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Abstract
Metal nanocrystals support unique light-matter interactions through a phenomenon known
as the localized surface plasmon resonance (LSPR). These resonances show a great deal of
sensitivity to their local environment, and by altering this environment it is possible to produce new,
“hybridized” plasmon modes. The far-field spectral qualities, and the near-field electromagnetic
properties can by heavily manipulated through the generation of hybridized plasmon modes. This
work explores the properties and functions of hybridized plasmon modes in a variety of systems.
Finite-difference time-domain modelling use used to correlate the experimental spectral response
is with the calculated near-field spatial distribution of hybridized modes in a number of systems
involving silver nanocubes (AgNC). These systems demonstrate it is possible to carefully monitor
the environment of a nanocrystal, induce an unusually sharp spectral extinction in dielectric-coated
AgNCs, and manipulate the spatial distribution of plasmon modes in colloidal composite Ag@Cu 2O
core-shell nanocrystals. These properties are applied to functional materials, including
photothermal and colour patterning of a plasmonic system driven by the embedment of an AgNC
into a polymer matrix. The spectral signature of hybridized plasmon modes is used to both
characterize and manipulate the degree of photothermal heating in this thermoplasmonic patterning
system. Hybridized gap-plasmons are used to generate wide range of colours, with controllable
palettes using AgNC-over-Au and AgNC-over-Ag nanoparticle-over-mirror (NPoM) films. Lastly the
potential for alternative plasmonic materials for ultraviolet (UV) plasmonics was explored. The
potential for In and Al nanocrystals for UV surface-enhanced Raman spectroscopy was
investigated. All these systems demonstrate the potential and advantage of using hybridized
plasmon modes to manipulate the far-field and near-field optical response of functional plasmonic
materials.
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Functional Properties of Hybrid Resonances in
Plasmonic Nanocrystals
Chapter 1: Introduction
This work discusses the functional properties and applications of hybrid plasmonic modes
in metal nanocrystals. Plasmonics is a field of study which explores the unique light-matter
interactions in metallic nanostructures. These interactions stem from a property known as the
surface-plasmon resonance. These surface plasmon resonances can strongly interact with their
environment and with each-other, producing “hybrid” resonances with finely-tunable responses
which can be exploited for a number of applications. This work explores the interactivity of surface
plasmons and their functional properties, exploring how they can be utilized for a variety of
purposes. The main hypothesis of the work is that hybridized modes can be used to expand the
functionality of plasmonic materials in comparison to non-hybridized systems.
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1.1

Fundamentals of Plasmonics
The surface plasmon arises from the collective oscillation of electrons in the conduction

band of a metal or other conductive material. This oscillation is initiated by displacement of the
surface electrons by an external driving force, typically the electric field component of incident
electromagnetic (EM) radiation. The movement of electrons generates electron-hole pairs resulting
in Coulombic attraction to the nuclei of the metal creating a restoring force acting against the electric
field.
In a bulk material or thin film, surface plasmons propagate as longitudinal waves on its
surface which cannot couple directly to transverse EM radiation. High refractive index prisms can
be used to match the momentum of the incident photons with the surface plasmon wave, allowing
for the coupling between a surface plasmon and incident radiation producing a surface plasmon
polariton (SPP).1
When the dimensions of the material are further confined in two or three dimensions, the
surface plasmons can no longer propagate, resulting in the localized surface plasmon resonance
(LSPR). This resonance is directly excitable by incident light and occurs in metal particles with
dimensions equal to or smaller half its wavelength. In a LSPR the incident electric field displaces
the surface-electrons in the metal sphere which subsequently experience a restoring force from the
positive charges left behind. This in effect polarizes the metal particle, resulting in an enhanced
electric field at the surface of the particle due to the build-up in charge density (Figure 1.1). When
the exciting field oscillates at the same frequency as the frequency dictated by the restoring force,
the excitation of the surface plasmon resonance occurs.

Figure 1.1. Schematic representation of the localized surface plasmon resonance (LSPR). An incident EM
wave displaces the electron cloud, resulting in an oscillation around the particle and an enhanced electric field
at the surface relative to the incident field.
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Gustav Mie’s solutions to Maxwell’s equations to describe the scattering of EM radiation
by a sphere can be used to describe the extinction cross section (Cext) of a metal sphere:2
3

𝐶𝑒𝑥𝑡

24𝜋 2 𝑟 3 𝜖𝑚 2
𝜀𝑖
=
[
]
(𝜀𝑟 + 2𝜀𝑚 )2 + 𝜀𝑖 2
𝜆

(1.1)

Where r is the radius of the particle, λ is the wavelength of incident EM radiation, εm is the
real dielectric function of the surrounding material, and εr and εi are the real and imaginary
components of the complex dielectric function for the metal respectively. The extinction cross
section is maximized when εr = −2εm when εi is small, setting a resonance condition. This
demonstrates a number of factors of fundamental importance to the position of the LSPR
wavelength (λmax): it is dependent on the size of the particle (r), the dielectric properties of the
medium (εm), and the dielectric properties of the plasmonic material itself (εr and εi).
1.1.1

Materials for Plasmonics
The resonance condition set by equation 1.1 demonstrates the importance in choice of

material in plasmonic systems. In order for a material to support an LSPR or SPP the real part of
the complex dielectric function, εr must be large and negative, while it is desirable for the imaginary
component, εr, to be small. The real component describes the polarizability of the material while the
imaginary component describes absorption and losses in the material. These are both functions of
frequency or wavelength, so the dielectric properties of the material indicate not only the ability to
support a surface plasmon resonance but at what part of the EM spectrum they can be observed.
The complex dielectric function for metals relevant to this work are displayed in Figure 1.2.3,4
The most common materials used in plasmonics are Ag and Au, the choice of which is
exemplified by their dielectric functions. The metals display an increasingly negative εr, as well as
a minimal εi above 300 and 500 nm for Ag and Au respectively. This yields high quality plasmons
in the visible and NIR regions for both metals, though Au is limited to > 500 nm due to the high
imaginary component at lower wavelengths caused by interband transitions in Au’s d-band.5
Conversely In and Al have large imaginary components in the visible region but unlike Ag and Au
they become minimal < 300 nm, making them uniquely suitable for plasmonics in the UV region.

3

Figure 1.2. The real and imaginary components of the complex dielectric functions of relevant metals.3,4
Strong plasmon resonances occur when the εreal is negative and εimaginary << εreal.

This dependency on the dielectric functions of the material allows for the establishment of
a quality factor, which loosely predicts the ability of a material to support a surface plasmon
resonance:6

𝑄=

−𝜀𝑟
𝜀𝑖

(1.2)

While both Ag and Au demonstrate visible plasmon resonances in the visible region, Ag
displays notably higher quality plasmons. The maximum Q of Ag is 97.43 @ 1083 nm, and 33.99
@ 885 nm. The higher εi of Au in the visible region leads to broader resonances and a lower
extinction efficiency with respect to Ag. While some other common metals display high quality
surface plasmons, they make poor choices for applicable plasmonic materials. For example, Na
displays a quality factor on par with Au at similar frequencies its significant reactivity hampers any
practical use of the metal. Other common plasmonic materials include Cu, Pd, Pt, and Al, 6 all of
which however have lower quality factors than Ag and Au. Despite the superior quality and
electromagnetic enhancement in Ag plasmonics, Au remains perhaps the most commonly used
plasmonic material since Ag is susceptible to oxidation under ambient conditions.7 Au is highly
stable and biocompatible, making it ideal for biological or biomedical applications, 8 however it is
also an expensive metal making alternatives to Au plasmonics attractive. 5
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1.2

Modelling of Plasmonic Systems
The Mie scattering equation (1.1) provides an exact solution for small nanopsheres in a

homogeneous dielectric medium. However, functional plasmonic systems often contain multiple
components in a variety of geometries which cannot be so easily described and more rigorous
numerical calculations are required to model them.9 The ability to theoretically describe and model
plasmonic structures is important for both the interpretation of experimental results as well as for
the prediction of plasmonic behaviour. Modelling is an invaluable tool in examining properties of
plasmonic nanostructures which are difficult to probe directly, such as electric field enhancement,
leading to a significant degree of experimental-theoretical interaction in the field. The design of
experimental systems or plasmonic architectures can also be accomplished by modelling, allowing
an experimenter to determine optimum parameters such as the size and geometry of plasmonic
system before fabricating it. In order to properly apply models, it is important to understand the
theoretical basis, methods and limitations of them.
1.2.1

Theoretical basis of modelling methods
Plasmonic systems can be described in terms of classical electrodynamics, where the

system can be described in terms of the propagation EM waves through different components and
materials. The evolution of EM fields is determined by the Maxwell equations, which for a system
containing no naturally magnetic components take on the form:10

𝜕𝐸⃗
1
⃗
=
∇×𝐻
𝜕𝑡 𝜀0
⃗
𝜕𝐻
1
= − ∇ × 𝐸⃗
𝜕𝑡
𝜇0

(1.3)

⃗ and 𝐻
⃗ respectively, while ε0 and μ0 are the permittivity
Where the electric and magnetic fields, 𝐸
and permeability of free space respectively, while εr is the relative permittivity and is a function of
frequency, ω.
The challenge comes with solving these equations over an arbitrary space where the
material and thus εr(ω) vary depending on spatial location. Typical techniques to solve an
electrodynamic system thus involve discretizing the space and solving Maxwell’s equations in these
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subsets of the space. This becomes numerically intensive to solve over large spaces and in three
dimensions, but several computational techniques have been established to efficiently do so. One
of the most used techniques is the finite-difference time-domain (FDTD) method,11 though other
methods in the frequency domain such as the discrete dipole approximation (DDA) 12 and finite
element method (FEM)13 are also commonly used.
1.2.2

Finite-difference time-domain calculations
This work makes extensive use of the FDTD method. This is a robust method and well-

established for modelling plasmonic systems.9,14 There exist a variety of public domain and
commercial FDTD solvers. This work uses the Lumerical FDTD solver as it contains convenient
GUIs, a number of useful features relative to plasmonics, and strong parallelization allowing
efficient solving of large systems on multicore processors.
FDTD solvers work by discretizing the simulation space into a 2D or 3D mesh in cartesian
coordinates, and then solving Maxwell’s equations in each grid within the time domain. In actuality
they use the following form of the equations:10

⃗
𝜕𝐷
⃗
=∇×𝐻
𝜕𝑡
⃗ (𝜔) = 𝜀0 𝜀𝑟 (ω)𝐸⃗ (𝜔)
𝐷
⃗
𝜕𝐻
1
= − ∇ × 𝐸⃗
𝜕𝑡
𝜇0

(1.4)

⃗ is the displacement field. Note that 𝐷
⃗ is written in the frequency domain, though must
where 𝐷
actually be written to the time domain for implementation in FDTD. 10 Equations 1.4 is written as
such however to demonstrate that each equation becomes interdependent and cyclic in this form,

⃗ solves for 𝐸⃗ , 𝐸⃗ solves for 𝐻
⃗,𝐻
⃗ solves for 𝐷
⃗ ) and the use of 𝐷
⃗ allows for the implementation of
(𝐷
the complex dielectric function εr(ω). The cyclic nature of these equations allows for the
establishment of the Yee cell,15 in which solutions of the equations are propagated in time and

⃗ 𝑥 , 𝐸⃗𝑦 , 𝐸⃗𝑧 , and
space. In this scheme, the vectors of E and H are separated into six components (𝐸
⃗ 𝑥, 𝐻
⃗ 𝑦, 𝐻
⃗ 𝑧 ), where the 𝐸⃗ and 𝐻
⃗ components are discretized into separate grids which are offset
𝐻
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by a half-step in time and space (Figure 1.3b). Propagation of the fields thus occurs by a ‘leapfrog’

⃗ (t) solves for 𝐻
⃗ (t) a half-step forward, and 𝐻
⃗ (t) solves for 𝐸⃗ (t) to complete a full
method where 𝐸
step. The number of cells determine the computational cost of the model.

Figure 1.3. a) Schematic diagram of an electromagnetic wave showing the electric (E) and magnetic (H)
components and b) a diagram of the Yee cell, where E(t) and H(t) are offset in half-steps in order to propagate
fields. Reproduced under open access CC license 4.0.16

The dielectric constant of most media varies by frequency, yet the computation is done in
the time-domain, it is important to be able to simulate frequency-dependent materials, especially
for plasmonic materials. The most common approach is to fit empirical dielectric constant data to
an analytical form. This can then be sampled across the time domain. This poses a limitation to the
method however, as in some cases the analytical models cannot be perfectly fitted to the known
dielectric constants, introducing an inherent degree in error when describing the materials.9 The
technique also cannot account for localized effects, such as changes in effective εr at interfaces or
in thin films; only the bulk permittivity is used.
The discretization of the simulation space in a cartesian grid also forms other limitations
for describing plasmonic systems. For one it poses limitations in accurately describing the geometry
of nanostructures, particularly those which are round or have rounded edges and corners. A very
fine mesh must be used for the best description, but this is computationally costly This can be
partially alleviated by using non-uniform meshes,17 and conformal mesh algorithms.18 The
computational space becomes excessively large when trying to compute far-field effects and thus
these cannot be probed directly. Since the size of the simulation space is limited appropriate
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boundaries must be set so that fields leaving the simulation space “disappear”. Periodic boundaries
or absorbing boundaries such as the perfectly matched layer (PML) are typically used for this. 19
These limitations must be kept in mind when designing and performing FDTD simulations
to avoid errors. To ensure accuracy of the simulation, they are often tested for “convergence,”
where the complexity of the model is gradually increased until it converges to a reproducible result,
and/or is consistent with experimental observations. Despite the limitations, the direct numerical
calculation of electric fields in optical system remains a useful tool for investigating and predicting
the properties of plasmonic nanostructures.

1.3

Tuning and Anisotropy in Plasmonic Systems
The optical response of plasmonic nanostructures are very sensitive to numerous factors

include the size, shape, and local environment. Significant control over plasmon frequencies, and
the far-field and near-field properties of plasmonic nanoarchitectures is obtainable through their
design and the manipulation of their local environment.
1.3.1

Size and Shape
Gustav Mie’s solution for the sphere of an arbitrary size in equation (1.1) demonstrates the

importance of the sphere’s radius on the position and extinction cross section of a sphere. As a
nanoparticle’s size increases, the LSPR resonance will red-shift and broaden.20 As the particle’s
size increases the electron cloud experiences increasing depolarization, damping the electron
oscillation to lower energies.21 In small particles, (< 30 nm) only a single dipolar resonance is
observable, a dipolar mode which oscillates parallel to the electric field. As the size of the particle
increases, higher order modes, such as the quadrupolar mode where half the electron cloud moves
parallel to the electric field and half moves anti-parallel, become important to the extinction profile
of the particle.22 In some cases higher order modes may not display a net dipole moment and thus
are not directly excited by incident light.23 These modes are referred to as dark modes and are still
of importance as their charge distribution can heavily influence the near-field properties of
nanostructures,24,25 and can be accessed by anisotropic environments or coupling to bright
modes.26,27
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The make-up of the extinction profile is also determined by size. The dipolar resonance of
small particles is dominated by absorbance; they scatter very little light. However, as the particle
size increases, the dipolar plasmon begins to scatter more light relative to its absorption, until
scattering becomes the dominant contributor to extinction.28,29
Changes to the plasmonic profile can also be influenced by the shape of the nanostructure.
For example, in the case of an elongated particle such as a nanorod, the plasmonic signature is
defined by a higher energy transverse plasmon which oscillates along the width of the structure,
and a lower energy longitudinal plasmon which propagates along its length.30 Nanostructures with
sharp edges or corners such as cubes, octahedrons and other polyhedrons also significantly alter
the plasmonic profile compared to a spherical particle of similar size.20 Charge accumulation at the
corners and edges alter the spatial distribution and position of plasmonic modes; the dipolar mode
in shaped particles will be redshifted compared to a spherical particle of the same diameter. The
appearance of higher order modes is also magnified in shaped particles. For example, silver
nanocubes begin supporting a high order mode at edge lengths of only 18 nm.31
1.3.2

Local environment
The resonance condition set in the Mie scattering equation (1.1) establishes the importance

of the dielectric constant of the medium, εm, in the maximal peak position of the LSPR. Using the
resonance condition, εr = −2εm, the max LSPR wavelength can be expressed as:32

𝜆𝑚𝑎𝑥 = 𝜆𝑝 √2𝜀𝑚 + 1 ≅ 𝜆𝑝 √2𝑛𝑚

(1.5)

where λp is the plasma frequency of the bulk metal and nm is the refractive index of the medium.
The plasmon peak position λmax is linearly dependent on the refractive index of the surrounding
medium of the particle over small ranges of nm. This relation has been experimentally verified, 33
and forms the basis for localized surface plasmon resonance sensors. 32 The LSPR and its
sensitivity decay rapidly with distance from the nanoparticle surface. Shifts in the LSPR can be
caused not only by a change in the bulk dielectric properties of the medium, but also in changes
close to the surface of the particle. Alterations at the particle surface, such as the adsorption of
molecules,34 or the formation of a self-assembled monolayer,35 produce sufficient change in the
local environment to shift the plasmon resonance.
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1.3.3

Anisotropic environments
The localized sensitivity of plasmonic modes can produce peculiar effects if the particle is

placed in an anisotropic environment. The breaking of symmetry in the environment of a plasmonic
nanostructure, such as by the placement of a nanoparticle on a solid substrate, can produce unique
interactions which redefine the plasmonic signature. The placement of a dielectric support is an
important example, where the support enables plasmon modes to interact with their image charges
in the dielectric, thereby forming new plasmon modes and redistributing the plasmon around the
particle.36
This interaction can be explained by the plasmon hybridization model.37 Hybridization
describes the interaction of plasmon modes in a “hybridization” scheme, analogous to molecular
orbital theory, making for a convenient model for chemists. In this model two plasmon modes
interact to form a “bonding” (symmetric) and “anti-bonding” (anti-symmetric) mode through
constructive or destructive interference of the plasmonic modes. These resonances can also be
calculated with electromagnetic theory, and ab initio techniques. 37 The plasmon hybridization
model allows for a convenient picture to display the energetics of plasmon mode-mixing The case
for a plasmonic nanocube over a dielectric substrate is illustrated in Figure 1.4.

Figure 1.4. a) schematic representation of the substrate-induced plasmon hybridization scheme. The D0 and
normally dark Q0 modes interact via image charges in the substrate to produce a “bonding” hybridized D and
an “anti-bonding” Q mode, which are separated in energy. The mixing is uneven; the D and Q modes retain
dipolar and quadrupolar charge distributions respectively. b) 3D electric field (|E|2) data of a silver nanocube
over a substrate from FDTD calculations, showing the modes are spatially separated as well; the D mode
exists primarily in the high-index environment, and the Q is strongest in the low-index environment.
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When brought in the vicinity or contact with a dielectric substrate, the dipolar (D 0) and
quadrupolar (Q0) modes interact via their image charges induced in the substrate. The Q0 mode is
typically dark in small cubes, it has no net dipole moment or a weak dipole moment in larger
cubes.38 As these modes mix they produce a low energy hybrid, “bonding” dipolar mode (D), and
a high energy “anti-bonding” quadrupolar mode (Q), relative to the modes’ initial energy. While both
are a mixture of the D0 and Q0 modes, the hybrid D mode is mostly dipolar in character as the
nomenclature suggests, and likewise for the hybrid Q mode.39
An important consequence is not only are these modes now spectrally separated, but also
spatially separated; the dipolar mode exists primarily in the substrate or higher index medium,
whereas the quadrupolar mode is strongest in the low index medium. Silver nanocubes in particular
display strong hybridization effects due to their propensity for supporting higher order modes which
are nearly-degenerate,39 and their geometry allows for high-area contact with planar substrates.40
1.3.4

Plasmon coupling
When two plasmonic nanoparticles are brought into the vicinity of each other a different

form of mode-mixing occurs. Drastic colour changes have long been associated with the
aggregation of colloidal nanoparticles,41 a property which forms the basis of colorimetric sensors,42
and plasmonic nanorulers.43 This interaction can be simply described as the coupling of two nearby
oscillating dipoles to form a new resonant frequency. Depending on the relative polarization of the
electric field the dipoles may couple in a transverse or longitudinal mode relative to the dimer axis,
with the longitudinal interaction being the strongest.
Plasmon hybridization can again be used to describe the interaction, where the interaction
of dipolar (D0), or higher order modes, can interact symmetrically or antisymmetrically to form
“bonding” (D+) and “antibonding” (D-) modes respectively (Figure 1.5a).44 The anti-bonding mode
has no net dipole moment and is a dark plasmon mode; it is not observable in far-field spectral
measurements.25 Meanwhile the symmetric bonding mode produces a bright plasmonic mode with
an observable spectral redshift relative to the original modes. The degree of splitting is relative to
the interparticle distance, as it narrows the energy difference increases asymmetrically; the bonding
mode shifts downwards in energy much faster than the anti-bonding mode increases in energy.
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Figure 1.5. a) Plasmon hybridization model for a nanoparticle dimer. The particles’ original dipolar modes (D0)
interact to form a dark anti-bonding mode (D-), and bright bonding mode (D+), the latter produces an
observable red-shift in the visible spectrum highly sensitive to inter-particle distance. b) The electric field in a
nanoparticle dimer of the D+ mode is greatly intensified in the gap.

The coupling of plasmons between nanoparticles introduces a strong electric field
enhancement in the junction between particles (Figure 1.5b). The field intensity tends to be 1 – 3
orders of magnitude higher than that at the surface of individual particles.45 This near-field response
becomes of crucial importance in applications such as surface-enhanced Raman spectroscopy
(SERS).46 The spectral position and the electric field intensity coupled plasmon resonance is highly
dependent on the inter-particle distance.47 The electric field intensity increases with decreasing gap
size, approaching a maximum before conduction either via quantum tunnelling (at distances < 1
nm) or direct contact is made.48
1.3.5

Gap-plasmons
Plasmonic particles interact strongly with thin metal films leading to a coupling band

between the film and the particle. The effect is very similar to inter-particle coupling and can also
be described by the plasmon hybridization model, 49 resulting in similar distance-dependent redshifts of the plasmon mode as it approaches the metal film. It can also be described in terms of a
Fabry-Perot like cavity resonance; an optical resonator in a reflective cavity.50 In either description
the position of the gap-plasmon is highly dependent on the particle-film distance and the dielectric
medium between the two.51 The thickness of the metal film also influences the resonance;
hybridization with SPR modes can enhance the response.52 Like inter-particle coupling, gap
plasmons support highly enhanced electric-fields in the junction (Figure 1.6).
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Figure 1.6. a) Electric field intensities of 60 nm Ag nanocubes over an Ag film separated by a dielectric spacer.
The electric field intensity increases significantly when the particle is brought within 5 nm of the film. b)
associated reflectance calculations showing a significant shift in the gap plasmon.

Gap plasmons are also highly absorptive, capable of making near-perfect absorbers,53 and
they are also relatively angle and polarization insensitive.54 The high sensitivity of gap plasmons
makes them attractive for a number of applications, such as in nanorulers, 55 plasmon colour
generation,56 and novel nano-optomechanical devices.57 The electric field enhancement in the
cavity can be extreme,58 which can be used for applications such as single-molecule detection by
SERS.59

1.4

Applications of Hybrid Plasmon Modes
Several applications benefit from utilizing one or more types of the hybrid plasmonic modes

described in section 1.3. The tunability of hybrid modes, as well as their unique far-field or nearfield optical properties can all be applied to techniques and functional materials in plasmonics. This
section outlines some of the applications for plasmonics in the ultraviolet-visible spectrum that take
advantage of or are otherwise influenced by hybrid plasmonic modes.
1.4.1

Surface-Enhanced Raman Spectroscopy
Surface-enhanced Raman spectroscopy (SERS) is a technique that falls under a family of

field-enhanced phenomena, including surface-enhanced second harmonic generation,60 infrared
absorption,61 and fluorescence.62 All of these techniques are reliant on the near-field optical
enhancement near the surface of plasmonic nanostructures. The observation of SERS was first
reported in the 1970’s of Raman signals 105 – 106 times higher than expected for molecules
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adsorbed onto roughened silver electrodes.63,64 It was some time before the initially unclear origins
of the effect were attributed to the enhanced electric field at the surface of the electrodes. 65 In the
1990’s single-molecule detection with SERS was reported,66,67 and since then the technique has
blossomed into a robust analytical technique used in areas such as biomedical,68 environmental,69
or forensic applications.70
Primary driver of the SERS phenomenon is enhanced electric field at surface of plasmonic
nanostructures. Raman scattering is the inelastic scattering of an incident electromagnetic wave,
at frequency ω0, by a polarizable molecular vibration occurring at ωvib. The resulting scattered light
occurs at (ω0 - ωvib) or (ω0 + ωvib) which correspond to Stokes and anti-Stakes Raman scattering
respectively, the latter being energetically uphill and orders of magnitude less probable. 71 The
probability of Raman scattering is proportional to the square of the electric field intensity which the
molecule experiences.72 Since a molecule is arbitrarily small in comparison to a metal nanoparticle,
it benefits from the ability to experience the enhanced local electric field near the nanoparticle
surface. The Raman scattered light may likewise be further enhanced by the nanoparticle by being
elastically scattered into the far-field. The SERS enhancement (GSERS) is thus dependent on the
local field enhancement of both the incoming Ein(ω0), and outgoing Eout(ω0 - ωvib) electric field. At
visible frequencies, ω0 » ωvib, so |E|4 approximation is widely used to estimate SERS
enhancement:73

𝐺𝑆𝐸𝑅𝑆 = |𝐸𝑖𝑛 (𝜔0 )|2 |𝐸𝑜𝑢𝑡 (𝜔0 − 𝜔𝑣𝑖𝑏 )|2 𝐼0 ≈ |𝐸|4 𝐼0

(1.6)

The intensity of the Raman signal thus benefits greatly by the enhanced electric fields at
the surface nanoparticles, especially in hybridized structures which boast exception electric field
enhancement such as nanoparticle clusters, and nanoparticle-over-metal films.74 The junctions of
high electric field enhancement are often referred to as SERS “hot spots.”75 The local |E|4
enhancement in hotspots can easily exceed 106 - 108, which is sufficient to enable single-molecule
detection.76 Due to the large spatial invariance of local electric field strength, it is common for the
majority of the SERS signal to be produced from a minority of the analyte in these hot spots. 77
The electric field enhancement is not always the sole contributor to SERS enhancement.
The chemical enhancement mechanism, in which charge transfer to the molecular species results
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in up to 102 enhancement is sometimes observed.78 The Raman cross-section of an analyte is also
naturally increased when the excitation frequency is close to that of an electronic transition in the
molecule, known as the resonance-Raman effect.79 Vibrational modes which undergo a change in
bond length during the excitation show an increase in polarizability and Raman cross section.
A common metric that is referred to in the evaluation of a SERS platform is the
enhancement factor (EF). There exist a multitude of methods used experimentally to calculate the
SERS EF and their implementation often inconsistent. 80 Nonetheless the general definition of the
enhancement factor is:

SERS EF =

𝐼𝑆𝐸𝑅𝑆 ⁄𝑁𝑆𝐸𝑅𝑆
𝐼𝑅𝑎𝑚𝑎𝑛 ⁄𝑁𝑅𝑎𝑚𝑎𝑛

(1.7)

Where ISERS and IRaman are the SERS and Raman intensities, and NSERS and NRaman are the number
of molecules measured in acquiring the SERS and Raman signals respectively. The quantification
of N tends to be the most challenging aspect of quantifying enhancement factors, it is common to
overestimate NSERS, for example by assuming a closest packed monolayer at the nanostructure
surface, so as not to overstate the enhancement factor.80
1.4.2

Thermoplasmonics
The stimulation of a plasmon resonance results in the excitation of electrons in the

conduction band, which subsequently are subjected to electron-electron and electron-phonon
collisions within the metal lattice. The energy absorbed by the nanoparticle is therefore thermally
dissipated (Figure 1.7).

Figure 1.7. Schematic representation of the lifetime of a plasmon resonance. Upon the plasmon’s excitation
(a) the excited carriers undergo Landau damping (b) forming a thermal population of hot carriers (c) which
subsequently relax and produce heat (d) through collisions in the lattice. Reproduced with permission, 81 ©
Nature publishing group, 2015
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Plasmonic nanostructures thus produce heat on a rapid timescale, thermalizing on the
order of picoseconds.82 The high thermal conductivity of the nanoparticles enables them to quickly
dissipate this heat to their surroundings; they reach steady-state temperatures with their
environment within nanoseconds.83,84 This is known as the thermoplasmonic effect and allows the
nanoparticles to be used to localize and deliver heat to sub-diffraction limit dimensions.85 This
phenomenon has been applied to areas such as photothermal therapeutics,86,87 photocatalysis,88,89 and solar thermal energy harvesting.90,91
The temperature increase of a plasmonic nanoparticle is dependent on the power absorbed
by the nanoparticle (Pabs), and can be described by:92

∆𝑇𝑛𝑝 =

𝑃𝑎𝑏𝑠
𝜎𝑎𝑏𝑠 𝐼
=
4𝜋𝑟𝜅 4𝜋𝑟𝜅

(1.8)

where r is the radius of the nanoparticle and κ is the thermal conductivity of the medium. Pabs can
be defined by the irradiance of incident radiation, I, and its absorption cross section, σabs. Thus, the
degree of photothermal heating a nanoparticle experiences is directly proportional to its σabs at the
excitation frequency. The exceptionally high σabs of plasmonic materials is in part what makes them
so efficient at this process; the absorption cross section of a plasmonic nanoparticle can be several
times larger than their physical cross section. 93 It should be noted the absorption does not
necessarily need to be plasmon-derived, for example interband transitions in gold nanoparticles
can be excited to produce heat.85
Hybrid plasmonic modes can be used to fine tune the photothermal response of the
plasmonic nanoparticles due to the dependency on σabs on the temperature change.82 Plasmonic
modes will have different relative contribution of scattering (σscat) and absorbance to their extinction
cross sections (σext = σabs + σscat), depending on their size, shape and nature of the plasmonic
mode.20 The thermoplasmonic effect can also be used to re-shape nanoparticles, significantly
altering their plasmonic signature.85,94
1.4.3

Plasmon Colour Generation
The very earliest examples of plasmonics, such as the Lycurgus cup, 95 medieval stained

glass,96 or even Faraday’s initial synthesis of colloidal gold,97 were admired for the fascinating
colours they produced. While the origins were not understood at the time, plasmon-derived colours
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demonstrating properties such as dichroism and iridescence were valued for their beauty. The
modern understanding of plasmonics has enabled the ability to finely tune the far-field optical
response of plasmonic nanostructures, and produce wide palettes of plasmon-derived colours on
demand.56 Colours derived from nanostructures provide an alternative to dye-based pigments with
potential for greater longevity, environmental sustainability and extreme resolution; plasmonic
colours have been printed down to 100 000 dots per inch (dpi), below the diffraction limit. 94,98,99

Figure 1.8. A plasmonic colour-printing scheme, a) the structure consists of Al nanodiscs placed above an Al
film, by varying the size and spacing of the discs a wide palette of plasmonic pixels is produced b) an image
produced using the plasmonic structure, c) shown at higher magnification and d) under scanning electron
microscopy. Reproduced with permission,100 © American Chemical Society, 2014.

Tuning of plasmonic colours is typically accomplished through means such as re-shaping
the nanostructures,94 manipulation of their dielectric environment, 101 or the use of hybrid plasmon
modes.102 Using hybrid plasmon modes, either by coupling resonances from a disc and hole, 102 or
by using plasmon gap-plasmons,103 remain amongst the most promising methods for the facile
generation of plasmon colours. The produced colours are generated by controlling the particle-film
spacing with a dielectric spacer, and can be tuned across the entire visible spectrum due to the
high sensitivity of these modes.104
1.4.4

Photocatalysis
Plasmons can be used to drive chemical reactions in multiple ways. Thermoplasmonics

can be used to drive thermally activated chemical reactions and create local solvothermal effects.88
Electrons excited by plasmons can also directly be transferred to adsorbed surface molecules to
drive chemical reactions.105 This pathway in particular has seen significant recent interest and
arises from the ability the excited carriers generated upon the excitation of a plasmon, as previously
shown in Figure 1.7, to transfer to molecular orbitals of molecules or valence and conduction bands
of semiconductor photocatalysts in contact with the plasmonic structure. 106
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Plasmon driven photocatalysis is inherently linked to the near-field and far-field optical
properties of the plasmonic nanostructures driving them.107 For example it has been demonstrated
the number of “hot-electrons” which can be used to drive chemical reactions is proportional to the
electric field enhancement of the system.108,109 Plasmonic photocatalysts also typically are
employed as bi-functional system, often coupled with a semiconductor such as TiO 2.110 As such
manipulation of the plasmonic properties using their local environment can be beneficial to the
catalytic efficiency of these devices such as by using anisotropic effects to tune the near-field
distribution of the plasmon resonance.

1.5
1.5.1

Experimental Methods
Synthesis of nanocrystals
The synthesis of colloidal nanocrystals is typically initiated by the reduction of a metal ions

(Mx+) by a reducing agent, or the thermal decomposition of organometallic compounds to
continually produce zero-valent (M0) metal to the reaction. As M0 is produced the solution is quickly
saturated, owing to the low solubility of metals in common solvents, and once the concentration of
M0 reaches a critical concentration (Ccrit), sufficient free energy exists to spontaneously form solid
nuclei in the liquid environment (Figure 1.9).111

Figure 1.9. LaMer diagram of the growth process of colloidal crystals. After reduction of the precursor to M0
the solution becomes super-saturated with M0 initiating self-nucleation of the particles at a critical
concentration (Ccrit). Subsequent growth and agglomeration of the particles. Adapted,112 © American Chemical
Society 1950, and reproduced with permission,113 © John Wiley and Sons 2009
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The formation of nuclei is followed by growth of the particle as the metal is reduced or
accumulates on its surface. As the metal supply is consumed self-nucleation ceases and growth of
existing nuclei becomes the sole fate of M 0 atoms. When the M0 is reduced to the saturation
concentration (Cs) further growth of the nanocrystals occurs via aggregative growth of the existing
particles, and Ostwald ripening.114
The synthesis of colloidal nanocrystals is done in the presence of some sort of surfactant
or capping agent in order to stabilize them and prevent their agglomeration. These are typically
adsorbed to the nanoparticle surface through electrostatic or Van der Waals interactions.113
1.5.1.1

Shape-controlled synthesis of nanocrystals
In addition to stabilizing the particle, the capping agent can serve an additional function: to

direct the shape of the resultant nanoparticle. Since the properties of plasmonic systems are so
highly sensitive to the shape and size over the particles used, control over these parameters in the
synthesis of colloidal nanoparticles is valuable. Shape-controlled synthesis of nanocrystals is well
developed for several metals such as Pd,115 Pt,116 Au,113 and Ag.117 Shape-control is primarily
achieved by choosing a capping agent that selectively binds to and passivates growth along a
specific crystal facet. For example, silver nanocubes are produced by the selective passivation of
the {100} facets, allowing growth to occur primarily along the {111} and {110} directions. The result
is a crystal with a high surface area of faces in the {100} planes. Selection of the initial seed
morphology is also crucial to the growth of the nanocrystal; silver nanocubes can only be grown
from single crystal seeds. Defects in the crystal will result in alternate morphologies such as right
bipyramids and nanowires, even with the same capping agent (Figure 1.10).118 Selection of the
seed is either controlled kinetically as single crystals form faster than twinned crystals, 119 though
twinned seeds are preferred at slower reaction rates,120 or by oxidative etching where an etchant
will react with high energy defect sites on the surface of twinned seeds.121
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Figure 1.10. Shape-controlled synthesis of silver nanostructures. Ag nuclei will grow into either single crystals,
or crystals containing single or multiple twin defects. Passivating agents can then be used to select the final
morphology of the particle. Reproduced with permission,118 © American Chemical Society, 2011

1.5.1.2

Synthesis of silver nanocubes
Silver nanocubes are used extensively in this work due to their strong hybridized

plasmons.39 The synthesis of silver nanocubes is facile and reproducible using the polyol method.
In this technique ethylene glycol (EG) is used as both the solvent and reducing agent, in the
presence of polyvinylpyrrolidone (PVP).122,123 Heating of the ethylene glycol in the presence of O 2
generates glycolaldehyde (GA), which is a stronger reducing agent than EG and will be the actual
primary reductant in the reaction.124 As previously stated the cubic shape is selected from single
seeds the preferential binding of PVP the {100} facet,125 thermodynamically and kinetically limiting
growth in this direction.126 Selection of single seeds can be done kinetically by using Na 2S to
significantly improve the reduction rate of Ag+.119 Alternatively the presence of Cl- and O2, or other
halides will oxidatively etch the seeds, slowing the reaction rate but increasing the preference for
single crystals.121 Often a combination of these approaches are used, particularly in the synthesis
of larger nanocubes.127
1.5.2

Assembly of Colloidal Nanocrystals
While initially produced as a colloidal suspension in solution phase, the properties and

applicability of nanocrystals can be greatly enhanced by controlling their assembly in 1D,128 2D,129
or 3D structures.130 The assembly of nanostructures is often performed through self-assembly: the
spontaneous reorganization of the nanocrystals driven by the minimization of free energy in the
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system.131 This process can be influenced to produce a desired conformation of particles, such as
by altering the capping agents,129,solvent-originated forces,132 or using a liquid/liquid or liquid/air
interface.133
This work makes use of the Langmuir-Blodgett and Lanmguir-Schaeffer techniques to
control the assembly of nanocrystals at an air-water interface.134 In this technique the particles are
deposited at the air-water interface to form a 2D Langmuir-film which can be controlled by a moveable barrier. This enables reproducible control over the density of the nanoparticle film. LanmguirBlodgett monolayers are controlled by an isothermal compression, such as in Figure 1.11.

Figure 1.11. a) A Langmuir isotherm with TEM images of deposited nanocrystal assemblies at the gas
phase (~0 mN/m), liquid phase (~3 mN/m) and solid phase (~8 mN/m). Accompanying photographs of the
layer at the b) solid and c) liquid phases.

Langmuir films are often characterized in terms of analogue phase. The gas-phase of the
isotherm is characterized by a near-zero surface pressure and little sensitivity to compression and
high mobility of components in the film. The liquid phase is indicated by a sloping isotherm,
indicating compressibility of the layer though the mobility of the components is constrained. Lastly,
the solid phase is characterized by incompressibility, reaching a near vertical slope in the
pressure/area isotherm indicating maximum packing of the components. The Langmuir films can
be transferred to a solid support using the Langmuir-Blodgett method, vertical dipping of the sample
perpendicular to the plane of the monolayer, or the Langmuir-Schaeffer method, transferring the
sample to parallel solid-support. The use of Langmuir films allows for careful control of the
plasmonic properties of the assembly.
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1.5.3

Characterization of colour

For plasmonic materials with colour-based applications reliably being able to compare and quantify
the colours produced is essential. Evaluating the spread, or gamut, of colours that can be produced
is often done using the CIE (Commission international de l’eclairage) colourspace. The CIE 1931
colour space is a long-established international standard for colorimetry. Figure 1.12a displays the
CIE colour space, as well as the sRGB colour space used in most displays and standard printing.
Spectral data such as reflection, transmission or scattering measurements, can be transformed into
the CIE colour space using tristimulus functions, x, y, z, which model the spectral sensitivity of the
three types of human cone cells which perceive red, green and blue light respectively (Figure
1.12b).135

Figure 1.12. a) plot of the CIE 1931 colour space with, with the sRGB colour space shown within. Colours
outside the triangle cannot be rendered properly on your display! b) The tristimulus colour matching functions,
which model the sensitivity of the human eye to red, green and blue light.

The CIE colour space consists of three coordinates, X, Y, Z, which correspond to the red,
blue and green tristimulus response respectively. However, the values are typically normalized
and displayed in 2 dimensions for ease of viewing, making the third coordinate redundant. 136 As a
result information on brightness is lost when using the 2D colour space. Spectral reflectance or
transmittance data, 𝐼(𝜆) can be converted to CIE XYZ values using the colour matching functions:
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𝑋=

1
∫ 𝑆(𝜆)𝐼(𝜆)𝑥̅ (𝜆)𝑑𝜆
𝑁
𝜆

𝑌=

1
∫ 𝑆(𝜆)𝐼(𝜆)𝑦̅(𝜆)𝑑𝜆
𝑁
𝜆

𝑍=

1
∫ 𝑆(𝜆)𝐼(𝜆)𝑧̅(𝜆)𝑑𝜆
𝑁
𝜆

𝑁 = ∫ 𝐼(𝜆)𝑦̅(𝜆)𝑑𝜆

(1.9)

𝜆

Where 𝑥̅ (𝜆), 𝑦̅(𝜆), and 𝑧̅(𝜆) are the tristimulus functions, and 𝑆(𝜆) is the illuminant function. The
illuminant describes the light source of the viewed colours and is required with transmittive or
reflective data as it provides a subjective bias to the observed colour. A number of standard
illuminant functions exist to describe common light sources, but the most common used is the “D65”
illuminant which simulates solar radiation with a colour temperature of 6500 K meant to mimic
daylight conditions in the northern hemisphere accounting for atmospheric scattering.

1.6

Rationale
The properties of localised surface plasmon resonances in metal nanocrystals can be finely

tuned by exploiting their high sensitivity to their vicinity. Hybridized plasmon modes allow for fine
control of the far-field optical response and their near-field electromagnetic properties their spatial
distribution. The following work studies the properties of and explores the use of hybrid plasmonic
modes in a number of systems.
Chapter 2 uses theoretical modelling to elucidate the far-field and near-field optical
properties of hybrid plasmon modes in three distinct anisotropic systems involving silver
nanocubes. The modelling is used to show how the spatial distribution of the electric field near
hybridized plasmon modes affects the far-field optical response which is observed experimentally.
These include:
A) A nano-ruler, where the spatially separated modes are used to track the movement of
a nanocube in an anisotropic environment with nanometer-precision;
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B) An unusually sharp plasmonic response observed in a system, where thin dielectric
coatings are used to shift the environment from an asymmetric one to a symmetric one,
though the slight anisotropy produces a constructive interference.
C) A set of anisotropic colloidal core@half-shell particles, where the spatially separated
plasmon modes can potentially be leveraged in sensing and photocatalytic applications
Chapter 3 expands upon the technique explored in Chapter 2A), where photothermal
effects are used to locally apply heat and move nanocubes in their anisotropic environment.
Hybridized modes allow for the characterization of the response, benefit the sensitivity of the LSPRshifts, and can enable routes to further improve the technique. Chapter 4 explores one of these
such improvements by using hybridized gap-plasmons to produce wide LSPR shifts to create a
palette of plasmon-derived colours.
Finally, Chapter 5 explores the use of alternative plasmonic materials to access the UV
region of the electromagnetic spectrum. The use of the nanocrystals synthesized here in deep-UV
SERS is investigated. SERS is a technique which inherently relies on the strong electric fields
produced in “hot spots” in hybridized plasmonic structures. It should be noted that, chronologically,
this work was performed before the work presented in other chapters, and a discussion of how
recent advances in the field and utilizing hybrid-plasmon modes could further improve the technique
is included.
Overall this work aims to demonstrate how the manipulation of the far-field and near-field
optical properties of plasmonic nanostructures can be used to enhance their functional properties.
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Chapter 2: Numerical Modelling of Hybrid
Plasmonic Modes in Anisotropic Systems

Abstract
Hybridized plasmonic modes of silver nanocubes are a unique phenomenon which produce
spectrally and spatially separated dipolar (D) and quadrupolar (Q) modes. The local dielectric
environment can be used to heavily influence the position and spatial distribution of these modes
and this can be done so selectively. The following work presents 3 separate instances where the
local dielectric environment around the nanocube is altered and the hybrid plasmon modes produce
distinct effects with unique functions. In the first section the nanocube is embedded into its dielectric
support, and the unique spectral and spatial characteristics of the plasmon resonance can precisely
monitor the distance the nanocube has travelled. In the second portion the over-coating of the
nanocubes with a thin dielectric film produces a uniquely sharp localized surface plasmon
resonance. In the third example, hybrid core@half-shell asymmetric particles are produced with
unique optical properties. In all three cases numerical modelling by the finite-difference timedomain technique was an invaluable tool in predicting the spectral characteristics of the system
and determining the spatial distribution of the modes.

Bottomley, A.; Prezgot, D.; Coyle, J. P.; Ianoul, A. Dynamics of Nanocubes Embedding into Polymer Films
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Gale-Mouldey, A.; Jorgenson, E.; Coyle J. P.; Prezgot, D.; Ianoul, A.; Hybridized plasmon resonances in
core/half-shell cuprous oxide nanoparticles., J. Mater Chem. C., 2020, Advance Article

33

Dynamics of nanocubes embedding into polymer films
investigated via spatially resolved plasmon modes
2.1

Part A: Introduction
The use of noble metal nanoparticles is extensive due to their ability to support localized

surface plasmons yielding intense optical properties and extremely high sensitivities to material,
geometry, and local environment.1 This enables them to be effective as nanorulers for subdiffraction measurements that can be taken using simple far-field observations achieving spatial
resolutions on the nanometer and in some cases angstrom scale.2–6 The high sensitivity to changes
in local environment surrounding plasmonic nanoparticles can be used to investigate phenomena
such the glass transition of various polymer films allowing direct investigations into the
thermodynamics of polymer interfaces.7–9 These types of investigations are of importance as
polymers are a common choice for solid supported nanomaterials.
Precise control over the relative orientation and distances of nanocrystals is critical in
nanoscale engineering and design when the geometry of individual components in various nanoarchitectures defines their useful properties. In this respect, the ability to continuously monitor
nanoscale assembly processes over large distances with high precision remains desirable yet
challenging. To address these needs a wide variety of nanorulers utilizing various interactions and
properties of plasmonic nanomaterials have been explored. This includes rulers based on coupling
interactions between adjacent particles,4,10–12 Fano interferences as a result of the interaction,10,13
and particle coupling with metal surfaces.12,14,26 Another common approach to plasmonic based
nanorulers utilizes the relationship between a plasmon and an emitter of some kind, including
distance dependent surface enhanced Raman spectroscopy, 14 nanometal surface energy transfer
interactions,3,15 and plasmophore surface enhanced fluorescence. 16 The resolution, range,
sensitivity, and ease of fabrication of nanorulers varies considerably, in some cases yielding
angstrom resolution for interparticle/substrate coupling bands, while other systems can attain up to
100 nm in dynamic range such as the plasmophore based systems. A common element of the
nanorulers described above is the interaction of a plasmonic particle with a specific nearby object,
often this is another metal particle, surface, or an emitter such as a fluorophore. Alternatively, some
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nanorulers are simply based on the change in refractive index of their surrounding environment.
These simple nanorulers have been shown to accurately determine the thickness of dielectric
spacers up to 30 nm.17
Of particular interest, due to their ability to support strong hybridized modes,18 silver
nanocubes are an excellent candidate for use as a nanoruler and optical reporter in composite
materials, as individual nanocubes are highly sensitive to anisotropy in their local envrionment.19
Thus, it is possible to gain significant control over the optical properties of silver nanocubes, while
also gaining insight into the position, orientation, and degree of anisotropy in their local refractive
index at any time. The spatially separated modes that occur when silver nanocubes are placed in
an anisotropic environment allow for their spectral response to be tuned independently for a small
range in the visible spectrum. This level of control and information feedback about the conditions
surrounding the nanocrystals makes this platform an effective tool for the production of composite
materials with specific properties.
The present work investigates of hybrid plasmonic modes generated by anisotropy of the
surrounding environment can yield significant control over the spectral signature of silver
nanocubes. In addition to spectral control the response of these hybrid modes to their changing
environment allows them to be used as a set of three complementary nanorulers giving a combined
dynamic range of ~60 nm. The use of finite-difference time-domain modelling was used to examine
the spectral evolution of the system and examine the response provided by the complex spatial
reorientation of nanocrystals and their hybrid modes.

2.2
2.2.1

Results and Discussion
Spectral Characteristics of Embedding Nanocubes into polystyrene.
Supported silver nanocubes show very characteristic extinction spectra that depend on the

size of the cubes and the dielectric properties of the support.20,21There are two hybrid peaks present
in the spectra assigned as a dipolar and quadrupolar surface plasmon resonances.
The experimentally produced nanocubes in this work had a length of 62 ± 11 nm (Figure
A.1). The size distribution is not particularly narrow, however the size dependence for the position
of the quadrupolar resonance is relatively weak.22 The corresponding UV-vis extinction spectrum
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shows characteristic sharp signatures with relatively narrow half widths when on a substrate. The
dipole (D) resonance for the nanocubes while in solution is at 481 nm with the measured full width
at half maximum (FWHM) around 50 nm (Figure 2.1A). Other higher order resonances present in
the solution spectrum are at 393 and 346 nm. The calculated E-field distribution from finitedifference time-domain (FDTD) modelling corresponding to these modes is shown as insets in
Figure 2.1A and appears to be symmetrical.

Figure 2.1. A) UV-visible extinction spectra of a nanocube sample in ethanol (top) and on a polystyrene
substrate in air (bottom). E-field distributions for the dipolar (D), quadrupolar (Q), and multipolar (M)
resonances are shown for both environments. B) FDTD model of the extinction, absorbance and scattering
cross-sections of a nanocube on polystyrene. The peak positions are in agreement with the experiment.

When supported by a thin polystyrene (PS) film the cubes exhibit an even narrower hybrid
dipolar resonance (D) at 449 nm (FWHM ~40 nm), a hybrid quadrupolar resonance (Q) at 395 nm
(FWHM 30 nm), and a multipolar resonance (M) at 341 nm (14 nm) (Figure 2.1A). Associated Efields are shown in Figure 2.1A extinction, scattering and absorbance cross sections from FDTD
are shown in Figure 2.1B. The model consisted of a 62 nm nanocube with a corner roundness of
12 nm, and a 2 nm layer of PVP. The modelled peak position is in excellent agreement with the
ensemble measurement, with narrower peaks (FWHM ~ 30 nm, 20 nm for D and Q modes
respectively). Peaks are expected to be wider for the ensemble measurement due to the
polydispersity in size of the experimentally produced sample.
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The E-field distribution maps (Figure 2.1A inset) show that the E-field associated with the
hybrid dipolar resonance is primarily located at the bottom part of the cube, quadrupolar at the top,
and multipolar resonances have their significant component associated with the sides of the cube.
Assignment and spatial distribution of the resonances have been studied theoretically and
experimentally, for example with the help of electron energy loss spectroscopy23 and
cathodoluminescence.24 The spatially resolved nature of plasmonic modes as well as small
FWHMs enables precise monitoring of the dynamics and changing local environment around the
nanocubes as they embed into their supporting polymer.
At room temperature PS exists in the glassy state and can therefore act as a dielectric
substrate smooth enough to support nanocube monolayers. Bulk PS experiences a glass transition
at ~ 100 ºC.25 While the transition temperature depends factors such as the chain length and
tacticity, a significant depression in the Tg to ~ 75 ºC occurs for ultra-thin films.26 Extinction spectra
of the nanocube monolayers are allowed to evolve over time when the system is kept above the
supporting PS glass transition temperature at 112 ± 1 ºC (Figure 2.2). The observed changes are
not a result from nanocube transformation, such as rounding or oxidation,22 but from their response
to being embedded into the PS film. Exclusion of thermally induced damage was addressed by
comparing the PS supported sample to a glass supported sample. The glass supported cubes,
heated alongside the PS supported cubes showed no changes in their extinction spectrum at the
end of the experiment. Therefore, the observed spectroscopic evolution is associated with the
nanocrystals embedding into the polystyrene film exclusively.
The spectroscopic changes that occur with time can be separated into for stages shown in
Figure 2.2. The first stage is characterized by a very strong red-shift of the D resonance from the
original 449 nm to 480 nm. Both the position and intensity of the Q resonance remain almost
invariant. In the M resonance region, a peak around 350 nm is developed in addition to the original
peak at 341 nm. Topology measurements by atomic force microscopy show the average height of
the nanocubes within the monolayer decreases from 75 nm to 55 nm while retaining their
orientation and spatial arrangement.
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During the second stage both D and Q resonances slightly red-shift. At the same time, the
M resonance shows a two state-like transition between the peaks at ~ 341 nm and ~ 350 nm. The
average height of the exposed nanocubes decreases to ~ 45 nm, occurring between 2 and 7
minutes of heating.

Figure 2.2 A) Spectral evolution of the embedment process occurs at 4 distinct stages: 1) An initial shift of
the D mode and a transition of the M mode followed by 2) a shift in both the D and Q mode 3) shift of only the
Q mode 4) merging of the D and Q modes. B,C) AFM measurements of the nanocubes before and after the
embedment process.

During the third stage, the D resonance reaches a max at 485 nm, Q shows the greatest
redshift to ~ 414 nm, the resonance at 340 disappears, leaving only a 350 nm multipolar resonance
in the region. layer. The average height decreases below 30 nm, which is roughly half of the
nanocube size. By this point nearly all of the cubes have experienced some type of tilting motion
Finally, during the fourth stage the D and M resonances remain unchanged. At the same
time, the Q resonance becomes obscured by the overlap with the D mode. The final stage in this
experiment corresponds to almost complete submergence of the particles. The average height
decreases to less than 25 nm with the majority of cubes having only a single corner exposed (Figure
2.2C).
The spectral changes can be reasonably well explained by the process of incorporation of
nanocubes into the PS film upon heating observed by AFM (Figure 2.2B). As a result of
incorporation, the environment surrounding the nanocubes becomes more isotropic and the
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spectrum moves towards that of nanocubes in a high refractive index solution as hybridization of
the plasmonic modes is reduced.
2.2.2

Modelling extinction of partially embedded cubes
To investigate the process in more detail the finite-difference time-domain (FDTD) method

was used to model the extinction spectra of a nanocube embedded iteratively in 5 nm steps into a
polystyrene film (Figure 2.3). The nanocube’s orientation as well as the light source's angle of
incidence were kept normal to the substrate. As the nanocube is lowered into the substrate a rapid
shift in the D mode is initially observed while the Q remains relatively insensitive; the D mode shifts
~ 60 nm while the Q only shifts ~ 5 nm at 30 nm of immersion. As the cube is further immersed in
the substrate the sensitivity of the D mode gradually diminishes as the Q mode's sensitivity
increases until it reaches a maximum at 55 nm of immersion. This results in a red-shift of the Q
mode by ~ 50 nm between 30 nm and 60 nm of immersion, while the D mode only shifts 15 nm
(Figure 2.3).
This model reliably follows the trends observed experimentally. 27 When comparing
sensitivities derived from the simulations to experimentally observed values we find the D mode is
shown to have a maximum sensitivity of 4.0 nm/nm as opposed to 2.1 nm/nm while the Q reaches
a maximum of 1.8 nm/nm as opposed to 1.2 nm/nm. The increased sensitivity observed in the
model is a consequence it describing an idealized scenario involving only a single nanocube. The
experimental measurements are performed on an ensemble of nanocubes which introduce a
degree of polydispersity in terms of size, depth of immersion, and orientation, all of which contribute
to band-broadening and consequently a reduction in the sensitivity when compared to the single
particle model.
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Figure 2.3 A) FDTD calculated extinction spectra of a silver nanocube in polystyrene film for different
embedding depths. E-Field distributions (imbedded) are given for the initial and final states of the simulation.
The red, green, and blue bands indicate the overall shift for D, Q, and M modes respectively. B) Peak shifts
from FDTD modelling displaying peak shift versus depth of immersion for a normal oriented 62 nm cube
imbedding into polystyrene. C) Relative peak shift against angle of tilt about a single axis for a 62 nm cube
held at a constant depth of 40 nm in polystyrene. Very little change is observed at a small angles ( < 15°), but
increasing the angle of tilt results in a small blue shift of the D mode and a rapid red shift of the Q mode.

While a general agreement between the model and experimental results was obtained, it
should be noted that the model begins to diverge from the experimental results after the cube is
immersed at a depth greater than half its edge length. While almost no further peak shift of the D
mode was observed after the cubes are half immersed experimentally (Figure 2.2), the model
predicts a further peak shift of 20 nm between during the second half of the experiment (Figure
2.3B). The Q mode also shifts relatively faster experimentally than predicted by the model; the
predicted point of maximum sensitivity of the Q mode is after the nanocubes have been immersed
55 nm, while we observe this point at 36 nm of immersion in the experiment. A shift to lower energy
for the M mode is predicted by the model occurring after the cube has been half- immersed, while
the actual transition observed experimentally occurs at a much earlier stage. This discrepancy may
be due to the fact that the error tends to be significant near the interband transition at 3.8 eV (326
nm) in the imaginary component of the dielectric function by which silver is described in the model. 28
Due to the uncertainty in the origin of this discrepancy it is difficult to discuss the modelled results
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of the M mode in detail. The divergence between the model and experimental results primarily
correspond with our third stage of experimental observations where tilting of the nanocubes
becomes significant. The model described thus far has consisted of a nanocube orientated normal
to the substrate. It therefore becomes necessary to examine the effect of nanocube orientation on
the optical properties of the particle in order to consolidate the predicted and experimental results.
FDTD simulations were utilized to independently examine the effect of nanocube
orientation on their extinction spectra using an unpolarized light source orientated perpendicular to
the substrate, which we define as the z axis. A series of simulations were performed on cube
immersed 40 nm into polystyrene which was rotated between 0° and 45° about a single axis through
its center. Experimentally the cubes are free to rotate along three degrees of freedom in terms of
x, y and z axes. Individual rotation about the x and y axes are degenerate in terms of spectral
response while rotation about the z axis is unobservable as all orientations are present at the initial
and final states of the experiment. We observe cubes having rotated about both x and y axes at a
variety of angles after 30 minutes of heating (Figure 2.2C), with the majority having rotated to large
angles ( > 25º) on at least one of the two axes. Figure 2.3C describes the peak shift of the D and
Q modes as the cube is rotated about a single axis. A rotation of less than 15° results in very little
spectral response, but further rotation results in a blue shift of the D mode by 13 nm and a red shift
of the Q mode up to 36 nm at 45°. By contrasting these spectral shifts against those associated
with the normal-oriented cube model we illustrate that the experimental shifts in the final stages of
the experiment arise from the combination of the nanocube immersion and change in orientation
which occur simultaneously. While a small (~15 nm) red shift of the D mode is predicted for the last
20 nm of immersion of a normal-oriented nanocube (Figure 2.3A), the change in orientation of the
nanocube results in a comparable blue shift. The competition between these phenomena leads to
the observation of the apparent saturation of the shift of the D mode. Meanwhile, the red shift of
the Q mode associated with the change in orientation of the nanocube accumulates with the red
shift associated with further immersion of the nanocube. The combined effect leads to a more rapid
shift the Q mode than would be observed if the nanocube did not change orientation.
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2.2.3

Subfacial Sensitivity of Hybridized Modes
As long as there is refractive index contrast present in a system spatially resolved plasmon

modes can be used to track the changes in their surroundings. The initial optical signature and
spectral evolution of the system as particles embed themselves into the polymer layer are
dependent on the refractive index of the surrounding environment above and below the
nanocrystal. As the system evolves, it moves from a strongly hybridized regime resulting from high
anisotropy to a more isotropic system that results in less hybridization as the cubes embed
themselves into the polymer layer. However, if the polymer layer is chosen such that it is thin
enough that cubes can nearly reach the bottom of it, and the film is situated on a substrate of
relatively high refractive index it becomes possible to push the system back in the direction of
hybridization by inducing anisotropy within the material. This scenario was experimentally explored
by using a thin polystyrene film (~ 50 nm) on top of a high refractive index substrate of titanium
oxide (Figure A.2). As a result of the increased refractive index of the substrate, the D mode does
not saturate before the cubes stop embedding. As the relative refractive indices of both the
substrate and superstrate are higher than the initial setup at time zero, all modes are red shifted
but maintain a degree of hybridization. This system adds an extra dimension to the nanoruler,
extending its dynamic range. Similar improvements can be made by choosing a higher refractive
index polymer, again increasing the sensitivity and dynamic range of the system. High-n polymers
such as polyphosphazenes and polyphosphonates provide an attractive alternative to polystyrene
due to their high refractive index, up to 1.75 compared to polystyrene's n of 1.60 at 550 nm as well
as a similar Tg and processability.29 FDTD modelling was employed to compare the refractive index
sensitivity of the nanoruler on a polymer with n = 1.75 against the polystyrene model (Figure 2.4).
An improvement in the maximum sensitivity of both the D and Q mode was observed. The D mode’s
initial sensitivity increases from 4.0 to 5.0 nm/nm, while the Q mode’s maximum sensitivity
increases from 1.8 to 2.2 nm/nm at 50 nm of immersion. With alternative material choices of both
the substrate and polymer film; provided the process of incorporation remains energetically
favorable, it becomes possible to further improve the sensitivity and dynamic range for this type of
nanoruler.
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Figure 2.4 Comparison of peak sensitivity in models of nanocube embedment using A) Polystyrene, by n(λ)
where on average n ≈ 1.6, and B) a representation of a high-n polymer, with n = 1.75. The high-n produces
more sensitive peak shifts.

2.3

Conclusion
A nanocomposite comprised of silver nanocube monolayers on polystyrene thin films was

fabricated as a platform for the precise control and observation of nanoparticles embedding into a
polymer. We have also determined that once a system is carefully calibrated it becomes possible
to know the average distance and orientation of the nanocrystals embedded into the polymer using
simple far field optical measurements alone. This type of anisotropic nanoruler is based on plasmon
hybridization induced by proximity to a dielectric substrate and utilizes the combined refractive
index sensitivity of the spatially resolved plasmon modes. The use of FDTD modelling was able to
correlate the sensitivity of the plasmon modes with their spatial distribution, predict the upper limit
of the sensitivity of the system, and allowed for independent investigation of how tilting of the
nanocubes effects the spectral response of the system. These determinations were important to
the final characterization of the system and helped demonstrate how hybrid plasmon modes can
be advantageous in use as a nanoruler.
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Unusually sharp localized surface plasmon
resonances in supported silver nanocrystals with a
thin dielectric coating
2.4

Part B: Introduction
High quality of optical resonances in plasmonic nanoparticles is essential for efficient

functional use of light energy. By adjusting the local environment of the nanoparticle, the
resonances can be tailored.30,31 More precise control is observed for supported nanoparticles
where environment becomes anisotropic,18,32 and several plasmon modes emerge as degeneracy
is removed. The effect is particularly strong in cases when the contact area between the plasmonic
nanoparticle and the substrate is large compared to the total nanoparticle surface area. 18 For
example, the extinction spectra of silver nanocubes undergo dramatic alteration when supported
by a dielectric substrate: instead of a single dipolar localized surface plasmon resonance (LSPR)
for suspended particles, two separate peaks appear as a result of the dipolar (D) and quadrupolar
(Q) modes mixing.18,20,33 The new hybrid resonances correspond to charge oscillations close to and
away from the substrate and can be tuned independently. This substrate-induced anisotropy can
be beneficial for many plasmon-based applications, including near-field (SERS)34 or far-field (light
extinction) spectroscopy,35 or site selective chemical etching.36
The frequency and strength of the resonances are sensitive to the nanocube geometry
(corner, edge sharpness), separation from the support, and inter-particle interactions.33 Therefore,
despite the unusual and useful properties of supported silver nanocubes, their functional use
remains challenging due to changes induced even by minor variations in their physical state.
Nanocube rounding induced by sulfidation for example, alters the plasmon response significantly
introducing a significant error in the measurements.37 A way to overcome the issue is to add a
protective layer encapsulating the nanocubes into a solid matrix thus preventing chemical and
physical alterations.
In the present work an unusually sharp and strong resonance in the extinction spectrum of
supported silver nanocubes overcoated with a nanometer thick dielectric coating is observed.
Properties of the resonance are probed and possible origin and applications are discussed.
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2.5
2.5.1

Results and Discussion
Observation of sharp localized surface plasmon resonances
Extinction spectra of supported silver nanocubes undergo dramatic transformations when

overcoated with a thin dielectric layer (Figure 2.5). The two resonances observed for uncoated
sample at 393 and 427 nm are hybrid Q and D respectively (Figure 2.5a). With a stepwise increase
of the overlayer thickness the resonances red shift, the Q mode shifts further due it being located
distal of the substrate. The resonances overlap when the alumina film thickness reaches ~ 17 nm
(120 ALD cycles, Figure 2.5d). At this point, a very strong and sharp resonance is observed at 459
nm. With continued coating, the single peak modestly red shifts reaching saturation at 484 nm for
56 nm of alumina (400 cycles, Figure 2.5h).

Figure 2.5. Extinction spectra of a silver nanocube monolayer as a function of overlayer coating. Silver
nanocubes of ~80 nm edge length (inset shows TEM image of silver nanocubes with Al2O3 shell), on a glass
substrate are over-coated with a layer or Al2O3. Spectra were measured every 10 ALD cycles (~1.4 nm)
between 0 and 400 cycles (0 to 56 nm). Spectra presented are for 0 (a, thick line), 40 (5.6 nm, b), 80 (11.2
nm, c), 120 (16.8 nm, d, thick line), 160 (22.4 nm, e), 200 (28 nm, f), 260 (36.4 nm, g), and 400 (56 nm, h)
cycles.
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The red-shifting of the D and Q resonances is expected. The refractive index (n) of alumina
deposited via ALD is 1.7 at 500 nm,38 and greater than that of silica (n = 1.52). Therefore, with
increasing thickness the overlayer effective refractive index eventually becomes equal to that of
the underlayer, removing local refractive index anisotropy and conditions required for hybridization
between the dipolar and quadrupolar modes. Consequent increase of the overlayer thickness leads
to contrast inversion; however, the spectral effect is not as significant since LSPR sensitivity drops
very rapidly with distance from the nanoparticle surface (Figure 2.5-h).
Of particular interest is a very narrow linewidth and increased strength of the resonance
for the sample with ~17 nm alumina overlayer (Figure 2.5d). Integrated extinction spectral intensity
between 300- 650 nm doubled when compared to uncoated sample. The maximum peak intensity
exceeds 2.5 extinction units, or light transmittance of less than 0.3% (Figure B.4). The peak’s full
width at half maximum (FWHM) is around 20 nm, or 130 meV in this spectral range. This is
considerably narrower than homogeneously broadened dipolar resonances of comparable
individual nanoparticles39–41 whereas, for ensemble-averaged measurements, this represents a
significantly sharp-LSPR (sLSPR). The unusual resonance narrowing promoted by the overlayer
deposition contrasts with unchanged profiles of multipole resonances between 330 and 375 nm. 23
2.5.2

Optical anisotropy of sLSPR
Another valuable property of supported silver nanocubes is their near and far field optical

anisotropy. Due to local anisotropy of the effective refractive index around the nanocubes their
plasmonic response is sensitive to the direction of nanocube illumination. 35 While transmission of
light is direction- independent (Figure B.1), reflection is very sensitive to illumination geometry
(Figure B.2). A narrow dip observed for both s and p polarized light for front illumination geometry
at ~400 nm is not present for the rear illumination geometry. This translates into the difference in
absorptance spectra (figure B.3): a very strong peak around 400 nm is present for front but not for
rear illumination. The 20% differential absorptance (front minus rear) at a maximum clearly
demonstrates the anisotropy Figure 2.6A. With deposition of a dielectric film, the anisotropy
decreases and when the sLSPR is observed the differential absorptance signal drops to less than
4% (Figure 2.6B). We can therefore conclude that the sLSPR appears under optically isotropic
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local conditions. This is confirmed by experiments with various support and overlayer materials
used, including alumina, titania, and zirconia. In all cases, sharp and strong resonances could be
observed under optically isotropic conditions.

A

B

Figure 2.6. Differential absorptance (absorptance for front minus absorptance for rear illumination geometry)
spectral maps for (A) uncoated silver nanocubes on a glass substrate and (B) silver nanocubes on a glass
substrate overcoated with a thin film of alumina and exhibiting sharp LSPR. The spectral maps are obtained
for s (left) and p (right) polarized light for angles of incidence between 5 and 70 degrees in 5 degree
increments. Wavelength is plotted radially.

2.5.3

SERS using sLSPR
The plasmonic nature of the sLSPR was probed by measuring SERS excitation profiles.

Two Raman labels were used: intrinsic polyvinylpyrrolidone (PVP) added as a protecting agent
during the nanocube synthesis, and 4-mercaptobenzoic acid (MBA). The dielectric coating was
deposited over the SERS labels until the sLSPR appeared. These SERS labels have no electronic
transitions in the visible part of the spectrum and therefore their SERS excitation profiles should be
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defined by the wavelength dependence of the local electric field. MBA was deposited by immersing
the glass supported silver nanocubes into MBA solution for 1 hour. This ligand exchange reaction
results in full exchange of PVP with MBA, as confirmed by SERS. However, it also induces partial
nanocube rounding, manifested in the extinction spectra as reduced peak hybridization (Figure
B.7). This leads to generation of a less pronounced sLSPR, with significantly weaker and broader
resonance, but the same resonance frequency (Figure B.7). The untreated with MBA counterpart
sample showed very strong and narrow resonance (Figure B.7). The two samples were further
studied to compare the effect of the sLSPR on SERS excitation profiles. SERS peaks at ~1590 and
~1760 cm-1 (Figure B.8) were used to construct the profiles for MBA and PVP respectively.
The SERS excitation profiles (Figure 2.7, red dots) show a general trend of increasing
towards longer wavelength with respect to the extinction spectra. This is likely due to a small
number of nanocube clusters (dimers, trimers) that are inevitably present in the system and have
red shifted coupled plasmon mode9 that provides most of the SERS signal, yet are mute in UV-vis
extinction spectrum. For the PVP sample, there is a local maximum in the SERS excitation profile
around the sLSPR peak signalling enhanced local E-field around the cubes as opposed to the MBA
sample. The data indicate that for samples with pronounced sLSPR not only far field interaction of
the nanocubes with light are enhanced, as demonstrated by the light extinction data, but also the
near field.

Figure 2.7. SERS excitation profiles for 4-mercaptobenzoic acid (MBA, left) and polyvinylpyrrolidone (PVP,
right) overlaying extinction spectra (black curves), taken at 5 different excitation wavelengths, 458 nm, 514
nm, 568 nm, and 647 nm. SERS intensity is normalized to an external reference and plotted at the Stokesshifted wavelength.
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2.5.4

Origin of LSPR narrowing
Very narrow LSPRs for ensembles of nanoparticles have previously been observed in

several experimental studies and could be attributed to collective plasmon coupling,42,43coherent
interparticle plasmon coupling,44 or coherent mode coupling.18
Collective plasmon coupling is observed for ordered arrays of plasmonic nanoparticles. If
for such a system, a diffraction mode propagating in plane of the nanoparticle array has a
wavelength coinciding with the nanoparticle LSPR collective coupled resonances will be observed.
The spectral width of such resonances can be as narrow as several nanometers.42,43 However,
long range order in the system is required, which is not the case here.
Coherent interparticle plasmon coupling results in a formation of a very sharp and strong
resonance.44 It was observed for random nanoparticle arrays where the particles are spaced close
enough to provide near-field interactions. This is not the case of our system, as the nanoparticle
spacing is large since the interparticle coupling mode is not present in the extinction spectrum.
We therefore conclude that the most likely origin of the very narrow resonance observed
in this work is coherent mode coupling. More specifically, interference between the dipolar and
quadrupolar modes in each nanocube, similar to Fano interference. 18 Without the overlaying
dielectric film, the resonance frequencies of the Q and the D modes differ, and the modes are
spatially separated on opposite ends of the nanocube (Figure B.9, A). As the effect was observed
for nanocube sizes between 60 and 80 nm, about 6, phase delay between excitation of the two
modes becomes non-negligible, as was shown previously for some other nano-architectures.45–48
The Fano-like origin of the interference between the two modes is supported by a characteristic dip
in the extinction spectrum.18 The dipolar and quadrupolar nature of the two resonances is also quite
distinct (Figure 2.8A).
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Figure 2.8. Calculated density, ρ, and electric field intensity, |E|2 for A, C) 0 nm Al2O3 and B, D) 12.5 nm Al2O3
respectively. Originally the D mode lies within the substrate and the Q mode outside, but as Al 2O3 is
overcoated the D and Q modes become isotropic, and the Q’ begins to take on a stronger D character.

With increasing overlayer thickness both spectral and spatial separation between the two
modes decrease (Figure B.9,

b-f]. As the substrate and superstrate resemble a more

homogeneous dielectric environment Q and the D modes overlap spectrally (Figures B.9, c-e). In
the model the FDTD full coincidence of the peaks are not observed due to limitations in predicting
surface effects on the magnitude of the refractive index which effectively varies with thickness.38
Nevertheless the model demonstrates that the modes spatially become much closer (Figure 2.8).
As a result, the phase delay effect is removed, and the interference becomes constructive. At the
same time, the Q mode character changes from mostly quadrupolar to essentially dipolar (Figure
2.8). Such constructive interference is the most likely reason for the narrowness of the resonance
in the extinction spectrum, and its overall strength, similar to electromagnetically induced
absorption.45 It is quite possible that reduced reflection,49 also plays a role. This follows from the
data presented in B.1 – B.6 for reference, where a narrow resonance is present in the reflectance
rather than the absorbance spectra. It is important to note that rounding of the nanocubes affects
both spatial and spectral characteristics of Q and D, leading to decrease of constructive
interference (Figure 2.7). As is concluded form the SERS measurements, the new narrow peak
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provides stronger E-field around the nanoparticle. Since the system becomes more isotropic,
direction of light does not play a role in the observation of the sLSPR.

2.6

Conclusion
An unusually sharp localized surface plasmon resonance for an ensemble of supported

silver nanocubes is observed. The resonance most likely results from a coherent constructive
interference between the dipolar and quadrupolar modes. The phenomenon appears to be
universal and was observed for various supporting and overlaying materials. As the resonance is
buried deep inside the dielectric, applications such as photoinduced catalysis in solids, optical filters
or photovoltaics are most likely to benefit from the phenomenon.
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Hybridized plasmon resonances in core/half-shell
cuprous oxide/silver nanoparticles: towards multifunctional plasmonic nanoparticles
2.7

Part C: Introduction
Core/shell nanoparticles with chemical and/or morphological anisotropy find many uses

due to their attractive optical, physical and catalytic properties stemming from the interaction of the
core and shell. Applications that have benefited from these properties include self-motile microparticles,50 biological sensors,51 optical sensors,52 and building blocks for complex structures.53
Metal/semiconductor core/shell particles show particular promise for photocatalytic applications, 54
where the plasmonic particle can act as a photosensitizer and provide charge carriers for chemical
reactions at the semiconductor surface.55 One such system is the use of a silver core with a cuprous
oxide shell (Ag@Cu2O).56,57 Additional opportunities appear when the shell of the nanomaterial
does not fully cover the core. In this case, Janus-like particles or core/half-shell nanoparticles can
allow for directed assembly,58 or regiospecific surface chemistry.59
An anisotropic shell around a nanoparticle can also be used to control the plasmonic
response. An asymmetric dielectric environment around metal particles, such as a silver nanocube,
produce spectrally and spatially separated hybridized plasmon modes.18 This phenomenon has
only been reported for supported nanoparticles, however hybridization and spatio-spectral control
of the plasmon modes for nanoparticles should be achievable in any partial dielectric environment,
and the utilization of such modes has many potential applications. For example, manipulation of
the spatial arrangement of plasmon modes can be of benefit to site-specific photocatalysis.36
There are a few existing instances of this inorganic core/half-shell morphology, of which
gold cores with polymer, palladium, or silica shells have been synthesized.58,60–63 These were made
using either ligand competition,59,60 water-in-oil microemulsions forming a sacrificial silica mask, 61
spin casting of a nanoparticle/polymer mixture forming a partial mask,62 or a solid interface to hinder
growth,63 these methods are typically restricted in the material of core and shell that can be used
and have a limited ability to alter the amount of core coverage.58–63
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To address these challenges, this work proposes a reliable method for the formation of
core/half-shell particles. Silver nanocube (AgNC)/Cu2O (AgNC@Cu2O) core-shell nanoparticles
are synthesized according to Figure 2.9. The AgNCs are first deposited onto the surface of a
polystyrene (PS) film using Langmuir-Schaeffer method and are then gradually embedded into the
PS film via the heating process described in chapter 0 until the desired depth is reached. This is
followed by the liquid phase growth of the Cu2O half shells by the formation of Cu(OH)2 from a
Cu(II) salt, followed by reduction to Cu(I)2O by hydrazine.64 The Cu2O only grows on the exposed
part of the nanocube, and the core/half-shell AgNC@Cu2O particles are re-dispersed in solution by
dissolution of the PS film in toluene.

Figure 2.9. Schematic of the core/half-shell synthesis methodology. (A) Silver nanocube (AgNC) monolayer
on a polystyrene (PS) thin film supported by glass. (B) AgNCs partially embedded into PS through heating.
(C) Cu2O half-shells grown on the exposed portion of the AgNCs. (D) AgNC/Cu2O core/half-shell nanoparticles
removed from substrate by dissolution of PS with toluene.

The growth of Cu2O on Ag is epitaxial, growing from the {111} or {100} facets of the
AgNC.65,66 Truncated silver nanocubes have a face-centered cubic crystal lattice with the {100},
{110}, and {111} facets exposed at the faces, edges, and corners of the nanocube respectively. 67
Cuprous oxide has a cuprite structure: body-centered cubic packing of oxygen atoms with copper
atoms occupying one-half of the tetrahedral sites.68,69 Silver and cuprous oxide have the lattice
parameters of 4.090Å and 4.269Å, respectively, resulting in a lattice mismatch of 4.4%. 70 This is
sufficient to enable the Cu2O to form via heterogeneous nucleation followed by epitaxial growth
from the Ag surface.71 This process is in contrast to the hollow-shell-refilled (HSR) mechanism
wherein Cu2O seeds are first formed in solution and then aggregate to form cage-like partial shells
that are connected to the core via Cu2O bridges. The core is then able to guide growth and the
shell is filled.66 This typically produces octahedral shells, preferentially growing off Ag {111}. 65,66,71
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There are many parameters that will affect the morphology of Cu 2O nanoparticles such as
reagent concentrations, their order of addition, and environmental conditions such as pH. Cu2O
nanocrystals have been synthesized with cubic, truncated cubic, cuboctahedral, truncated
octahedral, octahedral, and short hexapod morphologies. 72 This work explores a number of these
parameters and their effect on controlling the morphology of the produced Ag@Cu2O half-shell
composite particles. The experimental methods to produce these particles are beyond the scope
of this thesis, but some of the produced morphologies and their optical properties will be
showcased. The growth-processes of these particles was investigated using optical signature
produced evolution of the hybrid plasmonic modes. Numerical modelling was used to explore the
origins of the modes, such as in determining their order and spatial distribution, as well as to predict
the spectral characteristics of ideal core/half-shell Ag@Cu2O particles.

2.8
2.8.1

Results and Discussion
Depth of embedment/Cu2O coverage
Utilisation of the thermal embedment strategy for partially coating the nanocubes allows

one to choose the fraction of AgNC exposed for growth of shell. This can potentially tune the
placement of the shell component relative to the core, allowing one to tune the exposed surface
area of the core component. Figure 2.10A,B displays transmission electron micrographs and
extinction spectra of AgNC@Cu2O shells grown with different amounts of the cube exposed. The
progression of embedment impacts the area of shell coverage, resulting in coverage of the faces
or the corners. Corner-centered growth is particularly observed for particles that were embedded
greater than half-way the height of the cube. In the thermal embedment process the nanocubes tilt
as the embed > 50% into the substrate.27 At shallow embedment depths, the shell grows as a
truncated pyramid, with the bottom of and top faces of the pyramid aligned parallel to the top face
of the nanocube. The pyramid faces are observed to be rotated 45° relative to the cube faces.
From the extinction spectra of the AgNC/Cu 2O nanoparticles in toluene, the plasmonic
signature, in particular the peak splitting between the modes labelled as Q (~460 nm) and D (~680
nm) was not found to deviate significantly with respect to variation in embedment depth (and
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therefore surface coverage of the AgNC with Cu2O). The Q mode changes in intensity relative to
the D-mode however, increasing in intensity as the nanoparticle is further embedded (Figure
2.10C), and is thus less exposed to the Cu2O.

Figure 2.10. TEM images of Ag@Cu2O grown when the AgNC was: A) less than half-embedded and B) more
than half-embedded. B) Evolution of the colloidal extinction spectra at different embedment heights C) FDTD
model of an in-solution nanocube with varying heights of a cubic Cu2O shell.

FDTD modelling was used to examine the relationship of the height of the shell on the
particle. The model consisted of a 20 nm thick rectangular with varying relative heights on the AgNC
in 5 nm steps. A rectangular shell, rather than a pyramidic shell, was since a geometry mismatch
in the system skewed results at high “embedment depths”; the corners of the nanocubes would not
be covered by the Cu2O shell at some shell heights (Figure C.1). The modelled extinction spectra
initially show a similar position and insensitivity of the Q and D positions at ~450 nm and ~700 nm,
respectively, as in the experimental spectra. The model also displays a decrease in intensity of the
Q mode as the coverage of Cu2O increases in agreement with the experimental result. The
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simulated extinction profile looks very different at high coverages of Cu2O however. The Q mode
all but vanishes, and, curiously, a new mode around 600 nm appears also appears in the model.
2.8.2

Spatial distribution of plasmon modes
To better understand the origin of the plasmonic modes in the Cu2O, and explain the

discrepancies in the model, the spatial distribution of the plasmon modes was investigated. Figure
2.10 shows the charge density, ρ, and electric field enhancement, |E|2 of the observed peaks for a
20 nm shell embedded covering 66% the height of the cube.

Figure 2.11. 3D view of the charge density, ρ, and electric field enhancement, |E/E0|2, of plasmonic modes at
a wavelength of A,D) the “Q” mode at 445 nm, B,E) the multipolar (M*) mode at 595 nm, and C,F) the “D”
mode 720 nm of a nanocube in which the Cu2O shell covers 2/3 of the surface.

The dipolar resonance (D) Figure 2.11C is located within the higher index medium of the
Cu2O as expected.23 However the other two modes are anomalous in regards to typical descriptions
of silver nanocubes. The mode at 445 nm, which is expected to be the quadrupolar (Q) resonance
and is located in the lower index medium as the Q mode is expected to be yet seems to actually
be dipolar in nature. Peculiarly, the mode is located almost exclusively outside of the Cu 2O shell,
with a near zero ρ and negligible |E/E0| located within the Cu2O. This phenomenon is likely due to
the high imaginary component in the dielectric function of Cu2O in this region of the spectrum; this
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mode is located energetically above the band gap of Cu 2O which is spectrally located ~560
nm.70,73,74 This would lead to dielectric losses in the Cu2O phase of the system.
The anomalous new mode at ~590 appears to be a hybrid hexapolar mode with a near
uniform spatial distribution inside and outside the Cu2O shell, concentrated at the edges of the
nanocube. This is unusual as higher-order modes tend to occur at higher energies relative to loworder modes,1 yet this mode occurs at a lower energy than the Q mode. While this new mode is
not observed in Figure 2.10, in follow up experiments it was observed at high coverages of Cu 2O.
Figure 2.12 shows the spectra of colloidal Ag@Cu2O half shells made at ~50% embedment with
varying concentration of the precursors Cu(NO)3, NaOH, and lactic acid. From a – g these
precursors increase in total reaction concentration, maintaining the same relative amounts to each
other. At high coverages a new mode (*) can be faintly observed ~580 nm, confirming the
theoretical prediction of its existence.

Figure 2.12. Cu2O half-shell growth of controlled sizes with increasing strength of reagents from starting from
0 (a) – 42.5 mM Cu(NO3) showing the A) evolution of the UV-vis extinction profile with increasing reagent
concentration, highlighting observation of the new (*) multipolar mode. TEM images are provided for lines B)
(b) and C) (d).

The UV-Vis extinction spectra contain qualitatively the same peaks as the modelled
extinction displayed in Figure 2.10D, though the overall spectral profile is not resembled. This is
likely explained by the polydispersity in the sample’s size, geometry and position of the Cu2O shells.
Observing the TEM images in Figure 2.12 B,C the coverage of the Cu2O shells is far from uniform,
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and does not often extend past 50% of the edge length of the cube. The higher order mode is only
observed at high (> 40%) coverages of Cu2O in the mode, assuming a uniform shell.
2.8.3

Optimization of geometric parameters and description of peak shifts
To better model the experimentally produced system, the geometric parameters of the

model were adjusted to better resemble the produced nanostructures (Figure 2.13). In this model
a truncated half-pyramid was used with rounded corners. While quantitatively (peak positions,
intensities) are somewhat different than the experimental results (Figure 2.12), qualitatively the
number of peaks, their behaviour with increasing shell thickness, more closely resemble the
experiment than the previous model. It should be noted under some conditions, Ag@Cu 2O halfshells with a conformal cubic geometry were produced (Figure C.2).

Figure 2.13. Modelled extinction of growing Cu2O truncated pyramid half-shells A) in solution and B) on
polystyrene as they are first synthesized. C) associated |E|2 with intermediate sized shells (cube face to
pyramid edge = 30 nm), displaying the dipolar (D) and quadrupolar (Q) modes.

The silver nanocubes initially embedded in polystyrene display strong mode splitting, with
the dipolar (D) mode at ~ 500 nm located strongly within the substrate, and the quadrupolar (Q)
mode at ~ 400 nm above it. As the nanocube is over-coated in Cu2O, the environment first becomes
more isotropic for thin Cu2O thicknesses before the contrast is inverted for thicker Cu2O films. Once
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the system becomes inverted system, the D-mode is centered in the Cu2O and is strongly redshifting with increasing shell thickness (Figure 2.13B). The Q mode at ~500 nm is spatially located
primarily in the PS film and is shell thickness independent. In solution the environment is less
isotropic, and the dipolar resonance shifts with a greater sensitivity with respect to increasing Cu 2O
thickness (Figure 2.13C). The Q peak however is almost shell thickness independent and is blueshifted to ~475 nm as compared to in PS embedded state. The blue shift is explained by the spatial
location of the Q peak at the facet of the cube exposed to the solvent (toluene), which has lower
refractive index than PS. Overall results of the modelling demonstrate good agreement with the
experiment (Figure 2.12A,d). 3D electric field distribution and charge separation for each mode
demonstrate that these modes are indeed quadrupolar and dipolar in nature (Figure C.3).

2.9

Conclusions
The plasmonic response of Ag@Cu2O half-shells is described by FDTD modelling. The

models confirm the dipolar and quadrupolar nature of the modes observed experimentally. The
modelling also suggested the presence of an unusual, low energy, high order hybrid plasmonic
mode which to my knowledge has not been reported before in the literature, and experimental
evidence supported the existence of the mode. While the experimentally produced half-shells
showed large polydispersity in geometry and size, the models were adequate in determining the
origin of the observed hybrid plasmonic modes. The work presents methodology that allows for the
spatial separation of plasmonic modes in a core shell geometry which may be tailored to satisfy a
multitude of uses including LSPR sensing, SERS, and photocatalysis.
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2.10 Methods
2.10.1

Numerical Modelling

Numerical Modelling. Finite difference time domain modelling was performed using Lumerical
Solutions Inc. (FDTD Solutions v8.15-v8.17. An 800 nm cubic simulation space was used with a
perfect matched layer (PML) boundary (12 layers). A total-field scattered-field (TFSF) light source
was used, injecting light from above, perpendicular to the substrate (if present), absorption and
scattering cross sections were measured from power transmission monitors in the scattered field
and total field areas respectively. Extinction was calculated as the sum of absorption and scattering
cross sections. Frequency-domain field profile monitors were used to calculate |E|. A non-uniform
mesh was used, with a mesh override region containing a 0.5 nm mesh size extended at least 10
nm past the nanostructures. All dielectric-dielectric and metal-dielectric boundaries were treated
with Lumerical’s Conformal Mesh Technology (CMT), a proprietary extension of the Yu-Mittra
method.75 The materials were described by an analytical model fitted to tabulated permittivity data
of silver, polystyrene, PVP, Cu2O, and Al2O3.28,73,76,77
The simulation objects consisted of a 60 nm silver nanocube with a corner radius of 12 nm and a
2 nm capping layer of PVP (unless an oxide shell was present in the model).
Models of nanocube embedment. Supported by a 150 nm film of PS supported by an arbitrarily
large SiO2 substrate. The nanocube partially embedded into the substrate and rotated in one or
two axes.
Models of unusually sharp resonances. Models of cubes overcoated with a dielectric consisted of
a larger round cube with 0 – 25 nm thickness of Al2O3. Shells of an arbitrary refractive index (n)
between 1.5 – 2.0, were tested, as well as alternative dielectrics, TiO2 and ZrO2.
Modelling of Cu2O coated cubes For Cu2O coated cubes, the morphology of the half shell was
either a rounded cube with a thickness between 0 – 20 nm or truncated, round-edged square
pyramid with a center-corner radius of 50 – 90 nm. The anisotropically-coated cube was either in a
background index of n = 1.36 to represent a solution, or partially-embedded into polystyrene with
a background index of n = 1.
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Convergence testing. All models were tested for convergence by varying the distance to the PML,
where 800 nm was found to be sufficiently far way to not observe reflections. Convergence was
also tested through refinement of the mesh size, the size of the mesh override region, and the mesh
accuracy as well as the conformal-mesh technology type (CMT type 1 was used). Geometric
parameters of the silver nanocubes were modified to be most consistent with experimental
observations; nanocubes with a corner roundness of 20% their edge length were found to be most
consistent with similar sized cubes produced experimentally. Material fit parameters (number of
coefficients and range) were tested, with parameters chosen which either minimised error or were
most consistent with observed experimental results.
Three-dimensional visualizations of |E|2 and charge density (ρ) were obtained using Paraview
(Kitware Inc.). Charge density was calculated from the divergence current.

2.10.2

Experimental Methods

Chemicals. Silver nitrate (AgNO3, 99%+), polyvinylpyrrolidone (PVP, Mw ~55 000), polystyrene
(PS, Mw ~192 000), anhydrous 99.8% ethylene glycol (EG), sodium sulfide, ), 4-Mercaptobenzoicacid (MBA), Tetrakis(dimethylamido)zirconium(IV) (TDMAZr, Zr(NMe 2)4), titanium(IV) isopropoxide
(TTIP, Ti(iPrO)4), Trimethylaluminum (TMA, AlMe3,) toluene, and chloroform were purchased from
Sigma-Aldrich and used as obtained. Copper nitrate (99%). Sodium chloride (99%+), DL-lactic acid
(LA, 85-90%), and sodium hydroxide (99%) were obtained from Bioshop hydrazine (25%) was
obtained from Fluka. Ethanol (95%) was obtained from Commercial Alcohols and used without
further purification. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) was purchased from Avanti
Polar Lipids as a powder and used as obtained.
Preparation of Nanocubes. Silver nanocubes were synthesized according to the procedure
described in the literature.78 To obtain larger cubes, 25 μL of 0.48 M sodium chloride in EG was
added to the reaction flask prior to the injection of silver nitrate. When the characteristic peak found
at ~350 nm was developed an additional 1.5 mL of 282 mM silver nitrate was added at a rate of
0.75 mL/min. The reaction was thermally quenched when the desired spectrum was observed.
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Preparation of Polystyrene Thin Films. Polystyrene was dissolved in toluene to produce 1% or 0.5%
w/w solutions which were then filtered through a 0.220 μm PTFE filter. Thin films were produced
via static spin-coating on a Laurell WS-400-6NPP/LITE spin-coater. Films were allowed to anneal
at 130 °C overnight.
Preparation of AgNC Monolayers. Nanocube substrates were prepared by forming Langmuir films
on a NIMA 311D trough filled with Milli-Q water (18.2 ∙cm). An appropriate amount of AgNC
and DOPC was dispersed in chloroform and deposited onto the surface of the water using a microsyringe. Each monolayer was left for 20 min to allow complete chloroform evaporation. The surface
pressure of the monolayer was measured with a paper Wilhelmy plate. Before transferring the
monolayer onto solid supports several isotherm cycles were performed to anneal the films.
Monolayers were transferred onto clean PS coated substrates at pressures corresponding to the
gas phase of the isotherm via the Langmuir-Schaeffer deposition method.
Heating of Supported Monolayers of PS Films. A small steel block connected to a thermocouple
was placed on top of a hotplate and used to heat substrates above 110 °C for specific intervals.
Substrates were periodic imaged via AFM and UV-Visible spectroscopy.
Atomic Layer Deposition of Al2O3, ZrO2, TiO2. Thin film deposition on silver nanocube monolayers
were conducted in a home built ALD tool. Briefly, the tool consisted of two heated precursor lines
connected to a tube furnace. The N2 MFCs for each precursor line were set to 100 sccm, which set
the tool pressure to 1 Torr. AlMe3, Ti(iPrO)4, and Zr(NMe2)4 were used as the metal precursors for
thin films of Al2O3, TiO2, and ZrO2, respectively. H2O was used as the oxygen precursor. TTIP and
TDMAZr were heated to 75 °C during the process and TMA was kept at room temperature. The
tube furnace was heated to 100 °C for the deposition of Al2O3 and to 200 °C for the deposition of
TiO2 and ZrO2. TMA and H2O were delivered with a 0.1 s pulse while 1 s pulses were used for TTIP
and TDMAZr. Purge times were 20 s after each precursor.
The nanocube monolayers were prepared immediately prior to thin film deposition or stored under
N2 in a desiccator until use. Nanocube monolayers treated with a SERS label (4-MBA) were
prepared immediately prior to ALD. The pre-treatment for the monolayer samples was heating the
samples at 100 °C for 30 min under a flow of N2. Growth rates for each metal oxide were measured
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by TEM. As synthesized nanocubes were drop-casted onto TEM grids and analysed after
deposition of a uniform shell. Growth rates for Al2O3, TiO2, and ZrO2 were 1.4, 0.3, and 1.1 Å/cycle,
respectively.
Growth of Cu2O half-shells. For the growth of Cu2O half-shells on AgNCs, a sample slide of
1cm×1cm dimensions was attached to the end face of a glass rod, which was submerged and spun
vigorously in 250mL of N2 purged deionized water. Under constant flow on nitrogen, varied amounts
of 5M NaOH, 4M lactic acid, 0.5M Cu(NO3)2, and hydrazine were added with differing order of
addition. The reaction was left for either 50 or 55 minutes, dependent on the method of injection
used. Once the reaction was complete, the sample slide was rinsed with dH 2O, then ethanol and
dried under nitrogen. The coated nanocubes were removed from the substrate by sonicating the
glass slide in a minimal amount of toluene to dissolve the polymer film.

2.10.3

Characterization

UV-Visible Measurements. Extinction spectra were obtained using a Cary 7000 equipped with a
universal measurement analyser. Spectra were processed and analysed using OriginLab data
analysis software.
Angle and polarization dependent transmittance and reflectance spectra were measured in 5°
increments for s and p polarized light using Cary 7000 UMS spectrophotometer. Absorptance
spectra were calculated assuming no loss of light in the glass substrates.
Topographical Measurements. The topography of the NC monolayers transferred onto solid
substrates was obtained using an Ntegra (NT-MDT, Russia) atomic force microscope in semicontact mode in air at 21 °C with 512×512 or 1024×1024 points per image. A 100×100 μm2 scanner
(Ntegra) and cantilevers with rotated monolithic silicon tips (135 μm long, 0.3−6 N/m spring
constant NSG03, resonance frequency 90 kHz, NT-MDT) were used for all topographic
measurements. The typical scan rate was 0.5 Hz. AFM images were further processed by Nova
image processing software.

63

Raman Spectroscopy. For SERS the silver nanocube monolayer was incubated in a 5 mM solution
of MBA in anhydrous ethanol for 1 hour. The slide was then rinsed with anhydrous ethanol and
annealed at 100 °C for 30 min under a flow of N2 prior to characterization.
Raman measurements were performed using an Ar/Kr ion laser (Coherent) at 458, 488, 514, 568,
and 647 nm and passed through an inverted microscope (Olympus IX-71) with a 20× objective for
excitation. The SERS signal was collected through the same objective in a backscattering
geometry. Raman spectra were collected using a single grating monochromator (Jobin Yvon, 640
mm focal length, 1200 lines/mm) with a liquid N2 cooled CCD camera (Princeton Instruments)
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Chapter 3: Thermoplasmonic patterning of
silver nanocrystal/polymer composite thin
films

Abstract
The lithographic patterning of polymer films is ubiquitous in manufacturing processes. In
this work we utilize the inherently high photothermal conversion efficiency of plasmonic
nanoparticles to locally pattern polystyrene films. Silver nanocubes were deposited onto
polystyrene thin films and were used as a heat source for photothermal lithographic patterning
using a continuous-wave, visible laser. Distinct states defined by their own far-field optical
properties and micro-scale topography are observed. Using low intensities (> 0.086 mW/μm 2 @
458 nm) the nanocubes can be embedded into the polymer at a nanometer scale displacement
and produced a notable shift in the distinct localized surface plasmon resonance (LSPR) of silver
nanocubes, enabling two-color optical patterning of the film. At higher laser intensities (> 0.434
mW/μm2) sufficient temperatures were reached for the complete photothermal ablation of the
polymer film. Temperatures in the film easily surpass the onset of photothermal decomposition (>
270 °C), and the decomposition process is thermal in nature. Temperature estimates also highlight
the role of the collective contribution of nanoparticle heating in the process. The process can be
controlled by tuning the power absorbed by the nanocubes in accordance with their plasmonic
absorption spectrum. The approach here outlines a general method of 2D optical patterning utilizing
thermoplasmonics which can be further expanded to other materials, applications and potentially
to sub-diffraction length scales.
Prezgot, D.; Bottomley, A.; Jorgenson, E.; Ianoul, A. Thermoplasmonic
nanocrystal/polymer composite thin films, Manuscript in preparation
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3.1

Introduction
Noble metal nanostructures enable the manipulation of electromagnetic radiation down to

nanoscale dimensions due to their ability to scatter and absorb light through the localised surface
plasmon resonance (LSPR). The light absorbed by metal nanoparticles is rapidly converted to heat
as the excited hot-electrons relax through electron-phonon interactions on the order of picosends.1
The high thermal conductivity of the nanoparticles enables them to quickly dissipate this heat to
their surroundings; they reach steady-state temperatures with their environment within
nanoseconds.2,3 This is known as the thermoplasmonic effect which enables the rapid pinpoint
delivery of heat and has seen use in areas such as photothermal therapeutics,4,5 photo-catalysis,6,7
and solar thermal energy harvesting.8,9 Similarly, the use of metal nanoparticles as
thermoplasmonic heat sources has been applied to dynamic optical colour patterning.10,11 This can
be achieved by altering the shape,10 or local environment of the particles in order to alter their
LSPR.12 Plasmonic-heat sources can also be utilized in micro/nanofabrication for mask-less directwrite optical lithography, bypassing the need for the creation of complex masks, or expensive
electron or ion-beam lithography to achieve high resolution patterning. Plasmonic heat sources
generate highly-localized heating which can be applied from sub-diffraction limited scales to microscale or larger patterning. 13–15
Our recent progress in understanding properties of supported plasmonic nanocrystals
allows us to better manipulate their LSPR signatures control them using the thermoplasmonic
effect.16,17 Here we use the LSPR of silver nanocubes to collect light and locally deliver heat to a
polymer film, changing the physical properties of the polymer to produce microscale optical
patterning. The large surface contact afforded by the geometry of silver nanocubes leads to distinct
and sensitive spatially separated hybridized plasmon modes, 18 in addition to more efficient heat
transfer to the substrate. Metal nanoparticles on the polymer surface can be selectively embedded
into the polymer upon photothermal heating,13 thereby altering their local environment and LSPR
signature. Here we demonstrate that by controlling the amount of power absorbed by the silver
nanocubes, the resultant changes in the polymer film can be finely tuned. Effects such as significant
LSPR shifts, microscopic topographical changes in the polymer, and even photothermal ablation
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of the polymer film are observed at modest intensities using a continuous-wave (CW) visible light
laser.

3.2

Experimental Methods

Materials: Silver nitrate (AgNO3, 99+%), polyvinylpyrrolidone (PVP, MW ~55,000), anhydrous
ethylene glycol (EG, 99.8%), sodium sulfide (Na2S), and sodium chloride (NaCl) were purchased
from Sigma-Aldrich and used as obtained. Polystyrene beads (PS, MW ~ 250 000) were obtained
from Acros Organics.
Synthesis of silver nanocubes: Silver nanocubes were synthesized in a one-step polyol technique.
15 mL of EG was preheated to 150 °C in a 25 mL round-bottom flask. 2.5 mL of 0.8 mg/mL PVP,
200 μL of 3 mM Na2S, 25 μL of 0.45 M NaCl was subsequently injected into the flask. 1.5 mL of
282 mM AgNO3 was added to the flask at a flow rate of 0.5 mL/min via a syringe pump. The reaction
was monitored by UV-Vis spectroscopy of aliquots. After ~ 1h the sample showed signs of growth
of the nanocrystals (indicated by a red-shifting of the plasmon) and was thermally quenched upon
reaching the desired spectral signature.
Preparation of substrates: A polystyrene solution (1 % w/w in toluene) were prepared and then
passed through a 0.22 μm PTFE filter using a glass syringe. Thin films were produced via static
spin-coating onto glass slides at ~4000 rpm on a custom-built spin coater. Films were allowed to
dry for 1 h then annealed for up to 12 h at 120 °C.
Silver nanocube monolayers were deposited onto the polystyrene films using the LangmuirSchaeffer technique using a NIMA 311D Langmuir trough filled with milli Q water (1.8 MΩ). AgNCs
were dispersed in 300μL of chloroform and deposited onto the water surface using a micro-syringe.
Monolayers were transferred onto PS thin films in the gas phase of the isotherm at a surface
pressure of 0.5 mN/m.
Laser Patterning: An Ar/Kr ion laser (Coherent I70 series) was passed through either an achromatic
doublet, or a 0.7 NA objective focused onto the substrate which was mounted on a six-axis stage.
Excitation was performed at 458, 476, 514, 568 and 657 nm. Power was measured by a power
meter placed immediately before the focusing lens. The waist radius of the beam was determined
using the knife-edge technique with a cleaved silicon wafer. To acquire UV-Vis spectra of the
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photothermally embedded area the beam was defocused, and the sample was manually raster
scanned to produce a 2 × 2 mm patterned area.
Characterization: Transmission and reflection spectra of the substrates before patterning were
obtained using a Cary 7000 equipped with a universal measurement analyzer. Transmission and
reflection spectra of raster scanned areas were obtained on an Ocean Optics USB-2000 optic fiber
spectrometer with a xenon pulsed lamp.
The topographic measurements of the substrates before and after patterning were obtained using
an Ntegra (NT-MDT) atomic force microscope in semi-contact mode. Gold-reflexed cantilevers with
rotated monolithic silicon tips (135 μm long, 0.3-6 N/m spring constant, resonance frequency ~90
kHz, NSG03, NT-MDT). Scans were performed at rates between 0.4 Hz to 0.7 Hz depending on
the size and resolution of the image. AFM images were processed by Nova image processing
software (NT-MDT).
Raman Spectroscopy: Surface enhanced Raman spectra were collected using a single grating
monochromator (Jobin Yvon, focal length 640nm, 1600 lines/mm) with a liquid N2 cooled CCD
camera (Princeton Instruments). Excitation was done using an Ar/Kr ion laser (Coherent) at 488
nm, focused through a 60 X objective (0.7 NA), and passed through 2 notch filters (Thorlabs).
Cyclohexane was used for Raman shift calibration. Samples were submerged in 10-5 M aqueous
Rhodamine 6G (Rh6G) for ~1h before measurements.
Numerical Modelling: Finite-difference time-domain (FDTD) calculations were used to estimate the
cross-section of silver nanocubes on a polystyrene substrate. Calculations were performed using
a commercial solver (Lumerical FDTD Solutions, v8.16). The models consisted of silver nanocubes
with an edge length between 45 and 65 nm with a corner radius of 20% their edge length and a 2
nm capping layer of PVP, supported on a polystyrene film. Materials were described by an
analytical model fitted to tabulated permittivity data.19–21 A total-field scattered-field light source was
used with perfect matched layer boundary conditions.
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3.3
3.3.1

Results and Discussion
Thermoplasmonic patterning of silver nanocrystal-on-polymer films

To investigate the efficiency and quantify the tunability of thermoplasmonic effect in this work we
utilized a well-studied nanocomposite consisting of a monolayer of 55 ± 10 nm silver nanocubes
deposited on polystyrene thin films (200 ± 6 nm) via Langmuir-Schaeffer method.17 The as
deposited the nanocubes form a quasi-disordered 2D array with an average interparticle distance
of 190 nm (Figure 3.1a), providing sufficient spacing to prevent interparticle plasmonic coupling so
that the particles can be considered optically independent.22–24 The effect of neighboring particles
is negligible which is corroborated by the absence of a strong coupling band in their extinction
spectra (Figure 3.1b). Polystyrene was chosen as the polymer substrate due to its modest glass
transition temperature (Tg ~ 100 °C), and its favorable interaction with the silver nanocubes
facilitating fabrication of the substrate and maximizing their embedment upon heating.25
Additionally, the polymer has a relatively high refractive index (n ≈ 1.6) which results in stronger
silver nanocube plasmon mode hybridization and therefore a more pronounced LSPR shift upon
embedment.

Figure 3.1. a) Atomic force microscopy (AFM) of the initial sample, displaying of 55 ± 10 nm cubes with an
average interparticle spacing of ~ 190 nm b) UV/Vis extinction spectrum (blue) and the calculated absorption
spectrum (red) of the target sample. The threshold peak intensity required for embedment (represented as
bars) inversely follows the plasmon absorbance of the particles. c) Optical microscopy image of an area of
the slide exposed to different powers and wavelengths of laser light for 10 s. The resultant size and topography
of the patterned spot can be controlled with these parameters.

To perform patterning of the substrate it was exposed to a continuous-wave laser focused
by an achromatic lens at various incident powers at five fixed wavelengths (458 nm, 476 nm, 514
nm, 568 nm and 647 nm). Changes were visibly observed on the polymer surface after brief
exposures ( > 1 s) provided that the absorbed power exceeded a minimum threshold (Figure
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3.1b,c). The size and visual appearance of the features observed on the substrate were dependent
on the exposure time, wavelength, and power used. With short exposure times (~1s), the radii of
spots in the substrate are measured to be on the order of size as the waist radius of the beam (~10
μm). When the exposure was increased so was the resultant spot’s diameter and a progressive
change in morphology. It was found a certain threshold power was necessary to produce a pattern,
below which even long exposures (up to 120 s) failed to produce a change in the substrate (Figure
D.2). This threshold power was found to depend on the incident wavelength of light and scaled in
accordance with the absorbance of the LSPR as the heat generated scales with the power
absorbed by the nanoparticle (Figure 3.1b). The absorbance (A) is calculated from transmission
(T) and reflection (R), A = -log10[(1 - T) - R)]. Patterning occurred on a sufficiently small timescale
that lines could be drawn into the polymer surface by scanning the beam across the substrate.
Patterning was systematically performed across the visible spectrum at a range of incident powers
with 10 s exposures. It was observed that the polymer surface generally fell into three reoccurring
states after exposure (Figure 3.2):

I)

Embedment of the nanocubes into the polymer surface with little change in
morphology. (Figure 3.2 a- c) This stage could be rationalized by the local heating of
the polymer film above the Tg of the polymer film followed by the partial nanocube
incorporation.

II)

At this stage, the greater population of nanocubes are fully embedded into the
supporting matrix and surface deformation of the polymer film is present, though the
film is still continuous. (Figure 3.2 d-f)The local temperature of the polymer at this stage
exceeds the Tg.

III)

Finally, at laser powers significantly above the threshold, decomposition, ablation and
displacement of the polymer film, is observed leaving a hole in the film, along with a
region of embedded cubes outside the displaced area. (Figure 3.2 g-h) This occurs
when the local temperature exceeds the thermal decomposition temperature of
polystyrene.
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Figure 3.2. AFM images (b,e,h) of patterned areas in state I, II and III respectively, and associated cross
sections made horizontally across the center of the image (a,d,g) showing the topography. State I (a,b,c) is
defined by the observation of embedded nanocubes, with no deformation of the polymer layer (75 mW, 568
nm shown). In state II (d,e,f) the nanocrystals are highly embedded with a deformation of the surface polymer
(20 mW, 476 nm shown), and in state III (g,h,i) ablation of the polymer is observed in the center (50 mW, 458
nm shown). A map of the calculated temperature (c,f,i) accompanies each AFM image, showing the patterned
area to be the size of areas predicted to be heated to T > T g.

3.3.2

Temperatures obtained by photothermal heating

The temperature of an isolated shaped particle (ΔTnp) can be calculated by:26

∆𝑇𝑛𝑝 =

𝑃𝑎𝑏𝑠
𝜎𝑎𝑏𝑠 𝐼
=
4𝜋𝛽𝑟𝑒𝑞𝜅 4𝜋𝛽𝑟𝑒𝑞 𝜅

(3.1)

where Pabs is the power absorbed by the nanoparticle, which can be defined by the irradiance of
incident radiation (I) and its absorption cross section (σabs) which was obtained as a function of
wavelength from FDTD modelling. This is the most sensitive parameter of the temperature increase
since this value varies largely with particle size; σabs was calculated as the average for the size
distribution of the particles. The denominator describes the thermal capacitance of the nanoparticle,
where κ is the thermal conductivity of the surroundings. For a nanoparticle at an interface it is
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convenient to define κ = ½(κ1 + κ2), the average thermal conductivity of the media κ 1 and κ2, which
in this case are air and polystyrene.27 β is a shape-correction coefficient and req is the radius of a
sphere with an equivalent volume to the desired cube size. 26 Due to the highly isotropic nature of
the cubic shape it can be assumed β ≈ 1.
Since the particles are homogeneously distributed throughout the illuminated area, the
temperature of a particle at any given radius (r) from the center of the beam is proportional to the
irradiance from the Gaussian distribution of the focused beam:
2

2𝑃 −2(𝜔𝑟 2)
0
𝐼(𝑟) =
𝑒
𝜋𝜔02

(3.2)

Where P and ω0 is the waist radius of the incident beam. The radius was determined to be
between 7.3 and 10.5 μm depending on wavelength using the knife-edge technique.28 Through the
combination of (3.1) and (3.2) we estimate the initial surface temperature of the nanocubes upon
excitation. It should be noted the modelled temperatures only describe the initial temperature of the
particles before any changes to the system. As the nanoparticles embed into the polymer κenv is
effectively altered, likewise accompanied with the alteration of their absorption spectra and hence
σabs. Further changes in the polymer state such as its melting or decomposition would result in
more alterations to these terms, making it difficult to predict the temperature throughout the entire
embedment process.
When considering only the heating of isolated particles the predicted surface nanoparticle
temperatures are considerably lower than the Tg of the polystyrene thin film (90 – 100 °C). For
example, using the conditions presented in Figure 3.2d surface temperatures of individual
nanoparticles are only estimated to reach a maximum of ~29 °C (Figure D.3). While the Tg of
polystyrene thin films can be depressed down to 75 °C in the case of ultra-thin films,29 this is
insufficient to account for the discrepancy between the calculated and the predicted values due to
equation (1) fails to account for the collective heating of the nanocubes.30
In an array of nanoparticles, collective heating can strongly contribute to the heating of the
interparticle medium as the collective heating in a two dimensional system scales with the square
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of the interparticle distance.31 To quantify the temperature increase of the nanoparticle array (ΔTs)
we used the approach developed by Baffou et al.30:
2𝜋

∞ 𝜎𝑎𝑏𝑠 𝐼(𝑟)𝑑𝑟𝑑𝜃

∆𝑇𝑠 (𝑟) = ∫0 ∫𝑟

4𝜋𝜅𝐴

(3.3)

where A is the unit cell area, in this case approximated as d2 where d is the average interparticle
distance. In this case we do not distinguish temperature contribution of individual nanoparticles and
their external temperature as the heating is highly delocalized; the temperature of the nanoparticles
is not significantly higher than that of the surrounding matrix. Baffou et al., define a confinement
parameter (ζ) which predicts whether the particles are heated in a localized regime with the
increased temperatures located around each particle, or a delocalized regime where a smooth
temperature distribution is observed throughout the assembly of particles. 30 The confinement
parameter in this case is calculated to be ζ = 0.015 which predicts that ΔTnp contributes only 1.5 %
to ΔTs.
The modelled temperatures including the contribution of collective heating are displayed in
the bottom panel of Figure 3.2. The model shows agreement with the associated AFM images as
the radius at which ΔTs < 90 ºC is consistent with the embedded area of the spot. The radius is
slightly lower in the model as it does not consider conductive heat transfer over the area; it only
models the collective heat of generated among adjacent unit cells.
3.3.3

Experimental verification of Temperature
To confirm the calculated temperatures, the temperature of the system was measured by

Stokes/anti-Stokes Raman spectroscopy. The anti-Stokes signal arises from populated excited
states in the probe molecule and is thus highly temperature sensitive. 32 The ratio between the
stokes and anti-stokes intensities can effectively used as a localized nanothermometer in surfaceenhanced Raman spectroscopy measurements:33
𝐼𝐴𝑆
𝐼𝑆

𝜔 +𝜔

4

ħ𝜔

= (𝜔𝑙−𝜔𝑣) 𝑒𝑥𝑝 ( 𝑘𝑇 )
𝑙

(3.4)

𝑣

where IAS and IS are the stokes and anti-stokes Raman intensities, and ωl and ωv are laser and
vibrational frequencies respectively.
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Stokes/anti-Stokes spectra were measured at 488 nm between 2- 50 mW on sample. Since
the intensity of the Raman signal is also power-dependant, the system was initially calibrated by
heating the sample up from 0 – 90 °C. Figure 3.3 displays this temperature calibration, as well as
the Stokes and anti-Stokes (aS/S) signals of the 773 cm-1 mode of Rh6G at 25 °C and 90 °C.
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Figure 3.3 Stokes/anti-Stokes surface-enhanced Raman spectroscopy of Rh6G on AgNC monolayers a) the
signal at 773 cm-1, note the scale of intensity is 102 higher for the Stokes spectrum b) Temperature calibration
of the aS/S measurements.

The temperature/intensity for SERS measurements were fitted (Figure 3.3 ) using:
𝐼𝐴𝑆
𝐼𝑆

4

𝜔 +𝜔

ħ𝜔

= 𝐴𝑖 (𝜔𝑙−𝜔𝑣) 𝑒𝑥𝑝 ( 𝑘𝑇 ) + 𝐶
𝑙

(3.5)

𝑣

ere Ai is the asymmetry factor representing the different SERS enhancement at the stokes and antistokes vibrational frequencies, and C is a correction factor which was required to account for
instrument response differences at these frequencies. The calibration was used to estimate the
temperature with different incident powers (Figure 3.3). The temperature is measured up until the
threshold power for embedment is observed. Since the embedment process significantly alters the
LSPR signature of the AgNC’s, the SERS enhancement would likely be affected, invalidating the
calibration (Figure 3.3b). The temperature at the onset of embedment was 75 ± 5 °C, which was
lower than expected but in the vicinity of the Tg of a polystyrene thin film.29 This confirms the onset
of the embedment process with the Tg of polystyrene. It should be noted that SERS effects
potentially introduce significant error in Stokes/anti-Stokes Raman thermometry due to the spatial
inhomogeneity of the enhancement factor and experienced temperature of the probe molecules.34
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Figure 3.4 a) measured Stokes/anti-Stokes intensities as a function of power and b) determinations of
temperature from them, with the threshold power at which embedment is observed is noted.

3.3.4

Optical Patterning
Of the three stages identified previously, state I is the most appealing for optical patterning

due to the highly sensitive shift of the nanocubes’ LSPR allowing for pronounced color changes.
The observed topographical changes this state are consistent with heating past the Tg of the
polystyrene thin film (90 – 100 °C).35 At this temperature the nanoparticles will spontaneously
incorporate themselves into the polymer film driven by a reduction in total surface energy. 17 AFM
imaging determined that the particles embedded up to 39 ± 5 nm into the polymer, or 70 % of their
edge length. In addition, optical properties corresponding to the state I transformation undergo
significant alterations.
Figure 3.5 shows the transmittance and reflectance spectra of photothermally embedded
nanoparticles contrasted (a,c) against those embedded by conventional heating (b,d). A 15 nm shift
in the dipolar plasmon peak (D) is observed and a further shift of the quadrupolar plasmon mode
(Q) significantly alters the profile of the transmission spectrum (Figure 3.5). A 45 nm shift and an
increase in maximum reflectance by 15% in addition to a broad-band increase in reflectance
produces a visible change in color and luster in the patterned area. These changes can be made
with peak optical intensities as low as 0.087 mW/μm2 at a wavelength closest to the LSPR
resonance of the nanoparticles (458 nm). This state is also observed at longer wavelengths, albeit
requiring more power where the absorption cross-section σabs is minimal.
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Figure 3.5. a,b) Transmittance spectra of a section of the film which before (blue) and after (red) being
embedded photothermally (a), and using conventional heating (b). Transmittance spectra reveal a slight shift
in the dipolar plasmon mode and a significant shift in the quadrupolar plasmon mode, more so in the case of
photothermal embedment. Associated reflectance spectra, c,d) show a marked increase in reflectance upon
embedment.

At this point the results only clearly distinguish two states: an initial state and fully
embedded particles. However, it should be noted there exists a continuum of states where the
particles are partially embedded and thus the technique could be expanded by utilizing partially
embedded particles to create a greater variety of optical responses. The ability to generate or write
a palette of plasmon-generated colors has garnered interest with direct applications in security,
cryptography and information storage.36 Many strategies for plasmonic color generation rely on
complex top-down fabrication techniques such as electron-beam lithography.11,37,38 However with
this strategy using simple bottom-up fabrication new colors can be actively generated with simple
continuous-wave laser exposure. The color palette of this technique can potentially be expanded. 39
3.3.5

Ablation of polystyrene films
The second state observed upon the nanocomposite exposure to laser illumination is a

transitionary state between states I and III. A deformation of the surface is observed which is the
result of photomechanical stress caused by the thermal expansion of the polymer above the T g
being bound by the more solid surrounding region.40 The predicted temperature is consistent onset
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temperature of the thermal decomposition of polystyrene ( > 270 °C). In this case near-full
embedment of the nanocubes can be observed; the majority of the particles are not discernable in
the AFM topology (Figure 3.2e).
In the final and third state complete thermal decomposition of polystyrene in the film was
observed, leaving a hole in the substrate. Furthermore, large amounts of the polymer have been
displaced from the illuminated area by the convective transfer of heat forming a sizable ridge.
Ablation depths vary depending on absorbed power and wavelength, but complete ablation (~200
nm depth) was observed after an upper threshold was reached. The calculated temperatures
(Figure 3.2i) of > 400 °C in the ablated areas are consistent with the expected temperatures
required to ablate a hole of this depth in polystyrene. 40 At these temperatures polystyrene
undergoes thermal decomposition into volatile components allowing the material to be selectively
removed from the film.41 Outside of the decomposed area a gradient in the embedded cubes’ depth
is observed. This area was found to lie outside the waist diameter of the beam where the light
intensity and thus degree of photothermal heating is negligible; the embedment of nanocrystals is
therefore the result of thermal dissipation from the central region.
3.3.6

Control over optical patterning
The resultant state of the polymer film after exposure was dependent on the power

absorbed by the nanoparticles (Figure 3.6). Wavelengths which are on resonant with the LSPR of
the nanoparticles patterned substrate with ease. Patterning at 458 nm was achieved with a peak
intensity as low as 0.057 mW / μm2 and complete ablation occurs at 0.434 mW/μm2. At longer
wavelengths where σabs is minimal, more power is required to drive the observable changes in
polymer state. Obtaining embedded particles (State I) was easily achieved over a wide range of
laser intensities while limiting the patterning to this state at resonant wavelengths required fine
control. At 647 nm σabs is so weak that the patterned area did not fit the profile of the laser beam,
but instead produced sporadically embedded particles (Figure D.4). This displays how collective
heating is dominant in this system, as the quasi-disordered particles only embed in localized areas
of high particle density.
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Figure 3.6. a,b) The threshold intensity as a function of absorbance of the silver nanocube films. The
absorbance spectrum is shown in c) for reference. Weaker absorbance (at higher wavelengths) increase the
threshold power required for patterning, though also slows for easier control over the final state.

Since the observed morphological changes occur on a rapid timescale the laser can be
scanned across the surface to produce a desired pattern of any state. This can be done using a
focused low-intensity, visible, CW light source; the equipment requirements are minimal. Other
optical lithography techniques on transparent polymers typically use deep-UV or pulsed laser
sources, or require the polymer to be loaded with a dye.40 In the case of dye loaded polymers, the
process permanently stains the polymer which could be undesirable. The nanoparticle coating can
be removed after patterning with weak nitric acid leaving a transparent patterned film. This
technique has also been demonstrated to be purely photothermal as well; no photocatalytic are
non-linear optical processes are required to predict the results.
With this technique the precise, nanoscale control the position of the nanocubes in the axial
direction is demonstrated, though the radial resolution is kept at the microscale. Plasmonic particles
can also be used as localized point-sources of heat and the resolution of the technique can be
improved. While in this work the heating is largely delocalized, thermoplasmonic heating can be
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localized to the immediate vicinity or even within the plasmonic nanostructure..42 This yields a
potential route to sub-diffraction limit patterning by using a template of plasmonic nanostructures.

3.4

Conclusion

The use of silver nanocubes as point-heat sources for micro-scale optical patterning and
lithography was demonstrated. We observed three distinct states defined by their own far-field
optical properties and micro-scale topography. By taking of advantage of the unique spectral
response of silver nanocubes a high degree of control over the patterning process can be obtained
in comparison to higher order symmetric particles such spheres. 13 This process was found to be
purely photo-thermal; no other processes such as photo-catalysis or non-linear two-photon
processes are required to explain the observed patterning. This work also highlights the role of
collective heating as opposed to isolating heating and its impact on opto-lithographic applications.
This process can be used to produce unique polymer-nanomaterial composites in which the
nanomaterials can be embedded into the polymer in a well-controlled manner. Fine tuning of the
process allows for control over the local environment of the nanocubes and thus control over the
optical properties such as transmission, reflection and color and thus this technique can potentially
be applied to plasmonic color generation. The ability for photothermal ablation of the polymer films
allows this to be applied to the simple direct-write optical lithography of thin films or 2D materials.
This work was performed in a highly delocalized regime allowing for consistent micro-scale
patterning, but there exists a potential to make use of localized plasmon heating for expanding this
technique towards performing sub-diffraction limit optical patterning and lithography.
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Chapter 4: Plasmonic Colour Generation in
Silver Nanocrystal-over-Mirror Films by
Thermal Embedment into a Polymer Spacer

Abstract
The production of colours by plasmonic nanostructures is an attractive prospect over dyes
as they allow ultra-high resolution, non-fading colours. Typical techniques for producing plasmonic
colour patterns such as by electron beam or ion beam lithography are expensive, slow and not well
scalable. This work demonstrates a simple, lithography-free technique for producing plasmonic
colours using a silver nanocube (AgNC) based nanoparticle-over-mirror (NPoM) system with
thermally-generated colours. AgNC’s are deposited over a metal (Au or Ag) film with a polystyrene
(PS) dielectric spacer. Upon heating of the system past the glass-transition temperature (Tg) of PS,
the AgNC embed into the polymer, reducing the AgNC / metal film distance. This results in a strong
gap-plasmon which shifts over 200 nm across the visible spectrum. The system is demonstrated
to be tunable across the visible range, producing wide, but distinct colour palettes depending on
the metal film used. The technique can potentially be applied to plasmonic colour-patterning
systems to produce high-resolution microscale or nanoscale patterns over a large area.

Prezgot, D.; Tatarchuk, S.W.; Ianoul, A. Plasmonic Colour Generation in Silver Nanocrystal-overMirror Films by Thermal Embedment into a Polymer Spacer, Manuscript in Preparation
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4.1

Introduction
Sub-wavelength scale metal nanostructures exhibit unique light-matter interactions arising

from the collective oscillation of free electrons. This phenomenon, the localized surface plasmon
resonance (LSPR), is responsible for the scattering and absorbance of light, and unique near-field
properties of plasmonic nanomaterials. The properties of the surface plasmon resonance are highly
dependent on the composition, shape, size and local environment of the nanostructure. 1–3 The most
ancient and perhaps simplest application of plasmonic materials is to produce colours. 4,5 However,
the engineering of structurally based colours, particularly by manipulating the sensitive nature of
the LSPR in plasmonic building blocks, is in fact an emerging field of research which has seen a
surge in recent interest.6 Structural colours provide an alternative to dye-based pigments with
potential for greater longevity, environmental sustainability and extreme resolution. Plasmonic
colours have been printed down to 100 000 dots per inch (dpi); colour patterning can be performed
at a resolution below the diffraction limit.7–9 In addition to high resolution color patterning,10
plasmon-derived structural colours can applied to devices such as display technologies,11–13 anticounterfeiting devices,14 information storage,15 holography,16 and multispectral imaging filters.17,18
Typical methods used to produce plasmonic colours include electron beam lithography, 19,20
ion beam lithography,10,21 and nano-imprint lithography.7 However, such lithographic techniques
are expensive, time consuming and are not easily scalable to produce large-scale colour prints.
Few examples exist which avoid making use of these techniques.13,22–25 It is thus desirable to find
facile, low cost, scalable means of producing plasmonic-generated colours.
A common strategy to achieve wide gamut plasmon-derived colours is to make use of gap
surface-plasmons.7–9,25,26 Metal-insulator-metal geometries structures support highly absorptive
cavity plasmon resonances which are highly tunable based on the dielectric properties or metalmetal distance.27 These structures typically consist of a metal (Ag, Au or Al) particle or disc
separated from a metal film by a dielectric spacer. A promising, lithography free, scalable
architecture uses plasmonic particles deposited over a metal/dielectric composite film, often
referred to as a “nanoparticle on mirror” (NPoM) geometry. One such system with a strongly
absorptive and highly tunable resonances across the visible (and NIR) spectrum uses Ag
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nanocubes (AgNC) over a Au film.18,28 A facile, single step method to locally control the particlefilm gap in NPoM systems remains challenging.
This work makes use of a previously demonstrated thermal embedment process we
developed to finely control the interparticle gap between a AgNC layer and metal (Ag or Au) film
with polystyrene as the dielectric spacer.29,30 A controlled layer of well-spaced AgNCs are deposited
on top of a thin (~ 20 nm) polystryrene film over the metal thin film (~50 nm). By heating the film
past the glass transition temperature (Tg) of polystyrene, the particle embeds into the polymer
thereby decreasing the particle-mirror gap distance and red-shifting the cavity plasmon resonance.
The process can be monitored in real-time, allowing for extrapolation of the achievable colour
gamut, and the embedment can be stopped at any point to obtain a desired colour. Using Ag or Au
as the metal film each display a distinct range of obtainable colours. Demonstrated is a facile,
lithography free strategy for plasmon colour generation which has the potential to be scaled down
to potentially to high resolution, sub-diffraction limit plasmonic colour printing.

4.2

Experimental

Materials: Silver nitrate (AgNO3, 99+%), polyvinylpyrrolidone (PVP, MW ~55,000), anhydrous
ethylene glycol (EG, 99.8%), sodium sulfide (Na2S), and sodium chloride (NaCl) were purchased
from Sigma-Aldrich and used as obtained. Polystyrene beads (PS, MW ~ 250 000) were obtained
from Acros Organics. Trimethylaluminum (>98%, TMA) was purchased from Strem and used as
received.
Synthesis of silver nanocubes (AgNC). AgNCs were synthesized using a two-step chloridemediated polyol method.29 A round bottom flask containing 15 mL of ethylene glycol (EG)
anhydrous ~0.4g of polyvinylpyrrolidone (PVP) (~55,000 MW) was allowed in a 150 °C oil bath
heated for one hour under magnetic stirring. To the round bottom flask 200 μL of 3 mM Na2S and
25 μL of 0.45 M NaCl was added and allowed to stir for 1 minute, followed by 1.5 mL of 282 mM
AgNO3 at a rate of 0.5 mL/min via a syringe pump. Aliquots of the reaction were monitored by UVVis spectroscopy. After ~ 1h when the reaction showed a plasmonic signature indicative of small
AgNC with peak positions ~405 nm and ~355 nm for the dipolar and multipolar modes
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respectively,31 a further 1.5 mL of AgNO3 was injected. The reaction was monitored until the desired
spectral signature was observed and then quenched in an ice bath. The reaction mixture was
diluted 1:1 with EtOH and centrifuged at 12 000 RCF for 30 minutes, re-dispersed in EtOH, and
subsequently centrifuged twice more for 10 minutes.
Fabrication of Au/Ag thin films. 50 nm of Au or Ag films were deposited onto glass slides pe-cleaned
in piranha solution (1:5 H2O2:H2SO4) by thermal evaporation on a Balzers BA510 system. Au
deposition was preceded by deposition of a 10 nm Cr adhesion layer.
2 nm of Al2O3 was deposited over Ag films by atomic layer deposition (ALD). Depositions were
performed using a Picosun R200 Advanced deposition tool. TMA and distilled water were both held
at 18 °C in stainless steel bubblers for all depositions. The deposition recipe began with ten 0.2 s
pulses of TMA, each separated by 10 s purges, to ensure initial surface saturation of TMA. This
was immediately followed with 20 cycles of TMA and water pairs: a 0.2 s pulse of TMA with a 20 s
purge and a 0.5 s pulse of water with a 60 s purge. The chamber was held at the deposition
temperature of 120 °C for 30 min prior to initiation of deposition to ensure uniformity.
Spin-coating of polystyrene (PS) thin films. PS solutions of 0.5 wt% in toluene were prepared,
filtered through 0.22 μm PTFE filters pre-rinsed with toluene and using glass syringes to avoid
contamination.32 Films were using a Laurel Technologies WS-400-6NPP-LITE spin coater at 4000
rpm on Au films and 3000 rpm on Ag films in order to produce ~20 nm PS films.33 Films were
allowed to dry for 2 h then annealed at 125 °C for 16 h.
Langmuir-Schaeffer Deposition. Silver nanocube monolayers were deposited onto the polystyrene
films using the Langmuir-Schaeffer technique using a NIMA 311D Langmuir trough filled with milli
Q water (1.8 MΩ). AgNCs were dispersed in 300μL of chloroform and deposited onto the water
surface using a micro-syringe. Monolayers were transferred onto PS thin films in the gas phase of
the isotherm at a surface pressure of 0.5 mN/m.
Thermal embedment. Samples placed on an aluminium heating block (Ocean Optics CUV-AL-UV)
attached to a heat pump and heated to between 100 – 120 °C. UV-Vis reflectance spectra were
monitored using fibre-optic spectrometer with a xenon lamp and reflectance probe (Ocean Optics
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USB2000, PX-2, R200-7-SR). Reflectance measurements were baselined to a silver reference
mirror. Reflectance spectra were converted to CIE XYZ and sRGB values (See section 1.5.3).
Atomic Force Microscopy (AFM). The topographic measurements of the substrates were obtained
using an Ntegra (NT-MDT) atomic force microscope in semi-contact mode using gold-reflexed
cantilevers with rotated monolithic silicon tips (135 μm long, 0.3-6 N/m spring constant, resonance
frequency ~90 kHz, NSG03, NT-MDT).
Numerical Modelling Finite-difference time-domain (FDTD) calculations were performed using a
commercial solver (Lumerical FDTD Solutions, v8.16). The models consisted of a 60 nm silver
nanocube with 12 nm corner radius and a 2nm capping layer of PVP, with a thin polystyrene film
over a metal film. Materials were described by an analytical model fitted to tabulated permittivity
data.34–37 A plane-wave source was used with periodic x and y boundaries and perfectly matched
layer z boundaries.

4.3
4.3.1

Results and Discussion
Design of thermally-tunable NPoM composites
Plasmon-derived colours were generated by tuning the particle-mirror distance in a Ag

nanocube (AgNC) over Au thin film NPoM system. The geometry of the system is presented in
Figure 4.1a. The AgNC/Au system was chosen as it has been previously demonstrated to support
a highly absorptive gap-plasmon resonances which are tunable across the visible spectrum and
into the near-IR.17,28 Using a thin Ag film on the order of the size of the particle yields higher energy,
narrow resonances that are the result of plasmon-hybridization both with the film’s surface
plasmons and the nanoparticle’s image charge.38 Polystyrene is used as a dielectric spacer where
the thermal embedment process is used to tune the gap-mode frequency and control the plasmonderived colours.29
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Figure 4.1. a) Schematic of the NPoM system, with a 60 nm AgNC over an Au film with polystyrene acting as
the dielectric spacer. b) FDTD model showing the system with a polystyrene thickness from 0 – 50 nm. Below
20 nm the gap plasmon becomes distinct and rapidly redshifts. c,d) FDTD model with a 16 nm polystyrene
spacer as the nanocube is embedded into the polystyrene. Electric field enhancement (|E/E 0|2) at a gap
distance of 15, 10 and 5 nm and the associated calculated reflectance is shown. e) The predicted colour gamut
of the system from converting calculated spectra to sRGB values.

The ideal thickness of polystyrene spacer was predicted using finite-difference timedomain (FDTD) modelling. The thermal embedment process has an upper limit to the extent which
the silver nanocubes embed; the nanocubes can only be embedded up to ~70% their edge length.
Furthermore when embedding past 50% their edge length the nanocubes tilt, 29 which would alter
the efficiency of the gap plasmon.28 Ideally a film needed to be produced that was < 50% the edge
length of the nanocube and also an appropriate distance to display a highly sensitive shift of the
LSPR upon thermal embedment. Figure 4.1b displays the results of FDTD calculations of a 60 nm
Ag nanocube over a 50 nm Au film with polystyrene thicknesses varied between 0 – 50 nm. The
gap plasmon only becomes distinct from the AgNC LSPR and Au interband transitions at a distance
< 20 nm, and then shifts rapidly showing an increasing sensitivity as the AgNC/Au gap narrows.
With an 18 nm polystyrene film the gap plasmon shifts from 534 nm to beyond the visible range (>
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700 nm) at distances < 5 nm (Figure 4.1d), resulting in little predicted colour change beyond this
point (Figure 4.1e).
4.3.2

Fabrication of AgNC/Au NPoM composites
Fabrication of the AgNC over Au NPoM films was performed by the following steps (See

experimental for details): i) deposition of ~ 50 nm Au films onto standard glass microscope slides
with Cr (~10 nm) adhesion layer by thermal evaporation, ii) spin coating of polystyrene films over
the gold films, iii) deposition of AgNC’s by the Langmuir - Schaeffer technique (Figure 4.2a).
Silver nanocubes were synthesized by the polyol method,29 producing nanocubes with an
edge length of 60 ± 14 nm. Particles of this edge length were chosen as they display a strong
substrate-induced hybridization,39 having strong, well separated peaks with little broadening. While
the prepared colloid was somewhat polydisperse, its UV-Vis extinction profile was narrow, and
displayed strong hybridization when deposited on polystyrene (Figure E.1). The deposited
polystyrene films were found an actual thickness of 17 ± 2 nm by AFM and were smooth, with an
RMS roughness of 0.2 nm. The Langmuir-Schaeffer technique allows for the deposition of the
nanocubes on polystyrene in a well-controlled manner; a movable barrier can be used to control
the particle density of the Langmuir film. This technique enables large scale transfer of nanoparticle
assemblies in a reproducible manner.40
4.3.3

Plasmonic colour generation in AgNC / Au NPoM films
Plasmonic colours were controlled by thermal embedment of the silver nanocubes into the

polystyrene substrate. Thermal embedment of the nanocubes was performed by heating the NPoM
assembly to > 120 °C and monitoring the process by reflection spectroscopy. After the sample
exceeds the Tg of polystyrene the nanocubes become embedded into the polymer. Since the
polymer spacer is thin, a gap-plasmon becomes discernable above ~550 nm and red-shifts up to
695 nm (Figure 4.2b). The embedment of the AgNCs was confirmed by atomic force microscopy
(AFM) demonstrating the average heights of the nanocrystals had decreased by 21 ± 4 nm (Figure
4.2c,d) which is on the same order of size as the polymer film itself suggesting maximal embedment
of the nanoparticles. The results differ from theoretical predictions (Figure 4.1c) in that the minimum
reflectance increases (or maximum absorptance decreases, Figure E.2), as well as becomes
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broader as the particles become further embedded into the PS. The system also displays a lower
plasmon shift than predicted by theory, where full embedment results in a resonance > 900 nm).
These effects are likely due to the nature of the ensemble measurement; the experimental
measurement has a degree of polydispersity in size, depth of immersion and orientation of the
nanocubes all of which serve to broaden the resonance compared to the single particle model. 28,29

Figure 4.2. a) schematic demonstrating the fabrication process of the NPoM system, with a TEM image of the
AgNC dropcast b) a sample of reflection spectra throughout the embedment process and the predicted colour
by converting the spectrum to sRGB. c,d) photographs and associated AFM images of before and after
embedment respectively. The embedment depth is measured to be 21 ± 4 nm

The full colour gamut of the system is predicted based off the reflectance spectra gathered
in-situ during the embedment process by collecting reflectance spectra throughout the process and
converting them to the CIE 1931 colour space (Figure 4.3). The system produces a range of
red/orange colours. It should be noted that the calculated colours differ from the actual
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photographed colours (Figure 4.2c,d) since they are based solely off the reflectance spectrum,
whereas the observed colours have a sizeable component of diffuse scattering. The light source
used does not perfectly match the D65 illuminant used in the spectrum-colour conversion. With
reflected light, the colour spectrum of the light source influences the perceived colour. The heating
process can be stopped at any point, allowing samples with the intermediate colours to be
produced. The temperature of the system is proportional to the rate of embedment allowing finer
control over the process.30

Figure 4.3 a) reflectance spectral colormap showing the embedment process as a function of time b) the
chromaticity of the system expressed in the CIE 1931 colour space. A wide gamut is observed in the redgreen region.

The colours produced have a wide gamut, occupying a sizeable portion of the red-green
colour space. However, the produced colours are limited due to the use of a gold back-reflector; all
samples will have some yellow tint due to the interband transitions of Au occurring below ~500 nm
(Figure 4.3a).41 This prevents the production of colours on the blue end of the spectrum. Despite
this the approach demonstrates a highly-tunable system to produce plasmon-derived colours, with
the potential to expand the colour gamut by using alternative materials.
4.3.4

Plasmonic colour generation in AgNC / Ag NPoM films
Due to the limitations of colour generation when using Au as the plasmonic or back-

reflecting material, AgNC / Ag NPoM films were made to generate plasmon-derived colours in the
same fashion. FDTD calculations predict the gap plasmon of the AgNC / Ag system to have greater
tunability across the visible range Figure 4.4a. The plasmon is clearly distinguishable even at a 22
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nm gap distance can be red-shifted as far as in the case of the Au mirror; with a 5 nm gap, the
plasmon is shifted beyond 700 nm as well. This potentially allows absorbance to be tuned as far
as it was in the Au system, but with access to the bluer end of the system, giving greater tunability.

Figure 4.4. a) Predicted reflectance and colours from FDTD model consisting of a 20 nm PS film and b)
sampled experimental spectra of and predicted colours of the embedment process. c) photographs of the
sample before and after the embedment process d) chromaticity of the embedment process, showing the
AgNC / Ag system occupies the central region of the colour space e) spectral colourmap of the embedment
process showing a rapid shift of the gap mode from ~ 500 – 675 nm

The films were fabricated in the same manner as the Au films, but with some modifications.
De-wetting of the polystyrene was initially observed upon annealing the film leaving significant
holes in the polymer. A further complication arose with control samples containing only Ag films
which when heated to the temperatures associated with the annealing and embedment processes
formation of large grains was observed increasing the roughness of the Ag film.42 This was in part
alleviated by adding a ~2 nm Al2O3 layer over the Ag films by atomic layer deposition (ALD). The
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ALD procedure resulted in smoother PS films over the Ag, however the ALD process itself was still
detrimental to the Ag films (Figure E.3).
The maximum of the resonance shifts from 495 – 675 nm, becoming shallower and broader
as the embedment depth increases (Figure 4.4b). This mirrors the peak shifts obtained in the case
of AgNC / Au, though the produced colours are different due to the absence of absorbance from
the Au interband transitions, resulting in an overall bluer hue. This also enabled the gap-plasmon
resonance to be better resolved, being clearly distinguishable at all points. At high embedment
depths the shifting of the higher order mode, presumed to be the quadrupolar mode, from 395 nm
– 440 nm.
More significant broadening of the resonance was observed than in the AgNC/Au system.
During the embedment process the PS films de-wetted from the surface, impeding precise
determinations of the embedment depth (Figure 4.4c,d).The de-wetted film appears to
preferentially be drawn towards the AgNCs; voids in the film after the thermal embedment do not
contain any AgNCs. Combined with the increased roughness of the Ag films, this contributed to
greater polydispersity in gap distances.

Figure 4.5. AFM topography measurements of the Ag / AgNC sample a) before and b) after embedment of
the nanocubes. The thermal embedment process distorted the polymer films.

Nevertheless, a wide but distinct colour gamut was achieved with AgNC / Ag films. While
the overall area of the colour space is not greater than that of the AgNC / Au films, the colours
produced are distinct. The produced colours also lie in the of the CIE colour space around the
achromatic point (0.33, 0.33) which is essential for producing a system which can display all primary
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colours (RGB).26 The use of silver nanocubes allows for greater sensitivity in an NPoM system due
to the strong plasmon-hybridization. The use of similarly sized qausi-spherical silver nanoparticles
does not shift the gap plasmon as strongly as silver nanocubes, accessing less of the colour space
(Figure E.4).
Despite the ideal placement of the AgNC / Ag system in the colour space, a full range of
primary colours is not produced. Band broadening hampers the strength of the produced colours;
the obtained color gamut is not as wide as theoretically predicted (Figure E.5). The range is limited
in blue end of the spectrum by interferences from the higher-order modes of the silver nanocubes
which absorb around 400 - 500 nm (Figure 4.4e). Though not as severe as in the case of AgNC /
Au films this still poses a limitation; non-overlapping, and distinct resonances are required to
produce the widest range of plasmonic colours. Addressing the challenges in quality of the
underlying Ag film and PS layer, as well as the dispersity of the colloidal silver nanocubes would
help improve the system. Smaller silver nanocubes would potentially give more access for initial
absorbances to be in the blue end of the spectrum, as would an initially thicker polystyrene film.
(Figure E.6). This indicates there is yet greater potential in this system to be achieved which could
enable the facile production of a wide gamut colour palette.
4.3.5

Prospects for Photothermal Patterning
The thermoplasmonic patterning procedure outlined in Chapter 3 can potentially be applied

to this system. Figure 4.6 shows preliminary results involving a test pattern produced on a Ag/Au
NPoM film with 488 nm excitation. The test pattern produced in the film shows a strong contrast
and is clearly distinguishable from the underlying substrate. (a), In the AFM topography the change
is less apparent; the difference in NC height is hardly noticeable, demonstrating the high sensitivity
of the system. Increasing exposure times and power produced larger spots in the substrate, with
ablation of the central region occurring at high power. With finer control over the power delivered
to the sample, it could be possible to print the full palette of colours in microscale, or potentially
sub-diffraction limit patterning by exploiting the gaussian-shaped laser intensity.9
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Figure 4.6 a) Photograph of reflected llight off of a test pattern produced by thermoplasmonic patterning. b)
the change in AFM topography is hardly noticeable despite the clear contrast in the optical image. The cross
section is given where the white line is shown.

4.4

Conclusion.
A simple, scalable, lithography-free approach to the generation of plasmonic colours is

demonstrated using a AgNC NPoM system. The films are simple to fabricate, and plasmonic
colours can be generated solely by heating, with relatively low temperature requirements. AgNC /
Au and AgNC / Ag systems both displayed a strong gap-resonance which could be tuned between
~500 – 700 nm. Each system demonstrated a wide but distinct colour gamut, with AgNC/Au
producing colours in the red-green colour space, and AgNC/Ag producing colours around the
center of the colour space. The samples presented here were heated in bulk and produced
centimeter-scale samples of single colours, but the embedment can easily be scaled down to
microscale or nanoscale optical colour printing by utilizing thermoplasmonic patterning.
Thermoplasmonic patterning allows for the rapid, localized heating of the nanostructures. By
controlling the power of the laser delivered to the particle is potentially possible to carefully control
the embedment depth, printing an entire palette of colours on-demand. Incorporating
thermoplasmonic patterning to the system presented in this work would make the technique
competitive with other methods for high resolution plasmonic colour patterning.
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Chapter 5: UV plasmonic materials:
Investigating Indium and Aluminium
Nanocrystals for Deep-UV Surface-Enhanced
Raman Spectroscopy

Abstract
Plasmonic materials are typically implemented in the visible and near-infrared spectral
domains, however extending plasmonic applications into the ultra-violet is of major interest in
sensing and catalysis. One such application is the extension of surface-enhanced Raman
spectroscopy (SERS) to the deep-UV (DUV) region of the electromagnetic spectrum. This is
regarded as an important milestone with potential to further increase the applicability with SERS
particularly with respect the study of biological molecules. In this work indium and aluminium
nanocrystals are synthesized as UV-plasmonic materials and potential platforms for DUV-SERS.
Raman measurements were performed at 229 nm, target molecules include direct functionalization
of the nanocrystals with phenyltrimethoxysilane (PhTMS), and alanine-phenylalanine as a model
peptide. While no appreciable DUV-SERS enhancement was observed, finite-difference timedomain modelling suggest there is potential of aluminium nanocrystals in DUV-SERS and other
UV-plasmonic applications.
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5.1

Introduction
Plasmonic materials offer a unique route towards the manipulation of light. They can

efficiently absorb and scatter light and create intense local electric fields at the surface, essentially
concentrating light at the nanoscale. This has enabled their use in applications such as light
harvesting,1 photodetection,2 catalysis,3 and sensing.4 Plasmonics has mostly been applied to the
visible and near-infrared portions of the electromagnetic spectrum, but extension of plasmonics to
the ultraviolet (UV) spectral domain is of major interest for catalytic5 and sensing applications.6 UVplasmonic materials represent a new class of high-energetic plasmonic materials which may yield
unique light-matter interactions.7
One area in which UV-plasmonics can be applied is to surface-enhanced Raman scattering
(SERS). SERS is a powerful analytical technique and phenomenon which primarily originates from
the electric field enhancement which occurs at the surface of metal nanomaterials in response to
the excitation of a localized surface plasmon resonance (LSPR).8 The SERS effect allows for the
enhancement of Raman spectroscopy by many orders of magnitude (typical SERS enhancement
factors range from 104 – 106) and is capable of limits of detection down to the single-molecule
level.9,10 Since the phenomenon’s first observation over 40 years ago, 11 SERS has matured into a
large field of research and a versatile analytical technique which has been applied to numerous
areas such as in biomedical,12 environmental,13 or forensic applications.14 Instrumentation can be
used to implement SERS in a variety of fashions, from research-focused instruments capable of
hyperspectral imaging15 or tip-enhanced scanning,16 to simple point-of-care devices which offer
ease-of-use and can be operated with minimal training.17
Research and implementation of SERS has primarily focused on using visible or near-IR
(NIR) wavelength excitation, partly due to the ease and availability of the instrumentation (visible
and NIR lasers) but also since the most prevalent plasmonic materials, Ag and Au, only support
plasmon resonances in the visible range of the EM spectrum.18 Another region of the EM spectrum
in which it is useful to perform Raman, is in the deep-UV (DUV, 190 - 300 nm) region. DUV Raman
spectroscopy is desirable as many molecules absorb strongly in the UV region thus resonanceRaman scattering (RRS) effects become commonplace; when the Raman excitation wavelength
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falls within an electronic absorption band of the analyte enhancement of the Raman signal by 2 to
5 orders of magnitude can be observed.19 With excitation below 250 nm many molecules will
demonstrate RRS while minimizing the chances for fluorescent backgrounds. DUV Raman
spectroscopy also is uniquely capable of gaining insight into structure dynamics in biomolecules
such as peptides and proteins by targeting the amide peptide bonds for RRS spectra.20 DUV SERS
has strong potential for applications such as explosives detection 21 and protein structure
dynamics.22
Realising deep-UV SERS requires the implimentation of new plasmonic materials; the
strongest-enhancing and most prevalent metals for SERS, Ag and Au are not suitable for DUV
plasmonics. These metals have high imaginary dielectric constants in the DUV region of the
spectrum; their spectral response is dominated by the absorption in interband transitions, not
surface plasmons.18 Other suitable materials are thus required to act as SERS substrates.
Theoretical alternatives which have appropriate dielectric functions include Al, Ga, In, Sn, Ru, and
Rh.18,23 UV SERS has been reported most commonly using Al,6,24–26 but also with In,27 Ga,28 Rh,29
and other materials such as alloys.30 However these metals do not boast the high quality LSPR’s
of Ag and Au, and demonstrate much lower extinction cross-sections. In most cases the reported
enhancement factors are limited, ranging from ~ 101 – 103.
This work aims to develop investigate the use of colloidal indium and aluminum
nanoparticles for DUV-SERS. Indium and aluminum were selected based off of their predicted high
quality LSPR’s in the desired spectral region,18,31 and the availability of facile methods for their
colloidal synthesis.32,33 Strategies for measuring DUV Raman, synthesizing, labelling and
assembling the particles are explored. While the observed SERS enhancement in this work is
minimal, the work explores the synthesis and properties of UV plasmonic nanocrystals. FDTD
calculations are also used to support experimental observations, as well as suggest the potential
for further incorporation of hybridized plasmon modes can be important towards the realization of
DUV-SERS.
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5.2

Experimental

Materials. Indium chloride (InCl3 99.99%, anhydrous, Sigma), Sodium citrate dibasic (Na2Cit ∙
1.5H2O, Sigma), Diethylene glycol (DEG, 99%, Anhydrous), M N,N-dimethylethylamine alane (0.5
M in toluene, Sigma), titanium (IV) isopropoxide (Sigma, 97%)
Synthesis of In nanoparticles. To a triple-neck round bottom flask, 138 mg (0.625 mmol) of InCl 3,
131 mg (0.500 mmol) of Na2Cit ∙ 1.5H2O were added to 25 mL of DEG. The flask was placed in an
oil bath and heated to 100 °C under magnetic stirring under constant N2 flow with an outlet fed
through an oil bubbler. 1mL of NaBH4 solution was prepared in diH2O, containing a molar ratio of
InCl3:NaBH4 between 1:2 and 1:6. After ~ 1h, after the reagants had dissolved, 1 mL of NaBH4
solution was added. After ~15 minutes the flask was removed from the bath and cooled in an icewater bath. The resultant solution was centrifuged 3 times at 12 000 RCF and re-dispersed in 4 mL
of anhydrous ethanol.
Conjugation with Phenyltrimethoxysilane. InNP’s were centrifuged and re-dispersed in 2 mL of a
1% methanolic solution of phenyltrimethoxysilane (PhTMS). The solution was allowed to sit for 1 h
before being centrifuged and rinsed 3 times at 12 000 RCF and then re-dispersed in 2 mL of
methanol.
Synthesis of core-shell In@SiO2. To make core-shell In@SiO2 nanoparticles a modified Stöber
process developed by Bourdeau et al. was used.34 To a 15 mL conical tube, 500 μL of In NP
solution was added, followed 1914 μL of H2O, ~ 8 mL of EtOH and between 11 – 88 μL of TEOS
was added. The solutions were stirred for 15 minutes, after which 86 μL of 35% NH 4OH was added
and allowed to stir for 16 h. The solution was centrifuged 3 times at 12 000 RCF and re-dispersed
in 4 mL of anhydrous ethanol.
Langmuir-Blodgett Monolayers. InNP were re-dispersed in 300 μL of ChCl3 and then deposited
onto the surface of a NIMA 311D Langmuir trough filled with deionized water using a microsyringe.
Quartz slides were raised out of the trough at 2 mm/min to transfer the Langmuir films onto the
substrate.
Synthesis of Al nanoparticles. This reaction was performed in a dry box under N2 atmosphere. 25
mL of dioxane was added to a 100 mL pressure flask. 6.5 mL of 0.5 M N,N-dimethylethylamine
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alane in toluene was added, followed by 0.5 mL of a 3.3 mM solution of titanium (IV) isopropoxide
in toluene after 2 minutes. After a further 2 minutes, 0.5 mL of 250 mM oleic acid in dioxane was
added. The pressure flask was sealed and removed from the dry box, then heated at 40 °C for 2h.
The solution slowly transitioned to a dark brown then after 2h the reaction was heated to 60 °C and
allowed to proceed for a further 45 min until a dark grey solution was obtained. The reaction was
quenched in an ice water bath. The resultant solution was centrifuged 3 times at 12 000 RCF and
re-dispersed in 8 mL of anhydrous ethanol. Aluminium nanocrystals were deposited onto quartz
substrates by dynamic spin-coating. Up to 1 mL of an ethanolic suspension of AlNP was deposited
dropwise on to a quartz substrate spinning at 4000 rpm via a syringe.
UV Raman Spectroscopy. UV Raman spectroscopy was performed using a Coherent Innova 90c
FreD Ar ion laser, with the 458 nm line frequency doubled to 229 nm with a βBaBO4 crystal by
second-harmonic generation. The laser was focused onto the sample in an almost-backscattering
geometry. Solution spectra were taken in 1 mL, cuvette with a 1 cm path length equipped with a
magnetic stirrer. For solutions on solid-supported samples, spectra were taken by first dropping ~
100 μL of solution to the sample then pressing the window of a demountable, low pathlength (0.1
mm) quartz cuvette onto the surface. Accumulations were between 1 second and 3 minutes in
length depending on conditions and signal strength.

5.3
5.3.1

Results and Discussion
Synthesis of Indium nanoparticles.
Indium nanoparticles were synthesized according to the citrate-assisted polyol method

outlined by the procedure in section 5.2.32 InCl3 served as the indium source, NaBH4 the reducing
agent, disodium citrate as the capping agent and diethylene glycol (DEG) as the high-temperature
solvent. Control of the nanoparticle size can be achieved by adjusting the InCl 3:NaBH4 ratio;
reducing the amount of NaBH4 increases the average resultant nanoparticle size.32 Figure 5.1
displays the UV-Vis spectrum and TEM images of a synthesis at a 1:5 InCl3:NaBH4 ratio. The
nanoparticles have an average size of 62 ± 14 nm and display a broad UV-Vis extinction at 310
nm.
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Figure 5.1. a) UV-Visible spectrum of synthesized indium nanoparticles in H2O, inset with a histogram (n=100)
showing a size distribution of 62 ± 14 nm. b) Transmission electron micrograph of the as-synthesized particles.
Particles are largely spherical but with some polydispersity in shape c) Most of the particles are remarkably
spherical and non-faceted for nanoparticles of this scale.

The produced particles are somewhat polydisperse in size, with a standard deviation of
22% of the mean size. In shape they are mostly spherical, though some polyhedral and plates are
observed as well. It is worth noting that the spherical particles produced by this method are
remarkably round; typical nanocrystals of this size made from other materials tend to be faceted as
this produces the lowest surface-energy shape.35,36 Most of the observed In particles however
appear to be perfectly spherical in shape. This occurs because the particles are believed to form
in the molten state.32 This can be the case due to the relatively low melting point of bulk In (156
°C), combined with the phenomenon of melting point depression in metal nanoparticles due to the
increased proportion of surface atoms.37 The melting point of indium can be depressed to room
temperature in the case of small (<10 nm) particles, 38,39 and it is entirely reasonable they remain
molten during the synthesis (performed at > 100 °C) or at the very least during the formation of the
seed particles. Thus, during formation of the nanocrystal the atoms are sufficiently mobile to allow
a sphere to be the lowest energy state.
While the particles are synthesized under an N2 atmosphere, they are eventually exposed
to ambient conditions leading to the formation of a In 2O3 shell.40 This native oxide coating was
found to be about ~ 3 nm thick by transmission electron microscopy (Figure F.1). The oxide coating
has important ramifications with respect to SERS: it determines the surface-chemistry of the

108

nanoparticles and sets a minimum distance any given Raman reporter must be from the metal
nanoparticle surface.31
5.3.2

Deep-UV SERS on In nanoparticles
Two primary reporters were chosen as SERS tags for DUV-SERS experiments. L-Alanine-

phenylalanine (Ala-Phe) was chosen as a dipeptide, non-specific reporter as it contains a phenyl
group which displays resonant-Raman enhancement, in addition to having an amide peptide bond.
Detection of the amide bond would have demonstrated the applicability of DUV-SERS towards
biomolecule structural characterisation. Phenyltrimethoxy silane (PhTMS) was chosen as a
specific-binding analyte. This label contains contains a phenyl group for resonant-raman detection
and the trimethoxy-silane linkage for bonding to oxide surface via condensation of the methoxy
groups to surface hydroxyls.41 In this case the label forms a self-assembled monolayer (SAM) on
the particle surface, maximizing the chances of the analyte experiencing EM enhancement from
the nanoparticle. The solution UV resonance Raman spectra of the of 1% v/v PhTMS in MeOH,
and 10 mM Ala-Phe in H2O are displayed in Figure 5.2.
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Figure 5.2. UV resonance-raman spectra of the primary Raman reporters used in this work a) a 1% solution
of phenyltrimethoxysilane (PhTMS) in methanol and b) A 1 mM Alanine-Phenylalanine solution in H2O. Both
present strong resonances from their phenyl constituents at ~1000cm -1 and 1606 cm-1. Two modes from the
amide bond in Ala-Phe, AmIII3, AmIII2, are assigned at 1260 cm-1 and 1340 cm-1 respectively. The AmI and
AmII modes occur between ~1550 – 1650 cm-1 are obscured by the strong ring stretching vibration at 1606
cm-1.
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5.3.2.1

Phenyltrimethoxysilane
Colloidal In nanoparticles conjugated with PhTMS were subsequently measured by UV

Raman spectroscopy in methanolic and aqueous suspensions. Particle concentrations were
adjusted to have a maximum extinction of ~0.5 – 1.0. Measurements were done in solution under
magnetic stirring to avoid strong detection of photodecomposition products. No detectable signal
of either the 1000 cm-1 or 1153 cm-1 modes was observed. The possible reasons for this would
either be: insufficient Raman enhancement or the lack of binding of the analyte to the In2O3 surface.
In order test the latter the In nanoparticle surface was modified to make certain PhTMS was
present.
5.3.2.2

Silica shell growth on Indium particles
In order to facilitate binding of the phenyltrimethoxysilane label core-shell In@SiO2

nanoparticles were synthesized. Silane reactivity with SiO 2 surfaces is well established,42 thus
acted as a control sample to test both whether PhTMS was failing to bind to In 2O3 and to potentially
provide a distance-dependence investigation of the DUV-SERS response. In@SiO2 nanoparticles
were synthesized using the well-established Stöber process.34,43 This process uses the ammoniumcatalyzed hydrolysis of tetra-ethyl orthosilicate (TEOS) to grow SiO2 particles, which can use
existing particles as nucleation points to grow core-shell particles. The full procedure is outlined in
5.2. The aim was to produce very thin shells onto which labels can be deposited via tri-methoxy
silanes. Figure 5.3 displays shells produced using 11 – 88 μL of TEOS.
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Figure 5.3. a) Shell thicknesses for different amounts of 10% v/v TEOS added to the shell growth process.
Shell thicknesses between 5 – 11 nm were obtained. b – f) TEM images of shells grown with 11, 22, 44, 66,
and 88 μL of TEOS respectively. The average shell thickness did not vary greatly between 22 – 88 μL of TEOS

Conformal SiO2 shells were produced around the In nanoparticles ranging between 5 – 11
nm. The average shell thickness did not vary greatly between 22 – 88 μL of TEOS, indicating limited
control over the thickness using this factor. Thickness can also be controlled by varying the quantity
of catalyst (NH4OH) rather than TEOS.34 However, since the goal was to produce shells as thin as
possible this was not explored in further detail. The initial particle concentration during the process
had to be controlled as overgrowth of the shells fused neighbouring particles, causing excess
aggregation. This can be observed in Figure 5.3 b,c and e, for example.
Even with the thinnest SiO2 shells, PhTMS was still not detectable by DUV Raman
spectroscopy on the surface of InNP. Curiously, a strong mode is observed at 815 cm-1 (Figure
F.2). The exact nature of this mode is not certain but is believed to be a SiO 4 or SiOC stretch,44,45
though this mode is typically weak under normal Raman conditions it may be enhanced by SERS
or resonant-Raman effects. However, without a valid reference this mode is not valuable as it
cannot be used to calculate the SERS enhancement and does not represent a potentially viable
analyte.
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5.3.2.3

Alanine-Phenylalanine
Since the goal of the work was to demonstrate biomolecule detection at deep-UV

wavelengths, alanine-phenylalanine was a more suitable choice as a model analyte. This molecule
does not bind directly to the nanoparticles but exists free in solution, thus solution phase
measurements are unlikely to display Raman enhancement. To avoid photodecomposition
hindering measurements a hybrid liquid-film over solid support approach is used.24 Directly
measuring solid-samples poses a challenge in DUV Raman spectroscopy, as the high-energy
photons rapidly induce decomposition of most molecules. 24 A film of InNP was deposited on a 2.5
× 2.5 mm quartz slide, over which the window component of a 0.1 mm path-length demountable
cuvette is placed (Figure F.3). This maintains a liquid film where the analyte is free to flow allowing
long accumulations with minimal photodecomposition. The disadvantage is that the majority of the
analyte is not adsorbed to the surface and thus the measured signal may not a result of Raman
enhancement. If a significant enhancement in Raman scattering exists though a quantifiable
increase in signal would still be observable; even under typical SERS conditions a minority of the
target molecules contribute to the majority of the signal.46 To make a 2-dimensional layer of In
particles films were produced at an air-water interface and then transferred onto the surface of
quartz substrates by the Langmuir-Blodgett technique. The produced films displayed linear chains
of InNP when deposited at low surface pressures, and larger aggregates at high surface
pressures(Figure F.5) .
UV Raman measurements were performed for 1 mM and 10 mM solutions of Ala-Phe over
the deposited InNP films and over a blank quartz slide for reference. Figure 5.4 displays the
average UV Raman spectrum obtained over one of the Langmuir-Blodgett films of InNP’s. The ring
modes (1004 cm-1 and 1606 cm-1) are readily apparent as well as a strong background signal from
the fused quartz substrate and cuvette window. The 1004 cm-1 mode was used to quantify the
Raman intensity (Figure 5.4 inset). Spectra acquired over InNP and over regular quartz slides
proved to yield statistically indifferent intensities; no SERS enhancement could be quantified.
Despite the liquid cell design, photodecomposition was still observed, with a minimum observable
signal plateauing in ~120 s, limiting accumulation times below this value (Figure F.4)
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Figure 5.4. UV Raman spectrum of 10 mM Ala-Phe over an InNP film collected at 229 nm. The spectrum
shown is the average over 5 spectra accumulated at different locations on the slide. The ring breathing mode
at 1004 cm-1 (inset) is used for quantification of the signal as it is most clear from the background. Large
features in the background signal at 790, 1060 and 1210 cm -1 are from the fused quartz windows and
substrate.

5.3.3

Synthesis of aluminium nanoparticles.
Aluminium is predicted to be a higher quality plasmonic material in the desired spectral

region (~229 nm) than indium.18,31 Aluminium is also a strong candidate as an alternative plasmonic
material, as opposed to Ag or Au, since it is a relatively inexpensive, earth-abundant metal and its
plasmon frequency is tunable over a wide range from ultra-violet to the full visible spectrum.47 Al
nanoparticles were used in order to test their DUV-SERS response in comparison to In
nanoparticles. Controlled synthesis of Al nanoparticles is difficult however, due to the high reactivity
of aluminium precursors and the susceptibility of the particles themselves to oxidation. 48
Aluminum nanoparticles were synthesized by the procedure outlined in section 5.2.
developed by Halas et al.33 In this method N,N-dimethylethylamine alane is thermally decomposed,
catalyzed by titanium (IV) isopropoxide, in 1,4-dioxane and stabilized by oleic acid. The role of
dioxane as a coordinating solvent is key in the formation and shape-control of the nanocrystals, the
size of which can be controlled by using a mixture of tetrahydrofuran (THF) and dioxane.33,49 Like
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with In nanoparticles, exposure to ambient conditions produces a self-limiting oxide layer around
the nanocrystals.
The synthesized Al nanoparticles were polyhedral in geometry, with a size of 65 ± 12 nm.
A variety of shapes are produced, their exact geometry is difficult to determine from the
transmission electron micrographs and at this size not all particles form well-defined polyhedral.
However, the particles are expected to predominately form icosahedra and truncated bipyramids. 33
A conformal Al2O3 native oxide shell can be observed (Figure 5.5c) with a thickness of ~ 2.5 nm.
The nanoparticles have a broad UV-Vis extinction spectrum at 316 nm (Figure 5.5a), with a
remarkably similar profile to the InNP shown previously in Figure 5.1.

Figure 5.5. a) UV-Vis spectroscopy of AlNP suspended in ethanolic solution inset with a histogram of
measured sizes (n=50) of the nanocrystals found to be 65 ± 12 nm b) a transmission electron micrograph
displaying a sample of the synthesized nanocrystals which vary in geometry c) a close-up TEM image
displaying a nanocrystal and a ~2.5 nm native Al2O3 shell.

5.3.4

UV Raman spectroscopy over aluminium nanocrystals
Similar approaches were used to measure the DUV-SERS response of aluminium

nanoparticles as were performed with indium nanoparticles. The strategies employed were:
conjugation with PhTMS, thin SiO2 coating followed by conjugation with PhTMS, and Ala-Phe over
deposited films. In this case films were deposited by spin-coating rather than the Langmuir-Blodgett
technique and yielded rather uniformly distributed particles (Figure F.6).
The DUV-Raman response of AlNP in these cases mirrored what was observed for InNP.
No Raman response of PhTMS over the AlNP was observed. Failure of binding to the Al2O3 oxide
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surface is not suspected as this functionalization has been demonstrated and confirmed with
visible-SERS measurements.41 Nevertheless over-coating with thin SiO2 was performed (Figure
F.7), though no Raman response was detected. While Ala-Phe was detectable in solution over the
AlNP films, no statistically significant SERS enhancement was quantified.
5.3.5

Numerical modelling of indium and aluminium nanoparticles
To investigate the potential for SERS enhancement for the above experimental conditions

and establish a theoretical basis for the observations (or lack thereof), finite-difference time-domain
(FDTD) calculations were employed. FDTD is a numerical computational technique which can be
used to predict the far-field and near-field response of optical materials, and is a powerful tool for
the predictive and explorative analysis of plasmonic nanostructures.50
5.3.5.1

Indium nanoparticles
The indium nanoparticles are represented by a 55 nm diameter particle in a refractive index

of n = 1.33 (~water) with a 3 nm shell of n = 2.1 to represent In2O3. Even though 60 nm was the
mean experimental size in Figure 5.1, 55 nm was the mode size, and represented the closer peak
position in the model (Figure 5.6a, 324 nm). In general, the peak positions were found to be redshifted compared to what was experimentally expected for all sizes of particles. This may indicate
the oxide film is not complete or has an effective refractive index below the bulk for In 2O3.
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Figure 5.6. a) Calculated extinction cross-sections of 55 nm InNP with a 3 nm oxide shell, showing a single,
isolated particle, and as well as a dimer of particles with an interparticle spacing of 1 nm (from the end of the
oxide shell). b,c) the calculated SERS electromagnetic enhancement factor (|E|4) around the nanoparticles at
the excitation wavelength (229 nm) and at their maximum (324 nm) respectively. d,e) the calculated
enhancement of a nanoparticle dimer at 229 nm and the maximum (460 nm). Under the experimental
conditions the enhancement is predicted to be < 102 whereas the potential maximum enhancement factor if a
nanoparticle dimer is up to 107.

FDTD calculations were also used to predict the electromagnetic Raman enhancement
factor using the |E|4 approximation.51 This approximation is valid assuming there is negligible
difference in enhancement between the excitation wavelength and Raman-enhanced band, which
in the case of the ~ 1000 cm-1 band represents a 5 nm difference. At the experimental excitation
wavelength (229 nm) (Figure 5.6b,d) the observed enhancement is predicted to be all-but negligible
with the maximal |E|4 enhancement of < 102. This is a stark contrast from the predicted
enhancement at the particle’s maximum extinction (Figure 5.6c,e): ~103 for an individual particle
and up to 107 in the hotspot of a nanoparticle dimer. The maximal field enhancement is expected
to coincide with the maximal particle extinction,31 however these maximums are not in the desired
deep-UV spectral region, but rather in the near-UV and in the visible for the individual particle and
dimer respectively. This indicates that InNP may not be optimal for deep-UV SERS enhancement.
However, their strong plasmonic response in the near-UV, may find traction in niche applications
such as surface-enhanced fluourescence52 and biomolecule sensing.53
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5.3.5.2

Aluminium nanoparticles
The far-field and near-field response of aluminium particles were calculated in the same

manner as the indium particles. The model consisted of a 60 nm aluminium sphere with a 2 nm
Al2O3 shell (n = 1.80) in a background index of n = 1.33. A sphere was used for simplicity despite
the known geometry of the particles to be polyhedral. This approximation is valid, at least for the
predicted icosahedral geometry of the particles,33 and necessary as the transmission electron
micrographs in Figure 5.5 provide limited insight into the 3D geometry of the particles. The
modelled particles display a central peak position of 306 nm (Figure 5.7), but curiously also display
a strong quadrupolar peak at 224 nm.33 This peak is not clearly visible in the experimental spectra,
but rather a weaker shoulder at 250 nm is observed in Figure 5.5. It is believed the size and shape
polydispersity of the ensemble measurement reduce the apparent intensity of this peak, as well as
a greater degree of shape-dependence at this nanoparticle’s scale; the spherical approximation
may not be valid for smaller particles.

Figure 5.7. a) Calculated extinction cross-sections of 60 nm AlNP with a 2 nm oxide shell, showing a single,
isolated particle, and as well as a dimer of particles with an interparticle spacing of 1 nm (from the end of the
oxide shell). b,c) the calculated SERS electromagnetic enhancement factor (|E|4) around the nanoparticles at
the excitation wavelength (229 nm) and at their maximum (306 nm) respectively. d,e) the calculated
enhancement of a nanoparticle dimer at 229 nm and the maximum (440 nm). Unlike the indium particles, AlNP
display almost equally strong enhancement at both positions due to the strong quadrupolar mode.
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Unlike in the indium nanoparticles, the SERS enhancement at 229 nm and the predicted
maximum are comparable. Individual particles display an |E|4 enhancement of ~ 103 while the
dimers display a maximum enhancement factor of ~106 (Figure 5.7 b-e). This is due to the strong
quadrupolar mode observed in the model, which does not shift far in the case of the dimer. While
this bodes well for the potential of AlNP for DUV-SERS it should be noted once again a quadrupolar
mode of this magnitude is not apparent in the ensemble measurements; the Q mode is only weakly
discernable(Figure 5.5). Thus, the potential experimental enhancement is likely not to the same
magnitude as predicted by these models. However, these models do demonstrate the potential for
AlNP in SERS. Recent improvements in the size and shape selectivity in the synthesis of aluminium
nanocrystals,49,54 in conjunction with approaches which involve plasmon-mode hybridization by
introducing anisotropy may serve to enhance this quadrupolar mode.55 As such there still exists
strong potential for aluminium nanocrystals to be used for DUV-SERS and other DUV plasmonic
applications.

5.4

Conclusion and Future Outlook
The synthesis of indium and aluminium nanocrystals displaying a UV-plasmonic response

was achieved, however investigations into their DUV-SERS response did not yield appreciable
SERS enhancement. Concerning indium nanoparticles as a DUV-SERS material, the results of this
work are consistent with other observations which report low SERS enhancement, 56 and
predictions by FDTD. Indium may be a more suitable material for SERS performed at near-UV, or
visible wavelengths.27,57
Aluminium nanocrystals on the other hand have significantly more potential for DUV-SERS.
While DUV-SERS enhancement was not observed in this work, numerous other works exist
displaying SERS-enhancement factors up to ~106 on Al-based substrates.6,24–26 These examples
do not use colloidal AlNPs but rather a combination of lithographic techniques and film-deposition.
A strong near-IR SERS response has been demonstrated with similar colloidal aluminium
nanocrystals.41 The FDTD calculations in this work suggest potential for AlNPs in DUV-SERS
applications, especially if leveraging recent advances in size and shape-controlled synthesis to
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promote the intensity of the quadrupolar mode.49,54 Aluminium nanocrystals may also see further
use in other applications; the highly tunable plasmonic response of aluminium nanostructures
makes them well suited to plasmonic-colour patterning,58,59 and as a highly earth-abundant material
is attractive for plasmonic photocatalysis.60

5.5
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Concluding Remarks
This work explores the properties and uses of hybrid plasmonic modes in a number of
systems. The ability to control the spectral and spatial response of a plasmonic system by
introducing asymmetric environments which enable mode-mixing has been demonstrated both
theoretically and experimentally. Using such systems to tailor the plasmonic response towards
specific applications such as sensing, patterning, and photocatalysis will benefit the field. This work
demonstrated several such systems which were improved as a result of using hybridized modes
which produced increased sensitivity of LSPR shifts and their spatial resolution.
The use of alternative plasmonic materials also represents a direction which would
increase the applicability of the field. This work in large part uses silver nanostructures. While
displaying a strong plasmonic response, silver is prone to oxidation which hampers its long-term
applicability. Gold is limited in its plasmonic response in the visible region and is prohibitively
expensive for large-scale applications.
A promising alternative is aluminium. While the UV response of aluminium is investigated
in this work, it is capable of supporting plasmons in the visible range. Recent advances in the
synthesis of colloidal AlNP enable the potential study of hybrid plasmon modes in this material. 1
For example, an alternative system which could improve the colour gamut of the system presented
in Chapter 5 would be to use aluminium nanocubes (AlNC’s). Well-controlled AlNC’s have recently
been synthesized in the literature, and thus a system similar to the one produced in this work
incorporating AlNC’s could be produced. Due to the natural resonance frequency of AlNC’s in the
UV, the gap-plasmon could potentially be tuned across the entire visible spectrum, with little
interference in the blue-end of the spectrum. Aluminum-based systems have been demonstrated
to be among the best for plasmon-generated colours,2–4 and is an attractive alternative plasmonic
material as it is the most earth-abundant metal and orders of magnitude less expensive than Ag or
Au. Aluminum can also be potentially useful in other applications, such as photocatalysis.5
Photocatalysis in particular is a burgeoning field of interest in plasmonics due to the recent
insight into “hot carriers”.6 Plasmonic material have been demonstrated to act as photosensitizers
to less optically-active photocatalytic materials and show promise in enhancing their activity.7 The
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application of these systems rely on efficient light absorption, and the facilitation of efficient surface
chemistry. The use of hybridized plasmons for the precise manipulation of their optical properties
may be key in providing a route towards realizing efficient plasmon-mediated catalysis.
Plasmonic materials remain a unique avenue for light-matter interactions. There may be
yet unexamined uses for plasmonics; these materials may yet find their niche in wide-spread use.
A key to their applicability in any case will be the understanding and manipulation of their unique
properties with precision and ingenuity.
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Appendices
Appendix A Supplementary Materials for Chapter 2A

A.1

A) Transmission electron micrograph of AgNC’s showing B) a histogram of their measured
edge lengths

A.2

Experimental schematic: A monolayer of silver nanocubes deposited via the LangmuirSchaeffer technique onto a thin 50nm film of polystyrene on a 20nm thin film of high refractive
index titanium oxide. As the system is heated near the glass transition temperature of the
underlying polymer the nanocubes begin to diffuse into the polymer layer. The position of
the nanocubes and corresponding extinction spectrum are shown for the initial (A),
intermediate (B), and final (C) position. Due to the high refractive index of the underlying
titanium oxide, the D mode shifts further when compared to a polystyrene on glass system.
The Q mode only shifts marginally as the cubes themselves are larger than the polymer layer
and a large portion of the cube remains exposed keeping the Q mode sensitive to the
surrounding environment (air) above the composite material
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Appendix B Supplementary Materials for Chapter 2B

B.1

Transmittance spectral map for uncoated silver nanocubes on a glass substrate. The
spectral maps are obtained for front (top) and rear (bottom) illumination geometry, for s (left)
and p (right) polarized light.

B.2

Reflectance spectral map for uncoated silver nanocubes on a glass substrate. The spectral
maps are obtained for front (top) and rear (bottom) illumination geometry, for s (left) and p
(right) polarized light.
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B.3

Absorptance spectral map for uncoated silver nanocubes on a glass substrate, calculated
as 100% less transmittance and reflectance. The spectral maps are obtained for front (top)
and rear (bottom) illumination geometry, for s (left) and p (right) polarized light.

B.4

Transmittance spectral map for silver nanocubes on a glass substrate overcoated with a thin
film of alumina and exhibiting sharp LSPR. The spectral maps are obtained for front (top)
and rear (bottom) illumination geometry, for s (left) and p (right) polarized light.
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B.5

Reflectance spectral map for silver nanocubes on a glass substrate overcoated with a thin
film of alumina and exhibiting sharp LSPR. The spectral maps are obtained for front (top)
and rear (bottom) illumination geometry, for s (left) and p (right) polarized light.

B.6

Absorptance spectral map for silver nanocubes on a glass substrate overcoated with a thin
film of alumina and exhibiting sharp LSPR, calculated as 100% less transmittance and
reflectance. The spectral maps are obtained for front (top) and rear (bottom) illumination
geometry, for s (left) and p (right) polarized light.
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B.7

Uv-vis extinction spectra of supported silver nanocubes, subjected to ligand exchange with
4-mercaptobenzoic acid (MBA, left) and untreated polyvinylpyrrolidone (PVP, right) with zero
(solid black line), 100 (thin red line), and 200 (thick red line) cycles of alumina ALD. Extinction
spectrum of supported nanocubes before treatment with MBA is shown as a dashed line on
the left. After the treatment with MBA (solid black line, left) the quadrupolar and dipolar peaks
become spectrally closer, suggesting rounding of the cubes. Note: for this sample 200 cycles
of alumina ALD were required to achieve the sLSPR conditions.
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B.8

Representative SERS spectra
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E. 15 nm Al2O3
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B.9

FDTD modelling of glass supported silver nanocube with a thin layer of alumina. Calculated
electric field maps are presented for dipolar (D) and quadrupolar (Q) modes. Corresponding
extinction spectra are also shown. Nanocube size is 60 nm, corner roundness is 20 % (12
nm). Shell thickness is 0, 5, 10, 12.5, 15, 20 and 25 nm from top to bottom respectively.
Rearrangement of charge spatial distribution for the quadrupolar mode is observed for shell
thicknesses of 10 to 15 nm. The mode converts from mostly distant from the substrate to
proximal to the substrate.
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B.10 Calculated 3D divergence current maps (A) and │E│2 field distribution (B) for glass
supported silver nanocube with 25 nm (C) thick alumina shell. The hybrid quadrupolar mode
(Q’) becomes mostly dipolar in nature as the shell thickness exceeds 12.5 nm, and becomes
weakly located in the lower-index substrate at 25 nm Al2O3.
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Appendix C Supplementary Materials for Chapter 2C

C.1

A schematic showing a pyramidal shaped hat when placed very low on the AgNC, causing
the corners of the AgNC to poke out, right) this produced erratic results in the modelled
spectra. Using larger Cu2O pyramids produced and excessive red-shift of the spectrum and
was not suitable.

C.2

Experimentally produced Ag@Cu2O half-shells with more conformal, cubic-shaped shells.
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C.3

Top) 3D charge density (ρ) and bottom) |E|2 enhancement of pyramidal Cu2O half-shells,
displaying the dipolar and quadrupolar modes.
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Appendix D Supplementary Materials for Chapter 3

D.1

Transmission electron micrographs of as-synthesized silver nanocubes.

D.2

Sequence of patterning performed at 458 nm using three different incident powers (10, 15,
20 mW), with exposure times varying from 1 – 120 s. Each power produced a consistent
spot size, though the area of decomposed polymer increased at 15, and 20 mW. Below 10
mW, no changes were observed, regardless of exposure time.
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D.3

Calculated temperature maps including the contribution for collective heating using equation
(3) (a,b,c) and for individual heating using equation (1) (d,e,f). Note the difference in z-scale
(color bar). For the conditions in a, d (75 mW, 568 nm ) the particles individual contribution
to heating produces a hardly noticeable change. In state II (b,e) (20 mW. 476 nm shown),
the average temperature is 100’s degrees lower and still likely incapable of producing a
change in the polymer film. In state III (c,f) (50 mW, 458 nm shown) the maximum
temperature is predicted to reach 155°C, still insufficient for decomposition of the polymer.
This demonstrates the necessity for collective heating among the nanocubes to explain the
observed physical changes in the polymer.

D.4

Atomic force micrographs of patterned areas under 647 nm excitation at high power (left,
100 mW, right, 150 mW). Embedment of nanocubes is achieved but the arrangement is
sporadic and does not follow the gaussian profile of the beam.
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D.5

Waist diameter determinations and conversions to peak intensity of the incident beam. Peak
2𝑃
intensity being the maximum intensity of the gaussian-profile beam, defined as 𝐼 =
2.
𝜋𝜔0

Wavelength
Waist radius (μm)

458 nm
8.5 ± 0.3

476 nm
7.3 ± 0.3

Power (mW)
5
10
15
20
25
50
75
100
125
150

Intensity (mW/μm2)
0.043
0.060
0.087
0.12
0.13
0.18
0.17
0.24
0.22
0.30
0.35
0.48
0.39
0.54
0.43
0.60
0.65
0.90
0.87
1.20

514 nm
7.6 ±0.4

568 nm
10.2 ±1.0

647 nm
10.9 ± 0.7

0.056
0.11
0.17
0.22
0.28
0.44
0.50
0.56
0.83
1.11

0.031
0.062
0.092
0.12
0.15
0.25
0.28
0.31
0.46
0.62

0.027
0.054
0.081
0.11
0.13
0.22
0.24
0.27
0.40
0.54
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Appendix E Supplementary Materials for Chapter 4

E.1

Size distribution from transmission electron microscopy, as well as UV-Vis extinction of assynthesized AgNC, as well as AgNC deposited onto polystyrene over SiO 2 with no metal
film component.

E.2

a) Transmittance, b) Reflectance, and c) calculated Absorptance, where A = 100 – (T+R).
The transmittance of the sample is weak, thus the spectral response is primarily attributed
to absorbance.

138

E.3

AFM of Ag films with (a) and without (b) ALD of Al2O3, and result of respective annealed
polystyrene thin films (b, d). Without Al2O3, annealing of the PS film resulted in island
formation (d). With ALD smoother films were achieved (d), however the initial silver film
was roughened (c)

E.4

Chromaticity plots comparing three the AgNC over Au and Ag films, as well as spherical
AgNP over Ag films
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E.5

Chromaticity plots comparing the experimental and modelled results for a) Au and b) Ag
films.

E.6

Spectral colormap predicting the results of an AgNC/Ag system with an initial PS thickness
of 30 nm. The initial plasmon position is at a lower wavelength of ~ 455 nm.
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Appendix F Supplementary Materials for Chapter 5

F.1

Transmission electron micrograph depicting the native In 2O3 oxide shell at a junction of
indium nanoparticles.
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F.2

UV Raman spectrum of In@SiO2 particles in MeOH. A new mode at 815 cm-1 appears which
is attributed to either SiO4 or SiO-C stretches; likely remnants from the incomplete hydrolysis
of TEOS.
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F.3

Schematic diagram of the UV-Raman setup when using a demountable cuvette. InNP or
AgNP layers are cast onto a quartz substrate, and a thin (0.1 mm) analyte solution is
suspended above the sample.
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F.4

Kinetics of UV Raman of a 1 mM Ala-Phe solution. The intensity of the 1004 cm-1 peak
decreases with exposure time, reaching a minimum at ~ 120 s.
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F.5

10 × 10 μm AFM topography of LB films of InNP deposted at a) 4mN/m, b) 6mN/m, and 10
mN/m, as well as d) associated UV-Vis extinction

F.6

AFM topgraphy of AlNP’s spincoated onto a quartz substrate, used in UV-SERS
experiments.
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F.7

Transmission electron micrograph depicting an AlNP thinly over-coated with SiO2
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