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Abstract

Transparent dielectric materials are employed in a wide range of optical resonators. Combin-
ing plasmonic nanoantennas with such resonators enables the formation of nanoscale optical
resonances. The novel nano-optics observed by combining these heterostructures with opti-
cally active media is laying the foundations for devices such as ultra-high efficiency optical
switches. In this thesis, mirror-coupled nanoantennas consisting of the layered dielectric
hexagonal-Boron Nitride encapsulated between gold nanoparticles and a gold substrate, are
probed using high-angle optical scattering measurements. During illumination of individual
nanoparticles, light is trapped at the nanoscale inside the hBN, between particle and gold
beneath. As the thickness of hBN is decreased, the coupling between nanoparticle and
substrate changes dramatically. Here, the inert properties of hBN are used to remove extra-
neous influences on scattering spectra, thereby revealing new nanoscale light confinement
mechanisms and sub-nanometre structural changes.

In the first experiment presented, submicron-thick hBN crystals embedded in gold form
planar Fabry-Perot half-microcavities. Gold nanoparticles on top of these microcavities
form previously unidentified angle- and polarization-sensitive nanoresonator modes that
are tightly laterally confined by the nanoparticle. Comparing dark-field scattering with
reflection spectroscopies shows plasmonic and Fabry-Perot-like enhancements magnify
subtle interference contributions, which lead to unexpected redshifts in the dark-field spectra,
explained by the presence of these new modes.

In the second experiment presented, the thickness of hBN is reduced down to a single-
atom-thick layer leading to greatly enhanced field intensities and confinement when compared
to thicker layers, via plasmonic coupling. By comparing results to an analytic model, resultant
ultra-sensitive scattering signals from nanoparticles atop these thinner layers reveal field
interactions sub-nanometre structural changes.

Finally, photoluminescence measurements on defects in as-grown monolayer WS2 on
gold lead to clear emission despite significant substrate quenching. Measurements using
nanoplatelets of the metal halide perovskite methyl-ammonium lead-iodide, lead to suppres-
sion of resonant modes and a blue-shifting behaviour correlated with light emission.
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Chapter 1

Introduction

A principle aim in nanoscience is to take ideas from current technologies and adapt them, so
that they can be shrunk down to their smallest possible size. In doing so, not only are we able
to make smaller and more compact machines, but we are also able to access new realms of
physics, chemistry and biology. Nanoscientists dream of robots that can manipulate and build
molecules, ships that can swim between cells and nano-materials that can self-assemble into
macroscale structures. Broadly speaking, nanoscientists are still building the components
of these machines, and in this thesis the component is the nanoantenna. As will be seen,
by combining the nanoantenna into a resonator structure the nanoscale fields generated can
be manipulated to enable the detection single molecules, measure atom-scale distances and
access the quantum mechanical regime with light. These heterostructures are one of the most
promising candidates candidates for ultra-high efficiency optical switches [9, 11]. These
structures are so small that the rules which normally describe antenna behaviour must be
modified to understand their interactions with light. These rules are still being fully described
and there is much more to be understood. This thesis aims to build on some of the missing
rules.

An antenna is a conductive metal structure which translates light into the flow of electrical
current and vice versa. In an antenna, light energy is converted into the motion of individual
electrons with the shape, size and constituents of the antenna dictating this motion. Just as
light is able to move electrons, the acceleration of electrons leads to radiation of light. The
symbiotic relationship between electron flow and radiation means that signals on a circuit
board are directly correlated with the motion of electrons and the radiated light as a result
[12, 13]. An electrical signal sent to an antenna from a circuit board, leads to radiation of the
signal in the form of light which is received at a second antenna and converted back into the
same electrical signal. From television and mobile phones, to bluetooth and WiFi, most of
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our communication technologies at some stage rely on antennas and their ability to transfer
information from free-space to a circuit board and vice versa.

A typical dipole antenna will have a length-scale on the order of half of the incident
wavelength of light and is made of conductive metal, allowing efficient flow of electrons[13].
Televisions for example, pick up light with a wavelength of about 1mm to 10m, thus TV
antennas range in scale from about 0.5mm to 5m. At this scale, electrons resonate within
the antenna, propagating back and forth according to the frequency of incident light and
the dimensions of the antenna. This allows signals from broadcasters to be translated into
the motion of electrons along the antenna and, via a lot of clever electronics, convert the
resulting current into images and sound.

The density of information that can be transferred in the form of a signal is limited by the
wavelength of light, because a signal is just a variation in the electrical or light wave over a
time period. Lower frequencies and therefore longer wavelengths allow for a reduced number
variations in the wave over a given time period, and therefore reduced information density.
For this reason large antennas, such as antennas for radios, are not able pick up information of
the density required for television which have much shorter antennas. Correspondingly, as the
demand for faster information transfer continues to increase and devices require information
of higher density, the frequency of signals needs to be increased and antennas need to be
made smaller and smaller[12]. This is all fine up to a point, but the efficiency of coupling to
electrons in antennas drops rapidly as antenna size is reduced. Below the diffraction limit in
particular, resonant excitation of electrons is highly inefficient.

Nanoantennas offer a method of confining light to nanoscale geometries, well below the
diffraction limit[14]. This is because they operate via propagation of plasmons, rather than
of electrons. Plasmons are are quasi-particles representing the collective motion of electrons
(see next chapter). They resonate at a much lower frequencies for the same frequency of light
and therefore nanoantennas are able to couple to light with wavelengths as short as 400 nm.
In Fig.1.1(b,c) nanorods, grown in solution act as nanoscale dipole antennas scattering and
re-radiating visible light.

This thesis examines two possible ways to create nanoantennas which confine light
down to nanoscale geometries using highly localised plasmonic enhancements generated by
spherical gold nanoparticles. These plasmonic systems show great promise for a number
of future applications such as low-power nanoswitches, compact ultrafast light sources,
nanosensors and efficient energy harvesting systems [14, 9, 15]. My hope is that it might
help to provide potential routes or useful information to help in the creation of novel and
scalable nano-optical devices of the future.
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Fig. 1.1 The scaling down of rod antennas from macro- to nanoscale. A nanorod antenna is
effectively a radio antenna (a), which is grown as a crystal in solution and thus shrunk down to
the scale of 50-200 nm in length (b). Since they operate via plasmon propagation, nanoantennas
are able to interact with light of wavelength in the range 400-1500 nm (c) and an ultra-confined
near-field surrounds the nanoantenna upon illumination (red-shading).

Field confinement is demonstrated via two different physical mechanisms which both
rely on the combination of spherical gold (Au) nanoparticles (diameter 60-80 nm) with the
layered van der Waals dielectric, hexagonal-Boron Nitride (hBN). The Au nanoparticles act
as optical nanoantennas because the light they emit via scattering transmits information about
the properties and behaviour of the nanoscale field beneath. For both situations, confinement
is achieved using high-angle dark field illumination techniques with an optical microscope
and broadband illumination.

The basis of the examined structure consists of nanoparticles sitting atop a crystal of
hBN transferred onto a flat gold (Au) substrate. Individual nanoparticles are illuminated
at high-angle and via coupling between the nanoparticle and substrate the optical field is
enhanced in the gap, inside the hBN crystal. Feedback between scattering and the enhanced
field near the nanoparticles gives information about interactions with hBN in the gap.

Depending on the thickness of hBN the nature of interactions change completely. This is
because as the distances between nanoparticle and gold substrate decrease, the mechanism
of coupling between the nanoparticle and substrate changes from far-field (normal antenna
behaviour) to near-field 1. For this reason two distinct architectures are defined. For samples
in which hBN crystals of 80-700 nm in thickness are used and far-field coupling dominates,
the system is called the nanoparticle-on-microcavity (NPoMC) geometry. For samples in

1See the next chapter for description of these terms
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which hBN crystals are of thickness 0.2-10 nm and near-field dominates, the system is called
the nanoparticle-on-mirror (NPoM) geometry.

Fig. 1.2 How field interactions inside hBN on gold substrates change depending on hBN
thickness during illumination of nanoparticles at high angle. For thin layers of hBN the field
inside is strongly enhanced and tightly confined, whilst on thicker layers (>80 nm) there is
reduced enhancement and the field is weakly confined. The coupling processes which cause field
confinement operate via entirely different near- of far-field mechanisms.

1.1 Outline

Chapter 2 aims to give the reader an understanding of the physics behind the experiments pre-
sented in this thesis. Optical scattering due to localised surface plasmons will be summarised
with a short historical record of the use of plasmonic metals in art and the experiments
of Michael Faraday. The physics behind scattering from sub-wavelength-scale particles is
overviewed next, arriving at the theories of Lord Rayleigh for particles much smaller than the
wavelength of incident light. This approach requires modification to understand scattering
from noble metal nanoparticles, and so the Drude-Lorentz model of a bulk material interface
is covered, leading to the dielectric function for conductive metals. This is followed by the
basic theory behind plasmon formation at a flat interface and by shrinking this surface area the
resultant discretisation enables understanding of localised surface plasmon (LSP) resonances.
Chapter 3 uses a generalised Mie method in order to calculate mode positions for an hBN
nanoparticle-on-microcavity (NPoMC) system, so there is a basic background to the theory
added with more significant information found in the appendix. Electromagnetic cavities
are then introduced leading to the required background for microcavities and plasmonic
nanocavities, arriving finally at a description of the nanoparticle on mirror geometry (NPoM).
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Fig. 1.3 Depiction of hBN optical cavity-coupled plasmonic nanoparticles studied in chapter
4, with the nano-confined field (red beam) propagating perpendicular to the substrate surface
trapped between Au nanoparticle and flat Au mirror. The hBN slabs (>80 nm) are different
colours in bright-field due to thin-film interference.

Chapter 3 outlines the key experimental methods used for experiments in this thesis.
This begins with a description of the single particle dark-field scattering microscopy setup
used in the experiments in chapter 4 and 5. The chemical vapour deposition (CVD) of
monolayer hBN on iron (Fe) allowed the statistical studies on large-area hBN crystals in this
thesis, so growth and transfer of this material is covered. This is followed by an overview of
nanoparticle growth and deposition, which should give the reader a solid understanding of the
possible gap constituents. Chapter 4 and 5 use a simple method I developed called template
exfoliation to embed 2D materials in metallic substrates, thereby minimising substrate-spacer
separation. This method is described in this chapter, in addition to another more conventional
transfer method which can be used for heterostructure fabrication.

Chapter 4 covers an experiment studying the interaction of 60 nm Au nanoparticles cou-
pled to an hBN optical microcavity. Fabrication and geometry, which consists nanoparticles
atop of a few-100 nm thick crystal over flat gold (see Fig.1.3) is described first, followed
by the experimental results. The basic theory behind expectations is covered and scattering
is found not to correspond to expectations, with the appearance of anomalous modes and
blue-shifts. Generalised Mie method calculations are used to calculate expected scattering
with changing angle and polarisation which reveals these anomalies to be due to the presence
of a new set of modes, which tightly confine vertically propagating light between nanoparticle
and gold substrate (red beam Fig.1.1).

Chapter 5 is the chapter in which I describe three separate studies of the nanoparticle-
on-mirror (NPoM) geometry with hBN. The first uses exfoliated hBN with thickness ranging
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from 2-5 nm. By using atomic force microscopy (AFM), the height and morphology of the
hBN can be determined and used to calculate interactions using the models described in
chapter 2. This model is found not to accurately predict interactions and so measurements
surrounding the crystal are taken, revealing the presence of surface contaminants which
are invisible using other imaging techniques. By making corrections to account for this,
interactions are correctly predicted along with an explanation for the wide variations due
to morphological changes. Large-area trilayer hBN enables statistical analysis of over 400
nanoparticles, revealing differences in behaviour for nanoparticles on hBN compared to
without hBN. Once again the original model fails, but the new model is able to explain
disparities. Finally the chapter concludes with the experiment on monolayer hBN, for which
all of the knowledge gained from exfoliated and trilayer hBN is used. Using the new model
explanations are found for antenna enhancements on hBN with contaminants included.

Chapter 6 overviews and discusses two other experiments which study the influence of
tightly confined fields from nanoscale defects with as-grown monolayer WS2 on Au, and
from nanoparticle-on-mirror (NPoM) with perovskite nanoplatelets.

Chapter 7 will round up all of the work presented as part of this thesis and suggest
directions for future work as a result of my research.



Chapter 2

Foundations

This chapter looks back at the scientific foundations required to support and enable the work
presented in this thesis. The opening section 2.1 provides an historical overview of the use
and scientific study of micro- or nano-scale particles as optical scatterers. In section 2.2,
scattering from sub-wavelength-scale particles is investigated, highlighting the dramatic
enhancements to scattering observed from noble metal particles. An explanation of this
phenomenon will require an understanding of plasmons, the subject of section 2.3. Section
2.4 will then cover the background for Mie theory, which is important for Chapter 4 and
is covered in more depth in the Appendix. This theory is able to describe scattering from
particles while including the effects of surface plasmons. When plasmonic particles are
close to one another they interact and couple, producing new resonances at specific energies
depending on a number of system parameters. This coupling process can be considered
similar to coupling in optical microcavity systems, and section 2.5 covers simple optical
microcavities and plasmonic nanocavities. Finally, the near-field enhancements close to metal
surfaces led to the field of plasmonics and allows the discussion of a specific architecture
used in this work, the nanoparticle on mirror (NPoM) geometry. The generalised Mie method
described in the Appendix outlines a new approach developed by my collaborator Dr. Xuezhi
Zheng which allows the rapid and accurate calculation of fields from microcavity-coupled
plasmonic nanoparticles. This theory is used for the calculations found in Chapter 4 and so
the reader may find this useful.

2.1 A Short History of Colloidal Nanometals

Either with or without their knowledge, artists, alchemists and blacksmiths have been using
the unique optical properties of colloidal nanometals for well over 1000 years.
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Fig. 2.1 (a) An example wall painting by a member of the Mayan empire during the classic
period between 200-900AD, © 2000-2020 Salem Media [1]. The "Maya blue" pigment used
contains nanoscale iron and chromium particles. (b) An example of Islamic lustreware from
800AD, which eventually made its way into Europe through Spain © 2012 Philippe Sciau,
Licensee IntechOpen[2]. Following firing of the outside with metal salts, nanometals are
embedded in the glass, ceramic or metal which gives the lustre. (c) A photo taken by Paul
Wilkinson of, © The Royal institution. This is one of Faraday’s original Au colloid solutions,
which remains optically active to this day.

The earliest known examples of this include chemically resistant blue pigments used
by painters during the Mayan empire (Fig.2.1(a)) and 4th century Romans who infused
glass with gold nanoparticles to create the deep red of the Lycergus cup, only revealed upon
illumination from the interior [16]. Stained glass, used extensively by pre- to early-modern
Europeans, was developed even earlier in ancient China and involved the mixing of metallic
salts at high temperature. Similar techniques lent a beautiful lustre to battle garments and
pottery during the middle ages [16, 17] (Fig.2.1(b)). Throughout history, various peoples
have found that the mixing of metal particles or metallic salts at high temperature can lead to
unusual colouration. This year, the angle dependent colouration observed in daguerreotypes,
one of the first photography techniques and the first to succeed in photographing people in
1834, was found to be due to embedded metal nanocrystals (Fig.2.2).

The first person to use a truly scientific approach to try and answer questions regarding
the source of this colouration was Michael Faraday from 1854 [18]. For an entirely different
experiment, he was attempting to form semi-transparent films of Au on microscope slides via
chemical means and found that, following the washing of the slides, liquid waste products
adopted a strange pink hue. He correctly determined that the mixture’s behaviour must be
due to the unknown optical properties of invisible particles of Au in the solution. By heating
a metal salt precursor, KAu(CN)4, he was able to perform a reduction with phosphorous
to produce Au in solution [19]. He then took his "ruby fluid" and observed the way in
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Fig. 2.2 This photograph, from 1834, is the first to contain people ever taken. It is an example
of a dageurreotype, taken by Louis Dagguere himself. The exposure length required to take the
image is so long (3-15 minutes) that only the man getting his shoes shined remained stationary
long enough to end up in the image - this is actually the busy Boulevard du Temple in Paris.
It was discovered earlier this year that Dageurrotypes are also the first example of plasmonic
colour printing. Daguerrotypes form on silver plates and subtly change colour depending on
viewing angle. These unusual properties arise due to the presence of metallic nanostructures on
the surface.
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which the light was scattered through the solution [20] (Fig.2.1(c)). His notes were the first
detailed account of the preparation and optical properties of colloidal Au, and his samples
have remained stable for well over 150 years in the basement of the Royal Institution in
London [18]. We now know that the size of these Au particles was likely a few to many
10s of nanometres, so in some ways this is one of the first deliberate attempts to explain
nanotechnology in action.

Illumination of Faraday’s colloidal Au yielded an unusual optical response due to the
presence of Au particles, but this could not yet be fully explained. In contrast to the pink
hue lent by Au, it was found by John Tyndall a few years after Faraday that light scattered
by nanoscale particulates in vials of air lent a blue rather than red colour to the transmitted
light. These particles were of a similar size to colloidal Au, so small that they could not be
observed individually, but collectively they preferentially interacted with certain wavelengths
of light. It was clear that there was a dependence on the material properties of the interacting
particles as well as the size.

The first thorough and mathematical approach used to quantify the influence of a particle
on the propagation of light, was to consider particles which behave predominantly as radiative
dipoles (i.e. like a micro- or nano-antenna)[21–23]. This dipole approximation was the
approach taken by John William Strutt (Lord Rayleigh), in 1871 when he published papers
on the colour and polarization of light scattered from water droplets[18]. Following mostly a
combination of Rayleigh and Lorentz scattering the next section begins with a calculation of
the radiated field for a single nanoparticle dipole in the quasistatic regime. Then, the classical
frequency dependent dielectric permittivity for a given material will be derived. This will
explain the scattering behaviour of very small nanoparticles with great success, however, it
will be seen that this approach only goes so far and is inadequate for larger nanoparticles,
many 10s of nanometres in diameter.

While it is useful as an appropriate introduction, in this thesis the focus is on the results
of experiments requiring the interpretation of scattering from metallic nanoparticles of 60-80
nm in size illuminated by light of wavelength 400-900 nm. In the configurations seen here,
scattering cannot be fully explained using the theories of Rayleigh and Lorentz. Therefore, to
fully explain the size dependence of interaction with nanoparticles, the theory of Gustav Mie
and an understanding of plasmonics is required, which will follow in section 2.3 and 2.4.
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2.2 Optical Scattering from Sub-Wavelength-Scale Parti-
cles

The total influence of a single particle on incident light can be deduced from its extinction
cross-section, which is proportional to the probability of an optical interaction occurring. A
full treatment for the theory discussed here can be found from page 70, and then from page
139 of reference [22].

For a nanoparticle, the two most probable interactions are scattering or absorption,
thus the extinction cross-section is the addition of its scattering Csca and absorption Cabs

cross-sections[22, 24]

Cext =Csca +Cabs. (2.1)

The Lorentz-Lorenz equation (which is equivalent to the earlier Clausius-Mossotti relation)
indicates that for a spherical particle of radius R, the ease with which charges are separated
by a planar incident electric field to form a dipole is described in terms of the polarizability
α using,

α = 4πεmR3
(

ε −1
ε +2

)
, (2.2)

with the relative dielectric permittivity being the ratio between the dielectric constant of the
particle and surrounding medium ε = εp/εm. Remembering Eq. 2.2, one can calculate the
field radiated from an ideal dipole which oscillates at a frequency equal to that of the incident
electric field.

Consider the geometry shown in Fig. 2.3. Here, a vertically polarised (x̂) electric field E⃗,
travelling in z such that [22, 24],

E⃗ = E0exp(i⃗kz− iωt)x̂, (2.3)

with angular frequency ω , amplitude E0 and wavevector k⃗. This field will induce a dipole
moment p⃗ in the nanoparticle

p⃗ = εαE⃗o = εαE0e−iωdit x̂ (2.4)

where this time ωdi is the angular frequency of dipole oscillations. The electric field radiated
as a consequence of this excitation E⃗s is found by calculating the retarded potential at a
distance r from the dipole[22].
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Fig. 2.3 The geometry used for the discussions in this section. A spherical nanoparticle of
radius R much less than the incident wavelength of light. A linearly polarised (x̂) electric field
E⃗ represents the incident light. The particle scatters the field at an angle, θ ,φ , resulting in the
detected field E⃗s

Considering the quasistatic regime ω = ωdi and the time dependent parts of both the field
and dipole with eiωt = 1 can be ignored. Additionally, since the dipole is being observed at
a distance r significantly greater than the excitation wavelength, we can ignore extra terms
with r2,r3, ....

Based on these assumptions and substituting in q = kR, where R is the radius of the
particle and the polarizability from Eq. 2.2

Csca =
k4

6π
|α|2 = πa2 8

3
q4
∣∣∣∣ε −1
ε +2

∣∣∣∣ (2.5)

and since absorption dominates the extinction for the nanoparticle

Cext ≈Cabs = k Im{α}= πa24q Im
{

ε −1
ε +2

}
. (2.6)

Eq. 2.6 is equivalent to the famous Rayleigh scattering cross section, valid only when
absorption dominates over scattering. This is true when q << 1, or in other words when
particle size is significantly less than the wavelength of incident light. This is clearly the case
for visible light of wavelength >400 nm incident upon particles such as molecules or those
with radii on the order of a few-nanometres. Since the dipoles must oscillate at the same
frequency as the incident light it is only possible to take this approach for very small particles
such that there is negligible field gradient across the particle at any given time - this is the
assumption of the quasistatic regime. The scattering cross section can be found by summing
over all of the possible scattering angles gained from an angular intensity distribution. Eq.
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Fig. 2.4 (a) A classic photo of Lorentz in a lecture theatre. (b) Rayleigh (right) and Kelvin (left)
looking proud of themselves in the lab [3]

2.6 comes from the fact that the relative dielectric permittivity ε has both real and imaginary
components. Thus the imaginary part of the extinction describes absorption or losses, while
the real part describes other factors such as scattering.

Note in particular that as ε ⇒−2 in equations 2.5 and 2.6, both scattering and absorption
can approach a singularity. This is known as the Fröhlich condition, met only for materials
which display negative dielectric permittivity within certain wavelength ranges. To explain
this unusual condition and the mechanism behind it, the behaviour of different materials
under illumination must be addressed. By understanding their behaviour under illumination,
the dielectric function of a given material e.g. Au is arrived at [25, 26]. This will enable
the calculation of extinction cross-sections, which can then be used to relate back to the
polarisability of a nanoparticle with q << 1.

2.2.1 The Drude-Lorentz Model of a Flat Interface

The separation within a bulk material of charge carriers of mass m driven by a local field E⃗loc

can be described classically by

m
d2⃗r
dt2 +mδ

d⃗r
dt

+mω
2
0 r⃗ =−eE⃗loc (2.7)

Here it is important to understand that E⃗loc is a generalised local field, which could theo-
retically be created by a number of sources i.e. not just by light. The separation force on
the charge carriers is imparted parallel to the direction of electric field vector. The charges
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separated by the field form dipoles, which behave as a damped harmonic oscillator with
damping factor δ and resonant frequency ω0. The dipole generates a restoring force mω2

0 r⃗
with resonance frequency ω0. The solution of Eq. 2.7 gives the displacement r⃗ as a function
of photon energy of frequency

r⃗(ω) =
1
m

−eE⃗
(ω2

0 −ω2)+ iγω
. (2.8)

The dipole moment is µ = e⃗r(ω), but can also be described in terms of the polarizability
using µ = αE⃗, thus along with Eq. 2.2 we also have,

α(ω) =
e2

m
1

(ω2
0 −ω2)+ iγω

. (2.9)

Since P(ω) = Nα(ω)E(ω) = ε0(1− ε(ω))E(ω) one arrives at,

ε(ω) = 1+
Ne2

ε0m
1

(ω2
0 −ω2)+ iγω

. (2.10)

Here N, m and e are the charge carrier density, mass and unit charge respectively, with ε0

the permittivity of free space. To translate this to a real world material, we assume that the
dielectric function is the same as summing the contribution from many dipoles. We then
arrive at [27, 21],

ε(ω) = 1+ω
2
p

n

∑
j

f j

ω2
0, j −ω2 + iγ jω

. (2.11)

where f j is the oscillator strength of a given transition, ω2
0, j is the spectral frequency and δ j is

the bandwidth of the jth transition [27]. The factor Ne2/ε0m is substituted by the square of
the plasma frequency ωp, which is a useful factor related to the rate of collective motion for
charge in the material. Metals display negative refractive indices below the plasma frequency.

In ellipsometry, the above classical equation for the dielectric dispersion has been ex-
tremely successful at calculating the permittivities for a wide range of bulk materials and is
still used today.

2.2.2 Dielectric functions of bulk metals

In a bulk metal, electrons are generally free to move with a continuum of possible energies,
there are contributions from both discrete interband and intraband transitions. Metals also
require an additional offset ε∞ to account for the dielectric response of bound valence
electrons in the metal[28]. In this classical interpretation, it’s valid to write the frequency of
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oscillation in terms of a restoring force constant ω2
0, j = K/me. Then for a material containing

truly free electrons K = 0, thus we know the first term in the sum, leading us to the complex
dielectric function

ε(ω) = ε∞ +ω
2
p

n−1

∑
j

f j

ω2
0, j −ω2 − iδ jω

−
ω2

p

ω(ω + iδF)
. (2.12)

The final term in this equation is identical to the Drude model for free electrons, and so
this equation is commonly referred to as the Drude-Lorentz model. Over the years the precise
interband transitions of bulk Au have become well understood and so this function describes
the shape of the dielectric function of metals very well. Eq. 2.12 reveals that the real part of
the relative dielectric permittivity function becomes negative for certain frequencies of light.

2.3 Plasmons

In the previous section was the first mention of the plasma frequency, a quantity used to
describe the collective behaviour of charge carriers within a material. Plasmons are quasipar-
ticles which represent the quanta, or energy states, of charge carrier plasma oscillations within
a material [21, 23]. Each plasmon has an energy corresponding to a particular resonance
condition, the frequency and amplitude of which depends on the specific coupling conditions
between the plasma in the material and incident light.

The volume plasmon (i.e. within the volume of a metal), can be excited only for energies
greater than or equal to the plasma frequency ωp and is continuous as shown in Fig. 2.5.
Both the plasma frequency and volume plasmons result naturally for charges separated along
the k-vector component of the incident field. It can also be deduced then that the volume
plasmon cannot couple to light, because the electric field radiated from the excited dipole
plasmon is transverse rather than parallel to the direction of incidence. To excite the volume
plasmon researchers can instead fire charged ions at the metal. Ballistic ions displace charge
carriers along the direction of incidence, and thus the volume plasmon can be excited.

In contrast to the volume plasmon, which cannot be excited by light, a second type of
plasmon called the surface plasmon, can be excited under certain conditions. These plasmons
exist solely at an interface and the consequences of their excitation, such as field confinement,
enable the work presented in this thesis.

The simplest way to understand a surface plasmon is to consider a flat interface between
two materials in the presence of an optical field with a transverse magnetic (TM) polarisation
component. This disregards any contribution due to Ex,y along the plane of the interface, as it
can be shown that transverse electric (TE) fields are unable to excite surface plasmons in this
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Fig. 2.5 Dispersion for a surface plasmon for a material which obeys the Drude equation with

zero losses, i.e. ε2(ω) = 1− ω2
p

ω2 , and ω = 1.

situation. This is depicted in Fig. 2.6. The area of the flat interface is significantly larger than
the wavelength of incident light and is therefore significantly removed from the quasistatic
regime discussed previously.

Using Ampere’s law, for a wave propagating at the interface of two non-magnetic media,
as depicted in Fig. 2.6, it is found that for continuity of tangential electric fields [28, 29],

k1z

k2z
=−ε1

ε2
. (2.13)

For real and positive k, this means that the refractive indices for the two interfaces must have
opposite sign in order for a surface plasmon to propagate,

ε1ε2 < 0. (2.14)

This is the first surface plasmon condition. Since metals are able to have a negative refractive
index at certain frequencies of incident radiation, the metal-dielectric interface satisfies this
condition at these frequencies. Au, for example has a negative dielectric permittivity within
the visible region.

Using the example of a metal the dispersion relation is,

k2
x + k2

2z = ε2µ0ω
2. (2.15)



2.3 Plasmons 17

Fig. 2.6 The excitation, propagation and decay behaviour of a surface plasmon at a flat metal-
dielectric interface.

Assuming no losses, squaring both sides of Eq. 2.15 and then solving for kx gives,

kx = k0

√
ε1ε2

ε1 + ε2
(2.16)

with k0 =
√

ε0µ0ω being the free space wavenumber. In order to have a real kx the second
surface plasmon condition must be satisfied,

− ε2(ω)> ε1(ω) (2.17)

These two conditions mean that surface plasmons have the following key features1:

1. Surface charges: The surface plasmon induces coherent charge density oscillations at
the metal surface as shown in Fig. 2.6. In this way the collective motion of charge can
be visualised as a "ripple" travelling across the interface.

2. Evanescent fields: In z, these confined excitations are evanescent, decaying exponen-
tially away from the interface. They decay more rapidly into the metal as shown in Fig.
2.6.

3. Polarisation: Surface plasmons have elliptical polarisation. They are polarised par-
tially into and along the plane of the interface.

4. Energy transport: With their evanescent character, surface plasmons do not transport
energy in the z direction, only along the interface plane.

5. Losses: Losses are found through the imaginary part of the permittivity ε2. Substi-
tuting a complex permittivity into Eq. 2.16 leads to damping of the plasmon. The

1This approach for describing the properties of a surface plasmon are inspired by reference [28]



18 Foundations

substitution leads to imaginary parts for both kx representing damping of the plasmon
as it propagates along the interface, and k2z representing energy dissipation in the form
of heat into the metal.

6. Dispersion: Using the Drude dielectric function ω2(ω) = 1−ω2
p/ω2 with ε1 = 1,

Eq. 2.16 can be rearranged in terms of the frequency of incident light leading to
the plasmon dispersion shown in Fig. 2.5. From this is can be seen that plasmon
propagation is always slower than that of the incident light. Additionally, the surface
plasmon dispersion never crosses the light line, which means that surface plasmons
cannot be via excited direct optical illumination only.

7. Light confinement: The wavelength of surface plasmons can be far less than the
wavelength of incident light - this enables confinement of light into sub-wavelength
volumes and overcoming of the diffraction limit.

8. Propagation length: Using Im(kx)
−1 is it possible to approximate the propagation

length of the plasmon. This allows the identification of useful materials and devices i.e.
Au is only a good material for light confinement below around 3.7eV, since above this
energy the propagation length of the plasmon is extremely short due to large energy
losses.

From plasmon property 6 and Fig. 2.5, it is seen that plasmons cannot be excited via
direct illumination in air/vaccuum alone. Initially, a good idea might be to place a higher
refractive index layer directly onto the metal surface (e.g. glass onto Au) which would reduce
the speed of light so that the gradient of the light line is also reduced. However, plotting the
new surface plasmon dispersion with higher ε1 simultaneously decreases the initial gradient
so that there is no crossing of the light line and thus, no excitation of the surface plasmon.
However, by instead slightly raising the glass from the surface by a few nanometres, it is
possible to excite surface plasmons along a flat interface using evanescent fields.

The two most common methods to achieve this include the Otto and Kretschmann
geometries as depicted in Fig. 2.7 [28, 29]. If the angle of incidence 2 is greater than the
critical angle θc, total internal reflection occurs at the interior base of the prism, meaning that
all of the incident light is reflected at the boundary. Within a few nanometres of the position
of incidence for the internally reflected field, an evanescent field is projected into the other
medium beneath the prism which maintains the properties of the field as they were inside the
prism (with the reduced gradient light-line). If a metal surface is brought very close to this
region, the evanescent field is able to reach across the air gap and excite the plasmon since

2A prism rather than just glass has to be used so that the angle into the glass is less than the critical angle.
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Fig. 2.7 In the Otto geometry (a) the evanescent field beneath the point of total internal reflection
for light at angle > θc is able to launch a plasmon in a flat surface since the field maintains
the properties as if it were in glass. The Kretschmann geometry (b) is very similar to the Otto,
except the evanescent field passes through a very thin metal surface. This is significantly easier to
fabricate, but not as efficient. c) Same as Fig. 2.5, but showing how a plasmon with a dispersion
in air is able to cross with a light line in glass.

it’s dispersion is as if it were in air but the light line is as it were in glass. The crossing of the
light line in glass with the plasmon dispersion in air can be seen in Fig. 2.7(c).

The launching of a surface plasmon can be detected via the difference between incident
field E⃗1 and reflected E⃗2. By changing the angle of incidence for either geometry the
momentum into the interface plane can be varied and thus the entire plasmon dispersion can
be mapped out. These methods are both highly sensitive to changes of refractive index near
the interface, so similar architectures can for example be used to detect low levels of attached
analytes.

In this thesis, the field a few nanometres from a propagating surface plasmon is defined
as near-field because it decays in strength more rapidly from the interface than fields far
(> 2λplasmon) from the plasmon, which are considered far-field. This far-field behaves as
usual for any antenna, with E⃗ decaying as 1/r2 and B⃗ as 1/r from the source. Conversely,
all components of the near-field decay with a multipole field dependence. This ensures that
near-field effects never extend more than a few wavelengths from the source. Additionally,
while receiving far-field light has no influence on the field at the source, near-field light can
influence the radiation at the source. We will see the result of this in the section on plasmonic
coupling. This unique behaviour allows, for example, secure phone payments using NFC
technology[30].
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2.3.1 Localised surface plasmons

The localisation of a surface plasmon to a nanoscale area significantly alters its excitation
requirements and properties. To understand this, consider a wave propagating at an interface
which now has geometrical boundary conditions on the order of a wavelengths or less.
These boundaries lead to the formation of standing wave nodes which discretise excitation
conditions and change required incident energies. Changing the area, morphology or two-
dimensional shape (square, circle etc.) of the interface will change the propagation of the no
localised surface plasmon and in turn it’s excitation requirements. Optical scattering, rather
than reflection, dominates interactions with nanoscale surfaces and so evanescent fields are
not required in order to excite localised surface plasmons. Similarly, plasmons propagating
along a closed three dimensional surface such as a spherical particle, interfere with one
another constructively and destructively forming standing wave modes requiring specific
frequencies of excitation (see Fig. 2.8).

Fig. 2.8 For an infinite gold plane (disc radius R = ∞) surface plasmons cannot be excited under
normal illumination conditions (a). However, when the dimensions of the plane are reduced
such that R ∼ λ , surface plasmons are reflected at the boundaries and localised depending on the
nanostructure geometry (b). Specific resonances are setup on the nanostructure, leading to a set
of discrete resonances (red-rings in b). These modes are seen as peaks in scattering intensity.

Localised surface plasmons (LSPs) arise without the requirement for special architec-
tures when the Frölich condition contained within Eq. 2.6 is met for a spherical metallic
nanoparticle much smaller than the wavelength of light [21]. Below the plasma frequency
ωp, the permittivity of Au becomes negative and relative permittivity approaches -2. The
polarisability for the nanoparticle (Eq.2.2) therefore approaches a maximum as does the scat-
tering cross-section Cscat . By separating complex from real terms and then substituting Eq.
2.11 into Eq. 2.5 for a nanoparticle with q << 1, another form of the scattering cross-section
is arrived at,
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Csca =
8
3

πa2 (ωp/
√

3)4

(ω2 − (ωp/
√

3)2)2 +ω2γ2
q4. (2.18)

This equation shows that the relationship between scattering and incident frequency for a
particle much smaller than the incident wavelength can be described by a Lorentzian curve.
If damping is ignored, this Eq. 2.18 shows that at the Frölich condition scattering approaches
a singularity at ω = ωp/

√
3. This is physically unrealistic, hence the requirement for the

inclusion of the damping term ω2γ2 which prevents this situation and forms the Lorentzian
peak. Apart from their differing excitation requirements, SPs and LSPs are fundamentally
identical, so damping occurs for exactly the same physical reasons as discussed in the
previous section.

LSPs also influence the direction of scattering, since there is a strong relationship between
the geometry of the localised near-field and the measured far field scattering. Light will scatter
preferentially in the same direction as the localised field vector, leading to characteristic
scattering patterns which change with nanostructure geometry. In the following section on
the Mie method, the damping term will be appear again with additional angle dependent
terms.

Maximal polarisability is achieved for the dipolar localised surface plasmon resonance
(LSPR), corresponding to charges separated over the spherical nanoparticle surface along
a single axis. Since they still follow the rest of the rules followed by surface plasmons,
localised plasmons depend on the dimensions and shape of the nanostructure, as well as the
optical properties (e.g. refractive index) of both materials at the interface. As the size of a
nanostructure increases, the quasistatic regime is left behind and therefore the assumptions
made to reach equation 2.18 are no longer fully valid. An increasing number of possible
resonances arise with increasingly time-dependent local fields and losses. To describe these
additional resonances requires a more thorough treatment called the Mie method[31]. Au
nanoparticles considered in this thesis range in diameter between 60 nm and 100 nm, being
illuminated by light of wavelength 400 nm-100 nm and scattering cannot be understood
within the framework of the quasistatic regime.

In the same way as has been seen for SPs along a planar interface, during propagation
of an LSP an intense near-field decays exponentially into the surrounding medium away
from the nanoscale region. This near-field is highly sensitive to the local (<few nanometres
away) medium, (which may consist of molecules etc.), and LSP changes can be detected via
changes in scattering rather than reflection. Also, although the plasmon is unable to impart
energy away from the excited nano-object, losses in the metal lead to strongly localised
heating under illumination. Depending on the size, local refractive index and choice of
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material for the nano-object, the resonance can be tuned in order to maximise these effects at
certain wavelengths of light [32–34]. LSPs also differ in that, due to nanscale morphological
changes in a surface, near-fields from the propagating plasmon can be concentrated into
even smaller volumes called hot-spots [35, 9, 36]. The field is localised most strongly at
the position of a discontinuity, such as at structural edges and corners (see Fig. 2.9). This
gives another degree of freedom for researchers to control or determine the exact point of
interaction with the near-field, since optical scattering will be strongest at these position with
resolution of a few nanometres.

Fig. 2.9 Near field intensity surrounding a 50 nm nanotriangle calculated using Lumerical
during illumination at resonance wavelength of 700 nm. The LSP resonances on the trangle
surface mean that peak field intensity is maximised at the corners in regions called plasmonic
hot-spots.

To summarise this chapter before introducing the Mie method, the dielectric function of
metals has been described classically and using a combination of this with the polarisability
for nanoparticles according to Eq. 2.9, it’s possible to explain optical interactions with metal
nanoparticles much smaller than the wavelength of incident light. This leads to the discovery
of a resonance at a specific frequency of light in a process attributed to the formation of a
LSP. However, the fundamental assumption that the nanoparticle diameter is significantly
less than the wavelength of incident light continues to restrict. Experimentally there appear
clear differences between the results of Eq. 2.18, and those observed for larger particles such
as red-shifting LSPRs and increasing linewidths (full-width half-maxima (FWHM)). Via the
derivation for a flat plane it has been seen that when surface plasmons are not localised the
dispersion becomes more complex. The locally time dependent nature of surface plasmons
leads to a far greater number of possible resonance conditions. It was not until after the
turn of the 20th century that Gustav Mie was able to derive equations to describe scattering
from larger nanoparticles as a consequence of complex surface plasmon resonances. The
Mie method is a convenient way to continue with the introduction of the localised surface
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Fig. 2.10 A picture of Gustav Mie. When it comes to scattering from spherical particles it’s
always Mie Mie Mie

plasmon since, as shall be seen in the following, its existence is contained within the results
of the method.

2.3.2 Mie theory overview

Despite all of the progress made through Rayleigh and the theories of Maxwell and Lorentz
(and Lorenz!), up until the start of the 20th century there remained no thorough explana-
tion for the large differences between theory and experiment for the scattering of metallic
nanoparticles of larger radii i.e. which do not satisfy q << 1. In particular, the unusual
interactions with nanoparticles of noble metals, deviated significantly from expectations.
This was fundamentally due to the assumptions of the quasistatic regime made in previous
sections, which were invalid as nanoparticle diameters increased and did not take into account
the changes in scattering due to the presence of LSPs. It was not until 1908, that Gustav
Mie3 stepped into the fray to provide a more general solution for scattering from spherical
nanoparticles of arbitrary radius and refractive index[31].

In the fourth chapter of this thesis there is a discussion of work which relies on the use
of a new generalised Mie method. It is therefore useful to develop a basic understanding of
the method. The Mie theory is a mathematical approach used to solve Maxwell’s equations
for radiation from a sphere of arbitrary size analytically. The theory attempts to isolate the
possible resonant configurations of charge across a spherical surface and then to calculate the
resultant near and far-fields as a function of radial distance from the nanoparticle. This is

3Although both Debye and Lorenz came to similar, but less substantial solutions earlier than Mie
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significantly more thorough than a simple dipole approximation. As was briefly mentioned in
the previous section, the distribution and k-vector of the near-field influences the strength and
angle of scattering. There are many different radiative modes beyond the simple assumptions
in the previous section and these resonances are due predominantly to LSPs. As nanoparticle
size and refractive index changes, the number and specific form of the modes across the
nanoparticle surface changes and consequently the measured scattered light is changed.

In the Mie theory, the absorption and scattering cross sections for any nanoparticle can
be written as a multiplication of particle cross-sectional area and an interaction efficiency Q,
thus C = πa2Q. This efficiency with, Qext = Qabs +Qsca, can be written in the form [22, 21]

Qsca =
2
q2

∞

∑
l=1

(2l +1){|al|+ |bl|} (2.19)

Qext =
2
q2

∞

∑
l=1

(2l +1)Re(al +bl) (2.20)

with the electric scattering amplitude,

al =
Fe

a (l)
Fe

a (l)+ iGe
a(l)

, (2.21)

and magnetic scattering amplitude,

bl =
Fm

b (l)
Fm

b (l)+ iGm
b (l)

. (2.22)

Here, Fe
a (l), Ge

a(l), Fm
b (l) and Gm

b (l) are related to the spherical Bessel and Neumann
functions. To aid somewhat in visualising what this means, Bessel functions represent
the radial component of vibrational modes on a circular film (e.g. on a drum). Neumann
functions are also often referred to as Bessel functions of the second kind, because they are
Bessel functions which are equal to unity at the origin instead of zero. Changing basis to
spherical polar coordinates leads to the spherical Bessel and Neumann functions[37]. These
functions contain both the amplitudes and angular dependence of the field. Equations 2.19 to
2.22 form the basis of Mie theory, from which it is theoretically possible to find the scattering
cross-sections for particles of few to many hundreds of nanometres in diameter.

Eq. 2.18 contains the damping or dissipation parameter γ , but gives no information on
what dictates the magnitude of this parameter. It is important to understand this because it
will tell us the source of losses. As an example of the power of Mie theory, by expanding
once again for small q (things are always easier in the quasistatic regime) it is possible to
find the dependence of the dissipation parameter. If the Bessel and Neumann functions are
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Fig. 2.11 Calculated normalised resonance using the generalised Mie method (see Appendix)
for a 10 nm-diameter Au nanoparticle on Si (a) and a range of nanoparticles from 10-100 nm in
diameter (log(scattering power)) (b) plotted as a function of wavelength λ .

expanded for small q, the magnetic part of the scattering parameter can be neglected leading
to

Fe
a (l)≈ q2l+1 (l +1)

[(2l +1)!!]2
nl(n2 −1) (2.23)

Ge
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2l +1
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2
(n2 −1)

[
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2l +3
.+
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l(2l −1)

]}
(2.24)

Now for q << 1 only the dipole term l = 1 needs to be considered, and using Eq. 2.19 the
scattering efficiency is just QMie

sc = 6|a1|2/q. Substituting in Eq. 2.21 and doing an awful lot
of algebra leads to,

Qdip−Mie
sca ≈ 8

3
ω4

sp

(ω2 −ω2
sp)

2 + 4
9q6ω4

sp
q4. (2.25)

This equation can be compared directly to equation 2.18, which gives the dependence of the
dissipation parameter as

γe f f =
2
3

ωspq3. (2.26)

Damping alters the width of the Lorentzian peak with red-shifting mode position as seen
in Fig. 2.11(b). This dissipation removes the singularity from the Frölich condition. The
red-shift of the scattering peak with increased nanoparticle size is a result of the weakened
restoring forces between charges as distance increases and the above treatment acts as an
initial explanation for this. Eq. 2.26 says that as nanoparticle diameter decreases dissipative
losses due to the surface plasmon increase. This makes intuitive sense, since for the dipole
mode, the plasmon must travel further to complete one oscillation.
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As has now been said a few times, for larger nanoparticles the assumption of small q
and therefore solely dipole resonance is inadequate. For higher order resonances further
resonant modes l=1,2,3... are required. These are all however now contained within the Mie
theory and so, although it becomes increasingly challenging computationally, there is now a
model which can explain scattering for these higher order resonances too while including
dissipation.

In the modern era, the Mie method remains a standard way to calculate the scattered far
field from any spherical nanoparticle. It correctly predicts red-shifts and changes in mode
linewidth seen with increasing particle diameter for metallic nanoparticles, something not
achievable using approaches discussed in previous sections. As can be seen in the Appendix,
the Mie method can even be generalised and used in combination with a transfer matrix
approach in order to calculate particle scattering from considerably more complex coupled
systems [38].

2.4 Electromagnetic cavities

Electromagnetic cavities are fabricated structures which confine electromagnetic fields at
specific frequencies to a region of space, often well below the optical diffraction limit
[39, 40]. The volume and optical properties of the entire structure dictate the wavelength of
the confined field. The resultant confinement of the wavefunction, leads to discretisation of
the field into a number of allowed resonant energy states and the intensity of the field can be
significantly greater compared to fields outside of the cavity.

In this thesis, electromagnetic cavities are divided into two types, microcavities and
nanocavities. Put simply, microcavities are electromagnetic cavities within which fields are
confined to micrometer-scale volumes, while in nanocavities fields are confined to nanoscale
volumes. The strongly altered properties of the field when compared to the incident light
allow unique interactions with optically active materials placed inside or within the vicinity
of the cavity.

Both micro- and nanocavities can be used to achieve similar aims (e.g. strong coupling
[9, 36, 41]), but both have their upsides and downsides. In general, while microcavities are
able to achieve exceedingly high field intensities with low losses (high Q factors), they are
not able to confine light to anywhere near as small volumes when compared to nanocavities.
For nanocavities the opposite is true where dissipative losses reduce the achievable Q-factor
significantly, but this is compensated by extremely small mode volumes. Additionally they
both operate due to different mechanisms, with microcavities involving coupling of the far-
field and nanocavities the near-field via coupling of plasmons. These differing mechanisms
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can quite drastically change the resultant behaviour of the cavity as will be seen in this
chapter.

2.4.1 Optical microcavities

Due to the enhanced intensities and field confinement provided by microcavities, they are
used regularly to observe novel optical phenomena[41, 42]. The simplest form of optical
microcavity, and the one most relevant to this thesis, consists simply of three layers of
differing refractive index material. Referring to Fig. 2.12(a), the cavity length L, which
corresponds in this case to the thickness of medium 2, is on the order of the incident
wavelength of light or greater. In many cases cavities, whether micro- or nanoscale, can
initially be broken down into this simple three layer arrangement. There may be variations
in scale, morphology, incident field properties, angle of incidence etc., but very often the
starting point is the same.

Light travelling initially in medium 1 with ε1, reaches the boundary with medium 2,
ε2, which is called the cavity medium, at which point one of three interactions occur at the
interface; reflection, transmission or scattering. Each of these interactions alter the properties
of the field depending on the refractive indices of both media. Ignoring scattering, the
simplest process is then that light is transmitted into medium 2, with the rest reflected and
lost. Transmitted light continues to propagate through medium 2, at which point it reaches
the interface with medium 3, ε3. Again, depending on the refractive index of each medium,
some light is reflected back toward medium 1 and some transmitted into medium 3. From
here on, each reflection at either interface reflects some of the light back into medium 2, and
the optical field is therefore confined, with cavity losses at each bounce due to transmission
out of medium 2 and back toward the source.

Now, the field confined within medium 2 has fundamentally different properties to the
field in 1 and 3. Due to multiple back reflections, the optical field in medium 2 interferes
both constructively and destructively leading to field superposition at specific frequencies
called the cavity resonances, ωc. The resonances can be changed by changing the thickness
of medium 2, or phase shifted by π depending on, for example, ε2 > ε3 or ε3 > ε2. This
interference effect is responsible for the discretisation of energies for fields inside a cavity.
Assuming the incident field is resonant with one of these superimposed states, if the initial
illumination was a pulse, the field would continue to propagate within the cavity of medium
2 for an extended period of time following the end of the pulsed excitation. This describes
the lifetime of the mode in the microcavity, which depends on the rate of energy loss. For
normal incidence into the cavity, this form of microcavity is called a planar standing wave
microcavity and for any resonator, the losses are described by the cavity Q-factor.
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Fig. 2.12 A pictorial representation of a planar microcavity consisting of three layers of
material with dielectric functions, ε1,ε2 and ε3 and cavity length L (a), broadband illuminated at
normal incidence (a). The transmitted light is concentrated at specific frequencies depending
on the microcavity parameters, leading to distinct modes with bandwidths δωc0,c1 separated in
frequency by an amount ∆ωc

The Q factor can be broadly defined as,

Q =
ωc

δωc
(2.27)

where ωc and δωc are the resonant cavity frequency and linewidth of the cavity mode
respectively. In the same vein as the previous section on plasmons, the losses are contained
within the linewidth of the cavity modes - a broader resonance typically means greater losses.
If a significant amount of light is scattered or radiated away from the cavity, reflected on
the way in, or transmitted straight through, this will increase the linewidth of the cavity
resonance. The Q-factor is the first figure of merit (FOM), used to describe the level of
energy loss from an electromagnetic cavity.

The second FOM is the cavity finesse, F , defined as,

F =
∆ω

δω
=

π
√

R
1−R

, (2.28)

where the R is the power reflectivity and ∆ω is the mode frequency separation 2πR/L. The
finesse is a measure of the spectral resolution of the microcavity i.e. how sharp the cavity
modes are compared to their separation.

Once the finesse is known, it is possible to calculate the intensity enhancement within
the cavity, which is the ratio between the intensity inside (Icavity) and entering the cavity
(Iincident),

Icavity

Iincident
≈ 1

1−R
=

F
π
√

R
. (2.29)
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As can be seen in Fig. 2.14(a), this maximal enhancement only occurs at particular positions
within the microcavity. This means that planar optical microcavities must be very carefully
designed so that for example, an emitter, is placed at the precisely correct position. Slight
changes in temperature can change the cavity length L[43] so experiments aiming to observe
the interaction of an emitter with an optical microcavity are usually done with highly
controlled temperature conditions and require nanometre-precision growth techniques[44].

If instead of normal incidence into medium 2 the electric field enters at an angle, the
resonance conditions for the above situation can be described by Fabry-Perot interference.
Thus, this form of microcavity is called a planar Fabry-Perot microcavity. All of the above
equtions still stand, but the modes for this type of microcavity shift with incident angle. The
condition for constructive interference is dictated by the wave-vector component into the
plane of the microcavity k⊥ = kcos(θ),

2Lkcosθ = 2mπ, (2.30)

where m is an integer. Rearranging this equation leads to the relation which reveals the cavity
resonance frequencies ωcm,

ωcm =
mπc/L√

n2 − sin2θ
. (2.31)

A commonly used form of microcavity is a Bragg microcavity. It differs only in that
medium 1 and 3 in Fig. 2.14 are Bragg mirrors, consisting of many dielectric layers which
use interference effects to give extremely high reflectivity. Since they use interference
effects, Bragg mirrors only operate effectively for specific frequencies of light [40]. Two
different dielectric materials, with contrasting refractive indices are deposited alternately.
The dielectric layers must have maximal contrast in refractive index between them, and the
optical path length inside each material must be one quarter of the desired wavelength [44].
The cavity Q-factor can be improved by increasing the number of alternating layers, but the
deposition process inevitably introduces interfacial scattering which eventually counteracts
Q factor gains. Bragg microcavities can have mirror transmissivities less than one part in 106

and microcavity Q-factors of > 104[40].
Although it is extremely challenging in terms of fabrication, the morphology of the Bragg

mirrors can be tailored to reduce sideways losses by making them concave. Spherical mirror
microcavities use the same idea but with highly polished mirrors, and pillar microcavities
instead use total internal reflection to prevent lateral leakage [40].

In chapter 4 of this thesis, work is presented on the coupling of far-field between a
nanoparticle and a Fabry-Perot cavity. This leads to the formation of a hybrid resonance
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between plasmonic LSPR and Fabry-Perot optical modes in addition to a new polarisation
and angle dependent mode.

2.4.2 Plasmonic Nanocavities

Nanocavities are formed when near-fields generated by plasmons separated by a few nanome-
tres couple to one another, trapping light tightly between them. On a nanometre scale they
can often be broken down into the same three layer system shown in 2.14, but trapped fields
operate via near- rather than far-field mechanisms (see end of section 2.3) which fundamen-
tally alter the cavity behaviour. It will be seen in this section that near-field interactions
change the dispersion for each plasmon such that new resonances occur at specific frequen-
cies of incident light, highly sensitive to the nanoscale morphology of the nanocavity and
interpretable via optical scattering [45, 46, 8, 47] as for LSPs on single nanoparticles (see
section 2.3.1 and 2.3.2).

The Plasmonic Dimer Optical Nanoantenna

A plasmonic dimer forms during coupling between LSPs on two spherical nanoparticles when
separated by a gap of less than ∼ 10 nm forming a near-field coupled nanoantenna. With the
right illumination conditions (see below) a nanocavity is formed in the region between the
nanoparticles with width w ∼

√
Rd, where R is the particle radius and d is the inter-particle

separation or nanocavity length.This means that for two nanoparticles of diameter 80 nm
separated by 4 nm, the mode width is ∼ 13 nm 4[? ], well below the diffraction limit. The
field enhancement in these nanocavities is significantly greater than with particle LSPs alone
and can be used to detect changes in refractive index with significantly higher sensitivity
[48, 49].

Starting in the quasistatic regime, as usual the two nanoparticles are described as in-
teracting dipoles. Assuming that these two dipoles are dominated by Mie resonances for
which l = 1, the interaction of two LSPs is dictated by the Coulomb interaction of the surface
charges. When in close enough proximity (<10 nm for plasmons), modes hybridise and a
number of possible energy states become available depending on resonance combinations
[50, 51].

This hybridisation model for the nanoparticle dimer is analogous in many respects to
the description of molecular energy level formation due to interacting atomic orbitals, in
this case represented by the energy levels of the single nanoparticle plasmon [47, 51]. In

4An overview of coupling between nanoparticles calculated using the generalised Mie method can be found
in the Appendix.
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Fig. 2.13 (a) The two possible orthogonal surface charge configurations produced by the
generalised Mie method with l = 1 for a non-interacting Au nanoparticle. (b) The problem
definition for a coupled nanoparticle dimer (nanoantenna), consisting of two nanoparticles of
radius R separated by distance d, leading to a confined field of width w in the gap.[4].

this model, electrons are treated as an incompressible, irrotational fluid of uniform density
and the electron density is confined to a fixed positive background. Plasmon modes are
self-sustained deformations of the electron liquid and, since this liquid is incompressible, the
result is the resonant motion of surface charges across a sphere (as is the case for the Mie
method).

Dimer formation is sensitive to incident polarisation. If the polarisation is parallel to the
axis passing through the centre of both spheres, LSPs interact strongly due to the surface
charge configuration. On the other hand, if polarisation is orthogonal to this axis individual
LSPs interact weakly. For the same reasons hybridisation is dependent on incident angle,
since magnitudes of the polarisation vector parallel or perpendicular to the inter-particle axis
depends on angle. In Fig. 2.13(a) the charge configurations are orthogonal to one another,
and therefore the coupling between these two particles would be very weak regardless of
distance.

For the case of polarisation parallel to the inter-particle axis, LSPs on both nanoparticles
(l = 1) oscillate in phase such that the positive and negative charges on each side face one
another at gap. This forms a low energy state. Conversely with LSPs in anti-phase, surface
charges with the same sign face one another at the gap, leading to a higher energy state. Since
the probability of the lower energy state is greater, the in-phase mode is bright, meaning
that it dominates contributions to far-field scattering. Correspondingly the anti-phase higher
energy state is a dark mode, lending a negligible contribution to far-field scattering. The
in-phase and anti-phase situations are correspondingly referred to as the bonding bright
mode and anti-bonding dark mode respectively. The only optically detected resonance in
scattering originates from the in-phase LSPs, forming what is referred to as the coupled
mode for the plasmonic dimer5. A pictorial representation of hybridisation is shown in Fig.

5It is possible to detect the contribution from the anti-bonding dark mode using electron energy loss
spectroscopy (EELS) [52]
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2.14(a). In the figure the lower nanoparticle (semi-transparent) is replaced by an image
quasi-particle. This is to demonstrate the similarities between a dimer and the nanoparticle-
on-mirror (NPoM geometry), which is discussed in more depth below. This system replaces
one of the nanoparticles with a flat gold mirror, over which surface charges emulate the
motion of charges as if a second adjacent nanoparticle were present. For the discussions here,
this picture is identical to the hybridisation model for two coupled nanoparticles.

As nanoparticle separation decreases, increased near-field interactions lead to changes
in mode hybridisation. For separations greater than a few nanometres only the interaction
between the individual l = 1 dipole modes in both nanoparticles are significant. In this case,
the strength of the interaction can be approximated to decay according to the usual 1/d3 for
two interacting dipoles. Higher order hybridised modes which rely on coupling between
higher order LSP resonances (e.g. l = 2,3,4...) display interactions that decay more rapidly
with distance and are therefore negligible for larger separations.

For the case of polarisation orthogonal to the inter-particle axis, the weakly interacting
LSPs lead to two possible states, but here the dark mode is now the lower energy state (Fig.
2.14(b)). The higher energy bright mode has a similar resonance frequency to the single
nanoparticle LSP, and is commonly referred to as the transverse mode of the plasmonic
dimer[53]. Since the difference in energy between the bright and dark mode is relatively
small and the bright mode is a higher energy state, its far-field intensity is almost always
lower than for the coupled mode.

The LSPs on each nanoparticle remain highly sensitive to the refractive index of the
surrounding environment and thus the position of the coupled mode can be tuned by altering
this (e.g. via growth of a high-n layer around the particles). In addition, since coupling is
related to charges separated across a gap, the coupling strength is strongly influenced by the
refractive index in the gap between nanoparticles. The gap therefore appears to bear a strong
resemblance to a capacitor and, as will be seen for NPoMs next, a model which works on this
basis is able to accurately predict the position of coupled modes with changing gap distance,
d, and refractive index, ng. Such models which enable the prediction of gap distance (or
refractive index is d is known), have led to many treating the plasmonic dimer as a ‘nanoscale
ruler’, able to rapidly measure sub-nanometre geometrical changes optically [54–56, 8].

Along with the dependence of hybridisation on angle of illumination, the corresponding
emission of the dimer modes are strongly angle dependent[57]. The transverse mode shows
maximal emission parallel to the inter-particle axis, while the coupled mode shows maximal
emission orthogonal to this axis.
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Fig. 2.14 The hybridisation model for a nanoparticle dimer formed using NPoM, with semi-
transarent nanoparticles representing image quasi-particles on the other side of the Au interface
(blue line). With polarisation along the inter-particle axis (a) exciting the l = 1 mode, the state
with both nanoparticle LSPs in-phase is the bonding bright mode, visible in far-field as the
coupled mode. With polarisation orthogonal to the inter-particle axis the inter-particle coupling
is weak and the bright mode exists in at the higher energy state (b), visible in far-field as the
transverse mode for the dimer.

NanoParticle on Mirror (NPoM)

The nanocavities formed in such dimers appear extremely useful for nano-optics, but their
use either as a measurement technique or as a plasmonic cavity (e.g. to achieve enhancement,
coupling with molecules or materials) is severely limited due to a number of factors.

Firstly, the production of a high yield of plasmonic dimers with controllable, size, shape
and separation in solution is a significant challenge in terms of chemistry [58–60]. Such
a process must either grow and form dimers with the correct diameter simultaneously, or
controllably aggregate single nanoparticles, usually via ligand substitution. In both situations,
the processes are highly stochastic and time consuming, leading to low yields 6. Additionally,
dimers cannot be formed at the sacrifice of nanoparticle shape, they must remain of the
desired shape (e.g. sphere, cube, triangle, etc.) regardless of the production method or else
lose their accuracy as a plasmonic ruler (see above).

Secondly, it is very difficult to reliably position materials of interest into the gap between
nanoparticles. If the process is solution based, either the encapsulating ligand must be the
material of study or another substance in solution must be introduced. The presence of this
material in the gap will once again be stochastic with very low yield, low control of the
amount and of material orientation in the gap.

6The best seen in literature was 26% from reference [58]
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Fig. 2.15 The NPoM dimer, with a nanocavity formed inside a material of thickness d

Finally, taking all of the above into account, if dimers in solution are deposited onto
a substrate to be analysed (e.g. via dark field scattering) it is very difficult to determine
optically what system is being analysed. For example, frequently during aggregation, trimers
as well as dimers form. These are often difficult to distinguish based on spectral analysis
alone leading to outliers in the data. Also, the measured spectrum depends on the geometries
of both nanoparticles, increasing the variation in gap distances and morphology. This directly
increases the variance in the spectral data from dimer to dimer.

The NanoParticle on Mirror (NPoM) overcomes these significant problems by replacing
one of the nanoparticles in the dimer with a flat noble metal substrate, separated by a spacer
material of some kind (e.g. molecules, crystals). To achieve this, highly uniform nominally
spherical metal nanoparticles [61] are deposited onto the substrate overlaid with material.
Upon illumination, LSPs excited in the nanoparticle couple to image SPs propagating on
the planar surface beneath. The behaviour of these surface charges mimics the behaviour
of charges as if they were moving across a neighbouring particle, meaning that the system
can be modelled as a real particle coupled to an image quasi-particle inside the metal surface
(Fig. 2.15). The hybridisation model for the NPoM dimer is close in analogy to the real
nanoparticle dimer [50, 62] (Fig. 2.14).

Crystals or molecules such as vdW materials and self-assembled-monolayers deposited
onto gold substrates act as spacers between nanoparticle and mirror. Post-deposition of
nanoparticles onto these materials the nanocavity field is concentrated inside the material,
between nanoparticle and mirror. A 3D depiction of this system with a thin crystalline layer
as gap spacer between nanoparticle and Au mirror is shown in Fig. 2.16(a). In the same way
as seen for a dimer (see above), the spacer increases the distance between the nanoparticle
and its mirror image, blue shifting the coupled mode. Simultaneously, the presence of the
crystal increases the refractive index in the gap, red-shifting the coupled mode. The NPoM
maintains the field orientation in the gap seen for the dimer nanoantenna, which is parallel to
the inter-quasi-particle axis for thin gaps.
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These plasmonic nanoantenna modes span the entire NPoM system and their resonance
wavelengths can be predicted as suggested previously, by considering the NPoM as an LCR
7 circuit with a capacitance across the nano-gap in the quasi-static regime. Taking this
approach, valid for the l = 1 (coupled) mode [46]8, leads to

λ
l
1 = λp

√
ε∞ +2εd +2εdCg/CNP, (2.32)

where λ l
1 is the resonance wavelength of the coupled mode, λp the plasma wavelength,

εd the deielectric constant of material in the gap and Cg,CNP are the gap and nanoparticle
capacitances respectively. ε∞ is the dielectric background and is related to the Drude metal
permittivity, εm, and optical wavelength, λ , via

ε∞ = εm +

(
λ

λp

)
. (2.33)

Both this parameter and the gap capacitance vary weakly with nanoparticle size for
NPoM. The gap capacitance varies due to subtle differences in the field localision in the gap,
since it is localised between a sphere and a flat surface rather than two spheres. ε∞ also varies
for reasons of geometry and is found by measuring εm using extinction spectroscopy and
making calculations from Eq. 2.33.

The influence on coupling due to nanoparticle size and gap refractive index is encapsulated
in the capacitance of the nanoparticle and gap respectively. For spherical dimers or NPoMs
the overall nanoparticle capacitance is simply CNP = 2πRε0, and the capacitance at the gap
is related to the solid angle covering a surface area over which the nanocavity (of width w)
spans [46, 45]. It can therefore be shown that Cg =CNPε

χ
g ln[1+βR/d], leading to the key

equation,

(λ l
1/λp)

2 = ε∞ +2εd +4εdε
χ
g ln[1+βR/d]. (2.34)

with characteristic values of χ = 0.5 and β = 0.15 for spherical NPoMs. β is found from
the angle made from the centre of the sphere to the edge of the mode width in the gap[46].
The second order (quadrupole) antenna mode is found to have a resonance at λ l

2 ∼ λ l
1/1.25

and as usual the coupling strength to far-field is proportional to R3.
For the transverse mode the far-field emission pattern is similar to the dimer in that the

maximal emission is orthogonal to the substrate, so along the inter-particle axis. However,
the coupled mode for NPoM radiates at high angles with maximum emission at ∼ 60◦ with a
full width half maximum (FWHM) of 10◦. This means that efficient excitation and collection

7L=inductance, C = capacitance, R=resistance
8This approach can be followed in significant depth in the original paper by F. Benz et. al. [46]
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of NPoM requires a high numerical aperture (NA) objective, with NA = n.sin(θc), where
θc is the collection angle from the sample. In this thesis a dark field microscope is used
with NA = 0.8 which means that the maximum collection angle is 53◦, therefore around
30% of light from a single NPoM is collected. These far-field radiation patterns can be
directly interpreted in the dark field image of the NPoM. If an NPoM appears as a spot
then the collected angular emission pattern is both low- and high-angle, thus both transverse
and coupled mode are being excited within the visible spectrum. Conversely, if the NPoM
appears as a ring, then the coupled mode is being predominantly excited. In chapter 4 this
understanding of far-field emission patterns for a Au nanoparticle coupled to an optical cavity
is used to show the existence of an independent high-angle mode.

To demonstrate NPoMs and use of this circuit model, consider the case of a 15 nm flake
of In2Se3 in its α crystalline phase inside an NPoM (Fig. 2.16(b,c)) [63]. The of NPoM (Fig.
2.16(a)) is very closely replicated experimentally, with a single 100 nm nanoparticle sitting
over the In2Se3, the edges of which are clearly visible in the dark field microscope setup
discussed in section 3.1 (NA0.8) at 100× magnification (Fig. 2.16(b)). Using atomic force
microscopy (AFM) on this flake shows that it has uniform thickness of around 15 nm (Fig.
2.16(c)). Like most van der Waals materials In2Se3 displays a highly anisotropic refractive
index, but since the field for the coupled mode is predominantly orthogonal to the In2Se3/Au
substrate the out-of-plane refractive index can be used. A 15 nm gap with a low refractive
index would lead to a weak coupled mode, blue-shifted to the position of the transverse mode.
However, the out-of-plane (vertical) refractive index ng of In2Se3-α is extremely high with a
wavelength dependent value of ng ≈ 3.8 at the peak scattering of ≈665 nm [64]. This factor
in addition to the use of large 100 nm nanoparticles, strongly red-shifts the coupled mode so
that it is clearly distinguished from the transverse mode at 520 nm. Using the above equation
with ε∞ corrected for nanoparticle radius and plasma wavelength λp = 140 nm, leads to a
resonance wavelength for the bonding bright mode (coupled mode, l = 1) of 675 nm9. This
is very close to the experimentally measured peak value and it will be seen that it is possible
to get even closer by making a small correction to the model10.

In addition to the brightest mode, corresponding to the coupled mode of the In2Se3 NPoM,
there is an additional blue shifted mode labelled as a "hybrid" mode. These modes frequently
occur in NPoM samples and are a result of nanoparticle faceting. Upon deposition onto a
surface, nanoparticles preferentially bond via facets, which maximises surface interactions
with the flat sample surface (in this case In2Se3). The LSPs which propagate over the flat
facet couple to the antenna modes (l = 1,2,3...) of the entire system and these sets of modes

9There is some variation in reported plasma wavelengths for Au nanoparticles in the literature. The plasma
wavelength is calculated from the average values of references[65–71]gathered from [25]

10Refer to the appendix for the values used in Eq. 2.34
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Fig. 2.16 A 3D representation of an NPoM adapted from [5] (a) and a dark field image of a 100
nm NPoMs on Au and on a In2Se3 gap spacer (b). The nanoparticle on In2Se3 (white arrow) is
clearly orange in colour, compared to surrounding green NPs on Au. The height of the crystalline
spacer is measured in AFM with the measurement taken along the orange dashed line(c), and
compared to dark field scattering spectrum from the nanoparticle (d).

hybridise, forming polarisation dependent hybrid modes which are highly dependent on
gap morphology[47, 72]. Whilst in this thesis the focus will be on the use of NPoM as a
plasmonic ruler, i.e. monitoring changes in the coupled mode to determine gap distance or
refractive index, these modes appear very frequently in spectra and so will be discussed in
more depth below. While faceting can lead to a number of interesting physical phenomena, it
complicates spectral analysis and depending on coupling strength can influence the position
of the coupled mode [45, 47]. Faceting as a fraction of total particle surface area increases as
a function of nanoparticle radius, and thus is particularly strong for 100 nm nanoparticles.
Therefore such large particles are not commonly used for the NPoM experiments in this work
despite their relative brightness. All of the work in on thin hBN in chapter 5 is completed
using either 80 nm or 60 nm and in particular for 60 nm NPs, faceting plays a very weak role
in NPoM behaviour.

An enormous advantage of the NPoM geometry is the very high number of NPoMs which
can be deposited over large areas in a single step. This immediately establishes thousands of
nanocavities encapsulating the material of interest and their density can be easily varied by
changing the deposition time (see section 3.2.2). Through statistical analysis of hundreds
(or thousands if automation is used) of dark field spectra, a broad dataset containing every
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possible variation to the NPoM system is gathered enabling rigorous testing of our models
such as the one above.

In chapter 5, equation 2.34 will be used in order to calculate the l = 1 resonance wave-
lengths for NPoMs on hexagonal-Boron Nitride (hBN) of varying thickness. By taking a
statistical approach it will be seen that this equation is invalid for non-molecular spacers
which do not bind onto the nanoparticle surface and thus cannot displace ligands surrounding
the nanoparticles. However, with a modification to the spacer properties within the circuit the
model it is possible to correct for this and accurately predict resonance positions for λ l

1 on
hBN to within one standard deviation. This small modification to the model has a profound
influence on the usual behaviour of the model, particularly at small gap sizes.

LSPs on flat nanoparticle facets

As briefly discussed above, in addition to the transverse and coupled modes of NPoM
other hybrid modes can appear which result from the outcoupling of modes propagating at
facets. To understand this, the NPoM is broken down into the vertical dipole antenna and a
metal-insulator-metal waveguide structure representing the facet-spacer-substrate.

To visualise the facet-spacer-substrate system consider the planar infinite structure seen in
the section 2.4.1, Fig. 2.12, but now with a cavity length L ranging from 0.5 - 10 nm. Optical
far-fields in the visible range cannot be trapped in such a structure using the same approach,
since the cavity length is significantly less than the incident wavelength of light. However,
by substituting both encapsulating layers (ε1 and ε2 in Fig. 2.12) with a metal it is possible
to excite plasmons on both metal surfaces and trap near-fields in the volume between the
metal layers. This is an example of a metal-insulator-metal (MIM) patch-antenna structure
in which two conductive metals are separated by a dielectric with permittivities εm and εg

respectively.
The dispersion relation for a plasmon propagating along a facet in such a structure

is described analytically in terms of the total wavevector k2
0 = k2

∥ + k2
⊥ (i.e. parallel and

perpendicular to plasmon propagation) by [73–75],(
k∥
k0

)2

= n2
e f f = εg +2ζ [1+

√
1+(εg − εm)/ζ ], (2.35)

with

ζ =

(
k0dεm

εg

)−2

. (2.36)
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This equation is equivalent to an effective dielectric permittivity εe f f = n2
e f f , since the

refractive index difference between the metal facet and gap dielectric dictates the propagation
of the plasmon in terms of k0. It is found that typical NPoM gaps (∼ 10-20 nm Au facets)
display high in-plane wavevectors and, since k0 = 2π/λ , short effective wavelengths.

Compared to an open surface, this coupled plasmon patch-antenna system can control
dissipative loss because the in-plane wavevector (k∥)) increases as gap size decreases causing
a corresponding increase in k⊥. The field penetration depth is

σ⊥ =
1

ℑ{k⊥}
=

d
2εgℜ{1/εm}

, (2.37)

which means that as k⊥ increases the penetration depth drops, thus the loss per unit length
for MIM plasmons remains unchanged as the gap decreases[75].

The modes in this gap are discretised when the MIM junction becomes finite in scale,
just as SPs become discretised into LSPs (see previous section). This is the case for example
when a faceted nanoparticle is deposited onto a few-nm thick dielectric spacer such as hBN
or In2Se3. Hence, the facet makes a finite MIM junction with the top metal surface area
equal to the surface area of the facet. A 2D Fabry-Perot resonator model in which plasmons
propagating along the facet are partially reflected at the edges leads to maxima and minima
at specific positions depending on the frequency of the LSP. If the facet is assumed to be
circular with a width equal to the mode width w, the discrete wavelengths are [8, 47],

λ
s
l = w

π

αl
ne f f (λ )≈ λp

√
wεg

dαl
+ ε∞ (2.38)

where αl are zeroes of the Bessel function. s indicates that these are facet modes and these
modes are described using the notation smn where the indices m,n, indicate the number of
nodes in radial and azimuthal directions.

Since the required effective wavelengths are much shorter than the incident wavelength
of light, on their own the coupling of these gap plasmons to free space is very poor (∼ 10−4).
However, as alluded to earlier, the antenna modes of entire NPoM structure are able to
couple to these modes which dramatically increases their coupling to free-space and resultant
intensity in far-field. The coupling between the sets of modes leads to anticrossing and
hybrid modes denoted as l + smn = jn, such as the hybrid mode highlighted in Fig. 2.16(d).
Specific antenna modes (l = 1,2,3...) only couple to certain cavity modes (smn) depending on
relative field orientation. Gap modes with odd m support in-plane (horizontal) fields and are
potentially visible for larger gap distances (>5 nm) since at these distances the antenna modes
have a weak in-plane component. However, as gap distances decrease the field orientation
in-gap due to the antenna modes becomes almost entirely vertical, thus odd cavity modes
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Fig. 2.17 The predicted wavelengths of dipole antenna (l = 1), gap (smn) and hybrid ( jn) modes
with changing facet diameter for a 100 nm gold NP on 15 nm of In2Se3 −α , with ng = 3.8. This
is calculated using NPoM v2 code, author J.J. Baumberg.

rapidly red-shift into the IR and are not efficiently outcoupled via hybridisation with the
vertical antenna modes. Conversely, even m gap modes support vertical fields and remain in
the visible-NIR even for sub-nanometre gaps.

The expected wavelengths of these gap modes for our 15nm-thick In2Se3 flake with
changing facet diameter is shown in Fig. 2.17. In addition the dipole antenna mode (l = 1)
and hybridised antenna-gap modes ( j = 1,2,3) are shown. From this figure it can be seen
that at larger facet diameters (∼ 20−40 nm is reasonable for a 100 nm Au NP) the j2 hybrid
mode red-shifts to be ≈ 80 nm from the j1 mode. Additionally, the s11 mode is very close in
wavelength to the coupled mode above a facet diamter of 20 nm. In contrast, using the usual
dipole antenna model with λ l

2 = λ l
1/1.25, no modes would be visible except the dipole mode,

with the quadrupolar (l = 2) mode at ≈ 530 nm. Thus this model offers an explanation for
why two modes appear in Fig. 2.16(d) 11.

In this case (Fig. 2.17 compared to Fig. 2.16(d)) the mode positions for j1, j2 do not
appear to correspond precisely to the experimentally measured positions. This is because
the modes depend sensitively on the nanoparticle morphology. For example, the coupling
between antenna and gap modes depends very strongly on the morphology of the facet edges
and a sharp facet edge will couple differently to a smooth edge [47]. This means that while
the facet model discussed here is useful to explain the presence of extra modes in addition
to the coupled mode, it is often hard to directly attribute or match resonance wavelengths
with experiments. In part due to this difficulty, calculations in chapter 5 for hBN focus on the

11Calculated using NPoM v2 Igor code, author J.J. Baumberg
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position of the antenna modes. Other modes are sometimes present in the datasets for those
experiments, however their positions are found to vary significantly between nanoparticle
due to this very subtle morphological dependence. It is found in chapter 5 that positions of
the observed antenna modes can be well matched using a modified Eq. 2.34 and that the
red-shift due to hybridisation (e.g. for l = 1 to j1) is not a clear requirement for experiments
with hBN.

2.4.3 The Thinnest Possible Dielectric Material: hBN

hBN is a type of van der Waals (vdW) material, meaning that it is a crystal comprised of
stacked atomic layers held together by weak vdW forces. These weak inter-layer forces allow
them to be separated using mechanical processes while keeping the individual layers intact
[9].

Despite previous knowledge of their existence, it wasn’t until the discovery of graphene
in 2003 that the true potential of vdW materials became clear [76]. Novoselov and Geim’s
Nobel prize winning isolation of a single atomic layer of carbon from graphite using simple
scotch tape 12, led to an explosion in research on these incredible materials. vdW materials
revealed a whole new world for nanotechnology, a world in which two-dimensional quantum
mechanical phenomena were easily accessible for experimentation.

Monolayer graphite was actually first produced in 1994, followed rapidly by hexagonal-
Boron Nitride (hBN) the year after, however both of these samples were adsorbed to metallic
surfaces. It’s perhaps unsurprising then that following the isolation of graphene using the
scotch tape method, it was quickly found that the same could be done with hBN[77].

While hBN does display it’s own interesting optical properties (e.g. NIR-IR hyperbolicity
[78]), within the context of this thesis it is most notable for its inertness. Indeed, the 1995
monolayer hBN paper highlights the fact that hBN retains it’s electronic properties despite its
adsorption to a range of metallic substrates [79]. Graphene on the other hand loses the vast
majority of it’s electronic properties when in contact which these substrates. In this thesis
I take advantage of this inertness in order to study the baseline models for the NPoM and
NPoMC.

General properties

Depending on what you read, hBN is defined as either a dielectric or as a wide band-gap
semiconductor, with a band-gap of 5.9eV [80]. The highest energy samples are exposed to
in this thesis is 3.1eV, so here hBN is treated as a dielectric. Its crystal structure including

12discovered at the university of Manchester, my previous university.
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Fig. 2.18 The crystal structure of hBN is identical to graphite, but with carbon atoms replaced
by boron (blue spheres) and nitrogen (red spheres). Individual layers can be easily separated
via mechanical means such as the scotch tape method due to weak interlayer forces. Adapted
Materials World magazine, "Why Boron Nitride Could Be the New Carbon", copyright Institute
of Materials, London, UK.

it’s interlayer spacing is identical to graphite, but with alternating boron and nitrogen atoms
in place of carbon[81]. Due to higher impurity concentrations which weaken the intra-layer
structure, hBN cannot be exfoliated down to its monolayer form as successfully as graphene.
Monolayer hBN samples of greater than 20µm2 are extremely rare even with the highest
quality materials, whilst exfoliated graphene samples of >100µm2 are regularly achievable.
To make NPoMC’s, I use exfoliated hBN many 100s of monolayers in thickness, yielding
significantly larger area samples. The crystals used in chapter 4 are also far from normal,
as they are produced in Japan by K.Watanabe and T.Taniguchi, who are able to produce
samples which are vastly superior in quality to any other hBN crystal in the world. The
majority of groundbreaking experiments using exfoliated hBN also use crystals produced by
this Japanese group. In my experiments on mono- and few-layer hBN, I avoid exfoliation
completely and V. Babenko uses chemical vapour deposition (see next chapter) to produce
samples of many milimetres in area.

Optical properties

Due to its crystal symmetry, bulk hBN is birefringent. Perpendicular to the plane formed
by each atomic layer, the real component of the refractive index is nz=2.13 and parallel to
the plane it drops to nxy=1.65 [82]. It has been suggested that the refractive index of hBN
may have a slight dependence on wavelength within the range 600 nm-650 nm, but the
maximum possible decrease of <5% in nz has a negligible impact on the work presented in
this thesis [83]. The imaginary component of the refractive index, which is responsible for
the absorption of light by the crystal, is close to zero within the wavelength ranges used in
this thesis. For this reason hBN less than 10 layers thick is extremely challenging to resolve
using an optical microscope, meaning many researchers resort to using specially designed
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high-contrast substrates, dark-field, or scanning electron microscopy (SEM) to find hBN
samples.





Chapter 3

Experimental Methods

In this chapter I will introduce the experimental methods used throughout the results chap-
ters of this thesis. I will first introduce the experimental setup used for collecting optical
measurements, before detailing the fabrication methods used and developed.

3.1 Dark-Field Scattering Microscopy

The microscope used for single particle dark-field spectroscopy is a modified Olympus BX-51
upright microscope which illuminates the sample in a reflective Köhler configuration. In
bright field, incident and reflected light travel along the same paths through the centre of an
high numerical aperture (NA) objective 1.

Referring to the lower left of Fig. 3.1 and looking at the path from the halogen lamp to
the source from left to right, light is at first focussed toward an aperture stop (AS). At the
aperture stop the black arrow indicates the direction of the conjugate image of the source
(halogen lamp). Closing the iris at the aperture stop enables selective blocking of light in the
k-space 2 of the sample plane which gives control over the range of incident angles reaching
the sample. For experiments in this work the maximum range of incident angles is usually
required, so this often remains untouched. A second iris is placed at the focal stop (FS)
which controls illumination of the sample, i.e. increasing iris diameter increases the area
of illumination and vice versa. This aperture lies in a field plane which is conjugate to the
sample plane, thus if light is focussed onto the aperture edges it is automatically focussed
onto the sample. A third lens is then used to focus the light onto the back focal plane of the
objective via a 50:50 beam splitter (BS1). Additional optics (e.g. polarising filters) can be
placed between this third lens and the beam-splitter in order to modify the light reaching the

1Olympus LMPLFLN-BD, 100x, NA=0.8
2Every point in the plane represents the direction of propagating rays
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Fig. 3.1 The dark field spectroscopy configuration for experiments shown in this thesis. Arrows
indicate whether light is travelling toward (grey, blue) or away from (red dashed) the sample.

sample. The light arriving at the sample is fully defocussed to achieve uniform illumination.
Upon switching to dark field from bright field imaging mode, the majority of incident light
is prevented from travelling down the centre of the objective allowing only the outermost
fraction of light to enter into the objective (bottom Fig. 3.1(a)). A series of mirrors inside the
objective then direct this outermost component of the incident light such that it leaves the
objective at high angle (∼ 56o −58o) while scattered light is collected for approximately all
remaining angles (∼ 0o −56o).

Upon scattering from an object on the sample (Au nanoparticle in Fig. 3.1), light returns
back through the objective such that a k-space image of the sample can be viewed at the
back focal plane of the objective. From the objective to spectrometer or CCD light rays
propagate parallel to one another. This light is redirected to the spectrometer via a 50:50
beam splitter (BS2) and coupling into a multimode optical fibre. The beam splitters for
coupling into the spectrometer or laser (BS2, BS3) can be removed and replaced in order to
increase in-coupling of light to the CCD and improve imaging. Additional analysis optics
can be inserted into the beam path in order to examine specific properties of the light from
the sample.
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3.1.1 Taking Optical Measurements

The numerical aperture of the objective is calculated using NA = nsin(θ), where n is the
refractive index of the surrounding medium and θ is the angle of the ray from the centre of
the objective (Fig.3.1(b)). The NA for the objective used this this experiment is 0.8, leading
to a maximum illumination and collection angle in bright field of 53o. In dark field, the
maximum illumination angle is increased by ∼ 10% meaning that the maximum illumination
angle is ∼ 58o. For dark field illumination θi ranges from 56o−58o and θc = 53o (Fig.3.1(b)).
This difference ensures that no reflected light is collected from the sample and only scattering
objects (e.g. nanoparticles) are observed.

The spectral range of the entire system including spectrometer 3 extends from a wave-
length of 400 nm to 1000 nm, although beyond ∼ 850 nm the collected signal weakens
considerably due to a drop in detection efficiency for Si based detectors. This restriction
at longer wavelengths is due to a combination of factors including the low intensity of the
halogen source in NIR and the combined inefficiency of the optics and the spectrometer itself
beyond this wavelength.

Due to differences in angular emission patterns for different modes in NPoM (see section
2.4.2), collection from the sample depends slightly on focal position. This makes sense by
considering the transverse and dipole antenna modes, as seen in Fig. 2.16(d) at 520 nm
and ∼650 nm respectively. As previously discussed, the transverse mode scatters uniformly
from the nanoparticle whereas the dipole antenna mode scatters light at high angles only
(>55o). This means collection of light from the transverse mode is independent of objective
position within the focal range of the objective. In contrast, collection of high-angle light
changes with position of the objective as the fraction high-angle emission from the dipole
mode changes. Collection from the coupled mode can be enhanced by moving ∼ 1µm closer
to the sample and therefore collecting more of the high-angle light.

Before collection of dark field scattering spectra from a sample, the contribution to
scattering from the defocussed halogen source is referenced out and the background is
subtracted. Since all of the setup shown in Fig. 3.1 excluding the sample is enclosed and
all measurements are taken after minimising extraneous light, the background is due almost
solely to shot-noise in the spectrometer’s detector. Referencing is done in order to isolate the
contribution of plasmonic scattering from other sample scattering by showing it as a fraction
of the total scattered light arriving at the spectrometer. The referencing is done by focussing
the light onto a uniform white-light scatterer, giving the full scattered spectrum of the light
source. This ‘perfect scatterer’, leads to a reading in the spectrometer which represents the

3OceanOptics QE65000 operated at -20C
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maximum possible count at each wavelength for a particular halogen source in this setup.
Then the equation in order to arrive at a final dark-field spectrum is,

Scattering(%) =

(
Csample −Cback

Cre f −Cback

)
×100, (3.1)

where Csample is the total, Cback background and Cre f the scattering spectrum of the light
source. These are detected as number of counts as a function of wavelength received at the
spectrometer. Thus, a scattering value of 1% at a given wavelength can be interpreted as the
nanoparticle scattering 1% of the maximum possible amount of light at that wavelength. In
other words, its efficiency at scattering light is 1%. All of the dark-field results shown in this
thesis use this referencing technique. A new background and reference measurement must
be taken before every set of measurements to take into account changes in the spectrometer
temperature (increasing shot-noise), lamp degradation (changing the reference spectrum) and
extraneous light.

3.2 Fabrication

3.2.1 Chemical Vapour Deposition and Transfer of Monolayer hBN

In this thesis I take advantage of significant advances in the growth on iron (Fe) and sub-
sequent transfer of monolayer hexagonal boron nitride, achieved by Dr. Vitaliy Babenko
(V.B.) of the University of Cambridge. The improvement in growth compared to other hBN
on Fe samples is able to increase monolayer domain areas to ∼ 1mm2 and significantly
decrease multilayer regions as a fraction of total hBN area. Even more importantly, the novel
transfer process is clean and results in monolayer samples which adhere very closely to the
Au substrate surface beneath after transfer.

Chemical vapour deposition is the growth of a thin (<10 nm) layer of solid material onto
a catalytic substrate via the chemical reaction of vapour-phase precursors [84]. Reactions
occur both while in the gas-phase and also at the substrate surface and can be promoted or
initiated by heat, as is the case here. CVD processes are complex and involve a number of
different, but interrelated steps leading to growth. In general however, CVD involves the
injection of reactant gases into a heated chamber leading to partly pyrolised (decomposed at
high T ) reactants a few-nm from the substrate. Closer to the substrate a stagnant boundary
layer forms within which reactions with the substrate and deposition occur. By varying
the pressure, temperature, and chemical mixture in the CVD chamber the composition and
concentration of the layers can be changed and consequently the deposition material quality
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Fig. 3.2 Description of the CVD method and the general processes resulting in deposition of
the solid layer. Modified from [6]

or rate changed. The general steps to achieve this are summarised in Fig. 3.2 and described
as [84, 6] :

1. Evaporation and transport of reagents (i.e. precursors) in the bulk gas flow region into
the reactor

2. Gas-phase reactions of precursors in the reaction zone to produce reactive intermediates
and gaseous by-products

3. Mass transport of reactants to the substrate surface

4. Adsorption of reactants to the substrate surface

5. Surface diffusion to growth sites, nucleation and surface chemical reactions leading to
film growth

6. Desorption and mass transport of remaining decompsed material away from the reac-
tion zone

For the samples shown here, Fe foils of 0.1mm in thickness and 99.8% purity are cleaned
in acetone and IPA and oxidised at 350◦C for 5 minutes until the foil surface changes to
brown in colour due to oxidation. The foil is then loaded into a custom cold-wall CVD
system with a SiC-coated (∼ 40µ m) graphite heater. The use of uncoated graphite heaters
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Fig. 3.3 Overview of the growth methodology for CVD hBN on Fe foil (a) and resultant
monolayer hBN samples at 980oC for 10 minutes and 950oC for 4.5 hours at borazine flow rates
of 0.08sccm and 0.01sccm respectively. Modified with permission from V.B.

leads to contamination of the sample with carbon, which must be prevented. The system is
then pumped down to ∼ 1×10−5 mbar and filled with Ar at 1×10−2 mbar partial pressure.
Ar is used to adjust the pressure in the chamber and because it is inert additional unwanted
reactions are avoided. The temperature is then ramped up to 980oC (Tgrowth) at 50o C/min,
followed by annealing in the Ar atmosphere for 20 minutes (tanneal). After 20 minutes,
the flow of Ar is stopped and the growth stage begun by introducing a flow of NH3 to the
chamber in addition to acetylene (C2H2) at a partial pressure of 3×10−3 mbar for 5 minutes
(tC2H2). This step carburises the surface of the Fe foil, which controls seed concentration and
nucleation for the next stage of growth. NH3 was found to specifically reduce hBN damage
from oxidative gas impurities (compared to Ar) and to mitigate excessive Fe evaporation. The
flow of acetylene is then stopped and borazine introduced as the hBN precursor for 5 minutes
(tgrowth). Flow of the precursor is controlled with a mass flow controller connected between
the borazine bottle and the chamber at a flow rate 0.08sccm. The borazine is introduced in
order to nucleate and grow hBN from the carbon seeds leading to step growth (step 5 Fig.
3.2.). After the growth stage, the sample is rapidly cooled (initial cooling rate of 200◦C/min).
It is found that the presence of oxygen and carbon in the bulk Fe suppresses multilayer
growth leading to monolayer only growth and suppressed nucleation density.

Transfer of hBN (and all other layered materials) from good catalytic growth substrates
such as Fe is a significant challenge due to a very strong interlayer interaction [85]. The
usual transfer procedure is the full wet-etching of the substrate, with a polycarbonate layer
over the hBN which leads to significant contamination of the final sample. The source of the
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Fig. 3.4 Steps directly before cleaning and transfer to a Au substrate. Initially, the sample is
oxidised further by being placed in a humidity chamber (a). The increased level of oxidation can
clearly be seen with an InLens detector as a colour change from black to grey (b,c). The sample
is then spincoated with PC at 1000rpm. The, the sample is placed in an HCl bath (d) and over a
period of time de-adhesion from the bulk Fe is clearly observed (e). Finally, afer full desorption
the bulk Fe sinks to the bottom of the HCl bath (f) and the PC/hBN is ready to removed for
cleaning and transfer to Au substrate. Used with permission of V.B.

contamination is not only from the etchant, but also from any impurities in the foil 4[86, 87].
This extra contamination from the substrate is often ignored in the literature, but plays a
significant role even in high purity foils. Other transfer techniques include bubbling transfer
[87] and dry peeling [88], but these usually lead to macroscopic damage and tearing. Such
large scale damage must be minimised for NPoM measurements on monolayer hBN.

Instead of these techniques V.B. uses a high humidity environment in order to penetrate
into the oxidised region and weaken the interaction with hBN Fig. 3.4(a). When placed into
a heated humidity chamber the continued propagation of the oxide layer is enabled by the
intercalation of H2O and a clear colour change is observed Fig. 3.4(b-c). The sample can
then be spin-coated in polycarbonate at 1000 rpm (PC) and etched by floating on an HCl
bath, which removes only the oxidised layer directly beneath the hBN. After some time the
Fe substrate detaches from the hBN and sinks to the bottom of the bath. This significantly
reduces the contamination from the etchant and foil impurities. The PC/hBN can is then
transferred to three sequential deionised water baths picked up with a Au, or any other choice
of substrate. The sample is then placed in a chloroform bath overnight to remove the PC and
then heated to 350◦C in an oven for 30 minutes. This burns off remaining PC and any liquid
residue beneath the hBN, bringing it into contact with the substrate beneath via capillary
forces. To decrease the hBN-Au separation even further, the sample is O2 plasma etched for

4This author attempted etching of Fe in the usual manner and a clearly visible brown layer of porous carbon
was left on the hBN surface
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15 seconds at 30W, further removing contaminants. This O2 etching step is shown not to
damage the hBN.

Resultant Raman spectra and further analysis on samples transferred to 300 nm SiO2/Si
substrates using this method is shown in chapter 5. To summarize, characteristic hBN peaks
have linewidths for this CVD hBN comparable with the highest quality exfoliated hBN
monolayer samples [89].

3.2.2 Nanoparticle Growth and Deposition

It will be seen in chapter 5 that knowledge of growth mechanisms and resultant nanoparticle
properties is useful when working with 2D materials in NPoMs in particular. In this work 80
nm and 60 nm citrate capped nanoparticles (BBI solutions) are used with their exact produc-
tion method a well-guarded secret, but the necessary framework behind the methodology is
described here. In the appendix the behaviour of BBI nanoparticles in NPoM is compared
to nanoparticles prepared using the method described here, with no significant difference
observed except a fractional increase in variance of the dipole antenna mode wavelength due
to the improved uniformity of the BBI nanoparticles.

Au nanoparticles can be grown via a few different methods[90, 91], but the most common
method is via the reduction of HAuCl4 with sodium citrate[92]. This results in nanoparticles
which are citrate capped, meaning that they are surrounded by an electric double layer of
citrate molecules (Fig. 5.3). This electric double layer leads to mutual repulsion between
individual nanoparticles, preventing their aggregation in solution.

The first step for nanoparticle production is the synthesis of seeds, pioneered by Frens
and Turkevich [93, 94]. These seeds are small (∼ 10 nm) particles of Au which form the
basis for construction of larger particles. To produce much larger (> 50 nm) particles the
aim is to reconstructions of these smaller nanoparticles in a controlled manner up to a well
defined diameter and then stop the construction at the desired stage. In reference [92], a
solution of 2.2mM of sodium citrate is added to 150mL of milli-Q (MQ) water and heated
with vigorous stirring up to boiling point. After boiling commences 1mL of HAuCl4 (25mM)
is injected, which triggers the reduction process. The reaction is self-limiting and results in
∼ 10 nm particles at a density of ∼ 3×1012 NPs/mL which are passivated with negatively
charged citrate ions and suspended in H20. The solution changes colour due to the presence
of the Au seed particles, resulting in a modern day ‘ruby fluid’ (see chapter 2).

Once seeds are formed, the solution is immediately cooled to 90◦C and a further 1mL
of HAuCl4 is injected. This new reaction stops after 30 minutes and is repeated twice. The
reaction is then diluted by extracting 55mL of sample and adding 53 mL of MQ water
with 2 mL of sodium citrate. This solution is then used as a new seed solution and the



3.2 Fabrication 53

Fig. 3.5 A very basic outline of the passivation process during Au nanoparticle production with
a description of how the field potential decays away from the nanoparticle with distance. Smaller
nanoparticles represent nanoparticles of the same diameter but further away (into the page). This
image is adapted from [7].

process repeated again until the desired size is achieved. To produce ∼ 60 nm nanoparticles
takes 7 repeats and ∼ 80 nm nanoparticles require 9 repeats. With each step, at a high
enough concentration passivating ligands surround the newly formed nanoparticle preventing
continuation of the reaction. It is the presence of these ligands which is important to consider
in analysing NPoM spectra in later chapters.

As a final note the faceting of a nanoparticle, which influences dark field spectra from
individual NPoM in a number of ways (see chapter 2), is ultimately dictated by the production
process. This has been studied at length in many papers [95–98] and there are a number
of ways to reduce faceting which often involves etching in solution [99]. Highly spherical
nanoparticles have been produced which would reduce variation in the dipole antenna mode
for our samples, however this was attempted by my group in the past and it was seen that the
facet reforms on contact.

The salt (NaCl) deposition method used in this thesis equilibrates charges surrounding the
nanoparticles, causing them to crash out of solution over a period of seconds. It is prepared
by adding 1mg of high-purity NaCl to 1mL of citrate capped BBI nanoparticles (1:1 ratio,
salt:water). 200µL of this mixture is then added to a glass container and then shaken for 2
seconds followed by immediate pipetting of 50µL of the solution onto the Au substrate for
10s. After 10s the sample is rinsed with DI-water and blow-dried with a nitrogen gun. On
average, this achieves nanoparticle densities of approximately 1 nanoparticle per 5µm2 on
the gold substrate. The key advantage to the process is that it leads to nanoparticle densities
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which are independent of the substrate adhesion. VdW materials for example, display very
weak interactions with the substrate and therefore require 24 hour deposition times during
which various other contaminants also adhere to the substrate. In the appendix different
deposition methods are compared and contrasted, for example by changing the salt type and
with no salt used. It is found that the position of the coupled mode wavelengths is largely
independent of deposition technique.

3.2.3 The Template Exfoliation Method

It will be seen in chapter 5 that one of the significant issues with the transfer of layered
materials onto Au is something that will be referred to as the ‘bedsheet effect’. This refers
to the tendency of a thin layered material to fluctuate in height above the surface of a flat
substrate underneath. An image of this effect is shown in chapter 5. The influence of this can
be significant for thin spacers in NPoM due to sub-nanometre sensitivity of the technique.
Additionally, the adhesion of hBN (and many other layered materials e.g. transitional metal
dichalcogenides) onto the surface of Au is extremely poor using the usual transfer methods
making thin samples extremely time-consuming to fabricate.

To overcome these problems I have developed a new 5 template-exfoliation technique
(Fig. 3.1.) which uses the ideas behind template stripping. Firstly, a Si wafer is bathed in
acetone followed by sonication in IPA for 1 minute and hBN is then exfoliated onto the
Si using the usual scotch tape method. 100 nm of Au (purity 99.9%) is then thermally
evaporated directly onto the hBN/Si at a rate of 0.1 nm/s, which minimises the hBN-Au
substrate separation and enhances adhesion. A small amount of epoxy is then applied, to
which a second Si substrate is adhered. When using a razor blade to separate the attached
substrates, Au preferentially detaches from the Si rather than epoxy, exfoliating the hBN
crystals in the process and leaving them embedded in the Au/epoxy substrate surface. If the
sample is monolayer, the single layer sticks to the evaporated Au surface and is ‘embedded’6.
This highly robust and versatile transfer method is applicable to a wide range of layered
materials with low adhesion to unreactive metals. By tuning the thickness of evaporated Au,
it is possible to change the amount of epoxy in contact with the edges of the layered crystal,
thus influencing the exfoliated thickness. This method is particularly useful for situations in
which minimising the metal/layered material separation is of prime importance, such as in
plasmonics. This method is applicable to any 2D material, but is applied in this thesis to the
transfer of exfoliated (chapter 4) and CVD grown hBN (chapter 5).

5To this authors knowledge this technique has not been published elsewhere
6Although it is difficult to visualise an embedded monolayer!
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Fig. 3.6 Evaporation-exfoliation fabrication technique with (a) exfoliation of hBN crystal onto
Si wafer followed by thermal evaporation of high-purity Au, (b) epoxying of second Si substrate
onto Au/hBN/Si and subsequent template stripping from the surface, leading to (c) exfoliation
and embedding of hBN crystals with atomically sharp Au steps beneath.

For monolayer samples confirmation of successful transfer is simple. All measurements
on the hBN to establish quality, including Raman, are done while it lies on Si as usual. If
after template exfoliation there is no longer any Raman signal from monolayer hBN on the
discarded Si, then the transfer is successful. One limitation to this technique is that it is not
as controllable as stacking of CVD monolayers to form few-layer samples. If used on a
trilayer sample, for example, the method has a chance of separating all the stacked layers and
undoing all of the hard work. It is also not well known how the evaporated Au assembles
itself on the layered material, which may roughen the Au/hBN interface. No measurable
influence of this was detected in the experiments presented in this thesis, but this may be due
to the screening influence of adsorbants as shown later in chapter 5.

3.2.4 Transfer of exfoliated layered materials

In chapter 5 of this thesis there is a study of NPoM with exfoliated hBN crystals. The
following method was used in order to produce this type of sample.

The starting point of transfer techniques for layered materials is the very simple and
well known scotch tape method, involving the random exfoliation of thin crystals from the
bulk crystal using some form of adhesive tape. Once an appreciable amount of the bulk
crystal has come away and adhered to the tape, it can be folded over multiple times in order
to exfoliate the crystals further. Additional exfoliations make individual pieces of crystal
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simultaneously thinner and smaller in surface area. In general the flakes need to be made
as thin and with as large a surface area as possible, so the balance set by the number of
exfoliations needs to be right for every 2D crystal since they each cleave differently. Even
different batches of the same type of bulk crystal can behave differently, so it’s important
to be consistent with the supplier. With a region of tape covered in exfoliated few-nm thick
crystals, a substrate is then stuck once onto that region leaving a number of exfoliated flakes
behind on the substrate surface. The exfoliated flakes stick to the substrate because the
electrostatic attraction between the top layers of the crystal and the substrate is greater than
the van der Waals interaction between the layers at the cleavage thickness. The ubiquitous
substrate used for transfer is Si/SiO2, and for this reason experts in transfer techniques have
usually tailored their method specifically these substrates.

Likely in part due to the innate randomness of the technique, there appears to be a ‘dark
magic’ which goes into transfer techniques for exfoliated 2D materials and frequently when
experts are asked for the reasons why their specific transfer methodology works, they are
unsure of the complete answer. As an example, the O2 plasma etching of a SiO2 transfer
substrate is well known to charge the surface, aiding significantly in the transfer of thin and
large area graphene flakes. Conversely, the same technique has no effect for the transfer of
hBN flakes. In addition, both the cleaning process for the substrate and ambient conditions
have a significant influence on transfer success while also varying depending on the specific
layered material being used.

It was found early on in this project that the exfoliation of hBN onto Au using the usual
scotch tape method has an extremely low probability of producing thin flakes. Additionally,
the bright field contrast of thin hBN is very low on Au making identification of these layers
exceedingly challenging and time consuming. For NPoMs, hBN flakes of area exceeding
10µm2 within the thickness range <10 nm are required. This is because plasmonic coupling
is only a significant factor below 10 nm, and multiple individual nanoparticles on any given
thickness are required to demonstrate reproducibility.

To get around this problem the following method developed by David Purdie [100], a
colleague at the Cambridge Graphene Centre, was adopted in order to produce few-nm flakes
with large (10s µm) surface area. This process is partially described by Fig. 3.7, and can be
summarised by the following steps:

1. A 1× 1cm2 Si/SiO2 substrate was placed into in acetone bath for 2
minutes and subsequently sonicated in IPA for 5 mins.

2. The bulk hBN crystal was exfoliated using scotch tape as usual and
transferred onto the substrate.
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Fig. 3.7 The transfer technique for deposition of few-nm flakes of hBN onto flat Au. An
approximately 5×5mm2 piece of polycarbonate is placed over a hole attached to a thin metal
rod (a) forming an adhesive transparent viewing window. This is placed under a 50× microscope
objective (b) and a mechanical arm used to remove a region of exfoliated hBN flakes from
Si/SiO2, specified by the user and assisted by heating via a stage beneath the sample. The
polycarbonate viewing window is then partially melted using the stage onto the prepared Au
substrate leading to (c). The polycarbonate is then removed by placing in a bath of chloroform
for 24 hours leading to (d).
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3. The SiO2 thickness on the substrate was 130 nm which, due to inter-
ference effects, provides the maximal bright field contrast for hBN.

4. An approximately 5×5mm2 piece of polycarbonate (PC) is cut using
a scalpel from the bottom of an adhesive sample box.

5. This square of PC is placed over a hole attached to a metal rod as
depicted in Fig. 3.7(a). This PC acts both as a viewing window and an
adhesive layer.

6. This rod is attached to a mechanical arm, enabling the positioning of
the rod with micrometre precision beween the microscope objective
and the sample (Fig. 3.7(b)).

7. The silicon substrate with hBN flakes is placed onto a heated micro-
scope stage. Using a bright field microscope at 50× magnification the
substrate is scanned and thin flakes are identified by eye.

8. Using the mechanical arm, the PC viewing window is positioned above
the target thin flakes and lowered at an angle until contact is made with
the flakes.

9. The temperature of the heated stage is increased to 80oC which reduces
the adhesive properties of the PC, increasing the chance of success-
ful removal. The mechanical arm is gradually raised in micrometre
increments until the entire region of PC removes the hBN from the Si.
If the arm is raised by ∼ 5µm and the PC does not detach from the
substrate, the temperature can be raised further until this is achieved.

10. A cleaned Au substrate replaces the Si/SiO2 substrate and the PC piece
is now lowered in the same way onto the Au substrate surface

11. The temperature is now raised to around 130oC such that the PC
viewing window partially melts and is detached from the rod leaving
hBN flakes with a few um thick layer of PC above (Fig. 3.7(c)).

12. The substrate is then placed in a bath of chloroform overnight in order
to remove the PC

13. The sample can be checked using AFM/SEM in order to determine
whether the cleaning has been successful and further cleaning com-
pleted if not (Fig. 3.7(d)).
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3.3 Final Comments

Although not clearly evident in its relative length, a significant proportion of the time spent
during my studies was spent looking for and developing the methods described in this chapter.
The relatively simple steps described belie what is actually a subtle and complex problem,
the production of clean and understandable samples of two-dimensional materials.

My hope is that this chapter has provided the reader with a good enough understanding of
both the measurement and fabrication techniques required in order to conduct the experiments
presented in this thesis. This understanding was vital in my analysis of both NPoMC and
NPoM structures with hBN, in which sub-nanometre morphological changes and refractive
index fluctuations strongly impact final results.





Chapter 4

Localised Nanoresonator Mode in hBN
Plasmonic sub-Microcavities

4.1 Introduction

Many vdW heterostructure devices use hBN layers as an ideal dielectric substrate [101–
104, 81] or dividing layer [105]. It is used due to its flatness and closely related crystallo-
graphic structure to other vdW materials (see section 3.2.4). It has been used for graphene
heterostructures leading to vastly improved carrier mobilities [100] and has been shown
to be a good barrier for tunnel heterostructures using vdW materials[106, 103]. When it
is combined with transition metal dichalcogenides (TMDs) the resulting heterostructures
show fascinating properties such as interlayer electron-phonon coupling[101] and tuneable
strong interlayer exciton coupling [102]. Monolayer to bulk hBN has been found to exhibit
quantum emission within the visible region at room temperature [107]. The use of hBN
in such heterostructures can enable strong light-matter coupling in materials [108, 105],
although so far this has only been achieved at low temperatures (e.g. 4.2K). The enormous
potential for ultralow energy optical switching motivate exploring resonator enhancements in
coupling to other 2D materials such as TMDs [35, 81, 105, 108–110]. As has been discussed,
utilising plasmonic metals introduces rich nano-optics [9, 36, 46, 8, 47, 72, 5, 111–118] and
there have been a number of high profile publications studying the combination of optical
cavities with plasmonics, hence the study here of an Au/hBN microcavity system 1.

In this chapter it will be seen that despite its simplicity and in clear contrast to results
from related structures [120–123], plasmonic scattering processes from Au nanoparticles
on sub-micron thick hBN crystals are non-trivial, resulting in two distinct possible sets

1There is a thorough review of microcavity plasmonics available in reference [119]
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Fig. 4.1 Embedded hBN sample 60µm wide, with two crystal terraces (T1,T2). (a) Cross-
section after nanoparticle deposition, showing in-/out-coupling angles for illumination with
a 0.8NA objective. (b) Bright-field and (c) dark-field images at 100x magnification showing
individual nanoparticles on each terrace.

of nanocavity-nanoparticle modes depending on polarisation and incidence angle. I have
uncovered a new mode which, rather than resulting from coupling of Fabry-Perot modes
with localised plasmon resonances [120, 121], requires angled TM illumination and operates
via a different mechanism, related to the a surface mode called the Brewster mode [124].
The new mode is likely difficult to observe at greater thicknesses (> 1µm) because as the
number of modes within a given wavelength range increases, brighter Fabry-Perot modes
would screen out other modes. However, for sub-micron thickness hBN this mode is clearly
identifiable and can be stronger than previously identified plasmon-coupled Fabry-Perot
modes. The mode is characterised by a nanoscale-confined field which propagates beneath
the nanoparticle. It is of highest intensity within a few nanometres from the particle, with
field vector into the plane of the hBN, an unusual trait for microcavities [40].

4.2 Imaging of hBN microcavities

Planar microcavities of monolayer thickness uniformity employing high-quality hBN crys-
tals embedded into gold, are formed by using the template-exfoliation method with a Au
evaporation rate of 0.1Å/s as described in section 3.2.3. Each atomically-flat terrace cor-
responds to a micro- or nanocavity of different thickness with simple fabrication giving
hundreds of these planar cavities distributed over cm-scale areas (Fig. 4.2). The colours
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of each embedded hBN crystal change with Fabry-Perot mode wavelength for bright-field
light reflected back to the CCD. Crystals which appear brown-grey in Fig. 4.2 are those
with thickness < 80 nm for which interfacial absorption dominates, meanwhile coloured
crystals have thicknesses between ∼ 80 nm and 1000 nm (Fig. 4.2(a,b)). Monodisperse and
highly-spherical colloidal Au nanoparticles of 60 nm average diameter (produced by BBI
Solutions) are deposited from solution onto the hBN using the NaCl method (section 3.2.2).
Since the model used for simulations in this work assumes spherical nanoparticles, 60 nm
particles were selected because they display a lower degree of faceting as a fraction of total
surface area than nanoparticles of greater diameter (e.g. 80 nm nanoparticles) [97]. While the
following observations are likely to apply to all vdW material microcavities fabricated in this
manner, hBN is helpfully inert, insulating, chemically robust and lacks exciton resonances
that complicate these observations.

Fig. 4.2 Overview of samples formed using the template exfoliation method. 5× BF image
(a) shows many hundreds of micro- and nanocavities embedded in a Au surface which are
∼ 1− 10µm across. Purple boxes highlight the sample used in this experiment. Two more
representative sub-microcavities are shown in 100× DF (c,d), this time displaying clear steps
and features beneath the hBN with colours dependent on hBN thickness. (e) Nanoscale Au steps
beneath the hBN are clearly seen to change colour as scattered Fabry-Perot modes shift with
increasing cavity length.

Using the setup as discussed in section 3.1, samples are broadband illuminated through
an objective with numerical aperture NA0.8, so that light is collected for both dark-field
(DF) and bright-field (BF) illumination in the angular range 0-53° (Fig. 4.1(a)). In BF,
the angles of incidence and reflection are equal whilst the average DF illumination angle
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is 58°. Microscope 100× images of a nanoparticle-on-microcavity (NPoMC) sample in
BF (Fig. 4.1(b)) and DF (Fig. 4.1(c)) resolve individual Au nanoparticles in DF as orange
spots on terrace 1 (T1) and green spots on terrace 2 (T2). 22 and 16 NPs on T1 and T2
respectively are analysed on each terrace displaying consistent spectra, while brighter (by
> 3σ ) Au NP clusters are excluded, as are NPs near terrace edges. Au nanoparticle clusters
are easily identified due to their significantly greater intensity and additional resonances
due to plasmonic coupling with neighbouring particles. The scattering from nanoparticles
near terrace edges was not included in the analysis as they were significantly influenced by
additional scattering from the these edges. Other large contaminants appear in the bright field
image as dark spots and are significantly more intense while displaying broad and irregular
dark-field spectra.

Fig. 4.3 (a) Bright-field reflectance, and (b) dark-field scattering from 22 (T1) and 16 (T2)
nanoparticles. Dashed lines show one standard error bound, grey line is scattering background
(×5) from lower hBN/Au interface away from NPs, grey dots mark peak positions of Fano
resonances from resulting interference. Vertical lines show expected TE-polarised wavelengths
for d(1,2). (c) Schematic interference in scattering and (d) all spectra taken in this experiment
normalised to 1, demonstrating both the high uniformity of mode positions and the presence of
additional modes.

As previously mentioned, observed BF colours (Fig. 4.1(b), 4.2(a,b)) result from thin-
film interference which is used to calibrate each terrace thickness from the characteristic
Fabry-Perot fringes (Fig. 4.3(a)), using uniaxial refractive indices nx,y=1.65, nz=2.13 (parallel
to the c-axis) [82]. Fitted spectra (dashed) generated by the same generalised Mie solver used
to calculate DF scattering (see next section), use reflectivities measured from the evaporated
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Au outside each hBN flake, and give thicknesses d1= 672±10 nm for T1 and d2= 577±8
nm for T2. Minor deviations in the fringes are likely due to differences in the Au interface
under and beside each hBN flake [125] as are variations between experimental and calculated
values. This is due to differences in the assembly of thermally evaporated Au onto different
surfaces, which alters the reflectivity between Au evaporated onto hBN compared to the
surrounding Si substrate. This is largely because the exfoliation yields ultraclean hBN
surfaces at crystal cleavage planes, whereas tape adhesive can be left on the surrounding Si
substrate. There are expected to be slight differences in the evaporated Au/hBN interface (e.g.
in terms of roughness) as a result of Au evapoaration. For example, work on graphene using
an evaporation rate of 1.2Å/s has shown that nanocrystals of Au can form of up to 8 nm in
diameter and 2 nm in height due to the high mobility of Au atoms on van der Waals material
surfaces [125]. The significantly lower evaporation rate of 0.1Å/s was used for template
exfoliation in order to minimise these effects.

Dark-field scattering spectra collected from each terrace show intense peaks which are
similar for each nanoparticle (Fig. 4.3(b,c)). Solid lines show the average over 22 (T1) and
16 (T2) nanoparticles (dashed lines show standard error). While the scattering efficiency
of coupled 60 nm Au NPs on bare Si is < 0.2%, resonant enhancement here increases the
scattered intensity by 1800% (T1) and 2800% (T2) (Fig. 4.3(b)). Often, the use of 60
nm nanoparticles in similar plasmonics experiments (e.g. NPoM) is limited by their low
scattering efficiency which reduces the visibility of individual modes. However, here the
combination of high intensity due to microcavity enhancement and low variability due to
nanoparticle uniformity, enables reliable identification of features in the spectra such as
asymmetric lineshapes and overlapping modes.

Within the wavelength range considered for this experiment the magnitude of the refrac-
tive index of gold is greater than that of bulk hBN. Overall, this leads to a π phase-shift for
dark field scattering when compared to bright field from both air/hBN and hBN/Au interface
(Fig. 4.4). This is because for all scattering processes there is a π phase shift for light
which reflects before scattering, which then undergoes interference with light experiencing
negligible phase shift upon direct scattering (Fig. 4.4(b,c)). This simple analysis therefore
suggests that the peaks of nanoparticle dark field scattering should coincide with the minima
of bright field reflectance for the same illumination angle.

In addition to this phase shift, there is a blue-shift expected due to the increase in illumi-
nation angle for dark field compared to bright field illumination[40, 126]. Correspondingly,
vertical dashed lines shown in Fig. 4.3(b) represent the expected position of the bright field
minima or dark field maxima if illumination angle increased from 53◦ to 58◦. The blue
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Fig. 4.4 Expected phase shifts at a given wavelength for out-coupling of Fabry-Perot modes
compared to bright-field phase (φBF )) for (a) BF reflection, (b) scattering from nanoparticles atop
hBN and (c) steps or roughness beneath hBN.

shift can be explained by looking at the phase thickness equations for both TE and TM
polarisations, βT E and βT M,
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where nxy, nz are the in and out of plane refractive indices of hBN respectively, d is the
hBN thickness, λ is the wavelength and na is the refractive index of the ambient. From
this equation it is seen that the frequency which fulfils the Bragg interference condition
βT M = βT E = π/2 is higher than for normal incidence. The magnitude of the shift can be
seen in the calculated shifts shown later, in Fig. 4.6. Referring to the vertical dashed lines
in Fig. 4.3(b), all dark-field peaks from both terraces are red-shifted by varying degrees
from the expected positions based on the above analysis. In particular, there is a significant
red-shift of ≈ 0.3 eV for the higher energy mode for nanoparticles on T2. This suggests that
the simple analysis presented in Fig. 4.4, is not enough to explain the behaviour of scattering
from the nanoparticles. This indicates that shifts seen for nanoparticles are influenced by
other mechanisms alongside the Fabry-Perot coupling for the planar cavity.

Scattering in regions surrounding the nanoparticles showed a weak background spectrum,
a result of Au roughness at the hBN/Au interface. The weak background spectrum for T2
(grey Fig. 4.3(b)) has a maximum intensity at the value expected for the microcavity mode.
This is supported by scattering from steps beneath hBN for T2 which shows a maximum
at the same wavelength (Fig. 4.5(d)). As suggested by the above discussion, the phase
shift for scattering from roughness and steps beneath the hBN is the same as the phase
shift for scattering from nanoparticles (Fig. 4.4(c)) since scattered light (very small phase
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contribution) interferes with light experiencing a π phase shift at the air/hBN or hBN/Au
interface (see below).

4.2.1 Dark-field Scattering from Au Nanosteps

Bright steps of Au can be clearly seen beneath the hBN flakes (Fig. 4.4(c)) and occur as a
natural result of the Au evaporation onto the multi-terraced crystal topology. Despite having
step heights on the order of 0.4 nm to 10 nm , the collective plasmonic properties of many
steps in combination with Fabry-Perot enhancements lead to sharp dark-field scattering peaks
which can be treated as approximately a single step 2. This is most clearly seen in Fig. 4.2(e),
in which steps beneath hBN change colour from green to red as they get closer to the bottom
of the cavity. These steps are expected to scatter light in such a way that dark-field peaks
exactly coincide with BF minima for the terrace since there is no π phase shift on reflection as
for BF and therefore scattering maxima are exactly out of phase with BF maxima (Fig4.4a).

Fig. 4.5 Analysing scattering from the steps in this experiment. Since scattering replaces
reflection there is no phase change ∆φ when compared to observed light (a). If the pink terrace
is included there is a third set of steps beneath the hBN between T2 and the pink terrace (b) as
shown in the zoomed upper-left of Fig. 4.1c (c). (d) Comparison between experimental bright
field (BF) reflectivity, dark field scattering from step, and DF from nanoparticles (NPs) on terrace
2. The sharp scattering from the step between two terraces shows the expected Fabry-Perot
modes. The blue arrow shows shift due to NRM mechanism for nanoparticles which does not
occur for steps.

Spectra were taken from the steps surrounding the pink terrace (top right of Fig. 4.1(b,c)
and Fig. 4.5(b,c) adjacent to T2. The dark-field scattering measurements show a maxima at
the same position as BF minima, as predicted with only Fabry-Perot coupling (Fig. 4.5(c)).
There is no clear blue-shift for any of the modes at this high angle, in particular for the high

2According to my AFM studies (see section 5.1) cleavage of hBN never leads to single terrace steps of
many 10s of nanometres, instead there are many smaller steps which are closely spaced
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energy mode at 2.45 eV. This in clear contrast to the scattered light from the nanoparticles
above which show clear blue-shifts from the BF minima.

To summarize this section, I note that the scattering peaks are not at the expected positions
(dashed lines) from the scattering interference paths depicted in Fig. 4.4 and that the shifts
differ significantly between the two terraces. In addition, the mode structure is not simple, as
lineshapes appear asymmetric and frequently appear to consist of two, rather than a single
resonance (Fig. 4.3(d)). A key observation is that the blue-shift is different for each mode and
is significantly greater for higher energy modes than lower energy modes. This is in contrast
to other work which shows red-shifts which are larger at lower energies and predictable
using the Bethe-Schwinger cavity perturbation formula [120]. I will now show that the shifts
are not a consequence of enhanced plasmonic phase shifts alone and are instead due to the
existence of a new mode, independent of the Fabry-Perot mechanism.

4.3 Comparisons with Mie method calculations

To explain these observations, novel Mie method calculations were developed by Dr. Xuezhi
Zheng of K.U. Leuven, with simulations designed and presented by myself. A description of
this method composed by Dr. Zheng can be found in the Appendix. In the designs I used
based on these Mie calculations, two optical pathways are initially considered, interfering the
direct back-scattering from the NP with the forward-scattered light after it has propagated
multiple times through the underlying microcavity. The phase shift on reflection at the lower
hBN/Au interface is π + δ (E,θ), where δ describes the phase shift due to changes in Au
reflectivity with wavelength and angle. Dips in BF reflectivity correspond to Fabry-Perot
resonances, where the resonant optical field inside the hBN increases light absorption in
the Au mirror. In this situation the optical field at the top surface is also maximised, so
forward scattering from the NP is expected to be strongest at these reflectivity dips (for the
same illumination angle). Since DF illumination is recorded at higher incident angles than
the BF reflectivity, the cavity resonances blue shift [40, 126] and for 58◦ are shown by the
vertical dashed lines (Fig. 4.3(b)). However, this model cannot account for the shifted DF
scattering peaks (blue-green arrows, Fig. 4.3(b)). All scattering peaks from both terraces are
found to be red-shifted by different energies from the expected positions based on the simple
model above, up to 300 meV for the higher energy T2 mode. This suggests that scattering
resonances of nanoparticles on micro-cavities are influenced by extra mechanisms besides
the outcoupling of planar Fabry-Perot modes.

To better understand the resonant modes in this system, extinction spectra with and
without the NP were calculated. These are evaluated using a generalized Mie theory (see



4.3 Comparisons with Mie method calculations 69

Appendix) [38] considering a perfectly spherical Au nano-particle on top of a uniform hBN
layer on flat Au (Fig. 4.3(c) and appendix Fig. A.2), with the z-axis parallel to the optic axis
of the hBN crystal.

While the situation with the nanoparticle is more complex, it is instructive to break down
the case without the nanoparticle to help with understanding the calculations shown in Fig.
4.6(a,b). Initially, the fraction of light entering the hBN is calculated as the incident angle
increases. Without the nanoparticle, the interface reflection matrix R, which relates the
reflected electric field Er to the incident field Ei with incident s- (Eis) and p-polarisation (Eip)
via [127],

Er = R Ei =

[
Erp

Ers

]
=

[
Rpp Rps

Rsp Rss

][
Eip

Eis

]
(4.3)

is diagonal in this symmetrical situation (Rps=Rsp=0), leaving only Rpp =RT M and Rss =RT E .
Beginning with the simpler TE situation, incident and reflected electric fields are defined in
terms of polarisation-dependent refractive indices and incident angle θi by,

rT E01 =
nacos(θi)− (n2

xy −n2
asin2(θi))

1/2

nacos(θi)+(n2
xy −n2

asin2(θi))1/2 (4.4)

where na is the refractive index of the ambient medium above hBN (here air) and nxy, nz,
are the respective refractive indices for hBN in the x-y and z planes. Air, hBN and Au are
labelled as medium 0,1 and 2 respectively meaning that rT E01 corresponds to the reflectivity
for s-polarised light at the air/hBN interface. Referring to this equation, the TE reflection
resonances are equally-spaced at normal incidence and blue shift together with angle (Fig.
4.6(a)). The reflection coefficient at the hBN/Au interface is then,

rT E12 =
(n2

xy −n2
Ausin2(θ2))

1/2 −nAucos(θ2)

(n2
xy −n2

Ausin2(θ2))1/2 +nAucos(θ2)
, (4.5)

where nAu is the refractive index of Au as a function of wavelength and θ2 is the angle of
light transmitted into Au. It can then be shown that the total reflectivity for the structure is,

RT E =
rT E01 + rT E12e−i2βT E

1+ rT E01rT E12e−i2βT E
. (4.6)

The TM reflection coefficient at the air/hBN interface rT M01 is described by [40, 126, 127]

rT M01 =
nxynz cos(θi)−na

(
nz

2 −na
2sin2 (θi)

) 1
2

nxynz cos(θi)+ na(nz2 −na2sin2 (θi))
1
2
, (4.7)



70 Localised Nanoresonator Mode in hBN Plasmonic sub-Microcavities

For TM reflectivity (Fig. 4.6(b)), this picture is complicated by effects at Brewster’s angle
(white dashed Fig. 4.6(a-d)) where the reflection at the air-hBN surface vanishes, eliminating
multiple interference. Beyond this angle,

θB = asin

([
nxy

2 −1
nxy2 − nz−2

]1/2 )
≃ 56◦ (4.8)

the phase on reflection reverses, shifting the resonances by half their spacing. At this angle the
intensity of reflected light at the air/hBN interface is zero, however the total TM reflectance
never goes to zero due to the reflectance of Au as described by,

RT M =
rT M01 − rT M12e−i2βT M

1+ rT M01rT M12e−i2βT M
. (4.9)

Here, when rT M01 = 0 the simple equation RT M = −rT M12e−i2βT M describes the reflectance
at the Brewsters angle.

The generalised Mie model shows scattering from the NP atop the microcavity is indeed
enhanced at each extinction maxima (Fig. 4.6(c)). TE scattering peaks blue-shift with
angles matching the reflectivity dips, weakening slightly at θB when polarisation-flipped NP
scattering disappears. The predicted TE scattering peaks at 58° match the observed peaks at
2.25 eV and 1.55 eV (Fig. 4.6(c)) to within 0.1 eV. The larger extinctions at higher energy
come from the stronger interband Au absorption above 2.5 eV.

By contrast, a completely different predicted behaviour is seen for TM polarised scattering
(Fig. 4.6(d-f)) for both terrace thicknesses. Although blue-shifts are initially seen, a set of
new modes appears around θB, which dominate the total (TE+TM) scattering at 58◦ (Dashed
white circles, Fig .4.6(d)). Since scattering measurements are typically taken at high angles
∼ θB, it is vital to understand the origin of these NPoMC modes.

4.4 Probing TM Scattering Modes

Comparing TM extinction (Fig. 4.6(b)) to scattering (Fig. 4.6(d)) highlights these peculiar-
ities. At θB, the extinction shows no microcavity modes, however the scattering spectrum
gives new sharp modes. In simulations of the thinner microcavity T2 (Fig. 4.6(e,f)), the
new peak at 1.9 eV becomes the dominant cavity mode, with a 200 meV red-shift from the
expected position of the TE scattering peak (Fig. 4.6(e), blue-green arrow). This combination
of nanoresonator and Fabry-Perot modes accounts well for the bright mode near 1.8 eV in
Fig. 4.3(b).
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Fig. 4.6 Generalised Mie calculations for T1 (a-d) and T2 (e,f). For T1, extinction without NP
(a,b) and scattering spectra for NP on microcavity (c,d) are shown as angle increases. Brewster
angle θB is dashed. Extinction is from 0% (black) to 100% (white), scattering from 0% (black)
to 5% (white). For T2, calculations are for (e) TM scattering and (f) average of TE and TM
scattering. Blue-green arrow is comparison with Fig 4.3(b).

The generalised Mie theory shows these modes are produced by back-scattering from
the NP, creating transverse localised cavity modes underneath it which are spatially confined
in-plane to the nanoscale geometry of the NP (Fig. 4.7). Even for illumination angles
significantly less than θB these surface modes can be excited and out-coupled. This new
nanoresonator mode (NRM) is only seen at energies that can excite the microcavity-coupled
vertical dipole antenna, forming a new scattering resonance at 2.25 eV.

To explore the nanoresonator modes, we track how they vary with increasing microcavity
thickness (Fig. 4.7(a)) [40, 126]. The NRMs (white dashed line over first order NRM) redshift
with increasing hBN thickness for constant illumination angle of 58°. Above d = 300 nm,
several modes are seen, with energy spacings which decrease as expected for Fabry-Perot-
type modes. Between the strongly-excited NRMs are weaker resonances matching the
normal TE Fabry-Perot modes (yellow dashed line over second order FP mode). Plotting the
thickness-dependent Q-factor of the dispersive NRMs shows a periodic modulation under an
increasing envelope (Fig. 4.7(b)).
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Fig. 4.7 (a) Thickness dependence of TM scattering of nano-resonator modes (NRMs, white
dashed) at θi = θB = 58◦, with faint Fabry-Perot modes (FP, yellow dashed) also seen and (b)
calculated Q-factors. Arrows mark d=90,130 nm for angle-dependences in (c,d) where dashed
lines mark angle of maximum scattering. (e) Typical experimental DF scattering images of
80-130 nm thick hBN nano-resonators at 100x magnification. (f) Field map of surface charges
on 60 nm nanoparticle and scattered electric field (Ez) for nano-resonator mode with L=110 nm,
θi = 58deg. All scatter intensity (a-d) and field plots (e) are normalised between 0% (black) and
100% (white).

These resonant modes can be excited at incident angles from 40-80° with energies from
1.4-2.4 eV. The high-angle resonant lowest mode is clearly visible for hBN L>90 nm (Fig.
4.7(c,d)). They appear strongest when near-resonant with the nanoparticle transverse plasmon
mode around λ = 550 nm (2.25 eV). The angle of maximum scattering intensity (blue and
green lines, Fig. 4.7(c,d)) shifts from 52◦ to 68◦ when the hBN thickness increases from 90
nm to 130 nm, showing their coupling is not precisely tied to θB.

At thicknesses of 80-170nm the lowest order NRM has the least extra contributions from
the FP-coupled modes (Fig. 4.7(a)). Experimentally, nanoparticles on hBN flakes within this
range display ring-shaped dark-field scattering images due to the high-angle outcoupling of
light from the NRMs (Fig. 4.7(e) and depicted in Fig. 4.8). This confirms their dominant
out-of-plane Ez resonant fields, completely different from Fabry-Perot microcavities. These
TM nano-resonator modes seen in the NPoMC geometry are thus attributed to multiple
scattering and reflection underneath the NP (Fig. 4.7(f)). This is because at θB all other
cavity feedback disappears at the hBN/air interface. Treating scattering from the nanoparticle
as a microcavity end mirror with low reflectivity (following Fabry-Perot behaviour), we
indeed expect the Q-factor to increase with thickness. This is because such nano-resonators
approach the limiting case when the lateral dimensions of a cavity back-reflector approach a
point. As expected, the Q-factor per unit length decreases with increasing thickness since
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diffraction from NP causes lateral spreading of the retro-reflecting light beyond the optical
cross-section of the resonant NP. The NRM field distribution (Fig. 4.7(f)) is similar to that
from individual Au NPs, but resonant at 58° and nearly 10-fold stronger than without the
underlying Au mirror.

Fig. 4.8 The NPoMC which scatters Fabry-Perot modes (a) appears as a spot because out-
coupling to far-field is at a wide range of angles, and strongest perpendicular to the substrate
plane. The NPoMC which scatters NRMs (b) is only accessible via TM polarised light when
nanoparticle-cavity coupling leads to formation of a vertical dipole which emits only at high-
angles. This appears as a ring in far-field.

The NRMs depend on cavity thickness as for conventional Fabry-Perot modes, but expe-
rience far stronger plasmonic phase shifts due to multiple scattering, which needs to be taken
into account. Plasmonically enhanced cross-sections mean that although dielectric nanoparti-
cles also show NRMs, they are more than fifty-fold weaker and there is no maximum close to
the excited transverse or antenna modes of the nanoparticle around 2.25-2.30 eV (Fig.4.9(a)).
To support further the observation of NRM modes and explore the differences between
plasmonic metal nanoparticles and dielectric nanoparticles, I calculate the Q factor and FOM
(defined as Q/thickness) as a function of thickness (Fig.4.9(b)). Both Au nanoparticles and Si
nanoparticles of 60 nm in diameter can support NRMs, but the Q-factor and FOM is higher
for plasmonic nanoparticles.

I find that the field inside the hBN is nearly 10-fold weaker without the Au mirror
underneath (compare Fig. 4.10(a,b)), and does not possess a resonance at the specific high
angle of the NRM mode (comparing Fig. 4.10(c,d)). As expected for a mode with field
vector into the hBN crystal plane the NRMs depend most strongly on the in-plane refractive
index of hBN as shown in Fig. 4.11.

These nano-resonator modes resemble previously observed Brewster modes, but with
the both mirrors replaced by flat Au and a NP [124, 128, 129]. To compare with previous
observations, a similar mode was previously identified by in a multilayer structure in 1974
[124]. Additionally, observation of the strong coupling regime between the quantum well
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Fig. 4.9 TM scattering modes from silica nanoparticle of 60 nm in diameter (a) and correspond-
ing Q-factors (b). The brighter modes are due to the NRM mechanism with fainter modes due
to the usual TE Fabry-Perot mechanism. Calculation comparing Q-factor and FOM for Au and
silica nanoparticles (n = 1.5). These are extracted from the calculated spectral peaks in the mode
spectrum.

excitons and a high incidence ‘Brewster cavity mode’ was reported in 2019 [128]. In these
other works the Brewster mode appears in the cavity formed by two different mirror types
(Fig.4.12). The first one is a multilayer DBR (DBR without top layer), which replaces the
Au mirror in this experiment. The second one is called the total internal reflection mirror,
which is the interface between the top layer and the air and replaces the nanoparticle here.
The angle of illumination into these structures is therefore dependent on the refractive index
of the top layer, which defines the conditions for total internal reflection. The top layer of
the multilayer structure is an intra-cavity gap (media between the mirrors, in our case this
replaces hBN). The Brewster mode in these works differs from the usual Fabry-Perot modes
by condition for the standing wave formation. For the usual Fabry-Perot cavity mode, the
standing wave satifies the condition that the width of intra-cavity gap should be equal to the
integer number of half wavelength, λc = 2nL/(Ncos(θ)), where n is the refractive index,
d is the width of intra-cavity gap and N is an integer. The standing wave condition for the
Brewster cavity mode differs from the Fabry-Perot cavity mode condition. The difference
comes from the phase jump by π for the wave reflected from the total internal reflection
mirror. So, the Brewster cavity mode standing wave condition is instead,

E =
hc2

2nL

(
p+

1
2

)
cos(θ) , (4.10)

where p is an integer, arising from additional π phase jumps compared to Fabry-Perot modes.
The jump appears only in TM polarization therefore the Brewster mode appears only in the
TM polarization.

The modes I have presented here are similar to the Brewster modes presented in this other
work but do not require a DBR, operate via scattering from a plasmonic nanoparticle instead
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Fig. 4.10 (a,b) Optical field Ez (a) with, and (b) without gold mirror beneath hBN plotted on
same intensity scale which is normalised for the case with a Au underlayer between 0% (black)
and 100%. (c,d) Angle dependence of 130 nm hBN sub-microcavity system (c) with, and (d)
without gold mirror beneath.

Fig. 4.11 The thickness dependence of TM NRM modes with 60 nm Au NPs at 58 degrees
incidence with constant n = 1.65 (a), uniaxial n = nhBN (b) and constant n = 2.13 (c)
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Fig. 4.12 Visual description of previous types of optical microcavities used in other works in
order to observe Brewster modes. For my experiment the near total internal reflection mirror is
replaced by a 60 nm Au nanoparticle, DBR mirror by flat Au and top layer by single-crystalline
hBN.

of total internal reflection and replace one cavity mirror with Au. The complex refractive
index of Au means that while the overall behaviour is similar to as described in equation 4.10,
an exact analytic function cannot be written to define the modes position in wavelength. To
be more precise, nanoresonator modes experience additional shifts of δ (E,θ) dependent on
the mirror, cavity and nanoparticle compositions. This has some analogy to Goos-Hänchen
effects, in which the overlap of incident and reflected wavefronts leads to a slight phase shift
of the reflected light after internal reflection [130]. In this work, the combination of effects
shifts the peaks considerably away from equation 4.10. As a result of the nature of this
mode, these NRMs are tightly confined to the geometry of the Au nanoparticle and therefore
critically probe the morphology and scattering at the top interface.

Although the calculations yield good agreement with the mode energies, they do not
account well for measured scattering intensities. The model predicts modes at energies close
to the transverse plasmon mode should have greatest scattering intensity, but experimentally
the modes at lower energies are much stronger. I suggest this may be due to additional
Fano resonance [109, 131] from the continuum scattering background (due to the slightly
rough lower Au surface, grey line Fig. 4.3(b)), which is stronger at lower energies. Such
Fano effects produce the asymmetric-lineshape low-energy peaks and also the small (50
meV) extra blue-shifts of the calculated modes (grey points, Fig. 4.3(b)) compared to those
experimentally observed. It is also possible that the morphology of the nanoparticle favours
outcoupling of cavity modes at lower energies.
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4.5 Conclusion

In conclusion, exfoliated hBN crystals were embedded in Au forming uniform planar half-
microcavities. By depositing Au nanoparticles on top of these crystals to form NP-on-
microcavity (NPoMC) structures and using single nanoparticle spectroscopy, the plasmonic
and Fabry-Perot enhancements were identified which control interfacial scattering mech-
anisms and corresponding red-shifts in the mode positions. I identify a new microcavity
nano-resonator mode (NRM) which can be excited only for TM polarisation at angles
θB ±20◦ and which depends on microcavity thickness and refractive index. It is shown that
this mode arises from multiple reflections between scatterer and Au mirror. Subtle phase
shifts and Fano coupling within this microcavity control its exact spectral position.

These NRM modes are vital to understand when exploring the coupling of nanoparticles
with the new materials landscape of TMDs. The same fabrication techniques can be used to
produce NPoMC structures with other TMDs instead of hBN and it is expected that the same
modes should be observed for these materials. Because of the extreme sensitivity of these
modes, this work is valuable in studying architectures which take advantage of enhancements
at nanostructure or NPoMC interfaces.





Chapter 5

Few-layer to Monolayer hBN NPoM

In the chapter 2 of this thesis, there was a discussion of the nanoparticle on mirror (NPoM)
geometry and an overview of what we have discovered thus far about this useful architecture.
All of these previous works focussed on the use of optically active spacer layers in order to
demonstrate novel nano-optics.

In previous work on graphene Fig. 5.1(1), dark field scattering from graphene NPoMs
was collected for monolayer graphene up to 5 layers thick[5]. Whilst NPoMs on thicker
graphene showed red-shifting coupled modes with decreasing number of layers as expected,
monolayer graphene NPoMs showed split peaks (see Fig. 5.1(1)). Since the majority of
the field in the NPoM was calculated to be perpendicular to the graphene plane, the spacer
was treated as a dielectric. This splitting was attributed to virtual dipoles forming within the
highly laterally conductive graphene layer. However, graphene’s conductivity and atomic
thickness, which approaches the quantum regime for plasmonics [132, 133], makes it difficult
to determine the underlying mechanism behind any given mode behaviour.

In 2015, further work with MoS2 Fig. 5.1(2) enabled much deeper analysis of the NPoM
system, with the spacer treated as an inert dielectric of thickness ∼ 0.8 nm in the gap [8].
The ruling out of explanations relating to spacer behaviour enabled significant further study
into the base NPoM system, including its use as a plasmonic ruler and identification of new
hybrid facet modes, antenna modes and a discussion of their relative outcoupling to far-field
(Fig. 5.1(2)). Most recently in 2017, the consequences of this improved understanding were
brought to fruition in the study of NPoM with WSe2 multilayer spacers Fig. 5.1(3) [9]. In
this work strong coupling was observed in around 12 layers of WS2 at room temperature, a
big advance for the plasmonics community (Fig. 5.1(3)).

One of the main projects worked on throughout my PhD work has been the study of
monolayer hBN as a spacer layer in NPoM (see chapter 2), with an estimated thickness of
∼ 0.3−0.4 nm depending on the fabrication method [134]. Unlike MoS2 and graphene, this
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Fig. 5.1 Overview of the principle results of the three publications from within my research
group which utilise the properties of vdW materials to observe novel nano-optics. These works
can be found at the corresponding references. (1) The graphene virtual dipole paper [5]. (2) the
MoS2 morphology paper, in which the ultra-confined gap enabled probing of nanoscale changes
(b) and measurement of IR modes(c) with new theory to support the observations[8]. (3) The
most recent work on strong-coupling to multilayer WSe2(a), on monolayer the usual coupled
modes were observed, but on multilayer Rabi splitting was observed [9].



81

material can be considered as an inert dielectric throughout the visible range of wavelengths
most useful for NPoM, as it has a bandgap beyond ∼ 5.9eV[80]. There were a number of
key aims for this work:

1. To further the understanding of NPoM for an atomically thin spacer and attempt to
reach the quantum regime for plasmonics using this system (achievable below ∼1 nm
with high-n gaps)[56, 133].

2. By multilayer stacking this atomic thickness spacer, to enhance the resolution in gap
change and corresponding tuning rate of the coupled mode, thereby testing our current
models for NPoM to their absolute limit.

3. Use our understanding of hBN in NPoM from single to multilayer as the fundamental
groundwork for further studies on van der Waals heterostructures based on hBN in
plasmonics.

4. Identify changes in refractive index with thickness. The behaviour of this property
with decreasing thickness and for single crystal compared to thin films has been
questioned and would be highly valuable information[82, 135] 1. Additionally, it is
not well understood how the screening due to substrate and environment influences the
measured index for mono- or few-layer hBN.

In this work, initially the case of exfoliated few-layer hBN is discussed. Deep insights
into the exact morphology of the interface can be gained from this system in the same way as
achieved for MoS2[8]. However, rather than focus on the influence of nanoparticle faceting,
which was one of the focal points of the work on MoS2, there will be an in-depth look at
the exact constituents of the gap and the resulting influence on the spectral position of the
antenna modes. The key change in approach is the direct comparison between otherwise
identical NPoMs with and without hBN present in the gap, which enables the identification
of new influencing factors. This study reveals a number of very important features which
are potentially unique to layered materials as gap layers and henceforth lays the required
groundwork for development of thin 2D materials in NPoM. In addition, it should apply to
dielectric spacers including molecules if they do not bind directly with the Au nanoparticle
surface.

With the knowledge gained from the exfoliated case, trilayer hBN will be studied, which
consists of three millimetre-scale monolayer hBN layers which are grown via chemical

1References [82, 135] both take anisotropy into account correctly but arrive at different values for a single
crystal compared to a thin film [135]
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Fig. 5.2 The layered structure of hexagonal boron nitride (a) shows that it is one of the rare
materials for which a single layer is an atom thick. This atom thick layer can be placed in NPoM
(b), with the ultimate aim to have NPoM’s distributed over large area CVD hBN on Au (c).

vapour deposition (CVD, see chapter 3 for growth details) and iteratively stacked above
one another. This is the first large-area few-layered material studied using NPoM in our
group [136]. The principle advantage of this system is the ability to gather many hundreds
of individual spectra distributed over large areas and undertake more thorough statistical
analysis [137]. Work on the monolayer CVD hBN system will be presented which displays
highly unusual results based on our current models[46, 47, 8, 45]. However, using the
knowledge gained from exfoliated and trilayer CVD samples it is possible to explain these
results in an intuitive way. The chapter will close on ways in which to improve NPoM with
layered materials and some suggestions for future routes.

5.1 Exfoliated few-layer hBN in NPoM

The simplest way to begin gathering data on hBN NPoM is by using layers exfoliated from a
bulk crystal onto Au. This acts as a starting point to check the thickness dependence for the
hBN NPoM system, since exfoliated crystals inherently display a distribution of different
thickness crystals and terraces (as seen in the previous chapter). The growth and transfer of
multiple monolayers of CVD hBN is more challenging, time consuming and is unable to
give as broad a distribution of gap thicknesses.

Typically the method presented in section 3.2.4 is used for the fabrication of heterostruc-
tures, since the same steps can be used to precisely rotate and position flakes on top of one
another. This is likely the method which would be used for any future NPoM heterostructure
experiments over the next few years.

The sample to be discussed here is the same as depicted in Fig 3.7(c,d), which shows hBN
flakes successfully transferred onto Au before and after polycarbonate removal. This sample
serves as an introduction to the experimental methodology which will be used throughout the
rest of this chapter, and also as an introduction to the behaviour of the hBN-NPoM system.
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Fig. 5.3 The exfoliated hBN flake on Au, fabricated using the methodology outlined in section
3.2.4. AFM analysis (a,b) allows measurement of two distinct terraces of heights 4.56±0.25
nm and 2.84±0.17 nm from the Au substrate surface. Post nanoparticle deposition according to
section 3.2.2, bright-field (c) demonstrates the low optical contrast of thin hBN and dark field
shows the position of 80 nm Au nanoparticles on each terrace.

In this chapter, AFM is used to confirm the removal of polycarbonate (PC), and determine
the thickness of hBN flakes before nanoparticle deposition. The ability to reliably measure
spacer thickness by finding a well-defined crystalline edge is a useful advantage for vdW
materials compared to self-assembled monolayers (SAMs) [98, 56, 117]. The individual
hBN flake to be analysed here is shown in the AFM height image for the sample (Fig. 5.2(a)),
displaying a clean surface with only small amounts of residue PC which appear as specks of
white (i.e. spikes in height). The sample was selected due to its few-nm thickness and two
relatively large area terraces at differing heights. These terraces are bordered with blue for
the thicker terrace (T1) and in red for the thinner (T2). Corresponding step heights shown in
Fig. 5.2(b) were measured at multiple points along the hBN flake edge to confirm that they
were the same thickness across the whole terrace. These measurements were then averaged
before and after each step, leading to a height of 4.56±0.25 nm and 2.84±0.17 nm for T1
and T2 respectively. The errors for these values were calculated by addition of the standard
deviation of the values before and after the step. It will be seen later that these are minimum
possible errors, the real errors are larger than these values. In addition to the two terraces of
clearly different height, there is a small region of the flake within the thin red region which
is separated by dashed green. This region is greater in height than T2 by between 1 and
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2 monolayers. The very frequent presence of slightly thicker layers on any given flake is
one of the key issues with using exfoliated hBN in comparison to CVD. Due to the growth
parameters used here (see section 3.2.1) it is not possible to grow more than one monolayer
of hBN with CVD except in multilayer seed regions, which are clearly visible as small areas
of significantly thicker defective material and are thus easily excluded[136].

A 100× bright-field (BF) image of the flake can be seen in Fig. 5.2(c), the low contrast of
which highlights the difficulty of identifying thin hBN on Au. hBN does not absorb visible
light and contrast only occurs due to changes in optical path due to differences between the
optical interface at hBN/Au and air/Au [77, 80, 134]. The optical path difference increases
with greater hBN thickness leading to higher contrast. The interlayer spacing for hBN has
been shown to be the same as graphite [138], ∼ 0.4 nm, and considering that the spacing
between a substrate and a monolayer transferred via this method is usually ∼ 2 layers 2, the
terraces consist of ∼ 9 and ∼ 5 layers of hBN. By exfoliating first onto Si/SiO2 for enhanced
contrast and then transferring regions with many flakes, it is possible to deduce the position
of very thin flakes using the relative position of other thicker crystals with higher contrast.

Nanoparticles deposited is as described in the section 3.2.2, by adding NaCl to a solution
of 80 nm citrate capped BBI Au nanoparticles. This charge destabilises the solution causing
individual nanoparticles to crash out onto the hBN sample. The resultant sample is shown
at 100× dark field illumination in Fig. 5.2(d), and it can clearly be seen that there is not
a significant difference in the density of nanoparticles on or off the hBN. This lack of
dependence on hydrophobicity, along with the reduced deposition time is a big advantage of
this deposition method compared to others (e.g. full immersion for long periods). At the end
of this chapter it will be shown that the choice of deposition method from solution makes no
significant difference to the NPoM spectra. Each nanoparticle on the hBN flake has been
numbered for individual analysis, with their corresponding dark field spectrum shown in Fig.
5.4.

In Fig. 5.4, red spectra correspond to spectra collected from nanoparticles on the T2 of
thickness 2.84 nm, blue from T1 of 4.56 nm and green T3 with thickness range 2.84-3.50
nm. Nanoparticle 9 displays two sharp peaks, but since no other particles display this feature,
this is likely due to the close proximity of a second nanoparticle which can also be seen in
the image. As they are in the same region, it is likely either that the two nanoparticles are
plasmonically coupled or that the far-field light from both individual NPoMs is superimposed
at the detector. Disregarding this nanoparticle, all of the other spectra display prominent
peaks above 600 nm which are significantly brighter than the transverse mode at ≈ 530 nm.
The modes with resonances above 600 nm are the important modes related to plasmonic

2It will be seen for CVD transferred flakes later that this spacing can be reduced by annealing the sample
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Fig. 5.4 Figure showing all of the spectra from 80nm nanoparticles deposited on the sample
shown in figure 3. The numbers in each legend correspond the numbering shown in 3(d). Red
spectra represent those which sit on the thick terrace, T1, of 4.56 nm, blue on the thin terrace, T2,
of 2.84 nm, and green T3, of range 2.84-3.50 nm. Dashed lines represent the calculated expected
position of the coupled mode for each spectrum.

coupling between the nanoparticle and Au beneath, thus we have formed an NPoM with
exfoliated hBN of two distinct thicknesses as the gap spacer.

As a reminder, the generalised circuit model described in chapter 2 can be used to predict
wavelength of the dipole antenna mode λ l

1, using the equation

(λ l
1/λp)

2 = ε∞ +2εd +4εdε
χ
g ln[1+βR/d]. (5.1)

Here, λp is the plasma wavelength, εd , εg, are the permittivity of the surrounding medium
and the gap respectively, with ε∞ = εm +λ/λp. R is the radius of the particle and d the gap
distance and χ and β have characteristic values χ = 0.5 and β = 0.15 for NPoM assuming
spherical particles. Although it does not take into account faceting, it has been shown that
this is a good model for non-conductive NPoM with gaps not approaching the quantum
regime in thickness [46, 47].

For modelling of the experiments in this chapter the same coordinate basis is used as in
the previous chapter, with the z axis orthogonal to the substrate surface and x− y in-plane.
Since for the dipole antenna mode the near-field in the gap is almost entirely vertical (out-
of-plane), the refractive index nz = 2.13 is appropriate for the refractive index of hBN. The
in-plane refractive index only becomes relevant for gap modes smn with odd m, and for gap
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Fig. 5.5 A closer look in AFM at the hBN flake shown in figure 5.3(d), in the region of
nanoparticle 7 on T2. The step between T2 (left) and the Au surface (left) of 2.8 nm is clearly
seen. It can also be seen that there are fluctuations in height of ±0.5 nm of the hBN layer
approximately every 20−60nm2. The Au appears rough due to the small scan area, but the rms is
0.8 nm which is good for evaporated Au. Small white spots of average size ∼ 5 nm are remnant
polycarbonate or other residues.

distances at least >5 nm. The surrounding medium is air with n = 1, Au permittivity is taken
from reference [139]3.

By substituting in these values in addition to others which can be found in the appendix,
the expected position of the dipole antenna mode λ l

1 is 657 nm and 701 nm for the 4.56 nm
(T1) and 2.84 nm (T2) terrace respectively. Dashed lines have been added to Fig. 5.4 in order
to show these expected positions and it is clearly seen that this does not square well with the
experimental data, since there are only two nanoparticles on T2 with a coupled mode above
700 nm. Hence, it is found that it is not enough to draw directly from the initial AFM step
height measurement in Fig. 5.3(b) and assume that only hBN is present in the gap.

5.1.1 Inclusion of hBN Height Variation

A higher resolution image is shown in Fig. 5.5, which displays fluctuations in height above
the Au surface of ±0.5 nm around the average for the thinner hBN terrace. Since these
fluctuations in height vary over a surface area on the order of the area of a nanoparticle
facet, the variation in the average spacer thickness needs to be evaluated to include these
height changes. This leads to a new gap thickness of d = 2.8±0.7 nm based on the AFM
height data, where the value here is the same but with increased in order to encapsulate the
influence of variations. Additionally, since the hBN is only in direct contact with the Au

3Johnson and Christy, 1972
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underneath when the fluctuation in height is at a minimum, it is possible to conclude that the
hBN thickness is 2.8−0.5nm = 2.3±0.3 nm This is clearly less than the average measured
step height from the lower resolution AFM measurement.

Based on this analysis, now consider the spacer as a hybrid material consisting of air,
with thickness dair, refractive index nair ≈ 1 and hBN with thickness dhBN , refractive index
nhBN , such that d = dhBN +dair (Fig. 5.6). When the height of the spacer is d = 2.3 nm there
is only hBN in the gap and the refractive index is nz = nhBN = 2.13 as initially expected.
However, when it is 3.3 nm the spacer consists of 1 nm (dair) of air and 2.3 nm (dhBN)
hBN. Assuming that the relative thicknesses in 2D are directly translatable to the 3D gap
volume, if a weighted average is used the effective refractive index in the gap drops to
ng = (1× 1nm+ 2.13× 2.3nm)/3.3nm = 1.79. Using this information it is possible to
extract maximum and minimum values for d and ng and thus establish the acceptable range
of values for the dipole antenna mode on our thin terrace of hBN. The results of this analysis
are shown in table 5.1.

Fig. 5.6 The hybrid model of the gap for a nanoparticle of radius R atop a layer of hBN of
thickness dhBN with refractive nhBN which fluctuates in height above a Au substrate. Fluctuations
in height mean that an air gap of thickness dair must be included with refractive index nair = 1.

In contrast, such spacer fluctuations are undetectable on the thicker hBN terrace and the
AFM height image reveals that this region is highly uniform. This is because the increased
number of hBN layers increases the rigidity of the crystal, preventing this ‘bedsheet effect’.
For this reason the original expected value for the peak position can be used of 657±5 nm,
using the error from the AFM measurement.

With knowledge of these spacer fluctuations and an initial approach to deal with them, it is
now appropriate to move onto analysis of the dataset shown in Fig. 5.4. As would be expected
based on the above AFM analysis, the three nanoparticles on the thicker terrace (blue in
Fig. 5.4) are highly consistent both in peak position and intensity, displaying scattering
efficiencies between 2.1−2.4% and an average peak position for the dipole antenna mode of
646 nm (Fig. 5.7(a)). This average peak value is within 3 standard deviations of the expected
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Table 5.1 Table showing the peak positions for the dipole antenna mode calculated using the
circuit model and taking into account both the change in spacer thickness and refractive index as
a result of height fluctuations.

Circuit model positions for l = 1 on thinner hBN terrace (nm)
ng = 2.13,d = 2.34nm ng = 1.96,d = 2.84nm ng = 1.79,d = 3.34nm

720 684 654

value for this terrace of 657±5 nm and it will be seen later that the remaining blue-shift from
the expectation value of 11 nm can be readily explained. According to Eq. 5.1, greater spacer
thickness leads to smaller changes in spectral position for the same change in thickness,
and it is the combination of this factor with the enhanced crystal rigidity which leads to the
reproducible spectra.

In contrast to nanoparticles on the thick terrace, there are 9 nanoparticles with a much
greater degree of spectral variation on the thinner terrace. All spectra consist of two peaks,
with a persistent peak which appears around 610 nm in addition to the coupled mode which
shifts considerably in the range 620−820 nm. The mode at 610 nm can be attributed to the
s11 mode since it does not appear to correlate strongly with the position of the coupled mode
(see section 2.4.2). It is to be expected that the variation in peak position for the coupled mode
increase with thinner layers as NPoM becomes more sensitive to changes in nanoparticle
morphology and thickness, however the magnitude of variation cannot be explained by this
aspect alone. As was discussed earlier, the additional effect of decreased rigidity in the hBN
crystal leads to height fluctuations in thinner layers which contribute directly to this variation.
The averaged dark field spectra from this terrace show a centre red-shifted by only 7 nm,
to 653 nm, from the average for the thick terrace, while the expected (average) wavelength
now including hBN height changes is 684 nm (centre column Table.5.1). The majority of
spectra display peaks varying between 620 nm and 700 nm, indicating that nanoparticles are
more likely to sit over a region with spacer thickness at values closer to 3.3 nm and with
corresponding lower refractive indices due to the presence of air in the gap (Table 5.1). This
is likely because the hBN height changes occur over surface areas similar in scale to the
facet area, hence a nanoparticle deposited over an hBN surface valley will most probably be
raised up at the facet edges. Using this logic, nanoparticles sitting on a region in which the
spacer is solely hBN are unlikely to occur. Based on the above analysis it can be concluded
that the more red-shifted spectra are the most representative case for a purely hBN spacer.
Indeed, note that the inclusion of spectra 1 and 11 in the average shown in Fig 5.5a, which
display coupled modes around 800 nm, shifts this peak position closer to the new expected
average wavelength of 684 nm taking into account the influence of the air gap. However,
such a large red-shift cannot be explained within the framework so far since even if it were
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over a height minima such that dgap = 2.34 nm, a much higher refractive index of ng ≈ 2.8
would be required.

To explain the remaining differences between expected and measured coupled mode
positions, a final modification to the model is required.

5.1.2 Inclusion of Passivating Ligands

All of the averaged experimentally measured spectra are blue-shifted relative to expectations
based on the above analysis. Fig. 5.7(a), includes an average of spectra from 30 nanoparticles
of 80 nm in diameter without hBN in the gap, taken from other particles in the vicinity
of the hBN flake. With no passivating ligand surrounding the 80 nm nanoparticle, these
nanoparticles would display only a single mode at ≈ 530 nm corresponding to the transverse
mode of the nanoparticle. This would indicate direct contact between the nanoparticle and
Au underneath which prevents the plasmonic coupling leading to the l = 1 dipole antenna
mode. The fact that a dipole antenna mode is present for all nanoparticles around hBN,
indicates that passivating ligands act as a robust spacer layer. Although passivating ligands
are expected to be disordered over the nanoparticle surface, here I show that new calculations
to estimate their contribution to this hBN NPoM system match well with experimental values.

Fig. 5.7 Analysis of data on and off the hBN flake shown in figure 5.3. The average DF spectra
(a) for nanoparticles on both thick and thin region, in comparison to spectra for nanoparticles
around the flake (i.e. on Au). (b) shows a more in depth look at the spectra for 29 nanoparticles
around the flake including standard deviation. (c) Shows the distribution of Q factors for the 29
spectra around the flake.

As discussed in chapter 3, the passivating ligands for the Au nanoparticles used in this
thesis are citrate molecules, the refractive index of which is expected to have a maximum
value of 1.5 at room temperature [140]. The average peak position for 29 nanoparticles of 80
nm diameter on Au surrounding the hBN flake is 659 nm. Using the same methodology as
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before while assuming that all of the spacer region is filled with citrate molecules suggests a
citrate thickness of ≈ 2.1 nm based on the experimental data. In actuality, it is likely that
only a fraction of the total gap volume contains citrate, so this is a maximum thickness.

Fig. 5.8 A visualisation of the NPoMs without hBN (a). In this case the predicted thickness of ≈
2.1 nm consists of 2 citrate layers. The pictures of molecules correspond to the physical molecule
thickness plus the electric double-layer. The final adapted model includes the presence of these
ligands enabling the calculation of wavelengths shown in Table 5.2 (b). In my model, this three
stage system is assumed equivalent to a uniform slab of dielectric with dtot = dcit +dhBN +dair
and the effective ne f f equal to the average of all layer refractive indices weighted by their
thicknesses.

Based on previous studies on citrate binding mechanisms to Au nanoparticles [141], the
thickness of this citrate layer in solution has a value of 0.8−1 nm. With a gap refractive
index of 1, the spacer thickness for dipole antenna mode at 657 nm would be ≈ 0.8 nm, i.e.
1 citrate layer. Since our spacer thickness estimation using a refractive index of 1.5 is more
than double this value and the refractive index lies between 1-1.5 regardless of gap volume
fill fraction, it is reasonable to conclude that the spacer consists of between 1 and 2 double
layers of citrate [141]. Referring to Fig. 5.7(b), the rare spectrum with a peak above 700 nm
may have spacer thicknesses of 1 citrate layer, but the majority appear to have 2. The most
likely explanation for this is that an extra residue layer is lying on the Au surface despite
the cleaning measures taken, and this is supported by data and calculations from section
5.2 onward. The variation of the coupled mode is directly proportional to the variation in
the number of citrate layers, and changes in its structure on the nanoparticle surface. It is
well known that ligand structure and surface density can change at facet edges which may
influence the number of layers or refractive index in a complex way and this will also be
seen later in this chapter[141]. In the appendix I present a number of ways to remove these
ligands, the most promising of which is O2 plasma etching, however the process introduces
its own problems in the form of damage to the sample.
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Table 5.2 Table showing the peak positions for the dipole antenna mode calculated using the
circuit model taking into account both the change in hBN height, citrate layer and consequent
change in gap refractive index.

Thin terrace

1 citrate layer
ng = 1.94

d = 3.34nm
ng = 1.84

d = 3.84nm
ng = 1.72

d = 4.34nm
λ 1

l (nm) 668 647 628

2 citrate layers
ng = 1.84

d = 4.34nm
ng = 1.77

d = 4.84nm
ng = 1.68

d = 5.34nm
λ 1

l (nm) 637 624 617

Thick terrace

1 citrate layer
ng = 2.02

d = 5.56nm
λ 1

l (nm) 631

2 citrate layers
ng = 1.94

d = 6.56nm
λ 1

l (nm) 618

To estimate the influence of citrate on the mode positions, the resultant increase in height
and change in gap refractive index needs to be taken into account once again. The thickness
of 1 citrate layer will be taken as 0.9 nm with refractive index as 1.5. Taking this into account
in addition to the bedsheet effect, the peak values shown in table 5.2 for the thin terrace are
blue-shifted by the citrate and match the experimental data significantly better. The median
value for one citrate layer now lies within one standard error of the experimental value.
The calculations suggest that the presence of 1 citrate layer on hBN can explain the typical
experimental peak positions, as 2 would blue-shift the spectra further from the average.

Based on the above analysis of an exfoliated hBN flake, there are a number of factors
which increase variation in spectra and decrease data quality. In order of significance, these
factors are:

1. Fluctuations in hBN height (bedsheet effect) and corresponding variation in ng and d

2. Presence of citrate passivating ligands and corresponding variation in ng and d

3. Limited area of hBN reduces possible number of nanoparticles for data collection,
reducing statistical confidence

4. Changes in facet shape/size influencing outcoupling from gap

5. Fluctuations in nanoparticle size
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6. Fluctuations/roughness in Au surface

All of these factors increase in significance with decreasing gap size. Points 4 and 5 are
set by the nanoparticle production method and are controlled by the manufacturer[61]. The
roughness of the Au surface is improved by using template-stripping or by very slow thermal
evaporation rates. The other points in this list can be addressed as follows:

1. Use large area CVD hBN to collect spectra from many hundreds of nanoparticles,
thereby improving statistical confidence in results

2. Transfer the hBN in such a way as to minimise the influence of the bedsheet effect

3. Remove adsorbents from the gap, either by depositing ligand-free nanoparticles or by
removing the citrate post-deposition

Since they have such a large and clearly detectable influence on the experimental data,
these points must be addressed for thinner hBN layers. In following sections on trilayer and
monolayer hBN, various methods will be discussed and implemented to reduce the influence
of these factors. Removing adsorbents will prove to be more challenging to overcome, with
various methods to achieve this discussed toward the end of this chapter.

5.2 Trilayer hBN

The growth and transfer of monolayer CVD hBN is described in section 2.3.2. The transfer of
3 layers of hBN is achieved via repetition of the same steps and cleaning processes described
for monolayer three times.

5.2.1 Analysis of hBN Trilayer on Au

The first challenge when working with very thin hBN is proving it exists on the substrate.
Thankfully, trilayer hBN is simpler to work with than monolayer, because it is easier to
observe in bright field illumination as it has three times better optical contrast. While it still
has very low contrast on Au under a bright field microscope objective, the trilayer can be
observed by eye at an angle with bright illumination from above (Fig. 5.9(a)). Since three
monolayers of hBN are stacked above one another, the number of multilayer regions per
unit area (seen clearly as white regions in SEM (Fig. 5.9(b)) triples compared to monolayer
(Fig 5.19(b)). The fact that multilayer density increases by approximately three times is
one indication that three monolayers have been successfully transferred. It can be clearly
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Fig. 5.9 Qualitative and quantitative observation and measurement of the hBN trilayers used
in this experiment. The contrast due to the trilayer is clearly seen by eye when viewed at an
angle under bright illumination (a). The density of multilayers, seen as white regions in (b), is
extremely low despite the stacking of multiple layers of hBN. Raman scattering of the material on
a Si substrate with 552 nm wavelength incident (c) fully confirms the presence and high quality
of the hBN monolayers transferred to form the trilayer.

seen in Fig. 5.9(b) that the multilayer density remains low despite the stacking (< 3 defects
per 100µm2), with all areas between consisting of trilayer hBN. SEM reveals no tears in
the layers apart from at the edges, and there are very few folds in the layers, a success
resulting from the transfer procedures reviewed in chapter 3.2.1. As previously stated, Raman
scattering by hBN cannot be detected on Au for monolayers using our systems and the same is
found to be true for trilayer. Transferring monolayers from the same Fe foil growth substrate
onto Si rather than Au enables further confirmation of the presence of hBN (Fig. 5.9(c)).
The strong Raman scattering of the E2G peak clearly shows the presence of monolayer hBN.
It’s linewidth and relative intensity is on the order of Raman measurements on exfoliated
samples [77].

Another method to measure the number of hBN layers, or at least to confirm it is greater
than 1 layer, is by using bright field reflectivity referenced to Au. Based on previous bright
field measurements on exfoliated hBN, the reflectivity drops by ≈ 1% for every 0.5 nm of
hBN. Therefore ∼ 1.5 nm of hBN is predicted to show a reflectivity of 97% of the bare gold
at 400 nm when placed on Au, which matches closely with experimental measurements for
this sample[77].

While these measurements confirm the presence and quality of the hBN trilayer, they do
not give information on the precise thickness. The previous section demonstrated the extreme
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Fig. 5.10 Using AFM analysis to determine trilayer thickness and confirm presence of the
material by comparing with features observed in SEM. Two edges of the trilayer sample (a,b)
shown in Fig 5.7 with blue lines indicating the trilayer edge with text indicating a Au or hBN
region. White boxes enclose the region over which values were flattened and averaged to reduce
the influence of noise, with the RMS roughness shown in Au and hBN regions for comparison.
One clear identifier of the presence of trilayer are the star like multilayer growth regions shown
in AFM (c) and SEM (d).

sensitivity of the NPoM system, highlighting the importance of knowing this value accurately
and thus AFM is required. AFM analysis of different edges on the trilayer sample from Fig.
5.9(a,b) is shown in Fig. 5.10(a,b). In the images, the edges of the transferred trilayer are
highlighted by blue dashed lines. Used to improve accuracy of the step height measurement
at the trilayer edge, white dashed boxes represent the area over which the height data is
averaged, with the angle of the box representing the orientation such that it is perpendicular
to the step edge. As shown in Fig. 5.10, whilst the sample is very clean ±10µm from the
edges, folds and defects appear which trap impurities during the cleaning process, increasing
spikes in the data in these areas.

This sample had to be prepared using an evaporated rather than template stripped Au
substrate, which has the undesirable effect of increasing the root mean squared (RMS)
roughness. This is required because to burn off residues from the hBN surface, the substrate
must be annealed at 350◦C which breaks down the epoxy beneath the Au, subsequently
deforming the Au surface above. The use of certain solutions can also damage the epoxy
if the substrate is immersed in a bath, as is the case here. This increase in RMS roughness
makes it more challenging to measure the height of the hBN trilayer accurately. Since
the spacing between each layer is 0.4 nm with the separation between hBN-Au 0.4−0.8
nm e.g.(1-2L), the thickness of the AFM trilayer is expected to be between 1.2−1.6 nm.
The RMS of the evaporated Au is 0.8 nm, so averaging over a large area is very important
otherwise the trilayer is difficult to distinguish above the noise.
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Using the method of averaging either side of the trilayer edge as described and levelling
the image to account for substrate tilt, the thickness of the trilayer was found to be 1.5±0.5
nm. The error in this value takes into account the standard deviation in height values on Au
and on hBN, which are 0.3 nm and 0.16 nm respectively. The thickness value was taken at a
distance of 10µm from the trilayer edge, beyond which the thickness remained within error.
This is because at the edge of the trilayer there are significant variations in height due to
folds and tears in the layers. Since the production of this trilayer sample involves multiple
monolayer transfers, it might be expected that the height fluctuations as a consquence of the
bedsheet effect would be more prominent for this sample. However, the measured thickness
values match well the expectations for trilayer hBN and thus the problem of height variation
in the spacer appear to have been, for the most part, addressed. The transfer process, and
in particular the strong heating step, removes other residues trapped between Au, hBN and
between the hBN layers bringing them together via capillary forces as liquid migrates toward
the edges. Nonetheless, across the entire area of the sample fluctuations in height within the
error measurable using AFM are to be expected and will be attributed predominantly to air
pockets between layers during the following calculations.

The change in the RMS roughness from Au to hBN reveals the way in which the hBN
lies over the Au surface, very important for a technique as sensitive as NPoM. If the RMS
roughness on Au and hBN was the same, this would mean that the hBN exactly fits the
morphology of the Au surface. In this experiment the measured RMS roughness drops from
0.8 nm to 0.7 nm, which indicates that the hBN matches the morphology of the Au well,
but still implies that it lies on the surface like a sheet thereby slightly smoothing out the
surface. This change in the way the hBN lies across the Au surface is not expected to have a
significant effect on the data, but may make a small measurable contribution to blue-shifting
of the dipole antenna mode.

5.2.2 80 nm Nanoparticles on Trilayer hBN

With accurate knowledge of the height of the hBN trilayer spacer and it’s thickness, 80 nm
nanoparticles were deposited onto the sample surface using the usual technique. The sample
at 100× DF clearly shows that the nanoparticles change colour, from majority green off-hBN
to red on-hBN (Fig. 5.11(a)). This indicates that the coupled mode off-hBN is red-shifted
beyond the visible range, while on-hBN the coupled mode lies in the red region of the visible
spectrum. Due to the large area of hBN material, 256 nanoparticles could be measured both
on trilayer hBN and 184 on Au (Fig. 5.11(b,c)). This meant that far more rigorous statistical
analysis could be completed on the sample compared to for exfoliated hBN. The dark field
scattering measurements for 80 nm NPoMs both on and off hBN are shown in Fig. 5.11 with
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Fig. 5.11 Averaged dark field spectra off-(a) and on-hBN (b) with standard deviations in
intensity indicated by red-dashed lines and all spectra behind. The two averages are also shown
in the same graph for intensity comparison.

additional statistical analysis of peak data continued from Fig. 5.12 onwards. Due to the
growth method, multilayer regions are always significantly thicker than trilayer and are easily
observed in dark field as bright and amorphous regions ∼ 1µm in diameter. Since these
regions were clearly identifiable, assuming no tears in the hBN layer (none were identified in
SEM) it is reasonable to conclude that spectra from all nanoparticles were taken on trilayer
hBN regions only.

Based on the results of the thicker exfoliated sample, citrate is expected to play a clear
role, so the first task is to quantify the influence of citrate in terms of dark field scattering.
Comparing the average scattering spectra for 80 nm on Au (Fig. 5.12(a)) to the measurements
off exfoliated hBN (Fig. 5.7), the peak position is clearly red-shifted from 657 nm to 727 nm
due to a change in the adsorbents on the surface. This indicates that this sample is significantly
cleaner, and therefore the thickness of adsorbents in the gap has decreased compared to the
exfoliated sample, from 2.1 nm to 0.9 nm, e.g. a single layer of citrate assuming ng = 1.5.
This shows why one layer of citrate on hBN was required to explain the experimental data
for the exfoliated sample, while two was required on Au surrounding the flake. Only 29
nanoparticles were measured around the exfoliated hBN, thus it is possible (but improbable)
that were more spectra taken, the average would have tended to the same wavelength. This
highlights the importance of taking a larger number of spectral measurements.

As previously mentioned, these results highlight the importance of reducing the influence
of citrate and a number of potential methods for achieving this are presented in the appendix.
It also shows how gap adsorbents can vary between otherwise similar samples and therefore
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measurements both with and without the spacer material, but with the same deposition
parameters, should be taken for each experiment as a reference.

Fig. 5.12 Averaged dark field spectra off-
(green) and on-hBN (purple) with standard de-
viations in intensity indicated by dashed lines.

Comparing the data off-hBN (Fig. 5.11(c)) to
on-hBN (Fig. 5.11(b)) shows that the average spec-
trum is blue-shifted by the presence of trilayer hBN
and that the spectral distribution displays greater
spread, with a number of dipole antenna mode
peaks at values greater than 800 nm. The standard
deviation in intensity is also larger with trilayer
hBN, showing that the spread of intensity values
is greater (Fig. 5.12) and, just as was found for
the exfoliated sample, the scattering intensity from
NPoMs on hBN is considerably greater (2.7× ) de-
spite the significantly larger gap which weakens
coupling and blue-shifts modes.

While plots of the average spectrum as shown in Fig 5.12 are extremely useful as an initial
tool to distinguish clear differences between datasets, they are less helpful for identifying and
analysing individual modes. This was seen clearly for nanoparticles on the exfoliated hBN
sample, where an analysis of all spectra (Fig. 5.4) was required for a good understanding
of the system. A simple mean such as this can lead to unrepresentative asymmetric modes
which blur additional modes, increase apparent linewidth, and provide little clear information
on the spread in wavelength of the peak positions for each mode. Additionally, even for
samples which display only a single mode in addition to the transverse mode, depending on
the skew of mode distributions the mean value can be an unrepresentative measure of the
expected peak position.

Fig. 5.13 demonstrates the clear advantage of large-area CVD hBN compared to exfoli-
ated, where spectra from many hundreds of NPoM structures on an identical thickness of hBN
can be taken and the resultant distribution analysed. Here the spectra are sorted from bottom
of the graph to top according to the position of the coupled mode4. This new representation
of the data allows identification of more subtle differences between the NPoM responses.
While the averages (Fig. 5.12) show single asymmetric modes, upon close inspection of Fig.
5.13 individual spectra for both on and off hBN frequently show multiple modes in addition
to the bright dipole antenna mode. This is to be expected based on the discussions from
section 2.4.2.

4The data is sorted by the brightest mode, with the coupled mode assumed to dominate scattering intensity
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Fig. 5.13 All of the dark field spectra considered in this experiment, both off (a) and on (b)
trilayer hBN NPoM, plotted from bottom to top in order of brightest mode peak wavelength. Blue
dashed lines represent the constant position of the transverse mode for scattering from individial
nanoparticles. Orange dashed lines track the average peak position of the l = 2 mode observed to
move in sync with the coupled mode position.

Focussing on the brightest dipole antenna peaks first, both distributions display a char-
acteristic tail for the most blue-shifted modes and then a range of more evenly distributed
values around the mean. This region of even distribution spans a wavelength range of around
700-775 nm for off-hBN and 625-700 nm for on-hBN. In contrast to 80 nm NPs off-hBN,
data for on-hBN shows a clear red-shifting tail above 720 nm (grey dashed line, ≈ 15% of
spectra with the largest red-shifts) which is not observed for data off-hBN.

In addition to the behaviour of the coupled mode, spectra for on-hBN more frequently
display weaker modes strongly red-shifted from the bright dipole antenna mode. The position
in wavelength of this additional mode fluctuates significantly, implying that its presence is
due to hybrid modes which depend strongly on the variable geometry of the gap facet and
its edges, the most likely candidate for which is s11 (see section 2.4.2). The blue dashed
lines indicate the constant position of the transverse mode, whilst orange tracks the progress
of another mode identified for nanoparticles both on-hBN and off-hBN. This mode is very
clearly proportional to the wavelength of the l = 1 mode and therefore is attributed to the
l = 2 mode. The position of this mode matches very well with calculations discussed in
chapter 2, from which the mode is expected to sit around ∼ λ l

l /1.25 below the dipole antenna
mode and vary around this wavelength due to changes in facet and edge geometry as the j2
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Fig. 5.14 Peak positions for dark field scattering from 80 nm nanoparticles on (a) and off (b)
trilayer hBN. Beneath each spectrum is a histogram for on (c) and off (d) trilayer hBN to add
clarity and aid in peak identification with yellow bars representing the maximum count and
blue-black the minimum. The dashed lines represent the average scattering spectra as shown in
Fig. 5.12.

hybrid mode. For on-hBN NPoMs this mode can be tracked up to the final 15% of the most
red-shifted spectra, at which point it also rapidly red-shifts.

5.2.3 Mode Distributions

A peak finding algorithm is applied to the data shown in Fig. 5.13 to create scatter plots as
shown in Fig5.14(a,b). In these scatter plots the points are divided into two groups which
are defined in the plots by their colour. Dark purple points originate from peaks of maximal
scattering intensity, corresponding to the dipole antenna modes. Light green crosses represent
other mode positions including additional red-shifted modes such as the transverse, l = 2
and facet modes. Each identified cluster within these peak distribution plots, corresponds to
the distribution in wavelength and intensity of an individual mode, containing a great deal of
information about the behaviour of that mode. In particular, the distribution of a mode cluster
in wavelength and intensity can be used to extract clues about the behaviour of NPoM with
hBN. In assigning these modes it is assumed that the coupled mode never sits above 900 nm.

The data for Fig. 5.14(a,b) is used to create peak position histograms (Fig. 5.14(c,d)).
Use of histograms in this way helps to identify individual modes with spikes corresponding
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to modal peak positions, giving a clearer indication of their distribution in wavelength. For
example, comparing the average spectra off-hBN to Fig. 5.13 there is identification of a mode
which most frequently appears just above 800 nm and is not identifiable in the averaged
spectrum. This mode gives the averaged spectrum off-hBN (Fig. 5.11(c)) an asymmetry with
a tail toward longer wavelengths, not a true reflection of the data. Meanwhile, the histogram
for nanoparticles on trilayer hBN (Fig5.14(d)) shows a distribution of peak wavelengths
which is positively skewed (i.e. tailing off at longer wavelengths, see below).

The randomness of an individual cluster can be described in part by its skew, the magni-
tude of which is proportional to the fraction of values beyond a given wavelength and their
distance from the mean value. If the number of points either side of the mean wavelength
value are equal and their distances are randomly distributed, the distribution is a Gaussian.
This would indicate no clear trend in wavelength, i.e. the dependence on refractive index
and gap distance is linear. A negative or positive skew means that values tend to lie below
and further from the average or above and further from the average respectively. Generally, a
skew magnitude of > 0.5 implies that there is a slight non-gaussian trend to the distribution
and a magnitude > 1 means than the trend is clearly non-gaussian. The skew for a mode
distribution can give a clue toward the relationship between peak wavelength or scattering
intensity in the nanogap.

Assuming a constant refractive index with gap distance, it is expected that the distribution
for the coupled mode display a positive skew, since as gap distance decreases with constant
refractive index, modes are red-shifted by a larger degree. However, as seen for the exfoliated
hBN experiment the presence of lower refractive index contaminants in the gap along with
hBN causes the effective refractive index to drop with increasing gap distance. The influence
of this effect on mode distributions is seen in the following analysis. 5

This analysis is extended to try and identify the exact characteristic behaviour of NPoM
with hBN despite the presence of citrate, and used to show comparative trends with wave-
length and intensity. Modes which depend on facet geometry vary significantly depending
on a number of different morphological influences and thus are not particularly useful for
gaining an initial insight into the influence of hBN in NPoM. For this reason, the distribution
of the well-understood coupled modes (dark purple points in Fig. 5.14(a,b)) is focussed upon
for analysis.

Comparing therefore the distribution of the dipole antenna mode on and off-hBN (blue
points, Fig. 5.15), there is a clear difference between the distributions. Here, blue dashed
lines represent standard deviations in intensity, wavelength and red dots lie at the mean values.

5It is assumed in this analysis that fluctuations in nanoparticle size and morphology play a negligible role
in the coupled mode position compared to changes in gap properties. This assumption is supported by the
experimental results from here onward.



5.2 Trilayer hBN 101

Fig. 5.15 Comparing the wavelength and intensity distributions for 80 nm nanoparticles off
(a) and on (b) trilayer hBN. Blue dashed lines correspond to the standard deviation values in
intensity and wavelength, while red-dots correspond to the mean.

Nanoparticles off-hBN (Fig. 5.15(a)) show a distribution with an average l = 1 mode at
λ l

1 = 724±19 nm and scattering of 0.8±0.3%. The skew of the distribution in wavelength is
-0.68, indicating a slight non-gaussian trend due to the blue-shifting tail observed for shorter
wavelengths in Fig. 5.13(a). This is opposite to expectations based on equation 5.1, where as
spacer thickness is decreased with constant gap refractive index dipole modes should show
increasingly red-shifted modes. The skew in intensity is 1.13, indicating a clear tail toward
higher intensities due to the fact that scattering is not able to take negative values.

The mean dipole mode on trilayer hBN lies at λ 1
l = 684± 27 nm with a scattering of

2.3±1.1%, 2.7× greater than off-hBN. This intensity enhancement is almost identical to
observations made on thicker hBN, showing that it is the result of the addition of hBN
material to the NPoM gap. The dipole antenna mode (Fig. 5.15(b)) displays a positive skew
of +0.80, opposite to the trend off-hBN. It has been seen that spectra both on and off hBN
initially display a blue-shifting tail (Fig. 5.13), however on hBN at longer wavelengths a more
significant red-shifting tail counteracts this trend in the distribution leading to a positive skew
overall. Based on equation 5.1 positively skewed data is to be expected, but the magnitude of
the positive skew should increase with increasing average dipole antenna position. For an
average mode wavelength of 684 nm, blue-shifted from the data off-hBN, the magnitude of
the red-shift at longer wavelengths cannot be explained within the framework of equation 5.1
alone.

To explain this we require consideration of the hybrid nature of the spacer as for the
previous section. Using equation 5.1 and assuming the entire measured thickness is hBN, the
experimental position of the dipole antenna mode on the trilayer sample lies at more than
three standard deviations from the expected value of 766 nm for ng = 2.13 and dhBN = 1.5
nm. Once again, this blue shift indicates that the real gap size is larger and refractive index
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lower. Including the known effect of citrate and assuming a single layer of thickness 0.9nm as
calculated before, ne f f = ((1.5nm×2.13)+(0.9nm×1.5))/(2.5nm) = 1.89 with a total gap
thickness of dtot = 2.4 nm. This significantly blue-shifts the expected position down to 693
nm, still red-shifted from the experimental position, but well within one a standard deviation
of ±27 nm. It is clearly possible to predict the average position of the dipole antenna mode
well by changing the refractive index to account for citrate. The wider variation in peak
position for trilayer hBN must therefore be due to either a difference in the behaviour of the
spacer when citrate and/or air are included, or due to inherent properties of the hBN in the
gap. We will explore these possibilities from here onward.

5.2.4 Modification of the Circuit Model

To explain the distribution in wavelength for 80 nm Au NPs on trilayer hBN an adapted
model is required which takes the hybrid nature of the spacer into account. To do this a
weighted average replaces the constant εg in equation 5.1 and a full functional dependence is
properly investigated. With the further confirmation of the accuracy of using the weighted
average above, equation 5.1 is modified simply to,(

λ l
1

λp

)2

= ε∞ +2εd +4εdεg(dtot)
χ ln[1+βR/dtot ], (5.2)

with dtot = dhBN +dcit +dair and the new thickness dependent dielectric gap permittivity,

εg(dtot) =
dhBNεhBN +dcitεcit +dair

dtot
. (5.3)

Plotting this relationship (Fig. 5.16) sheds light more clearly on the behaviour of hybrid
spacers in NPoM. In the figure, yellow dashed curves are to be used as a reference, repre-
senting calculations completed as usual using equation 5.1 with the spacer as pure hBN (no
citrate or air) and thickness swept from 0 to 10 nm, thus ∆dtot = ∆dhBN . Red curves result
from the same approach, but for citrate rather than hBN, thus ∆dtot = ∆dcit . Dark brown
curves represent the adapted relationship described by equation 5.2 including the change in
gap refractive index due to constant citrate and hBN layers dcit = 0.9 nm, dhBN = 1.5 nm,
but with ‘air pocket’ thickness swept from 0 to 10 nm, thus dtot = ∆dair +dhBN +dcit . For
the dark brown curves, the minimum gap thickness is dcit +dhBN = 2.4 nm when dair = 0.
Horizontal dashed lines intersect at thicknesses of 2.4 nm and 0.9 nm, corresponding to the
expected λ l

1 on trilayer hBN (brown) and off-hBN (orange, citrate only).
Comparing the dark brown to other curves, the blue-shift due to the presence of lower

index material in the gap is clearly present in the modified model (Fig. 5.13a). Above a
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Fig. 5.16 Modifying the circuit model to include changing refractive index with gap distance dtot .
Compared to the usual circuit model with constant ng and changing dcit (orange), dhBN(yellow),
the hybrid model shows a sharper red-shift for larger gaps (brown) (a). Brown and orange dashed
horizontal lines, correspond to expected values on and off-hBN respectively. The gradient (tuning
rate) is then explored as a function of gap distance dtot (b) and coupled mode position (c).

thickness dtot = 7.5 nm the trend observed is approximately the same as the original model,
with a constant blue-shift for the same spacer thickness. However, as the air thickness
decreases to small values (dtot = 2.4− 5 nm) the gradient rapidly increases (Fig. 5.13b),
red-shifting λ l

1 faster than described by equation 5.1. The modified relationship (dark brown)
crosses the citrate curve (orange curve) so that for the same position of λ l

1 the gradient is
higher, and when there is no air present the red shift is comparatively small despite the
significantly greater thickness (orange horizontal compared to dark brown). The inclusion of
the hybrid refractive index leads to a gradient increase of ×1.7 for an equivalent thickness
of pure hBN (Fig. 5.16(b)). The increase in magnitude of the spread for dipole antenna
peaks seen in Fig. 5.15 is proportional to the gradient, because for the same change in spacer
thickness the wavelength shift will be greater. Note that this gradient value is the same as to
the ‘tuning rate’ for the couple mode often used in literature [56].

Based on the coupled mode wavelength off-hBN the thickness of citrate on Au is calcu-
lated to be 0.9 nm using equation 5.1. On Au the gradient is larger than on the much thicker
trilayer spacer, but the difference is small, with a gradient increase of only ×1.2 (orange
vertical line compared to dark brown Fig. 5.16(b)). Considering the gradient as a function
of λ l

1 (Fig.5.16(c)), usually when decreasing the thickness of two different pure spacers the
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difference between λ l
1 for the same gradient value increases (orange compared to dashed

yellow Fig. 5.13(c)). Conversely, for a hybrid spacer the difference initially increases, but
then decreases (dark brown compared to other curves Fig. 5.16(c)).

This gradient increase for the same dipole antenna position goes some way to explaining
why the distribution shows a wider range than expected using a constant refractive index for
a given thickness. Intuitively, this behaviour is the result of the simultaneous increase in the
overall refractive index of the spacer as the air thickness decreases. However, based solely
on this analysis nanoparticles on Au should still display a larger spread and positive skew
than on trilayer hBN, since the gradient is larger at 0.9 nm with ngap = 1.5. Additionally, the
significantly lower spread for the distribution off-hBN cannot be explained by fluctuations in
the thickness of citrate with constant refractive index, since if the thickness is reduced the
gradient on Au increases by a larger factor than when the same occurs while on trilayer hBN.

The most likely explanation for this difference is the behaviour of citrate in the gap. If
the amount of citrate in the gap varies, it should also be possible to model it as a hybrid gap
which depends on the fill-fraction. This will be addressed in further detail for the monolayer
hBN case.

A dramatic increase in scattering intensity is clear for nanoparticles on trilayer hBN which
increases from an average of 0.8% to 2.3%, very high compared to other 80 nm NPoMs (e.g.
SAMs of the same thickness) [11, 8]. In this case, there is no reasonable situation in which
the hybrid nature of the spacer alone (i.e. the presence of citrate and/or air) can explain the
behaviour. The same gap contaminants are present for nanoparticles on Au and the gap is
significantly smaller, but the scattering is far weaker. This means that the enhancement is
due to the specific properties that the presence of hBN brings to the nanogap. This intensity
should be related to the enhancement in the gap, e.g. if hBN increases the near-field gap
enhancement despite the larger gap size, this may correlate with the enhancement in far-field.

5.2.5 Gap Enhancement and Coupled Mode Linewidths

To explore this, the Q-factor for each coupled mode is calculated to determine whether
the presence of hBN improves in-coupling to the gap and boosts field enhancement. The
field enhancement in the gap is proportional to the gap refractive index (ng) and inversely
proportional to the gap distance (d)[45]. For small gaps (/ 5 nm) the lateral localisation of
the field has an approximate spatial FWHM of ∆x =

√
2Rd/εd , which matches simulations

in previous literature [133]. Light of field amplitude E0 is incident at high angle on this
spherical nanoantenna with polarisability α = 4πR3χ where,
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χ =
εm − εs

εm +2εs
≈ 2 (5.4)

for Au in air close to λ l
1 in this case. Energy 1

2ε0αE2
0 is concentrated into the nanogap mode

of volume

V =
dπ∆x2

4ln2
=

πRd2

2ln2n2
g
. (5.5)

This therefore contains energy of

1
2

ε0εgV Emax2 (5.6)

which is boosted by the Q-factor, leading to,

E2
max

E2
0

= (16ln2)Qng
R2

d2 . (5.7)

Fig. 5.17 The Q-factors calcu-
lated from coupled modes for 80
nm spherical Au nanoparticles off
(a) and on (b) trilayer hBN.

Comparing the Q-factors on and off hBN (Fig. 5.17)
reveals only a slight difference in the averages, with a value
of 9.6±1.7 off-hBN and 9.0±2.2 on hBN. For 80 nm Au
NPs on citrate (i.e. off trilayer hBN) dg = 0.9 nm and ng =

1.5 leading to E2
max/E2

0 = 3.15×105.
Meanwhile, according to the new hybrid gap model,

which has been shown to more accurately predict mode po-
sitions, now d = dtot and ng = ne f f . For 80 nm Au NPs on
trilayer hBN, dtot = 2.4 nm and ne f f = 1.89. Substituting
the remaining values leads to E2

max/E2
0 = 5.24×104 which

is > 6× reduced enhancement in the nanogap compared to
off-hBN. This means that on average there is not an increase
in Q-factor on trilayer hBN which is able to counteract the in-
crease in gap size and lead to an enhancement of in-coupling
to the gap.

Next, the relationship between the full width half maxi-
mum (FWHM) and intensity of the dipole mode is examined
(Fig. 5.18(a)). Off-hBN, the scattering value shows no clear
dependence on the FWHM of the dipole antenna mode, but
on trilayer hBN there is a clear relationship whereby scat-
tering is seen to increase as the FWHM of the mode drops.
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In other words, the brightest individual modes most frequently display the lowest value
of FWHM. To try and approximate this relationship, ln(scattering) vs FWHM is plotted
(Fig. 5.18(b)). There is a close to linear relationship (purple dashed line), indicating an
approximately exponential relationship of the coupled mode and its radiative coupling rate,
decreasing at longer wavelengths on-hBN, compared with no clear trend off-hBN. Along
with the scattering enhancement relative to off-hBN, this appears to be a feature of NPoM
with hBN, but is likely a feature of all spacers which cannot be displaced in the gap such as
other vdW materials.

Fig. 5.18 (a) Comparing the FWHM to the intensity of the dipole antenna (l = 1) mode, with
purple dots representing on-hBN, and green crosses off-hBN. While not perfectly matching the
trend on-hBN ln(scattering) vs FWHM (b) shows a close to linear relationship with trend lines
on (purple dashed) and off hBN (green lines) confirming this. (c) Shows the clear difference in
peak position for the coupled mode on and off-hBN in addition to the broader spread of peak
positions on-hBN.

Finally, the relationship between the FWHM and λ l
1 is examined, showing no clear

overall trend either on or off hBN. However, one feature of this graph is that almost all of the
red-shifted peaks above 730 nm also have the lowest FWHM’s, below 60 nm. Unfortunately,
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this is partially the result of peak-fitting errors which can sometimes lead to an overestimate
of the FWHM if it is unable to resolve two individual modes. These peaks correspond mostly
to the ∼ 15% of NPoMs in the region of the red-shifting tail, which are clearly separated
from other overlapping modes and therefore the measured FWHM is lower.

5.3 CVD Monolayer hBN

The ultimate aim of this chapter is to understand the behaviour of thin hBN in NPoM leading
up to the thinnest possible spacer, an atomic monolayer. All of what has been learned so far
will be vital for our understanding of this final situation.

5.3.1 Monolayer hBN on Au Analysis

The monolayer is transferred as before onto a surface of evaporated Au, with an RMS
roughness of 0.8 nm. On measuring the monolayer edge with AFM, the roughness decreases
to 0.7 nm, showing that the material still lies across the Au surface, but adheres more closely
to the Au morphology than for trilayer, as expected.

Measuring the height of the hBN monolayer on Au using AFM is problematic due to
its extremely low thickness. By flattening and averaging either side of the monolayer edge,
the mean thickness of the monolayer was measured to be 0.3± 0.2 nm. Measurements
on identical monolayer samples by collaborators with the Hofmann group (University of
Cambridge) [134] on SiO2 found the thickness of hBN to be 4.1±0.1 nm before annealing
and 2.4±0.1 nm post-annealing, so the mean value matches up well with expectations. The
large negative error is greater than the value of the mean and this is likely due to AFM
tapping mode oscillations above the hBN surface, leading to a skew toward higher thickness
values. Preferably, the measurement should have been taken in contact mode at an extremely
low scan rate and this would be a recommendation for any future experiments.

Images of the sample (Fig. 5.19) show the monolayer on Au substrate observed using a
range of imaging techniques. The Raman spectrum for monolayer hBN transferred from the
same Fe growth substrate was shown previously in Fig. 5.9(c). The sample shows weaker
optical contrast than trilayer, but can still be seen by eye when viewed at an angle with bright
illumination above (Fig. 5.19(a)), is due to visibility of remaining PC and hBN folds. Seen
as bright white areas in Fig. 5.19(d), these are easily excluded from the dark field collection.
SEM (Fig. 5.19(b)) shows an image almost identical to the trilayer, but with ≈ 1/3 of the
number of multilayer (white) regions as expected. Multilayer regions, folds and tears are
clearly seen in dark field (Fig. 5.19(c)) as is the edge of the hBN layer on Au. An advantage
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Fig. 5.19 Imaging of the monolayer on Au sample using (a) bright field (b) SEM, (c), 5× dark
field and (d) 100× DF. The number of multilayers per unit area seen in the SEM image in (b) is
a third of the number seen for the trilayer as expected. Regions on and off the monolayer are
labelled, with red dots representing 60 nm Au nanoparticles. The edge of the tear enclosed by the
orange box (c) is bordered by a blue dashed line (d) to indicated the boundary between on-hBN
and off-hBN. Bright regions are due to multilayers, folds and polymer residues from the transfer.
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Fig. 5.20 Lumerical calculation for an 80 nm NPoM with gap refractive index of 2.13 and facet
diameter 20 nm calculated at different gap distances. The dashed-orange box covers the expected
values for the thickness of monolayer hBN, with both j1 and j2 beyond the detection range for
this experiment.

of using layered materials in NPoM are the clearly identifiable regions of the sample such as
the tear in the dashed orange box, Fig. 5.19(c). Using these regions as points of reference it
is possible to return to the exact same set of nanoparticles for each set of measurements.

5.3.2 60 nm Nanoparticles on Monolayer hBN

For the main experiment, 60 nm nanoparticles were used instead of 80 nm for three important
reasons. Firstly, assuming a constant refractive index hBN spacer with no contaminants
present (nz = ng = 2.13, d = 0.3 nm), according finite-difference time-domain calculations6

the position of the dipole antenna mode for an 80 nm nanoparticle would sit well above the
detection limit of the dark-field system which is limited by the high NA of the objectives
used (Fig. 5.20). If 80 nm nanoparticles were used higher order modes are more likely to be
misattributed to the coupled (l = 1) mode. By using 60 nm nanoparticles the expected coupled
mode wavelength is blue-shifted significantly and predictions lie within the detection limit
of the spectrometer. Secondly, 60 nm nanoparticles display reduced faceting in comparison
to 80 nm nanoparticles. This allows us to focus on the position of the dipole antenna mode
without variation in facet sizes playing a major role. Finally, by changing nanoparticle
diameter we are thoroughly testing the consistency of the classical model with changes in
gap, facet and nanoparticle diameter.

6Required because Eq. 5.1 is invalid for such thin spacers
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60 nm nanoparticles were deposited using the techniques described previously and are
clearly observable at 100x DF as red dots (Fig. 5.19(d)). The edges of the monolayer
are defined by dashed blue lines for clarity and regions on and off are labelled as such.
Nanoparticle spectra on and off-hBN were taken 10’s of microns from the edge positions,
but the edge is shown here to demonstrate that there is not an immediately recognisable
difference in the colours of the nanoparticles on or off monolayer hBN. This is in contrast to
the trilayer hBN, where nanoparticles were red on and green off the region of the thicker hBN
spacer (Fig. 5.11(a)). As usual nanoparticles close to these bright defects are not included in
data collection.

The spectra gathered from 216 and 224 60 nm nanoparticles on and off monolayer
hBN respectively are shown in Fig. 5.21 along with the average and standard deviation for
both datasets. While the distribution of spectra on and off show differences which will be
discussed below, the average spectra for both are highly similar both in intensity and coupled
mode wavelength. Comparing scattering from 60 nm nanoparticles off-hBN to 80 nm NPs
off-hBN, the average intensity has dropped significantly and coupled mode blue-shifted for
all nanoparticles on citrate/Au as expected. On monolayer hBN the intensity has also dropped
back to expectations for a 60 nm NPoM, the clear enhancement for 80 nm nanoparticles on
trilayer hBN has vanished.

Next the entire dataset is peak-sorted from bottom to top in order of increasing λ l
1 (Fig.

5.22). The data here is normalised to 1 because the lower intensity for 60 nm nanoparticles
reduces the visibility of weaker peaks compared to 80 nm NPs. In terms of the distributions
the similarity between Fig. 5.22 and Fig. 13 is striking. Both show an even distribution
about their averages and again a blue-shifting tail is seen at shortest peak wavelengths. More
importantly, above ∼ 700 nm the red-shifting tail seen for trilayer hBN NPoM at longer
wavelengths appears once again (above the grey-dashed line). The NPoM system here
is different in a number of important ways from the sample in the previous section with
reduced nanoparticle faceting, diameter and spacer thickness. This suggests strongly that the
red-shifting tail at longer wavelengths on-hBN is a result of the presence of hBN in the gap,
as posited for 80 nm nanoparticles on trilayer hBN. This observation implies that the intensity
enhancement seen for 80 nm nanoparticles on trilayer hBN is the result of an independent
effect from that which causes the red-shifting tail of the distribution. This is because the
red-shifting tail is due to the hybrid nature of the spacer, with mobile molecules in addition
to a crystalline solid, not the properties of the hBN itself.

For both datasets there are a number of split peaks in addition to peaks which appear
at wavelengths red-shifted from the dipole antenna mode. This demonstrates that despite
the reduction in faceting, some measurable consequences of mode hybridisation remain.
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Fig. 5.21 All dark field spectra off (a) and on (b) a single monolayer of hBN on Au including
the average (black curves) and standard deviation (red dashed curves). The averages with their
standard deviations are shown (c) for direct comparison.

However, reassuringly the magnitude of the red-shift for these additional modes has dropped
compared to 80 nm NPs due to the reduction in faceting. Also matching with Fig. 13(b),
the red-shifting tail reveals a number of modes which are proportional to the coupled mode
and blue-shifted by ∼ ×1.25 from the position of the dipole antenna mode, matching the
previous assignment of these modes to the second order dipole antenna mode l = 2 for 80
nm NPs on trilayer hBN.

5.3.3 Mode Distributions

As for trilayer, plotting the intensity and wavelength for each detected peak on and off-
hBN enables much more detailed analysis of mode distribution (Fig. 5.23). As before,
purple points represent the dipole antenna peaks for each spectrum, while green crosses
correspond to other peak positions (Fig. 23(a,b)). The corresponding histogram off-hBN
(Fig. 5.23(c)), shows an approximately Gaussian cluster of peaks around 560 nm. This
results from overlapping transverse and brighter l = 2 modes which partially obscure the
weaker transverse mode at ≈ 530 nm. The dipole antenna mode also shows an approximately
Gaussian distribution about the average.
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Fig. 5.22 All normalised spectra from 60 nm nanoparticles off (a) and on (b) monolayer hBN
sorted from bottom to top in order of ascending maximum peak position. The orange and blue
dashed lines track the wavelengths of the same modes seen both on-hBN and off-hBN.

On-hBN (Fig. 5.23(d)), the overlapping tranverse and l = 2 modes lead to a maximum
scattering between 530 nm and 550 nm. This occurs because, in proportion with l = 1, the
l = 2 mode is slightly blue shifted compared to off-hBN and the spread of l = 2 is larger. The
peak count maximum for the coupled mode (l = 1) is slightly blue-shifted from the average
peak scattering (Fig. 5.23(d), black dashed line) due to its skewed distribution, matching with
the experiment on trilayer hBN. Thus, while the averaged spectra for on and off-hBN are very
similar, the most commonly occurring (modal) peak position is more clearly blue-shifted
compared to on Au. This implies that the increase in thickness due to hBN blue-shifts the
antenna mode by a greater degree than the red-shift due to the gap refractive index increase.
It will be seen later that this can only be explained by a hybrid refractive index, adding further
support for the adjusted model leading to equation 5.2.

Moving to an in-depth analysis of the coupled mode as before, the average coupled mode
wavelength for 60 nm nanoparticles on Au (off-hBN) lies at a wavelength of 669±23 nm
with an intensity of 0.11±0.06% (Fig. 5.24(a)). Comparing this to expectations, so using
equation 5.1 with a constant refractive index of ng =1.5, leads to a calculated thickness of
0.96 nm, very close to the hBN trilayer sample of 0.90 nm. This is once again in line with
citrate thicknesses in the literature [141] and is reassuring since both samples were prepared
using the same method. This demonstrates the consistency of citrate thickness given the same
Au substrate surface and nanoparticle diameter. It also shows the reliability of the original
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Fig. 5.23 All peaks detected for the dark field spectra shown in Fig. 5.22 for off (a) and on (b)
monolayer hBN along with the average spectrum (blue dashed curve). Purple circles represent the
brightest peak in a given spectrum and green crosses any other detected peak. Using these peak
positions histograms for off (c) and on (d) monolayer hBN are plotted with colour corresponding
to count.

model with a constant gap, able to explain the average change in spectra from 80 nm to 60
nm nanoparticles.

The wavelength distribution skew for the l = 1 mode off monolayer hBN is −0.03, which
shows that the distribution is close to symmetric about the mean wavelength, i.e. it is a
Gaussian distribution7. This is in slight contrast to a non-symmetric distribution with a
negative skew of -0.68 for 80 nm nanoparticles on Au for the previous sample, however both
appear to show a relatively weak dependence on the gap properties which should dictate the
coupled mode position. In light of this, while it is able to predict the average wavelength of
the l = 1 modes well, neither equation 5.1 or 5.2 in which εe f f is the key variable are able to
explain the distribution for 60 nm or 80 nm nanoparticles on citrate/Au.

Based on the experimental data for 80 nm and 60 nm nanoparticles off-hBN, a more likely
model for the gap is a variable refractive index between a maximum of ∼ 1.5 and a minimum
of 1 as the ratio of citrate (or another contaminant such as water, nH2O = 1.33) to air in the gap
changes with an approximately constant gap distance. For a constant thickness with changing
ng the variation in λ l

1 is close to linear, which could explain the symmetrical distribution
about the average value in some cases. The negative skew would result if there were a skew

7Two values were removed from this distribution since they were > 3σ from the average wavelength value.
This is a valid approach for a distribution with low skew such as this.
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Fig. 5.24 Scattering and intensity distributions for dipole antenna modes on (a) and off (b)
monolayer hBN. Blue dashed lines represent the standard deviations from the mean value (red
dot), in both intensity and wavelength.

in the volume fill-fraction of citrate molecules in the gap, which may depend on nanoparticle
radius or shape. The gradient of this linear relationship increases with nanoparticle diameter
R, which will increase the distribution spread. Thus, it is expected that the magnitude of any
negative skew will increase with nanoparticle radius as is found in the previous section for 80
nm nanoparticles. Small changes in gap distance are still to be expected, and the combined
influence of a small increase in gap with a decrease in refractive index might explain the
the blue-shifting tail at shorter wavelengths for all spectra. This would occur both on and
off-hBN, since citrate is present in both cases. There are expected to be both variations in
the thickness and refractive index of the gap for citrate, but based on these experimentally
measured distributions on Au it appears that a linear change in wavelength with changing
refractive index is the dominant mechanism. Along with this linear influence, small random
fluctuations in nanoparticle size and shape will contribute to the spread, but they are not
expected to dramatically influence the distribution skew.

On monolayer hBN the average coupled mode wavelength for 60 nm NPoM is blue-
shifted by 10 nm compared to off-hBN at 659± 29 nm with an identical scattering of
0.11± 0.06%. Recall, that the coupled mode for 80 nm nanoparticles on trilayer hBN
was also blue-shifted compared to off-hBN. The coupled mode distribution for 60 nm Au
nanoparticles on monolayer hBN shows a skew toward longer wavelengths of +1.27. This
is in line with the value for 80 nm nanoparticles on trilayer hBN which was also positively
skewed, with a value of +0.80. Thus, the influence of thin hBN in NPoM is to skew the
data toward longer wavelengths. This is also matches the observations of a red-shifting
tail made for monolayer (Fig. 5.22(b)) and for trilayer hBN (Fig. 5.13(b)). The most
significant contributing factor to this skew is the red-shifting tail at longer wavelengths,
which counteracts the linear influence of the variable volume fraction of citrate in the gap -
as discussed above.
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Fig. 5.25 Comparison of the average spectrum for 80 nm nanoparticles on and off monolayer
hBN (a) and the intensity enhancement as a function of effective refractive index (ne f f ) for 80
nm nanoparticles on hybrid spacers with total thicknesses (dtot ) corresponding to point labels (b).
Error bars are calculated from the standard deviation in scattering at the coupled mode maxima
thus, due to the strong positive intensity distribution skew, negative errors are over-exaggerated
while positive errors are under-exaggerated i.e. there is a tendency toward higher enhancement
values.

As previously mentioned, the significant intensity increase observed on both thicker hBN
samples is no longer present which suggests that this is only observed when hBN material is
thicker and/or with nanoparticles of greater size. To determine which of these is the case, 80
nm nanoparticles were deposited onto a separate monolayer hBN sample.

5.3.4 80nm Nanoparticles on Monolayer CVD hBN

The average spectra for fifty 80 nm nanoparticles on and off monolayer hBN are shown in
Fig. 5.25. The relationship between on and off-hBN is almost identical to 60 nm NPoM on
monolayer hBN with a slight blue-shift for nanoparticles on hBN. The experimental coupled
mode wavelength off-hBN (on Au) lies at average of 735± 47 nm with an intensity of
0.6±0.4% 8. The value of coupled mode wavelength average closely matches the behaviour
on Au for the trilayer sample which was at a wavelength of 724±19 nm. Note that due to
the lower number of spectra, the error on the wavelength and intensity values has not yet
converged to its minimum value, hence its greater magnitude.

On monolayer hBN, the 80 nm nanoparticles show average peak wavelengths of 727±30
nm and an intensity of 0.7±0.3%. The significantly smaller intensity increase indicates that
the dominant determining factor for the enhancement is the thickness of the boron nitride,
but that there may be a small contribution due to nanoparticle size.

Considering experiments from few-nm, trilayer and monolayer hBN together, there
remain two possible explanations for the enhancement observed for thicker spacers. The

8The intensity appears higher than the average peak (Fig. 5.22) due to rounding
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first relates to a correlation between the effective refractive index ne f f and the magnitude
of the enhancement (Fig. 5.22a). In the graph, point labels correspond to the total spacer
thickness including contaminants, thus the 1.26 nm corresponds to the monolayer, 2.4 nm
to trilayer, 3.84 nm to thin terrace (which includes hBN morphology) and 5.56 nm to thick
terrace, displaying the largest enhancement of all the samples. Although more experiments
are needed to show the full relationship, this demonstrates that the refractive index (ng = nz)
is the dominant influence on far-field intensity of the coupled mode.

An in-plane facet mode, strongest at larger gaps, may preferentially outcouple to far-
field due to the birefringence. Simulations would be required to verify this hypothesis and
unfortunately they are not present in this work. However, it must be noted that if this were
the case, then the observed scattering enhancement would not be unique to hBN, and should
be observed for other layered crystalline spacers (e.g. TMDs). The other possibility is that
the refractive index of hBN in its monolayer form is reduced by the presence the Au substrate
and/or contaminants, weakening the coupling of NPoM. It would not be possible to detect
this change for the reasons described below.

5.3.5 Screening of Monolayer hBN by Contaminants in the Gap

For 60 nm nanoparticles on pure monolayer hBN the expected position based on equation
5.1, which assumes the spacer is insulating, is 886 nm, which is significantly greater than
3σ from the mean experimental value of 659± 29 nm. It has been shown in previous
well-known literature that this model clearly breaks down for such small gaps [133, 45] and
the classical circuit model leading to equation 5.1 becomes invalid due to the presence of
quantum tunneling across the gap. This tunneling process causes a blue-shift in the coupled
mode away from expectations of the classical circuit model.

Using multiple different techniques, it has been clearly shown that I have succeeded in
creating NPoM with monolayer hBN in the gap. Replacing equation 5.1 with 5.2, I will now
show that no quantum mechanical treatment is required in this case to explain the coupled
mode position on this material, since contaminants are not displaced and screen the presence
of monolayer hBN.

Immediately, adding 0.96 nm of citrate to the gap and using equation 5.2 gives ne f f = 1.65
and dtot = 1.26 nm. This leads to a coupled mode wavelength of 667 nm, very close to
the position of the antenna mode for nanoparticles on monolayer hBN of 659 nm. Notably
it is also almost precisely equal to the coupled mode wavelength of 669 nm for 60 nm
nanoparticles off monolayer hBN.
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Fig. 5.26 Comparing the thickness dependence for NPoM with hBN spacer with and without
a citrate layer of constant thickness 0.95 nm (a) calculated using equation 5.2. Comparing the
thickness dependence of citrate to citrate with changing hBN (b) and a zoomed in figure showing
the behaviour of the model for small thicknesses of hBN (0.1-0.5 nm) (c).

Fig. 5.27 Comparison of the calculated average spec-
trum for 80 nm nanoparticles on (red) and off (orange)
a monolayer of hBN with citrate present.

To understand this, equation 5.2 is plot-
ted for 60 nm nanoparticles with a chang-
ing thickness of hBN lying underneath 9 and
a constant 0.96 nm of citrate (∆dhBN + dcit).
This is then compared to the thickness depen-
dence of pure hBN and citrate on Au (Fig.
5.26).

It can be seen that initially for and hBN
thickness >∼ 3 nm the presence of citrate
makes little difference to the model for hBN
only (Fig. 5.26(a)), contributing only a very
small blue-shift. Below 2 nm of hBN how-
ever, the curve reaches an inflexion point and
the gradient begins to decrease. The gradient continues to decrease, becoming negative
at around dtot = 1.05 nm (or dhBN ∼ 0.1 nm) until the wavelength of the antenna mode
equals the wavelength for citrate only at 669 nm (Fig. 5.26(b,c)). Therefore, for 60 nm
nanoparticles at an hBN thickness of 0.19 nm the coupled mode wavelength lies at the same

9Although the order of the layers makes no difference to this simple calculation.
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position as with no hBN present in the gap (red filled area, Fig. 5.26(c)). For a real physical
thickness of hBN 0.26− 0.41 nm [134] the position of the antenna mode is similar, but
slightly blue-shifted from when there is no hBN present and therefore it cannot be easily
detected using the coupled mode position from NPoM.

The clear consequence of this is that as long as citrate is present and the thickness of
hBN is larger than the screening distance of 0.19 nm there is a blue-shift of the mode for
a monolayer (dhBN > 0.3 nm) and this is seen for all of the hBN NPoM samples in this
chapter. Matching with observations for 80 nm nanoparticles on and off monolayer hBN, λ l

1

follows approximately the same relationship for thin hBN (Fig. 5.27), but red-shifted due to
the greater nanoparticle diameter. The thickness at which λ l

l is equal to the coupled mode
wavelength on and off-hBN (highlighted in red Fig. 5.26(c),5.27) is largely independent
of the nanoparticle diameter increasing only slightly from 0.19 nm to 0.24 nm. Therefore,
the coupled mode wavelength on citrate defines a threshold over which the coupled mode
on-hBN cannot pass for any thickness of hBN in NPoM.

Consider the most red-shifted spectra for nanoparticles on Au (Fig. 5.20(a)) assuming
that for these modes the refractive index is a maximum of 1.5. These peaks for nanoparticles
off hBN lie at a wavelength of 730 nm, leading to a calculated thickness of 0.45 nm based on
Eq.5.1. For a thickness of citrate of 0.45 nm on monolayer hBN, based on Eq.5.2 the antenna
mode lies at 723 nm. This explains modes on monolayer hBN up to 95% of the maximum
wavelength positions. As before, the red-shifting tail occurs because of the increase in tuning
rate for a hybrid spacer (Fig. 5.16.) means than only a slight difference in citrate thickness
on hBN compared to on Au is required for a large red-shift.

5.3.6 Gap Enhancement and Coupled Mode Linewidths

Due to the presence of passivating ligands the gap enhancement becomes quite unpredictable.
Just as for trilayer hBN, comparing the Q-factors on and off monolayer hBN (Fig. 5.28)
reveals only a slight difference in the averages, but this time with reduced values of 8.0±2.1
off-hBN (Fig. 5.28(a)) and 8.2±1.7 on hBN (Fig. 5.28(b)). This indicates that the Q-factor
is proportional to the nanoparticle size. For 60 nm Au NPs on citrate (i.e. off monolayer
hBN) the parameters dg = 0.96 nm and ng = 1.5 leading to E2

max/E2
0 = 1.30×105, which is

∼ 2.7× weaker confinement than for the trilayer sample.
According to the new hybrid gap model for 60 nm Au NPs on monolayer hBN, dtot = 1.26

nm and ne f f = 1.65. Substituting the remaining values leads to E2
max/E2

0 = 8.5×104 which
is a 1.5× reduced enhancement in the nanogap compared to off-hBN. In contrast to the
above, on trilayer hBN sample the enhancement is 1.6× weaker than for 60 nm nanoparticles
on monolayer hBN, with the increase in nanoparticle size, gap index and Q-factor unable
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Fig. 5.28 Comparing Q-factors off (a) and on (b) monolayer hBN.

to counteract the strong dependence on gap distance. The fact that these calculations are
consistent when comparing on-hBN to off across different gap sizes and nanoparticle sizes is
highly reassuring.

The clear and approximately exponential increase in scattering as a function of FWHM for
80 nm nanoparticles on trilayer hBN, is not observed for 60 nm nanoparticles on monolayer
hBN or for 80 nm NPs on monolayer hBN (Fig. 5.29). Instead the FWHM values both
on and off hBN are clustered around 70 nm, showing no clear difference between datasets.
The distribution has a reduced spread in FWHM values, but this is a comparatively weak
behaviour. This suggests that the intensity enhancement and scattering as a function of
FWHM observed for 80 nm nanoparticles on trilayer hBN are linked. It is therefore probable
that the approximately exponential dependence will reappear when the effective refractive
index is higher.

In a similar fashion to the data for trilayer hBN there is no clear trend between FWHM
and λ l

1, showing only the small average blue-shift on monolayer hBN as observed for trilayer
hBN. Again there is the clear tail to the distribution at low FWHM for a small fraction of
modes corresponding to the red-shifting tail, which was also seen for the data on trilayer hBN.
Again, the reason for this is that many dipole antenna modes are split in wavelength such
that they are not clearly resolvable as two individual modes, thus if the fit is not successful
the linewidth is overestimated. More red-shifted values are more clearly separated from the
rest of the distribution, so improvements to the fitting methods will be required for future
experiments measuring linewidths.
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Fig. 5.29 Comparing full width half maxima (FWHM) of 60 nm nanoparticle dipole antenna
modes to peak scattering (a) and wavelength of the dipole antenna mode λ l

1 (b) both on(purple)
and off(green) monolayer hBN.

5.4 Conclusions and Outlook

To summarise and discuss the key points learned about the influence of hBN of thickness
0.3-4.6 nm in NPoM using citrate-capped nanoparticles of diameter 60-80 nm:

Red-shifting tail explained by hybrid gap: For both 60 nm and 80 nm Au nanoparticles
on monolayer and trilayer hBN respectively, the presence of hBN positively skews the peak
distribution of the dipole antenna mode. A characteristic red-shifting tail at the longest
wavelengths is observed which contributes to this positive distribution skew. I propose that
the reason for this is the hybrid nature of the refractive index which increases the tuning
rate (gradient) for a given spacer material. This is because the refractive index increases
simultaneously with decreasing gap. The skew of the peak distribution and Q-factor are
proportional to nanoparticle size as would be expected.

Other work using molecules with similar refractive indices have demonstrated coupled
modes beyond 800 nm, suggesting that citrate is displaced in the gap. There is no mechanism
for citrate displacement in the gap for inert spacers, due to the lack of a binding mechanism
to the Au nanoparticle surface.

Coupled mode positions on hBN are explained by hybrid gap: Due to the hybrid gap,
both 60nm and 80nm nanoparticles on monolayer hBN show blue shifts of ∼ 10 nm, and
80 nm nanoparticles on trilayer are also clearly blue-shifted. For monolayer hBN, this is a
shift 20× lower in magnitude and in the opposite direction to expectations based on Eq.1 and
assuming a constant hBN refractive index gap with d = 0.3 nm. By modifying the circuit
model to include the hybrid gap, I show that reason for this is likely to be the screening of
thin hBN layers by gap contaminants which severely limits the red-shift of the coupled mode
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on-hBN. Based on my analysis, the coupled mode on any thickness of hBN cannot shift
significantly (> a few nm) beyond the wavelength of the mode off-hBN.

Based on this thorough analysis I do not consider quantum effects, damage or both to be
the most likely explanation for my observations. They can be predominantly explained using
this classical model, fundamentally because the spacer thicknesses are greater than initially
anticipated.

Large intensity enhancement is seen for trilayer or thicker: For 80 nm nanoparticles
on trilayer hBN there is a large intensity increase compared to on Au. Unusually, this appears
to be related almost solely to the value of the gap refractive index and depends only weakly
on the gap distance. Along with other measurements of enhancements, this suggests that the
measured far-field is not a strong indicator of the field enhancement in the gap. There may
also be contributions to this enhancement due to birefringence of hBN if this influences the
facet modes, but this would require full simulations to confirm.

Coupled mode distributions are explained by citrate fill-fraction Off-hBN the distri-
butions are display clearer symmetry than on-hBN for both 80 nm and 60 nm nanoparticles.
This is explained by variable volume fractions of contaminant molecules in the gap with
a constant gap distance. This changes the usual relationship to a closely linear one, which
would explain a more symmetrical skew. Again the skew appears to be proportional to the
nanoparticle radius, indicating that nanoparticle size strengthens the influence gap properties.

Looking to the future, a number of problems have been overcome through this work
which should dramatically improve the NPoM system with layered materials. AFM images
show a significant measured reduction in the influence of morphological changes using the
novel transfer techniques developed by V.B., the influence of which is measured using both 60
nm and 80 nm nanoparticles. This work acts as a significant reference study for nanoparticles
on Au with adsorbents in the gap, improving our understanding of the influence of mobile
contaminants on the gap properties and resultant far-field scattering. My modification of the
refractive index in the circuit model to account for these adsorbents appears to accurately
reflect real data for the dipole antenna mode and highlights that their presence can be included
in classical models with great success.

This work is the an example of large-scale analysis of NPoM with a 2D material and
significantly improves confidence results compared to previous work on other 2D materials
in NPoM. Successful detection, through intensity enhancements and distribution analysis
allows hBN to be detected despite the influence of other materials in the gap. This should
also remain valid for other vdW materials and thus novel nano-optics is still interpretable
despite their presence.
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The outlook for 2D materials in NPoM remains good, but I believe my work highlights
the importance of considering contaminants. Effort needs to be focussed on minimising the
removal of these contaminants before we can be confident that the gap constituents consist
of the vdW material alone. This is a significant challenge, as cleaning needs to be completed
with minimal damage to NPoMs. Throughout this project I attempted a wide range of
different methods in order to achieve this aim with partial success, with some results of this
shown in the appendix. In the short term, O2 plasma etching in order to remove contaminants
is a promising solution, but this must be carefully tuned in order to minimise damage. SEM
studies will likely be required in order to establish the effect of this technique on individual
NPoMs. In the medium term the gas-phase deposition of nanoparticles onto these materials
is a promising method since it produces nanoparticles without capping ligands of high size
uniformity.



Chapter 6

Nanocavities With WS2 and Perovskite
Nanoplatelets

6.1 Introduction

In chapter 4 and 5 dielectric hexagonal-Boron Nitride of sub-µm and sub-nm thickness
was encapsulated between plasmonic nanoparticles and a Au mirror. Field confinement
between nanoparticle and mirror led to measurable changes in high-angle optical scattering
as a function of wavelength. Aided by the lack of optical activity for hBN, this work enabled
an unprecedented examination of plasmonic-microcavity and nanocavity heterostructures
with inert (i.e. non-binding) materials, while excluding other effects due to optical activity of
the encapsulated material. This led to the discovery of the new nano-resonator mode and
allowed the development of an analytic model which included the presence of contaminants
in the nanogap.

Ultimately, the aim for both of these chapters was to use the results of these hBN case-
studies as foundations from which to build useful NPoM-related devices in future. As was
previously discussed, other optically active layered materials are frequently combined with
hBN in order construct vdW heterostructures with enhanced properties at the nanoscale. The
knowledge gained in previous chapters may allow researchers to unlock some of these unique
properties via nanoscale field confinement.

Having therefore thoroughly examined the ‘bare-bones’ nanoparticle-on-mirror, this
chapter now focusses on the use of optically active materials in the this geometry. The
focus is on two different classes of material, the properties of which are enhanced inside
nanocavities:
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1. Monolayer transition-metal dichalcogenides, in this case CVD monolayer WS2 grown
directly onto a Au substrate

2. Layered metal-halide perovskite nanoplatelets, in this case methylammonium-lead-iode
(known as MAPI) deposited from colloidal solution

These experiments each offer an exciting look into a potential future for these diverse
material types in NPoM or other plasmonic heterostructures.

6.2 Light Emission from Plasmonic Nanostructures in As-
Grown WS2 on Au

Monolayer WS2 is known to display a wide range of fascinating optical effects when
combined with plasmonic arrays and particles such as room-temperature strong-coupling
[142, 143] and enhanced photoluminescence [144–147]. Its strong interlayer coupling with
MoS2 [148] makes it very promising as a component of future vdW heterostructures.

The growth of monolayer WS2 via chemical vapour deposition (CVD) onto Au foils
is now a well-known method to produce large-area and high-quality films[149, 150]. The
typical measures of material quality such as Raman or photoluminescence (PL) are strongly
quenched on Au, so they are taken post-transfer. This is a slow, difficult and often unreliable
process of bubble transfer which leads to damaged layers[149].

Gold is known to display photoluminescence as a result of the radiative recombination of
holes in the d-band with electrons in the conduction (sp) band [151, 152]. This process has an
extremely low quantum yield on flat gold surfaces of ∼ 10−10, but is enhanced significantly
on roughened gold substrates. This enhancement is due to localised field enhancements
on the nanoscale rough surface[152] and peaks at the maximum absorption for Au, around
500-530 nm. As researchers began working more frequently with plasmonic nanostructures
(e.g. gold nanoparticles), it was noticed that photoluminescence was significantly greater
than previous predictions[153]. This was found to be due to the influence of localised surface
plasmons, which at resonance improves radiation coupling efficiency providing additional
contributions to d-hole relaxation rate [154].

Here, I show that the scattering from defects in the Au foil, attributed to nanoscale
plasmonic defects, almost always peak very close to the position of the A-exciton for WS2 on
Au at 618 nm. The emission is always blue-shifted from the position of the dark-field peak,
which closely matches the absorption due to the A-exciton. This study highlights the impor-
tance of carefully distinguishing between phololuminescnece from Au and single electron
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semiconductor transitions. It raises questions about the relationship between nanostructure
plasmon resonance and the direct transition of an adjacent semiconductor.

6.2.1 Dark-field and Light Emmision Measurements

WS2 monolayers were grown onto Au foils according to methods described in reference
[150] by Dr. Ye Fan of the Hofmann group. Optical images of the same region of foil at
100× magnification in bright-field (BF) and dark-field (DF) illumination are shown in Fig.
6.1(a,b). In bright-field, few features of interest are observed, with bright yellow regions
corresponding to large clusters of multilayer regions, large foil defects and contamination
(e.g. carbon). Dark-field imaging at 100× magnification reveals grain-boundaries in the WS2

(white arrow, Fig. 6.1) in addition to red points of light which are in stark contrast with the
surrounding regions. The highlighted red-points in this image all display sharp resonance
frequencies ranging between 600-650 nm, in clear contrast to surrounding yellow regions
which broadly scatter light in the range 450-800 nm. The red-points of light are distributed
with a density of approximately 2 per 100µm2, and this density is used to match with features
of a similar density in SEM. Note that this scattering wavelength corresponds closely to the
wavelength of the A-exciton for WS2.

Fig. 6.1 Imaging the WS2 sample grown onto gold foil using optical bright-field (a) and dark-
field (b) microscopy at 100× magnification. The sample was also imaged in SEM in order to
identify the origin of sparsely distributed red-points (circled with white in (b)), and two possible
candidates were identified - triangular multilayers (top (c)) or metal defects (bottom (c)).

Referring to SEM data (Fig. 6.1(c)), two initial candidates were identified for the red-
points by comparing the density of the observed objects with dark-field. The first are small
∼ 2µm triangular regions of multilayer WS2 which occur as a result of the CVD growth
process (upper image, Fig. 6.1(c)). If thick enough, the edges of these multilayer regions
may be detectable in dark-field. Photoluminescence from multilayer WS2 is expected to
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be weak since it is an indirect transition, and it red-shifts as a function of the number of
layers [155]. The second candidates are black circular defects of around 200 nm to 400 nm
in diameter which are initially attributed to pits in the Au surface, but might also be attributed
to protrusions. Contaminants such as carbon of such a scale would not be detectable in
dark-field above the very large background from the surrounding foil. Defects in Au surfaces
are often observed in other substrates (e.g. template stripped gold), and are characterised
by their sharp resonances at a wide range of wavelengths within the visible region. The
wide range of possible wavelengths is due to the subtle dependence of the localised plasmon
resonance on the morphology of the defect.

The dark field spectra for the three red points in Fig. 6.1(b) are shown in Fig. 6.2 as dark
blue curves, with peaks at 608 nm for 1, 632 nm for 2 and 614 nm for 3. Thirty further defect
measurements indicate that the consistency of the scattering signal for these red-regions
is such that > 85% of all observed scattering peaks are in the wavelength range 600-650
nm. The brightness of these regions (∼ 5−12%) means that they are clearly visible despite
the large background from the gold foil. The magnitude of this scattering matches well
with expectations for a nanostructure of 200-400 nm in size. Multilayer regions of WS2in
the size range 1-3µm would not scatter so strongly and so are unlikely to be the source.
Dark-field spectroscopy from the edges of deposited TMD layers has been shown to be a
good approximation for the absorption spectrum of the material, and these consistent spectra
suggest that scattering from the red-defects may be related to absorption of the A-exciton for
WS2 [156].

The sample was illuminated using a laser at 447 nm with power measured at the sample
of 400µW . Away from the red-regions there was a non-negligible emission count due to
photoluminesence from the rough Au surface which had to be accounted for[157]. This
luminescence appears in the form of a rising background which peaks at 520 nm and is as
a result of radiative recombination of holes in the d-band with electrons in the sp-band of
gold [151]. Ten measured counts were taken of this background PL and the average was
subtracted from all of the emission measurements shown in this section. Taking this into
account, illumination of red-defects led to clear light emission in the range of 400-3000
counts in brightness (bright green curves). To stress, no emission except from the rising
background was observed unless illuminating red-defects with clear scattering peaks between
600 and 650 nm. A feature of light emission from these defects is that it always peaks
at a blue-shifted wavelength from the DF peak. The blue-shift for defect 1 is 20 nm, 2
is 17 nm and 3 is 14 nm. The blue-shift does not appear to be strongly dependent on the
dark-field resonance wavelength. This blue-shift of luminescence compared to absorption
for photoluminescence from plasmonic nanostructures has been observed before in multiple
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Fig. 6.2 Imaging the WS2 sample grown onto gold foil using optical bright-field (a) and dark-
field (b) microscopy at 100× magnification. The sample was also imaged in SEM (c) in order to
identify the origin of sparsely distributed red-points (circled with white in (b)).

other works. It is believed to be due to the high population densities available at higher
energies (closer to 500 nm)[153, 154].

Polarised dark-field scattering measurements are taken in order to further confirm the
nature of the defects. A linear polariser is placed in the illumination path between the light
source and the objective and rotated in 90◦ intervals. This linearly polarises the light reaching
the objective, but subsequent illumination of the sample is from all directions. This means
that all s-polarised light which does not cancel out is still only in the plane of the substrate
as required, while p-polarised light has both transverse (parallel to the substrate plane) and
vertical components (perpendicular to the substrate plane). By rotating the polariser by 90◦

the sum of polarisation changes by a maximal amount and gains or loses vertical polarisation,
but this cannot be considered a switch between p and s-polarisation.

The surface of the Au foil displays very weak polarisation dependence and varies in
intensity by ∼ 0.5% when changing polariser angle by 90◦. An average increase with
changing polarisation was measured at 10 points away from the defects and this was used
to correct polarisation measurements on the defects. These observations strongly resemble
results using s- and p-polarised light from experiments on nano-disc arrays coupled to a Au
mirror, separated by 20 nm of SiO2 [158].
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Fig. 6.3 (a) is a simple depiction of the proposed defect in Au foil and its appearance in dark
field at 100× magnification, which forms a concentrated near-field much like a nanocavity.
(b) shows dark field scattering from the defect shown in (a), and the way in which it shifts
with changing polarisation. The changes are the same for full rotations of the polariser in 90◦

increments as shown in (c).

As seen in Fig. 6.3(b,c) rotating the polariser in 90◦ increments leads to a maximal change
in the brightness of 9% and wavelength of 35 nm (100meV ) for the dark-field scattering peak
from the example defect. There is variation in the polarisation response for different defects,
with the majority showing negligible wavelength shifts, but clear increases in intensity with
changes in linear polarisation. This likely reflects the non-uniformity of defect geometries.
These polarisation measurements suggest further that the nature of the defect is plasmonic,
and is less likely to originate from multilayers or contaminants on the surface.

To discount influences from other collective behaviours (e.g. two photon emission), the
power dependence of emission from defect 1 was examined. The results of this study are
shown in Fig. 6.4, showing a clearly linear relationship between measured counts and power
at the sample (Fig. 6.4(a)). The defects are highly robust against damage and the spectrum is
not affected up to a power of 2mW (Fig. 6.4(b)). This implies that the emission is purely due
to single electron transitions or emission from the metal and cannot be attributed to other
effects such as trions (which would not be expected at RT)[159]. This robustness at high
power suggests that the defects are likely to be nano-holes in the foil surface. Other work has
shown that holes are more robust than nanoscale protrusions and particles [160]. Both holes
and protrusions scatter at a similar magnitude for the same diameter.

6.2.2 Source of Emissive Defects in as-grown WS2 on Au

Based on the above results and discussion, the source of the red defects appears to be
plasmonic, indicating a defect in the Au foil which is attributed to a 200-400 nm hole in the
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Fig. 6.4 The intensity of light emission from defects increases linearly with increasing power at
the sample (a). The normalised emission spectrum (b) is stable as power is increased from 0 to
2mW. In (b), power increases from bottom to top and the bottom spectrum is the normalised dark
field scattering spectrum.

foil surface. There is a clear change in dark-field scattering during changes in polarisation,
which further supports attribution to a plasmonic effect. The observed light emission is most
likely due to photoluminescence from gold, plasmonic enhancement of which dramatically
increases the efficiency of light generation and shows a characteristic blue-shift from the
scattering peak of the nanostructure. A power dependence experiment gives linear increases
in emission, as expected for emission from Au nanostructures [153, 154]. Unfortunately, the
overlapping of this emission with the emission from WS2 means it is difficult to determine
whether there is any contribution due to the direct transition. There is likely to negligible
emission from the WS2 as a result of plasmonic enhancement as the combination of both
processes would lead to non-linear emission intensity with power.

The reproducibility of the scattering spectra for the defects likely misleading and not
linked to the direct transition for monolayer WS2. However, based on SEM images, the
size, shape and morphology of these structures can vary significantly (they are produced
randomly), so the uniformity of scattering is unexpected. A link between the emission from
these defects and light emission from monolayer WS2 would be extremely interesting, but I
have not been able to find literature which discusses any form of coupling between LSPs and
adjacent semiconductor absorption.

Uncertainty in the results of this experiment can be removed by completing the same
experiment on Au foil without the presence of WS2.

Despite this, the experiment demonstrates the importance of taking into account emission
processes from metals during plasmonics experiments involving photo-active materials. This
is particularly the case for those materials for which emission is strongly quenched by the
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presence of the plasmonic metal, and thus its emission signatures are strongly suppressed.
Especially for large nanostructures (e.g. 100 nm NPs) and at higher powers, emission from
Au can be non-negligible and in some cases dominant.

6.3 NPoM with Methylammonium Lead-Iodide

Alongside the great excitement surrounding opto-electronic properties of 2D materials such
as TMDs, work on perovskites has continued to progress in leaps and bounds. The metal
halides have attracted particular attention due to their unique properties, with the efficiency
of photovoltaic devices made using these materials quickly increasing from 4% to 23%
over a 6 year period [161, 162]. They are also extremely good light emitters, but are
severely restricted in their bulk form due to a small exciton binding energy and mobile ionic
defects[161]. Recently, researchers have therefore begun to focus on tuning of their size
and shape to form structures such as nanocrystals and nanoplatelets (Fig. 6.5(b,c)). The
pseudo-cubic structure of these crystals is shown in Fig. 6.5(a) and is described by the
chemical formula ABX3 [161, 10]. A is a metal or organic cation centre (+1 oxidation state),
B is a metal ion (+2 oxidation state), and X is a halide ion (-1 oxidation state). By changing
the chemical constituents of the crystal the band gap can be broadly tuned within the visible
to near-infrared range[161].

Fig. 6.5 The pseudo-cubic metal halide crystal structure (a) and its nanoscale forms, ranging
from colloidal nanocrystals (b) and more recently to nanoplatelets (c). This figure is reprinted
and adapted with permission from [10]. Copyright 2017 American Chemical Society.

The recently demonstrated ability of these materials to form nanoplatelets via a process
called ligand-assisted exfoliation [162] gives yet another method of tuning the bandgap of
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metal halides via quantum confinement. The process of exfoliation changes the formula
of the metal halide perovskite to L2[ABX3]n−1BX4, where L represents the ligand species
and n−1 the number of unit cells for the nanoplatelet [163]. The formation of perovskite
nanoplatelets opens up the possibility of examining their behaviour when exposed to a
nanoscale near-field by using the NPoM geometry. In this section we focus on NPoM with
the metal halide perovskite methylammonium lead iodide (CH4NH3PbI3, commonly referred
to as MAPI) in the form of a trilayer nanoplatelet of ≈ 2 nm in thickness. As the structure
changes from cubic nanocrystal (weak quantum confinement) to trilayer nanoplatelet (strong
quantum confinement), the photoluminescence emission wavelength blue-shifts from 740
nm to 610 nm. The exciton binding energy increases significantly, enhancing emission on
the monomolecular scale[162] and opening the door for novel nano-optics such as strong-
coupling.

6.3.1 Sample Fabrication and Images

All colloidal MAPI solutions are synthesised by Dr. Javad Shamsi from the group of Sam
Stranks at the University of Cambridge. There is a recent and very thorough review of the
production methods and optical properties for MAPI (and other metal halides) written by Dr.
Shamsi in reference [161]. Post-synthesis, all samples are fabricated by depositing 100 µL
of MAPI solution onto template-stripped Au substrates and spin coating at 1000rpm for 10s1.
This distributes the colloidal solution evenly over the substrate surface with nanoplatelets
predominantly lying flat over the Au.

Fig. 6.6 Images of a fabricated MAPI on Au sample showing ∼ 3µm wide flakes of unknown
thickness in SEM (a) which arrange themselves on the substrate. Bright-field (BF) (b) and
dark-field (c) images show that the density of aggregated material on the substrate is low enough
to take effective measurements.

1It was also found that blow-drying the sample with nitrogen achieved similar results, but with marginally
less reproducibility
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Example SEM, BF and DF images of MAPI samples are shown for trilayer MAPI in Fig.
6.6, displaying nanoplatelets of 3µm in diameter which are closely packed and covering
∼ 80% of the substrate surface. There are regions of stacked layers (Fig. 6.6a), but the vast
majority are single nanoplatelets. In the optical images the density of aggregated regions
is clearly low enough to be able to observe nanoparticles without significant extraneous
scattering influencing the data. Single MAPI nanoplatelets are not visible in images except
in SEM, where the flakes appear darker for thicker nanoplatelets. The way in which the
platelets distributed themselves across the surface appears to be the same on both SiO2 and
Au substrates.

6.3.2 Multilayer MAPI Quenching

Nanoplatelets of thickness <10 nm are promising for the demonstration of novel nano-
optics using NPoM since MAPI is a direct band-gap semiconductor for this entire range of
thicknesses. We previously demonstrated strong coupling to the indirect A-exciton transition
in multilayer WSe2 in 2017 [9], but we have not succeeded in coupling to a direct transition
in crystalline materials using NPoM 2. We will begin by looking at thicker nanoplatelets (or
more cubic nanocrystals) with a band gap at an energy of 1.67 eV, before moving to thinner
layers.

Comparing Fig. 6.7(a) with the inset of Fig. 6.6(b), MAPI was found to distribute itself
differently when compared to trilayer. The density of aggregates increased, and changed
in shape, reflecting the difference in geometry of the thicker nanoplatelets. Initially, the
light emission from aggregated multilayer material was recorded over a period of 5 minutes
during irradiation of the MAPI with a 447 nm laser and 0.14 µW at the sample surface. The
behaviour on Au is compared to SiO2 substrates with the results (normalised to 1) shown
in Fig. 6.7. This was done in in order to determine how the presence of Au influences the
emission properties of MAPI.

There is a clear difference between the emission response for multilayer MAPI on SiO2

compared to on Au substrates. For both samples the intensity of PL begins at 740 nm and
decays over time due to a combination of quenching within the aggregate and oxidation
of the MAPI upon exposure to air. Oxidation of MAPI occurs both in a dry ambient
environment and as a result of illumination via a complex photo-oxidation process, reducing
the photoluminescnce quantum yield as the material degrades [164, 165].

The multimodal nature of the responses (most clearly visible on Au, but also present
on SiO2) is a result of the aggregation of nanoplatelets with different thicknesses, which

2Although others have using other plasmonic structures
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Fig. 6.7 Comparison between emission, normalised to 1, from aggregates of multilayer MAPI
on a Au (a) and on SiO2 (b) subsrate with illumination from a 447 nm laser with a power of
0.14µW at the surface.

emit at a range of wavelengths. This multimodal behaviour changes significantly with time,
with individual modes lessening in intensity and blue-shifting in wavelength. The principle
PL emission is approximately constant on SiO2, but blue-shifts on Au, which indicates that
quenching due to the presence of Au must play a role in the resonance position for this
material.

The oxidation process should be the same on both substrates under the same illumination
conditions, so the quenching properties of the Au must dominate the observed difference
in behaviour. The presence of the Au substrate must lead to preferential emission from
thinner layers in the aggregate, perhaps as charges are trapped and have a lower probability of
transfer to the Au substrate. This unusual response indicates that the properties of the material
are likely to be influenced by encapsulation in NPoM and this expectation is supported in
literature [166].

6.3.3 Spectroscopy of Trilayer MAPI on Gold

The trilayer sample produced for this set of experiments was shown in Fig. 6.6. Initially
the bright-field reflectance is referenced against a clean Au substrate and measured at five
different points on the MAPI/Au sample (Fig. 6.8(a)). For three of the measurements (green,
orange, blue) no material is visible by eye, whilst the other two measurements (red, purple)
are taken on aggregated material (red-brown in colour Fig. 6.6(b)). This was done in order
to determine the layer number for the nanoplatelets and to improve understanding of how
nanoplatelets are distributed over the substrate surface.

Whilst the presence of individual-few MAPI nanoplatelets is not visible by eye, re-
flectance measurements at all points show clear absorption, therefore demonstrating good
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sample coverage post-spin-coating. The measurement on the thickest aggregate (purple curve,
Fig. 6.8(a)) reveals the optical activity of the nanoplatelets, with clear reflectance minima
at 605 nm and 560 nm. This matches very well with expectations for trilayer MAPI based
on the literature, with the peak at 605 nm corresponding to the direct interband transition
[161, 162]. In the literature, the unit cell of MAPI has been calculated to be 0.66 nm thick
and correspondingly the thickness of trilayer MAPI has been measured at ≈ 2 nm using
AFM [162]. Based on this thickness value and using an in-plane refractive index of 2.5
[167], calculations show that the lowest measured reflectance of 6% (blue curve Fig. 6.8(a))
originates from single trilayer MAPI nanoplatelets on Au 3.

Fig. 6.8 Reflectance measurements referenced to Au for 5 difference regions on the sample (a),
with visible aggregated regions showing clear minima at 605 nm and 560 nm corresponding to
the direct and indirect transition for trilayer MAPI (purple curve). Dark field measurements(b)
on 6 dark regions show clear peaks at the close to the direct transition, while illumination with
0.14µW at the sample, 447 nm, (c) shows strong emission (red curve) 2 nm below the reflectance
minimum for the direct transition (purple curve).

Next, dark-field scattering measurements are taken from six different ‘dark-regions’ on
the sample, i.e. points where no material is visible by eye, away from aggregated material
(Fig. 6.8(b)). These measurements show a high variation in scattering but all show a clear
peak or step at wavelengths ranging between 600-610 nm, matching well with reflectance
measurements for the direct inter-band transition for trilayer MAPI. There is a fainter peak
at the indirect transition of 560 nm as was also seen in the reflectance. The broader peak
is close to the minimum reflectance value and is due to plasmonic scattering onto the Au
substrate which peaks in the range 500-530 nm. Variations in peak position may be related
due to changes in nanoplatelet layer number, which changes the absorption at the Au/MAPI
interface, red-shifting the mode.

3This does not take into account potential differences between refractive indices for thin-films compared to
nanoplatelets or the complex part of the refractive index.
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Illumination of the aggregated nanoplatelets with a 447 nm laser at 0.14µ W leads to
strong emission at a wavelength of 607 nm, 2 nm below the reflectance minima for the direct
transition and in-line with expectations (Fig. 6.8(c)) [163, 10]. The emission is dominated
by the trilayer direct transition with only weak emission from more red-shifted modes,
suggesting a high yield of trilayer MAPI. The emission drops over time as quenching and
oxidation occurs (> 50% in 10 s) and does not blue-shift, indicating that monolayer and
trilayer MAPI were not present in high quantities. No emission was detectable from non-
aggregated material, due to the combination of low optical absorption and quenching from
the Au substrate beneath. This is to be expected for thin layers of semiconductor material,
which are more strongly influenced by substrate properties than thicker layers[166, 168].

6.3.4 Trilayer MAPI in NPoM

Gold nanoparticles of 80 nm diameter are deposited from solution (see chapter 3) immediately
after spin-coating MAPI onto template stripped Au as described above. This process must be
immediate because the MAPI fully oxidises in air over a period of 10 hours, so experiments
have a limited window of success. Dark-field scattering measurements were taken from
160 nanoparticles, with the average dark-field scattering spectrum and corresponding peak
positions shown in Fig. 6.9.

Based on the average scattering spectrum, the presence of MAPI strongly influences
dark-field scattering from 80 nm NPoMs. Most significantly, the scattering magnitude of all
modes, apart from the transverse mode at 530 nm, is significantly less than the value on Au
(see chapter 5). The average scattering for the coupled mode of 80 nm NPs on Au substrates
is ∼ 0.6%, thus the 780 nm mode here is suppressed in intensity by ∼ 6×.

Using a citrate thickness of 0.9 nm over a MAPI thickness of 2 nm with a refractive index
of 2.5, the average position of the coupled mode is expected to be ∼ 700 nm based on the
model presented in the previous chapter. However, the highly variable experimental data
does not match this expectation, with two modes having average resonances at 610 nm and
780 nm. The observed mode fluctuates significantly in peak wavelength, a consequence of
the variability of the spacer, with spacers ranging from many layers overlapping to areas
with no material. The oxidation of the MAPI material with time also influences its refractive
index, which in turn influences coupled mode position 4. The larger red-shift of the mode
might be explained by the close proximity of high-n MAPI material.

Based on the model developed in the previous chapter, the peak position of the coupled
mode should not shift beyond the position for the material with no spacer present (i.e. only

4I have not been able to determine the refractive index of oxidised MAPI
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Fig. 6.9 Dark-field image (a) and average spectra (black dashed line, b) collected from 160
80 nm Au nanoparticles on trilayer MAPI. A peak count histogram (b) is used in order to
identify resonances within the highly variable dataset with colours in proportion to count value
(blue-yellow).

citrate capping ligand present in the gap). Thus, the model appears to break down for MAPI.
A red-shifted coupled mode indicates stronger plasmonic coupling between nanoparticle
and mirror than was observed for hBN. In addition, the experiments on hBN suggested a
proportionality between spacer refractive index and scattering intensity, which is not observed
here. The resonance wavelength is possibly explained by the high-n material surrounding
the MAPI NPoM’s (i.e. stacked layers next to the structure) which red-shifts the coupled
mode beyond the maximum value of 750 nm without a spacer. I am unable to explain the
reduction in the scattering intensity unless the material beneath is oxidised and therefore has
a significantly lower refractive index. The ligand used for the formation of nanoplatelets is
oleic acid, with a refractive index of 1.38, which is not significantly less than citrate. If this
was included the gap refractive index would be lowered further.

Overlapping MAPI layers would contribute to blue-shifting of the coupled modes, so this
cannot be used to explain the highly red-shifted mode position.

6.3.5 Simultaneous Scattering and Emission Measurements on MAPI
NPoM

Simultaneous dark-field and photoluminescence spectroscopy measurements are taken in
order to correlate the dark-field scattering with light emission and to tune modes across the
wavelength of the direct transition (see next). As power at the sample is increased to above a
threshold (typically >150 µW), heating leads to partial melting and motion of mobile surface
atoms to the base of the nanoparticle, growing the bottom facet [47, 157]. This is now known
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to lead to red-shifting of the coupled mode position over a time period of many seconds,
until a physical link between nanoparticle and mirror (bridging) occurs. The technique was
used in our previous work on strong coupling with multilayer WSe2, to tune the coupled
mode across the indirect transition [9]. Just before bridging, the coupled modes rapidly
red-shift out to infra-red wavelengths, beyond the detection limit of our setup. Bridging,
which links nanoparticle and mirror via a metallic nanowire, then rapidly blue-shifts the
modes, continuing to do so as the bridge increases in diameter until a saturation point is
reached. The observed resonances once a bridge is formed are the result of the charge transfer
plasmon [169, 157].

In the experiment shown in Fig. 6.10, the power is ramped in intervals of approximately
25 µW every 30 seconds. Notably, for this nanoparticle the intensity of the coupled mode
dominates scattering, and the progression of this mode specifically is tracked in this experi-
ment. At low powers (<100 µW) modes initially red-shift with no detected light emission
(Fig. 6.10). This is in-line with expectations since the facet grows due gold atom migration
and the emission from single Au nanoparticle-on-mirror has been calculated to be extremely
weak [157, 47]. However, at a power of 175 µW stable emission is observed and the coupled
mode begins to blue-shift as opposed to the expected red-shift of the mode to IR before bridg-
ing. The blue-shifting behaviour of dark-field scattering continues at higher powers, showing
stable light emission which tracks with the position of the dark-field modes (Fig. 6.10(b,c)).
This in-sync progression continues until the emission reaches 610 nm, 300 µW, close to the
emission from the direct transition for trilayer MAPI, at which point the process stops. As
was also observed for defects in Au foils with WS2, the emission is clearly blue-shifted from
the position of dark-field, in this case by 30 nm.

Emission linewidth remained constant for all powers with intensity rising linearly (Fig.
6.11), meaning that emission related to non-linear processes can be discounted. Other
such experiments were conducted on other nanoparticles and there were no clear signatures
of strong coupling as modes tuned across the 605 nm direct transition for MAPI trilayer
nanoplatelets. The high variability of results was a significant issue when looking for the
signatures of strong-coupling.

Light emission from silver nanocubes on a silver mirror has been observed before, in a
similar experiment from within my group [157]. Emission tuned in-sync with the progression
of the dark-field modes, however the expected red-shifts to IR occurred and once bridging
was completed, emission stopped. Also in this work, the efficiency of emission from gold
nanoparticles on gold mirrors was calculated to be extremely low, below the detection limit
of our setup. Conversely, in this case no clear bridging process was observed and emission
continues for all incident powers.
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Fig. 6.10 Simultaneous dark-field scattering (a) and emission measurements (b,c) taken for a
single 80 nm MAPI NPoM with red dashed lines drawn at the peak wavelengths for scattering
and emission. The nanoparticle was illuminated with a 447 nm laser with power increased by
approximately 25µW every 30 seconds.

Fig. 6.11 Measurements of linewidth (a) and peak intensity (b) for both dark-field (orange) and
light emission (blue) as a function of power at the sample.
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The data indicates that a solid spacer of MAPI must exist between the nanoparticle
and mirror beneath, which prevents bridging. Initially the facet grows at usual, leading to
red-shifts of the coupled mode, but eventually this process is counteracted by a secondary
process, most likely photo- and thermally assisted oxidation of the MAPI which is near-field
enhanced. The oxidation process reduces the refractive index of both the material in the gap
and the surrounding material, leading to blue-shifts of the dipole-antenna mode.

The linear power dependence and clear blue-shift from the dark-field, suggests once again
that the light emission is from gold. However, these nanoparticles clearly behave differently
from defects in Au foils as they change morphology with increasing incident power. Once
again the tendency of the dark-field to peak at wavelengths close to the direct transition of an
adjacent semiconductor is likely to be misleading.

6.4 Conclusion

A barrier to interpretation of these WS2 and trilayer MAPI experiments is that the active
semiconductors display approximately the same band-gap. This makes it extremely difficult
to distinguish between emission from Au and emission from the direct semiconductor. To
clarify these results, the same work should be completed on semiconductors with band-
gaps at longer wavelengths. If dark-field peaks show a tendency to overlap with the direct
transition at this new and longer wavelength, and emission is once again observed, then a
novel process is occurring. Until this is done, the hypothesis that all light emission is from
the metal, must remain as the explanation for the above results.

The oxidation of MAPI is a problem for all experiments using this material. Future
experiments should look to protect the sample post deposition of nanoparticle, for example
by spin-coating a transparent dielectric such as poly methyl methacrylate (PMMA).

Direct growth of WS2 and other TMDs appears extremely promising for plasmonics
applications. Nanoparticles of 100 nm diameter were clearly visible on the rough Au foil, but
the use of single crystalline Au as a growth substrate would significantly reduce roughness
and enable detection of more subtle nano-optical effects. Most significantly it would avoid
the need for transfer of these materials, which currently leads to so many further problems.
Patterned gold growth substrates are another potential route, onto which WS2 could be grown
and measurements taken directly. Seeding of multilayer WS2 from nanostructures may limit
this however.





Chapter 7

Conclusions and outlook

In this thesis an important type of optically active heterostructure was thoroughly interrogated
using dark-field spectroscopy in combination with state of the art surface analysis and
fabrication techniques. The basic architecture consisted of a nanoparticle atop a crystal of
hexagonal-Boron Nitride deposited over a flat substrate of Au. The nanoparticle coupled via
fields propagating across the gap to the Au mirror beneath and by changing the thickness
of hBN the coupling mechanism changed dramatically. Such changes were interpreted
via far-field high-angle scattering from the nanoparticle and strong knowledge of subtle
fabrication features.

In the first experiment, Au nanoparticles coupled to hBN optical sub-microcavities (>80
nm) embedded in Au. The resultant scattering from these NPoMCs is found to be far more
complex than was shown in the past [121, 120], resulting from a combination of Fabry-Perot
enhancement processes and a new nanoresonator mode (NRM). Calculations showed that the
NRMs were strongest at particular angles around the Brewster angle, at which there is only
an influence for TM polarisation. The resonances were shown to result from light trapping
between the nanoparticle and mirror underneath hBN, confined to the nanoscale geometry
of the nanoparticle and dependent subtly on its morphology. In contrast to Fabry-Perot
modes coupled to individual nanoparticle LSPs, which are well documented, these modes
display field-vectors perpendicular to the plane of the sub-microcavity (Ez in the model)
which is unusual for microcavities. The addition of these modes to our previous knowledge
of microcavity-coupled plasmonics, therefore enables access to new field orientations in the
cavity in a simple way, controlled via incident angle and polarisation. Meanwhile, hBN has
become a ubiquitous substrate or dividing layer for van der Waals heterostructures, able to
enhance a number of optical properties and enable novel band structure engineering such as
inter-layer excitons[80, 106, 102]. The observation of NRMs in hBN can therefore enable
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their integration into novel microcavity heterstructure systems which combine plasmonic
and optical enhancements with the unique properties of van der Waals heterostructures.

The second set of experiments represent an unprecedented study of van der Waals materi-
als in the nanoparticle-on-mirror geometry (NPoM). These systems have been shown to be
extremely powerful for the demonstration of novel nano-optics and thus a full understanding
of the system is of vital importance. hBN uniquely enables this full understanding because it
is optically inert, meaning that it is possible to exclude a great number of other explanations
for observations in NPoM. Three different samples were studied in which the classical
circuit model [46] failed to accurately predict coupled mode positions based on the usual
assumptions. The model therefore was adapted to take into account the change in refractive
index as a result of the presence of passivating ligands, which correctly predicted the coupled
mode wavelengths in every case. This adaptation changes the spacer to a hybrid material
consisting of multiple different layers of differing refractive index.

The use of large-area, ultra-high-quality CVD hBN annealed at 350◦C enabled the
statistical analysis of over 400 nanoparticles both on trilayer and monolayer hBN varying in
size from 60-80 nm. As a result it was seen that despite these contaminants, the presence of
hBN in the gap could be clearly detected via intensity enhancements (also seen on exfoliated
hBN) and the positive skew of the coupled mode distributions. It was posited that the intensity
enhancement is dominated by increases in the effective (including citrate) refractive index in
the gap, hence the contrasting negligible enhancement for monolayer hBN and very strong
enhancement for few-layer hBN. The positive skew of the coupled mode distribution in
wavelength on-hBN was a result of the hybrid variation of refractive index with gap distance,
which increases the tuning rate at greater thicknesses of material. This appeared in clear
contrast to the distribution for coupled mode wavelength on-Au despite the expected greater
tuning rate for smaller gap sizes. To explain this difference the gap containing contaminants
is considered as filled by variable quantities of molecules for the same gap distance. In this
case the tuning rate is linear and greatly reduced. A final fundamental consequence of the
presence of passivating ligands is that the maximum coupled mode wavelength on-hBN is set
to within a few-nanometres by the maximum coupled mode wavelength off-hBN (i.e. with
ligands alone on Au).

Finally, the plasmonic enhancement of the optically active layers WS2 and MAPI was
studied. For CVD WS2 grown onto Au, defects in the foil surface showed emission which
overlapped with scattering from the direct band-gap transition. This emission was clearly
blue-shifted from the position of scattering and displayed spectral positions which shifted
with changing polarisation. This led to the conclusion that the emission was in fact from the
Au defect. 80 nm MAPI NPoMs showed an anomalous suppression of the coupled mode
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intensity and modes red-shifted beyond expectations based on the modified circuit model.
The red-shifts were explained by the presence of stacked nanoplatelets in the vicinity of the
nanoparticle facet. In addition, a similar blue-shifted light emission as was seen for WS2 was
observed which tracked with changing coupled mode wavelength and matched the direct
transition for MAPI. This emission was attributed once again to emission from Au rather
than the material emission due to the blue-shifted behaviour.

The wide range of results found using these otherwise similar structures reveals the
enormous range of possibilities for NPoMC and NPoM systems. A such, a few ideas for
future experiments and useful architectures based on my experiments are shown in Fig. 7.1.

In the NRM microcavity (Fig. 7.1(a)) deposition of an optically active layer (e.g. WSe2,
other TMDs, MAPI etc.) over thick (>80 nm) hBN before deposition of NPs will enable
NRMs to excite vertical dipoles in optical layers. Insertion into a microcavity (which allows
high angle illumination) would give researchers improved access to all field components
by changing incident angle and polarisation. This may enable strong-coupling to materials
which display vertical exciton moments (e.g. multilayer WSe2 or molecules)[9].

Fig. 7.1 Depictions of an NRM microcavity (a), gas-phase deposition (b), protection and
encapsulaltion with hBN (c,d), nanostructured CVD Au substrates (e) and the biasing of NPoM
tunnel heterostructures(f).

For the next few systems (Fig. 7.1(c-f)), the optimal situation is the deposition of
nanoparticles without ligands, for example via gas-phase deposition (b). Progress toward this
aim is shown in the appendix.

These ligand-free nanoparticles can be deposited onto optically active layers (OA layer
in figure), which are protected by monolayer to few-layer CVD hBN (c). This would prevent
oxidation of perovskite nanoplatelets (e.g. MAPI) and may enable novel nanooptics in hybrid
systems. This is preferred to protection with PMMA which will have detrimental effects on
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the optical properties of the sample. In the same vein, the optically active layer can be fully
encapsulated with few-monolayer hBN to reduce quenching by the Au substrate and provide
further protection.

As-grown WS2 on Au foils can be modified to be grown onto more ordered nanostructured
Au. The patterning of nanoscale holes pre-growth would form nanocavities the optical
properties of which could be measured before and after growth of WS2. This may enable the
enhancement of novel optical properties in WS2 (and other semiconductors grown on Au),
and knowledge of emission from Au from my work would help identify features.
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Appendix A

More on the calculations

An overview of the generalised Mie method

The following description of the Generalised Mie method fundamentals are extracted from the
supplementary material of my paper entitled ’Localised Nanoresonator Mode in Plasmonic
Microcavities’. It is intended for those readers which wish to know more about the theory
behind the calculations I used to isolate the NRMs. The majority of the work for this section
was completed by my collaborator Xuezhi Zheng, at KU Leuven, Belgium.

A.0.1 Main Equation

We first consider the scattering of a plane wave by a single sphere as shown in Fig.A.1. The
classical Mie theory expands the incident plane wave in terms of the standing spherical wave
functions, M(1)

nm, N(1)
nm , by

Einc (r) = ∑
nm

anmM(1)
nm (kr)+bnmN(1)

nm (kr), (A.1)

and the scattered field in terms of the radiating spherical wave functions, M(3)
nm, N(3)

nm ,

Escat (r) = ∑
nm

cnmM(3)
nm (kr)+dnmN(3)

nm (kr), (A.2)

The definitions for M(1)
nm, N(1)

nm and M(3)
nm, N(3)

nm can be found later in this supplementary
material. In Eq.A.1 and Eq.A.2, (anm,bnm) and (cnm,dnm) correspond to the expansion
coefficients of the wave functions. By matching the interface conditions on the boundary of
the sphere, the cofficients can be linked via a transmission matrix T,
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Fig. A.1 Illustration of single sphere and the two-sphere scattering problems. In (a) and (b), the
propagation direction and the polarization direction of the incoming plane wave are marked by
solid and dashed black lines respectively. In (b), the scattered fields generated by Sphere 1 and
Sphere 2 are marked by the green and the blue arrows respectively.

(
cnm

dnm

)
= T ·

(
anm

bnm

)
. (A.3)

Secondly, we consider the scattering of a plane wave by two spheres next to each other
in A.1(b) [1]. The following procedures can be taken to generalise the original Mie theory
in Eq.A.1. - A.3. Firstly, we see the scattered field generated by Sphere 1 as an incident
field (see blue arrow in Error! Reference source not found.b) to Sphere 2, and find a relation
between the scattered field generated by Sphere 1 and the scattered field generated by Sphere
2 (see green arrow in Fig.A.1(b) similar to Eq.A.3. Secondly, we take the scattered field
generated by the 2nd sphere as the secondary incident field to the 1st sphere and expand this
field in terms of the standing spherical wave functions. In this context, Eq.A.3 is modified as

(
cnm

dnm

)
= T ·

[(
anm

bnm

)
+

(
a′nm

b′nm

)]
= T ·

[(
anm

bnm

)
+R ·

(
cnm

dnm

)]
. (A.4)

In the above equation, the matrix R is the relation described in step 1 and
(

a
′
nm,b

′
nm

)
are

the expansion coefficients noted in step 2. In this work, we further consider the case where
the second scatterer is a layered structure (see Fig.A.2) which includes three regions: region 1
filled by an isotropic medium characterized by (ε1,µ1), region 2 filled by a uniaxial medium
characterized by a tensor permittivity and a permeability (see Error! Reference source not
found.), and region 3 filled by a isotropic medium characterized by (ε3,µ3). The complete
topology of the structure is shown in Fig.A.2.

In the following, we present the theory behind the computational scheme of this work.
The presentation is organized as follows. Firstly, in subsection A.0.2, we define the spherical
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Fig. A.2 Illustration of the targeted structure. The original of coordinate system is set at the
centre of the sphere. The first interface separating region 1 from region 2 is located at z = z1 and
the second interface separating region 2 from region 3 is located at z = z2.

waves used in this work, expand these spherical waves in terms of plane waves and finally
construct the R matrix in Eq. (4). Secondly, in subsections S2 and S3, in order to construct the
R matrix, the interaction of plane waves with the layered structure in Fig.A.2 is understood
via an approach based on the concept of the S matrix [2].

A.0.2 Spherical Waves and the R matrix

Spherical Harmonics, Vector Spherical Harmonics and Spherical Vector Wave Func-
tions

First, we define the spherical harmonics Ynm as,

Ynm (r) = NnmPm
n [θ (r)]eimϕ(r). (A.5)

In Eq.A.5, n and m are the degree and order of the associated Legendre polynomial Pm
n and

Nnm is defined as,

Nnm =

√
( @n−m)!
(n+m)!

2n+1
4π

. (A.6)

The spherical harmonics is a function of a vector r, which is
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r = xx̂+ yŷ+ zẑ. (A.7)

In Eq. A.7, x, y and z are the Cartesian components of r, while r is the magnitude of this
vector. θ (r) and ϕ (r) are the elevation angle and azimuthal angle associated with r. It is
noted that the components of the vector r are not restricted to real values, but also can take
complex values. Secondly, we define the angular functions π̃nm and τ̃nm,

π̃nm (r) = Nnm
1

sinθ

∂Pm
n [θ (r)]
∂ϕ

, τ̃nm (r) = Nnm
∂Pm

n [θ (r)]
∂θ

. (A.8)

Thirdly, we define the vector spherical harmonics Xnm and Znm respectively,

Xnm (r) =
{

π̃
m
n [θ (r)] θ̂ (r)− τ̃

m
n [θ (r)] ϕ̂ (r)

}
eimϕ(r), (A.9)

Znm (r) =
{

τ̃
m
n [θ (r)] θ̂ (r)+ π̃

m
n [θ (r)] ϕ̂ (r)

}
eimϕ(r). (A.10)

In Eq. (9) and Eq. (10), θ̂ and ϕ̂ are the unit vectors associated with the vector r,

r̂ (r) =
x
r

x̂+
y
r

ŷ+
z
r

ẑ, θ̂ (r) =
z
r

x
ρ

x̂+
z
r

y
ρ

ŷ− ρ

r
ẑ, ϕ̂ (k) =− y

ρ
x̂+

x
ρ

ŷ. (A.11)

In Eq. A.11, ρ is defined as
√

x2 + y2. Lastly, the spherical vector wave functions Mnm and
Nnm are defined as,

Mnm (kr) = zn (kr)Xnm (r) , (A.12)

Nnm (kr) = n(n+1)
zn (kr)

kr
Ynm (r) r̂+

1
kr

∂ [rzn (kr)]
∂ r

Znm (r) . (A.13)

In Eq. A.12 and Eq. A.13, k is the wavenumber and zn (kr) can be the spherical Bessel
function jn (kr) for the standing wave case, or the spherical Hankel function of the first kind
hn (kr) for the radiating wave case. Correspondingly, the superscripts (1) and (3) are used to
denote the standing spherical vector wave functions, M(1)

nm, N(1)
nm , and the radiating ones, i.e.,

M(3)
nm, N(3)

nm , respectively.

Expansion of Spherical Wave Functions in terms of Plane Wave Functions

It is known [3] that radiating spherical vector wave functions can be expanded in terms of
plane vector wave functions as defined in Eq. A.31,
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(
M(3)

nm (kr)
iZ ·N(3)

nm (kr)

)
=

(
1 0
0 −Z

)
· 1

2πin

∫ 2π

0

∫ +∞

0(
π̃m

n [θ (k±)] −τ̃m
n [θ (k±)]

τ̃m
n [θ (k±)] π̃m

n [θ (k±)]

)
eimϕ(k±) ·

(
θ̂ (k±)

ϕ̂ (k±)

)
eik±·r kρdkρdϕ

kzk
.

(A.14)

In Eq. A.14, a homogeneous space filled with an isotropic medium is assumed and Z is the
wave impedance of the space. It can be observed from this equation that the radiating vector
spherical waves M(3)

nm, N(3)
nm can be expanded as a spectrum of p- and s- polarized (TM- and

TE- polarized) plane waves. We note that θ̂ (k) and ϕ̂ (k) are the p- polarized plane waves
and the s- polarized plane waves, respectively and their definitions can be found in Eq. A.31.
The wave vector of these plane waves is k± where the + sign corresponds to the upgoing
waves for the z > 0 case and the – sign corresponds to the down-going waves for the z < 0
case. In the Cartesian coordinate system, k± can be expressed as

k± = kρ cosϕ x̂+ kρ sinϕ ŷ± kzẑ. (A.15)

Construction of the R matrix

When planar layers are present in the space (see Fig. A.2), the p- and s- polarized plane
waves propagating along the positive z direction interact with all the interfaces and take
reflection coefficients,

(
θ̂
(
k+

1
)

ϕ̂
(
k+

1
) )eik+

1 ·r →

(
rp
(
kρ

)
0

0 rs
(
kρ

) )e2ik1zz1 ·

(
θ̂
(
k−

1
)

ϕ̂
(
k−

1
) )eik−

1 ·r. (A.16)

In Eq. A.16, k1 is the wave vector of a plane wave propagating in region 1 and its superscripts
± denote the plane waves propagating along the positive z and the negative z directions,
respectively, while rp and rs correspond to the reflection coefficients for the p- and s- polarized
waves. The evaluation of these coefficients will be shown in Eq. A.57. Based on Eq. A.16,
the “reflected” spherical wave functions M(3,R)

nm , N(3,R)
nm can be constructed by collecting all

the plane waves (i.e., an inverse Fourier transform),
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(
M(3,R)

nm (r)
iZ1 ·N

(3,R)
nm (r)

)
=

(
1 0
0 −Z1

)
· 1

2πin
∫ 2π

0
∫+∞

0

(
π̃m

n
[
θ
(
k+

1
)]

−τ̃m
n
[
θ
(
k+

1
)]

τ̃m
n
[
θ
(
k+

1
)]

π̃m
n
[
θ
(
k+

1
)] ) ·

...eimϕ(k+
1 ) ·

(
rp
(
kρ

)
0

0 rs
(
kρ

) )e2ik1zz0 ·

(
θ̂
(
k−

1
)

ϕ̂
(
k−

1
) )eik−

1 ·r kρ dkρ dϕ

k1zk1
.

(A.17)
Further, we note that the vector plane wave functions can be expanded in terms of standing
spherical wave functions [4],

(
θ̂
(
k−

1
)

ϕ̂
(
k−

1
) )eik−

1 ·r = ∑
n′m′

− 4πin
′

n′ (n′+1)

(
π̃m′

n′
[
θ
(
k−

1
)]

iτ̃m′
n′
[
θ
(
k−

1
)]

τ̃m′
n′
[
θ
(
k−

1
)]

−iπ̃m′
n′
[
θ
(
k−

1
)] ) ·

...e−im′ϕ(k−
1 ) ·

(
M(1)

n′m′ (k1r)
N(1)

n′m′ (k1r)

)
.

(A.18)

Substituting Eq. A.18 into Eq. A.17, we end up with the R matrix required in Eq. A.4(
M(3,R)

nm (k1r)
N(3,R)

nm (k1r)

)
= R ·

(
M(1)

n′m (k1r)
N(1)

n′m (k1r)

)
. (A.19)

In detail, the R matrix is

R =

(
1 0
0 i

)
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n′m
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− 4πin

′−n

n′ (n′+1)

∫ +∞

0
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)
e2ik1zz0
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k1zk1

]
. (A.20)

We note that in the above equation the following definition has been used.
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=
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)] ) .

(A.21)
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A.0.3 Plane Waves in a Homogeneous Uniaxial Medium

In this subsection, a homogeneous space is assumed to be filled with an electric uniaxial
medium. The electromagnetic property of the space is described by a uniaxial material which
has a tensor permittivity ε̄ and a scalar permeability µ ,

ε =

 ε∥ 0 0
0 ε∥ 0
0 0 ε⊥

 , (A.22)

where ε∥ and ε⊥ are the parallel (i.e., along the xy plane in Fig. A.2) and perpendicular (i.e.,
along the z direction in Fig. A.2) permittivities respectively. We start with the well-known
vector wave equation,

∇×∇×E− k2
0εµ ·E = 0. (A.23)

Due to the full translational symmetry, we assume a plane wave solution to the above
equation,

E = e0eik·r.

(24) In the Cartesian coordinate system, e0 and k represent a constant vector and a wave vector
which, respectively, have the form of e0xx̂+ e0yŷ+ e0zẑ and kxx̂+ kyŷ+ kzẑ. By substituting
Eq. (24) into Eq. (23), we have an eigenvalue problem, k2

∥+ k2
x kxky kxkz

kxky k2
∥+ k2

y kykz

kxkz kykz k2
⊥+ k2

z


 e0x

e0y

e0z

= k2

 e0x

e0y

e0z

 . (A.24)

In the above equation, we have used the following definitions,

k2
∥ = ε∥µk2

0,k
2
⊥ = ε⊥µk2

0. (A.25)

The eigenvalues for the problem in Eq. (25) are

k2
o = k2

∥,k
2
e =

k2
⊥− k2

∥

k2
⊥

k2
ρ + k2

∥. (A.26)

In the above equation, ko and ke are the wave numbers for the ordinary waves and the
extraordinary waves, respectively; and kρ is the lateral wavenumber defined as

√
k2

x + k2
y .

It is convenient to define two physical quantities: an equivalent refractive index n and an
equivalent wave impedance Z respectively for the ordinary wave and the extraordinary wave,
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no =
ko

k0
,ne =

ke

k0
, (A.27)

Zo =
µ

no
,Ze =

µ

ne
. (A.28)

The eigenvectors corresponding to the eigenvalues in Eq. A.27 are

eo = ϕ̂ (ko) ,ee =

(
1−

k2
∥

k2
⊥

)
kρkz

k2
e

k̂ (ke)+

(
k2

z

k2
e
+

k2
∥

k2
⊥

k2
ρ

k2
e

)
θ̂ (ke) . (A.29)

In Eq. A.30, we have used the so-called (plane wave) vector wave functions that are defined
as,

k̂ (k) = kρ

k

(
kx
kρ

x̂+ ky
kρ

ŷ
)
+ kz

k ẑ,

θ̂ (k) = kz
k

(
kx
kρ

x̂+ ky
kρ

ŷ
)
− kρ

k ẑ,

ϕ̂ (k) =− ky
kρ

x̂+ kx
kρ

ŷ.

(A.30)

Therefore, the ordinary wave solution to the vector wave equation in Eq. A.23 is,

Eo = ϕ̂ (ko)eiko·r,Ho =− 1
Zo

θ̂ (ko)eiko·r. (A.31)

We can readily see from Eq. (32) that the ordinary wave solution corresponds to the s-
polarized wave or the TE wave. The extraordinary wave solution to the vector wave equation
in Eq. A.23 is,

Ee =

(
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k2
∥

k2
⊥

)
kρ kz
k2

e
· k̂ (ke)eike·r +

(
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z
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e
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ρ
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e

)
· θ̂ (ke)eike·r,

He =

(
k2

z
k2

e
+

k2
∥

k2
⊥

k2
ρ

k2
e

)
· 1

Ze
ϕ̂ (ke)eike·r.

(A.32)

We can readily see from Eq. A.33 that the ordinary wave solution corresponds to the
p-polarized wave or the TM wave.

A.0.4 Plane Waves at Planar Interface Between Isotropic Medium and
Electric Uniaxial Medium

In principle, the field behavior at a planar interface is determined by the interface conditions,

ẑ× (E2 −E1) = 0, ẑ× (H2 −H1) = 0. (A.33)
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For Eq. A.34, we assume that there are no imposed sources on the planar interface; the
normal of the planar interface is along the z direction, i.e., the surface normal is ẑ. Then, we
mark the inner and the outer regions of the interface by the subscript 1 and 2, respectively.

Tangential Components

It can be immediately seen from the interface conditions from Eq. A.34 that the tangential
components of the electric and the magnetic fields are essential. We first look at the tangential
components of the (plane wave) vector wave functions (that are defined in Eq. A.31) as
these wave functions are the constitutive elements of the ordinary wave solutions and the
extraordinary wave solutions (please see Eq. A.32 and Eq. A.33),

ẑ× k̂ (k) =−
kρ

k
X
(
k∥
)
, ẑ× θ̂ (k) =−kz

k
X
(
k∥
)
, ẑ× ϕ̂ (k) =−Z

(
k∥
)
. (A.34)

In Eq. A.35, k∥ is the component of a wave vector in parallel with the plane, i.e., k∥ =

kxx̂+ kyŷ; and the X function and the Z function, i.e., the planar harmonics, are defined as

X
(
k∥
)
=

ky

kρ

x̂− kx

kρ

ŷ,Z
(
k∥
)
=

kx

kρ

x̂+
ky

kρ

ŷ. (A.35)

The following orthogonal properties can be seen from the definitions of the planar harmonics,

X
(
k∥
)
·X
(
k∥
)
= 1,Z

(
k∥
)
·Z
(
k∥
)
= 1,X

(
k∥
)
·Z
(
k∥
)
= 0. (A.36)

Secondly, we note that: for the ordinary waves (the TE waves), the tangential components are(
ẑ×Eo

ẑ×Ho

)
=

(
−Z
(
k∥
)

1
Zo

koz
ko

X
(
k∥
) )eiko·r, (A.37)

for the extraordinary waves (the TM waves), the tangential components are

(
ẑ×Ee

ẑ×He

)
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 −kez
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(
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k2
e
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⊥
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)
· 1
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(
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)
eike·r. (A.38)

Lastly, we may project the ordinary and the extraordinary waves onto the planar harmonics
and define two matrices, i.e., Oo and Oe,

Oo (ko) =

(
Z
(
k∥
)
· ẑ×Eo

X
(
k∥
)
· ẑ×Ho

)
=

(
−1
1

Zo

koz
ko

)
eiko·r, (A.39)
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Oe (ke) =
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Case I: Inner region is electric uniaxial medium, outer region is isotropic medium

For the TE waves, we match the interface conditions in Eq. A.34 which leads to,

Oo

(
k+

1,o

)
a+1 +Oo

(
k−

1,o

)
a−1 = Oo

(
k+

2
)

a+2 +Oo
(
k−

2
)

a−2 . (A.41)

In the above equation, the superscripts + and – represent the up and down-propagating waves
respectively; the subscripts 1 and 2 refer to the inner and the outer regions, respectively; and
the coefficients a are the amplitudes of the TE waves. We note that 1) ko is the wave vector
of the ordinary wave in the uniaxial medium; and 2) in an isotropic medium the ordinary
waves and the extraordinary waves become degenerate, i.e., the wavenumbers k∥ and k⊥ are
equal. For the TM waves, we match the interface conditions in Eq. A.34 which leads to,

Oe

(
k+

1,e

)
b+1 +Oe

(
k−

1,e

)
b−1 = Oe

(
k+

2
)

b+2 +Oe
(
k−

2
)

b−2 . (A.42)

Comparing to Eq. A.41, the coefficients b are now the amplitudes of the TM waves, and ke is
the wave vector of the extraordinary wave in the uniaxial medium.

Case II: Inner region is isotropic medium, outer region is electric uniaxial medium

For the TE waves, we match the interface conditions in Eq. A.34 which leads to,

Oo
(
k+

1
)

a+1 +Oo
(
k−

1
)

a−1 = Oo

(
k+

2,o

)
a+2 +Oo

(
k−

2,o

)
a−2 . (A.43)

Again, in the above equation, the superscripts + and – represent the up and down-propagating
waves, respectively; the subscripts 1 and 2 refer to the inner and the outer regions, respectively;
and the coefficients a are the amplitudes of the TE waves. We note that 1) ko is the wave
vector of the ordinary wave in the uniaxial medium; and 2) in an isotropic medium the
ordinary waves and the extraordinary waves become degenerate, i.e., the wavenumbers k∥
and k⊥ are equal.

For the TM waves, we match the interface conditions in Eq. A.34 which leads to,

Oe
(
k+

1
)

b+1 +Oe
(
k−

1
)

b−1 = Oe

(
k+

2,e

)
b+2 +Oe

(
k−

2,e

)
b−2 . (A.44)

Different from Eq. A.44, the coefficients b are the amplitudes of the TM waves, and ke is the
wave vector of the extraordinary wave in the uniaxial medium.
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S-matrix for a single planar interface

Since Eq. A.41 – Eq. A.44 are of the same mathematical form, they can be treated in the
same manner. For the TE system, Eq. A.43 can be recast as,[

a−1
a+2

]
= ST E

[
a+1
a−2

]
. (A.45)

In Eq. A.45, ST E is defined as,

ST E =
[
+Oo

(
k−

1,o

)
−Oo

(
k+

2
) ]−1 [

−Oo

(
k+

1,o

)
+Oo

(
k−

2
) ]

. (A.46)

Since ST E links the amplitudes of the incoming waves towards the planar interface with the
amplitudes of the outgoing waves towards the planar interface, it is an S matrix. For the TM
system, Eq. A.44 can be recast as,[

b−1
b+2

]
= ST M

[
b+1
b−2

]
. (A.47)

In Eq. A.47, ST M is defined as,

ST M =
[
+Oe

(
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1,e

)
−Oe

(
k+

2
) ]−1 [

−Oe

(
k+

1,e

)
+Oe

(
k−

2
) ]

. (A.48)

Further, we note two general properties of the S matrix. On the one hand, the S matrix is
a function of the lateral wave number, i.e., kρ =

√
k2

x + k2
y , and the spatial position of the

interface, i.e., the z coordinate, and contains all the phase information. On the other hand,
the S matrix has the following generic form,

S =

(
S11 S12

S21 S22

)
(A.49)

In Eq. A.49, S11 and S21 relate the incoming wave amplitude in the inner region a+1 with
the outgoing wave amplitude in the inner region a−1 and with the outgoing wave amplitude
in the outer region a+2 . Here S12 and S22 relate the incoming wave amplitude in the outer
region a−2 with the outgoing wave amplitude in the inner region a−1 and with the outgoing
wave amplitude in the outer region a+2 (see A.3 for the definition of the incoming and the
outgoing waves).
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Fig. A.3 Illustration of incoming and outgoing waves.

Fig. A.4 Illustration of reflection and transmission through three-region structure. The three
regions are separated by two interfaces located at z1 and z2.

(
a+1 ,a

−
1

)
,
(
a+2 ,a

−
2

)
and

(
a+3 ,a

−
3

)
correspond to the wave amplitudes in region 1, region 2 and region 3, respectively. The super-
scripts + and – mark waves propagating along the positive and negative z directions. The wave
amplitude of the excitation plane wave is denoted by the red color. Since there is no reflection
from the far side, a−3 is zero and hence the wave propagating along the negative z direction is
marked by a dashed line. Lastly, the zero-phase point is defined at z=0 which is marked by a
dashed line.

A.0.5 Concatenation of S-matrices

In this subsection, given the S matrices of two interfaces and an incoming wave from the
left-most region (see Fig. A.4), we derive the wave amplitudes for the plane waves in each
layer.

Assume that the S matrices of the interfaces are(
a−1
a+2

)
= S(1)

(
a+1
a−2

)
=

(
S(1)11 S(1)12

S(1)21 S(1)22

)(
a+1
a−2

)
,(

a−2
a+3

)
= S(2)

(
a+2
a−3

)
=

(
S(2)11 S(2)12

S(2)21 S(2)22

)(
a+2
a−3

)
.

(A.50)

By eliminating a−2 and a+2 in Eq. A.50, an S matrix for the entire structure can be derived,
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(
a−1
a+3

)
= S(12)

(
a+1
a−3

)
=

(
S(12)

11 S(12)
12

S(12)
21 S(12)

22

)(
a+1
a−3

)
. (A.51)

The elements of the S matrix in Eq. A.51 read

S(12)
11 = S(1)11 +S(1)12

(
1−S(2)11 S(1)22

)−1
S(2)11 S(1)21 , (A.52)

S(12)
22 = S(2)22 +S(2)21

(
1−S(1)22 S(2)11

)−1
S(1)22 S(2)12 . (A.53)

We note that the excitation plane wave comes from the left-most of the structure and set a+1
to 1 and a−3 to zero. As a result, the reflection coefficient and the transmission coefficient of
the structure are

r =
a−1
a+1

= S(12)
11 , t =

a+3
a+1

= S(12)
21 . (A.54)

We also evaluate the amplitudes of the waves propagating in the sandwiched layer,

a+2 =
(

1−S(2)11 S(1)22

)−1(
S(2)11 S(1)21 a+1 +S(2)12 a−3

)
, (A.55)

a−2 =
(

1−S(1)22 S(2)11

)−1(
S(1)21 a+1 +S(1)22 S(2)12 a−3

)
. (A.56)

Lastly, the reflection coefficient r in Eq. A.56 can be used in Eq. A.21 for the evaluation of
the R matrix. (r, t) and

(
a+2 ,a

−
2
)

can be used in combination with Eq. A.14 to evaluate the
fields in all the layers presented in Fig. A.4.

References

1. J. Bruning and L. Yuen, "Multiple scattering of EM waves by spheres part I–Multipole
expansion and ray-optical solutions," IEEE Transactions on Antennas and Propagation,
vol. 19, no. 3, pp. 378-390, 1971, doi: 10.1109/TAP.1971.1139944.

2. D. M. Pozar, Microwave engineering. John Wiley and Sons, 2009.

3. R. C. Wittmann, "Spherical wave operators and the translation formulas," IEEE Trans-
actions on Antennas and Propagation, vol. 36, no. 8, pp. 1078-1087, 1988, doi:
10.1109/8.7220.

4. J. D. Jackson, "Classical electrodynamics," ed: AAPT, 1999.



172 More on the calculations

A.1 Values used for circuit model calculations

Unless otherwise stated in the chapter, the following values were used in order to calculate
the dipole antenna mode positions as shown in chapter 5:

• Plasma wavelength for a Au nanoparticle λp = 140nm. This is calculated from the
average values of references[65–71] gathered from [25]

• εm = n2
m - dielectric constant of the surrounding medium

• ε∞ = 9.38−0.00339×2R+0.00021(2R)2 - dielectric permittivity for NPoM structure
taking into account variation with nanoparticle radius

• ε0 = (2.9979×108)2 ×4π ×1e−7)−1 - vacuum permittivity

• χ ≈ 0.5

• β ≈ 0.15 - calculated from the angle from the centre of the sphere setting the plasmon
mode width in the gap

A.2 The Removal of Contaminants From the Gap

The study of hexagonal-Boron Nitride in NPoM has led to important discoveries about the
NPoM system as a whole, the use of layered materials and the consequences of adsorbands
in the gap. However, in order to access the very thinnest gaps and study more exciting and
potentially non-classical effects, the removal of adsorbands should be a priority for thin
layered material spacers in NPoM. Various methods were attempted in order to achieve this
and these are presented here.

A.2.1 Alternative deposition methods

To address the question as to whether the presence of citrate depends on deposition method
thorough checks were completed, comparing various deposition techniques.

The most common deposition method, and the one used in previous works on graphene,
MoS2 and WSe2 is the long term immersion of the substrate surface in Au nanoparticle
solution without the addition of salt[8, 9, 5]. Due to the hydrophobic surface of most layered
materials, deposition using this method must continue for more than 12 hours in order to
achieve a reasonable density on the vdW crystal surface. This method is not very reproducible,
leading to highly variable densities dependent on substrate charge and significantly larger
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Fig. A.5 Comparison of the average spectrum for 80nm nanoparticles with NaCl added after 20
minutes on Au.

amounts of impurities are also deposited due to the longer exposure time. The Au region
surrounding the layered material is found to be more hydrophilic than the layered material,
meaning that using this method the density of nanoparticles is too high to gain measurements
from individual nanoparticles on the Au surface. By taking spectra from 100 nanoparticles
deposited using each method, the original deposition technique was compared with the salt
method used in this thesis in order to confirm whether the presence of adsorbands in the
gap was a result of the NaCl deposition technique (Fig.A.6). It is clearly seen that the
resultant spectra on Au are approximately equivalent, but that there may be a slight increase
in contaminant thickness when salt is not used. This demonstrates that the presence of
adsorbands in the gap is weakly dependent on the addition of salt. This measurement was
also taken on template stripped Au, showing a very weak dependence on the peak position
compared to the evaporated Au used in this work as expected.

Next it was found that before deposition of nanoparticles from solution, the sample could
be heated to a temperature of 120◦C in order to remove adsorbands such as moisture on the
sample surface. It was found that when this was done, nanoparticles would deposit within
1-5 seconds onto the hBN without the addition of salt. This suggests that the repulsion of
nanoparticles from the surface of layered materials in solution is related to the presence of
adsorbands from the ambient environment which likely equilibrate charge on the surface. As
shown in Fig.A.5, it was found that the spectra from NPoM on monolayer hBN deposited
in this way do not differ significantly for the same monolayer hBN sample (cut from the
same substrate used in this chapter), although there is a slight red-shift. This implies that
during deposition from solution the adsorbands evaporated during heating are displaced
from the surface, most likely leading to mostly citrate ligands in the gap. The slight red-
shift indicates that a small amount of water may increase gap size on Au or decrease
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Fig. A.6 (a)The average spectrum for 60nm nanoparticles on monolayer hBN post-heating to
120oC to remove other adsorbands such as water from the surface. (b) The scattering of 68nm
nanoparticles prepared in-house also do not allow for ligand displacement and the change of salt
to KCl rather than NaCl makes little difference.

refractive index, therefore although it makes little difference to the results it would be a future
recommendation to use this method as opposed to salt deposition for simple deposition onto
vdW materials.

Finally, 68nm nanoparticles prepared in our lab by Dr. Andrew Salmon and deposited
using NaCl and then KCL in the same 50:50 water/salt ratio. There remained adsorbands in
the gap for the nanoparticles grown in our lab and the position of the dipole antena mode
corresponded approximately to the same thickness and refractive index of citrate estimated
in this chapter and supported by literature[141](Fig.A.5(a)). KCL instead of NaCl made little
difference to the position of the coupled mode wavelength (Fig.A.5(b)).

A.2.2 Gas phase nanoparticle deposition

Work on the gas-phase deposition of Au nanoparticles was begun by myself in collaboration
with the Boies group at the department of engineering and continued further by graduate
student George Lewis of the NanoDTC, Cambridge, to whom I acted as daily supervisor for
the project and wrote the project proposal.

By generating pure gas phase Au nanoparticles and firing these onto the Au substrate all
of the deposition processes which cause contamination in the gap can be removed. These
nanoparticles can be made to be highly spherical and monodisperse.

At the beginning of the collaboration, apparent > 60nm nanoparticles were deposited
on Au using a thermal evaporation technique followed by biasing of the Au substrate.
Nanoparticles generated in this way were deposited directly onto gold to confirm the lack of
contaminants in the gap, and initial dark-field results of this experiment indicated that the
nanoparticles were indeed > 60nm in diameter and in direct contact with the Au substrate
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Fig. A.7 Promising preliminary results for ∼ 60nm Au nanoparticles on Au, showing the
transverse mode alone, as expected for NPoM with no material in the gap (conductive contact).

beneath (Fig.A.7). However, following this experiment we were unable to reproduce these
results. The system showed highly variable nanoparticle sizes and required 24 hour deposition
times for densities of > 1 nanoparticles per 10µm2.

For this reason, the setup was modified. The latest process steps are as follows:

1. Spark generation: via vapourisation of Au electrodes with inert gas plasma [170]

2. Sintering: agglomerates are heated at slightly below melting point ina furnace to allow
primary particles to reorganise into spheres

3. Size selection: using an aerodynamic aerosol classifier (AAC, Fig.A.8) which uses
the centrifugal force generated between two rotating cylinders to to separate particles
based on diameter, avoiding charging issues [171]

4. Enlargement: by using the particles as seeds for supersaturated butanol condensation

5. Deposition: via impaction. The substrate is placed directly in the flow of the particle
beam so that particles with too much inertia are deposited

6. Counting: to find the density on the substrate. This is done using a condensation
particle counter (CPC)

A custom built spark generator with 1mm diameter Au wire electrodes, was used to
generate gold particles with a high voltage power supply (5kV, 1mA) connected to a custom
capacitor supplying the discharge potential. The use of the spark generator greatly increased
the particle production rates. Nitrogen was used as the carrier gas, with a flow rate of 2
standard litres per minute (SLPM) controlled by a mass flow controller. A cooling coil was
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Fig. A.8 The a depiction of gas-phase deposited NPs (a), and description of the experimental
setup for gas-phase deposition of Au nanoparticles onto vdW materials, courtesy of G.L. (b).

Fig. A.9 The resultant 60nm (a) and 80nm (b) Au nanoparticles produced using the setup in
Fig.5.30b along with the corresponding size distributions. Courtesy of G.L.
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used for coagulation and then particles were sintered in a tube furnace before passing to
the AAC for size selection. Particles were deposited onto 4×4mm Au substrates inside a
4.6mm2 impactor and remaining particles were counted on the CPC extracting a flow rate of
1.5 SLPM.

The resultant nanoparticles using this setup are shown in Fig.A.9, demonstrating the
potential for this method. However, although the method is able to produce nanoparticles of
large enough diameter, as yet it is unable to produce tight size distributions (Fig.A.9).

Fig. A.10 Averaged dark field spectra on Au for
60nm solution deposited nanoparticles compared to
60nm nanoparticles produced with gas-phase deposi-
tion. Dark-field was taken by G.L.

Upon deposition onto the substrate, cou-
pled mode peaks also appeared for gas-phase
nanoparticles (60nm NPs Fig.A.10). The
most likely explanation for this is that when
deposited onto the surface of Au or hBN are
highly energetic, therefore the nanoparticles
remain hot and mobile, leading to surface ag-
gregation of the particles as shown for 80nm
nanoparticles . This increases scattering as
seen in the figure and leads to high variabil-
ity and apparent plasmonic coupling. Thus,
while the method is promising, it requires sig-
nificant improvement before it will be suitable
for NPoM.

A.2.3 O2 plasma etching

Highly energetic charged ions in an oxygen plasma can break down any adsorbands in the
gap. A Su substrate sample was placed in and O2 plasma etch (30W, 1 minute) and results
from this process on for 60nm nanoparticles previously deposited on Au using the usual
techniques are shown in Fig.A.11. It is clearly seen that post-etch the transverse mode
becomes the dominant mode as expected, however other modes remain, indicating some
remaining contaminants in the gap. The average of the remaining modes coincides closely
with the position of the coupled mode wavelength for 80nm nanoparticles on Au.

Monolayer hBN samples were additionally treated in this way, but unfortunately signif-
icant damage was observed on the layered material by the process. This requires further
careful work in order to optimise this process, resulting in removal of ligands without altering
the Au substrate surface, hBN or nanoparticle in the process. This is a highly promising
technique in order to resolve the problems encountered in this chapter and would be one



178 More on the calculations

Fig. A.11 Results from 150 60nm NaCl deposited nanoparticles post-plasma etch showing, the
average (black) and standard deviation for data (red-dashed)

of the first recommended approaches for somebody aiming to continue work on layered
materials with NPoM.
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