47 Experimentally, the plasma frequency of metals is 

determined using electron loss spectroscopy where electrons are passed through thin metallic foils. 

It is seen that ω𝑝, for most metals, is in the ultraviolet regime, with τ on the order of 100 fs. From 

the Frohlich condition, the localized surface plasmon resonance frequency ω𝐿𝑆𝑃𝑅  can be defined 

as,  

ω𝐿𝑆𝑃𝑅 = ω𝑝 (
1

1 + 2ϵ𝑚
−

1

ω𝑝
2τ2

)

1
2

≈
ω𝑝

√1 + 2ϵ𝑚

. (1.30) 

It can be noted that (1.30) describes the resonant frequency to be dependent on the surrounding 

environment and is redshifted if the surrounding medium has a higher dielectric constant.55 This 

is applicable to both Au and Ag particles where the resonant wavelength is observed to shift from 

ultraviolet to red corresponding to different media from vacuum, water, and TiO2 respectively.19  

One must remember that the estimations provided by the Drude model adequately describe the 

optical response of metals only for photon energies below the threshold of transitions between 

electronic bands. For some noble metals, interband effects initiate around energies in excess of 1 

eV, corresponding to a wavelength λ ≈ 1 μ𝑚.46 Furthermore, the Drude model does not account 

for the size of the nanoparticles. It has been shown, using the more accurate discrete dipole 

approximation method, that the resonant wavelength is redshifted for increasing nanoparticle sizes. 

(Figure 1.8) 
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Figure 1.8. (a) Absorption spectra of gold nanoparticles of varying size between 9 – 99 nm 

demonstrating a redshift in surface plasmon resonance with increasing particle diameter. (b) 

Plasmon bandwidth 𝛥𝜆 demonstrating the overall quantitative shifts in resonance as a function of 

the diameter of the nanoparticle. Reprinted with permission from Ref56. Copyright American 

Chemical Society (1999). 
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Another consequence of the LSPR is a concomitant enhancement in the light scattering and 

absorption efficiencies of the metal nanoparticle. The corresponding cross sections for scattering 

(σ𝑠𝑐𝑎) and absorption (σ𝑎𝑏𝑠) can be calculated via the Poynting vector.46,53 The extinction cross 

section (σ𝑒𝑥𝑡) is the sum of the two, and is expressed as,  

𝜎𝑎𝑏𝑠 = 4π𝑘𝑎3𝐼𝑚 [
ϵ − ϵ𝑚

ϵ + 2ϵ𝑚
] , (1.31) 

𝜎𝑠𝑐𝑎 =
8π

3
𝑘4𝑎6 |

ϵ − ϵ𝑚

ϵ + 2ϵ𝑚
|
2

, (1.32) 

𝜎𝑒𝑥𝑡 =
9ωϵ𝑚

3
2 𝑉

𝑐

ϵ2

(ϵ1 + 2ϵ𝑚)2 + ϵ2
2 , (1.33) 

 

where 𝑘 =  2π/λ is the wavenumber, 𝑉 is the volume of the spherical nanoparticle and 𝑐 is the 

speed of light in vacuum. At the resonance frequency, as reported by the Frohlich condition, the 

cross-sections are enhanced. Seeing that 𝜎𝑠𝑐𝑎 scales with 𝑎6 while 𝜎𝑎𝑏𝑠 scales with 𝑎3 we can 

deduce that for nanoparticles with 𝑎 ≪  λ, 𝜎𝑠𝑐𝑎 is much smaller than 𝜎𝑎𝑏𝑠 and is negligible. 

Contrastingly, for large particles where 𝑎 is comparable to or larger than λ, the scattering will 

become significant. Thus, in application to photocatalysis, using small noble metal particles, far-

field coupling of nanoparticles can be neglected as the radiation energy of one nanoparticle is not 

efficiently communicated to other nanoparticles beyond its local region.57  

1.6.1 The Influence of Nanoparticle Morphology and Size 

 

Relaxing the assumption of a spherical nanoparticle to a more general geometry in ellipsoids (with 

semi-axes 𝑎1 ≤ 𝑎2 ≤ 𝑎3), two special cases of spheroidal geometries can be considered: prolate, 

and oblate spheroids. For prolate spheroids, the two minor axes are equal (𝑎2 = 𝑎3), while in 

oblate spheroids the two major axes are equal (𝑎1 = 𝑎3). Bohren et al.53 have shown that these 

spheroidal nanoparticles display two separated plasmon resonances with each peak corresponding 

to the oscillations of conduction electrons along the major and minor axis upon irradiation. 

Compared to the plasmon resonance of a spherical nanoparticle, the resonance along the major 

axis has been observed to show a redshift, yielding the result that the plasmon resonances of metal 

nanoparticles can be tuned to the near-infrared regime by using nanoparticles with large aspect 

ratios. 
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Similar observations have been made for various other nanoparticle geometries including 

nanorods, nanoshells, and prisms etc. Specific chemical syntheses and fabrication processes are 

used to tailor the shape and sizes of the nanoparticles for multiple purposes in plasmonic 

photocatalysis. In general, the dipolar resonance seen in the case of spherical nanoparticles appears 

in the slightly different form of multiple resonant peaks due to multipolar resonances in different 

directions in nanoparticles of other shapes. (Figure 1.9) These characteristics are observed in the 

work of Nishijima et al.58 who demonstrate that a periodically distributed nanopattern of Au rods 

on TiO2 single-crystal substrates results in a double-peaked extinction spectra. Rycenga et al.59  

demonstrate the redshift of the resonance wavelength for nanocubes of varying edge lengths of 36, 

58, 99, and 172 nm. Similar behavior has also been observed in the work of Mock et al.60 who 

demonstrate the shifting of the resonance wavelength from 445 nm to 520 nm to 670 nm for 

varying shapes of single Ag nanoparticles from spherical to pentagonal to triangular, 

respectively.61 Huang et al.62 and Jain et al.57 further confirm that Au nanorods of different aspect 

ratios display two absorption peaks corresponding to separate plasmonic resonances in the 

transverse (of shorter resonance wavelength) and longitudinal directions.  

 

        

Figure 1.9. Optical coefficients for a silver nanospheroid for an electric field polarization along its 

minor axis (Left), and along the major axis (Right). Reprinted for academic use from Ref63. 

Copyright American Chemical Society (2003). 

As such, plasmonic photocatalysis benefits from the broader spectral range of light source 

provided by these nanoparticle geometries as opposed to the narrow range and single absorption 

peak provided by the nanospheres. Furthermore, the influence of nanoparticle geometry on the 
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local electric field enhancement is studied by Kelly et al.64 who demonstrate that enhancements in 

the local electric field are generally focused around regions of abrupt shape change or curvature 

such as the tips of a triangular nanoparticle or along the radius of maximum curvature of an 

ellipsoidal nanoparticle. These regions experience the greatest enhancement of the local electric 

field and are identified as “hot spots” of plasmonic resonance.63  

1.6.2 The Influence of the Local Environment 

 

The LSPR is also influenced by the local environment as presented in the Frohlich condition. In 

application to plasmonic photocatalysis, noble metal nanoparticles are often exposed to differing 

levels of contact with the semiconductor photocatalyst in concern. Nanoparticles may decorate the 

semiconductor photocatalyst surface or may be fully or partially embedded within the 

photocatalyst. In each case, the nanoparticle is exposed to a different environment, which results 

in differing resonance behavior. This is observed in the work of Kelly et al.64 who show that for a 

10 nm Ag nanosphere gradually embedded into a 10 nm thick mica shell, the resonance wavelength 

of the Ag nanosphere experiences a redshift from 350 nm to 430 nm with increasing surface contact 

area. Seh et al.65 report that by combining Au with TiO2 in Janus and core-shell nanoparticle 

heterojunction nanostructures, a redshift in plasmonic peaks is observed from 543 nm (bare Au), 

to 555 nm (Janus), and 572 nm (core-shell). (Figure 1.10c) This is attributed to the distributive 

presence of the high refractive index TiO2 in the differing architectures. These properties are 

beneficial to applications in plasmonic photocatalysis as has been presented in the work of 

Farsinezhad et al.23 who establish that Au nanoparticles embedded in TiO2 nanostructures provide 

for greater plasmonic enhancement as opposed to Au nanoparticles decorating TiO2 

nanostructures. Farsinezhad et al.23 quantify their results via plasmonic enhancement of 

photoelectrochemical water splitting efficiencies. Altogether, the different levels of embedding of 

noble metal nanoparticles assists in broadening the absorption spectral range, and results in the 

utilization of broadband light sources for photocatalysis. 
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Figure 1.10. TEM images of Janus (a) and core-shell (b) Au-TiO2 nanostructures. (c) Comparisons 

of the extinction spectra of nanostructures in isopropyl alcohol, and those from simulations (d) 

demonstrating the influence of the local environment on the LSPR. Reprinted for academic use 

from Ref65. Copyright Wiley VCH-Verlag (2012). 

1.6.3 Nanoparticle Ensembles  

 

As opposed to single and isolated nanoparticles, most plasmon enhanced photocatalytic systems 

feature ensembles of nanoparticles randomly positioned on the photocatalyst. In such particle 

ensembles, additional shifts in the resonant wavelength are expected to occur due to the 

electromagnetic interactions between nearby nanoparticles.  For small nanoparticles, these modes 

are essentially of a dipolar nature, and for particle ensembles, can be treated as an ensemble of 

interacting dipoles.46 Much of this depends on the magnitude of interparticle distance 𝑑, where 

two types of plasmonic coupling could be distinguished – near-field dipolar coupling and far-field 

diffraction coupling.  

 

From (1.26), it can be observed that dipolar coupling scales by a factor of 𝑑−3 as long as 

𝑑 ≪  λ and becoming negligible for 𝑑 >  λ. An intuitive understanding of near-field coupling can 
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be illustrated by considering (Figure 1.11). Assuming a simple approximation of an array of 

interacting point dipoles, it is easy to observe that the direction of resonance shifts for in-phase 

illumination is dependent on the Coulombic forces associated with the corresponding polarization 

of the nanoparticles. An associated transverse mode is excited when the polarization is 

perpendicular to the array’s axis, and an associated longitudinal mode is excited when the 

polarization is along the array’s axis. For the transverse mode, electrons in the nanoparticles 

oscillate in the same phase, resulting in charge distributions that produce an additive and increasing 

restoring force that repels the dipole. In contrast, the longitudinal mode experiences a reduction of 

the restoring force. This leads to a blueshift of the plasmon resonance in transverse modes and 

redshift of the plasmon resonance in longitudinal modes.  

 
Figure 1.11. Near-field coupling between metallic nanoparticles for two different polarizations. 

Reprinted with permission for academic use from Ref66 with attribution and adherence to Creative 

Commons Attribution 3.0 License.  

These resonance shifts are observed as a splitting of absorption peaks in coupled 

nanoparticles. (1.26) once again shows that the dipolar near-field coupling absorbs energy from 

the dipole radiation while reducing scattering. This is particularly useful for large nanospheres 

where scattering is significant and helps to further enhance absorption. Compared to single, 

isolated nanoparticles, the electric field enhancement in particle ensembles extends beyond the 

surface region. These features are ultimately beneficial for plasmonic photocatalysis as a larger 

enhanced region of the local electric field and the higher absorption enhancement factor can be 

directed toward greater activation of photocatalysts and improved reactivity.19 The localized 

hotspots seen in individual nanoparticles can now be identified to exist in between the coupled 

nanoparticles. Additionally, many of these features of split absorption peaks, enhanced absorption 

and large electric field regions are not solely limited to long arrays or chains of nanoparticles but 
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are also evidenced in smaller populations of coupled nanoparticles such as dimers and trimers.67,68 

(Figure 1.12) 

 

Figure 1.12. Simulated electric field amplitude intensity distributions for (a) single Au nanoparticle 

and (b) Au dimers at incident light of wavelength 633 nm. The nanoparticles are of diameter 100 

nm. (c) The corresponding field enhancement factor relative to gap distance. Reprinted for 

academic use from Ref67 with attribution and adherence to Creative Commons Attribution 3.0 

License.  

For larger particle separations, far-field diffraction coupling dominates where the 

interactions between particles scale by a factor 𝑑−1. This coupling has been observed mainly in 

1D and 2D arrays of nanoparticles arranged in a fashion alike to those of gratings69–71 and can be 

fabricated using lithographical techniques. Due to their rarity in photocatalytic applications, further 

discussion of far-field diffraction coupling will not be pursued. Note, the discussion of coupled 

nanoparticle ensembles, thus far, pertains to ordered arrays. For the sake of simplicity, 

electromagnetic coupling in disordered arrays and the subsequent localization effects will not be 

discussed.  
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1.7 Closing Remarks   
 

It is important to recognize that plasmonics can also be viewed through a quantum mechanical 

description. Here, plasmons are described as electron-density waves that oscillate against the 

background of positive charge that is the atomic lattice of the metal. The plasmons are damped by 

electron-hole pair excitations otherwise known as Landau damping.34,72 The quantum mechanical 

picture is suitable for bulk systems where translational symmetry can be used to great effect or in 

the case of small metal clusters with only a few free electrons. Metal nanoparticles are much too 

large in general to fit this picture and translational symmetry is not possible.32  

 

The classical Maxwellian description is the norm in the field where the plasmon response 

is equivalent to the excitation of a macroscopic polarization of the metal medium by an external 

electric field. Once the dielectric response of the metal is known, Maxwell’s equations can be 

utilized to determine the plasmon modes and provide an accurate description of the metal’s optical 

response. The classical approach breaks down only when a suitable description of the dielectric 

response is not possible or if the particle sizes involved are comparable to the Fermi wavelength 

where quantum effects take over (for plasmonic noble metals, this is ~ 1 nm; quantum dots are one 

such system).48 

 

In the following chapter, we consider how the incorporation of plasmonic noble metal 

nanoparticles in semiconductor photocatalysts reaps various benefits for photocatalysis.  
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Chapter 2 

Plasmonic Photocatalysis  
 

2.1 Enabling Photocatalysis  
 

Various factors dictate the optimal efficiency of a plasmon-enhanced photocatalytic system. 

Several said dependencies were identified in the prior chapter, concerning the plasmonic 

component, including nanoparticle size, morphology, and the surrounding environment. Au and 

Ag are the two most popular plasmonic metals and support high quality plasmon resonances while 

experiencing low losses compared to other plasmonic metals. Ag has consistently demonstrated 

lower losses and stronger plasmon resonances, but Au is more stable (chemically and physically) 

and is preferred over the former.32 Other plasmonic noble metals such as Cu also support 

resonances at optical wavelengths but experience weaker plasmon resonances attributed to high 

losses via electron-electron scattering and other damping mechanisms. Lastly, Al supports 

plasmon resonances predominantly in the ultraviolet but also has a high oxidation tendency that 

critically limits its plasmonic performance.73,74  

 

  Among the variety of semiconductor photocatalysts, TiO2 remains the benchmark for the 

reasons discussed in Chapter 1. The final component in any photocatalytic system involves suitable 

redox solution groups (Ag/Ag+, O2/O
-, O2/OH-, H2/H

+ etc.). Ultimately, preceding other 

miscellaneous variables such as metal loading, pH values, and temperature,19 the dominant factor 

in determining the efficacy or suitability of a plasmonic photocatalytic system focuses on the 

energy band positions of the materials being utilized. It is the energy band positions of the 

individual components that determine what happens when said materials are brought into direct 

contact with each other.  

2.1.1 How do photocatalytic reactions work? 
 

Electron-hole transfer and generation processes are crucial to initiating redox reactions in 

photocatalysis.  In semiconductor photocatalysts, there is the direct excitation of electron-hole 

pairs when a photon of energy equal to or greater than the bandgap of the semiconductor excites 

an electron from the valence band to the conduction band leaving behind a hole in the valence 
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band. The immediate question then concerns the fate of these charge carriers i.e., what happens to 

the electrons and holes after their generation? 

 

 In a typical photocatalytic process, upon generation of an electron-hole pair, the electron 

and hole have energies 𝐸𝐶𝐵 and 𝐸𝑉𝐵, respectively. The electron and hole can now be considered 

as active charge carriers that can be utilized for redox reactions and can be transferred to 

intermediate energy levels 𝐸𝐶𝐵
′  and 𝐸𝑉𝐵

′ . Recombination of the electron and hole can be suppressed 

provided they are spatially separated. Using appropriate acceptor and donor molecules (from our 

redox solution groups), the electron can be captured by an acceptor molecule which reduces to an 

anionic acceptor molecule, and likewise the hole can be captured by a donor molecule which 

oxidizes resulting in a cationic donor molecule. The defining conditions for charge carrier transfer 

and redox reaction to occur spontaneously is that the 𝐸𝐶𝐵 ≥ 𝐸𝐶𝐵
′ ≥ 𝐸𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 for the electron and 

𝐸𝑉𝐵 ≥ 𝐸𝑉𝐵
′ ≥ 𝐸𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛. (Figure 2.1) 

 

 

Figure 2.1. Electron-hole pair excitations and charge transfer observed in a typical photocatalytic 

process to promote redox reactions. Reprinted with permission from Ref19. Copyright IOP Science 

(2013).   
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2.1.2 Plasmon Resonance and the Schottky Junction 

 

In plasmon-enhanced photocatalytic systems, charge carrier generation is achieved through the 

synergistic effects of the LSPR feature.53,54,58,75–78 When placed in intimate contact, the noble metal 

and the semiconductor form a Schottky junction. Au-(n-type) TiO2 noble metal nanostructure-

semiconductor heterojunctions are particularly ubiquitous and shall be used as our referential 

system. Noble metals generally have a high work function, and in the case of Au, its Fermi level 

is located below that of n-type TiO2. Note, the n-type property of TiO2 recognizes the existence of 

an excess population of electrons in the semiconductor.10 Upon contact, the Fermi levels 

equilibrate. This causes bending of the conduction band of TiO2 and the formation of a Schottky 

barrier, a signature feature of the Schottky junction. Thus, a depletion or space-charge region is 

formed, where an internal electric field develops inside the photocatalyst but close to the 

metal/semiconductor interface. This internal electric field is maintained and directed from the 

semiconductor TiO2 to the metal Au nanoparticle. This is because upon contact with the Au, the 

electrons in TiO2 diffuse from the TiO2 to the noble metal resulting in a positively charged region 

in the TiO2. Upon equilibration, an equal number of electrons are trapped on the Au surface 

resulting in the internal electric field and space-charge region. If electrons and holes were to be 

created at the metal/semiconductor interface, the internal electric field would drive the electrons 

and holes to move to TiO2 and Au, respectively, thus suppressing and preventing recombination 

while providing an efficient channel of charge transfer to promote photocatalytic reactions. This, 

in short, is a plasmonic photocatalytic system. 

 

In the context of photocatalysis, we must also consider the additional component of the 

redox group in the solution maintaining our referential plasmonic heterojunction. Once again, 

before contact, the n-type semiconductor is defined by its Fermi energy level 𝐸𝐹 located closer to 

the conduction band versus the valence band, the noble metal by its work function 𝑊, and the 

redox group solution by its redox potential 𝐸𝑟𝑒𝑑𝑜𝑥. Each of these parameters may have very 

different values, but upon contact and the subsequent charge-carrier flow, a new state of 

equilibrium is established where 𝐸𝐹, 𝑊, and 𝐸𝑟𝑒𝑑𝑜𝑥 equilibrate and line up. (Figure 2.2) Just like 

earlier, a space-charge region builds up in the semiconductor photocatalyst and helps separate the 

electrons and holes. For the sake of simplicity, we avoid considering the effect where a similar 
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space-charge region could be built given 𝐸𝐹 ≠ 𝐸𝑟𝑒𝑑𝑜𝑥 and the semiconductor is in direct contact 

with the redox solution. This can commonly occur in conventional non-plasmonic photocatalytic 

systems and can potentially lead to adverse effects on the charge carrier transfer process during 

photocatalysis.79 

 

Figure 2.2. Energy diagram schematic of a plasmonic heterojunction before contact (Left) and after 

contact (Right), demonstrating the equilibration of the Fermi energy level of the semiconductor, 

work function of the metal, and redox energy level of the redox solution. 

It should be noted that due to the fewer available energy states in the semiconductor 

photocatalyst and the noble metal nanoparticle, because of their  relatively small total surface areas 

as opposed to those in the redox solution, 𝐸𝑟𝑒𝑑𝑜𝑥 values do not change significantly while 𝐸𝐹 and 

𝑊 line up alongside it.19 It is also important to understand that the band bending observed upon 

Schottky contact is dependent on the magnitudes of the Fermi energy level of the semiconductor 

relative to the work function of the noble metal (for metal-semiconductor heterojunctions) and that 

of the redox potential of the redox group (for semiconductor-redox solution heterojunctions). The 

Schottky junction plays a crucial role in charge carrier separation and recombination suppression 

in plasmonic systems but is also presupposed by a variety of factors including the type of 

semiconductor, the position of the semiconductor’s Fermi energy level relative to the metal’s work 

function, the resultant band-bending, and the irradiation state, among many others. The actual 

effect at the interface on facilitating charge carrier separation and the directionality of charge 

transfer could vary significantly in these hybrid systems.19 
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In conclusion, band edge positions of the materials utilized in plasmonic photocatalysis 

play a significant role in promoting photocatalytic reactions; the energy band positions of the 

photocatalyst define its optimal absorption wavelength, and those of the redox group relative to 

the photocatalyst determine which specific redox reactions are possible. Band edge positions of 

common materials utilized in plasmonic photocatalysis are presented in (Figure 2.3). The 

conduction and valence bands must straddle the redox potentials of the photocatalytic reaction in 

order to facilitate the selective reaction. Now that we have reviewed the major processes in 

plasmonic photocatalysis, where exactly do hot electrons fit into the picture?  

 

 

Figure 2.3. Band edge positions of common materials for plasmonic photocatalysis including 

semiconductor photocatalysts, noble metals, and redox groups. Reprinted for academic use from 

Ref19. Copyright IOP Science (2013). 

2.2 Hot Electron Plasmonic Theory  
 

Theoretical work on hot electrons started in the 1930s, when these energetic charge carriers were 

observed by applying a strong electric field to a conductor. For metals, since high electric fields 

could result in melting or high joule heating- the process by which the passage of an electric current 

through a conductor produces heat -most early hot electron work focused on understanding 

dielectric breakdown in insulators.80 Hot electrons are electrons that are not in thermal equilibrium 
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with their immediate environment (generally, the atoms that compose a material)80 and have very 

high effective temperatures (up to several thousand Kelvin) compared to that of room temperature.  

 Hot electrons are “hot” due to their high kinetic energies and are considered as the by-

product of surface plasmons (or plasmons) – the collective and coherent oscillations of delocalized 

electrons that are excited by incident photons at a metal-dielectric interface.81 As we have seen 

earlier, the collective oscillations of these free electrons are excited by the electric field component 

of incident light at the metal-dielectric interface. Surface plasmons are categorized into two 

different modes depending on the morphology of the metallic nanostructure that enables them. 

One such mode involves Surface Plasmon Polaritons (SPPs) (Figure 2.4b) that are excited on 

continuous metal structures with characteristic dimensions larger than the wavelength of incident 

light. These are propagating plasmonic oscillations that travel along the metal surface for distances 

of tens to hundreds of micrometers.82 

 

Another mode of surface plasmons is indeed the LSPR (Figure 2.4a) that is observed only 

in metal nanostructures smaller than the electron mean free path within the material as well as the 

wavelength of incident light.22 The resonance here refers to the event where the frequency of the 

electron oscillations (against the restoring force of the nuclei) in the metal nanostructure matches 

that of the incident light. This is the main factor for the confinement of photonic energy to the 

surface of the metal nanostructure for a time period that exceeds the time-scales photons would 

generally spend in the same volume traveling at the speed of light.83 LSPRs are non-propagating 

plasmons that are strictly confined to the metal nanostructure, and as discussed earlier, can be 

excited on metal nanoparticles of various morphologies (spheres, prisms, cubes, shells, etc.) as 

well as around nanoholes, nanorods, or even nanoscale corrugations in thin metal films.84  

 

In general, plasmons (LSPRs or SPPs) can be described as free electron oscillations that 

are a result of dipole and higher order multipole formation in metal structures due to incident 

electromagnetic wave excitation.  



39 
 
 

 

Figure 2.4. Schematic illustrations of (A) Localized Surface Plasmon Resonances and (B) Surface 

Plasmon Polaritons. Note the differences in morphologies of the structures involved. E0 refers to 

the electric field of the incident light with wavevector k. Reprinted for academic use from Ref59. 

Copyright American Chemical Society (2011).   

2.2.1 Hot Electrons in Plasmonic Photocatalysis – Why do they matter? 

 

Hot electrons are observed in various critical technologies that take advantage of the LSPR 

mechanism including cancer tissue targeting,85,86 lasing,87 imaging,88 molecular 

characterization,89,90 and photovoltaics91,92 to name a few. Many of these applications focus on the 

design of plasmonic systems to optimize the confinement of photonic energy or modify the 

refractive properties of light and its propagation in certain media while minimizing internal losses93 

or charge carrier formation and transfer processes. Plasmonic photocatalysis falls in the latter 

category, where the focus is largely on LSPRs in plasmonic nanoparticles rather than SPPs, unless 

mentioned otherwise. LSPR excitation can be used to drive chemical reactions and transformations 

directly on the surface of the plasmonic noble metal nanostructure or remotely by transferring the 

incident photonic energy to nearby metals, semiconductors, or molecular photocatalysts. Taking 

our reference system of Au-(n-type) TiO2 heterojunction, let us consider the role hot electrons, via 

the LSPR, play in plasmonic photocatalysis. 
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Hot electrons are a transient phenomenon in nature. In general, hot electrons have energy 

on the order of eV corresponding to the energy of the incident light used to excite them. Hot 

electrons in bulk gold with energies greater than 1 eV above EF have a lifetime of less than 50 fs 

due to extensive relaxation via inelastic electron-electron interactions.94 This is averted in small 

Au nanoparticles where hot electron lifetimes range between 100-500 fs, an order of magnitude 

larger, thanks to confinement effects and reduced electron-electron interactions.95 In the Au-(n-

type) TiO2 heterojunction, the LSPR of the noble metal nanoparticle, in response to incident light 

has been observed to play host to a variety of charge generation and transfer processes that help 

promote photocatalytic reactions.  

 

Essentially, the LSPR results in the generation of more electrons in the semiconductor. 

These electrons have been observed to have high potential energies and originate from the LSPR 

excitation of the plasmonic metal. As such, these energetic hot carriers, or hot electrons, have 

sufficient energy to easily traverse the space-charge region at the metal-semiconductor interface 

and feed into the semiconductor’s conduction band. It is important to note that the term “hot 

electrons” not only describes the individual electrons themselves, but rather the Fermi-Dirac 

distribution of electrons in a solid that are at an elevated effective temperature (the effective 

temperatures when considering the carrier densities in the solid, and not the solid itself) as opposed 

to thermal equilibrium.96 The Schottky barrier at the metal/semiconductor interface assists in 

trapping the now transferred hot electrons in the conduction band of the semiconductor by delaying 

their travel back to the plasmonic metal.97 This LSPR mediated hot electron-transfer to the 

conduction band of the semiconductor effectively prolongs the lifetime of these energetic charge 

carriers, allowing for their utilization in various photocatalytic reactions.  

 

Why is this of significance? It is well-known that plasmonic metals such as Au and Ag 

have surface plasmon resonances in the visible spectrum of light. As such, if the Au nanoparticle 

is able to absorb visible light, independent of the absorption of UV light by TiO2 itself, the LSPR 

created in the metal nanoparticle in response to the incident electromagnetic field, will drive a 

collective oscillation of electrons in the Au nanoparticle, enabling the transfer of electrons to the 

TiO2 even in the absence of any light absorption by TiO2.
11 In such a manner, the LSPR of the Au 

nanoparticle paves the way for visible light sensitization of the wide bandgap TiO2 semiconductor. 
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While it has been assumed that the Au nanoparticle absorbs visible light and the TiO2 absorbs UV 

light, this is not a necessity. Various experiments have been run where the Au nanoparticles are 

tailored to absorb UV light while the TiO2 is doped with metallic or nonmetallic species, such as 

N2-doped TiO2 to improve its responsivity to visible light.98,99 Apart from the LSPR’s visible light 

sensitization, the absorption of an incident UV photon by TiO2 can also create an electron-hole 

pair near the space-charge region of the metal-semiconductor interface. The internal electric field 

then forces the electron to move to the TiO2 region and the hole to the Au nanoparticle. Alongside 

the hot electrons occupying the semiconductor’s conduction band, these photogenerated electrons 

and holes are driven by the internal electric field and by way of capture by acceptors and donors 

in the surrounding solution, help initiate further chemical reactions.22 Apart from noble 

metal/semiconductor systems, plasmon-generated hot electrons have also been demonstrated to 

interact directly with molecules adsorbed on the metal nanoparticle’s surface.83,93,100–105 Here, the 

LSPR excitation of hot electrons assists in polarizing reactant molecules in a surrounding fluid 

enhancing molecular adsorption to the metal surface. The LSPR has also been demonstrated to 

heat up the local environment, thus increasing mass transfer of molecules and enhancing reaction 

rates.19  

 

In summary, plasmonic photocatalysis enables the creation of active charge carriers in the 

semiconductor photocatalyst even in the absence of any or optimal bandgap-energy conforming 

light absorption by the semiconductor photocatalyst. Compared to the photocatalytic processes 

found in semiconductor photocatalytic systems (largely governing heterogeneous catalysis) that 

are so often hindered by high recombination rates, plasmonic noble metal-semiconductor 

nanostructures, via the LSPR can absorb light separately and contribute to the photocatalytic 

process in a synergistic manner. The presence of the plasmonic noble metal nanoparticle 

significantly improves the quantum efficiencies of photocatalytic reactions.106–108 Despite various 

demonstrations of the potential of plasmonic photocatalytic systems, there has been very little 

progress in the commercialization of these systems. This can largely be attributed to the gaps in 

knowledge and understanding that continue to persist within the scientific community regarding 

the origin of hot electrons, and the subsequent charge dynamics that play a crucial role in plasmon-

enhanced photocatalytic systems to promote photocatalytic activity. Considering the 

metal/semiconductor heterostructures involved and the influential role the interfacial electronic 
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structure plays on said systems’ catalytic activity, precise knowledge of interfacial and hot electron 

dynamics over time scales that coincide with chemical reactions is fundamental toward 

understanding related processes and system optimization. 

2.2.2 Hot Electrons in Plasmonic Photocatalysis – How do they work?  
 

In describing the charge-transfer dynamics involved in plasmonic heterostructures, the scientific 

community has for a large part been guided by established knowledge on the physical modeling 

of extended metal surfaces.  

 

Conventional theory suggests an indirect sequential charge excitation/charge transfer 

process to describe hot electron charge transfer dynamics when LSPR excitation occurs on a 

plasmonic metal nanostructure. In this description, an incident photon excites the LSPR of a 

nanoparticle resulting in the formation of particle plasmons (the collective oscillations of 

electrons) that dephase nearly instantaneously to yield excited electron-hole pairs within the metal 

nanostructure. Dephasing here refers to a reduction in the amplitude, a signature of energy loss, of 

the collective oscillation of free electrons to the excitation of individual electrons and holes in the 

metal nanostructure. This is also otherwise known as Landau damping.109 The dephasing of the 

particle plasmons into electron-hole pairs is a form of non-radiative decay that can involve either 

intraband or interband transitions.110 A competing, but typically inefficient, dephasing mechanism 

is the radiative decay of particle plasmons.111  

 

Spectroscopic techniques such as single-particle near-field scanning optical microscopy 

(SNOM) and second harmonic generation (SHG) have been used to determine that Landau 

damping occurs on time scales ranging from less than 10 fs to a few tens of fs.111 For Au and Ag 

nanoparticles of size ~ 20 nm, formed by electron beam lithography, dephasing times of 4-8 fs and 

7-10 fs have been observed, respectively.109,112 The resultant electron-hole pairs produced in the 

few femtoseconds following plasmon dephasing are distributed over a range of energies allowing 

higher energy charge carriers to occupy acceptor states in nearby semiconductors or molecules. 

What began as an equilibrium thermal distribution of charge carriers in the metal nanostructure 

has changed to a nonequilibrium athermal hot charge carrier distribution that cannot be described 
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by Fermi-Dirac statistics. The subsequent cooling of this athermal charge carrier distribution to 

yield a Fermi-Dirac distribution of electrons occurs over tens to hundreds of femtoseconds through  

contributions from bulk electron-electron scattering, radiative damping, and electron-surface 

collision damping.83,93,101,113,114 Further relaxation of the charge carrier distribution occurs via 

electron-phonon collisions over a few picoseconds while the excited phonons themselves 

equilibrate over hundreds of picoseconds. (Figure 2.5a)  

 

 

Figure 2.5. (a) The conventional charge transfer mechanism where resonant photon absorption 

results in the creation of hot electron-hole pairs within the metal nanostructure followed by (i)-

(iii) immediate relaxation of the athermal hot carrier distribution via electron-electron and 

electron-phonon collisions, in what is a momentum relaxation process where the cooling of the 

distribution is facilitated by d-band holes. (b) DIET mechanism where electrons generated under 

excitation are directly injected into the conduction band of the semiconductor without and before 

any interactions with other electrons. Reprinted for academic use from Ref93. Copyright American 

Chemical Society (2016).  
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Time-resolved studies involving femtosecond pulse experiments have been influential in 

providing a kinetic representation of these diverse damping processes. From these experiments, a 

distinction can be made between electrons excited via low-energy and high-energy transitions. As 

such, a large population of low-excitation energy electrons and a dilute population of high-

excitation energy electrons are observed to comprise the total distribution of electrons during the 

femtosecond pulse. Essentially, conventional theory states that in LSPR excitation of a plasmonic 

nanoparticle, the final thermal distribution of electrons is comprised of significantly fewer high 

energy excitation electrons as compared to the initial excited distribution; the rapid cooling of the 

initial athermal excited distribution of electrons is attributed to rapid relaxation processes with 

electron-electron scattering occurring at ~ 100 fs followed by electron-phonon collisions at the 

picosecond timescale.115,116 These collisions can result in a localized heating effect where an 

increase in the temperature of the metal nanoparticle may be observed.19 Phonon-phonon 

relaxation can also couple the vibrations of the semiconductor lattice to that of the metal 

nanoparticle, further heating the two materials and the surrounding environment.  

 

In this framework, two types of charge carriers can be distinguished as a result of LSPR 

excitation: (i) low-excitation energy charge carriers (Drude electrons and holes) found near the 

Fermi level, and responsible for plasmon oscillations, and (ii) high-excitation energy charge 

carriers (hot electrons) with energies >> 𝑘𝐵𝑇 above the Fermi level, where 𝑘𝐵 is Boltzmann’s 

constant and 𝑇 is the temperature (in units of Kelvin). Ideally, plasmonic photocatalysis would 

desire the extraction of these hot electrons to promote photocatalytic reactions. But according to 

the conventional theory, the expected yield of hot electrons is low. This is because most of the 

charge carrier energy is immediately lost through LSPR dephasing via interactions with other 

electrons and phonons within the nanoparticle, and thus, a large fraction of the energetic charge 

carriers that are formed do not have sufficient energy to support photocatalytic activity or energy 

transfer reactions. Drude carriers do not have the excess thermodynamic energy at room 

temperature to drive chemical reactions, only hot carriers do. Due to this, conventional theory 

suggests that the key to facilitate efficient plasmonic photocatalysis would involve the extraction 

of the hot carriers before they fully equilibrate. However, there have been multiple experimental 

observations reporting the contrary.  
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Fundamental deviations from the conventional description of hot carrier charge 

excitation/transfer have been discovered in systems concerning semiconductor-to-adsorbate 

charge transfer reactions where extraction processes have involved tunneling or thermionic 

emission of hot carriers over the Schottky barrier and into the nearby semiconductor.117 Now, 

according to the sequential excitation and relaxation picture proposed by conventional theory, if 

one were to take note of the number of hot carriers with the right energy and momentum to cross 

the barrier, the nature of the carrier distribution, and the probability that hot carriers will reach the 

noble metal-semiconductor interface as well as the interface transmission probability, injection 

efficiencies of ~ 1% are expected.118 Considering the relaxation timescales involved in the 

sequential charge transfer framework, ultrafast charge transfer and extraction of hot carriers from 

the metal to the semiconductor is a strict prerequisite for efficient plasmonic photocatalysis. 

Surprisingly, this is not the case in reality, as hot electron injection efficiencies of 20-50% for Au 

nanoparticle - TiO2 nanoparticle heterojunctions have been observed using femtosecond transient 

absorption spectroscopy.97,118 These results are supported by ultrafast charge transfer timescales 

ranging between 50-240 fs that have been observed in said systems under 550 nm light 

excitation.119,120  

 

These contradictions have called for a completely different mechanistic description for hot 

electron harvesting involving the direct excitation of interfacial charge transfer (IFCT) states. 

(Figure 2.6b) The IFCT mechanism refers to when an electron in the noble metal is directly 

excited into the conduction band of the semiconductor. From the perspective of plasmonic systems, 

the IFCT mechanism refers to plasmon induced metal-to-semiconductor interfacial transitions 

(PICTT)121 where it is posited that the plasmon of the noble metal dephases with the direct creation 

of an electron in the conduction band of the semiconductor and a hole in the metal. (Figure 2.6c) 

This is promoted by strong coupling and mixing of metal and semiconductor energy levels. 

Plasmon-induced IFCT has been widely demonstrated in Au nanoparticle - CdSe 

heterojunctions121 and have also been identified as the major cause of the high visible responses 

observed in Cu-TiO2 heterojunction photocatalysts,23,122–126 but the direct excitation of charge 

transfer states is most commonly found in experiments where adsorbates are added to the surfaces 

of plasmonic nanostructures.  
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Figure 2.6. The various charge separation pathways in noble metal-semiconductor systems. (a) 

The conventional plasmonic hot electron transfer (PHET) mechanism where a plasmon (cloud) in 

the noble metal dephases into a hot electron-hole pair via Landau damping. The electron-hole 

pairs display a broad distribution of energies and the hot electron is injected into the conduction 

band of the semiconductor.  (b) The IFCT mechanism where an electron in the noble metal is 

directly excited into the conduction band of the semiconductor. (c) The PICTT mechanism where 

the plasmon (cloud) dephases with the direct creation of an electron in the conduction band of 

the semiconductor and a hole in the metal. VB and CB indicate valence and conduction bands, and 

hv is the energy of the incident photon.  

In general, molecule-to-semiconductor electron transfer reactions are said to occur at sub-

picosecond timescales thanks to the high density of vacant acceptor states in the semiconductor 

and by invocation of Fermi’s golden rule.127 On the other hand, semiconductor-to-molecule 

electron transfer reactions are quite slow due to the much lower density of states in the molecule.128 

Given this, conventional theory would draw the conclusion of significant hot electron transfer from 

the noble metal to vacant molecular states to be highly unlikely, but once again multiple 

experiments have reported that the very presence of a chemical adsorbate (a molecule for example) 

on a plasmonic nanoparticle can lead to even faster relaxation of the LSPR over timescales of ~ 5 

fs.83 This chemical adsorbate promoted relaxation of the LSPR is referred to as chemical interface 

damping (CID). CID suggests the addition of adsorbates, absent in IFCT, to the surface of 
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plasmonic nanostructures induces a direct and additional pathway for plasmon dephasing as well 

as a broadening of the plasmon band. The mismatch in relaxation timescales here compared to 

those suggested by the indirect sequential mechanism has led to the development of a contending 

explanation where molecular adsorbate plasmon-enhanced photocatalysis reactions are involved. 

Such reactions are said to proceed through a direct excitation mechanism or a “dissociation induced 

by electronic transitions” (DIET) process where a charge-transfer transition is directly excited 

while seemingly bypassing other processes including LSPR damping within the noble metal 

nanoparticle, and the internal relaxation of electrons.83,93,113 (Figure 2.5b) 

 

In this manner, DIET could be identified as a subset of CID (which itself is a subset of 

IFCT, involving molecular-noble metal heterostructures) describing small molecule-plasmon 

enhanced interfacial charge transfer processes where the excitation of the charge transfer transition 

transiently occupies a surface bound anionic state of the adsorbed molecule.  Such a state is 

vibrationally excited according to the conventional theory and will relax rapidly through 

vibrational cooling followed by the transfer of the electron back into the metal nanoparticle. 

Dissociation is then activated when the electron excitation rates are greater than electron relaxation 

rates resulting in reactive species that can initiate photocatalytic reactions.113 The DIET process 

has been identified as the primary mechanism behind the high hot electron charge transfer quantum 

yields evidenced in plasmon-induced oxidation reactions involving resonant photo-electron 

transfer from Au and Ag nanoparticles to strongly bound molecules or semiconductor dots on the 

surface of the noble metal nanoparticles.93,113,129 In fact, DIET is fundamental to systems where an 

organic molecule is adsorbed to a noble metal-semiconductor heterojunction: the photocatalytic 

oxidation of CO over Au nanoparticle-TiO2,
130

 the oxidative degradation of organic compounds 

using TiO2-Au photocatalysts,131 vapor phase reduction of CO2 over TiO2-Au nanoparticle 

photocatalysts,108 and the use of reduced graphene oxide (rGO) bridges to shuttle hot electrons 

between Ag/Au nanoparticles and TiO2.
132  

 

A clear distinction between CID and general electron transfer following plasmon decay 

remains elusive. There are also doubts if CID and electron-surface scattering are distinct 

phenomena.133 A fundamental difference between the direct and indirect charge-transfer 

mechanisms concerns their description of the exact moment when plasmon dephasing occurs. In 



48 
 
 

the case of the former, it is the charge-transfer reaction itself that leads to plasmon dephasing while 

in the latter plasmon dephasing is described to occur before charge-transfer reactions. The 

importance of this distinction between the two processes necessitates further research to be pursued 

on CID processes that may help shed light on how molecules interact with electrons in metal 

nanoparticles. This would potentially include studies on the binding modes of reactants on the 

surface of metal nanoparticles, orbital couplings, and their influence on hot electron generation 

and transfer.93,95,129,134 Much of this will be crucial in constructing a full picture of photocatalytic 

reactions driven by plasmon-induced hot electrons, a prerequisite for modifying relevant 

nanostructures and achieving full optimization of plasmonic photocatalytic systems by 

manipulating hot electrons.   

 

For now, in the context of current progress in plasmonic photocatalysis, the indirect 

sequential mechanism and the IFCT mechanism are both commonly used to describe and postulate 

the charge transfer processes realized in plasmonic noble metal-semiconductor heterojunctions. 

Taking our reference system of Au-(n-type) TiO2 plasmonic noble metal-semiconductor 

heterojunction, visible light absorption by the Au nanoparticle results in collective oscillations 

(plasmons) of sp-band electrons along with the creation of hot electrons in the sp-conduction band. 

The rapid plasmon dephasing results in very poor hot electron injection efficiencies. As such for 

successful and efficient hot electron injection to occur, a number of conditions must be satisfied: 

(i) the charges must first be able to reach the surface of the plasmonic nanoparticle, and (ii) from 

there the charges must have enough energy (above the metal’s Fermi level) to overcome the 

Schottky barrier while (iii) the residual hot holes must be extracted to sustain charge neutrality 

within the plasmonic noble metal.135 The hot holes and electrons formed by this charge separation 

at the metal-semiconductor interface help initiate redox reactions, and promote plasmonic 

photocatalysis. 

2.3 Advantages of Plasmonic Photocatalytic Systems  
 

Photocatalysis can be compressed to four major steps: (i) the absorption of light, (ii) the subsequent 

generation of a local electric field, (iii) followed by charge carrier generation and separation, and 

(iv) the facilitation of redox reactions. Plasmonic photocatalysis, by way of the LSPR, promotes 

all these steps resulting in higher optical absorption and visible light sensitization, optimal light 
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utilization, enhanced local electric fields, enhanced charge carrier generation and separation, as 

well as enhanced temperature dependence and molecular adsorption. We will briefly consider 

representative examples of each case in the following sections. 

2.3.1 Optical Absorption, Visible Light Sensitization, and Optimal Light Utilization 
 

The LSPR of noble metal nanoparticles as well as their optimized scattering of light facilitates a 

collective enhancement in optical absorption and visible light sensitization of common 

semiconductor photocatalysts such as TiO2 that primarily absorb in the UV-regime. 

  

Linic et al.92 have demonstrated that the incorporation of large noble metal nanoparticles 

(> 60 nm) in semiconductor photocatalysts allows for enhanced scattering and increased photon 

path length in the semiconductor. Additionally, the morphology and loading amount of the noble 

metal has been proven to play a role in the enhancement of light scattering.136 It has been observed 

that large Ag nanocubes of edge length 118 ± 25 nm enhance optical absorption of 400-500 nm 

wavelength photons by 25% while providing the highest photoreaction rates compared to other 

morphologies.137  

 

Plasmonic photocatalysis also provides for optimal light utilization compared to what is 

typically observed in semiconductor photocatalysis. In semiconductor photocatalysts, photons 

only penetrate a few nanometers to a few micrometers into the semiconductor resulting in poor 

absorption, and usage of light. Furthermore, photons absorbed far below the surface the 

semiconductor can contribute very little to photoreactions as the subsequently generated electrons 

and holes would encounter long diffusion lengths and would recombine before reaching the 

surface.92 This adversely affects the reaction rates observed in these systems as the electrons easily 

recombine with the holes in the bulk of the semiconductor before ever reaching the surface where 

they could be used to promote chemical reactions. This is averted in plasmonic photocatalysis 

where the space charge layer reduces the chances of electron-hole recombination.75,92 Furthermore, 

the charge carriers generated in plasmonic photocatalysis are closer to the surface of the 

semiconductor and are provided a shorter diffusion path to the surface. Thus, the energy of the 

incident light is utilized far more effectively in a plasmonic photocatalytic system as compared to 

a semiconductor photocatalyst alone.  
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 Beyond these improvements, the most inviting aspect of plasmonic photocatalysis is the 

visible light sensitization of semiconductor photocatalysts. (Figure 2.7) Farsinezhad et al.23 have 

shown that the incorporation of an Au/TiO2 composite nanotube structure provides for visible light 

sensitization of TiO2 resulting in a larger absorption in the visible range (>400 nm) that can be 

attributed to the LSPR. Other notable examples include those of Hu et al.138 who provide a 

comparative analysis of the absorption spectra of pure TiO2, Ag/TiO2 composite, and an 

Ag/AgBr/TiO2 composite. Ultraviolet-Visible (UV-Vis) diffuse reflectance spectra show that the 

Ag/TiO2 composite has a larger absorption in the visible regime compared to the bare TiO2 sample. 

This enhancement is directly attributed to the LSPR. A similar result is also observed with the 

Ag/AgBr/TiO2 composite where the indirect bandgap transition of AgBr alongside the LSPR of 

Ag provides for visible light sensitization of the TiO2. On a different note, distinct enhancement 

of light absorption has also been achieved in ZnO nanorods coated with Ag films.139 An optimal 

film thickness of less than 30 nm is observed to provide the highest enhancement.  
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Figure 2.7. UV-Vis spectra for (a) transmission, (b) reflection, and (c) absorption of ZnO nanorods 

coated with varying thicknesses of Ag films. Within the visible-light range, it is noted that for Ag 

films of thicknesses less than 30 nm the highest absorption is recorded.  This is attributed to LSPR 

effect induced by interaction between the incident light and the Ag film. For Ag films of thicknesses 

less than 30 nm, the film is composed of small islands where LSPRs are dominant and dipole-dipole 

scattering helps enhance visible light absorption. Reprinted for academic use from Ref139. 

Copyright IOP Publishing (2012). 
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2.3.2 Enhanced Local Electric Field 
 

The LSPR results in an enhancement of the local electric field. Studies of the local enhancement 

of the electric field proliferate various applications in Raman spectroscopy,140,141 plasmonic 

devices and sensors,142 and metamaterials.143–148 Finite difference time domain simulations have 

also confirmed said observations on the enhancement of the local electric field, where the 

enhancement factor can be tailored by changing the shape and size of the noble metal nanoparticle 

or via coupling to other nanoparticles.46,147,149–152 (Figure 1.9) The focal region where these 

enhancements are discovered have been identified as hotspots and are generally located around 

regions of extreme curvature on the nanostructure that is being observed. Nanocubes are generally 

shown to have a larger enhancement factor compared to nanospheres and nanowires.136 These 

observations are of great importance in plasmonic photocatalytic systems as the enhanced electric 

field can penetrate the space-charge region of the nearby semiconductor if it has direct contact 

with the noble metal nanoparticle. We have also seen that in the case of coupled metal 

nanoparticles the enhanced electric field would extend out of the metal to distances of tens to 

hundreds of nanometers.46,143 This behavior in turn helps boost the charge carrier generation rate 

as in a semiconductor the charge carrier generation rate is directly proportional to the intensity of 

the local electric field. The enhancement of the local electric field, via the LSPR, would then 

further facilitate the enhanced generation of electrons and holes.153,154 

2.3.3 Enhanced Temperature Dependence and Molecular Adsorption  
 

Plasmonic photocatalytic systems also benefit from an enhanced temperature dependence and 

molecular adsorption.  The LSPR of the noble metal nanoparticle converts part of the incident light 

energy into thermal energy (localized heating effects). While conventional semiconductor 

photocatalysis observes a reduction in reaction rates due to increased temperatures leading to 

higher charge recombination,155 plasmonic photocatalytic systems do not suffer from the same. 

This has been demonstrated by Nishijima et al.58 where an array of Au nanorods pattered on a n-

type TiO2 crystal demonstrated a positive dependence of the reaction rate on temperature where 

an increase in temperature via the LSPR resulted in higher photocurrent.  
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 Enhanced molecular adsorption is another beneficial consequence of the LSPR of the noble 

metal nanoparticle. The presence of the metal nanoparticle enhances molecular interaction through 

various means, as if the noble metal were itself a strong catalyst. Pt fits this category and has been 

used extensively as a catalyst for various catalytic and reduction reactions.156,157 Surface-enhanced 

Raman scattering and fluorescence quenching of dyes on metal nanoparticles provides further 

proof that the LSPR of metal nanoparticles allows for a fast, and efficient pathway of charge 

transfer.153,158–160 In their incorporation with a semiconductor, the plasmonic system may result in 

an accumulation of charges either on the semiconductor or the metal which can assist in the 

selective attraction and repulsion of charged chemical compounds. The dipolar nature of the LSPR 

would particularly attract polar molecules such as water, while polarizing non-polar molecules, 

and ultimately enhance molecular adsorption. 

2.3.4 Enhanced Hot Carrier Generation and Separation  
  

The most important facet of plasmonic photocatalytic systems is the generation of hot charge 

carriers (electrons and holes) via the LSPR of the noble metal nanoparticle that help facilitate 

photocatalytic reactions. Although the specific mechanism that governs these hot charge carriers 

is up to contention, their generation and subsequent separation is a fact that has been consistently 

observed and exploited in multiple experiments.92,101,136,137,149,153 These experimental efforts 

largely follow measurements that in and of themselves provide signatures of the enhancements in 

charge carrier generation and separation whilst also characterizing the potential applications of 

plasmonic photocatalysis. 

2.3.4.1 Photocatalytic Dye Degradation/Aerobic Oxidation of Organic Compounds  

  

Photocatalytic dye degradation involves the de-coloration of dyes. Thin layers of dyes can be 

deposited onto a plasmonic architecture via spin coating or dip coating.136,161 The rate of 

discoloration by oxidation then serves as the signature of hole generation. Plasmonic enhancement 

of charge carrier generation would then correspond to faster rates of de-coloration as opposed to 

other photocatalytic systems. 

 

 Beyond dye degradation, plasmonic photocatalysis also finds a potential application in 

efforts for photocatalytic degradation of organic pollutants. These efforts follow the need to 
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eliminate environmental pollution which pose adverse effects to human health and the 

environment itself. Natural biodegradation is very slow, and while semiconductor photocatalytic 

degradation of organic pollutants to non-hazardous products has been highly appealing, it is 

weighed down by the deficiencies that follow semiconductor photocatalysts. Plasmonic hot 

electron mediated photocatalysis, however, bridges this barrier. The enhanced generation of charge 

carriers in noble metal nanostructures can be engineered for specific chemical transformations 

through DIET.  

 

One example involves a plasmonic system of Ag-loaded n-doped TiO2 photocatalysts 

reporting the enhancement of visible-light induced photocatalytic degradation efficiency of Ag/n-

TiO2 in the degradation of methyl orange (MO) due to a synergistic effect involving both the 

incorporation of Ag-loading and n-doping.162 X-ray Diffraction (XRD), X-ray Photoemission 

Spectroscopy (XPS), and UV-Vis Diffuse Reflectance Spectroscopy (DRS) techniques are utilized 

to characterize the Ag/n-TiO2 which indicates a clear redshift in the optical response of TiO2 

photocatalysts along with higher visible absorbance in n-TiO2. Comparisons in data between n-

TiO2 and Ag/n-TiO2 suggest that the silver loading also played a role in promoting visible light 

sensitization and absorption. Comparative studies of photocatalytic degradation activities of MO 

dye solutions under visible light irradiation for blank, TiO2, n-TiO2, and Ag/n-TiO2 composites 

show a dramatic increase from negligible degradation to 8% MO degradation in TiO2, 37% MO 

degradation in n-TiO2, and up to 54% MO degradation in Ag/n-TiO2. 0.5% wt. Ag content was 

identified as the optimum loading amount for the highest efficiency of MO photodegradation for 

the n-TiO2 photocatalysts. 

  

Similar results have also been observed while comparing various compositions of TiO2 

between amorphous and anatase phases under varying conditions of xenon illumination and 

thermal annealing, with the conglomerate Ag/AgCl/TiO2 plasmonic nanostructure expressing the 

greatest photodegradation activity.163 Compared to the earlier work with 54% MO degradation in 

Ag/n-TiO2 in 120 minutes, an equivalent amount of degradation occurs here within a shorter time 

period of 60 minutes. (Figure 2.8)  
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Figure 2.8. (A) Comparisons of photocatalytic decomposition of Methyl orange in water of samples 

of (a) anatase TiO2 (b) amorphous Ag/AgCl/TiO2, (c) anatase Ag/AgCl/TiO2, and (d) anatase TiO2-

xNx demonstrating that the anatase Ag/AgCl/TiO2 provides for fastest degradation of the Methyl 

orange in water. (B) Cyclic degradation curve for anatase Ag/AgCl/TiO2. Reprinted for academic 

use from Ref163. Copyright American Chemical Society (2009).  

2.3.4.2 Enhanced Photoluminescence  

  

Relaxation of the excited state of a molecule or a semiconductor is followed by the spontaneous 

emission of a photon, a process termed photoluminescence.164 

  

Photoluminescence (PL) is strongly influenced by surface plasmons when present near the 

emitter. The presence of an LSPR enhanced local electric field can induce a faster radiative decay 

of the excited state. At the same time the large free electron density in noble metal nanoparticles 

can quench the excited state and attenuate photon emission.158,164 In the end, the occurrence of 

these phenomena is determined by the quality factor of the LSPR, the distance between the 

plasmonic nanoparticle and the emitter. If the plasmonic nanoparticle is in contact with the emitter, 
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quenching of the excited state will dominate. Meanwhile, if the plasmon resonance has a high Q-

factor and the distance between the plasmonic nanoparticle and the emitter is a few nm, an 

enhancement of the photoluminescence due to the local field enhancement can occur. In the 

context of photocatalysis, photoluminescence can also happen when there are no redox groups to 

capture the photogenerated charge carriers. In such a case, the photoluminescence is typically 

proportional to the amount of generated electron-hole pairs within the semiconductor. 

 

 A representative example of photoluminescence as a useful technique and as a resultant 

signature of plasmonic activity is provided by the work of Paul et al.165 By comparing the PL 

spectra of pure TiO2 with that of the composite Ag-TiO2 excited using a 355 nm laser, it is observed 

that the PL intensity is highly reduced in the heterostructure by the introduction of the Ag 

nanoparticles. (Figure 2.9) The PL quantum yield of bulk gold films under UV excitation is 10-10, 

rising to 10-6 in spherical Au nanoparticles, 10-4 in Au nanorods, and 4 x 10-2 in Au nanocubes.166 

The higher photoluminescence efficiency in these plasmonic Au nanostructures is attributed to the 

accelerated radiative decay process thanks to the enhancement of the local electric field via the 

LSPR. A proportional enhancement of the photoluminescence for increasing Au metal loading in 

composite Au-TiO2 systems have been reported by Christopher et al.136  
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Figure 2.9. Photoluminescence can be utilized to probe electronic interactions in plasmonic 

nanostructures and can elicit the nature of defects, charge recombination kinetics, and the 

migration of photogenerated charge carriers. Paul et al.165 demonstrate this in (a) where a PL 

spectra comparison of pure TiO2 with an Ag-TiO2 composite at 355 nm displays a high reduction in 

the PL intensity with the introduction of Ag nanoparticles. (b)-(c) present Gaussian fitted PL spectra 

of TiO2 nanorods and the Ag-TiO2 heterostructure where the PL intensity of TiO2 nanorods is shown 

to have decreased by a factor of three after decoration by Ag nanoparticles while the spectra 

relatively remain the same. (d) provides time-resolved PL spectra comparison of the same set of 

structures (TA32 is Ag-TiO2 with weight ratio 3:2) at 471 nm (emission) with 375 nm excitation. 

This information can be used to determine the lifetime of charge carriers in the different samples. 

Reprinted for academic use from Ref165. Copyright American Chemical Society (2017). 
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2.3.4.3 Photoelectrochemical Water Splitting  

 

Measuring the photocurrent is a direct signature of the electron and hole generation rate. This 

classic method is otherwise known as photoelectrochemical water splitting. Water splitting 

essentially refers to the decomposition of water to molecular H2 and O2, 

H2O → 2H2 + O2  E = 1.23 V vs. NHE 

The process is comprised of two parts: (i) a photo- or electrochemical component that generates 

the oxidizing or reducing equivalents, and (ii) a suitable redox catalyst that mediates the formation 

of the molecular gases.1 With a three-electrode setup involving a working electrode (the plasmonic 

sample), the counter electrode (Pt plate), and a reference electrode (Ag/AgCl) the photocurrent 

and the corresponding current-voltage (I-V) curve can be measured between the working electrode 

and the counter electrode. An enhancement in charge carrier generation would correspond to an 

enhancement in the photocurrent consisting of the charges being fed through the circuit.149 

Compared to the dye degradation method, water splitting also helps distinguish from localized 

heating effects as the energy required to split water (1.23 V) is much higher than that generated by 

the localized plasmonic heating effect.149  

 

Ingram et al.137 utilize water splitting as a means to quantify the photocurrent efficiencies 

of pure Ag nanocubes, pure n-doped TiO2 nanoparticles, and Au/Ag@n-doped TiO2 plasmonic 

composite systems. Focusing on photocurrents due to broadband visible light (400-900 nm), 

Ingram et al.137 observe that pure Ag shows no response, pure n-doped TiO2 exhibits a low 

response very similar to that of Au@n-doped TiO2, and Ag@n-doped TiO2 producing the highest 

photocurrent, with an enhancement factor of ~10 compared to the pure n-doped TiO2 sample. 

Similar measurements have also been made by Zhu et al.167 who compared photocurrent 

measurements made on TiO2-Pd nanosheet and nanotetrahedron architectures to those of bare of 

TiO2 samples. The confirmation of higher photocurrent in TiO2-Pd nanosheets as opposed to those 

of bare TiO2 samples is attributed to plasmonic hot electron injection. The lower performance of 

TiO2-Pd nanotetrahedrons is due to poor hot electron injection abilities. (Figure 2.10) 
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Figure 2.10. (a) Photocurrent measurements on TiO2-Pd nanosheets and nanotetrahedrons 

compared to those of TiO2. The higher photocurrent intensities are proof of plasmonic hot 

electron injection, while the TiO2-Pd nanotetrahedrons evidence poor hot electron injection 

abilities. (b) Hydrogen production rates of the same structures under UV-Vis light. TiO2-Pd 

nanosheets exhibit the highest photocatalytic activity among the three samples. Reprinted for 

academic use from Ref167. Copyright Royal Society of Chemistry (2016).  

Most interestingly, it has been noted that by tweaking the TiO2 bandgap to overlap the 

plasmonic band of Au nanoparticles, one can ensure the plasmonic resonant energy charge transfer 

processes complement the Schottky junction to produce enhanced photocatalytic water splitting.168 

This has been used to great effect by Zhang et al.169 who utilize an assembly of plasmonic Au 

nanocrystals coupled with bottom-up fabricated TiO2 nanotube photonic crystals onto achieve 

maximum quantum efficiencies of 8% under visible light irradiation, with photocurrent densities 

of ~150 μA/cm, the highest values reported in any plasmonic Au/TiO2 system under visible light 

illumination. 

2.3.4.4 Photocatalytic CO2 Reduction and H2 Generation  

  

With motivations similar to what has been considered in organic pollutant degradation, CO2 

photoreduction aims to transform atmospheric CO2 and CO2 in exhaust emissions into useful fuels 

and chemicals.6 Here again, plasmonic photocatalytic systems have proven effective for the cause 

as opposed to their semiconducting counterparts.170–175  
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 In this context, it is the direct generation of reduced fuels from CO2 and their corresponding 

quantities that serves as the signature of enhanced charge generation activity. This has been 

demonstrated effectively in the work of Hou et al.108 who presented that Au gold islands formed 

on TiO2 films generated 22.4 μmol/m-cat of methane from 51.6 mL of CO2-saturated water alone 

at a reaction temperature of 750C under 15 hour illumination by the 350 mW output of a 532 nm 

green laser. This yield was reported to be 24 times higher than that of bare TiO2 films under 

identical reaction conditions. Using a different architecture in hexagonal close-packed core-shell 

Au/TiO2 nanocrystal arrays Wu et al.176 reported a dramatic increase in hydrogen production from 

20% methanol solution achieved with the plasmonic composite compared to bare TiO2 thin films 

and randomly distributed Au/TiO2 nanocrystals. The significant increase in hydrogen production 

was correlated to the optimal coupling of the enhanced local electric field from the LSPR of the 

Au/TiO2 nanocrystal arrays, with a 16.67% increase in photocatalytic efficiency, which further 

promoted the generation of hot charge carriers to assist in the photocatalytic reduction process. 

(Figure 2.11)  
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Figure 2.11. Hydrogen generation comparisons for samples of Au/TiO2 nanocrystal arrays with 

different coating thicknesses of TiO2 to that of bare TiO2 thin films under (a) UV irradiation (Hg 

lamp), and (b) visible-light irradiation (Xe lamp). A rough approximation by eye shows that under 

UV-light, 40 nm-Au-TiO2 nanocrystal arrays generate 90000 µmol of hydrogen while 10 nm-Au-

TiO2 nanocrystal arrays generate 37000 µmol after 8 hours respectively. Under similar conditions 

it is obvious that the bare TiO2 counterparts produce generate lower hydrogen amounts. Under 

visible radiation, the bare TiO2 generate a very negligible amount of hydrogen while the 40 nm 

and 10 nm Au-TiO2 counterparts generate roughly 12000 µmol and 45000 µmol of hydrogen after 

8 hours. In other words, the plasmonic heterostructure presents higher photoreduction activity. 

Reprinted for academic use from Ref176. Copyright Elsevier (2016).  

2.4. Closing Remarks  
 

Having discussed the fundamental principles of plasmonic photocatalysis, we will now shift our 

focus toward modeling plasmonic nanostructures. In particular, the following chapter will consider 

various unique architectures for plasmonic noble metal-semiconductor heterojunction platforms I 

have had the opportunity to investigate using electromagnetic simulations through collaborative 

experiments with my peers at the Shankar group. These efforts have laid the foundation for my 

own doctoral research focusing more on fundamental insights into the hot carrier dynamics of 

plasmonic systems.  
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Chapter 3 

Modeling Plasmonic Nanostructures 
 

3.1 Introduction  
 

Studies on the optical properties of nanoparticles have been a subject of considerable interest since 

Mie’s original work in 1908 explaining the red color of gold nanospheres.177 For particles in the 

quasistatic limit, the optical responses for geometries including planar interfaces, cylinders, 

spheres, and spheroids can be found by solving Maxwell’s equations with the proper boundary 

conditions.46 The simplest case involving spherical nanoparticles was provided previously in 

Chapter 1. 

  

Beyond the quasistatic approximation, the optical response of nanoparticles becomes much 

more complicated, resulting in multipolar resonances and higher order modes. Mie theory provides 

the full solution for the local and far fields scattered by a spherical metal particle under these 

conditions.41 The relevant equations, in terms of spherical Bessel and Hankel functions, are only 

straightforward in special limits where they reduce to simpler forms. Otherwise, Mie scattering is 

generally a numerical exercise. Analytical solutions can also be found for diverse geometries 

including cubes, edges, and hemispheres.178–180 These solutions are dependent on simple models 

for the dielectric response such as the Drude model. Here too, quantitative results based on 

empirical dielectric functions generally require the use of the numerical approach. Moreover, the 

numerical approach becomes a necessity for understanding the optical response of more 

complicated structures. 

 

Several numerical methods have been developed to model the near, and far-field optical 

responses of nanoparticles with each having its fair share of advantages and disadvantages. Mie 

theory,41 near-field efficiencies,181 T-Matrix,182 and time-dependent local-density approximations 

are system and geometry dependent methods.183 These methods are constrained by symmetry 

limitations resulting in excessively complex solutions for arbitrary nanostructures.184–187 Other 

methods including the discrete dipole approximation,64 coupled-dipole approximation,188 and the 

multiple multipole method189 are deficient in that they are not fully retarded. Contrastingly, fully 
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retarded methods such as the boundary charge method,190 boundary element method,191 and finite 

element method191 are prone to large computational loads.177 With these factors in mind, my 

research will focus on the use of the finite-difference time-domain (FDTD) method to model the 

optical responses of bimetallic nanostructures. 

3.2 The FDTD method 
 

The FDTD method is an intuitive approach where Maxwell’s equations are solved directly. The 

corresponding electric and magnetic fields are discretized in both time and space on a spatial grid 

that encompasses the nanostructure to be analyzed, and the surrounding regions where the fields 

are to be determined. Such an approach allows for the study of the near and far-field 

electromagnetic responses for heterogeneous nanomaterials of arbitrary geometry.32,177 In fact, 

FDTD has often been used to model the nanostructure geometries mentioned earlier as well as 

others including photonic crystals,192 NSOM tips,193 and pyramidal recording probes.194 

  

 We begin by solving Maxwell’s curl equations in non-magnetic media:  

∇ × �⃗� = −
1

𝑐

∂�⃗� 

∂𝑡
(3.1) 

�⃗⃗� (ω) = ϵ(ω)�⃗� (ω) (3.2) 

∇ × �⃗� =
1

𝑐

∂�⃗� 

∂𝑡
(3.3) 

This is achieved by replacing all time derivatives with central differences. For example, we can 

rewrite (3.3) as,  

�⃗� (𝑥 , 𝑡 + δ𝑡) = �⃗� (𝑥 , 𝑡 − δ𝑡) − 2(δ𝑡)𝑐 × �⃗� (𝑥 , 𝑡). (3.4) 

�⃗�  at time (𝑡 + δ𝑡) can be found in this manner if �⃗�  at time (𝑡 − δ𝑡) and �⃗�  at time 𝑡 are known. In 

other words, the fields are found by propagating the discretized Maxwell’s equations forward in 

time. A similar analysis can be applied to the second Maxwell curl equation where �⃗�  can be 

propagated forward in time. Alternatively, the curl operator could also be expanded in sums of 

central differences with �⃗�   and �⃗�  now being propagated forward in space. Knowledge of field 

values at an initial time makes it straightforward to implement the forward propagation in both 

schemes.  
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Grid discretization must be carefully monitored. With regards to spatial discretization 

(Δ𝑥), the grid must be fine enough to resolve the smallest spatial features of the nanostructure as 

well as support the relevant wavelengths utilized. Generally, 10-20 grid points is found to be 

adequate to satisfy these conditions.177 Similarly, the conditions for time discretization (Δ𝑡) must 

not violate causality, as with every time-step, information is to travel from one grid cell to the next. 

The time-step must be small enough such that the information does not travel faster than the speed 

of the light in the given medium. Together, these restrictions define what is considered as the 

Courant condition,195 

Δ𝑡 = 𝑆𝐶

Δ𝑥

𝑐0√𝑑
(3.5) 

where d is the dimensionality, 𝑆𝐶 is the Courant number and lies between 0 and 1. The Courant 

condition is far more significant as opposed to deciding the appropriate mesh size. This is because 

errors in mesh size translate to a simulation error, but errors in the time step can result in an 

exponential error growth leading to unstable and diverging simulations. 

    

In simulating our nanostructures, it is also important to take into consideration the material 

properties of the nanostructure as well as its environment. Many said properties can be 

characterized, in this case, under one absolute parameter: the dielectric function, ϵ. A value for ϵ 

must be specified at every grid point in our simulation. Multi-coefficient models are often used to 

automatically generate a material model based on tabulated refractive index and extinction 

coefficient (𝑛, κ) data as a function of wavelength (often via ellipsometric studies). Other specific 

models do exist in characterizing material properties including the Drude, Debye, and Lorentz 

models. For example, the material properties of gold and silver nanoparticles are often simulated 

using the Drude dielectric function,  

ϵ(ω) = ϵ∞ −
ω𝑝

2

ω2 + 𝑖γω
(3.6) 

where 𝜖∞ is the high frequency limit of 𝜖(𝜔) and is equivalent to (1 + 𝜒). Bulk dielectric data for 

metals and other materials for select frequency ranges can be found in well-known material 

databases. 
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 With this, we can now move on to the problem of determining the local fields within and 

around our metal nanoparticle. The initial fields utilized depend on the properties that are of 

concern. A plane wave is commonly used for illumination, in which case, the initial fields 

correspond to a plane-wave pulse originating far away from the nanoparticle. The simulation time 

is set in mind with the knowledge that the field is propagated over a duration of time that is much 

longer than the time necessary for the plane-wave pulse to pass through the nanoparticle to the 

boundary of the simulation region. Absorbing boundary conditions are necessary to ensure that 

outward propagating fields are not reflected back into the simulation region. Frequency dependent 

properties of our nanostructure can be extracted by repetitive calculations for a series of 

monochromatic incident fields at different frequencies. Alternatively, a broadband pulse could be 

utilized while performing Fourier analysis of the simulation results to extract the frequency 

dependent properties. In this manner, one can obtain the near-field distributions around the metal 

nanoparticle. Far-field distributions including scattering and absorption cross-sections can then be 

calculated from these near-field approximations via appropriate surface integrals over the fields.32 

  

 As described by Pelton et al.32, this helps us describe the total electric field around the 

metal nanoparticle as the sum of the incident plane wave field and the scattered 

field (�⃗� = 𝐸𝐼
⃗⃗  ⃗ + 𝐸𝑆

⃗⃗⃗⃗ ). Consequently, the total Poynting vector is 𝑆 = 𝑆𝐼
⃗⃗  ⃗ + 𝑆𝑆

⃗⃗  ⃗ + 𝑆𝑒𝑥𝑡
⃗⃗ ⃗⃗ ⃗⃗  ⃗ where 𝑆𝐼

⃗⃗  ⃗ is the 

incident field energy flux, 𝑆𝑆
⃗⃗  ⃗ is the scattered  field energy, and 𝑆𝑒𝑥𝑡

⃗⃗ ⃗⃗ ⃗⃗  ⃗ is the remaining energy flux 

originating from interference terms (𝐸𝐼
⃗⃗  ⃗ × 𝐵𝑆

⃗⃗⃗⃗ + 𝐸𝑆
⃗⃗⃗⃗ × 𝐵𝐼

⃗⃗  ⃗). The Poynting vector helps us determine 

the energy flux through any surface Ω that encompasses the nanoparticle. Assuming the 

nanoparticle is in a non-absorbing medium, the energy absorbed by the nanoparticle is,   

𝐹𝐴 = −∫𝑆 
𝛺

⋅ 𝑛 ⃗⃗  ⃗𝑑Ω (3.7) 

where �⃗�  is the outward surface normal. The energy scattered outward through Ω is,  

𝐹𝑆 = −∫𝑆𝑠
⃗⃗  ⃗

Ω

⋅ 𝑛 ⃗⃗  ⃗𝑑Ω (3.8) 

and the inward energy flow from the interference terms is,  

𝐹𝑒𝑥𝑡 = −∫𝑆𝑒𝑥𝑡
⃗⃗ ⃗⃗ ⃗⃗  ⃗

Ω

⋅ �⃗�  𝑑Ω. (3.9) 
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It follows from energy conservation that 𝐹𝑒𝑥𝑡 = 𝐹𝐴 + 𝐹𝑆 where 𝐹𝑒𝑥𝑡, or extinction, describes the 

energy lost from the incident plane wave via absorption by the nanoparticle and scattering out of 

the incident plane wave. By normalizing the individual energy flow components from extinction, 

scattering, and absorption with respect to the incident intensity of the plane wave one can obtain 

the cross sections for extinction (σ𝑒𝑥𝑡), absorption (σ𝑎𝑏𝑠), and scattering (σ𝑠𝑐𝑎). σ𝑎𝑏𝑠 can be 

determined by calculating the total Poynting vector including the incident field. For σ𝑠𝑐𝑎 only the 

scattered field is required and thus the incident field is excluded. 

3.3 Lumerical FDTD Solutions 
 

Lumerical FDTD Solutions was utilized for FDTD modeling of the plasmonic nanostructures. 

Lumerical provides for 2-D and 3-D FDTD modeling of optoelectronic and photonic devices. 2-

D, and 3-D Maxwell solvers based on the FDTD method for complex geometries are provided in 

an easy-to-use GUI for the determination of a full range of useful optical quantities such as the 

complex Poynting vector, scattering and absorption cross sections, as well as the transmittance and 

reflectance of light. 

  

Much of what has been discussed in the prior section on the FDTD method carries through 

into Lumerical. The FDTD method solves equations (3.1) - (3.3) on a discrete spatial and temporal 

grid. Each field component (𝐸𝑥, 𝐸𝑦, 𝐸𝑧 , 𝐵𝑥, 𝐵𝑦, 𝐵𝑧) is solved at a slightly different location within 

the grid cell. The data collected by the FDTD solver is interpolated to the origin of each grid point, 

making analysis far easier. In discretizing the grid, Lumerical uses a rectangular, Cartesian style 

mesh with the fundamental simulation quantities such as the material properties, geometrical 

information, electric and magnetic fields being calculated at each mesh point. A smaller mesh 

generally accounts for a more accurate representation of the nanostructure but comes at the cost of 

longer simulation times and larger memory requirements. Lumerical, by default, allows for the 

simulation mesh to be generated automatically. The solver provides various meshing algorithms 

that allow one to obtain accurate results even if the mesh used is relatively coarse. The meshing 

algorithm generally suggested is a conformal mesh (Figure 3.1) that uses an integral solution of 

Maxwell’s equations near interfaces.195,196  
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Figure 3.1. Lumerical’s conformal meshing algorithm. 

Therefore, a smaller mesh is created in high index and highly absorbing materials. This 

helps maintain a constant number of mesh points per wavelength in the case of the former and 

assists in resolving penetration depths in the case of the latter. Additional meshing constraints can 

be added manually i.e., forcing the mesh to be smaller near the edges of complex nanostructures 

where we expect the fields to be changing very rapidly or in areas of hotspots. 

  

 Lumerical supports a range of material models. One may import material data from known 

material databases, also referred to as sampled 3-D data. Otherwise, an assortment of models is 

provided including the dielectric (create a material with a constant real index), (𝑛, κ) material 

(create a material with a specific 𝑛 and κ value at a single frequency), conductive 3-D, Drude, 

Debye, Lorentz, Sellmeier, and the Perfect Electrical Conductor (PEC) model. An analytic 

material model also allows the user to enter an equation for the real and imaginary part of the 

dielectric function. Generally, we import sampled 3D data from recognized material databases to 

model the material properties of the metal nanoparticles that are simulated in our work. Lumerical 

also provides an in-built library for various such common metals and materials. The Material 

Explorer interface can then be used to assess the material fits for relevant wavelength ranges in the 

simulation.  

 

In our studies, the most relevant field calculations involve determination of the absorption 

and scattering cross-sections, reflectance and transmittance, and electric-field profile distributions 

around the metal nanoparticle. This is achieved using Lumerical’s analysis objects that allow us to 
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group monitors and analyze the monitor data. A set of monitors can be grouped together to form a 

closed box. Two such boxes, one encompassing the source and the nanostructure, and the other 

encompassing the nanostructure alone can be grouped and analyzed to calculate absorption and 

scattering cross-sections. (Figure 3.2) Similarly, monitors can be placed above (and behind the 

illumination source), and below the nanostructure (beyond the initial location of the illumination 

source) to calculate reflectance and transmittance. Near-field profile, and far-field projection 

monitors can be utilized to capture Poynting vector, and electric-field distributions around the 

metal nanoparticle. Lumerical’s in-built scripting interface further allows us to manually code and 

program the necessary mathematics to calculate the relevant physical parameters. 

 

Figure 3.2. A spherical bimetallic nanostructure simulated in Lumerical FDTD Solutions. The 

polarization of the incident electric field is illustrated by the blue arrow. The pink arrow is the 

propagation vector of our TFSF source. An absorption cross-section monitor (yellow) encompasses 

the nanoparticle, with a conformal mesh (orange) focused around the vicinity of the 

nanostructure. 

 Lastly, Lumerical provides a diverse range of sources that can be used to illuminate the 

nanostructure including dipoles, Gaussian and Cauchy/Lorentzian beams, plane-waves, total-field 

scattered-field (separates computation region into two distinct regions – the total field and the 

scattered field), mode sources (inject guided modes), and imported sources (allow the user to 

specify a custom field profile for the source). The use of differing incident fields helps us 

investigate different aspects of metal nanoparticle plasmonics. A dipole radiation source makes it 

possible to determine how radiation from a localized emitter is modified by the presence of a metal 
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nanoparticle (leading into the study of plexcitonics). The total-field scattered-field source is 

particularly useful to study the scattering behavior of individual, standalone objects as the scattered 

field can be isolated from the incident field. Plane-wave sources, on the other hand, serve the same 

purposes for periodic structures. 

3.4 Advantages and Limitations of the FDTD method  
 

The FDTD method has its fair share of strengths and weaknesses. The greatest strength of the 

FDTD method is its intuitive approach which makes it easy to understand and know what to expect 

from a given model. Being a time-domain technique, FDTD enables us to describe the response of 

a given system over a wide range of frequencies, given a broadband pulse is used as the source. 

This is particularly useful in plasmonic simulations where resonant frequencies must be 

characterized over large wavelength ranges. FDTD also allows the user to specify material 

properties at all points within the given computational domain. This allows for a wide variety of 

linear and nonlinear dielectric and magnetic materials to be easily modeled. In particular, the 

ability to obtain detailed profile distributions of electric and magnetic fields at crucial interfaces, 

and around the nanostructure of interest is extremely useful in characterizing light-matter 

interactions at the nanoscale.177,195,197  

 

 However, since the FDTD method is inherently a volumetric method, it suffers from the 

necessity that for larger system simulations the corresponding computational resources increase 

rapidly. This is especially true in Lumerical where far-field properties of nanostructures are 

required. Likewise, systems of multiple length scales are equally difficult to study with the uniform 

grids that are typically used, along with the fact that treating media of high dielectric contrast and 

damping is often complicated. In Lumerical, conformal meshing technology and other algorithms 

help alleviate these difficulties to a certain extent, although results often require extensive 

convergence analysis. Despite these limitations, the immediate availability of many commercial 

packages, and the possibility for high-efficiency, parallel computation makes FDTD the most 

widely used and successful numerical approach in providing an explicit means toward 

understanding the interaction of light and matter at the nanoscale.32 
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Using Lumerical FDTD simulations, I have been able to contribute to various pathways of 

research in the fabrication and optimization of plasmonic noble metal-semiconductor 

heterojunction platforms. The following sections explores these representative works. The 

immediate focus of these simulations is the optical properties of the relevant structures including 

absorption and scattering cross sections, reflectance and transmittance spectra, and electric field 

intensity profiles. The conclusive goal of these simulations is to test these platforms for 

incorporation with plasmonic nanomaterials, and the subsequent matching of simulated data with 

experimental results.  

3.5 Representative Works   

 

3.5.1 Plasmonic Nanodimples  
 

Electrochemical anodization has been a proven method to produce ordered nanostructured 

surfaces. Kisslinger et al.198 demonstrated the same in the formation of Ta2O5 nanodimple arrays 

on non-native substrates through a combination of anodization and thermal annealing processes. 

Gold nanoparticles were incorporated on Ta2O5 arrays by annealing sputtered Au thin films in a 

procedure similar to the fabrication of my work on monometallic nanoislands to be discussed in 

the following chapter. Three different sets of simulations were performed exploring the effect of 

the high-index, dimpled Ta2O5 substrate on gold nanoparticles. 

  

The combination of simulations tested the effect that the dielectric medium had on the 

LSPR of the gold nanoparticle by considering Au nanoparticles partially embedded in a planar 

film of Ta2O5, Au nanoparticles partially embedded in a nanodimple of Ta2O5, and an array of Au 

nanoparticles partially embedded in an array of Ta2O5 nanodimples. (Figure 3.3) The simulations 

matched and confirmed the partial embedding of Au nanoparticles within the Ta2O5 matrix to 

explain the relevant redshifts observed of the localized surface plasmon resonances. The resulting 

composite plasmonic system was also demonstrated to exhibit a significantly higher ensemble-

averaged local field enhancement compared to the monometallic constituents on quartz substrates. 

These results also served to support the efficiency of the composite Au-Ta2O5 system for higher 

catalytic activity for plasmon-driven photo-oxidation of PATP to DMAB.  
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Figure 3.3. (a) – (c) Simulated absorption cross- sections of Au nanoparticle/Ta2O5 nanodimple 

configurations. Inset displays the corresponding refractive index profiles of the structures 

captured using an index monitor and demonstrating the embedding of the Au nanoparticles in 

Ta2O5 nanodimples. (d) – (f) Corresponding electric field intensity profiles calculated along the xy-

plane. Incident light source was set normal to the xy-plane.  Simulated absorption cross-sections 

of the Au nanoshell structure for varying inner core and outer shell radii (Core radius-Shell radius) 

combinations of (2 nm – 3 nm), (2 nm – 7 nm), (4 nm – 5 nm), (6 nm – 7 nm), (7 nm – 12 nm), (8 

nm – 10 nm), (9 nm – 10 nm), and (10 nm – 12 nm). High quality factor plasmonic resonances are 

observed in the far visible regime for select core-shell radii combinations. Reprinted with 

permission from Ref198. Copyright American Chemical Society (2021). 

3.5.2 TiO2 Nanotubes 
 

TiO2 remains the popular standard for a semiconductor photocatalyst. To compensate for its 

shortcomings, various morphologies of the photocatalyst have been explored. Kar et al.199 explored 

the use of flame annealing to fabricate a nanotubular morphology of TiO2 but with square-shaped 

cross sections to improve the visible light response of the photocatalyst. Through their efforts, Kar 

et al.199 would demonstrate an enhanced CH4 yield via the photoreduction of CO2, a challenging 
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reaction in its own right, using these flame annealed TiO2 nanotubes. The improved performance 

of these substrates was due to their sensitization, via their unique square morphology, to visible 

light photons as well as their rutile crystalline phase with photoreduction activities peaking at 450 

nm and extending to a wavelength of 620 nm. 

  

 Lumerical simulations were used for comparative analyses of nanotubular structures that 

were fabricated at low (4500C) and high (7500C) temperatures resulting in circular and square 

cross sections. Material specific optical properties of the relevant structures were simulated using 

the appropriate refractive index data as obtained via ellipsometry. Effective-medium 

approximation for mixed-phase materials was determined via Bruggeman’s model,  

∑δ𝑖

σ𝑖 − σ𝑒

σ𝑖 + (𝑛 − 1)σ𝑒
𝑖

 =  0 (7.2) 

where δ𝑖 and σ𝑖 are the fraction and refractive index of each component, respectively, and σ𝑒 is 

the effective conductivity of the medium. The resultant simulations were used to demonstrate the 

importance of morphology and phase content to their performance abilities by considering the 

propagation of light and the corresponding spatial distribution of the electric field intensity profiles 

of these substrates.  

 

Subsequently, it was observed that light propagation in low-temperature annealed 

nanotubes (LANT) and high-temperature flame annealed nanotubes (FANT) differed extensively. 

As displayed in (Figure 3.4) Poynting vector plots of LANT and FANT substrates were examined 

at the peak LSPR wavelength of 450 nm. Hot spots, being particularly beneficial for 

photocatalysis, were observed exclusively on the outer surfaces of LANT substrates (Figure 3.4a) 

while they were found in both the inner and outer surfaces of FANT substrates. (Figure 3.4b) 

Investigating the same behavior from the plane orthogonal to the substrate and the incident 

polarization, this time at the band edge wavelength of 400 nm, the simulations confirmed that 

FANT substrates (Figure 3.4d) absorb band-edge photons more effectively compared to LANT 

substrates. (Figure 3.4c) This is a significant observation as the utilization of photons at the 

semiconductor band-edge is a loss mechanism in most solar energy harvesting devices.199 

Supplementary analyses of the simulated absorption and scattering cross sections for the two 
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substrates support experimental observations of the FANT type nanotubes and their broad, multi-

peaked scattering features in the visible light spectral range.199  

 

 

 

Figure 3.4. Electric field intensity profiles of LANT and FANT nanotubes for (a) – (b) incident light 

of 450 nm and (c) – (d) 400 nm, respectively. Reprinted with permission from Ref.199 Copyright 

Elsevier (2018).  
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 Similar studies of TiO2 nanotube arrays for CO2 photoreduction were utilized in the work 

of Vahidzadeh et al.200 Here, the combined use of Ag and Cu nanoparticle decorated TiO2 nanotube 

arrays (TNTAs) resulted in the formation of ethane from gas-phase photoreduction of CO2 without 

the need for sacrificial agents or hole scavengers. Ethane is a far more significant by-product of 

CO2 photoreduction compared to methane as it is more energetically dense and of greater economic 

value.200 Consequently, it was found that the bimetallic composite of AgCu-TNTA substrates 

demonstrated the highest ethane selectivity of 60.7% while the monometallic counterparts of Ag-

TNTA and Cu-TNTA demonstrated selectivities of 15.9% and 10%, respectively. 

  

FDTD simulations were used to study the interaction of light with TiO2 nanotubes 

decorated by a single layer of the bimetallic nanoparticles and to confirm the morphological 

characteristics of the composite system. To begin, Ag@Cu nanoparticle homodimers were 

simulated upon the pore openings of the nanotubes where the Ag core was kept at a constant 

diameter of 100 nm while the thickness of the Cu shell was varied from 5 to 20 nm. The simulated 

absorption spectra were found to be at a lower amplitude compared to experimental DRS spectra, 

and for the most part, did not fully capture relevant LSPR characteristics found in the experimental 

spectra.200 The corresponding electric field intensity profiles demonstrated that the Ag@Cu 

decorated TNTAs provide for enhanced visible light absorption with the highest electric field 

intensity profiles found at the Ag-TiO2 and Ag-air interfaces as opposed to in between the two 

particles due to the strong damping of the plasmon resonance by the Cu shell. Altogether, neither 

of the simulations of TNTAs decorated with Ag@Cu homodimers or their monometallic 

constituents involving small, separated Ag and Cu nanoparticles could fully explain the huge 

differences in performance for CO2 photoreduction selectivity.  

 

Further insights to match the experimental and simulated optical characteristics of the 

system were gleaned by considering a complementary structure involving AgCu heterodimer 

decorated TNTAs. (Figure 3.5) This setup was utilized by considering the possibility of Ag 

nanoparticles deeper in the pores of the nanotubes being the dominant species for light-matter 

interactions. In which case, the corresponding electromagnetic characteristics of Ag-TNTA 

samples and AgCu-TNTA samples would be similar. This was supported by the fact that the 

overall amount of Cu deposited on the substrates were quite small.200 The corresponding 
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simulations involving close-lying Ag-Cu heterodimers on TNTAs were found to more closely 

match the experimental behavior of the substrates. The corresponding simulated electric field 

intensity profiles supported the formation of asymmetric charge distributions in adjacent 

adsorption sites of the photocatalyst due to broad quadrupolar and multipolar resonances of the 

Ag-Cu heterodimers. These asymmetric charge distributions were found to be crucial in decreasing 

adsorbate-adsorbate repulsion and facilitating for the C2 coupling of reaction intermediates which 

is integral to the formation of ethane.   

 

Figure 3.5. (a, c) Electric field profile along the xy-plane for Ag-Cu heterodimers decorating the 

pore openings of TiO2 nanotubes and the corresponding surface charge distribution. (b, d) Electric 

field profile along the xz-plane of the same structure and the corresponding schematic of the 

composite system. The incident light source is a plane wave polarized along the x-axis and 

propagates along the z-direction. Reprinted with permission from Ref.200 Copyright American 

Chemical Society (2021). 
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3.5.3 Plexcitonic photocatalysts 
 

Plexcitonic photocatalysts consider the combination of plasmonic and excitonic materials. 

Plexcitons are hybrid quasiparticles that are the result of coupling between plasmons and 

excitons.201 Plexcitonic enhancement of photocatalytic reactions have been evidenced most 

commonly in hybrid systems of 2D semiconductors where strongly bound excitons couple to the 

nearby surface plasmon resonances of noble metal nanoparticles. Plexcitonics requires that 

plasmonic and excitonic components are close to one another to facilitate coupling. While 

plexcitonic systems generally observe the excitonic material directly upon the surface of the 

plasmonic noble metal nanostructure, spacer layers have also been utilized to avoid extensive 

quenching of the organic excitons by single-particle excitations in the metal at close contact.202 

Zhou et al.203 use one such spacer layer of 80 nm thickness in their modeling of a plasmonic metal-

spacer-organic exciton system using topological band theory. In modeling plexcitonic systems, 

insights into the nature of the coupling can be drawn by studying the near-field behavior of these 

structures. This can be facilitated using Lumerical’s electric field and profile monitor as well as 

the option to use polarization dependent measurements. Such techniques have been utilized in the 

work of Schlather et al.204, who examine near-field strong coupling in metallic dimers, and 

Karademir et al.205, who analyze direction-dependent plexcitonic coupling in plexcitonic crystals.  

 

Plexcitonics has opened the door to the investigation of heterojunctions involving 

plasmonic noble metals and excitonic nanostructures. Graphenic semiconductors are popular 2D 

materials known for their remarkable thermal and photochemical stability, efficient charge 

transport, as well as tunable band edges and band gaps.206 Alam et al.207 have shown large area 

CVD grown nitrogen doped graphene (NGr) decorated by rounded Ag nanocubes to form NGr/Ag 

plexcitonic hybrids are excellent visible-light driven photocatalysts for surface catalytic reactions 

such as the chemical transformation of 4-NBT to DMAB. The coupled plexcitonic system showed 

superior photocatalytic performance compared to the bare plasmonic Ag catalyst. FDTD 

simulations involving Ag nanocubes with and without the presence of the NGr were conducted. In 

both cases, electric field amplification between the Ag nanocubes as well as between NGr and Ag 

nanocubes was observed. This local field enhancement was crucial in amplifying electron 

concentration in NGr primarily through classical Landau damping and hot electron injection from 
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the Ag nanocubes to the NGr. FDTD simulations were shown to provide a direct signature of this 

mechanism of plasmon induced energy transfer by the reduction of electric field intensities in the 

regions where Ag nanocubes were set in direct contact with NGr. (Figure 3.6d)  

 

Figure 3.6. Electric field intensity profiles of Ag nanocube dimers with rounded corners at an 

incident light source of wavelength 532 nm, (a,b) xy-plane and xz-plane views, respectively, 

without substrate and (c,d) xy-plane and xz-plane views, respectively, with NGr substrate. 

Reprinted with permission from Ref.207 Copyright IOP Publishing (2019).   
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Supplementary studies on the absorption and scattering spectra of the composite systems 

demonstrated a larger absorption cross section compared to scattering for the plexcitonic system 

and being indicative of a faster plasmon dephasing mechanism similar to Landau-damping based 

hot electron injection as opposed to PIRET or DIET.207 (Figure 3.7) As such, it was shown that 

Landau-damping based hot electron injection is a significant process in narrow bandgap 

semiconductors as opposed to being generally termed exclusive to wide bandgap semiconductors 

alone.  

 

Figure 3.7. Simulated absorption and scattering profiles for (Left) Ag nanocube dimer separated 

by a 34 nm gap on NGr substrate, and (Right) Ag nanocube dimer with zero gap separation on NGr 

substrate. Reprinted and modified with permission from Ref.207 Copyright IOP Publishing (2019).   

Lastly, in a complementary study to those of FANTs, Kumar et al.206 combined the use of 

bulk graphitic carbon nitride on anatase-phase and rutile-phase TNTA scaffolds for plexcitonic 

visible-light driven water-splitting and transformation of 4-NBT to DMAB. FDTD simulations 

were used to analyze cylindrical and square-cross section titania nanotubes and their behavior as 

symmetric hollow core waveguides for incident light due to the large contrast in refractive index 

between the TiO2 annulus and the surrounding air.206,208 Comparative studies of the electric field 

intensity profiles between bare cylindrical and square titania nanotubes, and those decorated with 

p-doped carbon nitride (C3N5) quantum dots (CNPQD) were made. (Figure 3.8) In (Figure 3.8a), 

the electric field intensity at 500 nm for bare cylindrical anatase-phase TNTAs does not decrease 

exponentially in the air cladding but rather spreads into the surrounding medium. For the same 

system illuminated with 350 nm photons, the waveguiding effect is much stronger as evidenced 
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by a strong electric field distribution confined within the hollow area of the nanotube. (Figure 

3.8b) The same observations when applied to rutile-phase STNTAs show that at 500 nm the 

resultant electric field is strongly confined within the hollow core of the nanotube while at 350 nm 

the incident light is attenuated due to absorption by TiO2 resulting in a small evanescent field 

surrounding the outer wall of the nanotubes. Upon decoration of the STNTAs with CNPQDs, the 

electric field intensity is a lot weaker and confined to a much smaller volume within the nanotube 

core due to absorption by the CNPQDs. (Figure 3.8c) Contrastingly, the same cannot be said for 

TNTAs where an appreciable electric field intensity is still observed. (Figure 3.8d)  

 

Figure 3.8. Simulated electric field intensity profiles for (a) TNTAs at 500 nm, (b) TNTAs at 350 nm, 

(c) STNTAs at 500 nm, (d) STNTAs at 350 nm, (e) CNPQD-STNTAs at 500 nm, and (f) CNPQD-TNTAs 

at 500 nm. Reprinted with permission from Ref.206. Copyright Wiley-VCH (2019).   
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These results indicate the CNPQD-STNTAs to be excellent absorbers of visible light compared to 

their circular counterparts. Supplementary analyses of the absorption and scattering spectra were 

shown to match very well with experimental results and correlated appropriately to the greater 

absorption efficiency of CNPQD-STNTAs over CNPQD-TNTAs in the 350 – 550 nm spectral 

ranges for surface catalytic reactions. In conclusion, Kumar et al.206 demonstrated that the 

incorporation of graphenic materials in TiO2 heterojunctions as a promising platform for 

plexcitonic photocatalysts that are photochemically and thermally stable, nontoxic, and efficient. 

3.6 Closing Remarks  
 
Several of the representative works discussed in this chapter involved experiments and simulations 

that were performed concurrently with my own doctoral research. By working on these projects, I 

was not only able to contribute my knowledge of plasmonics, alongside fabrication techniques 

utilized in my own doctoral research, to my colleagues but also gained valuable information on 

the working advantages of plasmonic noble metal-semiconductor heterojunction system and their 

weaknesses.  

 

Lumerical FDTD simulations provided theoretical insights into understanding the optical 

and electromagnetic behavior of these diverse nanomaterials while helping optimize said systems 

for plasmonic and plexcitonic photocatalysis. These FDTD simulations can capture an impressive 

number of features that can be utilized to guide our experiments as well as improve our 

understanding of the inherent physical processes and dynamics involved in plasmonic 

photocatalytic systems. 

 

While the inherent potential of plasmonic photocatalytic systems, including the 

representative examples seen in this chapter, is apparent, fundamental understanding pertaining to 

the behavior of the individual constituents of these systems and their characterization as stand-

alone plasmonic substrates is essential for their optimization. The focal theme of my doctoral 

research involves addressing this very objective by exploring the hot carrier processes and 

interactions of the standalone plasmonic constituents that are at the crux of the photocatalytic 

phenomena facilitated by these systems. 
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Chapter 4 

Monometallic Plasmonic Photocatalysis 

 

4.1 Introduction  
 

Noble metal nanoparticles (NPs) have emerged as key components for a wide range of applications 

in sensing, optical data storage, photovoltaics, photocatalysis, and plasmonics.32,33,201,209 The 

localized surface plasmon resonances (LSPR) of Ag and Au NPs provide for the strong 

enhancement and confinement of electric fields near the metal surface. LSPR is a nano-optical 

phenomenon resulting from the collective oscillations of conduction electrons at the 

metal/dielectric interface upon excitation by incident light.46,210 The LSPR can be affected by 

various properties including nanoparticle morphology and size, surface coverage, and the dielectric 

properties of the local environment.19,46,211 Silver has the lowest losses and the strongest plasmon 

resonances of all known materials in the visible and near-infrared region making it a suitable 

candidate for various plasmonic applications.210,212 Ag NPs on thin films of graphene, carbon 

nitride, MoS2, and other 2D materials have shown excellent promise in plasmon-exciton co-driven 

catalysis.207,213,214 

 

Both top-down and bottom-up fabrication techniques have been utilized for the synthesis 

and fabrication of metal nanoparticles.215–217 The polyol synthesis of shaped silver nanoparticles 

remains popular among various other colloidal techniques where silver nitrate is reduced at high 

temperature by ethylene glycol which serves as the solvent. Polyvinylpyrrolidone (PVP) is utilized 

as a capping agent, enabling the synthesis of highly non-spherical silver nanoparticles. Greater 

control and modulation of nanoparticle morphology is obtained by separating the nucleation and 

growth processes involving different initial seed particles.59 Despite their obvious advantages, 

difficulties in reproducibility alongside high-sensitivity and extended growth procedures hinder 

colloidal synthesis techniques. 

 

Alternatively, the combination of physical vapor deposition (PVD) techniques such as 

sputtering and thermal dewetting provide a facile means to fabricate metallic nanoparticles.91,209 
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The subsequent formation of NPs has been attributed to solid state dewetting during annealing 

performed at high temperatures approaching the melting point of the metal involved. Ultimately, 

this is not ideal as high-temperature processes are often expensive, time-consuming, and can result 

in device deterioration.218 The present report focuses on the fabrication of plasmonic Ag NPs on 

glass substrates using a facile, and highly-reproducible technique comprising of low-

temperature thermal annealing (150°C – 400°C) of magnetron sputtered Ag thin films (5 nm–20 

nm). The metallic film deposited using sputtering is metastable in nature. By annealing such a 

film, the atoms at the surface migrate to become individual islands that form metallic nanoparticles 

in a process governed by the minimization of the surface energy of the deposited metal film.219–221 

 

The combination of magnetron sputtering, and thermal annealing thus provides for the 

formation of hemispherical nanoisland structures with highly consistent optical properties that can 

be modulated by simply modifying the corresponding temperatures and durations used for thermal 

annealing. This provides for a facile process in fabricating plasmonic nanoisland structures that 

can also be transposed to gold films while being less time-consuming compared to wet-chemical 

methods or colloidal synthetic techniques that frequently suffer from poor consistency. Plasmonic 

Ag NP substrates that experienced annealing at 150°C consisted of polydisperse, irregularly 

shaped islands that exhibited pronounced optical resonances at ~ 475 nm and ~ 360 nm. The quality 

factor (Q) of the optical response (given by ω𝑝𝑒𝑎𝑘/𝐹𝑊𝐻𝑀) is a key metric to evaluate plasmonic 

substrates since the LSPR-mediated local electromagnetic field enhancement and plasmon 

dephasing time are directly dependent on Q.222 The Q values extracted from UV–Vis spectra 

provide information about the ensembled averaged enhancement factors.23 The 475 nm extinction 

peak which had a quality factor (Q) of 2.9, corresponded to a dipolar resonance of the Ag 

nanoislands while the 360 nm peak was associated with a hybrid quadrupolar resonance223 and 

exhibited a relatively high Q of 11.7. Plasmonic Ag NP substrates that were formed by thermal 

dewetting at 400°C consisted of hemispherical islands 60–100 nm in diameter and a redshifted 

dipolar resonance (λ𝑚𝑎𝑥 = 570 nm) with a Q value of 4.8.  

 

Finite-difference time-domain (FDTD) simulations and novel ellipsometric modeling 

provided greater insight into the electromagnetic response characteristics, and the subsequent 

optimization of the plasmonic substrates. Spectroscopic ellipsometry has been used to generate 
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refractive index and complex permittivity data in a novel study to draw physical insights on the 

LSPR behavior of the Ag nanoisland substrates from their dielectric properties. This is highly 

significant as the main principles of LSPR sensing and LSPR stimulated photochemical 

transformations lie in the dependence of the LSPR on the refractive index of the surrounding 

medium. In the case of a luminophore set within the proximity of these plasmonic substrates, 

fundamental understanding of the luminophore’s density of states and its interaction with the 

plasmonic nanoparticle requires knowledge of the complex permittivity of the plasmonic substrate. 

Although Mie theory can be utilized to model dilute solutions of colloidal nanoparticles, the same 

cannot be easily translated to metal films on a substrate. This situation is further complicated in 

prominent photocatalytic applications such as water splitting and CO2 photoreduction often utilize 

metal films as photoanodes. Thus, the extraction of dielectric properties of Ag nanoislands using 

spectroscopic ellipsometry is of great significance in this work.   

 

  The Ag nanoislands themselves are found to be good SERS substrates for detection of 

R6G and excellent plasmonic photocatalysts for the photochemical transformation of 4-NBT and 

PATP into DMAB. Although SERS of nanomolar and higher concentrations of R6G has been 

previously reported for various Ag substrates, the novelty of the nanoisland substrates is directly 

related to the facile means utilized to fabricate the nanostructures and their high consistency 

performance in SERS for detection of R6G molecules at picomolar (down to 100 pM) 

concentrations. The corresponding LSPR spectra of the Ag nanoislands confirm their consistent 

plasmonic behavior and their subsequent generation of hot carriers for not only reduction of 4-

NBT but also oxidation of PATP into DMAB is a further demonstration of their versatility as 

plasmonic substrates.   

4.2 Materials and Methods 
 

4.2.1 PVD Sputtering 
 

PVD techniques constitute a versatile coating technology that can be used to deposit a variety of 

metals, alloys, ceramics, inorganic compounds, and polymers.224 The two most important PVD 

techniques are evaporation and sputtering. Thin films in integrated circuits and other micro- and 

nanosystems are deposited using either evaporation or sputtering. Raw source materials for PVD 
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reactors can be in solid, liquid, or vapor forms. Suitable substrates generally include glass, plastics, 

metals, and semiconductors. Our discussion will focus specifically on sputtering as it has been our 

technique of choice in depositing noble metal thin films for monometallic and bimetallic 

nanostructures.  

 

 The basic working principle of most PVD processes involves three elementary steps: (1) 

the synthesis of the coating vapor from the raw source material, (2) the transport of the coating 

vapor onto the substrate, and (3) the condensation of the vapor onto the surface of the substrate.224 

The whole process is carried out in a vacuum chamber with the chamber being evacuated prior to 

deposition in a “pump-down” procedure that gets the system to the required pressures necessary 

for deposition. Due to the generally low pressures encountered in PVD reactors, the coating vapor 

experiences few intermolecular collisions in its journey to the substrate which is generally held 

upside down to prevent particulate contamination.  

 

 Sputtering is a physical phenomenon where ions are accelerated through a potential 

gradient and bombard a “target” or cathode. Simply put, we are kicking atoms off the surface of 

the target using energetic ions (~500 eV, in most cases). The ions in consideration must be 

nonreactive with Argon gas being a common candidate in most sputtering systems as it is cheap, 

inert, and moderately heavy. After the chamber has been evacuated to ≈ 10-6-10-7 Torr, Argon gas 

is introduced into the chamber at a few mTorr of pressure. A plasma discharge of the inert gas is 

then ignited with Ar+ ions being created by electron impact ionizations. A large negative potential 

is utilized to accelerate the ions into the target (cathode) and assists in powering the discharge; the 

applied power can be of either a radio frequency or direct current source. The energetic ions of 

this plasma discharge bombard the surface of the target. Here, the physical aspect of sputtering 

relates to the transfer of momentum from the bombarding ions to the atoms from the surface of the 

target, resulting in them becoming volatile, escaping the surface, and being transported as vapor 

to the substrate where they are deposited and form a thin film. These steps generally dictate what 

is observed in the case of diode sputtering systems where the cathode is covered with the raw 

source material (the “target”).  
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 However, diode sputtering suffers from two major deficiencies: slow rates of deposition, 

and an extensive electron bombardment of the substrate which can result in overheating and 

structural damage.224 Alternatively, magnetron sputtering systems (Figure 4.1) resolve these 

issues simultaneously. In magnetron sputtering, magnets behind the cathode are used to trap free 

electrons in a magnetic field that extends directly above the target surface. By confining the 

electrons near the target, not only is the deposition process efficiency greatly improved but the 

trapping of the electrons also lends to enhanced probability of ionizing a neutral gas molecule. 

These factors directly result in a larger population of ions and increasing the rate at which target 

material is sputtered and deposited onto the substrate. Furthermore, discharge plasmas in 

magnetron sputtering systems can be generated at lower pressures reducing both the background 

gas’ incorporation in film growth and the loss of energy of the sputtered atoms via gas collisions. 

The Nanofab at the University of Alberta hosts several such systems with gun/substrate 

configurations designed for both co-sputtering and sequential sputtering.225  

 

 

Figure 4.1. Schematic rendering of a magnetron sputtering system. Reprinted for academic use 

from Ref226. Copyright Elsevier (2018). 

Sputtering is now considered to be the dominant PVD method due to its provisions for 

better coverage, films of higher density and larger grains, facile deposition of alloys and compound 

films, and very good repeatability and control. Dielectric materials can be sputtered using RF 
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plasmas with capacitive coupling, while metals can be DC or RF sputtered.224 Alloy targets are 

quite easy to sputter as one does not have to worry about the widely different vapor pressures. 

Compound films can be formed using reactive sputtering where a reactive gas is introduced during 

the deposition phase. The highly energetic sputtered particles and the plasma activation of the 

gases assist for reactions to occur upon the substrate. The low vacuum, plasma path in sputtering 

provides for less line-of-sight deposition. Nevertheless, sputtered films have better uniformity than 

those of evaporation. The high energy plasmas in sputtering also help overcome the temperature 

limitations of evaporation. 

 

Despite its myriad positive aspects, deposition results from sputtering are highly sensitive 

to initial conditions. The use of magnets in magnetron sputtering can result in nonuniform target 

usage. Sustaining the plasma discharge is highly important in sputtering. This requires pressures 

of 1-20 mTorr (magnetron) or 40-100 mTorr (diode). As a result, gas contamination levels in 

sputtered films are generally higher than for evaporation. The mean free path at 5 mTorr is ~ 1 cm, 

which means the depositing flux experiences several collisions with gas particles en route to 

substrate deposition. Every collision substantially reduces the particle’s energy, and so sputtered 

films and their qualities are highly sensitive to the initial vacuum and pressure conditions in the 

chamber. Still, as with other plasma processes, sputtering generally takes account of these 

vulnerabilities and is among the most efficient and popular of PVD techniques available today. 

This is largely thanks to the high level of tailoring one can achieve in sputtering film deposition 

by easily monitoring and moderating properties such as the substrate bias, target voltage, pressure, 

flow rates etc.224,225,227  

4.2.2 Thermal Annealing  
 

Hot-plating and thermal annealing treatments are essential to the growth of colloidal nanoparticles 

and sputtered films. Thermal treatments are necessary to break sputtered films in what is otherwise 

known as thermal dewetting.  

 

Thermal dewetting is generally used to convert a deposited metallic thin film on a substrate 

into metallic nanoparticles. The metastable nature of the sputtered film, and the reception of a 

thermal energy stimulus results in the atoms at the surface to migrate to form individual islands 
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which ultimately result in metallic nanoparticles. The entire process is driven by the requirement 

of minimizing the surface energy of the deposited metal film, the substrate, and the metal-substrate 

interface.228 The driving force for dewetting increases with decreasing film thickness. This is 

because the thinner the metal film the higher its surface-to-volume and its surface energy, and the 

lower the activation energy for metal atom surface mobility. This is one of the primary reasons as 

to why dewetting can occur at temperatures well below the melting point of a metal film while 

allowing it to dewet in the solid state.219,228  

 

Key factors to initiate dewetting in films on a given surface are defects including holes, 

edges, impurities, and grain boundaries.228 The use of pre-patterned substrates can enable 

dewetting driven by substrate surface topography but that is not the focus of this work. For the 

case of a thin film, dewetting begins with the formation of a hole that can reach the substrate and 

influence subsequent recession of the film. Metal films can either be of crystalline or amorphous 

nature, and in general, dewetting initiation sites for film rupture are observed as a result of 

impurities, thickness variations, and grain boundaries, particularly in polycrystalline metal 

films.229,230 Upon film rupture, the driving force for dewetting is driven by a minimization of the 

total free energy or a reduction of the interfacial area between the film and its substrate, leading to 

agglomeration into three-dimensional islands. This driving force can be defined by the Young-

Dupré principle219 for dewetting as  

𝐸𝑆 = γ𝐴 + γ𝐴𝐵 − γ𝐵, (4.1) 

where γ𝑖 is the surface energy density of the material (with 𝑖 = 𝐴 (film), B (substrate)) and γ𝐴𝐵 

the interfacial energy density. Dewetting of a film occurs when γ𝐴 + γ𝐴𝐵 > γ𝐵 for a positive 𝐸𝑆. 

 

 While it may be experimentally difficult to distinguish the primary parameters responsible 

for the final state of the thermally dewetted metal film and its kinetics, certain key parameters have 

been identified including initial film thickness, capillary energies and film surface curvature, 

annealing temperatures, the thermodynamic driving force 𝐸𝑆, stress and strain effects, defects, 

crystallographic orientations, and triple line pinning related to adsorption or defects between the 

outer edge and interface of the film and its substrate.228  
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4.2.3 Fabricating Monometallic Ag Nanoislands  
 

The growth of plasmonic Ag NPs was achieved using direct current magnetron sputtering of 99.9% 

pure Ag on glass substrates followed by thermal annealing in a furnace. Prior to deposition, the 

glass substrates were cleaned via ultrasonication in methanol for 20 min. The vacuum chamber 

was evacuated to a base pressure of 10–6 Torr, and then filled with argon gas flowing to maintain 

a constant pressure of 7 × 10–3 Torr during sputtering. 5–20 nm thick, thin films of Ag were 

deposited at room temperature for 10 s at a rate of 300 W, and subsequently subjected to thermal 

annealing at 150°C and 400°C. A two-hour ramping procedure and a 15-minute dwell cycle was 

used in the former, while a one-hour ramping procedure and a 15-minute dwell cycle was used in 

the latter. Annealing was performed in open-air conditions, and post-annealing, the samples were 

left to cool to room temperature. Ag films annealed at 150°C experienced a distinct change in color 

from silver blue to pale brown, while those annealed at 400°C exhibited a pale yellow-green hue. 

4.2.4 Characterization 
 

Transmission spectra of annealed (150°C and 400°C) and non-annealed Ag films alike were 

measured using a Perkin Elmer Lambda 1050 UV–Vis-Nir Spectrophotometer. The dielectric 

properties of the Ag thin films were investigated using a variable-angle spectroscopic ellipsometer 

(VASE) M-2000V (J.A. Woollam & Co) in a novel effort to generate physical insights on the 

substrates. The surface morphology of the annealed films was studied using a Hitachi S-4800 field 

emission scanning electron microscope (FE-SEM), and an Asylum MFP-3D/Dimension atomic 

force microscope (AFM). Elemental analyses were performed via EDX analysis using a Zeiss 

Sigma FE-SEM. ImageJ software from the National Institutes of Health (NIH) was utilized to 

obtain size distributions of the nanoislands. Corresponding histogram plots were fit to Gaussian 

distributions to determine the average size of nanoislands, their standard deviation, and 

polydispersity (the percent ratio of standard deviation to average size).  

4.2.5 SERS sensing and photocatalytic studies  
 

Raman spectroscopy is a technique used to measure rotational, vibrational, and low-frequency 

modes in a system. Raman spectroscopy focuses on the inelastic scattering of monochromatic light 

incident on a sample, resulting in molecular vibrations, phonons, and other forms of excitation.231 
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When it comes to plasmonics and hot electrons, Surface Enhanced Raman Spectroscopy (SERS) 

is a widely used technique. The SERS effect is fundamentally equivalent to the Raman effect 

except that it refers to the amplification of Raman signals from molecules adsorbed on metallic 

(typically noble metal) surfaces. The amplification of the signals in SERS is attributed to the 

electromagnetic interaction of light with noble metals resulting in amplification of the laser field 

through plasmon resonance excitations. With SERS, the technique involves measuring the Raman 

signals of the adsorbed molecules which serve as the probes, offering insight into the molecules’ 

electronic and vibrational structures83 as well as help understand the interfacial nature of transitions 

occurring at the adsorbate-metal surface which is essential in the context of plasmonic 

photocatalysis and interfacial hot electron transfer processes.232  

 

 A typical Raman system is composed of four major parts: (1) excitation source (laser), (2) 

sample illumination system and light collection optics, (3) wavelength selector (filter or 

spectrophotometer), and a (4) detector (photodiode array, CCD, or PMT).47,233 The sample is 

usually illuminated with a laser beam in the UV-Vis-NIR range. Light that is scattered from the 

sample is collected with a lens and is passed through the interference filter or spectrophotometer 

to obtain the sample’s Raman spectrum. The main complication in Raman spectroscopy concerns 

the intensity of stray light from Rayleigh scattering which may exceed the Raman signal intensity 

near the laser wavelength. The sample can be oriented appropriately such that reflected laser light 

can miss the light collection optics. Still, this does not prevent a large population of elastically 

scattered laser photons entering the spectrometer and causing detector saturation.47  

 

To alleviate this problem, a high-resolution spectrometer with efficient stray light rejection 

characteristics is required. Commercially available interference filters are often used for this 

specific purpose. Holographic gratings are also preferable as they produce stray light of intensities 

lesser by about an order of magnitude as opposed to ruled gratings. Multiple dispersion stages also 

serve as an alternative means to reduce stray light reduction. Modern Raman systems generally 

consist of multi-channel detectors like Photodiode arrays or CCDs to detect the Raman scattered 

light. These detectors provide for greater sensitivity, faster performance, and finer refinement of 

the Raman signal.231,234  
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 NINT hosts a Nicolet Omega XR Raman Microscope which can be used for sample 

characterization and analysis. Multiple laser options are available and are user exchangeable. All 

lasers are depolarized and minimize orientation dependence in measurements. A laser power 

regulator allows for the power at the sample to be controlled. The range of laser powers differs for 

different laser wavelengths with the 532 nm laser providing a maximum power of 10 mW, the 633 

nm laser providing a maximum power of 8 mW, and the 780 nm providing a maximum power of 

24 mW. Full-range (2 cm-1 per CCD pixel element) and high-resolution (1 cm-1 per CCD pixel 

element) gratings are available and can be interchanged for each standard excitation wavelength. 

The system’s Rayleigh filters account mainly for Stokes bands observations. Lastly, the 

spectrograph has a spectral range between 400-1050 nm and comes with four software-selectable 

apertures (25 and 50 μm pinhole confocal; 25 and 50 μm slit) that can be utilized accordingly.  

 

 In testing the Ag nanoisland substrates for SERS, Methanolic R6G solutions of varying 

molar concentration (10–2 M – 10−10 M) were drop-coated onto the annealed plasmonic Ag film 

substrates and reference samples using standardized solution volumes to form thin coatings. 

Raman spectra were collected shortly thereafter using the Nicolet Omega XR Raman Microscope 

under a laser illumination power of 2 mW at wavelengths of 532 nm and 633 nm. For 

photocatalytic studies, solutions of 4-nitrobenezenethiol (4-NBT) and para-aminothiophenol 

(PATP) were drop-coated onto the annealed plasmonic Ag film substrates and reference samples 

to form thin coatings. Raman spectra were once again collected using a Nicolet Omega XR Raman 

Microscope under laser illumination at wavelengths of 532 nm, and 633 nm. The light-induced 

transformation of the thiols (4-NBT and PATP) into their DMAB products were monitored by 

gradually increasing laser power from 0.1 mW to 8 mW and observing the evolution of the 

corresponding Raman spectral peaks of the reactant and product. Other experimentally relevant 

parameters included the use of an aperture size of 50 μm pinhole, 2 μm spot size, a 10 x objective, 

and for DMAB analyses, exposure times of 20 s in air at room temperature at relevant laser power 

values.  

4.2.6 Lumerical FDTD Simulations 
 

Lumerical was used to model and simulate the optical and near-field electromagnetic response 

properties of annealed Ag film nanostructures. The relevant results were compared with 
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experimental data obtained through characterization and morphological studies to provide further 

insight into the electromagnetic field responses and optimization of these plasmonic substrates. 

Optical and near-field electromagnetic response properties of annealed Ag films were investigated 

using Lumerical Nanophotonic FDTD simulation software. The simulations were performed for 

various combinations of hemispherical nanoisland structures in vacuum including individual and 

arrayed nanoislands (at separation distances of 100 nm) on a glass substrate. Absorption cross 

sections, reflection and transmission spectra, and electric field intensity profiles were captured 

using near, and far-field profile and frequency monitors. Material data for the nanoislands are 

provided in Lumerical FDTD simulations and are sourced from Palik et al.235 A light source of 

bandwidth range 300 – 800 nm was set incident upon the nanoislands at a normal angle from 

above. 

 

Lumerical's in-built refractive index monitor was utilized to confirm the nanoislands were 

appropriately configured and modeled throughout the course of the simulations. PML absorbing 

boundary conditions were utilized for the simulation, allowing for the absorption of light waves 

(propagating and evanescent) in the simulation region with minimal reflections. Periodic boundary 

conditions were utilized for simulations involving nanoisland arrays to capitalize on the 

symmetrical nature of the system, and further shorten simulation time. 

4.3 Results and discussions 
 

4.3.1 Morphology and composition of Ag nanoislands 
 

(Figure 4.2a) and (Figure 4.2b) present secondary electron FESEM images of Ag films for 

annealing treatments at 150°C and 400°C, respectively. In both cases, thermal treatment of the 

samples induces thermal dewetting of the films allowing atoms at the surface to migrate and form 

individual nanoislands. Ag films annealed at 150°C consistently exhibited the development of an 

irregular island-like nanoparticle morphology with a polydisperse size distribution and indistinct 

interparticle distance. These observations are further supported by the topographical AFM image 

(Figure S1b) of Ag film samples annealed at 150°C. (Figure 4.2b), in contrast, indicates that Ag 

films annealed at 400 °C exhibit an almost monodisperse spherical morphology while maintaining 

a non-uniform size distribution. After thermal treatment at 400 °C, the vacuum deposited Ag film 
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is broken into randomly distributed nanoparticles of a largely hemispherical morphology. Some 

deviations are observed where some particles are elongated rather than being spherical. For Ag 

films annealed at 1500C, average nanoisland size with error was determined to be ~ 50 ± 25 nm 

and a polydispersity of ~ 50%. (Figure S2a) Similarly, for Ag films annealed at 4000C, average 

nanoisland size with error was determined to be ~ 117 ± 33 nm and a polydispersity of ~ 30%. 

(Figure S2b) It is noted that for Ag films annealed at 1500C we obtain a bimodal size distribution 

(Figure S2a) compared to Ag films annealed at 4000C where we obtain a monomodal size 

distribution. (Figure S2b) This can be attributed to the temperatures used for annealing the films. 

The temperatures used to treat these films affect the kinetics of the system. It is well-known that 

the adatom mobility increases exponentially with increasing temperatures.228 When heated to 

temperatures that provide for high surface mobility of adatoms metastable films experience 

dewetting to form metal islands. In fact, a characteristic temperature for the dewetting of thin films 

can be identified to be between 0.3 (the H�̈�ttig temperature at which atoms at defects become 

mobile)  and 0.5 (the Tammann temperature at which atoms in the bulk metal start to diffuse) of 

the melting point of the metal.236 Ag films annealed at 4000C satisfy this condition for dewetting 

as the melting point of Ag is approximately 961.80C. Ag films annealed at 1500C do not satisfy 

this criteria and this correlates to the greater polydispersity observed in the morphology of the 

nanoislands. Quan et al.237 demonstrate a similar dependence with Ag films annealed at 

temperatures above a critical temperature of 3000C where dewetting results in a monodisperse 

distribution of hemispherical islands of similar size and shape, and consequently supporting a 

monomodal size distribution. The glass substrate itself is not damaged during thermal annealing, 

and only the deposited film is affected by the dewetting process which is largely governed by the 

minimization of the surface energy of the deposited metal film. These observations demonstrate 

the dependence of the morphology and uniformity of nanoparticle size distributions of sputtered 

continuous Ag film layers on the annealing temperatures, and treatment durations. It can be 

inferred that by increasing the duration of annealing at both temperatures further coalescence 

among the particles can occur due to increased surface diffusion resulting in larger particle sizes 

and more spherical shapes. The morphological changes of Ag films due to thermal annealing 

treatment at different temperatures for various time durations can be explained by considering the 

reverse configuration of thin film growth which involves several processes such as adsorption, 
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cluster formation, surface diffusion, desorption, nucleation, island growth, and agglomeration, all 

of which can be observed in the end product of our sputtered and annealed Ag films.238 Barman et 

al.212  provide an extensive discussion of the same on the systematic formation of Ag nanoparticles 

from sputtered Ag films using rapid thermal processing (RTP). 

 

Elemental and chemical characterization of Ag films annealed at 400 °C via energy 

dispersive x-ray spectra collected during scanning electron microscopy is presented in (Figure 

S1a). The corresponding atomic percentages and peaks of Ag in (Figure S1c) provide a 

preliminary confirmation of the formation of Ag nanoislands. Crystallographic analysis of Ag 

films annealed at 150°C and 400°C were investigated via x-ray powder diffraction presented in 

(Figure S3). The lack of peaks corresponding to Ag2O formation is readily observable in (Figure 

S3). Furthermore, it is well-known that for Ag2O films, the Ag2O phase completely transforms 

into Ag for temperatures round 400°C and beyond via thermal decomposition during vacuum 

thermal annealing.239 As the samples fabricated in this work involve very thin films of thicknesses 

ranging between 5–20 nm, the growth of a consistent Ag2O layer is limited. Also, as Ag2O requires 

strong oxidizing conditions, facilitated only under pure oxygen flow at high temperatures, it is 

AgO that typically forms. AgO itself is unstable at room temperature, and alongside Ag2O, 

decomposes under visible light irradiation to regenerate Ag.240 The lack of evidence in damping 

of the plasmonic resonances, and the consistent high intensity absorption profiles (Figures 4.2c – 

4.2d) support this. 
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Figure 4.2. (a) Secondary electron FESEM image of Ag film annealed at 150 °C; (b) FESEM image of 

Ag film annealed at 400 °C; the scalebars in both FESEM images correspond to lengths of 200 nm; 

(c) UV–Vis absorbance of Ag films annealed at 150° C; (d) UV–Vis absorbance of Ag films annealed 

at 400 °C. The color-coded spectra help distinguish the spectra of individual films while helping 

identify the similar characteristics in their absorbance spectra under the corresponding conditions. 

It can be noted that for films annealed at 400 °C the secondary resonances at shorter visible 

wavelengths are broadened while the primary resonances are redshifted to longer wavelengths. 

4.3.2 LSPR phenomena in Ag nanoislands 
 

(Figure 4.2c) and (Figure 4.2d) present the UV–Vis-Nir spectra of Ag films annealed at 150 °C 

and 400 °C. The effects of thermal annealing on the optical properties of the Ag nanoisland 

substrates can be understood by considering Mie scattering theory.19,46 The absorption spectra of 

Ag films on glass substrates experience redshift and a clear broadening of the primary resonance 

peak with increasing annealing temperatures.210 This can be understood by the corresponding 
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increase in the average particle size due to the coalescence of individual smaller particles via 

surface diffusion. The quadrupole resonance is responsible for the secondary absorption peak 

observed at the lower wavelength regions and is not observable for as-sputtered Ag films. 

Similarly, the secondary peak also experiences broadening with increasing annealing temperatures 

and originates from the electronic coupling of conduction electrons of the agglomerated Ag NPs 

that are larger in size.241 

 

In Ag films annealed at 150°C, the primary absorption maximum is due to a broad dipolar 

LSPR resonance and is observed at wavelengths between 470–485 nm. The linewidth for the 

dipolar resonance consists of contributions from both homogeneous and inhomogeneous 

broadening as shown in (Figure S4), and the Q-factor is ~ 2.9. In water (ϵ =  1.33), citrate-capped 

colloidal Ag nanospheres with a diameter of 80 nm are known to exhibit a LSPR peak at 458 

nm.242 The redshift of the LSPR peak of Ag nanoislands to ~ 500 nm (Figure 4.2c) is a 

consequence of both the hemispherical shape and the high index glass substrate (ϵ =  1.5). The 

hemispherical shape is due to the wetting configuration of silver nuclei on the surface dictated by 

the Young-Dupré equation wherein faceting is only significant for particle sizes > 100 nm.243 The 

close match of the results of FDTD electromagnetic simulations of isolated Ag hemispheres on a 

glass substrate (Figure 4.3d) with the experimentally observed optical spectra (Figure 4.2c) 

provides further validation. 

 

Following a dip in the wavelength range 374–387 nm, a secondary peak is observed at the 

UV spectra region corresponding to wavelengths between 352–358 nm. This secondary peak 

corresponds to a hybrid quadrupolar resonance which is due to the size of the Ag nanoislands, the 

bulk (volume) plasmon resonance at ~350 nm, and also involves longer range interparticle 

interactions through the higher permittivity glass substrate.223 Isolated solid Ag nanospheres with 

diameters smaller than 60 nm exhibit merely a dipole resonance (the quadrupole resonance is 

absent) since the driving electric field incident on the nanoparticle can be assumed to be uniform 

in intensity over the entire nanoparticle.244 This assumption is untenable for larger nanoparticles 

and gives rise to higher order plasmon resonances. Isolated colloidal Ag nanospheres with 

diameters of 60–100 nm exhibit weak, indistinct quadrupole resonances which occur purely due 

to a weakening of the quasi-static approximation for larger spheres. It is noteworthy that a 
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quadrupole resonance in the short wavelength spectral region is not observed either for gold 

nanoislands or for colloidal gold nanospheres.223,245 The hybrid quadrupolar resonance seen in 

(Figure 4.2c) in the short wavelength region has a high Q-factor of 11.7 (Figure S5) and is not 

related to the agglomeration of Ag nanoparticles which typically results in broadened and 

redshifted resonances.54,241,246 An asymmetric quadrupole resonance is more prominent for 

plasmonic nanoparticles with a lower dissipation (e.g. Ag) and a smaller size parameter (2π𝑎/λ) 

where 𝑎 is the particle radius.247 

 

Figure 4.3. (a) Simulated absorption cross-section for an individual hemispherical nanoisland of 

radius 40 nm, and (b)–(c) its corresponding electric field intensity profiles along the xy-plane at 

resonant wavelengths of 345.852 nm and 498.113 nm, respectively. (d) Simulated absorption 

cross-section for an individual hemispherical nanoisland of radius 50 nm, and (e)–(f) its 

corresponding electric field intensity profiles along the xy-plane at resonant wavelengths of 

345.852 nm and 519.912 nm, respectively. The polarization of the incident electric field (parallel 

to the x-axis) and its direction of propagation (into the page) have been indicated correspondingly. 

For Ag films annealed at 400 °C, the dipole resonances are more redshifted and occur at 

525 – 583 nm (Figure 4.2d). The dipole resonance of the 400°C annealed Ag films exhibits a 
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nearly perfect Lorentzian profile as seen in (Figure S6) with almost no contribution from 

inhomogeneous Gaussian broadening. In the short wavelength region, two resonances are seen 

with the higher energy peak occurring at 352 – 360 nm, and the lower energy peak at 378 – 381 

nm and are attributed to overlapping size-related quadrupolar resonance and the characteristic 

minor dipole resonances of hemispherical particles illuminated with the electric-field polarization 

along the long axis of the hemispheres. Even though these overlapping resonances in (Figure 4.2d) 

appear less prominent to the untrained eye, they were each found to have similar or higher Q-

factors compared to the quadrupolar resonance of the Ag films annealed at 150°C following 

baseline subtraction and peak deconvolution. The redshifting of the dipole resonance for Ag films 

annealed at 400°C can be attributed to the growth dynamics of the Ag film at higher temperatures 

resulting in the coalescing of individual particles via increased mass transfer and higher surface 

diffusion from smaller nanoparticles to nearby larger particles. The redshift, thus observed, 

corresponds to an increase in average particle sizes to ~ 100 nm. The measured optical extinction 

spectra of the Ag films annealed at 400°C (Figure 4.2d) closely resembles the FDTD simulation 

results for an array of hemispherical nanoislands with a center-to-center spacing of 100 nm (Figure 

4.4a) which indicates the negligible role of Coulombic interactions from neighboring particles 

(which are too weak for interparticle spacings of 100 nm). 
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Figure 4.4. (a) Simulated absorption cross-section for an array of hemispherical nanoislands of radii 

40 nm, and (b) its corresponding transmittance and reflectance spectra. (c) Electric field intensity 

profiles along the xy-plane at resonant wavelengths of 346.154 nm (left) and 521.739 nm (right), 

respectively. The polarization of the incident electric field (parallel to the x-axis) and its direction 

of propagation (into the page) have been indicated correspondingly. 

Among the various FDTD simulations that were performed, results involving individual 

40 nm and 50 nm radii nanoislands, and their array counterparts demonstrated agreement with 

experimental observations. (Figures 4.3a – 4.3c) present the absorption cross-section along with 

the electric field intensity profile for an individual 40 nm radius Ag nanoisland on glass. The 

electric field intensities were measured (along the xy-plane) at the corresponding resonant 

wavelengths observed in the absorption spectra at 345.852 nm (Figure 4.3b) and 498.113 nm 

(Figure 4.3c). (Figures 4.3d – 4.3f) present the same for an individual 50 nm radius Ag nanoisland 

on glass with resonances at 345.852 nm (Figure 4.3e) and 519.912 nm (Figure 4.3f). Both results 

share similarities with the UV–Vis spectra obtained for Ag films annealed at 150 °C and 400 °C 

with dipolar and quadrupolar resonances observed. The spectrum of the 50 nm radius nanoisland 

provides a better match and demonstrates the relevant redshift of the primary resonance as would 

be expected from theory. The electric field intensity profiles also demonstrate concentrated 
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hotspots of greater intensity (by three orders of magnitude) at the quadrupole resonance as opposed 

to the diluted hotspots observed at the dipole resonance. In the case of the former, the hotspots are 

concentrated around the bounding edge of the nanoisland with the greatest intensities observed at 

locations of maximum curvature. These observations agree with our theoretical understanding of 

the LSPR and its behavioral dependencies on the morphology and size of the nanostructure. A 

separate set of simulations involving the nanoisland arrays were also run. The arrays were 

composed of hemispherical nanoislands of either radii 40 nm or 50 nm. Interestingly, the best 

agreement was found for the array consisting of nanoislands of radii 40 nm as presented in (Figure 

4.4). The absorption cross-section in (Figure 4.4a) is similar to those of the UV–Vis spectra with 

a secondary resonance at 346.154 nm, and a primary resonance at 521.739 nm. Furthermore, the 

corresponding transmittance spectra in (Figure 4.4b) matches the transmittance spectrum as 

modeled via VASE. (Figure 4.4c) is another demonstration of the electric field intensity profiles 

at the secondary and primary resonance. Much of the presented observations on the experimental 

and simulated absorption profiles and resonance shift behavior of the Ag nanoislands agree with 

the existing literature.210,248,249 

4.3.3 Variable angle spectroscopic ellipsometry (VASE) of Ag nanoislands 
 

Ellipsometry is a sensitive, non-destructive, and indirect characterization technique where changes 

in the polarization state of the incident polarized light upon the sample can be used to glean 

information into the sample's optical constants, composition, morphology, and thickness.250 VASE 

was performed on Ag film samples annealed at 150°C at angles 55°, 65°, and 75° in the wavelength 

range of 330 nm – 1500 nm. Transmission intensity scans were also performed to obtain a unique 

solution to the thickness and optical constants of the annealed and non-annealed Ag films.250 The 

obtained ψ, Δ (related to the ratio of Fresnel reflection coefficients for p- and s-polarized light) and 

transmission data were modeled using the VASE32 software. The as deposited Ag films not 

subject to thermal annealing were modeled using Palik's optical constants235 and the obtained 

thickness was 13.48 nm with a mean squared error (MSE) of 18.29. By varying the optical 

constants, the MSE was further reduced to 2.94. 

 

The annealed Ag films, or silver nanoislands, were modeled using various oscillators on a 

glass substrate. Initially, a point-to-point analysis was performed by providing appropriate initial 
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conditions and were fit for 𝜓, Δ and transmission data to obtain a unique solution to thickness and 

optical constants. This was later used as reference to fit the real (ϵ′) and imaginary parts (ϵ′′) of 

the sample's permittivity using three general oscillators obeying Kramers-Kronig's consistency 

relations. Two Gaussians (corresponding to the LSPR and bulk plasmon resonances) and one 

Tanguy oscillator (to account for the 4d → 5s interband transition at ~ 3.8 eV) were used to perform 

the fit.251 This model was utilized to calculate the predicted response from Fresnel’s equations 

which can help describe the thickness and optical constants of the material. When these values are 

not known, an estimate is usually given for the preliminary calculation. The calculated values are 

compared to experimental data with the lowest MSE being used as a metric for the best answer. 

The obtained effective thickness of the layer was 33.19 nm with an MSE of 14.28. The fits and 

effective optical constants of the nanoisland layer are presented in (Figure 4.5). Film thickness is 

defined by the interference between light reflecting from the surface and light traveling through 

the film. This interference may be constructive or destructive depending on how the light rejoins 

with the surface reflection and the light’s relative phase. It can be observed that the effective 

thickness is lower than the nanoparticle sizes obtained in AFM. This is because the effective layer 

is equivalent to a uniform material approximating the optical properties of discontinuous islands, 

rather than describing the physical average height of the nanoparticles.252–254  

 

The significance of these results pertains to the fact that prior works have not generated 

complex permittivity data to derive physical insights on plasmonic nanostructures. This would be 

highly essential in the macroscopic modeling of said nanostructures, for example, if we wish to 

learn how a luminophore would interact with a nearby nanoparticle. Mie theory, which is generally 

suitable to model situations where dilute solutions of colloidal nanoparticles are utilized, does not 

carry over well when it comes to modeling metallic films. VASE modeling of the Ag substrates 

helps us understand the surface roughness and the discontinuous nature of the substrate as well as 

provide a means to directly model these substrates using the obtained complex permittivity data. 

While it is generally ideal to make ellipsometric measurements on a Si wafer, due to its overall 

bulk flatness and better local surface roughness accompanied by the homogeneity of refractive 

index and absence of secondary back reflection, the presented results were made on glass substrate 

where tape was utilized to avoid excess back reflection.    
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Figure 4.5. (a)–(b) 𝜓, 𝛥 data values for Ag films annealed at 150°C. (c)–(d) Corresponding optical 

constants (𝑛, 𝜅) and the predicted transmission spectra for Ag films annealed at 150°C. 

4.3.4 Plasmon-enhanced SERS of R6G 
 

Plasmonic substrates can provide for strong ensemble-averaged electric field enhancements that 

are highly beneficial for applications in molecular sensing involving the detection of specific peaks 

in the Raman spectra of target analytes. The potential of our plasmonic Ag nanoisland substrates 

was tested by considering SERS of R6G molecules drop-coated onto the annealed plasmonic 

substrates. 
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R6G has often been used extensively to probe SERS effects. It is a highly recalcitrant textile 

dye, often used for coloring cotton, wool, silk, and paper. R6G is unfortunately associated with 

toxicity, carcinogenicity, mutagenicity, and teratogenicity in cells, tissues, and organisms.255 

Further studies have also demonstrated that water holding R6G dyes can cause allergic dermatitis, 

and irritation of the eyes, skin, and respiratory system while dealing severe damage to retinal 

cells.256 Thus, finding an appropriate means to detect R6G for varying concentrations is of great 

importance. It is particularly ideal in testing the as-fabricated Ag films as it is an extremely strong 

fluorophore upon excitation by visible light making it ideal as a probe for our Ag films that exhibit 

primary and secondary plasmon resonances within the visible light regime. In general, for single 

molecule detection the Raman signal of R6G is not observed except with near-infrared radiation, 

but in the case of SERS the strong adsorption of R6G to the plasmonic noble metal surface results 

in strong quenching of this fluorescence and a strong, and enhanced Raman signal.257,258 

 

Varying molar concentrations between 10–2 M–10−10 M of R6G were utilized. For 

reference, Raman spectra of bare R6G thin coatings on glass were also collected providing a 

comparative study of Raman signal amplification due to plasmonic enhancement of the local 

electric fields of the Ag nanoislands. The corresponding wavenumbers for R6G Raman peaks are 

609 cm−1, 785 cm−1, 934 cm−1, 1137 cm−1, 1204 cm−1, 1303 cm−1, 1357 cm−1, 1433 cm−1, 1508 

cm−1, 1572 cm−1, and 1647 cm−1.258 

 

R6G exhibits an excitonic absorption peak at ~530 nm, with a sharp drop-off in absorption 

at ~ 555 nm. Therefore, 532 nm excitation fulfills the resonance Raman condition. Comparative 

Raman spectra of the bare R6G samples and R6G coated Ag nanoisland samples (formed by 

annealing at 150°C and 400°C) were obtained for excitation wavelengths of 532 nm and 633 nm, 

to consider the response of the plasmonic substrates under resonant and off-resonance excitations. 

For the sake of brevity, we will mainly consider SERS results involving R6G concentrations 

between 10−6–10−10 M. (Figure 4.6) presents the corresponding Raman spectra for R6G coated Ag 

films annealed at 150°C at excitation wavelengths of 532 nm and 633 nm, and (Figure 

4.7) presents the same for R6G coated Ag films annealed at 400°C.  
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Figure 4.6. (a)–(c) Raman spectra for Ag films annealed at 150°C and drop-coated with R6G 

molecules of concentration (a) 10−6 M, (b) 10−9 M, and (c) 10−10 M. The samples were excited with 

laser wavelength of 532 nm. (d)–(f) Raman spectra for the same films under excitation with laser 

wavelength of 633 nm. The red curves correspond to those of Ag@R6G samples while the blue 

curves correspond to bare R6G samples of the same concentration. Corresponding wavenumbers 

for R6G Raman peaks are highlighted by vertical, green transition lines. 
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Figure 4.7. (a)–(c) Raman spectra for Ag films annealed at 400°C and drop-coated with R6G 

molecules of concentration (a) 10−6 M, (b) 10−9 M, and (c) 10−10 M. The samples were excited with 

laser wavelength of 532 nm. (d)–(f) Raman spectra for the same films under excitation with laser 

wavelength of 633 nm. The red curves correspond to those of R6G samples on Ag nanoisland while 

the blue curves correspond to bare R6G samples of the same concentration on glass substrates. 

Corresponding wavenumbers for R6G Raman peaks are highlighted by vertical, green transition 

lines. 
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It is seen in (Figure 4.6f) that for the 150°C annealed Ag nanoisland samples stimulated 

by the 633 nm laser, the 1127 cm−1 Raman mode is clearly visible and has significant intensity 

versus the background signal event at R6G concentration of 0.1 nM. It is well-established that only 

0.1%–1% of Ag NPs in an ensemble are optically hot, and only 0.01% of the surface sites on an 

optically hot NP exhibit significant electromagnetic field enhancement.259 Therefore, the 

identification of Raman signal amplification at R6G molar concentrations of 0.1 nM for Ag 

nanoisland ensembles formed through 150 °C thermal treatment without recourse to lithography 

or templating is of particular significance. It is understood that the Raman spectrum under SERS 

conditions is affected by the localized surface plasmon resonance of the Ag nanoislands which are 

typically wavelength dependent.260,261 Consequently, different parts of the Raman spectrum 

experience different amplification intensities in an effect that can be considered dependent on the 

dispersion of the underlying resonance that is producing the electromagnetic enhancement. This 

can also be explained by referring to the chemical structure of R6G. Different peaks of R6G are 

most prominent at different concentrations and dilutions. This has to do with orientation. For a 

concentrated film of R6G, the benzene rings stack vertically. For dilute solutions, there is more 

room for the rings to lie horizontally on the substrates. The coupling of R6G to Ag (the phonon 

coupling) is stronger (a ring-phonon mode) when it is lying flat on the Ag substrate as opposed to 

vertically standing. There are also intermediate cases where it is either of both. R6G aggregation 

is also dependent on concentrations to a certain degree with single monomers interacting with an 

Ag surface at dilute solutions, and dimers at higher concentrations. It has also been noted that the 

vibronic coupling of higher frequency modes of R6G to the 0–1 transition results in higher 

frequency modes demonstrating more intense Raman signals under visible light radiation around 

514.5 nm compared to that of low-frequency modes.258 In general, it has also been observed that 

off resonant excitation (633 nm) results in Raman enhancements lower in intensity in all bands, 

thus requiring the employment of higher laser intensities in compensation.81 Altogether, these 

results demonstrate the synergistic effects of Ag induced plasmonic enhancement, and the potential 

of these Ag nanoislands as efficient SERS sensing substrates. The higher efficacy in generating 

adequate Raman signal enhancement during off resonance 633 nm excitation in comparison to 532 

nm resonant excitation of the Ag nanoisland-R6G system is in line with reports of Au nanorods 
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showing maximum Raman enhancement for a plasmon resonance blue-shifted from the laser 

excitation wavelength.262 

 

Although plasmon-enhanced SERS of R6G has been reported for diverse plasmonic 

nanostructures including stars,263 pyramids,264 and cubes,265 the novelty of these nanoisland 

substrates is directly related to the facile means utilized to fabricate the nanostructures as well as 

their consistency in high quality optical properties and high-performance SERS results. In 

particular, the plasmon resonances of these Ag nanoisland substrates provide a mix of both high-

quality factors and suitable wavelengths of absorption. This contrasts with other plasmonic 

nanostructures such as cubes, dendrites, and stars where there are two extremes of resonances: 

broad or narrow. The resultant electromagnetic field enhancements in plasmonic nanostructures 

are greatly influenced by the geometry of the nanostructure being utilized.19,46 Nanoislands, thanks 

to their hemispherical structure and elongated curvature, provide for a uniform electromagnetic 

enhancement reflected by their wide absorption profiles making them suitable for SERS testing of 

various dyes. In contrast, the aforementioned nanostructures and others such as bipyramidals,266 

and shurikens267 where the electromagnetic enhancements are restricted to the sharp tips of the 

nanostructure result in narrow absorption profiles that limit the applicability of said plasmonic 

nanostructures for SERS studies of specific dyes where the absorption profiles match the 

absorption wavelength of the relevant dye. The wet-chemical methods used to synthesize said 

nanostructures also make it more difficult to provide for consistent results in fabrication, and 

device testing. This reinforces the potential applicability of the nanoislands fabricated in this work 

as efficient plasmonic substrates for plasmon-enhanced photocatalysis.  
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4.3.5 Plasmon-enhanced photocatalytic transformation of aromatic thiols  
 

Surface catalytic reactions of 4-nitrobenzenethiol (4-NBT) and p-aminothiophenol (PATP) to p,p'-

dimercaptoazobenzene (DMAB) by surface-enhanced Raman spectroscopy have been 

demonstrated by Sun et al.268 and You et al.269, respectively. In this current work, these thiols are 

used as candidates to demonstrate the potential of plasmonic substrates consisting of Ag 

nanoislands for plasmon-enhanced thiol photoreduction. Much like R6G, 4-NBT and PATP are 

both azo dyes/compounds commonly used in the chemical/textile industries and have detrimental 

effects on the environment. Thus, means toward degradation of these compounds is an essential 

environmental initiative. The fabricated Ag nanoislands samples were drop-coated with the 

respective 4-NBT and PATP thiol solutions. The SERS spectra of 4-NBT and PATP are well 

documented, with the signature Raman peak of 4-NBT at 1330 cm−1 and the signature Raman 

peaks of PATP at 1080 cm−1, 1144 cm−1, and 1190 cm−1. The Raman spectra of the product 

(DMAB) are characterized by two modes at 1390 cm−1 and 1430 cm−1. 
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Figure 4.8. Raman spectra on thiol photoreduction results for Ag films annealed at 150°C for 

increasing laser power from 0.1 mW to 8 mW. The corresponding Raman peaks of 4-NBT, PATP, 

and DMAB are identified via red, vertical transition lines. (a)–(b) For laser excitation wavelength of 

532 nm, Raman spectra of Ag@4-NBT and Ag@PATP, respectively. (c)–(d) For laser excitation 

wavelength of 633 nm, Raman spectra of Ag@4-NBT and Ag@PATP, respectively. 
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Figure 4.9. Raman spectra on thiol photoreduction results for Ag films annealed at 400°C for 

increasing laser power from 0.1 mW to 8 mW. The corresponding Raman peaks of 4-NBT, PATP, 

and DMAB are identified via red, vertical transition lines. (a)–(b) For laser excitation wavelength of 

532 nm, Raman spectra of Ag@4-NBT and Ag@PATP, respectively. (c)–(d) For laser excitation 

wavelength of 633 nm, Raman spectra of Ag@4-NBT and Ag@PATP, respectively. 
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By varying laser power between 0.1 mW to 8 mW for laser excitation wavelengths of 532 

nm and 633 nm, the evolution of the Raman peaks for 4-NBT, PATP, and their product DMAB 

can be monitored through a decrease in Raman intensities of the reactants and a concomitant 

increase in the Raman intensities of the product DMAB in our plasmonic substrates as presented 

in (Figure 4.8) and (Figure 4.9). Ag nanoislands formed by the thermal annealing of Ag thin films 

at both 150°C and 400°C demonstrate effective photoreduction of 4NBT and PATP to the product 

DMAB. 

 

SERS synthesis of DMAB from 4NBT and PATP is achieved via catalytic coupling of the 

Ag nanoislands. Prior research has proven that the six strongly generated vibrational modes of the 

two molecules are enhanced by the plasmons from the noble metal nanoparticles.268,270 The 

catalytic mechanisms behind the photoreduction and photooxidation of 4NBT and PATP 

respectively to DMAB have been explored in various works.271,272 In both cases, plasmonic hot 

carriers provide the relevant kinetic energy to overcome the reaction barrier for dissociation, and 

electrons for photodissociation. Apart from the generation of hot electrons, enhanced dissipation 

of thermal energy (via hot spots), and increased scattering also serve to enhance the above 

reactions. Considering the monometallic system of Ag nanoislands, it can be surmised that the 

conversion of 4NBT and DMAB (requiring four electrons) is accomplished through hot electrons 

(generated via plasmon decay) with high enough kinetic energy to drive the reaction.273 

 

Similar mechanistic insights have been demonstrated by Zhang et al.274 for the conversion 

of PATP to DMAB confirming that the plasmonic excitation of the Ag nanoislands results in the 

generation of hot electrons that transiently occupy empty states above the Fermi level while 

leaving hot holes below the Fermi level of Ag (−4.3 eV vs. vacuum). These hot electrons are of 

insufficient energy to be injected to the lowest unoccupied orbital of PATP but can be transferred 

to the 2 * orbitals of 3O2 adsorbate to form 2O2
−. The short lived 2O2

− species can then react with 

the chemisorbed PATP initiating the coupling reaction. The leftover electron rapidly recombines 

with the hole in the plasmonically excited Ag nanoisland, preventing Ag oxidization. The 

photocatalytic coupling of PATP is altogether quite complex but two major rate-determining steps 

have been identified: (1) The photoactivation of interfacial oxygen through the injection of 

plasmonic hot electrons from Ag to surface-adsorbed O2, and (2) The rate-limiting step of the 
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photoactivated oxygen reaction with the surface-adsorbed PATP to initiate oxidative 

dehydrogenation and azo-coupling reactions to form DMAB.274 

 

Ag nanoislands constitute the source and sink for the generated hot electrons and holes via 

the excitation of the plasmonic resonance using laser light at 532 nm (on resonance), and 633 nm 

(off resonance). In both cases, it is notable that conversion of the thiol compounds to their DMAB 

products have been observed. The plasmon generated hot electrons provide electrons for the 

reactions but also convert the resultant kinetic energy into thermal energy for the molecules to 

overcome the reaction barrier. By increasing the laser power intensities, the probability of the 

plasmon driven catalytic reactions is further enhanced, as indicated by the corresponding reduction 

in reactant peaks.156,275 The study of these DMAB reactions and their evolution is a continuing 

study with various mechanisms proposed for the appropriate plasmonic systems.268,272,276  

 

In comparing the two samples, a basic calculation of peak-to-peak conversion ratios for the 

relevant products and reactants shows that Ag films annealed at 400°C provide for better and 

greater conversion efficiencies in comparison to the Ag films annealed at 150°C for both laser 

excitation wavelengths (532 nm and 633 nm). A representative calculation of the peak to peak 

conversation ratios for Ag@4-NBT at 532 nm wavelength excitation shows that for Ag films 

annealed at 400°C (Figure 4.9a) we have a conversion efficiency of almost 99% (for 4-

NBT:DMAB peaks at 1330 cm−1:1390 cm−1) and almost 99% (for 4NBT:DMAB peaks at 1330 

cm−1:1430 cm−1). Meanwhile the same peak conversion ratios for Ag films annealed at 150°C 

(Figure 4.8a) results in a conversion efficiency of 70% (for the 4-NBT:DMAB peaks at 1330 

cm−1:1430 cm−1). Similar trends are observed for the cases of excitation under 633 nm wavelength, 

and for the photooxidation of PATP to DMAB. For the laser intensities considered, it has been 

observed that the morphology of the Ag nanoislands experience no change. This has also been 

reported by Zhang et al.274 Extinction spectra of the samples before and after Raman illumination 

have been presented in (Figure S7). Additionally, bare samples of 4NBT and PATP under the 

highest intensity of laser-light illumination (10 mW) demonstrate no evidence of the production 

of DMAB providing further proof of the plasmon-enhanced photocatalytic transformation of these 

aromatic thiols using Ag nanoislands. (Figure S8) 
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Time-resolved Raman spectroscopy would best assist in obtaining detailed information on 

the timescales of the hot charge carrier dynamics that facilitate these thiol-photoreduction 

reactions. In what is essentially a pump-probe spectroscopy approach, a pump could be utilized to 

conduct the relevant thiol reaction while a probe is utilized to analyze the product DMAB 

absorption. With various delays between the pump and probe, one can observe when the probe 

beam is strongly absorbed, following which the appearance and evolution of the DMAB peak can 

provide a timestamp of the reaction’s dynamics. With consideration of the conventional timescales 

observed of hot carrier dynamics, one would expect absorption to be facilitated in 100 fs with the 

product DMAB peaks being evident in the picosecond timescale. Other time-resolved 

spectroscopic methods such as two-photon photoelectron spectroscopy could also provide greater 

insights into the time-dependent behavior of plasmon-enhanced thiol photoreduction reactions. 

4.4 Closing Remarks  
 

Using a combination of magnetron sputtering followed by thermal annealing, at two different 

temperatures of 150°C and 400°C, Ag nanoisland plasmonic substrates were fabricated. The 150°C 

annealed samples showed a strong dipole resonance at 2.61 eV and a sharp peak at 3.51 eV. The 

dipole resonance was fit to a typical Voigt profile with clear contributions from both homogeneous 

and inhomogeneous broadening. The slightly asymmetric resonance at 3.51 eV was explained to 

be a hybrid quadrupole resonance consisting of contributions due to a breakdown of the quasistatic 

approximation (owing to larger particle sizes of 50 – 200 nm), island shape and high index 

substrate (breaking symmetry), interparticle interactions and the close-lying bulk (volume) 

plasmon resonance. The 400°C annealed samples showed a clear quasi-spherical morphology with 

a strongly redshifted strong dipole resonance at ~ 2.25 eV, and a twin-peaked feature at shorter 

wavelengths. Somewhat unusually, the dipolar plasmon resonance exhibited nearly perfect 

Lorentzian line shape indicating a minor contribution from inhomogeneous broadening. Our 

interpretations of the optical spectra were validated by FDTD simulations of isolated and arrayed 

hemispherical islands, which closely resembled the experimentally measured spectra. 

Ellipsometric analysis was used to determine the thickness and optical constants of the composite 

Ag nanoisland-air films. Extraction of the wavelength dependent n and k values of the Ag 

nanoisland films enables facile description, prediction, and exploitation of the macroscopic optical 

properties of Ag nanoisland ensembles in photovoltaic devices, photocatalysts, and sensors. 
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Device testing of these Ag nanoisland plasmonic substrates involved studies of SERS of R6G drop 

casted onto the plasmonic substrates for diverse concentrations from 10−2 – 10−10 M where samples 

annealed at 150°C showed a detection of the vibrational modes of 0.1 nM R6G for 633 nm 

excitation. The potential of Ag nanoisland films in plasmonic catalysis was demonstrated through 

the photocatalytic transformation of aromatic thiols, namely 4-NBT and PATP into DMAB at on- 

and off-resonance conditions. 
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Chapter 5 

Bimetallic Plasmonic Photocatalysis  
 

5.1 Introduction 
 

Over the recent decade, plasmonic photocatalysis has emerged as a promising pathway for 

promoting chemical reactions through the excitation of collective charge density oscillations in 

metal nanoparticles (NPs).277 Plasmonic noble metal NPs such as gold (Au) and silver (Ag) interact 

strongly with incident electromagnetic radiation due to the localized surface plasmon resonance 

(LSPR) phenomena resulting in enhanced absorption and the ability to harvest light in nanoscale 

volumes.39,54,278–280 The LSPR excitation, as observed in Chapter 4, can dephase radiatively 

through the emission of a photon or non-radiatively by the generation of a transient population of 

non-equilibrium excited charge carriers or hot electrons. These photoexcited electrons can be 

transferred directly to adsorbed reactant molecules or elevate the temperature of the nanoparticle 

by releasing their energy in the form of heat.281–283 Enhanced photothermal effects increase the 

overall kinetics of chemical reactions. Increased photonic radiation helps enhance local chemical 

reactions such as photodegradation, photoisomerization, and light collection.100,281  Hot electrons 

promote metal-adsorbate systems to an excited state effectively allowing for lowered activation 

energy barriers.282,284 Thus, plasmonic noble metal NP photocatalysts can be utilized to exploit and 

increase the reaction rates and product selectivity of numerous industrial and environmentally 

relevant reactions under relatively mild conditions.95,281,293,285–292  

 

Traditional plasmonic noble metals such as Au, Ag, Cu, etc. are highly attractive as their 

LSPRs can be tuned along the visible to near-infrared spectrum where solar irradiation is strongest. 

Further tuning of the LSPR can be facilitated by modifying the morphology, size, and dielectric 

environment of the nanoparticles.64,277,294 A central limitation in the wider application of plasmonic 

photocatalysis is its restriction for facilitating chemical transformations on the surfaces of inert 

plasmonic noble metals. A simple solution to this is facilitated by the integration of a plasmonic 

metal with another metal that has high catalytic activity for the desired chemical reaction.134,295,296 

The inclusion of the second metal has been demonstrated to create new active sites for chemical 
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reactions as well as provide additional pathways to assist in charge separation and improved 

photocatalytic activity.20 Composition and morphology, to a large part, dictate the properties of 

plasmonic nanomaterials.297–299 The synthesis of bimetallic heterostructures inherently involves 

the modification of these two fundamental properties to develop nanomaterials that provide 

enhanced catalytic activity and selectivity,300,301 fine tuning of optical properties (absorption, 

scattering etc.),302 and other applications in various fields spanning electronics and medicine.303–

305 Recent studies have adopted the development of plasmonic bimetallic heterostructures to 

facilitate for enhanced charge heterogeneity, and separation of plasmon-generated hot electrons 

and holes with improved photocatalytic activity compared to their monometallic plasmonic 

counterparts.18,61,288  

 

 The synthesis of plasmonic bimetallic heterostructures of diverse morphologies has been 

achieved through various means including wet chemical synthesis, sono-chemical synthesis, 

photochemical synthesis, microwave synthesis, sputter deposition, electroless plating, and 

electrochemical synthesis.299 Three bimetallic heterostructures commonly recognized in the field 

include: core-shell, random, or separated structures. (Figure 5.1) Depending on the synthesis 

technique utilized, the distribution and organization of each metal can be varied to develop these 

three bimetallic heterostructures.306 These inherent structural differences significantly alter the 

plasmonic properties of the bimetallic complex.  

 

 

Figure 5.1. Bimetallic heterostructures: (a) Core-Shell, (b) Separated, and (c) Random. Reprinted 

for academic use from Ref.307 Copyright Elsevier (2013).  

In the case of bimetallic core-shell structures, Mie theory demonstrates that the plasmon 

resonance can be tuned between the UV and mid-IR region by varying the ratio of shell thickness 

to the overall size of the bimetallic nanoparticle.54 The solutions to Maxwell’s equations can be 
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translated to a bimetallic system where it has been shown that an interfacial plasmon mode can 

exist at the boundary between two metals.308 In a bimetallic system involving two different metals, 

we are looking at two samples of different electron densities and thus different plasma frequencies. 

Stern et al.308 have shown that the plasma resonance frequency at the bimetallic interface is given 

by, 

ω = (0.5(ω𝑝
2 + ω𝑝

′2)
1/2

) (5.1) 

where ω𝑝 retains the classical plasma frequency while ω𝑝
′  represents the plasma frequency based 

off the dielectric constant calculated at the interface of the two metals.309 For bimetallic structures, 

the dielectric function utilized is a weighted linear combination of the dielectric constants of the 

constituent metals. This is to account for the fact that noble metals such as Au and Ag are not 

purely free electron materials and that interband contributions must be considered at certain 

wavelengths.310 The most interesting property of bimetallic nanoparticles that arises from this 

theory is their ability to tune their plasmon resonances across a wide range of the electromagnetic 

spectrum. Theoretical simulations by Zhang et al.311 have shown that the surface plasmon 

resonance in bimetallic core-shell nanoparticles involving Au@Pt and Au@Pd nanoparticles can 

occur in the visible regime with high tunability by changing the core to shell size ratios. 

Experimental confirmations of the same have been made by Gao et al.312 who have demonstrated 

tunable plasmon resonances of Ag-Pt bimetallic nanoparticles where the amount of precursor 

H2PtCl6 used in the fabrication of the particles redshifts the LSPR peaks of the bimetallic structure. 

Many other groups have demonstrated similar shifts with bimetallic nanoparticles with functional 

dependencies on morphology and composition.61,157,313  

 

Bimetallic nanoparticles offer a solution to this problem whereby the combination of 

plasmonic noble metals with catalytic transition metals such as Pt, Pd, Rh, Ru, etc. an ideal 

photocatalyst with optical properties of the plasmonic metal and the reactive properties of the 

catalytic metal can be realized. These bimetallic nanostructures are largely fabricated in the form 

of antenna-reactor,314,315 core-shell,277 or alloy structures,20,316,317 and compared to their 

monometallic counterparts have demonstrated greater optical sensitivity,286,288 product 

selectivity,295,314 and increased reaction rates157,318–320 for diverse chemical reactions compared to 

their monometallic counterparts.281  
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Here, we investigate the properties of Au@Pt core-shell nanoislands as promising 

candidates for plasmonic photocatalysis. Catalytic metals such as Pt, have a weak optical response 

in the visible, and strongly absorb in the UV regime. The addition of an Au core, as a plasmonic 

antenna, and thin shells of Pt, as catalytic layers, help develop a bimetallic photocatalyst retaining 

the optical behavior of the plasmonic metal and reactive behavior of the catalytic metal for catalytic 

applications beyond the boundaries of its constituents.277,284,321 Building on the methods utilized 

in constructing our monometallic Ag nanoislands, a combination of magnetron sputtering and 

thermal annealing is once again used to form hemispherical Au@Pt core-shell nanoislands on glass 

substrates in a facile process that is less time-consuming while providing greater consistency 

compared to wet-chemical or colloidal synthetic techniques.322 The choice of an Au core was to 

take advantage of an even more suitable plasmon resonance in the visible regime (compared to 

Ag) as well as to offset for the lack of stability of Ag as a generally oxidative metal. The bimetallic 

architecture of an Au core and a Pt shell was also decided as major experiments involving R6G 

sensing or CO2 photoreduction with Au nanoislands do not demonstrate the same level of efficacy 

as Ag nanoislands due to their limited adsorption of these molecules.323,324 The addition of Pt thin 

shells for varying durations of deposition provides insights in modulating the plasmonic behavior 

of the core-shell composite and is observed to directly influence the use of these plasmonic 

substrates for efficient dye degradation of methylene blue (MB). Raman thermometry studies of 

the Stokes and anti-Stokes surface-enhanced Raman scattering (SERS) intensities of the 

bimetallic-adsorbate system clarify the microscopic mechanism of the excitation and the flow of 

energetic charge carriers in a Dissociated Induced Electron Transfer (DIET) process between the 

plasmonic and adsorbate systems.93,121 This analysis provides us a direction of control of the charge 

excitation and transfer process that may be explored using interfacial and local electric field 

engineering strategies.  

 

Preliminary knowledge on the plasmonic substrates is obtained via FDTD simulations on 

the electromagnetic response characteristics and the influence of morphology on the overall 

behavior of the macroscale structure. Density functional theory simulations have also been 

utilized, with the assistance of collaborators Sergey Gusarov and Alex Kobryn at NINT, to explore 

the influence of chemical and interfacial characteristics of the Au@Pt core-shell substrates. 
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Although it is favorable to provide for semiconducting scaffolds in conjunction with plasmonic 

substrates, these studies, overall, demonstrate the versatility of the method utilized to synthesize 

these bimetallic structures, their standalone potential as promising nanostructures for plasmon-

driven catalytic reactions and chemical conversion, all the while permitting for facile incorporation 

in semiconductor scaffolds.93,322,325   

5.2 Materials and Methods 
 

5.2.1 Fabricating Bimetallic Au@Pt Nanoislands 
 

The growth of bimetallic core-shell Au@Pt nanoparticles was achieved using direct current 

magnetron sputtering of 99.9% pure Au on glass substrates. The Au films were thermally annealed 

in a furnace to form hemispherical nanoislands upon which 99.9% pure Pt films were subsequently 

sputter deposited to complete the core-shell structure. Prior to deposition, the glass substrates were 

cleaned via ultrasonication in methanol for 20 min. For direct current magnetron sputtering of Au 

and Pt, the vacuum chamber was evacuated to a base pressure of 10-6 Torr, and then filled with 

argon gas to maintain a constant pressure of 7 x 10-3 Torr during sputtering. Thin films of Au were 

deposited at room temperature for 40 s at a rate of 75 W, and subsequently subjected to thermal 

annealing at 4000C. A one-hour ramping procedure and a 15-minute dwell cycle was used. 

Annealing was performed in open-air conditions, and post-annealing, the samples were left to cool 

at room temperature. The as-formed Au hemispherical nanoislands were then sputtered with thin 

films of Pt deposited at room temperature for varying durations from 10-30 s at a rate of 75 W. 

The bimetallic samples exhibited a pale pink-grey hue.  

5.2.2 Characterization 
 

Transmission spectra of the bimetallic Au@Pt films were measured using a Perkin Elmer Lambda 

1050 UV-Vis-NIR Spectrophotometer. Surface morphology of the films was studied using a 

Hitachi S-4800 field emission scanning electron microscope (FE-SEM). ImageJ software from the 

National Institutes of Health (NIH) was utilized to obtain size distributions of the bimetallic 

nanoislands. Corresponding histogram plots were fit to Gaussian distributions to determine the 

average size of nanoislands, their standard deviation, and polydispersity (the percent ratio of 

standard deviation to average size). Chemical composition and binding energy studies of Au and 
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Pt in pristine and core-shell morphologies were determined using X-ray photoelectron 

spectroscopy (XPS) on an Axis-Ultra, Kratos Analytical XPS equipped with a monochromatic Al-

K𝛼 source (15 kV, 50 W) and photon energy of 1486.7 eV operating under ultrahigh vacuum of ~ 

10-8 Torr. Binding energies of all constituent elements were referenced using the binding energy 

of C-1s ≈ 284.8 eV as a standard. Acquired raw data files were deconvoluted into various peak 

components using CasaXPS software and were subsequently plotted. Ultraviolet photoemission 

spectroscopy (UPS) was performed using the same tool to determine the work functions of pristine 

Au, Pt, and Au@Pt systems where a He lamp of 21.21 eV was used as an excitation source. 

Glancing angle X-ray powder diffraction (XRD) spectra of pristine Au, Pt, and Au@Pt systems 

were collected on a Bruker D8 advance diffractometer with a radiation source of Cu X-ray tube 

(Cu-Kα, IµSµ, λ = 0.15418 nm) operating at 50W. This tool is equipped with a 2D detector 

(VANTEC-500). The average crystallite sizes of the pristine Au, Pt, and Au@Pt substrates are 

derived using the Debye-Scherer formula,326,327  

𝐷 =
𝑘λ

β𝑐𝑜𝑠θ
, (5.2) 

where 𝑘 =  0.9 and is the Scherrer constant, λ corresponds to the wavelength of the X-ray source, 

β is the FWHM (radians), and θ is the peak position (radians). The residual microstrains ξ of 

pristine Au, Pt, and Au@Pt substrates are calculated using a single line approximation method 

leading to the following relation,328  

ξ =
β

4𝑡𝑎𝑛θ
. (5.3) 

 

5.2.3 Lumerical FDTD Simulations 
 

Lumerical Nanophotonic FDTD solutions was used to model and simulate the optical and near-

field electromagnetic response properties of core-shell Au@Pt nanostructures. The simulations 

were performed for various arrayed bimetallic Au@Pt nanostructures on a glass substrate. 2-D and 

3-D Maxwell solvers and monitors based on the FDTD method for complex geometries were used 

to determine optical quantities such as absorption spectra as well as near and far-field electric field 

profiles. Material data for Au and Pt was provided in Lumerical FDTD simulations and are sourced 

from Palik et al.235 A light source of bandwidth range 300 - 800 nm was incident upon the 
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bimetallic nanostructures at a normal angle from above. Lumerical’s in-built refractive index 

monitor was utilized to confirm the bimetallic nanostructures were appropriately configured and 

modeled throughout the course of the simulations. Symmetric and anti-symmetric boundary 

conditions were utilized for both sets of simulations involving arrayed nanostructures to capitalize 

on the symmetrical nature of the system, and further shorten simulation time. The relevant results 

were compared with experimental data obtained through characterization and morphological 

studies to provide further insights into the electromagnetic field responses and optimization of the 

plasmonic substrates. The simulations also provided a preliminary confirmation of the core-shell 

structures of the plasmonic substrates via the matching of plasmonic modulation behavior 

observed for varying Pt shell thicknesses. 

5.2.4 Density Functional Theory (DFT) Studies 
 

Density functional theory (DFT) studies were performed on the bimetallic substrates for greater 

insights into interfacial intermetallic effects, and plasmonic coupling. The bimetallic structure 

building prior to density functional theory-based quantum chemical calculations was done 

following XRD data analysis. As displayed in (Figure S9), the sputtered bare Au and Pt films 

showed crystal planes of typical fcc phase.329 In the bimetallic Au@Pt system, only Au planes are 

visible, indicating possible lattice matching during sputter-deposition of the Pt shell atop the Au 

substrate. For the bare Pt, it is observed that all corresponding fcc planes have slightly lower d-

spacings compared to fcc planes of bare Au. Another possible reason for non-visibility of Pt planes 

arises from the fact that the sputtered Pt films are quite thin in nature ranging between 1-3 nm in 

thickness. Thus, a lattice-matched dominant plane (111) for the hybrid system was constructed 

using Materials Studio software in both far and close configurations. DFT calculations were 

performed using OpenMx 3.9.2 (Open source package for Material eXplorer) package,330 where 

norm-conserving pseudopotentials331 and pseudo atomic localized basis functions330 were used. 

Generalized gradient approximation (GGA)332 with Perdew–Burke–Ernzerhof (PBE) exchange-

correlation functional was employed in all the computations with consideration of periodic 

boundary conditions and spin polarization. The threshold for convergence criterion and energy 

cut-off value for self-consistent loop was set to be as low as 10-5 and 220 eV respectively. Highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) were 

generated using VMD (visual molecular dynamics) visualization software. Projected density of 
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states (PDOS) plots were obtained using Gaussian broadening method, where the broadening 

parameter was 0.08 eV. 

 

5.2.5 Methylene Blue dye degradation and photocatalytic studies  
 

Photocatalytic potential of the bimetallic Au@Pt core-shell nanoislands was probed through 

degradation of 5 ppm concentrations of aqueous MB blue dye solutions under AM 1.5G one sun 

solar illumination. A Xenon (Xe) lamp was the primary light source. Substrates of varying Au@Pt 

ratios corresponding to varying deposition times of Pt (10 s, 20 s, and 30 s) were immersed in the 

dye solution in a beaker 5 cm from the source. The tests were run in ambient conditions under dark 

for 60 minutes and the samples were recovered every 20 minutes. The solutions were exposed to 

solar illumination and the samples recovered after a 20-minute interval. 3 mL of the reaction 

solution, in each case, was used to obtain the absorbance spectrum to evaluate the dye degradation 

rate at the dye’s primary peak at 664 nm, corresponding to the relevant samples, using a Perkin 

Elmer Lambda 1050 UV-Vis-NIR Spectrophotometer. Photolysis tests of MB were also carried 

out with bare Au nanoislands and Pt films on glass as a standard to validate plasmon-enhanced 

degradation of the MB dye. Further confirmation of the same was achieved by performing the dye 

degradation tests under a UV filter, and in the presence of electron and hole scavengers including 

ammonium dichromate, ethylenediaminetetraacetic acid (EDTA), isopropyl alcohol (IPA), and p-

benzoquinone. 5 mL of 10 mM solutions of electron and hole scavengers were used in 50 mL of 

dye solution to test the photocatalytic performance of the bimetallic substrates. Reproducibility of 

the measurements was ensured by double testing of selected samples. Quantitative understanding 

of dye degradation results was achieved by examining the change in MB concentration (C) after 

photodegradation relative to the initial concentration (𝐶0) 

of the MB dye. The photocatalytic activity of the bimetallic photocatalysts was described using a 

pseudo-first-order kinetics model,  

−𝑙𝑛(𝐶/𝐶0) = 𝑘𝑡, (5.4) 

where 𝑘 is the kinetic rate constant of the degradation process.  

5.2.6 Stokes and anti-Stokes Raman Thermometry 
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As a technique, Raman spectroscopy has been ubiquitous in many different fields of scientific 

inquiry. The molecular vibrations and systematic excitations because of Raman scattering can 

cause the energy of incident photons on the sample to be shifted up or down. These shifting modes 

of energy provide the relevant information regarding the electronic and vibrational structure of the 

system, and are categorized into three bands: Rayleigh, Stokes, and anti-Stokes. The Rayleigh 

band signifies scattering without loss of energy of energy, while the Stokes and anti-Stokes bands 

relate scattering where a vibration is excited with a down-shift in photon energy and scattering 

where a vibrational excited mode is de-excited with an up-shift in photon energy, respectively. 

The measurement of the Stokes and anti-Stokes scattering signals arising from the Raman effect 

encompasses the technique that is Raman spectroscopy.333  

 

Advanced characterization involving Stokes and anti-Stokes Raman spectroscopy provides 

great insights toward plasmon carrier dynamics. An example of the significance of such analyses 

comes from the work published by the Linic group.129,334 Linic et al.100,129,334 were able to obtain 

unique insights by analyzing anti-Stokes intensities for a case study on MB molecules adsorbed 

on Ag nanocubes. Using laser sources with photon wavelengths of 532 and 785 nm, Linic et 

al.100,129,334 observed the anti-Stokes and Stokes SERS signals to simultaneously measure the 

vibrational temperature of the plasmonic nanoparticle and the attached adsorbate. This allowed 

them to track the flow of excited charge carriers in the system as the charge flow is directly related 

to the temperatures of the probe molecule and the plasmonic nanoparticles. Surprisingly, their 

experiments showed that charge transfer between the nanoparticle and the adsorbate took place 

under excitation by 785 nm photons as opposed to 532 nm photons, followed by selective heating 

of the molecule.  

 

 This is a relevant result when one considers that the lowest energy of photons absorbed by 

free MB molecules is ~ 665 nm, providing proof that the charge transfer is interfacial in nature 

(metal to molecule) as opposed to intraband transfers within the MB molecule. Using these results, 

Linic et al.100,129,334 were able to demonstrate the discrepancies in conventional plasmonic charge 

transfer theories which would suggest higher rate of charge transfer for the 532 nm laser due to 

the higher energy photons involved as well as the higher extinction coefficient for the Ag SERS 

substrate at 532 nm compared to 785 nm. These results supplement other observations that have 
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confirmed discrepancies in the application of the conventional theory of metallic surfaces applied 

to studies of LSPR phenomena. This unique approach using the anti-Stokes intensities to gauge 

the nature of hot electron charge transfer is unprecedented and proves the efficacy of SERS as a 

great technique that can be used to examine LSPR and hot electron dynamics. 

 Stokes and anti-Stokes Raman spectra on the MB adsorbate-Au@Pt bimetallic core-shell 

nanoisland sample surfaces were obtained using a custom-built f/2 Raman spectrometer with an 

Andor Newton 940, back-thinned charge-coupled device (CCD) detector, cooled to –80 °C.335 100 

μL of aqueous MB dye (5 ppm) was drop-casted onto the bimetallic substrates. The substrates 

were gently heated on a hot plate at less than 600C prior to and during drop-casting to ensure 

optimal chemisorption of the dye onto the nanoislands. Raman spectra were generated using an 

Innovative Photonic Solutions 532 nm spectrum stabilized laser module. Laser output was directed 

to the sample through a 105 mm single mode fiber patch cable and collimated by a Thorlabs 

collimation package. Semrock 532 nm MaxLine laser-line filter and StopLine single-notch filter 

were used to collect Stokes and anti-Stokes Raman signals. To minimize radiation damage, the 

laser power was adjusted to less than 10 mW on a 50 μm diameter point focus. The Raman shift 

axis was calibrated with anhydrous benzonitrile. The determination of the Raman temperature was 

achieved by measuring the signal strengths of the Raman bands of the MB dye at the Stokes and 

anti-Stokes positions. The temperature is subsequently calculated based on a Boltzmann 

distribution of the ground and first excited state populations. The corresponding expression utilized 

to describe this relationship is,336  

𝐼𝐴𝑆

𝐼𝑆
=

(𝑉𝑙 + 𝑉𝑣)
3

(𝑉𝑙 − 𝑉𝑣)3
𝑒𝑥𝑝 (

−ℎ𝑉𝑉

𝑘𝐵𝑇
) (5.5) 

where 𝑇 is the temperature, 𝑘 is Boltzmann’s constant, ℎ is Planck’s constant, 𝑉𝑙 is the frequency 

of the laser, 𝑉𝑣 is the frequency of the vibrational mode (Raman band position), and the Stokes (𝐼𝑆) 

and anti-Stokes (𝐼𝐴𝑆) Raman scattering strengths are defined by energy detection of the signals. 

The spectra reported in this work were acquired on a photon counting basis. 

5.3 Results and Discussion 
 

5.3.1 Morphological and compositional studies of Au@Pt nanoislands 
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Annealing of the Au films induces thermal dewetting allowing Au atoms at the surface to migrate 

and form individual nanoislands. (Figure 5.2a) indicates that Au films annealed at 4000C generally 

exhibit a hemispherical morphology while maintaining a non-uniform size distribution. These 

observations are similar to monometallic Ag nanoislands fabricated with the same procedure.322 

Deviations are observed where particles are elongated and oblate in shape as opposed to spherical.  

Average nanoisland size with error was determined to be ~ 80 ± 25 nm and a polydispersity of ~ 

30%. (Figure S10) The size distribution is monomodal in nature, a behavior that can be attributed 

to the temperature at which the bimetallic substrates are treated (similar to what was observed of 

monometallic Ag nanoislands) and which satisfies the condition of dewetting as required by the 

Hüttig and Tammann limits for Au (whose melting point is 10640C).228,236 This dependence of 

dewetting behavior with annealing temperature is also observed in the work of Kracker et al.337 

who recognize that for higher temperatures Au particles become extremely rounded and similar 

leading to a monomodal size distribution. This is also supported by the work of Müller et al.338 

where only dewetted Au layers with a thickness of more than 10 nm showed bimodal size 

distributions. This works in our favor as Nanofab’s magnetron sputtering system registers an 

average deposition rate of 7.6 nm/min for Au. 40 s of deposition of Au films would then correspond 

to a 5 nm thick film. The glass substrate is not damaged during thermal treatment and the dewetting 

process is largely governed by the minimization of the surface energy of the deposited metal 

film.322 The morphological changes observed of the Au films are similar to the general conditions 

of thin film growth which involves adsorption, cluster formation, surface diffusion, desorption, 

nucleation, island growth, and agglomeration, all of which is observed in our sputtered and 

annealed Au films.238 By changing the duration of annealing at a given temperature, the extent of 

particle agglomeration can be monitored.322 Following the annealing of the Au films, Pt thin films 

are sputtered for varying durations between 10 s – 30 s to form conformal shells coating the Au 

nanoislands. Due to the thin nature of the films, the presence of Pt is difficult to discern via 

FESEM. The morphology of the Au@Pt composite, and the presence of the shell layer is 

confirmed via XPS studies.  
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Figure 5.2. (a) Secondary electron FESEM image of Au@Pt hemispherical core-shell nanoislands. 

(b) UV-Vis absorbance spectra of monometallic Au film on glass annealed at 4000C (violet), and 

post Pt depositions of 10 s (green), 20 s (orange), and 30 s (red).  

The surface and sub-surface (up to ~10 nm) chemical composition of samples was 

determined by measuring the binding energies using XPS. (Figure 5.3a, Figures 5.3c-5.3d) 

Survey scan XPS spectra of monometallic Au and Pt samples as well as bimetallic Au@Pt samples 

displayed all the core level (Au-4f, Pt-4f) and sub-core-level peaks (Au-3d, Au-3p, Pt-3d and Pt-

3p) confirming the presence of the constituent elements. (Figure 5.3b) Deconvoluted high-

resolution XPS spectra of Au in Au-4f region show two well-resolved peaks at binding energies 

(BE) 83.6 and 87.3 eV assigned to Au-4f7/2 and Au-4f5/2 peak components of metallic Au in zero 

oxidation state. The absence of any additional peak or shoulder peak excludes the possibility of 

oxidation during sputtering. 
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Figure 5.3. (a)-(b) Survey scan XPS spectra of monometallic Au and Pt as well as bimetallic Au@Pt 

samples that confirm the presence of the constituent elements. (c)-(d) Binding energies of the Au 

and Pt constituents in the monometallic and bimetallic counterparts.  

Following the formation of Au@Pt core-shell structures, the BE of Au was slightly shifted 

toward higher energies and new peaks were observed at 84.1 and 87.8 eV. The positive shift in the 

binding energy value of Au in core-shell bimetallic suggests transfer of electrons from Au core to 

the Pt shell. As the Fermi level of Pt is lower than Au, the electrons in an Au@Pt bimetallic system 

will flow from Au to Pt due to the built-in electric field until Fermi level equilibration. This 
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electron transfer leads to decreased electron density (increased positive charge) on Au resulting in 

a positive shift in BE. Furthermore, increased BE also exclude the possibility of Au@Pt alloy 

formation, as in alloys the higher electronegativity of Au (2.54) than Pt (2.2) and perturbed 

electronic interaction between Pt and Au atomic orbitals would lead to charges being transferred 

from Pt to Au while the opposite has been observed here.317 The appearance of two well resolved 

peak components at 71.2 and 74.5 eV in Pt4f XPS of Pt metal, assigned to Pt4f7/2 and Pt4f5/2 orbital 

splitting, validates the presence of Pt in its metallic state. Contrary to prediction, no negative peak 

shift in the BE value of Pt was observed in the Au@Pt core-shell structure. This could be due to 

the accumulation of electrons at the Au@Pt interface or deactivation of surface electron via O2 

which works as an electron scavenger. XPS valence band spectra of Au show a characteristic 

doublet of 5d band with a d band edge at ~2 eV below the Fermi level while the 6s band edge as 

free electrons were observed at zero binding energy. For Pt, the 5d band was observed at the Fermi 

level.324,339  

 

These observations match multiple studies of Au@Pt systems where the core-shell 

structure is often characterized by a positive shift in BE for Au and a mostly unchanged Pt BE in 

the XPS spectra. Tan et al.340 utilize the corresponding shifts in binding energies of the Au 4f and 

Pt 4f orbitals to confirm charge transfer phenomenon in their Au@Pt bimetallic substrate. Wang 

et al.341 demonstrate large numbers of Au bimetallic systems where electropositive hosts, such as 

Pt, may often result in a positive BE shift in the Au 4f levels, which is also observed in our work. 

Bond et al.342 further argue that the Au-Pt phase diagram exhibits a considerable miscibility gap 

meaning the solubility of each metal in the other is strictly limited. Atomistic calculations and 

thermodynamic studies of nanoalloys as demonstrated by Wang et al.343 suggest the possibility of 

a core-shell structure as opposed to an Au-Pt alloy considering the low temperatures and low Pt 

amounts involved. (Figure 5.4) 
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Figure 5.4. Simulated phase diagram of Au-Pt nanoalloys as demonstrated in the work of Wang et 

al.343 using an analytical potential and an off-lattice description. For the low Pt fractions and the 

corresponding temperatures utilized in the fabrication of our bimetallic substrates the results 

predict a structure closer to onion or Janus/core-shell. Reprinted with permission from Ref.344 

Copyright Royal Society of Chemistry (2015).  

 

Ultraviolet photoelectron spectroscopy (UPS) was used to determine the work function for 

Au, Pt, and Au@Pt core-shell nanoisland substrates. (Figures S11 - S13) To calculate the work 

function, the formula 𝑊(ϕ) = 21.21 − 𝐸𝑐𝑢𝑡−𝑜𝑓𝑓 was utilized, where 21.21 eV refers to the energy 

of the incident He I line of the He discharge lamp, and 𝐸𝑐𝑢𝑡−𝑜𝑓𝑓 is the cut-off energy of secondary 

electrons. The point of intersection of the leading edge of the graph provides the value for 𝐸𝑐𝑢𝑡−𝑜𝑓𝑓 

and is determined via extrapolation. The value of 𝐸𝑐𝑢𝑡−𝑜𝑓𝑓 for Au, Pt, and Au@Pt samples were 

found to be 16.5 eV, 16.7 eV, and 16.07 eV, respectively, resulting in corresponding work function 

values of 4.71 eV, 4.51 eV, and 5.14 eV, respectively. (Figures S11 – S13) The true Fermi level 

for Au, Pt, and Au@Pt samples are observed at -0.2 eV instead of 0 eV. This can be attributed to 

charging or insufficient grounding due to the glass nature of the substrate. The secondary electron 
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cut-off for Au@Pt is noticeably shifted toward lower energies compared to its monometallic 

components. The work function of Au is observed to be well-within the range of values commonly 

reported for gold while the low work function of Pt could be attributed to the incomplete 

development of metallicity due to the low thicknesses of the deposited film.  

 

As mentioned earlier, XRD studies (Figure S9) demonstrate that the sputtered bare Au and 

Pt films display crystal planes of typical fcc phase. (Table 1) lists the crystallite sizes and 

microstrains of pristine Au, Pt, and Au@Pt substrates.  

 

                               Average crystallite size (nm)                                     Microstrain (10-3)                                   

 hkl (111) hkl (200) hkl (220) hkl (311) hkl (111) hkl (200) hkl (220) hkl (311) 

Au 5.54 5.06 5.37 6.53 19.1 18.2 11.8 8.5 

Au@Pt 5.40 5.31 5.31 6.57 19.6 17.3 11.9 8.4 

Pt 4.7 5.96 5.63  21.7 14.9 11.1  

 

Table 1. Average crystallite size and microstrain values for pristine Au, Pt, and Au@Pt substrates 

extracted from XRD peak widths in (Figure S9).   

 

The incorporation of Pt upon Au nanoislands does not result in a significant change in crystal size. 

In fact, it can be observed that the average crystallite size is largely consistent among the 

monometallic constituents and the bimetallic composites for the various crystal planes. While 5 

nm is a small value for the average crystallite size metallicity is generally expected to manifest 

around this landmark. Vacuum deposition usually results in polycrystalline films unlike colloidal 

methods where one obtains monocrystalline films. As demonstrated by Goubet et al.345 and 

Staechelin et al.346 for the similar crystallite sizes calculated, the broadening of the peaks observed 

in the LSPR spectra (an increase in linewidth)  can be attributed to faster electron-phonon coupling, 

which reduces the thermal equilibration time of hot carriers, and surface scattering of electrons on 

defects and grain boundaries. Strain in Au films is generally expected as thermal dewetting implies 

inefficient lattice matching due to Au’s poor adsorption onto a glass substrate. Strain magnitudes 

for the Pt films are generally around the same magnitude except for the (111) direction where there 

is a near 10% increase. Between the two metal constituents, Au is known to have a larger lattice 

constant than Pt. Thus, the latter is subject mainly to tensile strain while Au would be under 



130 
 
 

compressive strain.347 It is observed that there is a lattice strain accumulation largely at (111) 

planes followed by a lattice relaxation effect acting upon the remaining crystal planes in (200), 

(220), and (311). This leads us to conclude that any expected tensile strain in the bimetallic 

substrates is released through the formation of lattice defects in the form of distortions or 

dislocations on (111) planes.347 

5.3.2 LSPR modulation in Au@Pt nanoislands 

 

(Figure 5.2b) presents the UV-Vis-NIR spectra of monometallic Au nanoislands (violet) and 

bimetallic Au@Pt core-shell nanoislands (green, orange, red). The bimetallic nanoislands are 

fabricated with varying thicknesses of Pt shells evidenced via differing magnetron sputtering 

deposition times between 10 – 30 s. In Au films annealed at 4000c, the primary dipolar plasmon 

resonance of the nanoislands is observed at a wavelength of 582 nm. This can be because the 

incident electric field of light is uniform over the entire volume of the Au nanoparticle.244 The 

hemispherical shape and the high index glass substrate (ϵ = 1.5) are responsible for the redshifted 

plasmon resonance of the Au nanoislands. The redshifted values of the plasmon resonance and the 

clear broadening of the primary resonance peak are a consequence of the high annealing 

temperature utilized, are indicative of the average particle size due to thermal dewetting of the gold 

nuclei, and subsequent coalescence of individual smaller particles to nearby larger particles via 

surface diffusion and mass transfer. The resultant morphology of the Au nanoislands thus match 

what is expected by the Young-Dupré equation for particle sizes > 100 nm.243 The absence of 

quadrupole resonances in the short wavelength spectral region for these Au nanoislands agrees 

with what has been observed in literature.223,245   

 

Adding catalytic shells of Pt onto the Au nanoislands results in the damping of the plasmon 

resonance that is directly observable from the absorption spectra. (Figure 5.2b) For increasing 

sputtering deposition times of 10 s (green; LSPR peak at 592 nm), 20s (orange; LSPR peak at 603 

nm), and 30 s (red; LSPR peak at 614nm) the plasmon resonance of Au@Pt core-shell nanoislands 

experience a damping of the plasmon resonance observed as a collective broadening of the LSPR 

resonance peak, and further redshifting of the peak. The increase in absorption magnitude follows 

the rising trend of greater thicknesses of Pt shells being deposited atop the Au nanoisland. The 

evolution of the quality factor (Q) of the plasmon resonances (given by ωpeak/FWHM) also 
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demonstrates the progression of damping with ~ 4.64, 3.50, 2.54, and 2.49 from the bare Au sample 

and to those post-deposition with Pt for 10 s, 20 s, and 30 s, respectively. The quality factor can 

also be used as a key metric to evaluate plasmonic substrates as the resultant local electromagnetic 

field enhancement and plasmon dephasing times due to the LSPR are directly proportional to Q.222 

The Q values calculated from the UV-Vis spectra also provide information about the ensembled 

averaged enhancement factors.23   

 

This overall behavior is unique as compared to what has been generally observed in 

bimetallic substrates involving Au and Pt where the damping of the plasmonic response is usually 

observed with the LSPR blue shifting in energy and losing intensity.281,311,348 The broadening of 

the resonance in spectral shape does concur with the consensus that intermetallic effects between 

the plasmonic noble metal and catalytic transition metal can lead to optical and catalytic behavior 

distinct from the sum of their parts.277,281,284,348 As the plasmon resonance itself is highly dependent 

on the morphology of the nanoparticle, these observations may differ between core-shell 

nanostructures of varying morphology.  

 

The origin of this behavior can also be traced to the electronic band structures of plasmonic 

and catalytic metals. It is well-known that the d-band for plasmonic metals are far from the Fermi 

level. This allows for high quality, intraband plasmons (s to s) at optical frequencies until the onset 

of interband transitions (d to s). In contrast, catalytic metals have d-band centers close to the Fermi 

level resulting in their optical responses to be dominated by interband transitions. Thus, there is an 

increased probability of interband transitions that dampens the LSPR at all frequencies resulting 

in a broadening of the resonance peak.281,311,339  

 

For Au@Pt bimetallic substrates, the constituent LSPRs of Au and Pt are highly 

nondegenerate due to differences in free carrier density and the effective masses of the two 

materials. Thus, the Au electrons do not oscillate in resonance with Pt electrons, and therefore, 

both components contribute very little to the other’s LSPR.277,349,350 It has been experimentally 

demonstrated that a single monolayer of Pt on an Au core leads to a dramatic drop of ~ 90% in 

absorption intensity.350 This has also been recognized in studies of other bimetallic 

systems.277,311,351–354  
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The facile means of fabrication and the subsequent modulation of the plasmon resonance 

by varying the thickness of the catalytic metal shell provides an important design parameter for 

optimizing the performance of bimetallic core-shell photocatalysts. FDTD electromagnetic 

simulations provide additional insights into this behavior as well as help demonstrate the 

mechanisms of plasmon modulation due to the addition of a catalytic shell and the corresponding 

local electric field enhancement behavior.  

5.3.3 FDTD studies of LSPR modulation in Au@Pt nanoisland 
 

Using Mie theory, Zhang et al.311 found that spherical core-shell structures support two types of 

plasmon resonances: ordinary and extraordinary modes. The energy of the ordinary mode is 

concentrated at the outer surface of the shell while the energy of the extraordinary mode is 

concentrated at the interface between the core and the shell. This is similar to bonding and 

antibonding modes in plasmon hybridization though this is not evident in all systems in the visible 

range.183,355 The LSPR peak of bimetallic systems thus will be redshifted or blue-shifted depending 

on the type of mode or the effective permittivity of the shell.  

 

Various FDTD simulations on glass substrates were performed with results involving Au 

nanoislands of radii 30 nm matching best with a dipole resonance peak value at 584 nm. It was 

observed that for an array of Au nanoislands conformally coated with Pt shells of varying 

thicknesses ranging from 1 nm – 3 nm the general trend in bimetallic spectra was observed. 

(Figure 5.5b) As shown in Zhang et al.311, the plasmon resonance is an ordinary LSPR mode that 

experiences a loss in intensity, broadens in spectral shape, and blue-shifts as the thickness of the 

catalytic Pt shell increases. The local electric fields are concentrated at the air/Pt interface which 

is induced by the metallic features of Pt at visible wavelengths. (Figures 5.5c-5.5d) By modulation 

of the thickness of the Pt shell, it is observed that the local electric field gets weaker for thicker Pt 

shells as observed in (Figures 5.5c-5.5d) where Pt shell thickness increase from 1 nm to 3 nm. 

The amplification of the local field for thinner shells is beneficial for photocatalysis and is in 

accord with the results presented by the work of Engelbrekt et al.277 These observations also agree 

with other existent literature.281,284,311,348  
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Figure 5.5. (a) Index monitor profile of the Au@Pt bimetallic hemispherical nanoisland core-shell 

structure depicting the Au core (light red), Pt shell (dark red), and glass substrate (green). (b) 

Absorption spectra of Au@Pt bimetallic core-shell structure with an Au core radius of 30 nm and 

Pt shell thicknesses from 1 – 3 nm. The characteristics ratios of these radii are presented in the 

legend as 30 nm – 31 nm, 30 nm – 31.5 nm, etc. (c) Electric field profile intensity graph of Au@Pt 

core-shell structure with a core radius of 30 nm and a shell thickness of 1 nm. (d) Electric field 

profile intensity graph of Au@Pt core-shell structure (along the xy-plane) with a core radius of 30 

nm and a shell thickness of 3 nm.  
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(Figure 5.2) confirms there is a marked difference in morphology that provides for the 

unique resonances observed in our Au@Pt substrates compared to these general trends. Following 

thermal treatment of Au films, Pt films are deposited along the entire surface of the glass substrate. 

Thus, unlike earlier simulations of individual hemispherical core-shell nanoislands, FDTD 

simulations of Au nanoislands with Pt shells that conformally coated both the plasmonic core as 

well as the glass substrate were investigated. The corresponding results (Figures 5.6a-5.6d) match 

experimental observations and confirm the morphology of our Au@Pt substrates. Upon addition 

of Pt shells, the corresponding broadening and redshift of the primary plasmon resonance of Au is 

observed. The subsequent redshift can be attributed to the morphological and structural 

characteristics of the Au@Pt substrates. Unlike isolated bimetallic Au@Pt nanoparticles, the 

nanostructured films consist of hemispherical Au nanoislands separated from each other by inter-

island channels. The width of these inter-island channels can be modulated by changing the 

duration and temperature of the annealing process with narrower channels generally being 

observed for lower temperatures and shorter durations.210,238,322 The shifts in resonance observed 

can also arise due to charge transfer and may vary for asymmetric particles.311  
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Figure 5.6. (a) Index monitor profile of the Au@Pt bimetallic hemispherical nanoisland core (light 

red)-shell structure with a thin film of Pt (dark red) on the glass substrate (green) as well. (b) 

Absorption spectra of Au@Pt bimetallic core-shell structure with an Au core radius of 30 nm and 

Pt shell thicknesses from 1 – 3 nm. The characteristics ratios of these radii are presented in the 

legend as 30 nm – 31 nm, 30 nm – 31.5 nm, etc. (c) Electric field profile intensity graph of Au@Pt 

core-shell structure with a core radius of 30 nm and a shell thickness of 1 nm. (d) Electric field 

profile intensity graph of Au@Pt core-shell structure (along the xy-plane) with a core radius of 30 

nm and a shell thickness of 3 nm.  
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As before, the electric field density profiles follow the trend where for increasing Pt shell 

thickness the plasmon resonance is damped. But unlike earlier, the presence of a thin Pt layer 

surrounding the bimetallic nanoisland results in the generation of a more intense local electric field 

around the vicinity of the nanostructure. The generation of a stronger local electric field correlates 

to a stronger plasmon resonance while the Pt film serves as an offsite catalytic surface and as a 

protective insulating layer for the plasmonic noble metal Au core. As demonstrated by Huang et 

al.286 the presence of Pt as a conformal shell on the Au nanoisland and surrounding its vicinity 

helps increase the ratio of light absorption to scattering due to Pt’s large imaginary dielectric 

permittivity at visible and near-infrared frequencies. This is attributed to Pt’s high density of d-

states at the Fermi level and strong sp  d interband transitions.286 Together, the combination of 

a large imaginary dielectric permittivity and high plasmonic field intensity result in strong light 

absorption in the shell, and helping transfer light energy from the core to the surface. This is 

beneficial for plasmonic enhancement of molecular adsorption and chemical reactivity.  

 

Also, as observed in Agarwal et al.325, the existence of inter-island channels between Au 

nanoislands provide additional amplification of the localized electromagnetic field, with the 

highest enhancements occurring at the channel-shaped gaps between adjacent islands. These 

intense local electric fields generated by these structures can be used to trigger chemical 

reactions356 and also work as in situ probes of reaction mechanism via surface enhanced Raman 

spectroscopy (SERS).129,357 The deposition of Pt in these areas provides for an effective composite 

bimetallic photocatalyst. The facile means of fabrication of these bimetallic substrates and the 

modulation of their plasmon resonance characteristics for broad optical absorption makes them 

viable for visible light photocatalytic and plasmon-driven chemical reactions. 

 

The preliminary UV-Vis-NIR spectra now supplemented by electromagnetic FDTD 

analyses demonstrate the potential of Au@Pt core-shell nanoislands as standalone substrates for 

plasmon-enhanced photocatalysis. The resultant LSPR peaks observed in the simulations and 

experiments are beneficial for photocatalytic applications where one tries to match the broad solar 

spectrum. All the simulations discussed above involved arrays of hemispherical bimetallic 

nanoislands structured with a center-to-center spacing of 100 nm indicating that there is negligible 

role of Coulombic interactions from neighboring particles.322 



137 
 
 

5.3.4 DFT studies 
 

FDTD simulations are limited in their ability to fully capture the behavior of plasmonic-adsorbate 

systems. Taking the case of the Ag-R6G systems discussed in Chapter 4, FDTD simulations would 

be unable to capture the electron-phonon coupling interaction that is crucial to said systems. This 

is because FDTD is a classical theory and cannot model what is a quantum mechanical 

phenomenon. While FDTD may provide information on the macroscopic characteristics of said 

systems, such as field intensity and enhancement, a quantum mechanical approach would be 

necessary to capture the intermetallic effects, plasmonic coupling, and electronic-chemical 

behavior of said systems. Similar observations can be made for the Au@Pt bimetallic system 

where the use of thin shells necessitate the importance of capturing plasmon coupling effects 

between the core and shell components when their separations decrease to 15 nm, and for below 1 

nm, where the near- and far-field properties require the inclusion of quantum mechanical effects.358 

It is important to note that the simulations in prior sections provide a macroscopic understanding 

of the plasmon resonance modulation behavior expected of core-shell structures using the FDTD 

method where the relevant absorption and field enhancement behavior have been modeled using 

Mie theory with results being complementary to those presented by Zhang et al.311 Similar studies 

have also been made of other core-shell structures using an FDTD approach.359 To supplement the 

knowledge we have obtained via the compositional and morphological characterization of the 

Au@Pt systems as core-shell structures, and to fine-tune our deductions from FDTD simulations, 

DFT is used to investigate the electronic, and interfacial properties of the Au@Pt system.  

 

The intermetallic effects of bimetallic core-shell nanostructures are heavily influenced by 

the geometry of the bimetallic structure and can potentially provide for optical coupling via 

plasmon hybridization, electronic coupling via charge transfer, and possibly even atomic coupling 

via the formation of a new electronic structure.281 DFT based quantum chemical calculations were 

pursued in order to garner valuable insights into the electronic structure of the bimetallic system. 

(Figure 5.7) shows the first, second and third highest occupied molecular orbital (HOMO) and 

lowest unoccupied molecular orbital (LUMO) when Au (111) and Pt (111) are far away from each 

other and when Au (111) and Pt (111) are in close configuration. The highest occupied and lowest 

unoccupied molecular orbitals are positioned predominantly on Au and Pt clusters respectively in 
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close configuration. Such molecular orbital locations suggest possible charge transfer phenomenon 

from gold to platinum under illumination. (Figures 5.8a-5.8b) show the average projected density 

of states (PDOS) of Pt and Au systems for Au (111) and Pt (111) hybrid system in far and close 

configurations, respectively. Density of states refers to the number of different states at a particular 

energy level that electrons can occupy. The PDOS is the relative contribution an atom or orbital 

makes to the total density of states. It is analogous to the Aufbau principle but generalized to larger 

molecular systems. The PDOS plots show discrete energy levels or narrow bands akin to molecules 

as opposed to the broad bands expected in real metals. The average PDOS was obtained by 

averaging over all the DOS projected on individual atomic sites. (Figures 5.8c-5.8d) show the 

orbital-resolved PDOS of selected Pt and Au atoms at the interfacial region in the far configuration, 

which show the relative contribution of different orbitals to the occupied and unoccupied regions 

of the metallic systems under study.360,361 Note that these plots are generated for Au and Pt clusters 

containing only a few hundred atoms (similar to molecules). This is the best DFT can currently do 

using available high-performance computing (Dorval Cluster) resources. Real plasmonic particles 

contain tens of thousands of atoms. For Au, one requires at least a thousand atoms for metallicity 

to manifest. As such, the PDOS plots for Au and Pt are rough approximations of the band-structure 

of Au and Pt nanoparticles. From (Figures 5.8a-5.8b), a sharp decrease of available states in the 

unoccupied region close to the Fermi level (FL) for Au atoms can be observed in close geometry 

compared to the far configuration. This reduction of states indicates a reduced probability of 

electronic transition within Au. On the other hand, the almost unchanged spectrum for Pt indicates 

the unaltered transition probability within Pt. However, in the close geometry, the relatively less-

affected occupied states for Au and unoccupied states in Pt in the immediate vicinity of FL, clearly 

shows the likelihood of a high transition rate from Au d to Pt d states. Hence, molecular orbital 

and projected density of states analysis strongly corroborate to the feasibility of electron transfer 

from gold to platinum. 
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Figure 5.7. DFT calculated HOMO and LUMO of Au@Pt heterosystem are represented by blue and 

pink colors respectively. (a), (b) and (c) show first, second and third HOMO/LUMO locations 

respectively, when Au (111) and Pt (111) are far away from each other. (d), (e) and (f) show first, 

second and third HOMO/LUMO locations respectively, when Au (111) and Pt (111) are in close 

configuration. Orange and cyan colours are for Au and Pt atoms respectively. 
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Figure 5.8. Average projected density of states (PDOS) of Pt and Au systems when (a) Au (111) and 

Pt (111) are far away from each other and (b) when Au (111) and Pt (111) are in close 

configuration. Orbital-resolved PDOS of selected (c) Pt and (d) Au atoms at the interfacial region 

in the far configuration. 

5.3.5 Plasmon modulated Methylene Blue dye degradation 

 

Photocatalytic potential of the Au@Pt core-shell nanoislands were investigated by considering the 

degradation of MB dye. MB is utilized as a dye for paper and office supplies as well as to tone up 

silk colors. It is also commonly used in human and veterinary medicine for therapeutic and 

diagnostic procedures. Much like its counterpart in R6G, MB cannot be degraded through 

conventional water treatment processes due to its complex aromatic structure, hydrophilic nature, 

and high stability against light, temperature, water, and chemicals, etc., resulting in its cause for 
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extensive environmental pollution.362  The degradation of MB dyes is therefore an important 

initiative in photocatalysis. The characteristic absorption peak of MB at 664 nm was used for 

monitoring the catalytic degradation process. Absorption spectra of aqueous solutions of MB were 

tested at different time intervals, following illumination under AM 1.5G light using a Xenon arc 

lamp solar simulator, and in the presence of the Au@Pt core-shell substrates. At AM 1.5G 

condition, 1 sun is defined as equal to 100 mW/cm2 of irradiance with the standard spectra defined 

accordingly by the American Society for Testing and Materials. The plasmonic substrates were 

immersed within the dye solutions. As seen in (Figure 5.9a), the main absorption peak of MB 

demonstrated a gradual decrease with the extension of exposure time (from 60 minutes in dark to 

120 minutes under AM1.5G), indicating the photocatalytic degradation of the dye. In the absence 

of the nano-catalyst or in dark conditions, the reaction did not have any progress.  

 

For a quantitative understanding of the degradation process, the change in MB 

concentration (C) after photodegradation relative to the initial concentration (C0) of the MB dye 

was examined. The C/C0 ratios were measured with reference to a calibrated absorbance curve 

corresponding to MB dye samples under AM 1.5 G illumination, and their concentrations at similar 

time intervals as observed in this experiment. Among the varying ratios of Pt deposition cycles 

used to fabricate the Au@Pt core-shell nanoislands, samples of Au@Pt with a 40 s to 10 s/20 s 

deposition ratio of Au and Pt demonstrated the greatest degradation efficiencies in correspondence 

with maximum decrease in intensity in the dye’s absorption peak. (Figure 5.9b) These results 

align with the points that have been made in the prior section on thinner catalytic shells providing 

for better catalytic performance of the bimetallic substrate. These samples performed consistently 

under AM1.5 G solar illumination as well as illumination under a UV filter with decolorization 

efficiencies of 24% and 11% (for 40 s – 10 s Au@Pt ratio) and 31% and 17% (for 40 s – 20 s 

Au@Pt ratio), respectively. Despite these efficiencies being on the lower end, it is important to 

note that these numbers are dictated for bare bimetallic substrates without the support of a 

semiconducting scaffold and perform equally if not better than similar substrates fabricated via 

colloidal techniques. For reference, the bare counterparts involving Au (40 s) and Pt (20 s) 

demonstrated decolorization efficiencies of 21% and 19%, respectively, under AM 1.5 G solar 

illumination and efficiencies of 14% and 13%, respectively, under UV filter. The bimetallic 

counterparts, generally, outperformed the monometallic systems. The facile means of fabrication 
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involved for these bimetallic hemispherical nanoislands and the modulation of their plasmon 

resonances provides an open potential for their ease of incorporation with a semiconductor scaffold 

for greater performance. 

 

The photocatalytic activity of the bimetallic substrates is as follows: Au@Pt (40 s – 20 s 

ratio) > Au@Pt (40 s – 10 s) > Au@Pt (40s – 30 s ratio). The photocatalytic activity of the 

bimetallic substrates can also be described using a pseudo-first-order kinetics model, -ln(C/C0) = 

kt, where k is the kinetic rate constant of the degradation process. (Figure 5.9c) depicts the kinetics 

of the MB decomposition for the bimetallic photocatalysts of varying Au and Pt ratios. The 

measured values of k are 0.00299 (Au@Pt, 40 s – 10 s), 0.00296 (Au@Pt, 40 s – 20 s), and 0.00148 

min-1 (Au@Pt, 40 s – 30 s). The greatest degradation rate constants are contested between samples 

where 10 s to 20 s of Pt were deposited. Investigations on the contribution of primary active species 

during the photocatalytic degradation process were performed to gain a detailed understanding of 

the photocatalytic reaction mechanism. .O2- and .OH radicals are fundamental to photocatalytic 

degradation and are activating agents for the oxidation of organic pollutants. Radical trapping 

experiments of the Au@Pt substrates were performed in the presence of hole and hydroxyl radical 

scavengers including ethylenediaminetetraacetic acid (EDTA) and isopropyl alcohol (IPA), 

electron scavenger in ammonium dichromate, and a superoxide radical scavenger in p-

benzoquinone, respectively. 5 mL of 10 mM solutions of these scavengers were used in 50 mL of 

dye solution to test the photocatalytic performance of the bimetallic substrates. In all four cases, 

the Au@Pt substrates demonstrated consistently strong dye degradation of the MB dye.363  

 

(Figure 5.9d) illustrates the effects of the various scavengers in the degradation of MB by 

the Au@Pt (40 s- 20 s ratio) bimetallic nanoisland photocatalyst. The photodegradation efficiency 

of MB is significantly lower following the addition of IPA. In comparing the various scavengers, 

Ammonium Dichromate provides for the greatest degradation followed by EDTA, p-

benzoquinone, and finally, IPA. This suggests that the .OH is the major and .O2- is the minor radical 

species in the photocatalytic decomposition of MB over Au@Pt bimetallic nanoisland substrates 

under solar illumination. The elevated degradation rates in the presence of ammonium dichromate 

also demonstrates that the plasmonic degradation process is strongly driven by the generation of 

hot holes. All organic dyes have one or more conjugated rings (5 or 6 membered rings usually 
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constitute an aromatic system). This aromacity allows for their strong interaction with light. 

Quantum mechanically, this leads to a higher oscillation strength. The larger the rings, the greater 

the number of electrons, and the stronger the interactions with light. MB is composed of three 

fused aromatic rings. Degradation of dyes can proceed through two paths: by attacking the core 

(aromatic ring) or the periphery (alkyl groups). An attack from the periphery usually involves the 

process of de-alkylation. An attack on the core is considered chromophore cleavage or ring 

destruction. MB is generally resilient to the latter, and in our case, we likely observe degradation 

of MB through demethylation via the generation of .OH radical species promoted by hot holes. A 

plausible combination of reaction steps to facilitate this degradation mechanism is listed as 

follows:  

(1) Au + ℎν → Au (e- + h+) 

(2) Pt (e-) + O2 → Pt + .O2
-  

(Pt is a good electron acceptor) 

(3) .O2
-  + H2O → .OH + .HO2 

(4) Au (h+) + H2O → .OH + H+ 

(5) .O2
- + H+ 

→ .HO2 

(6) 2(.HO2) → H2O2 + O2 

(7) H2O2 + .O2
- 
→ .OH + OH- + O2 

(8) Au (h+) + OH- → Au + .OH 

(9) .OH + MB → degradation 

Through the effective degradation of methylene blue, we are able to demonstrate the potential for 

these bimetallic substrates to degrade a larger family of aromatic compounds with similar chemical 

structures that are responsible for environmental contamination. 

 

Our results correlate effectively with observations that thinner shells of Pt provide for better 

plasmonic performance. The thinner Pt shells help maximize the core plasmon field strength, 

plasmon-adsorbate coupling, and hot carrier density at the catalytic metal surface. Post 30 s of Pt 

deposition, the extensive broadening and damping of the plasmon resonance begins to work 

against the photocatalytic effectiveness of the substrate. The thicker shells increase the distance 

and reduce the coupling between the plasmonic core and the catalytic surface resulting in damped 
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plasmon resonances, and as observed in FDTD simulations, dimmer electric field profiles. These 

results also correlate with what was observed in the UPS spectra. The utilization of thinner Pt 

shells around Au nanoislands prove to be beneficial as larger shell thicknesses of Pt cause 

excessive damping leading hot carriers to relax to thermal equilibrium too soon. As the Fermi level 

of Au@Pt is deeper and more distant from the vacuum level compared to Au, hot holes on the 

surface of Au@Pt nanoislands will be more strongly oxidizing than hot holes on the surface of 

bare Au nanoislands. It is well-known that the hot carriers generated in the plasmonic core from 

the dephasing of the Au LSPR as well as electron intra/interband excitations are generally 

produced within a fraction of the electron mean free path from the catalytic surface. For Au at 298 

K, this equates to a characteristic length of ~ 40 nm.364 Thus, for thinner Pt shells, one can facilitate 

the efficient transfer of hot carriers to the adsorbed molecules. Due to this, bimetallic substrates 

with lower Pt deposition rates provide for efficient photo-absorption and charge/energy delivery 

to catalytic sites on the surface.20,113,286,365,366  

 

It is also important to note that the average electric field enhancement on the surface of an 

isolated Au nanoparticle is larger for smaller sizes.367 These intense local fields can effectively 

help trigger chemical reactions on the surface of the substrate. For thicker shells, effective charge-

energy transfer will be weakened due to weaker plasmon-surface coupling as the hot carriers will 

consistently lose energy as they move from the core to shell surface. It is observed that ~ 20-30% 

of hot carriers scatter and lose their excess energy transiting a 2 nm thick Pt shell.368–371 Post 30 s 

of Pt deposition, the existence of a thicker shell maximizes these losses. These losses could be 

attributed to faster carrier cooling in Pt due to stronger e-p coupling or alternatively rapid e-e 

transfer from the Au core to the Pt shell at a < 1 ps timescale.277,372 For thicker Pt shells, these 

effects collectively manifest in the form of the strong interfacial damping and broadening of the 

Au LSPR further debilitating visible-light photocatalytic processes.  
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Figure 5.9. (a) Photodegradation of MB under solar light illumination in the presence Au@Pt core-

shell hemispherical nanoisland photocatalyst. (b) Photodegradation of MB for Au@Pt core-shell 

photocatalyst for varying Pt deposition durations. (c) Kinetic rates study of MB degradation for 

Au@Pt samples with varying Pt deposition durations. (d) Photodegradation of MB degradation for 

Au@Pt samples in the presence of electron and hole scavengers. 

The strong damping of the Au LSPR and the red shifting of its resonance wavelength offer 

the contrary possibility that Pt electrons also participate in the collective charge density 

oscillations. Essentially, the Au core acts as a plasmonic antenna for light harvesting. The resultant 

energy and generation of hot carriers of the LSPR is delivered to the catalytic Pt shell. By 

engineering the catalytic shell one can modulate the flow of electromagnetic energy from the 

plasmonic core to the catalytic surface though it is far from clear how this happens. Raman 
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thermometric studies of the MB adsorbate – bimetallic substrate system may offer some basic 

insights to the process. 

5.3.6 Raman Thermometry studies 
 

Raman thermometry studies provide a basic tool in studying the dynamics of plasmonic charge 

transfer of hot carriers on bimetallic substrates and has been investigated by Boerigter et al.93 

Wavelength-dependent Stokes and anti-Stokes surface-enhanced Raman spectroscopy (SERS) of 

MB molecules chemisorbed on Au@Pt core-shell nanoisland substrates structures has been used 

to probe plasmon induced direct charge transfer. The Stokes Raman signal is indicative of the rate 

of transition of a molecule excited from its ground state to its first vibration state. The reverse-

transition is indicated anti-Stokes Raman signal.373 As such, by monitoring the vibrational 

temperature of the plasmonic substrate and the attached adsorbate simultaneously upon resonant 

illumination, one can discern the flow of charge carriers from the metal nanoparticle to the 

adsorbed molecules via plasmon induced hot carrier injection.129  

 

Stokes and anti-Stokes scattering signals were measured for the most consistent of our 

bimetallic Au@Pt core-shell nanoisland substrates. These substrates involved a 40 s Au to 20 s Pt 

deposition ratio. Lattice temperatures were calculated and the corresponding Stokes and anti-

Stokes Raman spectrum of the bimetallic composite upon illumination by a 532 nm laser is shown 

in (Figure 5.10). We note that under 532 nm illumination, due to weak anti-Stokes signals, we 

were only able to confidently measure the temperatures of the 328 cm-1, 442 cm-1 and 491 cm-1 

modes. (Table 2) 

 

Table 2. Raman Temperatures for corresponding Raman modes.  
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The rise in temperature though seemingly small is comparable to those generated involving 

bimetallic substrates with a MB adsorbate under 532 nm illumination.93,129 The low temperatures 

can also be attributed to the strong damping, as observed from the broadened linewidths of the 

LSPR spectra in (Figure 5.2), in the Au@Pt bimetallic system when compared to monometallic 

Au nanoislands. As seen in the work of Boerigter et al.93, illumination closer to the redshifted 

resonance value of the Au@Pt bimetallic substrate may provide greater anti-Stokes signal 

intensities. The rise in temperature is still indicative of an elevated vibrational population in the 

adsorbate-plasmon system and is a signature of plasmon generated hot carrier injection from the 

bimetallic substrate to the surface. This is also particularly impressive considering that Au in 

general does not provide temperature enhancement for MB adsorbates while its counterpart in Ag 

does a much better job, furthering the potential of Au@Pt as a standalone plasmonic substrate.  

 

 

Figure 5.10. Raman thermometry Stokes and anti-Stokes spectra of MB on Au@Pt substrate. The 

corresponding temperatures of the measured Raman modes are presented in Table 2.  

 

 

 



148 
 
 

5.4 Conclusion 
 

Au@Pt core-shell nanoislands on glass were fabricated using a combination of magnetron 

sputtering and thermal annealing in a process that provides greater consistency compared to wet-

chemical or colloidal synthetic techniques. The addition of Pt shells of varying thicknesses 

provided for the modulation of the plasmonic response of the bimetallic composite while offering 

insights on the photocatalytic potential of the bimetallic substrates in the absence of a 

semiconductor support via methylene blue dye degradation. The corresponding results suggested 

the necessity and importance of shell engineering to provide for efficient plasmon-mediated 

chemical conversion with thinner Pt shells providing greater scope for dye degradation as opposed 

to thicker shells. FDTD simulations provided fundamental insights into the crucial influence of 

morphology and the advantage of inter-island channels and gaps to amplify the plasmonic activity 

of the bimetallic substrates. The addition of the Pt film provides for a general increase in absorption 

intensity as well as a catalytic surface for adsorption and surface insulation allowing for sample 

stability. Pt loading of the Au nanoislands progressively broadens the Au LSPR and is proof of 

strong electronic coupling between the Au LSPR and the catalytic metal at the substrate surface. 

The resulting resonance is ever so slightly redshifted but indicates that the LSPR effect is largely 

delegated by the plasmonic Au core. The integration of both metals does offer for broadband 

excitation which is a prerequisite for many applications in photocatalysis. Altogether, our study 

demonstrates a facile means to fabricate Au@Pt bimetallic substrates that are effective as 

standalone plasmonic materials, and whose potential can be improved upon via shell engineering 

of the Pt surface. Raman thermometric studies confirm the existence of plasmon generated hot 

carrier injection that facilitates dye degradation where the LSPR of the Au core dephases via the 

generation of hot carriers expelled into the Pt shell. With a preference towards thinner catalytic 

shells to provide for chemical reactivity while not compensating on sample stability, and the 

damping of resonant coupling our study establishes that these Au@Pt substrates meet the standards 

of an efficient core-shell bimetallic plasmonic catalyst by demonstrating plasmon-adsorbate 

coupling, effective plasmonic field strengths, and hot carrier densities.  

  



149 
 
 

Chapter 6 

Future Directions  
 

6.1 A Retrospective  
 

Plasmonic photocatalysis is driven by the presence of noble metal nanoparticles that can perform 

photochemical reactions when illuminated with relatively low-intensity light.83,95,102,134 The LSPR 

of plasmonic noble metals results in high extinction of light and the generation of large localized 

electric fields on the surfaces of said materials. Together, this paves the way for high generation 

rates of energetic charge carriers that assist in catalyzing chemical transformations.100,103,360,374–376 

 

The incorporation of plasmonic noble metal nanoparticles for photocatalysis is a promising 

endeavor, but as a field, plasmonic photocatalysis lacks an established theoretical framework 

supported by experiments that can comprehensively describe the hot carrier dynamics crucial to 

the functionality of plasmonic noble metal nanoparticles. My doctoral research was largely 

motivated by these challenges to explore the individual constituents of plasmonic photocatalysis 

in a bottom-up approach building from monometallic to bimetallic systems. My thesis focused on 

understanding the nanoscopic plasmon mechanisms of these nanostructures alongside their 

evaluation as potential photocatalytic platforms. Beginning with monometallic constituents, I 

constructed Ag nanoislands that demonstrated great potential for surface catalytic reactions 

involving aromatic thiols and surface enhanced Raman spectroscopy of Rhodamine 6G molecules. 

Silver’s chemical stability notwithstanding, I gradually switched to utilizing Au nanoislands as a 

better platform for plasmonic photocatalysis. With a similar fabrication procedure to that used to 

fabricate Ag nanoislands, I developed a set protocol for high quality Au nanoisland samples with 

great consistency and high quality plasmon responses.  

 

As individual components, Au and Ag nanoislands are limited in their use for 

photocatalytic applications. This led me to consider bimetallic nanostructures beginning with 

Au@Pt core-shell nanoislands. The significance of my work revolving around the fabrication of 

these monometallic and bimetallic substrates is highlighted by the consistency, and reproducibility 
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of the methods utilized to fabricate these nanostructures. The same method can be applied to 

construct nanoislands of other representative plasmonic metals and core-shell structures as well. 

The added benefit of PVD methods as opposed to wet-chemical synthesis methods to fabricate 

plasmonic nanostructures is the easy modulation and production of strong plasmon resonance 

behavior that is crucial to their functionality. The high-quality resonances observed of 

monometallic nanoislands, and the plasmon resonance modulation of bimetallic nanostructures 

demonstrated a facile approach toward the construction of these nano-architectures. This is in 

sharp contrast with wet-synthesis techniques where consistency is hard to come by. My 

experimental efforts were supplemented by theoretical studies of my nanostructures using 

Lumerical FDTD simulations.  

 

These efforts have set the stage for various future directions of research to further develop 

and optimize these systems in higher level architectures for plasmonic photocatalysis.  

6.2 Exotic Bimetal Nanostructures  
 

Extending the established fabrication and simulation protocols to include exotic bimetal 

nanostructures to diversify plasmon modulation using various materials would be crucial. On this 

objective, by collaborating with my colleagues in various projects (as outlined in Section 3.5) and 

my own doctoral research I have been able to identify unique architectures for plasmonic bimetal 

platforms.  

6.2.1 Other Bimetallic Combinations 

 

Homodimer and heterodimer arrangements of Ag-Cu nanoparticles (Section 3.5.2) have focused 

on taking advantage of the asymmetric charge distributions of the LSPR for photocatalysis.200 

Bimetallic Au@Pt core-shell nanoislands have demonstrated great potential in their facile means 

of fabrication and use for dye degradation. It is imperative that we extend the fabrication 

techniques utilized to create nanoislands toward more exotic bimetallic combinations such as Au-

Pd, Ag-Au, Au-Ru, Ag-Ir, Co-Au, Mn-Au, Zn-Pd etc.  

 

To begin with, Lumerical FDTD simulations have been utilized to model a few of these 

combinations. These simulations constituted the early foundations of my work involving 
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plasmonic bimetallic photocatalytic architectures and have been continually improved. The 

simplest and most analytically feasible geometries of spherical (not hemispherical) nanostructures 

was analyzed. With reference to the work of Zhang et al.311 Mie theory was used to investigate the 

LSPR properties of pristine bimetallic core-shell nanoparticles consisting of metals including Au, 

Ag, Pt, Cu, Ni, Cr, and Pd. The simulations were utilized to discern the ordinary and extraordinary 

LSPR modes that together determine the line shape of the extinction spectrum and the shifts of the 

LSPR peaks for diverse parametric constraints such as varying core to shell radii ratios, varying 

environments, diverse morphologies (nanocubes, etched bimetallics, spherical shells), etc. 

  

While the current standard of bimetallic core-shell structures involves a plasmonic core 

and a catalytic shell (like Au@Pt), diverse morphologies involving a catalytic core and a plasmonic 

shell (Pt@Au), an evacuated core (Air@Au), and etched-shell architectures were considered, 

accounting for some unique results. Practical noble metal architectures involving the standard 

configurations have demonstrated a high tunability of the LSPR in the visible spectral regime. 

Similar results were observed for bimetallic core-shell nanocubes. Reverse core-shell nanosphere 

configurations of the same metals also produced LSPR shifts towards the visible regime with 

particularly high-quality factor LSPR peaks in the far visible spectral range that have not been 

observed in prior theoretical studies. (Figure 6.1) Unlike before, similar such behavior was not 

evident in the case of reverse core-shell nanocubes that rather demonstrated a broadened plasmon 

resonance over the visible spectral range. While the observation of LSPRs in the visible and far-

visible spectral range is of paramount importance in photocatalysis the direct application of reverse 

bimetallic core-shell configuration is by theory less ideal. This is because the catalytic metal is 

now embedded within another and does not have direct contact with the environment.  
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Figure 6.1.  Simulated absorption cross-sections of bimetallic Au@Pt and Pt@Au core-shell (C-S) 

structures for varying inner core and outer shell radii (Core radius-Shell radius) combinations of (2 

nm – 3 nm), (2 nm – 7 nm), (4 nm – 5 nm), (6 nm – 7 nm), (7 nm – 12 nm), (8 nm – 10 nm), (9 nm 

– 10 nm), and (10 nm – 12 nm). Multiple resonance peaks, of ordinary and extraordinary modes, 

are observable with high absorption peaks in the visible regime for the reverse core-shell (Pd-Au) 

configurations. The variation in core-shell radii also exhibits an influence in the redshifting of the 

resonance peaks.  

6.2.2 Etched Core-Shell Nanostructures 
 

A noble metal nanoparticle can produce a photocatalytic effect as its LSPR can provide for 

localized heating effects and energetic electrons that would help jumpstart thermally assisted 

reactions and photoreductions. This has been observed for pure Au and Ag nanoparticles.102,377 Pt 

is also a noble metal but catalytically more active than Au and Ag. Pt has been particularly effective 

for hydrogen dissociation and H2 reactions as the Pt surface can adsorb high concentrations of 

hydroxyl groups that can scavenge photogenerated valence band holes.378,379 Pt also has a lower 

Fermi level (i.e. a higher work function) of -6.3 eV compared to -4.7 eV and -5.1 eV for Ag and 

Au. Because of this, Pt functions as an efficient trap center for electrons, and can assist in 

increasing the lifetime of electron-hole pairs leading to its prevalence in bimetallic applications 

where it most often serves as the catalytic shell. To provide for exposure of the catalytic core in 

the reverse bimetallic configuration, etched bimetallic structures were simulated where the shell is 

selectively etched to provide for the environment’s contact with the core. Compared to earlier 
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results, the LSPR of the bimetallic complex demonstrated high tunability of the LSPR in the visible 

spectral range with a broad LSPR plasmon band. This included high quality factor LSPR peaks in 

the far visible spectral range of even greater quality compared to the earlier reverse bimetallic 

configurations. (Figure 6.2)  

      

Figure 6.2.  (Left) Simulated refractive index monitor of a bimetallic structure where the outer Au 

shell is etched to provide access to the catalytic Pt core. Simulated absorption cross-sections of 

the etched Pt-Au core-shell (C-S) structure for varying inner core and outer shell radii (Core radius-

Shell radius) combinations of (2 nm – 3 nm), (2 nm – 7 nm), (4 nm – 5 nm), (6 nm – 7 nm), (7 nm 

– 12 nm), (8 nm – 10 nm), (9 nm – 10 nm), and (10 nm – 12 nm). Multiple broadened resonance 

peaks are observable with particularly high-quality factor resonance peaks in the far visible regime 

for the combination of (2 nm – 7 nm) core-shell radii.  

6.2.3 Void Plasmons 
 

Another exotic configuration considered involved metallic nanoshells or nanovoids. The simplest 

nanovoid can be described as a spherical inclusion of dielectric material in a homogeneous metallic 

body where an electromagnetic dipole resonance can be sustained in a manner akin to a metallic 

nanoparticle. Maier et al.46 present that the polarizability of such a nanovoid is,  

α = 4πα3
ϵ𝑚 − ϵ

ϵ𝑚 + 2ϵ
(6.1) 
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where we have basically substituted ϵ𝑚 for ϵ(ω) and vice versa in (1.24). The induced dipole in 

the nanovoid is antiparallel to the applied electric field on the outside. The Frohlich condition then 

takes the form 𝑅𝑒[ϵ(ω)] = −
1

2
ϵ𝑚. A 3-D void resonance would consist of a core/shell particle 

with a dielectric core and a thin metallic shell. Here too, we are able to excite dipolar resonances 

in the nanoshells that can be attributed to the bonding and anti-bonding combinations of the 

fundamental sphere and void modes.46,183 Control of the plasmon dipole resonance via the 

nanoshell geometry enables shifts in the resonance frequencies in the near-IR spectral region and 

reduced plasmon linewidths.46,183,380 (Figure 6.3)   

 

Figure 6.3. Simulated absorption cross-sections of the Au nanoshell structure for varying inner 

core and outer shell radii (Core radius-Shell radius) combinations of (2 nm – 3 nm), (2 nm – 7 nm), 

(4 nm – 5 nm), (6 nm – 7 nm), (7 nm – 12 nm), (8 nm – 10 nm), (9 nm – 10 nm), and (10 nm – 12 

nm). High quality factor plasmonic resonances are observed in the far visible regime for select 

core-shell radii combinations.  

6.2.4 Closing Remarks 
 

By adapting Mie theory, I have calculated and analyzed the extinction spectra and modal profiles 

for a series of bimetallic spherical core-shell nanoparticles involving various combinations and 

composition ratios of noble metals described by the ideal Drude model.  Two resonance peaks are 

observed to exist in the extinction spectrum and can be attributed to two different LSPR models in 
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the bimetallic nanoparticle: extraordinary, and ordinary.311 The extraordinary mode occurs at short 

wavelengths and is a signature of the interfacial electric field energy between the core and shell 

metals. The ordinary mode occurs at long wavelengths and describes the electric field energy 

concentrated at the outer surface of the bimetallic nanoparticle.  The localization of the fields in 

these two modes also exhibit opposite shifts in peak position, being either redshifted or blue-

shifted, depending on variations in the core to shell ratio (i.e. the metal thicknesses), and the 

locations of the constituent metals. 

  

The incorporation of two metals and their different optical response characteristics leads 

to LSPR response over a broad spectrum with intricate electromagnetic interactions occurring at 

the interface and at the surface of the bimetallic nanoparticle. The high tunability of the LSPR in 

bimetallic nanoparticles is highly attractive for creating unique optical properties and features that 

cannot be facilitated by single component nanostructures. Furthermore, the double LSPR modes 

and the associated enhancements in the local electric field can be employed for light-matter 

interaction processes that capitalize on two or more enhancement modes for maximum efficiency, 

such as molecular fluorescence. Many of these properties are fundamental to the improvement of 

photocatalytic functionality, and the development of versatile plasmonic systems. 

  

In conclusion, these simulations set the foundation for the construction of these bimetallic 

systems. The independent optical, physical, and chemical properties including couplings, 

interactions, and synergistic effects of the constituent metals can be used for enhanced and multi-

functional photocatalytic systems. In the context of plasmonics, bimetallic nanoparticles are proof 

that we can combine the LSPR resonance of a noble metal nanoparticle such as Au and Ag at the 

visible regime with that of non-resonant material such as Pt and Pd in a single system that is 

effective for various devices in optics, biology, photocatalysis, and photovoltaics. 

6.3 Bimetallic Alloys 
 

The various characterization tests performed in exploring Au@Pt nanoisland structures such as 

XPS, XRD, and DFT studies have demonstrated how the mixing of metals, electronic structure, 

and crystallinity can influence the plasmonic behavior of the bimetallic composite. In extending 

the fabrication protocols utilized in the construction of monometallic and bimetallic nanoislands, 
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the fabrication of bimetallic alloys may prove fruitful to explore this avenue of research. I have 

fabricated various bimetallic alloys involving Au-Ag, Au-Pt, Ag-Pt, Ag-Cu, and Au-Cu 

combinations. These alloys have been made using similar PVD techniques to those I have 

discussed in the fabrication of core-shell nanostructures and involve the deposition of thin films 

and collective annealing of the samples. The fabrication of these alloys has also led me to consider 

the use of trimetallic core-shell substrates where I have been able to demonstrate consistent 

plasmon modulation involving combinations such as AuAg@Pt. It will be important to consider 

improving the bimetallic library of nanoparticles to include other catalytic metals such as Cu, Pd, 

and Co, etc. for selective applications in plasmonic photocatalysis. In lieu of the insights I gained 

from FDTD simulations it would be integral to test different ratios of these bimetallic alloys and 

understand their plasmon damping behavior to exercise their full potential for photocatalytic 

applications.  

6.4 Exploring Diverse Semiconductor Scaffolds 
 

Having collaborated with my colleagues and peers in various projects where I have provided 

FDTD simulations modeling noble metal-semiconductor heterojunctions, I have learned that there 

is great potential to the incorporation of plasmonic monometal and bimetal nanostructures in 

semiconductor scaffolds. The PVD methods utilized to fabricate bimetallic and monometallic 

nanostructures are easily transferable and provide for the conformal coating of the semiconductor 

scaffold. Combined with separate or collective thermal annealing, we can develop systems where 

the plasmonic metals can either decorate or be embedded within the semiconductor lattice 

providing for greater plasmonic performances, a strategy that has been utilized by Farsinezhad et 

al.23  

 

A vast library of literature exists in the use of noble metal-TiO2 semiconductor 

heterojunction photocatalysts in various architectures. To a certain degree, the popularity of TiO2 

has led to the field being saturated with research focusing exclusively on this material. Moving 

forward, it would be beneficial to consider the use of other equally unique and promising 

semiconductor photocatalytic platforms of note including Fe2O3, MoO3, WO3, and Cu2S. In the 

case of the latter, I have grown Cu2S in the form of fractal dendrites on three different substrates 

including glass, FTO, and Cu-foil. The growth of Cu2S is achieved through electrochemical 
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anodization and is easily reproducible. Preliminary results on the optical characteristics of the 

fractal dendrite samples have demonstrated broad resonances in the visible as well as high quality 

resonances in the far-IR regions of the electromagnetic spectrum. Current efforts are being made 

to optimize the growth of these samples in terms of large-scale uniformity followed by the 

incorporation of monometallic colloidal Au/Ag nanoparticles or bimetallic Au@Pt core-shell 

nanoparticles. Concerning Fe2O3 and MoO3, electrochemical anodization techniques to create 

Fe2O3 and MoO3 nanotubes in a manner reminiscent to TiO2 nanotubes are available and can be 

readily replicated. Preliminary experiments involving the use of MoO3 films in conjunction with 

monometallic nanoislands have been achieved demonstrating broad plasmon resonances in the 

visible spectral range for a potential z-scheme system. The use of p-type semiconductors such as 

WO3 would motivate harnessing the energy of hot holes as opposed to hot electrons for 

photocatalysis in applications such as CO2 photoreduction.  

6.5 Engineering the Schottky Barrier 
 

The functionality of noble metal-semiconductor heterojunction systems involving plasmonic 

nanodimples, TiO2 nanotubes, and others explored in Chapter 3 depend on the injection of hot 

charge carriers over or through the established Schottky barriers. The use of PVD protocols to 

fabricate plasmonic nanostructures in this thesis can also be readily applied toward addressing the 

idea of engineering the Schottky barrier that is formed in noble-metal nanoparticle-semiconductor 

systems so that low-energy Drude electrons can be harvested alongside hot electrons themselves. 

Drude electrons, due to their low energy, are closer to equilibrium and normally would not be 

worth harnessing. Rather than lowering the Schottky barrier, a thinner barrier would allow for 

these carriers to be transferred via tunneling. By embedding semiconductor nanoparticles in thin, 

transparent or translucent films of plasmonic noble metals such as gold or silver, one can form 

nanocomposites that exploit this idea. The smaller size of semiconductor nanoparticles would 

mean that they are too small to sustain a wide depletion region.  The hypothetical anomalous high 

concentration of injected charge carriers in the semiconductor nanoparticle can be demonstrated 

via UV-Vis-NIR spectroscopy, hole scavenger reactions, and by measuring the electrical 

conductivity of the composite before, during, and after visible light illumination. 
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6.6 Plexcitonics and Colloidal Nanostructures 

 

The incorporation of 2D and excitonic materials with plasmonic platforms has been promising.207 

Hybrid architectures involving graphenic supports can help expand on the suite of systems that 

can be utilized for plexcitonic photocatalysis. These systems can be constructed similarly to what 

has been discussed in Section 6.4.  Apart from plasmonic nanoislands and colloidal nanoparticles, 

I have also successfully synthesized stable citrate-capped silver nanoprisms and nanorods that 

demonstrate high quality dipolar and quadrupolar resonances between 350 – 700 nm. The use of 

these nanostructures in semiconductor scaffolds and as individual systems alike would be highly 

promising. Nanoprisms and nanorods allow for modulation of the plasmon resonance via their 

unique morphologies. The tips of nanoprisms provide for greater hotspots and concentrated local 

field enhancements compared to rounded nanostructures while nanorods provide for resonances 

along selective axes of illumination. These characteristics lean toward diverse uses of these 

nanostructures for plasmon-enhanced photocatalysis.  

6.7 Studying Plasmonic Damping 
 

In plasmonics, there are four major damping mechanisms: Landau damping, Radiative damping, 

CID, and surface scattering. Landau damping is an intrinsic feature of wave-like oscillations and 

follow the motion of particles that either tend to accelerate along the wave or move in phase with 

the wave. This very phenomenon has been identified to result in the dephasing of the LSPR. 

Radiative damping follows relaxation of the LSPR via the re-emission of photons. CID has been 

observed in plasmonic noble metal-molecular adsorbate systems and proceeds through the direct 

relaxation of the LSPR through DIET. Surface scattering is governed by relaxation through 

electron-electron collisions at the surface of the plasmonic noble metal as well as through surface 

reflection. CID and surface scattering largely occur in smaller nanoparticles around sizes of 5 nm 

and mostly vanish for particles of size larger than 20 nm where Landau damping and radiative 

relaxation dominate.  

 

In my thesis the latter two are more influential, but it is difficult to distinguish between 

these mechanisms when it comes to bimetallic systems. This is where electron energy loss 

spectroscopy (EELS) can be very helpful. Using EELS to identify and characterize the bulk 
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plasmon modes of the individual metal components in bimetallic substrates can help us understand 

the damping mechanisms at play in the composite system. Shifts in the bulk resonances due to 

changes in the carrier density or effective mass via alloying or mixing of metals would be 

signatures to consider. FDTD simulations have come to play a significant role in optimizing the 

experimental efforts involved by simulating the EELS setup within Lumerical.  

6.8 Tailored Nanoislands 
 

The modulation of the LSPR of Au@Pt nanoislands was facilitated by varying deposition times 

and the development of inter-island channels providing active catalytic sites for adsorption as well 

as near-field enhancements of the plasmon resonance. Similar observations were made for 

monometallic Ag nanoislands. Thus, the optimization of fabrication methods focused on the 

development of these modified surface nanostructures would be essential to future experiments 

involving plasmonic nanoisland systems devised using PVD methods.  

 

By varying not only the annealing temperature but also the duration of annealing, one can 

modulate the extent of dewetting as defined by the Young-Dupré principle, thus resulting in 

variations of nanoisland structures, that demonstrate a clear influence on LSPR wavelengths and 

their quality.381 Oblique angle deposition methods, or glancing angle deposition, would provide 

for the direct formation of metal nanoislands on a variety of substrates without the need for heating 

providing further control of the growth process by moderating the quantity of evaporated metals, 

and the tilt angle between the substrate and the metal source.   

 

Pre-textured or templated surfaces can extend the size of the nanoislands alongside 

improved uniformity, and the formation of three-dimensional nanoisland structures. Repeated 

solid-state dewetting can also assist in precise modulation of nanoisland gaps for optimal field 

enhancement and overcome the limitations of single solid-state dewetting for small gap spacings, 

as average nanoisland size and gap space increase with film thickness. Kang et al.382 have 

demonstrated the repeated dewetting scheme can overcome this deficiency where nanoislands 

formed in the first dewetting run accelerate the coalescence of nanoislands as opposed to 

nucleation in the second dewetting run. The second dewetting run then increases the nanoisland 

size but reduces the gap spacing between islands. These methods can be applied in a relatively 
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straightforward manner for the fabrication of core-shell nanoisland structures as well as alloyed 

films, and other nanoisland based plasmonic substrates.  

6.9 Conclusion 
  

To conclude, we must also address the weaknesses of the methods utilized in this thesis. Although 

magnetron sputtering is a facile means to fabricating these plasmonic nanostructures, sputtering 

and the subsequent process of annealing does not offer effective control on the monodispersity and 

uniformity of samples. Colloidal nanoparticles are well-known for their monodisperse properties 

and are highly effective in that aspect to creating uniform coatings of plasmonic nanoparticles. 

Thermal annealing in open air conditions can lead to oxidation of samples and contamination. This 

can be overcome via annealing in an inert gas environment such as Argon. The formation of 

nanoislands is quite dependent on the substrates utilized with spherical and monodisperse 

nanoislands most evident in glass substrates as opposed to other conductive substrates such as 

fluorine-doped tin oxide glass substrates. This makes it difficult for these samples to be utilized 

for applications that may require conductive substrates such as photoelectrochemical water 

splitting. This could be offset by fabricating nanoislands on fluorine-doped tin oxide glass 

substrates instead, with the caveat of greater non-uniformity and varying plasmon behavior. 

Tailored nanoisland substrates have been suggested to rectify said issues. Further efforts can also 

be made to explore other aspects of Lumerical FDTD solutions including diverse simulation suites 

such as MODE, HEAT, etc. for greater insights into plasmon device behavior. Most importantly, 

more extensive Raman thermometric studies of bimetallic systems in diverse architectures and 

involving different molecular adsorbates would be useful to gain further understanding of hot 

carrier mechanisms crucial to these systems. These ideas constitute the myriad and diverse avenues 

of research that remain to be explored of my doctoral research in plasmonics and leave much to 

offer in motivation of continuing fundamental studies of these unique artificial photocatalytic 

platforms. 
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Figure S1. XRD image of Ag film annealed at 4000C; (b) AFM image of Ag film annealed at 1500C; 

(c) Elemental weight percentages of Ag film annealed at 4000C.  

 

Figure S2. Ag nanoisland size distribution histograms fitted with a Gaussian for (a) Ag films 

annealed at 1500C and (b) Ag films annealed at 4000C. 
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Figure S3. The effect of thermal annealing on the film’s microstructure and optical properties have 

been investigated using XRD on Ag film samples prior to and post-annealing. The absence of the 

Ag2O peaks prove minimal oxide has been generated via thermal annealing at 1500C and 4000C.  
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Figure S4.The dipole resonance of Ag nanoislands formed by 1500C thermal annealing was fit to a 

Voigt profile to obtain the contributions of homogeneous (Lorentzian) and inhomogeneous 

(Gaussian) broadening to the overall linewidth.  
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Figure S5. The quadrupole resonance of Ag nanoislands formed by 1500C thermal annealing was 

fit to a Voigt profile to obtain the contributions of homogeneous (Lorentzian) and inhomogeneous 

(Gaussian) broadening to the overall linewidth. 
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Figure S6. The dipole resonance of Ag nanoislands formed by 4000C thermal annealing was fit to a 

Voigt profile to obtain the contributions of homogeneous (Lorentzian) and inhomogeneous 

(Gaussian) broadening to the overall linewidth. 
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Figure S7. Extinction spectra of Ag nanoisland samples annealed at 1500C (Left) and 4000C (Right) 

before and after illumination with laser-light from the Raman spectrometer. The negligible change 

in the extinction spectra confirm minimal photothermal effect by the laser upon the morphology 

of the plasmonic substrates.  

 

Figure S8. Raman spectra of bare 4NBT (Left) and PATP (Right) under maximum laser light 

illumination of 8 mW. The absence of peaks at wavenumbers 1390 cm-1 and 1430 cm-1 confirms 

zero production of DMAB.  
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Figure S9. XRD plots of bare Au, bare Pt and Au@Pt hybrid showing the crystal planes of metallic 

face-centered cubic (fcc) phase. 
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Figure S10. Au@Pt nanoisland size distribution histograms fitted with a Gaussian. 
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Figure S11. UPS spectra of monometallic Au film on glass substrate with its corresponding 

secondary electron energy cut-off value.  
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Figure S12. UPS spectra of monometallic Pt film on glass substrate with its corresponding 

secondary electron energy cut-off value.  

 



172 
 
 

 

Figure S13.UPS spectra of Au@Pt core-shell nanoislands on glass with their corresponding 

secondary electron energy cut-off value.  
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