Nanoplasmonics with Dispersive and Lossy Media

Ryan Peck
B.Sc., University of the Fraser Valley, 2015

M.Sc., University of Windsor, 2017

A Dissertation Submitted in Partial Fulfillment of the

Requirements for the Degree of

DOCTOR OF PHILOSOPHY

in the Department of Physics and Astronomy

© Ryan Peck, 2022

University of Victoria

All rights reserved. This dissertation may not be reproduced in whole or in part, by

photocopying or other means, without the permission of the author.



Nanoplasmonics with Dispersive and Lossy Media

Ryan Peck
B.Sc., University of the Fraser Valley, 2015

M.Sc., University of Windsor, 2017

Supervisory Committee

ii

Dr. Reuven Gordon, Co-Supervisor
(Department of Physics and Astronomy)

Dr. Alex Brolo, Co-Supervisor
(Department of Physics and Astronomy)

Dr. Irina Paci, Outside Member
(Department of Chemistry)



iii

ABSTRACT

This thesis focuses on the physics of nanoplasmonic systems for dispersive and
lossy media. Gold nanoparticles in P3HT (poly(3-hexylthiophene)) and PMMA
(poly(methyl methacrylate)) are analyzed both theoretically and experimentally. It is
found in both cases that the presence of P3HT narrows the linewidth of the gold plas-
mon peak. This is a counter-intuitive result, and this narrowing of the linewidth by
a lossy material is analyzed in detail. It is found that dispersion in both the real and
imaginary parts of the permittivity of the surrounding medium can significantly affect
the linewidth. Another plasmonic phenomena was also researched. An atomic energy
level model of erbium was constructed and used to solve a rate equation to calculate
the far-field emission enhancement from an erbium atom nearby a gold nanorod when
the dark mode is excited. Normally a small emission enhancement is expected in the
far field since dark modes do not couple strongly to radiation, but in experiments
this dark field emission enhancement was seen to be significant [1]. The results of
the calculation were compared to this previous experimental result. Although the
incident power dependence of the calculated 980 nm emission line agreed with ex-
periments, the 650 nm emission line power dependence and the calculated emission
enhancement did not, and so more work needs to be done with this model to explain

the experimental results.
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Chapter 1

Introduction

1.1 Introduction

1.1.1 History of Light and Nanotechnology

Nanotechnology is a relatively new field of research that involves the manipulation
of matter on the nanoscale (1-100 nm). Norio Taniguchi coined the term “nan-
otechnology” in 1974 [8]. He defined nanotechnology as the process of separation,
consolidation, and deformation of materials by one atom or one molecule. Nobel
Prize laureate, Richard Feynman, was among the first scientists to consider the pos-
sibility of operational molecular scale machines, and is often attributed with being
the father of nanotechnology. He gave a lecture in 1959 titled, “There’s Plenty of
Room at the Bottom”, in which he described various nanoscale devices [9]. Feynman

joked about how these tiny machines might not have any practical applications, and



spending any time thinking about them is only for entertaining our curiosity. Nan-
otechnology has come a long way since then, and is now a major field of scientific
research with billions of dollars of funding available. Nanotechnology has a wide
range of applications in physics [9, 10, 11, 12], materials science [13, 14, 15], engineer-
ing [16, 17, 18, 19], medicine [20, 21, 22, 23], chemistry [24, 25, 26, 27|, and computer
science [28, 29, 30, 31]. The United States and China boast the largest number of
annual nanotechnology publications; in 2020, China published 40% of all nanotech-
nology related papers, while the United States published 12% [32]. Nanotechnology is
still a rapidly growing field; nearly 9% of all scientific publications in 2020 pertained
to nanotechnology [32]. In the United States, the National Nanotechnology Initiative
(NNI), has raised 31 billion USD towards funding nanotechnology research since it

was created in 2000 [33].

A A e

b

Figure 1.1: Lycurgus cup [2]. In the left image, the light source is on the same
side as the camera, and green reflected light is seen. In the right image, the light
source and camera are on opposite sides of the cup, and red transmitted light is
seen. The difference in colour between the two images is due to the presence of metal
nanoparticles in the cup.

People have been using nanotechnology for many centuries. The Lycurgus cup is



probably the most famous example of old age nanotechnology. This vibrant cup was
made in the 4th century CE and is held in the British Museum today in London,
England. The colour of the cup can appear to be red or green depending on if the
light is being reflected or absorbed before it reaches the viewer’s eyes. This interesting
feature is a result of the composition of the cup. A special glass is used to make the
cup, which contains silver and gold alloyed nanoparticles about 70 nm in size. These
nanoparticles reflect and absorb green light, and so when shining a light source on
the front of the cup, the cup appears green as the reflected light as seen. When lit
from the back, the cup will appear red, as most of the green light is absorbed by the
cup. The Lycurgus cup is not the only example of ancient nanotechnology. Starting
from the 4th century CE, churches and cathedrals used stainless glass windows with
gold and silver nanoparticles in the glass, which allowed for a wide range of colour.
Glass-makers during this time knew that adding gold chloride or silver nitride to
molten glass would result in a colour change to the glass, although they didn’t know
about the nanoscale science that was responsible for these colour changes.

Gerd Binnig and Heinrich Rohrer developed the scanning tunneling microscope
(STM) in 1981 at IBM, for which they later shared the Nobel Prize in physics. This
was a huge leap forward for nanotechnology because the STM allowed for imaging
on the nanoscale, and the manipulation of individual atoms in a material. Before
the development of electron microscopes such as the scanning electron microscope

(SEM) and tunneling electron microscope (TEM), light microscopes were used for



imaging. Light microscopes were incredibly successful for viewing small objects only
micrometers in size, like bacteria and human hairs, but could not resolve images in the
nanoscale range. This is due to the diffraction limit, which gives an inherent limit to
the resolution of the light microscope. The ubiquitous estimator for the resolution of
a light microscope is one half wavelength of the light transmitting through the micro-
scope. It is difficult to use higher frequency light for imaging for a number of reasons,
and so most light microscopes use visible light and are restricted to resolutions of
about half a micrometer. Thus, the electron microscopes could bypass the diffraction
limit of light microscopes and image incredibly small objects that were never seen

clearly before. In 1989, IBM used a scanning tunneling electron microscope (STM)

Figure 1.2: “IBM” spelled out with xenon atoms [3].

to position 35 individual xenon atoms to form their company logo. This was the first
time ever that matter had been manipulated on such a small scale. Since the creation
of the STM, other microscopes and machines have been developed, such as the atomic

force microscope (AFM) and focused ion beam (FIB) that have been pivotal to pro-



gressing nanotechnology. With many tools available for imaging and manipulation on
the nanoscale, the last few decades has seen a tremendous amount of achievements in
nanotechnology. One of the most influential and ground-breaking achievements was
the discovery of carbon nanotubes by Suumo Iijima in 1991 [34]. These nanotubes
have large mechanical strength, and large electrical and thermal conductivities and
are also commonly used as a drug delivery system. In 1997 the first nanotechnology
focused company, Zyvex, was formed. The company still operates today and creates
products, such as quantum computers, with atomic scale precision. In 2000 Carlo
Montemagno made the first molecular motor [19]. The motor consisted of an ATP
body with nickel propellers that could spin at about eight revolutions per second. In
2018, Lulu Qian created the smallest game of tic-tac-toe ever played by manipulating
long strands of DNA molecules to form the x’s and o’s [35]. Computer chips are now
made with transistors that are only 70 silicon atoms wide, and this was made possible
with advancements in nanofabrication. With such a formidable list of achievements
in its relatively short lifetime, it is exciting to think about what else the future of
nanotechnology could bring.

Much of the magic of nanotechnology involves the interaction of nanostructures
with light. A large portion of the progress in nanotechnology has come from the
success of scientists to understand what light really is and how it interacts with
nanoscale objects. Countless technologies such as solar cells, LEDs, fluorescence

microscopy, light microscopes, x-ray imaging, radios, telescopes, GPS sensors, and



lasers, have all been made possible by developing our understanding of light.

People have been fascinated by light for many millennia and many great scien-
tists have become immortalized from their efforts in understanding the properties of
light. The first people in recorded history to attempt to understand light were the
philosophers of ancient Greece in the 4th century BC. The Greeks were interested
in sight, and the predominant theory for the next thousand years was based off of
Plato’s idea that eyes emit rays and when these rays make contact with an object,
they would produce an image. Ptolemy studied the refraction of light travelling be-
tween two media and found that the angle of incidence and angle of refraction had
a linear relationship, which is true for small angles of refraction. In the 980’s, Ibn
Sahl derived the law of refraction, which is also known as Snell’s law, over 600 years
before Willebrord Snellius re-derived it in 1621 [36]. Ibn Sahl also worked with curved
mirrors and lenses and found how to shape them to focus light to a point. Alhazen
rejected Ptolemy’s idea that images are formed from rays emitted from the eyes, and
stated that they are actually formed by rays emitted from the objects which then
enter the eye. Al Buruni and Avicenna were the first to posit that light must have
a finite speed, and even proposed ideas of how to measure it. Isaac Newton experi-
mented with separating light into colours using prisms and showed that white light is
constructed from coloured light and that each colour acted independently from each
other, refracting through the prism at a different angle.

Newton believed that light was made of tiny corpuscles. He thought that matter



was made of larger corpuscles, and light and matter could freely change into each
other. Christiaan Huygens disagreed with Newton’s views on the nature of light,
claiming light was a wave. The wave theory of light was able to account for the
diffraction patterns noticed by Francesco Grimaldi, where Newtons’ corpuscular the-
ory failed. The wave theory of light was further enforced by Young’s double slit
experiment in 1802. Light was diffracted through a barrier with two slits and an
interference pattern could clearly be seen by a screen behind the slits. The logical
conclusion at the time was that the presence of the interference pattern would only be
possible if light behaved like a wave and not a particle. Until the 19th century, elec-
tricity, magnetism, and optics were all regarded as separate fields of research. Michael
Faraday and James Clerk Maxwell showed that these fields were intrinsically linked
together by the concept of electromagnetic fields. In the early 20th century, it was
well-known that the classical view of light as a wave failed to explain the radiation
spectrum of a perfectly absorbing black body. Theory predicted unbounded electro-
magnetic radiation from a black body for high frequencies, however it was known at
the time from experiments, that there was always a peak. This discrepancy between
the classical theory of black-body radiation and the experimental results is known as
the UV-catastrophe. Solving the UV-catastrophe was instrumental to the birth of
quantum mechanics, and the progression of our understanding of light. Max Planck
noticed that if the electromagnetic energy stored in the material of the cavity was dis-

cretized in units E' = nhv where n is an integer, h is now known as Planck’s constant,



and v is the frequency of the light, then he could recover the experimental results of
black-body radiation spectrum [37]. Planck assumed that it was the oscillators which
had the discrete energy. Einstein later adapted Planck’s idea of discretizing energy
in a system and applied that to the electromagnetic field directly. This was the birth
of the photon and using this new concept Einstein explained the photoelectric effect,
which classical electromagnetism could not explain [38]. The photoelectric effect was
seen first in experiments and is the dependence of the number of electrons ejected
from a metal on the frequency of incident light, and not the intensity of the inci-
dent light as classical electromagnetism expected. In 1921, Einstein was awarded the
Nobel Prize in physics for explaining the photoelectric effect.

From the efforts of many great scientists, there is a great deal we understand
about light today. Light is both a particle and a wave, moving at some large, finite
speed, the speed of light, which is the fastest anything can move. It is electromagnetic
radiation, a propagating time-dependent electric and magnetic field, which can even
move through a vacuum without the need for a medium. Although light is massless, it
still has momentum and kinetic energy, which is dependent on the frequency of these
electromagnetic fluctuations. These different frequencies are the different colours of
light, which Newton saw when he separated and recombined these colours from white
light using his prism experiment.

The work in this thesis is based around the interactions of light with small nanopar-

ticles. The light scattered from these nanoparticles can be measured and can have



peaks in the scattered spectra referred to as plasmon peaks. Light-matter interac-
tions at the nanoscale are usually treated classically, using Maxwell’s equations. In
most cases, there are enough atoms making up nanostructures that their discrete
interactions can be averaged, and the nanostructures can be treated as a single ho-
mogeneous structure. When nanostructures are reduced below about one hundred
atoms, quantum effects are necessary to include. The classical limit of nanoparticles
is surprisingly small; Scholl et al. have shown that quantum effects do not become
significant for nanoparticles until they are 2 nm or smaller [39]. Taking into account
the quantum nature of very small nanoparticles would result in a substantial blue
shift and minor broadening of the plasmon peak [39]. The nanoparticles used in this
thesis are 10 nm or larger and so the quantum effects can safely be ignored. In the
classical approach, light is treated as a wave, and the discrete nature of light can be
ignored.

Lasers are often used to measure or excite nanostructures. They usually have a
Gaussian beam profile with a maximum intensity at the center of the beam. Lasers
used in the lab typically have spot sizes around 10-100 gm and a nanoscale object will
only take up a small area in the beam waist at the focus. This area is small enough
that the Gaussian profile of the beam can be ignored and to a good approximation,
the nanostructure experiences an incident plane wave. The assumption of an inci-
dent plane wave source is ubiquitous in nanophotonics, the field of optics concerned

with light-matter interactions at that nanoscale, and it greatly simplifies the theory
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involved with the response of a nanostructure.

1.1.2 Achievements of Nanotechnology

Our understanding of light combined with our ability to structure matter on the
nanoscale has given rise to some interesting and promising areas of research. Much
of these areas are based around a phenomenon known as plasmons. Plasmons are
conduction electron oscillations in matter, which form a negatively charged electron
gas. Nanoplasmonics studies the generation of plasmons by light in nanostructures,
often made of gold or silver. Plasmons lead to large electric field enhancements and
localization of larger incident fields to small regions near the plasmons. They are an
essential element in the research and experiments pertaining to this thesis and are

described in detail in Chapter 3.

Metamaterials

Metamaterials is a field of research studying materials that have physical properties
not seen in nature. These metamaterials exist over a wide range of sizes and in
particular, there are nanoscale optical metamaterials. In many cases these unique
physical properties emerge by making use of subwavelength features; the scale of the
details in the structure of the metamaterial is smaller than the incident wavelength
of light that it is intended to respond to. In this sense, the fields of nanoplasmonics

and metamaterials have some overlap, since in many cases plasmonic structures are
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Figure 1.3: Microwave negative index metamaterial, made of split-ring resonators and
silver wires [4].

much smaller than the incident light wavelength. Metamaterials often make use of a
resonance dependent on the geometry and material properties used for the metama-
terial and so there is a certain range of incident frequencies which the metamaterial
operates successfully; off of the resonance the structure may behave like a normal
material, but on the resonance it behaves like a metamaterial. Metamaterials are
easily tuneable by changing properties such as particle/feature size, spacing, concen-
tration, and shape. The first metamaterial operated in the microwave region of the
electromagnetic spectrum. It was a negative index material made of a centimeter
scaled lattice of unit cells consisting of gold split ring resonators and silver wires. In
a negative index material, the path of the light wave and the energy carried by the
light move in different directions. There is also research on cloaking devices which
can make a small volume appear invisible, and superlenses which can theoretically

focus light to a subwavelength spot.
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Optical Sensors
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Figure 1.4: Schematic showing how SERS works [5].

Nanotechnology has been used to create highly sensitive optical sensors and spec-
trometers. Raman scattering is inelastic scattering of photons and electrons of target
molecules. Every molecule has its own unique Raman spectrum, and so Raman can be
used as a technique to identify material composition. However, the Raman process is
very inefficient and occurs much less often than elastic Rayleigh scattering. Nanoplas-
monic structures offer local field enhancements, which drastically increases the rate
of Raman scattering. Typically a rough gold or silver surface or nanoparticle is added
nearby the sample to be measured to increase the local field incident on the sample.
This technique is known as surface enhanced Raman scattering (SERS). Raman en-
hancements of between 10® and 10'° are standard in SERS, allowing measurements
of the Raman signal of single molecules! The enhancement is so large for the Raman
process because it benefits from the local field enhancement two times. Both the

rate of absorption of incident photons and the rate of emission of Raman scattered
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photons are proportional to the intensity of the field at the absorption wavelength.

Optical Trapping

Figure 1.5: Molecules can be trapped by focusing a laser focused to a point, yielding
a large intensity gradient [6].

Optical trapping is a relatively newly developed technique of trapping small parti-
cles with light. Optical trapping was first demonstrated by Arthur Ashkin in 1970 [40].
When illuminating small particles with a light beam it was found that they would
move towards the center of the beam. This is due to an imbalance of radiation pres-
sure experienced by the particle which is present when there is a significant gradient
of the field over the volume of the particle. Naturally, a focused laser beam is a
good illumination source for optical trapping due to the large field gradient it has.
Plasmons exhibit strong fields in highly localized areas, and thus are effective in en-

hancing optical trapping. Double nanoholes have been used to trap single bovine
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serum albumin proteins at the cusp, where the holes overlap and the field is strongly
enhanced [23]. When a particle is trapped, some activity of the particle can be mon-
itored by the change in the transmission signal over time. Optical trapping can then
provide an in-depth view into the processes of individual proteins. For example, the

unzipping of DNA has been measured by using optical trapping [41].

1.1.3 Plasmonic Solar Cells
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Figure 1.6: Particles or nanostructures can be added at any place in the cell, each
increasing power conversion efficiency by a different method [7]. (a) Large particles at
the top increase scattering in the cell. (b) Small particles inside the absorbing layer
increase absorption. (c) nanostructuring of the bottom contact keeps light trapped
in the absorbing layer.

Many studies have been focused on plasmonic enhancement of solar cells have been
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performed by adding metal structures to the cells. Metal nanoparticles of various
shapes and sizes have been added to the front, middle and rear of solar cells, to
increase either scattered light into the cell, locally absorbed light, or the path length
of light through the cell. Each of these methods add around a 1% power conversion
efficiency to the cells. This may not seem like much, but over the lifetime of a standard
silicon solar cell this would be a significant increase in the total energy absorbed by
the cell. There is still plenty of research being done on the best size, shape and
material to use, as well as the best place to put these particles in the cell, as these
can change depending on the size, thickness and absorbing materials used to make
the cell. Even with only a small increase in the efficiency, it may still be cost effective
to add these nanoparticles to the cells.

Aside from inorganic solar cells, there are organic solar cells also known as organic
photovoltaics (OPVs) which are made from organic semiconducting materials. These
typically have much lower efficiency than inorganic cells, but are flexible and can
be made simply and cheaply compared to inorganic cells. There has been extensive
research on OPVs to make them more cost effective than silicon cells by increasing
their durability, lifetime, and efficiency. P3HT (poly(3-hexylthiophene)) is a com-
monly used material in OPV research and has been studied for decades. P3HT is a
conductive, highly absorbing polymer and has many interesting properties. P3HT is
very strongly absorbing, degrades in oxygen atmosphere, and has a low charge car-

rier mobility, typical of most OPV materials. However, P3HT is also a conjugated
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polymer and long chains of P3HT macromolecules can cause charge delocalization
and greatly improved charge transport. It can form both a J-aggregate and an H-
aggregate, depending on the conditions of its polymerization [42]. These aggregate
structures have characteristically narrow linewidths, with the J-aggregate typically
red-shifted in comparison to the H-aggregate peak. P3HT is used because it was
one of the first successful OPVs and the scientific community has spent much time
understanding and improving the efficiency of P3HT based OPVs. P3HT absorbs
light so strongly that only a 100 nm layer thin cell is needed to absorb light efficiently
as opposed to inorganic cells which can be hundreds of micrometers thick. Organic
solar cells benefit even more from plasmonic enhancement than inorganic solar cells

due to their stronger absorption.

1.2 Motivation

The initial goal of this work was to enhance the absorption in organic solar cells
by adding gold nanoparticles. We were interested in how gold nanoparticles could
increase absorption in P3HT. However, when we looked at the results, the absorption
and scattering occurred over a surprisingly narrow region of the spectrum. This
is not ideal for solar cells, as a large portion of the incident solar spectrum is then
transmitted through the cell and not absorbed. However, the fact that the absorption

and transmission were so narrow was strange and interesting. This is unexpected
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because traditionally when there is a lot of “loss” (absorption) in a plasmonic system
such as gold nanoparticles in P3HT, a broader optical interaction is expected. Upon
further research it became apparent that there was no previous works done which
showed a lossy medium yielding a narrow spectral response than a non-lossy medium.
In the literature, the common theme was that more loss meant a broader response,
but that is not what we saw in gold and P3HT. Upon this realization we developed
theories, and performed simulations and experiments to determine why the spectral
response was so narrow for gold in P3HT. Understanding how the linewidth narrows
is important because we can use this information to make more effective plasmonic
devices. Many plasmonic devices benefit from narrow linewidths and so loss is avoided
in many systems, but if loss can provide even narrower linewidths than non-lossy
materials, then there could be many materials that were initially ignored that could
prove to be very effective in plasmonic devices. The material in this thesis is important
in disproving the common assumption in the nanoplasmonics community that loss

necessitates a broad linewidth.

1.3 Agenda

This thesis is broken down into an introduction and literature review, followed by a
theory chapter, a chapter for simulations, a chapter for experimental results, and a

conclusion chapter to summarize the major results and findings.
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Chapter 1 Brief history of nanotechnology and light-matter interactions. Introduc-

tion of basic concepts pertaining to the work done in this thesis.

Chapter 2 In-depth review of nanoplasmonics with a focus on the history of linewidth

reduction and Mie theory in lossy media.

Chapter 3 Detailed explanation of the theories which were used to find important

and novel results for plasmonics in dispersive and lossy medium.

Chapter 4 The results of the simulations for each of the different projects are shown

and reviewed.

Chapter 5 Experimental results are shown. This chapter contains descriptions of
the experimental apparatus for each of the experiments performed, as well as

an analysis of the results and comparison to those of theory and simulations.

Chapter 6 A summary of the results of the research and their implications for future

work in the area of plasmonics in lossy and dispersive media.
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Chapter 2

Literature Review

2.1 Nanoplasmonic linewidth

The basis of this thesis is understanding plasmonic resonances in lossy and dispersive
media. The term lossy means that the medium absorbs light, while the term dispersive
means there is a spectral dependence on the optical response of the medium (these fea-
tures can be modelled mathematically by a permittivity ¢ with an imaginary compo-
nent and allowing both the real and imaginary parts to be dependent on the frequency
of incident light). There are very few works in the literature on this topic, despite it
being the overlap of two large fields in the nanophotonics research community; plas-
monics and Mie scattering theory. Mie scattering theory describes the more general
case of how light is scattered from an arbitrarily sized particle from an incident light

source. Even though it has been used for over a century, there are still new problems
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to solve and advancements are consistently being made to the theory. Plasmonics is
concerned with free electron waves generated by an incident light beam in conductors
termed plasmons. These plasmons have characteristic plasmon resonance peaks which
are quantitatively defined by their linewidths (full-width at half-max, FWHM) and
the wavelength /frequency of the peak. There have been many advancements in under-
standing how plasmon peaks change for different metals and non-lossy media through-
out the history of the literature. Plasmon resonances have been studied for over a cen-
tury and have many applications including SERS (surface enhanced Raman scatter-
ing) [43, 24, 44, 45], optical tweezers [46, 47, 48], biosensing [49, 50, 51, 52, 53, 54, 55],
subwavelength imaging [56, 57, 58], waveguiding and nanocircuits [59, 60, 61, 11, 62],
enhancement of upconversion and downconversion [63, 64, 65, 66, harmonic genera-
tion [67, 68, 69, 70] and photovoltaics [71, 72, 73, 74]. A narrow linewidth is desirable
for many of these applications [75, 76, 77]. In particular, the figure of merit (FOM)

often used in optical sensing is:

FOM =

FWHM (2.1)

dAr

7= is the sensitivity of the sensor (how much the peak shifts due to a

where S =
change in the local refractive index), and FWHM is the linewidth of the plasmonic

sensor [78]. For optical sensors, a narrow linewidth results in a higher quality sensor.

Of course, the figure of merit is only used to estimate the effectiveness of a device
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and should not be taken too literally. These optical sensors detect a shift in the
plasmon peak from a change in the index of refraction of the environment nearby the
plasmon. Having a narrow peak (FW HM is small) makes smaller shifts easier to
detect. However, if the peak shift is very large (S is large) then it is less important
to have a narrow peak. This idea is captured in the formula for the FOM.

The linewidth of the plasmon peak is assumed to be directly related to the total

decay time from all of the various plasmon energy loss mechanisms [10)]
['=— (2.2)

where I is the linewidth of the plasmon peak, and 75 is the total decay time. Usually,
the plasmon loss mechanisms are assumed to act independently from one another, and

are simply added together.

h
T:71+72+73+-~7 (2.3)
2

A variety of loss mechanisms can affect T, and Eq. (2.3) states that adding more
loss mechanisms, or increasing the rate of existing ones, will decrease T5 and thereby
increase the linewidth. The effects of these loss mechanisms are encapsulated in
the material permittivity function by adding additional terms to the bulk permit-

tivity. The bulk permittivity inherently includes electron-electron, electron-phonon,
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and electron-defect scattering terms, which are explained later in this chapter [79]. It
is the permittivity that you would calculate from experimental measurements of the
reflection and refraction of light by a large volume of the material (hence the termi-
nology, “bulk”). The modified permittivity of both the metal and the surrounding
medium is used in calculations of the linewidth. One of the first equations relat-
ing the plasmon linewidth to the permittivity functions was done for a small metal

nanoparticle in a surrounding medium [80]:

r= , (2.4)

where €; and €, are the real and imaginary parts of the metal permittivity. The
derivation is shown in Appendix A.1. In this commonly used formula, the effect of
the permittivity of the surrounding medium has been ignored. However, the medium
permittivity can have a large impact on the plasmon peak, so this formula should be
used with caution.

The plasmon decay time can be separated into an elastic and inelastic part [79, 10]

111
1.t (2.5)
T, 20, Ty

T is known as the pure dephasing time, and is the dephasing of the plasmon oscilla-

tions due to elastic self-interactions over time, ignoring all possible external interac-
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tions. A plasmon consists of many electrons oscillating in phase, and these electrons
can exchange energy with each other. These energy exchanges can then change the
frequency of some of the electrons in the plasmon, and so results in a dephasing of the
plasmon. This is an unavoidable dephasing time and is always present. Of course,
the plasmon can exchange energy with its local environment a number of different
ways, which will also cause dephasing, and this is accounted for by the population
dephasing time, T7. T} is due to inelastic scattering processes and is further separated
into a radiative and non-radiative relaxation time 77 = 7).+ T,,,. The decay rates are
usually given in units of meV, and are related to the relaxation times, in seconds, by
v = % The total dephasing time of a plasmon is very fast, typically on the order of
a few femtoseconds (fs), and is difficult to measure precisely.

The non-radiative term 7}, contains the bulk damping term described above. To
simplify the problem, it can often be assumed that the effect of electron-defect scatter-
ing is negligible. Then bulk damping is the plasmon decay only from electron-electron
and electron-phonon scattering processes within the material. This is dependant on
the material properties of the metal the plasmon is contained in. In many cases the
medium embedding a metal nanoparticle is a dielectric, and the conducting electrons
that make up the plasmon are constricted to moving back and forth within the metal.
Then the electron-electron and electron-phonon interactions occur within the metal

structure alone, not in the dielectric. With this assumption, the bulk damping decay



24

rate is

Vo = Ye—e T Ye—ph, (26)

where ._. and 7._p, are the electron-electron and electron-phonon scattering rates
within the metal.
Electron-electron damping is the damping from collisions of electrons in the plasma

with other electrons. It is described by [81, 82]

20 )+ (2, (2.7

Te=e = 19F, o

where Ff is the Fermi energy, > is the Fermi-surface average scattering probability,

0 is fractional umklapp scattering, kg is Boltzmann’s constant, 7" is the temperature,

and w is the incident frequency. The electron-electron relaxation time (7,_. = 'yi e)
is very fast and has been measured for gold to be 19 fs at 850 nm [83].
Electron-phonon damping is the other portion of bulk damping, which arises from

the energy exchange between electrons and the lattice of the metal containing the

plasmon. It is described by [84, 85]

2 T o/T 24
e = 0l +a(5)" | &), 2.9

where vy is a constant dependant on the metal, © is the Debye temperature. The

derivation is shown in Appendix A.2. Equation (2.8) is derived under the assumptions
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that the incident photon energy is much larger than the thermal energy, but much
smaller than the Fermi energy, which is the case for gold and other noble metals in
the optical spectrum.

Surface scattering is the collision of the electrons in the plasma with the surface
of the nanoparticles and can damp the plasmon oscillations, reducing the linewidth.
It is a non-radiative mechanism contributing to 7;. For smaller nanoparticles (below
20 nm) this becomes a significant form of linewidth reduction and dominates radiation
damping [86]. The linewidths of smaller nanorods (8-14 nm diameter) and larger
nanorods (30 nm rods) were measured in dark field scattering experiments. It was
concluded that the smaller rods had broader linewidths from surface scattering while
the larger rods had broader linewidths from radiation damping, and the narrowest
linewidth was for 19 nm rods, where the surface scattering and radiation damping
were more balanced [87]. The formula for the contribution of the surface scattering
to the linewidth is:

Avf

=2 2.9
5y 7 (2.9)

where vy is the Fermi velocity of the electrons, R is the radius of the nanoparticle, and
A is a phenomenological constant to fit to experimental data. The surface scattering
term has an inverse relationship with the radius of the nanoparticle [88, 89]. In the
literature, surface scattering values for A are inconsistent [39, 88, 90, 91]. There

is also some uncertainty in the literature about the existence of surface scattering.
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Single nanoparticle measurements have matched with theory without the need for a
phenomenological surface scattering term [92]. More work is needed to understand
this contribution to the linewidth.

As the electrons in a plasmon are oscillating, they are accelerating and so they
are also spontaneously radiating. This mechanism is the radiative contribution, 7T, to

T;. This effect is accounted for by the radiation damping term [93, 94]:

Vr = 2hKV, (2.10)

where x is a phenomenological constant, and V' is the volume of the nanoparticle.
The radiation damping term scales with the volume of the nanoparticle and becomes
the dominant source of linewidth broadening for larger particles. The radiative decay

rate is related to the non-radiative decay rate by [95]:

Tr = Uscat’Yma (2.11)

Oabs

where 044 is the scattering cross section and o,y is the absorption cross section.
Qualitatively, the scattering cross-section is related to the amount of light deflected
by an object and absorption cross-section is related to the amount of light absorbed
by an object. These concepts are explained in-depth in the next chapter.

Chemical interface damping is the transfer of energy through electron transfer
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between the metal containing the plasmon and molecular adsorbates on the surface
of the metal [91, 96, 97]. Tt is a non-radiative damping mechanism which contributes
to Tj. This effect has been measured in experiments by adding adsorbates on the
surface of metal nanoparticles and measuring the change in the linewidth [98, 97].
There is a linear dependence of the linewidth on the average distance of the electrons
to the surface of the metal nanoparticle [97]. For very small particles, chemical
interface damping can become the dominant plasmon damping mechanism.

Landau damping is a collisionless self-interaction of the electrons forming the
plasmon and the field they produce [99]. It is a separate phenomena than electron-
electron damping, which is the result of the effects of many individual collisions
between two electrons [100, 101]. Assume there is some range of oscillation frequency
with which we accept that free electrons oscillating at this frequency are part of the
plasmon. Then the electrons in the plasmon will have a velocity distribution and
if there are more electrons with a velocity below the phase velocity of the plasmon
wave (the average electron velocity), energy from the plasmon field is taken to speed
up these slow electrons, and the plasmon is damped. If the median electron velocity
is above the plasmon phase velocity, then energy is taken from the fast electrons
and stored in the plasmon field, causing anti-damping. Landau damping has been
observed in experiments with effectively collisionless plasmas [102].

It is known that plasmon resonance linewidths are broadened by electromagnetic

absorption in the metal containing the plasmons. Metals like gold and silver have
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interband transitions which can be excited by the oscillating plasmon, resulting in
an energy exchange between the plasmon and the metal and ultimately leading to
damping. The increase in linewidth has been monitored over time upon exciting an
interband transition in gold, showing that as the interband transition is excited, the
linewidth broadened [103]. There are some advantages of loss in thermally driven
applications like thermophoresis for information storage [104] and reducing sponta-
neous emission noise in amplifiers [105]. Overall, optical losses in metal are generally
undesirable in plasmonic applications, even without considering linewidth broaden-
ing [106, 107, 108]. Large losses can result in inefficient devices, since a large portion
of the incident optical energy is lost to absorption in the metal. Unfortunately, metals
like gold and silver which are commonly used in plasmonic devices, have interband
transitions in the ultraviolet and visible parts of the electromagnetic spectrum, and
so are very lossy at these wavelengths. However, their optical properties make them
well-suited for plasmon generation so most research in plasmonics is done with gold
and silver nanoparticles.

All of the above damping mechanisms can be used to define the homogeneous
linewidth, which is the linewidth expected for an individual metal nanoparticle. In
experimental measurements, it is often the case that the signal from the plasmon
resonance of many particles at once are collected in a single measurement. Since
each nanoparticle is not exactly identical and experiences different environmental

factors, each will have a slightly different linewidth. Then in these experiments, the
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measured linewidth is broadened, and the measured linewidth is the inhomogeneous
linewidth, not the homogeneous linewidth. Dark field measurements are capable of
measuring single isolated nanoparticles, which makes them an excellent method for

directly measuring the homogeneous linewidth [109, 92].

2.2 Reducing Linewidths

There are many different damping mechanisms, and most of these can be altered in
some way, which means there are a large number of possible ways to reduce linewidths.
As an example, even radiation damping can be reduced, despite it being an unavoid-
able form of damping (it will never be exactly zero). One way to reduce radiation
damping is to use a smaller metal nanoparticle. The radiation damping term is de-
pendent on the volume of the particle as can be seen from Eq. (2.10). Another way
to reduce radiation damping is by exciting higher order multipolar modes. Usually
plasmons are generated through exciting a dipolar mode in a metal nanoparticle, as
these couple most easily to radiation, however, higher order modes can also sustain
plasmons. Since these modes do not couple as easily to incident light as plasmons in
the dipolar mode, the higher order multipolar modes are called dark modes. It was
found for silver nanorods, the quadrupolar and octupolar modes have about half and
one third the linewidth of the dipolar mode, respectively [110]. In nanoplasmonics,

Fano resonances and multipolar modes are closely related. A Fano resonance is an



30

often narrow, asymmetric linewidth due to the interference of a discrete scattering
process and a continuous background scattering process [111]. Fano resonances were
first seen in the helium atom, where the excitation of the 2s2p discrete state and
the ejection of a single electron into the continuum overlap in the energy spectrum
and their interference produces a narrow asymmetric linewidth. Fano resonances can
achieve high quality factor resonance peaks, but at the cost of signal transmission
strength [112]. Fano resonances in asymmetric nanoplasmonic devices can be cre-
ated by exciting dark plasmonic modes. Since these modes do not couple as well to
radiation, the device overall will have much less transmission at the wavelength of
the dark mode. On the other hand, the reduced coupling to radiation also lowers
radiative loss as explained above, which is commonly the largest form of loss so the
linewidth is expected to be reduced greatly. Fano resonances from a periodic lattice
of nanostructures were found to cause narrow linewidths due to diffraction effects
which partially mitigated the losses in metal nanoparticles [113].

Diffraction coupling of localized surface plasmon resonances into a periodic lattice
of metal nanostructures can produce extremely narrow linewidths on the order of
a few nanometers [114, 115, 116, 113]. Plasmons are very sensitive to their dielec-
tric environment and both the peak position and linewidth can change by changing
the dielectric constant of the local environment. Periodic metal structures have been
shown to make sensors, highly sensitive to changes in the local refractive index, which

is desirable for biosensing [117]. In a lattice of closely spaced nanoparticles the plas-
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mons can transfer electromagnetic energy between nearby nanoparticles, rather than
radiating the energy into the far-field, and so the radiation damping is greatly re-
duced. One possible drawback to this technique is that these diffraction arrays can
take up large areas, and may require expensive nanofabrication methods and special
equipment to produce.

Gold bypyramidal nanoparticles had their linewidths reduced by about 30% when
cooled from room temperature to 77K [95]. This was due to a significant reduction
in electron-phonon scattering process. However, they found cooling below 50K did
not further reduce the linewidth; at this temperature the electron-phonon interaction
had been effectively negated entirely. Then adjusting the temperature of a plasmonic
device can reduce the linewidth depending on how large of a role the electron-phonon
damping term plays in linewidth broadening. Considering only material dependant
damping mechanisms (no geometry dependence like radiation and surface scattering),
and setting electron-phonon scattering to its minimum theoretical value, a minimum
possible linewidth of 43 meV for gold and 26 meV for silver were predicted [95]. These
values for the minimal possible linewidth apply to any geometry of gold and silver
devices, and are not restricted only to bypyramidal shapes. The reason silver is not
used as much as gold in nanoplasmonics although it has a potential for a narrower
linewidth and is cheaper is because silver oxidizes, and so is not stable like gold is.
Once silver has an oxidized layer, its linewidth broadens becoming much larger than

that of gold.
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As mentioned above, plasmons are very sensitive to changes in the local environ-
ment. A halving of the plasmon linewidth has been observed for aluminum nanopar-
ticles placed on aluminum films [118]. By adding a metal film under the nanoparticle,
symmetry is broken and incident plane wave light can excite the quadrupolar (and
higher order) mode of the nanoparticle. Both the quadrupole and dipole modes
then can couple electromagnetic energy back to the film rather than radiating, and
so the radiative decay rate is decreased by the presence of the metal film, thereby
also reducing the linewidth. Aluminum experiences such a significant reduction in
linewidth because it has a large radiative decay factor compared to gold and silver.
This linewidth narrowing was also seen in gold dimers on a gold film, where the
linewidth was narrowed from 209 nm on just a silica substrate to 45 nm [119] when a
thin gold layer was added underneath the dimers. Gold films have also been used to
further reduce the linewidth of narrow Fano resonances. A very narrow linewidth of

9 nm has been achieved for asymmetric gold disk-ring systems on a gold film [120].

2.3 Loss in Plasmonics

As losses in metal have been shown to broaden linewidths, there has been research
on adding optical gain materials (Im(ez) < 0) nearby plasmons to offset the losses
from absorption of energy by the metal. Adding materials with gain, such as organic

dyes, around noble metal nanoparticles can result in narrower and larger plasmon



33

peaks [121, 122, 123]. With a large enough gain from the surrounding medium, a
spaser can result (surface plasmon amplification by stimulated emission of radia-
tion) [12, 124]. Spasers have extremely narrow linewidths on the order of 1 nm [125,
126].

When surrounding a metal nanoparticle with an absorbing material, the opposite
of a gain material, one would expect that the linewidth should be broadened and
the plasmon peak reduced. In the literature, it is common to see gold nanoparticles
added to the active layer of a solar cell (the layer which absorbs the light) to broaden
the absorption spectrum and increase the device efficiency [127, 128, 129]. While
the general consensus is that all forms of loss increase the linewidth of plasmonic
resonances, there has been no direct proof that embedding a nanoparticle in a lossy

medium will broaden the linewidth.

2.4 Mie Theory in Lossy Media

Mie theory is the theory which describes the scattering and absorption of light by
an object embedded in an infinite and homogeneous surrounding medium [130, 131].
Mundy et al. were the first to consider Mie scattering in a lossy medium [132]. They
adapted the standard Mie formulas for the scattering and absorption cross sections
for a lossy embedding medium considering only the far-field approximation. Bohren

and Gilra later calculated the extinction cross section, rather than the absorption
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and scattering cross sections of a nanoparticle in an absorbing medium [133]. For a
non-lossy medium, the extinction cross section is simply the sum of the absorption
and scattering cross sections, as the extinction is the result of only these two separate
processes. However, they noted in a lossy medium, using the standard absorption
and scattering cross sections is undesirable, as they are intrinsically tied together in a
non-trivial way. The spectrum of the scattered light changes as it propagates through
the lossy medium and is absorbed. The absorption of light by the lossy medium over
the optical path to the particle changes the incident spectra which then changes the
resulting scattering spectrum. The result is that the scattering and absorption cross
sections both depend on the radius of the conceptual integrating sphere (the distance
from the particle) and thus are not parameters at all, but are variables. Bohren and
Gilra found that by looking at the extinction cross section, rather than the individual
scattering and absorption cross sections, this problem could be avoided [133]. Using
the far-field approximation, they derived an extinction cross section which depended
only on the size and optical properties of the spherical nanoparticle and medium.
They also expressed that there can be very large differences in the amount of extinc-
tion and the location of the extinction peak when not considering losses from the
medium.

In scattering and extinction measurements, the surrounding medium is not in-
finite, as was the case for Bohren and Gilra’s extinction cross section [133]. Lebe-

dev et al. looked at finding the scattering and absorption cross sections by many
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isolated nanoparticles in a thin film lossy medium [134]. The particles are assumed
to be far enough away that any electromagnetic interactions between them can be ig-
nored. Bohren and Gilra had defined the extinction cross section as the energy deficit
of the incident plane wave at a detector far from the nanoparticle due to the presence
of the particle [133]. Lebedev et al. had a two step process to finding the extinction
of a nanoparticle in a thin lossy film [134]. First, they found the difference in local
extinction by the presence of a single particle instead of a medium. This was done by
integrating the Poynting vector over the surface of the particle and subtracting the
extinction of just the medium in this same volume. This quantity gives the change in
extinction from the existence of the particle, not the actual extinction of light, and
it can be negative if the particle has less extinction than the medium in the same
volume. Then they integrated over infinitesimal layers with an adjusted extinction
coefficient dependent on their calculated extinction value for a single particle, the
number of particles in the layer, the medium absorption coefficient, and the thickness
of the full layer. This definition of extinction gets rid of the dependence of extinction
on the total path length of the light in place of well-defined parameters such as the
finite thickness of the layer, and so it is also a well-defined property of the nanopar-
ticle and medium system in question. The theory matched well with the quasistatic
model when used to predict the extinction of light from 2 nm iron nanospheres with
a 5% concentration uniformly spread in a matrix of fullerite (Cgp). However, there

was a reasonably large difference between their calculations and the measured spec-
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tra of iron clusters embedded in a fullerite matrix. There was a slight difference in
the absorption coefficient of fullerite used between theory and experiment that can
explain part of this difference. Lebedev et al. succeeded in finding a formula that
works for describing the extinction of thin lossy films, with a reasonable agreement
with experimental results [134]. With this method, the fields on the surface of the
particle, and not far from the particle like Bohren and Gilra’s method, are needed,
so this way of calculating the extinction was called the near-field approach.
Sudiarta and Chylek showed that the extinction coefficient in the limit of a large
spherical nanoparticle approached different values for non-absorbing and absorbing
media [135]. They used a near-field approach similar to Lebedev et al.’s, where
the calculation of the scattered and absorbed power is performed over the surface of
the nanoparticle. One distinction between Sudiarta and Chylek’s and Lebedev et al.’s
results is that Sudiarta and Chylek accounted for the difference in intensity of incident
light across a spherical nanoparticle by averaging the intensity over the circular cross-
section of the nanoparticle. Thus, the reduced extinction coefficient for large spheres
in an absorbing medium they attributed to the lack of extinction by diffraction from
the sphere, as much of the incident light gets absorbed by the medium before it can
be diffracted by the edge of the sphere for larger spheres. Another major difference
is that Sudiarta and Chylek did not include the extinction by absorption in the
surrounding medium in their work [135]. They only factored the medium extinction

once it was incident on the particle, but the absorption of light approaching or leaving
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the vicinity of the particle by the medium was ignored. In scattering measurements,
this extinction is unavoidable and can be significant with very lossy materials or thick
layers and so Sudiarta and Chylek’s technique should not be used in these cases.
There were two different approaches developed for dealing with Mie theory in lossy
media; the near-field approach and the far-field approach. The near-field approach
cast away any dependence on the conceptual integration spheres, but made it more
difficult to incorporate the extinction by the medium absorption. On the other hand,
the far-field approach inherently incorporated the medium absorption, but made it
difficult to avoid the dependence on the arbitrary radius of the conceptual sphere of
integration. The far-field approach also assumed an isotropic and infinite medium, so
was less useful for comparison to experimental results which involve finite thickness
films. Fu and Sun used the near-field approach to calculate the absorption cross
section using internal fields rather than external fields as Lebedev et al. did [136].
The benefit of this was to provide a formula for absorption within a particle without
the need to define absorption as the difference between the extinction and scattering
cross sections, and so the absorption of a particle in a lossy medium could be well-
defined in this way. Fu and Sun also showed that for a large sphere in a lossy medium,
the extinction cross section tends to 1, agreeing with Sudiarta and Chylek [136].
They concluded that the absorption of the medium has little effect on the overall
absorption efficiency, though they only used relatively small values for the absorption

of the medium. Also, these formulas they derived do not apply for strongly lossy
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media because similarly to Sudiarta and Chylek, the extinction from absorption by
the medium was ignored in Fu and Sun’s work. Yang et al. were first to point out
the discrepancy between extinction cross sections calculated using Lebedev et al.’s
near-field approach and the actual extinction from the particle and medium system.
They calculated the “inherent” and “apparent” optical properties of a sphere and
shell nanoparticle in absorbing medium [137]. Inherent extinction is the extinction of
a particle within the medium and in a medium with low loss is a close approximation to
the apparent extinction. The apparent extinction included extinction of the inherent
signal by the surrounding medium, and is what would be measured in an experiment.
Yang et al. showed that the inherent and apparent extinction can give drastically
different results when the medium has significant absorption.

Videen and Sun managed to use a far-field approach which avoided the issue
of dependence on the radius of the conceptual sphere of integration [138]. They
considered the case where there was no nanoparticle, and only absorption from the
medium occurred. Then they considered the case where there was a nanoparticle,
and found that this extinction had the same dependence on the path length through
the absorbing medium as did the case without the nanoparticle. By subtracting
these two cases, the extinction of the nanoparticle alone was obtained. Also, the
incident intensity on the particle in the medium and the total extinction had the
same exponential dependence on the distance travelled, and so the extinction cross

section, which is the ratio of the two, was independent of this distance. The result
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was a formula for the extinction cross section which did not depend on optical path
length in a complicated way and agreed with the previously calculated extinction
formula of Bohren and Gilra [133].

Yin and Pilon compared the near-field and far-field methods to find which was
most suitable for the radiative transfer equations to find the apparent extinction for
light passing through an absorbing medium with an ensemble of scattering particles.
Mischencko solved the more general problem of a particle of arbitrary shape and
orientation in a lossy medium using the far-field approach [139]. He concluded that
the absorbing host affects the extinction by absorbing the incident and scattered
light, as well as by changing the phase and scattering matrix elements. He stated
that appreciable differences should be expected between extinction in lossy and non-

lossy media.

2.5 Dispersion in Nanoplasmonics

Even with the luxury of having a variety of models to choose from to describe scatter-
ing of a particle in a lossy medium, it had not been shown that using a lossy medium
necessitates a linewidth broadening. This is however, what would be expected, as it
has been shown that adding losses to the metal broadens plasmon peaks [103, 106].
Metals have very large loss from interband transitions below the plasmon frequency,

and metal nanoparticles are usually measured on glass or silica substrates in air, which
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are non-lossy materials, so in most cases it is safe to ignore the loss in the surround-
ing medium. However, there are times where the absorption can be significant and
can differ greatly from the scattering spectra of a non-lossy material [133, 135, 134],
especially for strongly absorbing materials. For strongly absorbing materials, it is
important to also consider the effects of dispersion. Absorption is the process of ex-
changing energy from an incident photon to excite the electron states of the absorbing
matter. There are usually many discrete, separated energy levels to excite to so the
absorption spectra will have many peaks and will be dispersive.

Resonances and damping effects are ubiquitous in physics. The Kramers-Kronig
relations [140, 141] (see section A.8 for information on the Kramers-kronig relations)
show that there will always be some damping in a physical system [142]. Plasmonic
systems can be accurately represented by a familiar damped harmonic oscillator; the
inductor-capacitor-resistor (LCR) electrical circuit [142]. It has been shown that
plasmonic systems are nanoscale versions of these circuits [62]. It is understood that
the linewidth of the resonance in an LCR circuit increases with the damping [142],
and so the same behaviour is expected for plasmonic systems.

A deeper understanding of plasmonic systems, and damped harmonic oscillators
in general, arises from analyzing the effects of dispersion on the plasmon peak due
to a strongly absorbing and dispersive medium. Plasmon resonances are complex,
and there are a variety of factors that can affect the peak shape, apart from material

losses. Past works have studied the influence of nanoparticle geometry [87], back-
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ground permittivity [143], and nanoparticle size [90] on the plasmon linewidth. For
strongly absorbing media the Kramers-kronig relations necessitate dispersion. As real
materials are dispersive and lossy it is important to understand how dispersive lossy
materials play a role in changing the linewidth of plasmons in metal nanoparticles.
The effects of dispersion in the medium on the plasmonic response are not well-
known. Most works in plasmonics ignore dispersion in the surrounding medium, or
use non-dispersive media such as water air and glass. One work has recently engi-
neered the dispersion of an optical system to increase its sensing capabilities (FOM)
as a LSPR biosensor [144]. They found that by using higher concentrations of tita-
nium in a titanium silver alloy, they could drastically reduce the dispersion of the
nanoparticle, which would have two effects: the resonance peak broadened and the
sensitivity to changes in the local refractive index greatly increased. For a good opti-
cal sensor, a high sensitivity and a narrow linewidth is desirable, so there will be some
optimal dispersion to achieve the best FOM for sensing applications. The commonly
referenced equation, Eq. (2.2) states that adding a loss mechanism (such as absorp-
tion in the surrounding medium) will necessarily reduce the plasmon decay time and
broaden the linewidth. However, Eq. (2.2) is derived assuming there is no dispersion
and may no longer hold when dispersive media are involved. The following chapters
in this thesis go into more detail about the research and experiments performed with

metal nanoparticles in dispersive lossy media.
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Chapter 3

Theory

3.1 Drude-Lorentz Model

The Lorentz model attempts to explain how a material responds to an incident elec-
tromagnetic field. Once the response to the incident field is known, the total elec-
tromagnetic field in the presence of the material can be calculated. All materials
are made of nuclei and electrons and the response of the material is the sum of the
responses of these individual components. The Lorentz model is a classical model
and treats the nuclei and electrons as points in space. The positively charged nuclei
in the material are assumed to be stationary, while the less massive electrons are in
motion near the nuclei. As is the case with many phenomena in physics, it is assumed
that the equilibrium of the electron and the atom is stable, and so the electron will

simply oscillate about the equilibrium position. This behaviour of bound electrons is
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expressed by a spring force between the electrons and the nuclei of the material. The

forces acting on an electron in the Lorentz model satisfy the following equation:

F=F,+F,+F,. (3.1)

F,,, is the spring force binding an atomic nucleus and an electron, Fy is the drag force
from electron collisions, and F,, is the driving force from an incident monochromatic
(single-frequency) field. Rearranging these forces and removing the common harmonic
time dependence of each force gives the amplitude of oscillations of the electrons:

4 Fo
mw? — wd +iyw’

xr =

(3.2)

where ¢ is the electron charge, m is the effective electron mass in the material, Fj
is the incident field amplitude, w is the incident field frequency, wqg is the resonant
frequency of the spring, and v is the damping constant where F; = —m~yx. The above

equation can be used to derive the relative permittivity,

e=1+ P (3.3)

where w, = HZ Zz is the plasma frequency, N is the density of electrons, and ¢ is
the permittivity of free space. This is the central result of the Lorentz model, as the

permittivity provides all the information about how electromagnetic fields interact
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with the material.

When the electrons in a material are weakly bound, such as the free electrons in
conductors, the spring force holding the electrons and nuclei together can be ignored.
This leads to the Drude model [145], where the permittivity is described by Eq. (3.3)

with wy — 0:

2
wp

e 3.4
w? + iyw (34)

e=1

Typically, metals have a large density of free electrons, and so obtain a large plasma
frequency w,. This gives them a characteristically large negative permittivity for
longer wavelengths as can be seen by Eq. (3.4). It is common in both the Drude
and Lorentz models to account for all other polarization effects apart from electron
oscillations due to the incident electromagnetic field with a single phenomenological
constant, €., such that at large frequencies, ¢ = e,,. The adjusted permittivity for

the Drude model is then

w2
€= — —5—, (3.5)
W+ 1yw
and similarly the adjusted permittivity for the Lorentz model is
2
w
€ = €5 + 3 P (36)

2 _ vy
Wi — w? — 1w

By measuring the reflected and transmitted light from thin metal films, Johnson and

Christy were able to accurately determine the permittivities of gold and silver [146].
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In gold, the Drude model matches the experimental data well for wavelengths above
500 nm, but below that there are some significant deviations. These deviations are
caused by a failure of the Drude model to describe interband transitions. The Lorentz
model can describe interband transitions by treating them as a spring force between an
electron and an atom with resonance frequency wy at the frequency of the transition,
and so where interband transitions are present, the Lorentz model should be used.
An interband transition will have a characteristic peak in the imaginary permittivity
at the frequency corresponding to the energy of the transition, and so it is easy to
see from the permittivity data which model to use to describe a material. The Drude
and Lorentz models are often used in conjunction when describing more complicated
materials such as semiconductors. For a semiconductor there are both conduction
electrons, and bound electrons with interband transitions to consider. The Drude
model describes the conduction electron portion of the material response, while the
Lorentz model describes the material response for the bound electrons. Then a general

material can be described by:

2 2
w, w
€=t~ —5L— + IV — f’“;’_ . (3.7)
w* + 1yw Wy — Wi — 1yw

N gives the total number of interband transitions, and so for each interband transition,
there is a separate Drude-Lorentz term with resonance at the interband frequency wy,

with an oscillator strength f; weighting the effect of the transition on the permittivity.
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The Drude-Lorentz model is still used frequently and maintains good agreement
with experimental measurements [147, 148, 149]. Many modern models are simply ex-
tensions of the Drude-Lorentz model [150, 151]. The Drude-Lorentz model is still used
frequently instead of newer, more advanced models because it is simple to interpret

and is accurate enough for most applications.

3.1.1 Plasmons

Plasmons form the basis of the processes and systems studied in this thesis, and so
it is important to understand what a plasmon is. A plasmon is usually described
in the literature as a collective electron oscillation at the interface formed between
a dielectric and a metal. While this definition is true, it leaves out an important
detail about plasmons; the oscillating charges are part of a longitudinal wave. A
more precise definition for a plasmon is: a longitudinal charge density oscillation
coupled to electromagnetic radiation. With this definition it is clear why not all
electron oscillations can be considered plasmons and why a metal-dielectric interface
is needed to form a plasmon. To demonstrate this point, imagine a TEM (transverse
electric and magnetic) field propagating through a homogeneous material. Within
the planes of constant phase, the electrons of the material will move transverse to
the propagation direction due to the transverse electric field component, and the
distance between the electrons remains constant. Therefore there is no longitudinal

charge density wave formed although charge is oscillating, and so there is no plasmon.
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Plasmons can be generated with light at the interface between a dielectric and a
metal, which is why the first definition of a plasmon is so common in the literature.
This is done by shining TM (transverse magnetic) light at an angle so that there is a
longitudinal component to the electric field with respect to the metal-dielectric inter-
face. The importance of the metal-dielectric interface is that there is a bound surface
charge present which will form a plasmon along the interface due to the longitudinal
electric field. These plasmons, known as surface plasmon polaritons (SPPs) can prop-
agate relatively large distances of hundreds to thousands of micrometers from where
they were initially excited [10].

There are three categories of plasmons: bulk plasmons, surface plasmon polaritons
(SPP) and localized surface plasmons (LSP). Plasmons are a classical phenomenon
that are derived directly from Maxwell’s equations [10]. Bulk plasmons result from
longitudinal electron oscillations within the volume of a material. These are described
by the Drude-Lorentz model, where the plasma frequency, w,, is the natural frequency
of the electrons in the material. The plasmon resonance frequency of these bulk
plasmons is w,/1/(3). Within the bulk, there is no interface where charge is bound,
since the material is assumed to be homogeneous, and a TEM wave propagating
through a bulk material will always have a transverse response. Therefore, TEM
light cannot excite bulk plasmons. However, bulk plasmons can be excited using
other techniques. As an example, an electron beam shot through a material will

excite plasmons. The collisions between the electrons in the beam and the material
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causes longitudinal motion of electrons in the material, and the energy lost by the
electrons in the beam can be used to find the plasmon resonance. This technique is
known as electron energy loss spectroscopy (EELS).

As described earlier, SPPs occur at a planar interface between a metal and a
dielectric. These electromagnetic waves can propagate along the interface, but are
bound at the surface, and thus evanescent in both the metal and dielectric layers in
the direction normal to the interface. SPPs can only be excited by incident TM light.

The resonance frequency for an SPP occurs when:

This condition is typically met at some point in the electromagnetic spectrum for any
general metal and dielectric pair as metals exhibit a wide range of values €.

Finally, there are LSPs, which do not propagate and are evanescent in all direc-
tions. These come about from small subwavelength features in nanostructures. For
instance, a metal nanosphere in an embedding medium generates a LSP on the surface
of the metal. A double nanohole generates a LSP, with the strongest electromagnetic
response at the cusp of the nanohole. For a metal sphere surrounded by a dielectric,

the LSP resonance (LSPR) occurs when

Re{er} = —2Re{er}. (3.9)



49

The nanocircuit model, developed in 2005, offers a more intuitive way to under-
stand surface plasmons. The nanocircuit model applies the lumped element method
of evaluating electrical circuits to optical devices at the nanoscale [62]. In this model,
a dielectric with a positive permittivity acts as a capacitor, while a negative permit-
tivity material, such as a metal, acts as an inductor. The imaginary parts of the
permittivities represent absorption of light by the materials, and act as resistors in
the circuit, where power in the electromagnetic field is dissipated. The accuracy of the
nanocircuit model was verified in experiments where the transmission of a periodic
layer of SizN4 and air gaps was determined by a nanocapitor-nanoinductor circuit
model [152].

The categorization of nanoparticles into nanocapacitors and nanoinductors in re-
sponse to an external field can be understood by considering the similarities between
the current and voltage across capacitors and inductors in AC circuits. In a LC
circuit, the current through a capacitor leads the voltage (the current is 90 degrees
ahead in phase) across the capacitor, while across the inductor, the voltage leads the
current. Then the voltages across the capacitor and the voltage across the induc-
tor are out of phase. When a monochromatic electromagnetic wave interacts with a
material with positive permittivity, the positive nuclei and negative electrons in the
material separate in a way that reduces the internal field. The charge distribution
and the field oscillate with the same frequency, and at any point in time the charges

are always distributed so that the field they generate opposes the incident field within
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the material. For a negative permittivity the charges arrange themselves opposite to
a positive permittivity material, the internal field is enhanced, and the charge oscil-
lations of a negative permittivity material is out of phase with those of a positive

permittivity material.

R R

Figure 3.1: Equivalent circuit for a metal nanosphere in an infinite homogeneous
medium. The role of the AC current source is adopted by the displacement current
resulting from the oscillating incident light.

For a small metal sphere surrounded by a dielectric, the equivalent circuit is an
inductor and capacitor in parallel, each with a series resistance as is shown in Fig. 3.1.

This gives rise to an LC resonance, which is the plasma resonance. Thus the circuit

model can be used to calculated the plasmon resonance frequency

— =W (3.10)

where L, the inductance, and C, the capacitance, can be derived from Maxwell’s
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equations and appropriate boundary conditions for the dielectric displacement D [62]:

L = [~w?maRe{e ], (3.11)

C' = [2rwaRe{es}] (3.12)

where a is the radius of the sphere, €; is the permittivity of the sphere, and ¢, is the
permittivity of the surrounding medium. The condition for LC resonance is satisfied
when

Re{e1} = —2Re{es), (3.13)

which matches the LSP resonance condition from the conventional definition of an
LSP (3.9).

Plasmons have a wide range of practical applications. They can be used in Raman
spectroscopy to greatly increase the magnitude of the Raman signal [153]. Raman
scattering benefits from a fourth power scaling with the local electric field ampli-
tude [154]. The Raman process is very infrequent, but using the local field enhance-
ment from a metal nanostructure, the Raman signal from single molecules have been
observed [24]. Plasmons are used in biosensors to measure reaction rates. Plasmonic
sensors are incredibly sensitive to changes in the permittivity of the local environ-
ment, and when a binding reaction occurs, for example, between an antibody and

an antigen, the change in the permittivity produces a measurable change in the plas-
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mon resonance [49, 155, 54]. One advantage to using plasmons as biosensors is that
they are “label free”, meaning that there is no need to include fluorescent molecules
to monitor the reaction rate, which can sometimes significantly alter the reaction
rate. Both LSPs and SPPs are used in solar cells by addition of metal nanoparticles,
nanostructures, or metal films which enhance the fields, or the path length of light
within the solar cell, and thus the absorption and efficiency of the cell [156]. The
Gaussian field of a laser tends to localize small particles to the center of the beam,
which is known as optical trapping [157]. Including nanostructures can enhance the
trapping ability of a laser. The field enhancement from plasmons in the cusp of dou-
ble nanoholes allows for a strong local field and efficient optical trapping of individual
proteins. The trapped transmission signal can show discrete steps which give valu-

able information about protein folding processes, such as the zipping and unzipping

of DNA by P53 [41].

3.1.2 Dispersion and Loss

Dispersion is the dependence of an object on the wavelength of light that is incident
on the system. Dispersion is a common phenomenon seen in every-day life. The
refraction of light in water droplets, or by a prism to produce the colours of the
rainbow are examples of dispersion. The cause of dispersion is explained at the
atomic scale. Light is absorbed by an atom in a material, then an electron becomes

excited and re-emits the absorbed energy in the form of a photon. The energy of



53

the emitted photon is related to the available electron states of the atom. Since
different colours of light have different energies, then the light-matter interaction
between the different colours occur at different rates. With higher collision rates, the
light is slowed more due to being stored as absorbed potential energy in an atomic
electron transition before being re-emitted. Also, when there are more collisions,
there is more scattering of photons between atoms in the material, increasing the
path length of light and further decreasing the effective speed of light. So light at
different frequencies experience different collision rates with the atoms of a material
which adjusts the speed of light in that materials and so each frequency of light travels
at a different speed.

Dispersion is a general wave phenomenon exhibited by any physical system de-

scribed by the wave equation

2

Vif — l/v(w)Q% =0, (3.14)

with v being the velocity of the wave in the medium, which depends on the frequency
of the wave. The general solution to this equation is f = Ae'kr—«t) 4 Beilkr+wt)

where k is the wavevector and r is the position vector. With the form of the solution

known, the operators in the wave equation can be applied to the general solution and
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this gives the dispersion relation:

k= w?/v(w)?. (3.15)

The dispersion relation must always hold true for electromagnetic waves travelling
through any medium. In many media, the velocity of the waves do not have a signif-
icant dependence on w, such as in glass or air, and so there is a simple linear depen-
dence between the wavevector and the frequency. Materials with this behaviour are
deemed “non-dispersive”. The velocity of an electromagnetic wave in a medium with
index of refraction n is given by

v? = c?/n? (3.16)

where c¢ is the speed of light in vacuum. In general, the index of refraction of a

medium is

n = \/€p. (3.17)

Most materials are non-magnetic and so u =~ 1, then the index of refraction simplifies

to

n =/, (3.18)

and any interesting dispersion information of the dispersion relation is now stored in

Ak? = e(w)w? (3.19)
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There are two types of dispersion, which stem from the Drude-Lorentz model,;
these are normal and anomalous dispersion. In most materials, the permittivity
will gradually increase with the frequency and this is known as normal dispersion.
Anomalous dispersion can occur near an interband transition, where the permittivity
can rapidly decrease with increasing frequency. Thus anomalous dispersion is usually
only present in small spectral regions which overlap the Lorentzian absorption peaks
in the imaginary part of the permittivity.

Loss is the absorption of electromagnetic radiation by a material. Strongly ab-
sorbing materials are deemed lossy. There are many mechanisms which cause loss
in a material, relating to all the different processes by which radiation can be ab-
sorbed. The effect of loss is an exponential decrease in the intensity of an incident
light wave as it passes through the lossy material (attenuation). This can be modelled
by an imaginary component to the permittivity. Materials that are described by the
Drude model have absorption peaks, and so the lossy component of the permittivity
is dispersive.

Accounting for a lossy surrounding medium complicates the analysis of electro-
magnetic fields. For the case of a nanoparticle in a surrounding lossy medium, the
simple cross section formulas of both Rayleigh theory (3.22)- (3.23) and Mie the-
ory (3.27)- (3.28) have to be adapted to describe the scattered and absorbed light.
The values of these quantities become dependent on the distance from the nanopar-

ticle in a lossy medium. When dealing with lossy materials, it is better to use the
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extinction cross section, rather than the separate absorption and scattering cross sec-
tions because the extinction cross section remains independent of the distance from

the scattering center [133, 138].

3.1.3 Linewidth

The linewidth of a plasmon is given by the full-width at half max (FWHM) of the
scattering cross section. Near to the resonance, the scattering cross section takes on

a Lorentzian form:

r/2
Usca ~ )
-2

(3.20)

where I is the linewidth of the peak, and wq is the spectral location of the maximum.
Using materials described by the Drude-Lorentz model, I' is exactly equal to the
collision frequency 7. For quantum mechanical systems, I' is estimated by the decay
rate of the excited state, which can be derived from the energy-time uncertainty
principle: AEAt > h. In general, the linewidth can be calculated using:

2

Ty’

(3.21)

where T, is the total plasmon decay time [10]. As the decay time is reduced by the
addition of losses then the linewidth increases. Thus, material losses by electromag-
netic absorption, which is just one form of additional losses, are widely believed to

broaden plasmon resonances [158, 159, 160, 10, 107, 106, 117].
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Plasmonic materials make desirable optical sensors which detect the presence of a
small concentration of a particular molecule by measuring a shift in the resonance peak
due to the accompanied change in the refractive index of the surrounding medium.
A narrow linewidth plasmon is believed to make a better sensor as the figure of merit

(FOM) is given by [78]: FOM = S%n\;}% The quality factor is another measure of

resonant systems in general and is given by Q) = ey With wes being the resonant
frequency. A high @ is often desirable in resonant systems and this is usually the
case in nanoplasmonics.

Radiation damping [93], surface scattering [87], and bulk damping broaden the
plasmon linewidth, reducing the FOM and quality factor. Radiation damping, in
which the plasmon oscillations lose energy by radiating light, is proportional to the
volume of the nanoparticle and so becomes a significant factor to the loss for larger
nanoparticles. Surface scattering, the scattering of the plasmons by the surface of the
metal nanoparticle, is inversely proportional to the radius of the nanoparticle and is
important to consider for small nanoparticles for which radiation damping is small.

Lastly, bulk damping due to collisions of the oscillating free electrons in the metal

nanoparticle also reduces the plasmon linewidth.

3.1.4 Extinction

Given a material permittivity, how can the total electromagnetic field be calculated?

This question was first answered by Lord Rayleigh in 1871 [161], and is a difficult
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question to answer, with analytical solutions existing only for the simplest scenarios.
To arrive at a description of the interaction between light and matter, Rayleigh ana-
lyzed particles much smaller than the wavelength of incident light. For small particles,
the phase of the field over the particle can be assumed to be constant (quasi-static
approximation), so at each instant in time, the particle experiences the same field
everywhere within its volume. Using this assumption, Rayleigh calculated the scat-
tering and absorption cross sections of a small spherical particle in an infinite and

homogeneous surrounding medium:

1 /2r\* a2
Coeat = — | — —1, 3.22
‘ 67?()\> €0 (322)
2 o
bs — —1 — . 2
Cb b\ m<€0> (3 3)

Here, ) is the incident wavelength, o the dipole polarizability and ey = 8.85 x 10712
is the permittivity of free space. The scattering cross section, Cgcat, is a measure of
how much electromagnetic energy propagates in a different direction from the initial
incident field direction, while the absorption cross section, Cys, is a measure of how
much light remains within the volume of the particle; how much light is absorbed.
The extinction cross section Copy = Cyear + Cups 1S a measure of the combination
of the absorption and scattering processes, and quantifies the total loss of forward

scattered light due to the particle and medium. These cross sections have units of
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area and give an effective size of the particle, separate from its physical size. A larger
cross section indicates a stronger light-matter interaction with the particle. Often, the
scattering and absorption cross sections are normalized to the target area (the physical
cross-sectional area of the particle). The scattering process (ignoring absorption) is
elastic so that the incident photon and scattered photon have the same energy. This
is the difference between Rayleigh and Raman scattering, in which the scattered
photon will gain (anti-Stokes) or lose (Stokes) an amount of energy depending on the
molecular/atomic transitions that are excited in the scattering body.

Rayleigh scattering theory explained some atmospheric phenomena such as the
colour of rainbows and why the sky was blue. Scattered light has a strong inverse
dependence on the wavelength of light, Cyeay o 1/ A%, so smaller wavelength light
is scattered much more than longer wavelength light. Then at any position in the
sky, there is more blue light reaching your eye than any other colour due to the
larger scattering of high frequency light. The interesting frequency dependence from
Egs. (3.22) and (3.23) is hidden within the formula for the dipole polarizability of a
sphere

a = 4dra’ecyieo. (3.24)

where a is the radius of the particle and ecy is the Clausius-Mossotti factor:

€1 — €9
- 3.25
con €1 + 2€9 ( )
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where € is the permittivity of the sphere and ¢, is the permittivity of the surrounding
medium. Notice that this equation has a pole in the complex plane when ¢; = —2es,
and the dipole polarizability and scattering and absorption cross sections become
infinite. This is known as plasmonic resonance. In most cases, this condition cannot
be met exactly because both the particle and surrounding medium have positive
imaginary permittivities. In this case, there is still a resonance peak in the scattering

and absorption cross sections when the Frohlich condition is met:

Re{el} = —2Re{€2}. (326)

Rayleigh scattering theory could very accurately describe the interaction of small
(ka < 1) particles with light, but a new theory was needed to describe the light-
matter interaction of larger particles. In 1907, Gustav Mie generalized Rayleigh’s
scattering and absorption cross sections for any sized spherical particle [130, 131].
By allowing the field to vary over the volume of the particle, the charge distribution
within the particle could now have components of quadrupole, octopole and all higher
order charge distributions. Each of the different charge distributions get excited in
different amounts by an incident field and each have a different effect on the scattering
and absorption of light, unlike for Rayleigh theory, where a material may only have
a dipolar charge distribution (due to the constant field in the material). Another

important difference between Rayleigh and Mie theory is that light is predominately
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scattered in the forward direction, and this forward scattering is increased with the
size of the particle. The equations for the normalized cross sections are a little clut-

tered, but for completeness they are included here (assuming non-magnetic materials,

w1):
2 00 2 2
Queat = 13502 2+ D(lonl + [bul?), (3.27)
Qabs = Qe:vt - Qscata (328)
2 o
Qeat = 55501 (2n + 1)(Refan +5,}), (3.29)
_ ailp2in(p2)] Gnlp1) — e2lprgn(p1)] gu(p2)
n = = ‘ - , (3.30)
e1[p2hn(p2)] Jn(p1) — €2lprin(p1)] hn(p2)
_ [p23n(p2)] Jn(p1) = lprin(p1)] Gn(p2)
bn - ! - . / ) (331)
(P21 (p2)] G (p1) = [P1Jn(p1)] en(p2)
where p; = k;a, with ¢« = 1 representing the sphere and ¢ = 2 representing the

surrounding medium, a is the radius of the sphere, j, is the spherical Bessel function
of the first kind, h,, is the spherical Hankel function of the first kind, and ’ represents
a derivative with respect to p.

Mie theory was first developed to understand the vibrant colours of colloidal gold
nanoparticles. It is commonly used in nanoplasmonics when working with larger
nanoparticles, or high frequency light, where Rayleigh theory becomes inaccurate.
Mie theory allows for a calculation of the scattering and extinction cross sections
over the entire electromagnetic spectrum, as well as the reflection absorption and

transmission coefficients. Over the last century it has been developed significantly
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Figure 3.2: Relative permittivities of gold, P3HT, and PMMA. (a) The real permit-
tivities. The vertical solid blue line corresponds to the plasmon resonance of gold and
P3HT at 612 nm determined from the Clausius-Mossotti factor described below. The
vertical dashed red line corresponds to the plasmon resonance of gold and PMMA at
514 nm determined from the Clausius-Mossotti factor. (b) The imaginary permittiv-
ities. The imaginary part of the permittivity of PMMA is nearly zero.

and applies to a broad range of scattering problems. In 1912, Richard Gans extended
Mie theory to apply to spheroidal nanoparticles [162]. Mundy, analyzed scattering
and absorption of nanoparticles in absorbing media [132] and in a later work by
Bohren and Gilra, it was concluded that light scattering could be greatly affected by
a strongly absorbing medium [133]. Aden calculated the electromagnetic response
of nanoparticles with an external coated layer (nanoshell) [163]. These are just a
few of the extensions to Mie theory over the years. With all of these developments,
Mie theory remains a powerful tool for characterizing the electromagnetic response

of nanoparticles.
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Figure 3.3: Cross Sections from Rayleigh scattering formulas, Eqgs. (3.32)-(3.35). (a)
The absorption cross section of a 10 nm gold sphere embedded in P3HT and 10 nm
gold in PMMA. (b) The scattering cross section of a 10 nm gold sphere embedded
in P3HT and 10 nm gold in PMMA. For both (a) and (b) the vertical solid blue
line represents the gold and P3HT plasmon resonance and the vertical dashed red
line shows the gold and PMMA plasmon resonance. The black horizontal double
arrow lines show the full width at half the maximum of each of the peaks. The
gold nanoparticle has a geometric cross section of 7.85 x 107" m? (ra? for a 10 nm
diameter gold nanoparticle).

3.2 Scattering in Lossy Dispersive Media

Figure 3.2 shows the permittivities of the materials analyzed in this work. P3HT and
gold are both lossy dispersive materials, while PMMA is a non-lossy, non-dispersive
material. Figure 3.3 shows the cross sections of a 10 nm diameter gold nanoparticle
embedded in PMMA and 10 nm gold in P3HT predicted by Rayleigh scattering
theory [161].

For particles much smaller than the wavelength of incident light, the quasi-static
approximation holds (vanishing time derivatives in Maxwell’s equations) and the

physics of light scattering can be accurately described with the Rayleigh scattering
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formulas (in SI units)

a |2

1 /2m\*
scat — &~ _ | .32
Ccar 67?(/\> (3:32)

The scattering cross section, Cieat, shows how much of the incident light is scattered

€0

from the nanoparticle. There is a strong dependence on the wavelength of incident

light, A, as well as the dipole polarizability of the particle, «
2
Cubs = —Tm <3> . (3.33)

The absorption cross section, Clyy,s, shows how much of the incident light is absorbed
from the nanoparticle. In the above equation, Im is the imaginary part of what follows

in the brackets. ey = 8.85 x 10712 is the permittivity of free space
a = 4dra’ecyi€o. (3.34)

where a is the radius of the nanoparticle. The quasi-static approximation assumes
the incident field is constant over the entire nanoparticle at any given time, and so
it breaks down for large particle sizes comparable to the wavelength of incident light,
where the fields vary significantly over the volume of the nanoparticle. Within the

dipole polarizability is the Clausius-Mossotti factor, ecy, which gives the polarizabil-
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ity a dependence on the wavelength of incident light [164],

(3.35)

When a metal and a dielectric material are used, a plasmon resonance occurs for the
wavelength where €; (relative permittivity of the metal nanosphere) and e, (relative
permittivity of the surrounding dielectric medium) maximize ecy. Thus, a plasmon

resonance results when the following relation is approximately held:

€1 — —262. (336)

Rayleigh scattering theory was used to find the absorption and scattering cross sec-
tions of 10 nm diameter spherical gold nanoparticles embedded in PMMA and P3HT.
The vertical lines in Figure 3.2 (a) show the cases where Re(e; + 2¢2) = 0, which is
the real part satisfying Eq. (3.36). Figure 3.2 (b) shows the imaginary part of the
permittivity corresponding to losses for PSHT and gold. PMMA is lossless and is
therefore not shown.

From Fig. 3.3 it is seen that the resonances are shifted, as expected from the
clausius-Mossotti relation. The resonances are not exactly at the position of the
vertical line in Figure 3.2 (a) due to the large dispersion in the permittivity. Rayleigh

scattering theory predicts plasmon peaks of nearly equal magnitude and a linewidth of
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Figure 3.4: Extinction cross section of a 10 nm gold nanoparticle in P3HT.
50 nm for the scattering cross section of gold in PMMA and 35 nm for the scattering
cross section of gold in P3HT (the full width at half maximum was used as a measure
for the narrowness of the peaks). Care should be taken in analyzing the results of
Rayleigh theory when strongly absorbing media are involved because the scattering
and absorption become dependent on the distance from the scatterer as losses from
the absorbing medium are accumulated. In the case of lossy media, using the full
extinction cross section (absorption and scattering) allows for a quantification that is
independent of the distance from the scatterer [133, 138, 139, 165]. Figure 3.4 shows
the extinction cross section of a 10 nm gold sphere surrounded by P3HT defined

previously [133] using

67 m? —1
Cext = TIHI <n2m2—+2> s (337)

where ny = /€3, and m? = €, /e5. The extinction cross section does not depend on
)
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the distance from the nanoparticle, as can be seen from Eq. (3.37). The extinction
cross section of 10 nm gold in P3HT has a linewidth of 43 nm, while the absorption

cross section calculated with Rayleigh theory has a broader linewidth of 53 nm.

3.3 Circuit Model for Lossy Dispersive Media

L§ C:F

R, = R:=

Figure 3.5: Equivalent nanocircuit for a metal nanoparticle surrounded by a lossy
medium. The resistances in the circuit are associated with the material loss. If
neither material is lossy then the resistances are 0.
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Figure 3.6: Optical absorption results of a nanocircuit consisting of a 10 nm gold
sphere inductor surrounded by a P3HT capacitor. (a) The power absorbed by each
circuit element, normalized by the square of the incident field strength |Eq|®. (b) The
ratio of the power absorbed in P3HT to the power absorbed in gold.
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Figure 3.5 shows the equivalent nanocircuit for a nanoparticle surrounded by an
absorbing material [62]. Both the inductor and capacitor have a resistance associated
with them, and power will be dissipated in each of these circuit elements over time.
The resistors are placed in series to ensure that each branch represents a different
physical material; that is, to avoid shunting. The metal plays the role of an inductor
(negative capacitor), while the surrounding medium acts as a capacitor in parallel with
the inductor. This nanocircuit describes a gold nanosphere surrounded by P3HT.

Figure 3.6 shows how the power dissipation is partitioned between the gold and
the P3HT nanocircuit. The circuit model predicts a sharp peak in absorbed power
for the gold and P3HT system. Between 550 and 600 nm, P3HT absorbs five times
more power than gold. This shows the effectiveness of adding gold nanoparticles to
P3HT for photovoltaic applications, where it is desirable for the surrounding medium
to absorb most of the incident light.

The current, impedance, and potential difference in the circuit are given by [62]:

I} = —jraweyerecn|Eol (3.38)

Ie = —j2ma’wegesecm|Eo| (3.39)

V = accn|Eol, (3.40)
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where [}, is the current through the inductor, I is the current through the capacitor,
V is the potential difference across the circuit, j is the imaginary unit, w is the incident
field frequency, a is the radius of the gold nanoparticle, |Eq| is the magnitude of the
incident electric field and €; and e, are the relative permittivities of the inductor and
capacitor materials. Linear polarization is assumed.

The power absorbed in each element is given by:

Py = I}V = jra’weper|ecm|? | Eol? (3.41)

Po = IV = j2ra’wepes|ecm|?| Eol. (3.42)

When both of the materials are non-absorbing, there is only reactive power (power
transferred back and forth between the inductor and capacitor) in the circuit and
no power is dissipated, as is expected in an LC circuit without any resistance. For
materials with loss there is power dissipation in each of the circuit elements. The
circuit model is useful in determining the absorption of light in both the metal and
the surrounding medium. The equations used here have been adapted from [62],
where the surrounding medium was lossless and therefore, they serve only to roughly

estimate the absorption for the case of lossy surrounding media.
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3.4 Green Function Theory

Green function calculations were used to find the linewidth of gold nanoparticles in
P3HT and PMMA. The theory and code used for these calculations was developed
by Professor Stephen Hughes and Dr. Juanjuan Ren [166]. This section explains the
details of these Green function calculations. A Green function is the function which
gives the Dirac delta function as a solution when substituted into an inhomogeneous
differential equation. Once the Green function is known, any general and possibly
more complicated inhomogeneous differential equation can be solved by using the

Green function. The Green function for Maxwell’s equations satisfies

2 2

V x V x G(r,10,w) — %e(r,w)(}(r,rg,w) - c%15@ — 1), (3.43)

where G is the dyadic Green function, w is the angular frequency, r is the location of
the field point of interest, ry is the location of the source, ¢ is the speed of light, €(r, w)
is the permittivity, 1 is the unit tensor, and ¢ is the Dirac delta function. The Green

function is then separated into scattering and homogeneous medium contributions

G = G* + G, (3.44)

The formula for the scattering contribution of the Green function, G® used in this

thesis can be found in a past work [167]. The Green function spectrum is defined as
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1 2
So((,U) = —Gs(r, I'(),Cd) -d s (345)

€0

where G?® is the scattering part of the Green function at position r from the center
of the nanoparticle. The source is a dipole polarized in the z direction located at
ro with dipole moment d (the z-axis is along the direction from the center of the
nanoparticle to the dipole position ry, and the point r is past the dipole along the z-
axis). The resulting scattered component of the Green function spectrum, G*, defined
here quantifies the power scattered by the nanoparticle.

The calculations were performed with the distance between the field point and
the dipole |r — ro| set to 50 nm. The dipole source was placed 4 nm away from
the nanoparticle. In experiments, illuminating a nanoparticle with a light source
placed far away (which is usually the case, with one exception being near-field optical
experiments) is effectively using a plane wave source, not a dipole source, so the
Green-function method used here can only approximate what would be expected in
experiments. Since the Green function calculations were meant to be compared to
experiments, there was an extra renormalization to the calculated scattered power
that needed to be done. In experiments, the incident light would pass from air to
the surrounding medium, while in calculations the light from the dipole source was

generated within the surrounding medium. To account for this, the scattered power
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was renormalized

S = So|v/€med|, (3.46)

where €,,.,q4 was the medium permittivity.

3.5 Green Function Analysis
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Figure 3.7: Green function and permittivity data for P3BHT and PMMA. (a) Green

function spectrum S for a single 20 nm gold nanoparticle in P3HT and PMMA. Sur-
rounding media are assumed to be infinite and homogeneous. (b) Real and imaginary
parts of the permittivity of P3HT and PMMA.

To understand the unusually narrow linewidth seen for gold in P3HT, Green func-
tion analysis was employed. Figure 3.7 (a) shows the calculated Green function spec-
trum S, for a single 20 nm gold nanoparticle in both PSHT and PMMA assuming the
surrounding medium was infinite and homogeneous. The un-normalized scattering

spectrum, found in Appendix A.7, shows that gold in PMMA exhibits more scat-

tering than gold in P3HT. The Green function spectrum for an individual spherical
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nanoparticle in a infinite, homogeneous surrounding medium was given by

2
S<w> = lGS<I" o, W) -d ‘\/ 6med| ) (347)

€o

where w is the angular frequency of the source, ¢, is the permittivity of free space,
€medq 18 the relative permittivity of the surrounding medium, G* is the scattered Green
function, r is the location of the field point of interest, ry is the location of the
point dipole source, and d is the dipole moment, polarized along the z direction
(parallel with the direction defined by the vector connecting the dipole and the center
of the nanoparticle). The Green function method goes beyond the common dipole
approximation [167] and includes more terms in the multipole expansion. The full
infinite series is exact within the context of Maxwell’s equations, although in practice
only a finite number of terms can be used and there is always some small deviation
from the exact solution. The Green function calculations for the linewidths of gold in
PMMA and P3HT agree qualitatively with the experimental dark field data shown
in Chapter 5; the plasmon linewidth of gold in P3HT is half the linewidth of gold in
PMMA.

Figure 3.7 (b) shows the real and imaginary parts of the permittivity of P3HT
and PMMA. The permittivity of PMMA is nearly constant from 500 to 700 nm and is
effectively non-dispersive. Also, the imaginary part of PMMA is almost zero over this

wavelength range and so PMMA is considered lossless. Both the real and imaginary
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components of the permittivity of P3HT have a large magnitude and dispersion near

the plasmon peak for gold in P3HT (around 640 nm).
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Figure 3.8: Green function spectrum S for a 20 nm gold nanoparticle in various
infinite and homogeneous embedding media. The permittivities of the embedding
media are: €; = epsyr, €2 = 5.2 + Im{epsur}i, €3 = Re{epsur} + 1.5, €4 = 5.2 + 1.54,
e5 = 5.2 and €5 = Re{epsyr}. The data is summarized in table 3.1

To investigate how the embedding medium impacts the plasmon linewidth, Green
function calculations were performed for gold nanoparticles surrounded by various
media. The effects of dispersion on the linewidth are not well documented in the
literature and most works assume there is no dispersion in the surrounding medium.
Although this is usually a good approximation for commonly used embedding mate-
rials, for materials with large dispersion such as P3HT, the assumption is no longer
valid. Thus the permittivities with wavelength dependence are considered in order to

find the effects of the dispersion on the plasmon peak. Figure 3.8 shows the Green

function spectra for a single 20 nm gold nanoparticle in various homogeneous infinite
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Permittivity Description Peak  Linewidth
€1 = €P3HT actual material 642 nm 35 nm
€a = 5.2+ Im{epspr}i dispersive imaginary component 646 nm 47 nm
es = Re{epsur} + 1.50 dispersion, constant loss 632 nm 110 nm
€4 =05.2+4+ 1.5 no dispersion, constant loss 628 nm 127 nm
€5 = 5.2 no dispersion, lossless 613 nm 33 nm
e = Re{epsur} dispersion, lossless 624 nm 22 nm

Table 3.1: Summary of plasmon peaks calculated from Green function spectra for
20 nm gold in various infinite and homogeneous embedding media. The scattering
spectra for the permittivities listed in this table were calculated using Mie series ex-
pansions. When only five terms were used in the series expansions, the resulting
linewidths were accurate to three decimal digits. The displayed linewidths were cal-
culated using 23 terms and there is negligible numerical error in these values.

embedding media. Although some of the dielectric functions used are unphysical and
do not obey the sum rules [168] and the Kramers-kronig relations [140, 141], they
are nevertheless utilized to conveniently isolate the linewidth response for a specific
change in permittivity (for example, taking the physical material permittivity and
then removing loss). Table 3.1 shows the peak wavelengths and linewidths for each
of the plasmon peaks in Fig. 3.8. In the following analysis, the different contributions
of an infinite and homogeneous embedding medium permittivity to the linewidth,
including dispersive effects in the real and imaginary parts of the medium permittiv-
ity are explained. The case of finite surrounding medium layers was analyzed with
FDTD simulations and show there is only a small dependence of the plasmon peak on
the layer thickness (for more details, see Appendix A.3). Also, a Green theory anal-
ysis was used to find how the size and permittivity of the metal nanoparticle affect
the linewidth (Appendix A.4 and A.5). The Green theory analysis of the embedding

medium permittivity indicated that four factors were important to the linewidths
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of the plasmons. These factors are: the magnitude of both the real and imaginary
parts of the permittivity, and the dispersion of the real and imaginary parts of the

permittivity near the plasmon peak.
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Figure 3.8: Effect of sharpness of semiconductor band edges on the linewidth of a
plasmon peak. Band edges assumed to be linear for simplicity. All cross sections are
calculated with Rayleigh scattering theory for a 10 nm gold nanoparticle. (a) Rayleigh
scattering cross section of a 10 nm gold nanoparticle in a semiconductor with a broad
band edge. The linewidth is 57 nm. (b) Real and imaginary parts of the permittivity
of the broad band edge semiconductor. (c) Rayleigh scattering cross section of a 10 nm
gold nanoparticle in a material with a sharp band edge. The linewidth is 32 nm. (d)
Real and imaginary parts of the permittivity of the sharp band edge semiconductor.(e)
Rayleigh scattering cross section of a 10 nm gold nanoparticle in a material with a
very sharp band edge. The linewidth is 17 nm. (f) Real and imaginary parts of
the permittivity of the very sharp band edge semiconductor. (g) Rayleigh scattering
cross section of a 10 nm gold nanoparticle in a lossless dielectric. The linewidth is
32 nm. This is a broader linewidth than the very sharp band edge semiconductor.
(h) Real and imaginary parts of the permittivity of the lossless dielectric. The real
permittivity is 5 and the imaginary part is 0.

Dispersion in the imaginary part of the permittivity near the plasmon peak re-

sulted in linewidth narrowing. Fig. 3.8 shows that the left edges of the plasmon peaks
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for both €; = epspgr and €3 = 5.2 + Im(epsgr)i are the steepest. Near the plasmon

peak, where the Frohlich condition,

Re(el) = —QRG(EQ) (348)

for gold (e; in the above formula) in P3HT (e in the above formula) is satisfied
(611 nm), the absorption of P3HT rapidly decreases which is accounted for in the
permittivity by a dispersive imaginary part. Table 3.1 shows that the lossless ma-
terials in general had narrower linewidths than the lossy materials. However, the
presence of a dispersive loss component near the plasmon peak noticeably narrowed
the linewidth. P3HT has loss at the plasmon peak, and so it has a broader peak
than the lossless materials. Although there is little absorption in P3HT at the plas-
mon peak, nearby the peak there is significant loss and dispersion. The presence of
the large dispersion of the loss near the peak is a contributing factor to the narrow
linewidth for gold in P3HT. The right edges of the plasmon peaks for €; = ep3gr and
€2 = 5.2 + Im(epspr)i are not as steep due to the lack of a dispersive imaginary per-
mittivity here. Then an ideal medium for narrowing plasmon linewidths would have
very dispersive loss that rapidly goes to zero at the plasmon peak, and this should
result in an even narrower peak than a lossless medium with the same real permit-
tivity. This trivial addition of dispersion and loss to an existing material, however,

is unphysical; changes in the real and imaginary parts of the permittivity are linked
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through the Kramers-kronig relations [140, 141]. With physical materials in mind,
there are other semiconductors apart from P3HT, that exhibit sharp band edges re-
sulting in dispersive loss. For example, GaAs, InAs and Ge all are quite lossy and
dispersive semiconductors. Then, with the addition of an ideal metal nanoparticle,
the plasmon peak would occur near this band edge, and a significant narrowing of
the plasmon peak would be expected. Figures 3.8 (a) - (h) show the effects that a
sharp semiconductor band edge can have on the plasmon peak. The permittivities
used in the scattering calculations are not realistic, they were chosen to clarify the
effect dispersion of the imaginary permittivity on the plasmon peak. It is clear that
dispersion in the imaginary part of the permittivity of the surrounding medium can
narrow linewidths.

Although dispersive loss can narrow linewidths, non-dispersive loss leads to broader
plasmon linewidths. To separate the effects of dispersive and non-dispersive loss on
the linewidth, the Green function spectra for lossy background materials with and
without dispersive loss were calculated. As seen in Fig. 3.8, the materials with con-
stant loss (e3 = Re(epgnr) + 1.5, €4 = 5.2 + 1.54) have much broader linewidths than
the materials with dispersive loss (e = epsur, €2 = 5.2 + Im(epsyr)i) and with no
loss. From this evidence, it is concluded that non-dispersive loss broadens linewidths.

Dispersion in the real part of the medium permittivity, which arises near a lossy
resonance, can also contribute to narrowing the plasmon peak. Comparing the plas-

mon peaks for €; = epsgr and €3 = 5.2 + Im(epgpr)? in Fig. 3.8, the right edge of the
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peak for €; = epgpr is steeper than the right edge of the peak for o = 5.2+Im(epspr)i.
Figure 3.7 (b) shows that the real part of €; = epsyr decreases near the plasmon peak.
The permittivity of gold becomes more negative for wavelengths larger than 600 nm.
The Frohlich condition (Eq. (3.48)) shows that at the resonance peak, decreasing €;
and €, will result in a more rapid movement away from the resonance as the wave-
length changes resulting in a smaller linewidth. This is what is causing the steep
right edge for the €; = epsgr plasmon peak. Therefore, a dispersive real permittivity
can narrow plasmon peaks.

The magnitude of the real part of the permittivity can also narrow plasmon
linewidths. In Fig. 3.8, the €5 = 5.2 peak yields a relatively narrow linewidth. The real
permittivity of gold becomes more negative and dispersive for longer wavelengths. For
larger €5 the Frohlich condition (Eq. (3.48)) is satisfied at longer wavelengths. Red-
shifting a plasmon peak can reduce the losses from interband transitions in gold [87].
Then by redshifting the plasmon peak into the large dispersion and low loss regime of
gold, not only is loss from gold reduced, which narrows the peak, but also the Frohlich
condition is swept through faster, further reducing the linewidth. Therefore, a large
real permittivity can significantly narrow plasmon linewidths. The narrowest peak
was obtained for e = Re(epspr), which has both a large permittivity and large dis-
persion. Importantly, the addition of the large dispersion to the permittivity causes
a narrower peak than the e; = 5.2 peak, supporting the claim that a dispersive real

permittivity can narrow plasmon peaks.



81

As a response to these findings, Mishchenko and Dlugach theoretically investigated
the far-field scattering spectra of metal nanoparticles in a lossy medium [160]. They
looked at 10 nm spherical nanoparticles of gold, silver, aluminum and sodium and
used a medium permittivity similar to water, but with a lossy component. The
absorption of the lossy medium was adjusted gradually by changing the imaginary
component of the permittivity of the medium, and it was found that more absorption
lead to broader resonance and reduced resonance peaks for all of the nanoparticles.
The authors noted this was in contrast to the results of my work, which showed a
narrowing of the resonance peak for gold nanoparticles in a lossy medium. However,
the missing ingredient, which these authors also acknowledged, is that the surrounding
medium in their work is non-dispersive. The results shown in this chapter agree with
theirs in the case dispersion is ignored; there is a large broadening of the linewidth
when the medium is lossy and non-dispersive. However, it has also been shown here
that when dispersion is included, the plasmon peak can be narrowed even when the
medium is lossy.

Very recently, Khlebtsov has analyzed plasmonic nanoparticles in lossy media [169].
He showed that there are inaccuracies and inconsistencies in previous attempts of
understanding scattering within lossy media. He derived equations for both the near-
field and far-field scattering cross sections in a lossy medium. He also analyzed
gold nanoparticles in P3HT and PMMA, and compared his results to our previous

work [166]. His findings agree quantitatively with ours, showing that the lossy PSHT
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has a narrower linewidth than PMMA. He found a linewidth of 33.6 nm for 10 nm gold
in P3HT and 53.8 nm for 10 nm gold in PMMA. His work furthers our understanding
of plasmonics in lossy media and confirms the results and conclusions presented in

this thesis.

3.5.1 Perovskite Green Function Analysis
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Figure 3.9: Permittivities of different perovskites. (a) Real permittivities. (b) Imag-
inary permittivities.

Material Peak  Linewidth
P3HT 642 nm 35 nm
P1 = CH3NH3;Pbl; 661 nm 80 nm
P2 =CsBr10%1:2 627 nm 184 nm
P3=CsCl17%0:1 618 nm 97 nm
P4 = CsI15%0: 1 632 nm 74 nm
P5 = CsI15%1:2 643 nm 65 nm

Table 3.2: Summary of plasmon peaks calculated from Green function spectra for
20 nm gold in different perovskites. The scattering spectra for the permittivities
listed in this table were calculated using Mie series expansions.

Figure 3.10 shows the Green function analysis for perovskites, which are a high ef-

ficiency alternative to silicon solar cells. The perovskite permittivies shown in Fig. 3.9
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Figure 3.10: Green function spectrum S for a 20 nm gold nanoparticle in perovskites.
The data is summarized in table 3.2.

were found from experiments [170, 171]. These perovskites are known to be very dis-
persive, so there was hope that they might yield narrower cross sections than gold
nanoparticles in PSHT. However, as seen in table 3.2, the linewidths are much larger
for the perovskites, even though they are lossy and dispersive like PSHT. These theo-
retical results show the importance of the location of the dispersion in narrowing the
linewidth; a lossy and highly dispersive material is not enough to guarantee a narrow
linewidth. The reason P3HT has such a narrow linewidth is because the permittivity,
both real and imaginary components, change rapidly over the spectral region of the
plasmon peak. This does not happen for the perovskites that were analyzed here and
so the result is a broader linewidth. So it may prove difficult to find other materials
which display such a narrow linewidth as P3HT, since many conditions need to be

met. Namely, the material needs to be lossy, and have dispersive imaginary and real
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components, and both of these must result in a rapidly changing permittivity near

the spectral region of the plasmon peak.

3.5.2 Organic Photovoltaics

Organic photovoltaics (OPV) is a field of research that studies photovoltaic devices
made with organic materials. An OPV cell functions similarly to an inorganic cell
with only a few distinguishing differences. Rather than p-type and n-type doping of
silicon which generates different electron and hole concentrations, OPVs make use of
donor and acceptor materials. The donor has both a larger highest occupied molecular
orbital energy level (HOMO) and lowest unoccupied molecular orbital energy level
(LUMO) than the acceptor. When light is absorbed in the donor material, it generates
an exciton (an electrostatically bound electron-hole pair). Due to the difference in
HOMO and LUMO levels in the donor and acceptor, it is energetically favourable for
the holes to remain in the donor, while the electrons move into the acceptor. This
results in a flow of electrons from donor to acceptor. By adding conductive contacts at
each end of the device and connecting them with a wire, a current can be maintained
through the circuit. Organic materials are often much better at absorbing light than
inorganic materials, and thinner layers can be used to absorb the same amount of
light. However, the charges generated are not as mobile in organic materials, and so
often there is a significant loss in efficiency due to the charges not being collected by

the conductive contacts.



85

Organic photovoltaics is a relatively new field of research; the first OPV device was
created in 1979 by Tang [172, 173], and it converted incident light into electrical power
at an efficiency of 1%. The first donor-acceptor heterojunction cell was developed in
1993 [174] and had less than 1% efficiency. Although the efficiency of the device
was low, the concept of using a donor polymer and acceptor polymer was promising
for making higher efficiency cells. In 1995, PCBM ([6,6]-phenyl-C61-butyric acid
methyl ester) was used as a donor in an OPV cell and it was found to enhance charge
separation, charge transport and exciton dissociation, resulting in an efficiency of
2.9% [175]. Since 2018, the world record OPV cell is 17.4% efficient, but had an area
less than lem? [176]. For larger area OPV cells, which are commercially viable, the
largest measured efficiency is 12.6% for a 26 cm? cell [177].

The Shockley-Quessier limit is the maximum theoretical efficiency of an ideal,
single-junction solar cell assuming only radiative losses [178]. The Shockley-Quessier
limit is reached for a material with a band gap of 1.4 eV with a maximum efficiency
of 33%. This is close to the 1.1 eV band gap of silicon and is partially why silicon
makes a good solar cell, which has a Shockley-Quessier limit of 29%. The most
efficient silicon cell has a remarkable 26.7% efficiency, and is very close to theoretical
limit [179]. However, there is a large difference between the reported efficiencies of
cells created in the lab and the usual 15-20% efficiency of cells that are commercially
available [180]. The highest efficiency cells in the lab are usually very small (less

than 1 cm?), and don’t suffer extra series resistance and cell interconnection losses.
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Also, more expensive material deposition techniques like spin coating and FIB milling
(focused ion beam) are not used in the manufacturing process for commercial cells,
and instead less precise methods such as roll to roll printing must be used. There are
methods to increase solar cell efficiencies beyond the Shockley-Quessier limit, such
as singlet fission, where multiple excitons are generated from a single photon [181].
Efficiencies greater than 33% are routinely reported by using multi-junction cells
with multiple layers, each layer tailored to absorb a separate portion of the solar
spectrum [182]. However, multi-junction cells also have theoretical limits due to
radiative losses, albeit much larger than single-junction cells. For a 2 and 3 layer cell,
the maximum theoretical efficiencies are 42% and 49% respectively [183]. The main
problem with using multi-junction cells is that the device becomes more timely and
costly to make.

OPVs have have short lifetimes, typically ranging from a couple months up to
about 2 years, even when encapsulated [184]. Silicon cells are much more durable
and usually last 25 years. Degradation mechanisms of OPV cells are still being
studied, but it is known that many organic polymers can lose their ability to absorb
light if exposed to air or water [185]. Why use OPVs at all if they cannot reach the
efficiencies of silicon cells and have shorter lifetimes? OPVs have several advantages
over silicon cells, and can exist in niche markets, such as flexible cells, and painted
cells. They also have the potential to be much cheaper to produce. Although the

raw material cost for P3HT versus silicon is much larger, the production of silicon
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cells is timely and expensive. It is thought that once OPVs can reach 10% efficiency
and last 10 years, then roll-to-roll printing of OPVs will become competitive with
silicon [186, 187].

The first major improvement to the efficiency of OPVs came from the development
of bulk heterojunction (BHJ) cells, in 1992 [188]. BHJ cells utilize a single layer
where both the donor and acceptor materials are mixed together. Before BHJs were
used, the donors and acceptors were stacked together with a single planar interface
separating the donor layer and the acceptor layer. BHJs drastically increased the
surface area in which the donor and acceptor are in contact and also reduced the
distance the charges travel from the donor to the acceptor. The use of BHJs provided
a way to compensate for the short diffusion lengths observed in organic materials
(P3HT has a diffusion length of only 5 nm). This short diffusion length is due to the
typically small permittivities of organic materials, which cause a large binding energy
of the generated excitons (0.3-1 eV) [189]. This means increasing layer thickness is
not a valid pathway to increase efficiency; it doesn’t matter how many excitons are
generated in the cell if none can dissociate into an electron and hole and be collected
by the metal contacts on either end of the cell. Ultrathin layers (=10 nm) were used,
so that most of the charges generated are collected. But the trade off for better charge
transport is less absorption. With the addition of BHJs thicker layers could be used
due to the enhancement of the charge transport properties, and so this would further

increase cell efficiency. One major drawback to BHJs is that although the charges can
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efficiently be moved from the donor to the acceptor, due to the randomly generated
structure of the BHJ layer, the charges do not always have a clear path from the
acceptor to the back contact, where they must go to be collected and provide power
to an external circuit. This problem can be avoided with nanofabrication techniques,
however this also raises the cost and time of producing the cells.

Due to the low carrier mobility, the active layer of OPVs are typically only 100 nm
or less. This means that even with their strong light absorption, much of the light is
not absorbed and is transmitted through the cell. Thus OPV can benefit greatly from
plasmonic enhancement. Plasmonic enhancement uses metal nanostructures or films,
which make use of the plasmon resonance to increase the PCE of the OPV. There
are many ways which plasmonic enhancement of the cell can occur. By incorporating
metal nanoparticles into the active layer of the cell, the field is enhanced in the ab-
sorbing material surrounding the metal nanoparticles. This field enhancement results
in a large increase in absorption at and nearby the plasmon resonance. Larger metal
nanoparticles can also be included near the front and rear contacts to increase light
scattering into the active layer. This also increases the path length of light in the
active layer which increases absorption. The increase in path length comes from the
increase in high angle light due to scattering in the presence of the metal nanoparti-
cles. Without the nanoparticles, the light path would not bend and would take a short
path through the active layer through the back contact. Lastly, erbium upconversion

is another popular method of increasing the efficiency of solar cells. About half of
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the sunlight reaching a solar cell is below the band gap of silicon. OPVs typically
have even higher energy band gaps than silicon, so this is even more of a problem for
them. By adding erbium nanoparticles to a solar cell, much of this low energy light
can be converted into useful higher energy light which can be absorbed by the solar
cell. This process happens a number of ways, but the simplest is by absorption of
two 1520 nm photons in an erbium atom, which results in the 980 nm emission which
is then below the bandgap of silicon. Erbium upconversion is a promising method
of increasing the efficiency of the cell by making use of incident light that would be
otherwise just pass through the solar cell. Furthermore, this can be combined with

plasmonic enhancement of the cell by addition of gold nanoparticles.

3.5.3 Erbium Upconversion Enhancement

A recent work has shown the enhancement of erbium emission when placed in close
proximity to gold nanorods [1]. There was a significant bright mode enhancement,
and somewhat surprisingly, a dark mode enhancement of the emission was also noted.
This is surprising because the dark mode does not typically couple to radiation and
although there is an expected near-field enhancement, the far-field emission is not
expected to be enhanced. One way to explain this enhancement was that there were
multiple erbium emitters nearby to each gold nanorod, and that the emitters were
emitting at different times. Having multiple emitters nearby, but emitting at different

times could mean that the dark mode would be excited and the emitters would not
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destructively interfere with each other, so that there would be an overall enhancement
of the far-field signal at the dark mode. However, simulations were performed with
FDTD in which the time between emission for two dipoles at opposite ends, 10 nm
from the tip of a gold nanorod, was gradually changed, and there was no observed
change in the emission at the dark mode. It was noted that the Purcell factor for a
single dipole excited at the bright mode was about 1000 while the dark mode is about
200. This was interesting because in the experimental data, the bright mode and dark
mode emission enhancements are similar. In the simulations, the erbium atoms were
simply treated as dipole sources. However, erbium is much more complicated with a
variety of atomic levels that can absorb and emit. We then thought to explain this
enhancement of the dark mode radiation by solving the rate equations for an erbium
atom. It was possible that by enhancing the bright mode emission of erbium, this
could in turn also enhance the dark mode emission. Below is the model of the erbium

atom used, as well as the rate equations which were solved in steady state.
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Figure 3.11: The model used to solve the rate equation for the erbium atom. The
W’s represent spontaneous emission, the S’s are either 1520, or 1210 nm stimulated
emission and absorption, and the C’s are co-operative upconversion terms. The red
circles show which levels the co-operative upconversion process occurs.

dN,
d—to = WiNy + WaNy + WyNy + WsNs + SioNy + C1i N2 + Coy N2 (3.49)
dN1 2
T —WiNy + Wy Ny 4 So1Ng — S10N1 + S31 N3 — S13N;y + Syy Ny — S14Ny — 2C11 N
(3.50)

dN2 2
W = —W2N2 - W21N2 + W32N3 + S52N5 - 825N2 - QCQQNZ (351)
ng 2
o —W39 N3 + S13N1 — S31.N3 + S53 N5 — S35 N3 + C11 N} (3.52)
dN.
d—t“ = —WyNy + S14Ny — S Ny (3.53)
dN5 2
W = —W5N5 + SQ5N2 — S52N5 + 535N3 — S53N5 + 022N2 (354)

N = Ny+ Ny + Ny + N3+ Ny+ Nj (3.55)

Where W;; is the spontaneous decay rate from level ¢ to level j, Vo, Var, 15t and g
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are the radiative bright mode enhancement, radiative dark mode enhancement, bright
mode Purcell factor, and dark mode Purcell factors respectively. The factors vu.,Var,
Yy and 4 were found in FDTD simulations, and simulate the modification of the
atomic processes by the field enhancement from the presence of gold nanorods. The
bright mode occurs at 980 nm and the dark mode occurs at 650 nm, so any processes
occurring at these wavelengths were modified by the corresponding enhancement fac-
tor. Explicitly, W5, was modified by a factor of v;,., Wy, was modified by a factor of
Yar, Wo and Cay were modified by a factor of v,; and W, was modified by a factor of
~Yat- IN; is the number of electrons in level ¢, N is the concentration of erbium atoms
being pumped, and S;; is the rate of photons involved in the stimulated emission or
absorption processes. Spi, S13 and S35 are excited with 1520 nm illumination and Si4
and S5 are excited with 1210 nm illumination.

Table 3.3 shows the values of all of the coefficients needed to calculate the plasmon
enhancement factor from gold nanorods. The W, terms are the purely radiative
spontaneous decay rates. W, N; gives the number of 1520 nm photons emitted,
W,3N3 gives the number of 980 nm photons emitted, and W,,N, gives the number of
650 nm photons emitted.

As seen in Fig. 3.12 agree qualitatively in the behaviour of the levels between
theory and experiment for 1520 nm pumping. In particular, both the 650 nm and
980 nm emissions are linear in the case of only 1520 nm excitation. When there is dual

excitation, there is a second order dependence for 980 nm emission and a third order
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Figure 3.12: A comparison between the experimental results from [1] and the rate
equation model used here for 1520 nm excitation only, and simultaneous 1520 nm
and 1210 nm excitation. (a) Rate equation results for 1520 nm excitation. (b)
Experimental results for only 1520 nm excitation. (c¢) Rate equation results for 1520
and 1210 nm dual excitation. (d) Experimental results for 1520 and 1210 nm dual

excitation.

dependence for 650 nm emission, on the incident power in experiments. The rate
equations only predict a second order dependence on both the 980 nm and 650 nm
emission.

From Fig. 3.13 it is seen that the bright mode is expected to be enhanced by
a large factor of around 30, while the dark mode is actually reduced. This differs
significantly from the experimental results, where a 30 % enhancement at the dark
mode and only a 55 % enhancement at the bright mode is seen. With such a large

discrepancy it would be easy to conclude that the atomic model fails to explain the
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Figure 3.13: Enhancement of emission of erbium atoms due to the presence of gold
nanorods at the bright and dark modes.

dark field phenomenon, however this is not necessarily true. There are many values
in Table 3.3 and it is possible some of these differed in the experiments compared
to the values shown in the table. With enough adjustment of the coefficients it is
possible the same bright field and dark field emission enhancement is seen in theory
and experiment. Then if this is achieved, the next step would be to explain why the
coefficients differ in the experiments. More work needs to be done with the atomic

model theory for erbium to before it should be ruled out.

3.6 Conclusion

The basic theories pertaining to this thesis were covered in-depth in this chapter.
Rayleigh theory was used to calculate the absorption and scattering cross sections for

10 nm gold nanoparticles in P3HT and PMMA and it was found that P3HT had about
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half the linewidth as PMMA. Green theory was used to further investigate the reason
for this surprisingly narrow linewidth in a lossy medium. It was found that dispersion
in both the real and imaginary parts of the permittivity of the surrounding medium
plays a vital role in narrowing the linewidth. Lastly, in another research project, the
unexpected enhancement of far field radiation at the dark mode from erbium emitters
nearby gold nanorods was investigated. The theory hypothesizes that this dark mode
far field enhancement comes from an enhanced near field due to the gold nanorod
and enhancement of atomic transition rates in erbium that emit at the dark mode.
Though the calculations did not match well with experimental data, more work needs
before this theory should be rejected. There is a large parameter space that needs to

be explored before it can be said that the theory fails to explain experiment.
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Coefficient Value

W1 1e8

Wy 40000
Wy 500000
W 100000
W 5000
Wia 10000
Wy 10000
Wi, 121
W, 116
Wy, 1028
Vor 340

Ydr 11

Yat 940

Yot 236

S()l 6e — 21
SIO 6e — 21
Sis 6e — 21
531 6e — 21
Sg5 6e — 21
553 6e — 21
514 le — 21
Slz le — 21
Sas le — 21
S le — 21
011 de — 22
022 2e — 20

Table 3.3: These were the values of the coefficients in the rate equation used to
calculate the plasmonic enhancement factor at the bright and dark modes. The values
shown here are the coefficient values before modification from field enhancement of
the bright and dark modes.
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Chapter 4

Simulations

4.1 Gold Nanoparticle Scattering in P3HT

Scattering Monitor
Incident TFSF Source E,
Absorption Monitor

Local Field Enhancement

Gold
Nanoparticle

Surrounding Dielectric

Figure 4.1: 2D representation of the layout of the FDTD simulations used for this
work.

Figure 4.1 shows a schematic representation of a finite-difference time-domain

(FDTD) simulation for calculating the absorption and losses associated with a gold
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Figure 4.2: Cross Sections calculated from FDTD simulations. The black horizontal
double arrow lines show the full width at half the maximum of each of the peaks. (a)
The absorption cross sections of a single 10 nm gold sphere in P3HT and PMMA. (b)
The scattering cross sections of a single 10 nm gold sphere in P3HT and PMMA.
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nanoparticle in a (lossy) dielectric medium. A commercial package, Lumerical FDTD
version 8.21.1854, was used for these simulations. The simulation region consists of
a 10 nm diameter gold nanoparticle surrounded by a dielectric material. There is
a box of 2D power monitors of side length 17.5 nm to measure absorbed power, a
total-field scattered-field source (TFSF) with side length 25 nm and another box of
2D power monitors to measure the scattering with a 250 nm side length. The TFSF
source emits light in the range of 300 to 1000 nm. The TFSF source was injected
in the y-axis and polarized in the z-direction. The simulation used a time step of
0.002 fs and a 0.5 nm mesh was used within the TFSF region. The mesh refinement
type used was conformal variant 1 for faster convergence on the boundary of the
gold nanoparticle. Symmetric boundary conditions were used to significantly reduce
simulation time. The default 8 layer PML (perfectly matched layer) boundary was

used for the FDTD simulation boundaries.
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Figure 4.2 shows the cross section data for each of the FDTD simulations. Rayleigh
scattering theory and FDTD simulations yield similar cross sections for PMMA; how-
ever, for the lossy P3HT, they are different. The absorption cross section peak of gold
in PMMA and of gold in P3HT are comparable in magnitude when using Rayleigh
scattering theory, but in the FDTD simulations P3HT has an absorption cross section
peak that is three times larger than PMMA. The reason for this discrepancy is that
Rayleigh scattering theory and the simulations calculate the cross sections at differ-
ent positions relative to the nanoparticle, and these cross sections change for lossy
media. Rayleigh theory operates in the far-field regime while the simulations had
monitors relatively close to the nanoparticles and within what would be considered
the near-field regime. For a lossy medium, if the far-field has a comparable absorption
cross section to a non-lossy medium, then in the near-field region the electromagnetic
field must be larger in the lossy medium. This is because the fields are being re-
duced in magnitude by absorption in the medium as they propagate, so if they end
at similar magnitudes, they must have started off larger in the lossy medium, and so
there is more absorption in the near-field compared to the far-field for lossy media.
It was recently found by Khlebtsov that the magnitude of the electric field of gold
nanoparticles in P3HT is much larger than for PMMA nearby the gold nanoparti-
cles [169]. Rayleigh scattering theory also predicts scattering cross section peaks for
gold in PMMA and gold in P3HT that are similar in magnitude. In the FDTD simu-

lations, the P3HT scattering cross section peak is an order of magnitude larger than
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the PMMA scattering cross section peak. The large shoulder from 500 to 600 nm in
the absorption cross section is accounted for by the absorption of P3HT surrounding
the gold, as this region of the spectrum is where P3HT is strongly absorbing. This
was verified with a simulation where the absorption monitor and TFSF source had
their dimensions reduced, resulting in a reduction in the shoulder.

An interesting result from the FDTD simulations is the large scattering peak of
gold and P3HT. In general, it is expected that absorption dominates the scattering
process for small particles. This is considered in photovoltaics where larger nanopar-
ticles are used to scatter light to increase the optical path length within the device,
whereas smaller nanoparticles directly enhance absorption of light in the device [156].

Egs. (3.32)- (3.34) quantify this phenomenon;

Cabs X a3 (41)

Cleat < a®. (4.2)

For 10 nm gold in P3HT, the scattering cross section is still an order of magnitude
lower than the absorption cross section. It seems possible that for a metal-dielectric
composite with a large enough scattering peak, there may not be an absorption dom-
inant regime for wavelengths near the plasmon peak. Having small particles which
both absorb and scatter effectively could be useful in solar cell applications, where

the particles would increase the optical path and light absorption simultaneously.
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Apart from the large magnitude of scattering, there was also a significant narrow-
ing of the linewidth for gold in P3HT. This linewidth narrowing was unexpected as
lossy materials typically broaden plasmon linewidths. Some sense can be made by con-
sidering how material dispersion can affect the plasmon peak. Figure 3.2 shows that
gold is very dispersive for wavelengths larger than 500 nm, P3HT is dispersive from
300 to 650 nm and PMMA is effectively non-dispersive. The large dispersion in both
P3HT and gold leads to rapid variations in the Clausius-Mossotti factor and thereby
result in narrower plasmon peaks. The numerator of Eq. (3.35) is often ignored, but
for small resonance linewidths this term can become significant. For the ideal narrow
cross section, the dispersion of the nanoparticle and surrounding medium would be
such that moving off resonance would result in changing the Clausius-Mossotti from
the maximum directly to a minimum. Minima in both scattering and absorption
cross sections exist when the Clausius-Mossotti factor is 0. So, if for some combina-
tion of nanoparticle and surrounding medium €;(A;) & €5(A1) then the permitivitties
move towards €;(Ag) &~ —2e(\y) and then again the permitivitties move back to
€1(A3) = €2(A3) in a short wavelength span A\ = A3 — Ay, then the dispersion of each
of the materials is serving to narrow the plasmon linewidth. In general, larger mate-
rial dispersion means the Clausius-Mossotti maximum is swept through in a reduced
wavelength range and the result is a narrower plasmon resonance.

These FDTD simulations show that a lossy medium surrounding a metal nanopar-

ticle can narrow the plasmon resonance as well as increase the magnitude of the peak.
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The observed peak narrowing agreed with calculations using Rayleigh scattering the-
ory; however, the latter is not suitable for obtaining accurate results when considering
lossy media, and underestimates the peak narrowing and magnitude enhancement.
The extinction cross section is more suitable to compare, and using the extinction
cross section as seen in the theory chapter, Eq. (3.37),there is good agreement between
the theory and the simulations still. The simulations agree well with the quasistatic
response, as shown in Fig. (3.3) when there is no loss in the surrounding material,

but the results differ for the lossy P3HT.
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Figure 4.3: FDTD numerical simulation data. (a) A schematic of the FDTD simula-
tion. The blue box is a 120 nm thick layer of PMMA, with a 20 nm diameter gold
nanoparticle in the center. The large orange box is the simulation region, the small
pink box is the TFSF source and it is contained in the blue box and contains the
gold nanoparticle. The yellow square is the field monitor where the scattered field
was measured. (b) Scattering cross section calculated with FDTD from a 20 nm gold
nanoparticle in a 120 nm thick PMMA layer and a 120 nm thick P3HT layer.

Lumerical version (8.20.1731) was used to perform further FDTD calculations.
The goal of these calculations was to simulate a scattering signal that would be com-

pared to actual dark field scattering measurements. Figure 4.3 (a) shows a schematic
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of the simulations. A total-field scattered-field (TFSF) source was used with a 50 nm
side length which illuminated the sample at an angle of 30°. The angle was important
because most dark field microscopes have an angled source so that the transmitted
light is not collected, and only scattered light is measured/imaged. The wavelength
range of the source was 400-800 nm. The sample was modeled by a 20 nm gold
nanoparticle at the center of a 120 nm thick rectangle of P3HT or PMMA, which
extended through the simulation boundaries. PMLs boundaries were used and were
16 layers thick to more effectively absorb high angle scattered light. The simulation
region was a 1000 nm cube. A single power monitor was placed outside the sample
and the TFSF region to measure the scattered power. The gold permittivity used
in the simulations was fitted to Johnson and Christy data [146], the P3HT permit-
tivity was fitted to experimental data collected from the McGehee Stanford research
group [190], and the PMMA permittivity was 2.25. Convergence of all simulations
was checked by gradually decreasing the mesh size. The simulations for the data
shown in Fig. 4.3 (b) used a 1 nm mesh in the gold nanoparticle region and a 3 nm
mesh in the surrounding medium.

Figure 4.3 (b) shows the results of the FDTD simulations for the scattering cross
section of 20 nm gold nanoparticles encased in a 120 nm layer of PMMA and P3HT.
Comparing Fig. 4.2 (b) for 10 nm particles and Fig. 4.3 (b) for 20 nm showed that the
20 nm particles simulations resulted in broader linewidths for both PMMA and P3HT

layers. Both simulations agreed that the linewidth of gold nanoparticles in P3HT is
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half of those in PMMA. There were a few differences in how the simulations were per-
formed which affect the measured linewidth and the size of the particle was only one
of these factors. How the size of a nanoparticle changes the plasmon resonance is well
known already from Mie theory, and so there was no need to investigate this with the
simulations. In the simulations done for the 20 nm particle, most of the transmitted
light did not go through the scattering monitor, similarly to how a dark field micro-
scope measures only the scattered light. This is why the magnitude of the scattering
signal is much smaller for the 20 nm simulation compared to the 10 nm simulation
(Fig. 4.2). In the 10 nm simulation, a box of transmission monitors captures all of
the scattered and transmitted light, whereas only a single monitor captures some of
the forward scattered light for the 20 nm simulations. This is comparable to how a
collective objective would gather a large amount of the forward scattered light to be
detected with a camera or spectrometer in a dark field microscope. Simulations were
done with different film thicknesses to show that the thickness of the film did not

change the plasmon peak appreciably (see Appendix A.3).

4.2 Nanorod Emission Enhancement

Figure 4.4 shows the schematic of the FDTD simulations performed to find the emis-
sion enhancement an erbium nanoparticle would experience near a gold nanorod. A

simple staircase mesh was used with a mesh size of 1 nm. A Dipole source was used
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Figure 4.4: Schematic of the FDTD simulation. The orange box is the simulation
boundaries, the yellow boxes are transmission monitors. There are two transmission
boxes, one is small and surrounds only the dipole source, and the other is nearly as
large as the simulation region, and surrounds both the dipole source and the gold
nanorod. The dipole source was placed 10 nm from the tip of the gold nanorod and
used an incident wavelength of 300-1500 nm.

to model the erbium emitter, which was placed 10 nm from tip of a gold nanorod
and emitted from 300-1500 nm. The gold nanorods in the simulations used the same
dimensions as the BBI solutions nanorods which were used in experimental mea-
surements [1]. The nanorods were 119 nm long and 25 nm in diameter. The gold
permittivity used for the nanorod was taken from Palik. FDTD boundaries were
PML and symmetric boundary conditions were used on the x and y boundaries to
drastically reduce simulation time. A field monitor was used to measure the field
inside and nearby to the gold nanorod, while a 15 nm box of transmission monitors
centered around the dipole measured the Purcell enhancement, and a 240 nm box of
transmission monitors surrounding both the nanorod and the dipole source measured
the radiative emission.

Figures 4.5 (a) and (b) show the bright and dark modes of the gold nanorods. The
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Figure 4.5: Field profiles of the bright and dark modes of the gold nanorods used in
experiments. (a) Bright mode at 980 nm. (b) Dark mode at 600 nm.

dimensions of the gold nanorods were set from the gold nanorods used in experiments,
which had a bright mode at 980 nm. The field profile clearly shows the excitation of
the bright mode of the gold nanorod at 980 nm. The dark mode at 600 nm is also

excited by the dipole source.
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Figure 4.6: FDTD simulation results for the radiative and Purcell Enhancement
factors of a dipole source nearby a gold nanorod. (a) Radiative enhancement factor.
(b) Purcell Factor.

Figures 4.6 (a) and (b) show the radiative and Purcell enhancement factors. The

radiative enhancement factor was found by measuring the scattered power with a
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box of transmission monitors surrounding the nanorod and dipole source. Similarly,
the Purcell factor was found by measuring the transmission through a small box of
transmission monitors enclosing only the dipole source. Both of these were normalized
by the incident power the dipole source would radiate, without the gold nanorod
present, to find the enhancement factors. As expected with a dark mode, the radiative
enhancement factor is small because dark modes do not easily couple to radiation.
The radiative enhancement factor is 11 for the dark mode compared to 300 for the
bright mode. The Purcell factor for the dark mode is 225 and the Bright mode is
900. These values were used in the theoretical calculations for the rate equations for

the erbium atom.

4.3 Conclusion

Two sets of simulations using Lumerical FDTD were performed with one set more
focused on matching Rayleigh theory calculations and the other tailored towards
experiments that will be covered in the next chapter. All of the simulations show
a significantly narrower peak for gold in P3HT than for gold in PMMA matching
with the predictions of Rayleigh theory. Simulations in Lumerical FDTD were also
performed for the erbium dark mode enhancement project and both the Purcell and
radiative enhancement factors were calculated. These values were used in the theory

to calculate the dark mode emission enhancement factor.
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Chapter 5

Experiments

5.1 Sample Preparation

Experiments were designed with the hopes of measuring some interesting properties
of the scattering cross section for gold nanoparticles in a lossy dispersive medium.
The samples consisted of gold nanoparticles encased in a thin layer of either P3HT
or PMMA. P3HT was used as the lossy dispersive material, as an unusually narrow
linewidth and large magnitude plasmon peak were predicted [191]. The non-lossy,
non-dispersive PMMA was used as a control. The scattering cross section of each
sample would be measured with a dark field microscope.

Figure 5.1 (a)-(d) shows how the samples were made. First a bottom layer of
material (either P3HT or PMMA) was spin coated onto a clean glass slide, then

gold nanoparticles were drop coated with a micropipette on top of the bottom layer.
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Figure 5.1: (a)-(d) Sample Preparation. (a) Spin coat bottom layer. (b) Drop coat
gold nanoparticles. (c) Spin coat top layer. (d) Gold nanoparticles encased in thin
layer of surrounding material.

Clean glass slides were prepared by sonication in an ethanol bath for 10 minutes,
then sonication in an acetone bath for 10 minutes. The 50uL. drops were heated on
a hot plate for 10 minutes until the drops evaporated, leaving a small area of gold
nanoparticles on the surface of the sample. Finally, the top layer of material was
spin coated on the sample. The result was nanoparticles encased within a thin layer
of the spin coated material. The PMMA solution used was 4% PMMA in anisole.
The P3HT used in this experiment was 90% regioregular P3HT from Rieke metals
(4002-EE).

A 12 mg/mL P3HT:toluene solution was mixed together in a nitrogen atmosphere
glovebox to prevent the degradation of the PSHT, and was spin-coated at 3500 RPM,
with 10 s acceleration and deceleration time, and 20 s spin time to form a 120 nm

thick layer [192]. P3HT forms a mixture in toluene and to dissolve it, solutions
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were placed on a hot plate at 75°C for two hours and stirred with a stir bar until
they became a bright orange color. The dissolved solutions were then filtered with
a 0.2 pum filter to remove any P3HT macromolecules and impurities. The resulting
solution was spin coated immediately upon removal from the hot plate to prevent
the P3HT from polymerizing in the toluene. If allowed to polymerize, the solution
changed from orange to dark purple and was much more viscous, altering the spin
coating properties.

P3HT can form both J-aggregate and H-aggregate structures [42, 193, 194|, which
have characteristically narrow scattering peaks. The spin coated layers consisting of
P3HT in the samples were neither J- nor H-aggregates as these narrow peaks were

not observed in samples of P3HT alone (see Appendix A.6).

5.2 Measurements

Figure 5.2: 20 nm spherical gold nanoparticles drop coated on a glass slide and imaged
with a CytoViva dark field microscope.

Figure 5.2 shows a typical dark field microscope image of 20 nm gold nanoparticles
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drop coated onto a clean glass slide. The commercially available CytoViva dark field
microscope was used to measure the scattering cross section of gold nanoparticles.
This microscope has a 1 nm spectral resolution and was used to measure the scattering
spectra of gold nanoparticles in the spectral range of 400-1000 nm. This microscope
can be used to see gold nanoparticles as small as 10 nm in diameter. The samples
measured were gold nanoparticles on a clean glass slide with either no coating, or

coated in PMMA or P3HT.
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Figure 5.4: TEM images of gold nanoparticles. (a) 20 nm gold nanoparticles. (b)
60 nm gold nanoparticles. (¢) 100 nm gold nanoparticles.

Figure 5.3 shows the CytoViva dark field image of 10 nm gold nanoparticles in
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PMMA. There is a ring of gold, condensed together due to the coffee ring effect [195].
Beneath the ring of gold is salt, used in the gold nanoparticle solution to prevent
agglomeration. At first, 10 nm gold nanoparticles were used, since the initial calcula-
tions and simulations were for 10 nm gold nanoparticles. However, individual 10 nm
particles were harder to see in the microscope than larger nanoparticles. Also, the
scattering cross section scales with the volume of the particle squared, so the exposure
time was much longer for individual 10 nm particles, and measurements would take
a long time. Figures 5.4 (a) - (¢) show TEM images of the nanoparticles used in this
experiment. 20 nm and 60 nm nanoparticles from BBI solutions and 100 nm gold
nanoparticles from Cytodiagnostics, all capped with citrate and dispersed in water,

were used in the dark field scattering measurements.

Figure 5.5: 20 nm gold nanoparticles.

Figures 5.5 - 5.7 show the dark field images of different sizes of gold nanoparticles
on glass. There was a significant amount of phosphate-buffered saline (PBS) salt in
the Cytodiagnostics 100 nm nanoparticle solutions, and so the 100 nm particles were

not used in experiments with PMMA and P3HT. Although salt was present in the 20
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Figure 5.6: 60 nm gold nanoparticles.

Figure 5.7: 100 nm gold nanoparticles.
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Figure 5.8: Individual 20 nm gold nanoparticle spectrum.

and 60 nm solutions as well, there was not as much, and so there were always at least a
few areas on the sample where there individual gold nanoparticles could be measured
accurately. Figures 5.8-5.10 show the dark field scattering spectrum of individual

20, 60 and 100 nm gold nanoparticles. For all CytoViva dark field measurements,
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Figure 5.9: Individual 60 nm gold nanoparticle spectrum.
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Figure 5.10: Individual 100 nm gold nanoparticle spectrum.
the spectra of a single isolated nanoparticle was measured and normalized to the
incident white light source. The linewidth of the 20 nm particles was unusually
broad. There are two factors that could explain this broadening. First, there is
surface scattering, which becomes a significant linewidth broadening mechanism for
small particles. Secondly, the scattered light signal was weak for 20 nm particles,
and so did not separate well from the noise. This also made measuring the location
of the peak less accurate, which explains why the peak for 20 nm particles are more
red-shifted than for larger particles. The 60 nm and 100 nm particles show more

expected behaviour, with comparable linewidths and a red-shift in the peak for the
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larger particles.

Figure 5.11: 20 nm gold nanoparticles in PMMA.

Figure 5.12: 60 nm gold nanoparticles in PMMA.
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Figure 5.13: Individual 20 nm gold in PMMA spectrum.

Figures 5.11 and 5.12 show the dark field images of 20 and 60 nm gold nanopar-

ticles in a 100 nm thick layer of PMMA. The thickness of PMMA does not affect the
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Figure 5.14: Individual 60 nm gold in PMMA spectrum.

scattering spectrum of individual nanoparticles as PMMA is not lossy. There is no
attenuation of the scattered light signal as it propagates from the nanoparticles to the
camera. Figures 5.13 and 5.14 show the spectrum of the scattered light for isolated
20 and 60 nm nanoparticles in 100 nm thick PMMA. Again, the 20 nm particles show
a large broadening of the peak for the same reasons as stated for the case without the
PMMA layer. By comparing the data from 20 and 60 nm particles with and without
PMMA, the inclusion of PMMA narrows linewidths. This is because increasing the
index of refraction of the surrounding environment narrows linewidths for noble metal
nanoparticles [87]. A small red-shift was expected by adding PMMA, but this was
not observed in experiments.

Figures 5.15 and 5.16 show the dark field images of 20 and 60 nm gold nanoparti-
cles in a 120 nm thick layer of PSHT. The thickness of P3HT did change the scattering
spectrum of individual nanoparticles. 120 nm was found to be a good thickness for
accurate dark field measurements. When layers were much thinner than this, there

were large regions of the sample where the PSHT was sparse and was not a smooth,
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Figure 5.15: 20 nm gold nanoparticles in P3HT.

Figure 5.16: 60 nm gold nanoparticles in P3HT.

Figure 5.17: A 20 nm layer of P3HT. The layer is no longer uniform. The optical
properties are different from those of thicker layers because when the P3HT molecules
are this spread, they cannot form a j-aggregate structure.

uniform layer, as seen in Fig. 5.17. If the P3HT layer was much thicker than this,
there would be a dominant red fluorescent signal from the P3HT layer which would

make it hard to see and measure individual gold nanoparticles, as seen in Fig. 5.18.
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Figure 5.18: A 240 nm layer of P3HT. The fluorescence dominates the scattering
signal and gold nanoparticles become difficult to see.
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Figure 5.19: Individual 20 nm gold in P3HT spectrum.
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Figure 5.20: Individual 60 nm gold in P3HT spectrum.

Figures 5.19 and 5.20 show the spectra of the scattered light for isolated 20 and 60 nm
nanoparticles in 120 nm P3HT. The P3HT significantly red-shifts the peak to around

640 nm, agreeing with the theoretical predictions. Once again, the 20 nm particles



119

have a wider linewidth. There is a very narrow 58 nm linewidth seen for the 60 nm

gold particles in P3HT.

Figure 5.21: Change in spectra across a single isolated 60 nm nanoparticle.
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Figure 5.22: Measured scattering spectrum at different points for the above individual
60 nm nanoparticle.

The CytoViva dark field microscope had an issue with measuring spectra, which
lead to an artificial broadening of linewidths. Figures 5.21and 5.22 show this problem.
For a single nanoparticle, the spectrum measured at each point near the nanoparticle
is expected to change in magnitude, but the shape and linewidth should be very sim-
ilar. However, this was not seen in the CytoViva dark field measurements. CytoViva
was contacted about this issue and they mentioned this problem was rare and they

had seen this before, but it was not known what caused this problem or how to fix the
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issue. Thus, the conclusions drawn from the scattering data should be taken quali-
tatively rather than quantitatively. However, analyzing the data for 60 nm particles
shows that P3HT has a linewidth of 58 nm and PMMA has a linewidth of 86 nm
and so P3HT has a linewidth close to two thirds that of PMMA. The theories and
simulations predicted that the linewidth for P3HT should be closer to half that for
PMMA. The theories and simulations do not take into account the fluorescence of
P3HT which absorbs at 550 nm and emits near the plasmon peak around 650 nm and
would cause significant linewidth broadening, and this could explain the difference
between the CytoViva measurements and the theories and simulations. What can be
concluded from the data is that both 20 nm and 60 nm gold nanoparticles in P3HT

have a narrower linewidth than in PMMA, agreeing qualitatively with theory.
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Figure 5.23: Schematic of the AOTF dark field microscope.

Due to the inability of the commercial dark field microscope to accurately measure
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linewidth, a separate dark field microscope was constructed. The schematic of the
microscope is seen in Fig. 5.23. A supercontinuum laser (Fianium Supercontinuum
SC450) emitted a broad range of wavelengths from 350 to 850 nm, while an acousto-
optic tuneable filter (Fianium AOTF-DUAL) blocked most of the incident light and
acted as a tuneable narrowband filter. The result was a narrow 2-4 nm bandwidth
laser beam at any desired wavelength within the range of 450 to 750 nm. The output
power would vary greatly from 450-500 nm and 700-750 nm, so the wavelength range
of measurements was shortened so that the power did not need to be adjusted between
measurements. A sweep of the incident wavelength from 500 to 700 nm was performed
in 5 nm intervals to measure the scattering cross section for each sample.

The AOTF dark field setup used a reflective objective lens (Thorlabs LMM-40x-
P01, 40x magnification, 0.5 numerical aperture) which emitted light in a cone with
an apex angle of 60° to illuminate the sample. The advantage of this lens is there
is no dispersion and so no chromatic aberration, as the lens is reflective rather than
refractive. This allows for the full range of light from 500-700 nm to follow the same
optical path through the lens for better focusing. The scattered light was gathered by
a collection objective lens with 7x magnification and 0.2 numerical aperture (NA).
The low NA did not transmit the high angle incident light from the source, and only
the scattered light from 0° to 12° was transmitted. A Thorlabs Quantalux sCMOS
(scientific complementary metal-oxide—semiconductor) camera was used to detect this

scattered light. As all light reaching the detector was scattered light, the scattered
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power was calculated by integrating the counts over every pixel of the detector for
each individual incident wavelength used.

The same samples used for the CytoViva measurements were used in the con-
structed AOTF dark field microscope. Only 20 nm particles were used because the
CytoViva showed that measuring 10 nm particles proved to be difficult due to their
low scattering signal. Although 60 nm have a narrower linewidth, a lot of the theory
was based around small 10 nm particles. 20 nm particles were used, under the as-
sumption they would produce similar results to 10 nm particles while being easier to
measure. The gold nanoparticles had a 600 nm average inter-particle distance upon
drop coating onto a glass slide and they were randomly distributed on the surface,
except near the edge of the drop, where they would be highly concentrated due to
the coffee ring effect [195]. By moving the beam near and away from the edge of the
drop, there will be more or less scattering, depending on how many gold particles are
in focus. Unlike the CytoViva microscope, the AOTF dark field microscope measured
the scattering of many gold nanoparticles in the illuminated area on the sample. This
made comparison of the magnitude of the plasmon peaks between different samples,
and even different areas of the same sample difficult. The AOTF dark field measure-
ments were performed to find the position of the plasmon peak and the linewidth of
the plasmon peak for different samples.

Figure 5.24 (a) shows the scattered power of 20 nm gold nanoparticles in PMMA

and Fig. 5.24 (b) shows the scattered power of 20 nm gold nanoparticles in P3HT
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Figure 5.24: Scattering data collected from the AOTF dark field microscope. The
circles on the plots correspond to measured scattering data and occur in 5 nm steps.
The position of the plasmon peak and the FWHM are displayed on each plot. (a)
Scattered power of 20 nm gold nanoparticles in PMMA. (b) Scattered power of 20 nm
gold nanoparticles in P3HT.

obtained with the AOTF dark field microscope. The effect of fluorescence of P3HT
was greatly reduced in the AOTF setup by looking at areas with a higher concen-
tration of gold nanoparticles, which would increase the ratio of plasmon peak signal
to background fluorescence. Additionally, with the narrow 2-4 nm bandwidth of the
source, there was much less excitation of fluorescence, compared to the 400-1000 nm
incident white light of the CytoViva. The absorption peak occurs for P3HT around
550 nm so it is likely that the small peak seen in Fig. 5.24 (b) at 550 nm is from the
increased fluorescence signal from this absorption peak. A narrow 27 nm (80 meV)
plasmon linewidth was measured in dark field scattering experiments using 20 nm
gold nanoparticles in lossy and dispersive P3HT. This linewidth was less than half
the measured linewidth of 60 nm (220 meV) for gold nanoparticles in non-lossy, non-

dispersive PMMA. This agrees qualitatively with the theoretical predictions. The
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experimental linewidth was surprisingly narrower than both the FDTD simulations
and the Green theory. In the Green theory, the source used to excite the gold nanopar-
ticle was a dipole and not a plane wave. A nearby dipole might couple to the dipole
mode of the gold nanoparticle more than an incident plane wave. The dipolar mode
is the broadest mode, and so this difference in the coupling of modes between the
dipole and plane wave sources could explain why the Green theory results have a
broader linewidth than experiments. As for the simulations, one possible explanation
for this difference in linewidths is the difference in the area over which the scattered
light was measured. In simulations, the monitor used to measure the scattered power
collected the light over a large solid angle. In the experiments, the collective objec-
tive is relatively far from the source and had a small aperture resulting in scattered
light collected over a smaller solid angle. It is typical for scattering spectrum to vary
with the scattering angle and so collecting over a larger area would expectedly re-
sult in a broadened spectrum. Thus, the dark field scattering experimental results
verify the narrow linewidth theorized previously [191]. In contrast to past works
claiming that losses must be reduced in plasmonic systems when small linewidths are
desired [10, 158, 159, 107, 106, 160], by embedding gold nanoparticles in the lossy
and dispersive P3HT, the linewidth was surprisingly reduced. With the theory ver-
ified by the experiment, it is concluded that the narrow plasmon peak exhibited by
gold nanoparticles in P3HT is attributed to the large dispersion in both the real and

imaginary parts of the permittivity for P3HT as well as the large magnitude of the
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real part and relatively low loss at the plasmon peak.

5.3 Conclusion

Dark field experiments using both a CytoViva commercial dark field microscope setup
and a constructed AOTF tuneable laser dark field setup were conducted to measure
the scattering signal of 20 nm gold nanoparticles in PMMA and P3HT. Much broader
linewidths were measured in the CytoViva microscope due to an unresolved techni-
cal issue, however it was found that in general the linewidths measured for P3HT
samples was narrower than those for PMMA samples. Also, fluorescence played a
significant role in broadening linewidths for PSHT samples in this setup. The AOTF
setup minimized fluorescence by exciting with a narrowband source and a remarkably
narrow 27 nm linewidth was measured for gold in P3HT samples. Again, this was
much narrower than the 60 nm linewidth measured for gold in PMMA. Thus the

experiments verified the predictions of the theory and the simulations.
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Chapter 6

Conclusions

6.1 Conclusions

Method PMMA Linewidth P3HT Linewidth
Rayleigh theory 50 nm 35 nm
Mie theory (extinction) 50 nm 43 nm
Green theory 58 nm 35 nm
FDTD simulations 58 nm 42 nm
AOTF dark field 60 nm 27 nm

Table 6.1: Linewidths calculated for 20 nm gold nanoparticles in PMMA and P3HT
for each different method used in this thesis.

The main result of this thesis is that lossy media can narrow linewidths. This
conclusion was reached with Rayleigh theory, Mie theory, Green theory, FDTD simu-
lations, and dark field scattering experiments, and has recently been verified indepen-
dently using a Mie theory approach [169]. Table 6.1 summarizes the results of each

of the different methods stated above. The linewidth of P3HT is consistently much
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smaller than that of PMMA and this surprising result was found to be attributed to
the large dispersion of P3HT. The effect dispersion had on narrowing the linewidth
was clarified with a Green theory analysis, and it was found a strong wavelength
dependence for the real and imaginary parts of the permittivity each can narrow the
linewidth significantly.

The initial motivation for researching the optical properties of gold nanoparticles
in PSHT was to create plasmonic enhanced P3HT OPVs. In this case the narrow
absorption cross section of gold in P3HT was detrimental and much of the solar
spectrum is not absorbed in these cells. However, another project relating to the
advancement of solar cells was undertaken and a theory was developed to explain
past experimental results [1]. It was hypothesized that the dark field enhancement
seen from gold nanorods near erbium emitters was due to a saturation of 980 nm
emission, which results in a population inversion more favourable to emitting 650 nm
light [1]. In FDTD simulations where the erbium atom is modelled by a dipole, this
behaviour is not seen, and there is minimal far-field enhancement of the dark mode
compared to the bright mode. More work needs to be done with this theory in order

to prove its validity.
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6.2 Comparisons

Compared to the plethora of works relating to plasmonic in non-lossy media, there
has not been much effort in understanding the roles of loss and dispersion in relation
to the plasmon linewidth, and usually these phenomena are considered separately
if at all. This is likely because of the popular belief that loss should be avoided in
plasmonics [106, 107] and so it would be unexpected to improve a plasmonic device by
adding loss to the system by means of encapsulation by a strongly absorbing material.
There have been many works concerned with finding the correct formulas to describe
scattering of particles in lossy media [133, 134, 136, 138, 139, 160], but none considered
how plasmon resonances were affected. During my PhD at the University of Victoria,
under the guidance of my supervisors Professor Reuven Gordon and Professor Alex
Brolo, I have published two works based on plasmonics in dispersive lossy media. The
first work was a theoretical work which discovered that a plasmon resonance peak
could be narrowed in a lossy dispersive medium [191], and the second work involved
experiments and further theoretical developments to both verify and understand the
results of the first work [166]. Professor Stephen Hughes and Dr. Juanjuan Ren
developed the theory and provided working code to calculate the scattering cross
section of metal nanoparticles in lossy dispersive media [166]. It seems these works
sparked some interest in the nanophotonics community as there have already been

two works after our publications which analyzed plasmonic resonances in lossy media.
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It has been shown that adding a strongly absorbing medium broadens linewidths,
but these works analyzed only materials with constant loss and ignored disper-
sion [133, 138, 160]. The presence of dispersion can drastically change a plasmon
resonance, and was shown to be the reason for the linewidth narrowing for 20 nm
gold nanoparticles in P3HT. Lossy materials have been avoided in plasmonics, and
here it has been shown that they can achieve desirable qualities for nanoplasmonic
devices. This opens up a world of possible materials to use in plasmonic devices that
would likely have remained ignored before, potentially leading to new and improved
plasmonic devices.

Candidates other than P3HT for plasmonic dispersive lossy materials were ana-
lyzed with Green theory calculations with the hopes of finding even narrower plasmon
peaks. Five perovskites which had different permittivities over the range of wave-
lengths from 500-700 nm were investigated. The linewidths calculated for each of
these were about double that of PSHT. Although these materials were dispersive, it
was found that the dispersion has to be near the plasmon peak to be most effective in
narrowing the linewidth. This complicates finding a lossy dispersive material which
generates a narrow linewidth; having a lossy dispersive material does not ensure a
narrow linewidth. With the understanding of how dispersion can narrow linewidths
discussed in this thesis, it seems possible to predict which materials may yield narrow
linewidths in plasmonic systems. If we are interested in gold for its stability and large

negative permittivity, then we would want to look at plasmonic peaks outside of the
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interband transitions of gold. Then we would want the plasmon resonance peak to
be roughly between 500 and 800 nm for optical devices. As the negative permittivity
of gold goes from -2 to -27 in this range, this means that the real permittivity of the
surrounding medium in question must be between 1 and 13.5 to satisfy the Frohlich
condition in this wavelength region, which means most media will produce a plasmon
peak in this region. If the material has a dispersive real permittivity that would
be ideal to narrow the linewidth even further. Assuming this material is lossy, it is
necessary to have dispersion in the loss, or else it would produce a broad peak. Then
wherever the plasmon peak occurs, that is where the dispersion in the imaginary
permittivity should be most significant. For example, if there was a semiconducting
material that, when surrounding gold nanoparticles resulted in a plasmon peak at
700 nm, a sharp band edge at 700 nm would be ideal for minimizing the linewidth.
The sharper the band edge the narrower the plasmon peak should be. As constant
loss does broaden linewidths, the material would ideally become transparent nearby
the plasmon peak, and a sharp band edge material would have this property as well.
Although they may be difficult to find, it seems likely other combinations of metals
and lossy, dispersive media which will generate narrower linewidths than those seen
for P3HT.

The results of theory and experiment in this thesis on linewidths in nanoplas-
monics sparked some interest in the community. Mishchenko and Dlugach explicitly

showed with theoretical calculations that constant loss in the surrounding medium
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greatly broadened linewidths which agreed with our findings on constant loss [160].
However they did not look at the case of dispersive lossy media, where, as was
shown here, the linewidth can be significantly narrower than for a non-lossy medium.
Khlebtsov created a theory for scattering in lossy media which predicted linewidths
for gold in P3HT and PMMA that agreed well with our results [169]. He calculated
a linewidth of 33.6 nm for the extinction cross section of 10 nm gold in P3HT and
53.8 nm for PMMA [169]. Furthermore he showed that the scattering cross section
scales differently for lossy and non-lossy media. For a lossy medium the scattering
cross section scales with the inverse of the size parameter (r = kan, where k is the
real part of the complex wave number in the absorbing medium, a is the radius of
the nanoparticle and n is the complex index of refraction in the absorbing medium)
while for non-lossy media it scales with the inverse of the fourth power of the size
parameter. He also showed, using his theory, that the scattering cross section can be
larger in magnitude for lossy media than for non-lossy media, which is a surprising re-
sult. Khlebtsov found that for small particles (below 50 nm) increasing the loss of the
surrounding medium increased the magnitude of the scattering peak in the near field.
He also discovered that surprisingly, the results of Rayleigh theory did not differ much
from his improved electrostatic approximation. Even though Rayleigh theory should
not apply in the case of lossy surrounding media, he showed that even for a mate-
rial as strongly absorbing as P3HT the predictions of Rayleigh theory were accurate

for nanoparticles as large as 50 nm. Another recent work of Khlebtsov studied non-
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spherical nanoparticles in P3HT to show a further reduction in the linewidth [196].
He investigated gold and silver nanorods and nanodisks in a variety of lossy media.
The reduction in linewidth observed between spherical and non-spherical particles in
lossy media is expected since it is known that spheres have broader linewidths than
any other shape of nanoparticle for non-lossy media. Khlebtsov calculated exception-
ally narrow linewidths in the range of 14-20 nm for these non-spherical nanoparticles
in lossy media.

The nanophotonics community is still making progress in understanding scattering
in lossy non-dispersive media. Recently, Zhai et al. and Dong et al. have published pa-
pers that analyzed the scattering and extinction cross sections in lossy non-dispersive
media. [197, 198]. They compared the scattering and extinction cross sections of
standard Mie theory and a Mie theory modified for use in lossy media [199, 200]. The
difference between the cross sections for Mie theory and the modified Mie theory for
lossy media was very small; only about 1%. Their results showed that neglecting loss
affects the scattering cross section more than the extinction cross section. Dong et al.
applied the discrete dipole approximation (DDA) to plasmonics in lossy media and
compared the results to a Mie theory adapted for lossy media [198]. In this work,
they used non-lossy particles to focus on how the loss of the medium affected the cross
sections, although their DDA theory can be applied for the case of a lossy particle as
well. The DDA agreed with the modified Mie theory very well for small particle sizes,

but this agreement gradually became worse for larger particle sizes. Regardless, the
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DDA method they developed will certainly serve as a useful tool to analyze plasmonic

lossy media.

6.3 Future Work

Lossy and dispersive plasmonic media have some potential applications in nanotech-
nology. One idea is to combine loss and gain media to make a nanolaser; a dispersive
lossy material with embedded metal nanoparticles could be used to generate a narrow
scattering response, while a surrounding gain media could increase the power scat-
tered at the peak wavelength. Dispersive lossy materials may also see applications in
SPR sensing where a narrow linewidth is desirable, and allows for greater multiplex-
ing within a given bandwidth [201, 202, 203]. Another idea is to use nano-engineered
materials that can have their permittivities adjusted, such as photonic bandgaps or
liquid crystals. The permittivities of photonic bandgaps can be greatly altered by
changing the dimensions of the devices. They also have large dispersion, which is
important for narrow linewidths. The permittivities of liquid crystals can be changed
in real time by applying a voltage. In particular, it would be interesting to see how
the linewidth changes for gold nanoparticles surrounded in the liquid crystals, as the
applied voltage is varied.

Lossy plasmonic media could have applications in biosensing. Recently Popescu

and Sharma developed a new plasmonic biosensor to measure hemoglobin concen-
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trations in humans [204]. As the authors mention, this is important for diagnosing
anemia which can be an indicator of leukemia and other diseases. Popescu and
Sharma used a plasmonic sensor which included an alumina layer which is a lossy
medium. The inclusion of the layer served to increase light absorption by the nearby
analyte layer and also narrow the plasmon peak. They achieved a lower detection
limit than a gold and aluminum plasmon sensor which made use of a thin gold layer
to stabilize the aluminum and so did not have a lossy alumina layer [205].

Lossy plasmonic media could have applications in solar cells for making narrow-
band active layers for use in tandem cells. This idea seems counter-intuitive at first,
since for most solar cells a broadband absorber which could absorb most of the in-
cident solar spectrum would be desirable. However, when the linewidth narrows it
can be accompanied by an increase in the quality factor. This can be seen from
Khlebtsov’'s work where the near field enhancement in P3HT is larger than in the
non-lossy PMMA. With increased near field enhancement there could be much more
absorption in solar cells nearby the plasmonic metal nanoparticles. Using an opti-
mized geometry and material for the plasmonic nanoparticles could allow for tailoring
the plasmon resonance to a desirable spectral location, resulting in an overall increase
in absorption, even though the spectral region of the absorption is reduced. This type
of solar cell could be very useful in making a high efficiency tandem solar cell; a solar
cell composed of many layers of individual solar cells stacked together, each absorbing

a different part of the spectrum.
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Khlebtsov has developed an electrostatic approximation, improved electrostatic
approximation and a transfer matrix method all of which describe absorption, scat-
tering and extinction of nanoparticles in lossy media. His improved electrostatic and
transfer matrix method models agree well with each other and agree with his electro-
static approximation for small particles. The next logical step would be to take more
measurements of different shaped nanoparticles in lossy media to see how well these
theories agree with experimental measurements. His electrostatic and improved elec-
trostatic theories do match well with our experimental results for gold nanoparticles
in P3HT and PMMA, but more measurements can be made to verify the validity of
his theories. There should be experimental measurements for silver nanoparticles as
well, and spheroidal nanoparticles to verify his theory works different shapes, sizes
and constituent metal nanoparticles. The most difficult part of making a theory which
describes scattering in lossy media is making sure calculated cross sections have the
correct dependence on the distance from the nanoparticle, as this dependence be-
comes complex when both the scattered light and incident light are progressively
absorbed as they travel through the medium. To test the correct dependence exists
in the theory, there could be dark field measurements for lossy materials with differ-
ent film thicknesses. A quick test of Khlebtsov’s theories would be to compare the
measured extinction spectra of silver nanorods in P3HT. For silver nanorods with a
length of 15 nm and a diameter of 10 nm embedded in P3HT, Khlebtsov’s improved

electrostatic approximation predicts a small broad peak at 650 nm, while for silver
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nanorods with a length of 30 nm and a diameter of 10 nm there is a large narrow peak
at 800 nm [196]. Khlebtsov’s theories also predicted some very narrow resonances for
non-spherical gold and silver nanoparticles in PSHT. It would be interesting to verify
if the peaks are truly so narrow in reality. In particular, the oblate silver nanoparticle
with a 40 nm diameter and 10 nm length in P3HT is predicted to have an extremely

narrow 14 nm linewidth.
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Appendix A

Additional Information

A large portion of the following text has been adapted from [166].

A.1 Linewidth Dependence on Metal Properties

Here is the derivation of equation 2.4 which relates the linewidth of a LSPR to the
dispersion and absorption characteristics of the metal nanoparticle. For this deriva-
tion, it is assumed that the surrounding medium is non-lossy and non-dispersive. We
start with the Rayleigh equation for the absorption coefficient of a small sphere in a

homogeneous surrounding medium. The absorption coefficient is given by

K (w) = 2 = (A1)
B c (e +2nd)?+é’ '
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where ng is the index of refraction of the surrounding medium, C, is the density of
nanoparticles within the medium, w is the incident angular frequency of light, ¢ is the
speed of light, and €; and e, are the real and imaginary parts of the permittivity of
the spherical nanoparticle respectively. The peak occurs when the plasmon resonance

condition is met: ¢ = —2n2 and the absorption coefficient at the peak frequency is

2 *
K (o) = 20" (A2)

Y
& €5

where a * superscript indicates that the quantity is evaluated at the peak frequency,
and w* is the peak frequency. The linewidth of the extinction peak can be calculated
using these formulas. At the half-max, which is defined to be a frequency shift dw

from the peak,

9mn2C,(w* + d 1 Imn2Cw* 1
K((JJ* + dUJ) = ™o (W + w) 622 7 = _Kmaac = M_ (AB)
c (e +2n8)>+ e 2 2c €
Expand €; and €, in first-order Taylor expansions centered at the peak
€1(w) =~ € + €10w (A.4)

e2(w) = € + €x0w. (A.5)
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In the above formulae dw is the difference from the peak frequency and a & represents

a derivation with respect to w followed by an evaluation at w*. Using these Taylor

expansions yields

9rniC,(w* + dw) €y + €xdw _ 9mniChw* 1
c ((€ + €1dw + 2n2)2 + (& + €2dw)? 2c €
Using ¢; = —2n2 this simplifies to
5+ €adw w*
(W* + dw) T

€1dw)? + (€4 + €adw)? T 2
2 2

Gathering similar powers of dw results in a quadratic equation

|:€.2 — w* (6, + 6'22)] dw? + (€] dw + [w 62] = 0.
2¢; 2

This equation is difficult to solve directly, but the more simple equation,

can be solved easily. The solution is

*

"2 | -2
VELT + €

dw =

(A.8)

(A.10)
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The linewidth is given by I' = 2dw so

*
26

) -9
Ve + €

= (A.11)

Of course, this will differ from the actual solution. We can go back and slightly modify

the solution for the simplified problem in order to solve the full problem. Let

2¢€;
dw = —==2=—(1+1) (A.12)
\V 6‘1 + 6.2
Then the equation becomes
[ €526, B w*e;‘} ) €52 2526, o €52 €526, _0

(A.13)
which is a quadratic equation in 7. Using the permittivity values for silver, Kreibig
found that n < 2 x 1072 [80]. Thus it can be assumed that 7 is negligible and the

formula relating the linewidth of a small metal particle to its permittivities is

*
2¢;

3p) -9
Ve + €

= (A.14)
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A.2 Electron-Phonon Relaxation Rate

The electron-phonon relaxation rate is derived here, following the derivation shown
in McKay and Rayne [85].

ez(E-q_jz

Pf(]; - k,) = [4vm2w4

JAS(q) x [1 = f(E)0(E; — Ej & hwg + hw).  (A.15)
This is the probability per unit time of a simultaneous phonon and photon absorp-
tion/emission process occurring for a free-electron initially in state k and ending in
state & after the interaction with a phonon of wave vector ¢. The top £ corresponds
to phonon emission (+) and absorption (—) while the corresponds to photon emis-
sion and absorption. e is the electron charge, E is the external electric field, V is the
sample volume, m is the effective mass of an electron, w is the angular frequency of
the photon and wy is the angular frequency of the phonon, f is the Fermi distribution
function, and Ej is the energy of a free electron with wave vector k and lastly 0(z) is
the Dirac delta function. A*(g) is defined to be:

ax(p = 22 (”5 + 1) (A.16)

Wg ng

where D = ]7{[—%;, C' is the coupling constant, N is the atomic density and M is the

mass of the ion. To clarify the bracketed term, when a phonon is emitted a factor of

Nyecg + 1 18 used and when a phonon is absorbed a factor of 1., is used.
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From the requirement of conservation of momentum, the phonon wave vector must
be the difference between the electron wave vector before and after the interaction
with the phonon: ¢ = :I:(l; — 7). The average interaction probability can be found
by averaging Pf(lg) over all possible incident field directions 6, defined as the angle
between the field and the direction of the phonon wave vector (the field magnitude
simply scales the probability so there is no need to average over the field magnitude),
and over all possible phonon wave vectors.

PE(k) = % /0 " /0 ' qQAi(q)é(%—k%qucosHihwgihw)[l— f(Eg,p)d*dgdd
(A.17)
where gy = (672N)'/3 is the largest wave vector a phonon can have in the Debye

model. After integration over # the average interaction probability for an electron

with wave vector k simplifies to

. 62E'2 q0
PE(k) = m/o AT (@)1 ~ (B F hwy F hw)ldg. (A.18)

This quantity can further be averaged over all available free electron states to get
the average interaction probability per second of all the electrons. The resulting
quantity is then the probability per second that an electron in state k is scattered

in an electron-phonon reaction, which is by definition the electron-phonon scattering
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rate (or equivalently, the inverse of the electron-phonon relaxation time)

PE(k) f(Ey)dEy. (A.19)

Here ( is the Fermi energy. This is really four different relaxation rates corresponding
to the four different possible processes involving simultaneous phonon and photon

absorption and emission. Now substitute Eqn. (A.18) into the above equation to get

L__oF [ e arweta (A.20)
5 48m2mwthky J, 1 e '

where k is the Fermi wave number and G=(q) is defined to be the following integral

N 3 [ 1 e(E—C(FhwgFhw)/kpT
Gila) = o¢ /0 [ cB-0/sT | 1 oG is 00 (A.21)

This integral can be solved and the result is

3 +hw, £ hw
oy q
Gilq) = ¢ et kT _ 1"

(A.22)

Now there are multiple cases to consider in order to simplify Eq. (A.2). For each of
these cases we need to know the power used by the electromagnetic field, which is the

difference in the average total number of photons absorbed and created per second



144

by each scattering process multiplied by the energy per photon.

I%|’—‘

Wg(

- if) (A.23)

where the sum is over the two possible phonon scattering outcomes; the creation and

absorption of a phonon. First when hw << kg©, kgT which is the classical case,

_ 11 e’ B? © .o, . 0GT
=2 hETo(T—i——i)h”—%:m/o TAN DG (A2

Using w, = ¢q and ¢ is the longitudinal velocity of sound, this equation can be

rewritten

W =

2E2 q0 h 5D heiq/ksT
‘ / a ¢ dg. (A.25)

1672mw?ky kgT (ehaia/kst — 1)2

: _ hwg _ h
Including the Debye temperature © = 3¢ = kc—gl then

 E2(kpT)°D
- 16m2mw?koCh5cY

I5(6/T) (A.26)

where I5(z) is defined as

I(z) = /0 ' — f) gz_ — (A.27)
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Further simplification of the variables leads to

9m3e? B2h2 N C? (T

" Amw?(2m) kg0 M 5) I;(0/T). (A.28)

The relaxation time at high temperatures, taug. is known to be

Tdci 2 (2m)1/2(3/2Mk:B@

L _or_ PCN (gf 1;(0/T) (A.29)

Then the relationship between the power taken from the electromagnetic field and

the relaxation time is

e2E? 1
2mw? 14,

W (A.30)

The second simplifying case is when hw >> kO, kgT and this is the case most
pertinent to nanophotonics, since we are typically looking at high frequencies in the

optical regime and at room temperature. With this approximation, G becomes

3hw
Gi(q) ~ ey tofhaT o G*(q) (A.32)

so then

1 1
e & A.33
=SS (4.33)
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and so photon absorption is the dominant process at higher frequencies, which is

intuitive. Now the power used by the field becomes

W 2 E?rC? (q8+, 40 2q*dq 2 E?9m3hNC? (1 / 2xtdx
= —+in = — — .
32m2mwCkoNMce; " 5 O ehaa/ksT — 1 mw? 8CkeM \5 0 erO/T —1
(A.34)
Upon further simplification we get
W = hw A% (q A.35
; = 327T2mw2Ck0 Z/ ( )
Here we introduce a relaxation time
1 93 h2C?N
) (A.36)

T0 8 (2m)1/2c3/2Mk0@

Recall that the relaxation time at high temperatures, taug. is defined to be

1 973 h2C2N T\°
e 2 (2m)'P3lMERO (6) 15(8/T) (A.37)
so then
1 T1
- = (A.38)



147

Now define z = 20 /T to get

W e?E? l
2mw? 1y

2 T\® 19T »d
—+4 | = . A.39
5 i (@) /0 e* — 1] ( )

By comparing to the high temperature/low photon energy scenario, where the energy
expended by the field and the relaxation time are related by Eq. (A.2), then Eq. (A.2)
for low temperature/high photon energy corresponds to the electron-phonon relax-

ation time

2 T\’ (97 »dz
—+4 | = . A4
5 * (@) /0 e? —1 (A.40)

A.3 Finite Thickness Embedding Media
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Figure A.1: FDTD results for the power scattered from a 20 nm gold nanoparticle in
films of finite thickness. (a) FDTD results for the power scattered from a 20 nm gold
nanoparticle embedded in PMMA films. (b) FDTD results for the power scattered
from a 20 nm gold nanoparticle embedded in P3HT films.

Figures A.1 (a) and (b) show the results of FDTD simulations for the scattering

cross section of 20 nm gold nanoparticles embedded in films of finite thickness. The
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Layer Thickness  Peak  Linewidth

40 nm 541 nm 54 nm
80 nm 541 nm 56 nm
120 nm 541 nm 58 nm
160 nm 541 nm 58 nm

Table A.1: Summary of plasmon peak data from Fig A.1 (a) for a 20 nm gold nanopar-
ticle in layers of PMMA of various thickness.

Layer Thickness  Peak  Linewidth

40 nm 655 nm 42 nm
80 nm 657 nm 42 nm
120 nm 657 nm 42 nm
160 nm 655 nm 42 nm

Table A.2: Summary of plasmon peak data from Fig A.1 (b) for a 20 nm gold nanopar-
ticle in layers of PSHT of various thickness.

goal of these simulations was to find the dependence of the plasmon peak on the
thickness of the films. Tables A.1 and A.2 display the peak locations and linewidths
for each of these simulations. Table A.1 shows that for PMMA, there is only a small
change in the linewidth as the layer thickness is increased. Table A.2 shows that the
linewidth for P3HT remains the same over the range of thicknesses analyzed. For
both PMMA and P3HT the plasmon peak does not have a strong dependence on the

film thickness.

A.4 Nanoparticle Size

Figures A.2 (a) and (b) show the results of Green theory calculations for the normal-
ized scattered power of a single gold nanoparticle in PMMA and in P3HT for different

diameters of the gold nanoparticle. Tables A.3 and A.4 show the plasmon peak loca-
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Figure A.2: Green function calculations for scattered power from a single gold

nanoparticle in an infinite and homogeneous surrounding medium.

In each plot,

the numbers in the legend display the gold nanoparticle diameters. (a) Scattering
spectrum for gold nanoparticles of varying diameter embedded in PMMA. (b) Scat-

tering spectrum for gold nanoparticles of varying diameter embedded in P3HT.

Nanoparticle size  Peak  Linewidth
5 nm 534 nm 56 nm
10 nm 534 nm 57 nm
20 nm 536 nm 58 nm
30 nm 539 nm 60 nm
40 nm 542 nm 67 nm
50 nm 550 nm 76 nm

Table A.3: Summary of plasmon peak data from Fig A.2 (a) for different size gold

nanoparticles in PMMA.

tions and linewidths. For both PMMA and P3HT, the plasmon peaks redshift and the

linewidths broaden when the nanoparticle size is increased, so the narrowest linewidth

occurs for the smallest nanoparticle. The gradual linewidth broadening is caused by

increased radiative damping (plasmon decay via coupling with the radiation field),

as the particle size is increased [93, 94]. For both PMMA and P3HT the radiative

damping becomes significant for a gold diameter of 30 nm. Surface scattering was

not considered in this analysis. Surface scattering causes significant linewidth broad-



Nanoparticle size ~ Peak  Linewidth
5 nm 636 nm 35 nm
10 nm 636 nm 35 nm
20 nm 639 nm 35 nm
30 nm 644 nm 37 nm
40 nm 650 nm 41 nm
50 nm 659 nm 52 nm

150

Table A.4: Summary of plasmon peak data from Fig A.2 (b) for a different size gold

nanoparticles in P3HT.

ening for small nanoparticles [206, 88]. If surface scattering was included, then the

narrowest linewidth would occur for some intermediate particle size where the total

damping was minimized.

A.5 Nanoparticle Permittivity
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Figure A.3: Green function spectrum S for various 20 nm metal nanoparticles embed-
ded in infinite and homogeneous PMMA. (a) Scattering spectrum for metal nanopar-
ticles in PMMA. (b) Scattering spectrum for metal nanoparticles in P3HT. Tables A.5
and A.6 show the metal nanoparticle permittivities and summarize the results shown

in these figures.

Figures A.3 (a) and (b) show the peaks from various gold-like metals embedded

in infinite and homogeneous PMMA and P3HT. Each calculation is done for a single
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Permittivity Peak  Linewidth
€1 = €gold 536 nm 58 nm
€2 = Re{€goa} 525 nm 2 nm
€3 = Im{ego1a } X X

€4 = —5.23 + Im{egold}i X X

€5 = Re{egoa} + 1.970 531 nm 58 nm
€6 = —H.23 + 1.97: X X

Table A.5: Summary of plasmon peaks calculated from Green function spectra for
various gold-like metals in infinite and homogeneous PMMA. A row marked with
‘X’ means there was no plasmon peak for this calculation. The constant values of
—5.23 and 1.97; were used because at the plasmon peak for gold and PMMA the
permittivity of gold is €01 = —5.23 + 1.977.

Permittivity Peak  Linewidth
€1 = €gold 639 nm 35 nm
€2 = Re{é€goa } 635 nm 27 nm
€3 = Im{egold}i X X

€4 — —13.3 -+ Im{egold}i 647 67

€5 = Re{€goa} + 1.02¢ 639 nm 35 nm
e = —13.3+ 1.02¢ 647 68

Table A.6: Summary of plasmon peaks calculated from Green function spectra for
various gold-like metals in infinite and homogeneous P3HT. A row marked with ‘X’
means there was no plasmon peak for this calculation. The constant values of —13.3
and 1.02¢ were used because at the plasmon peak for gold and P3HT the permittivity
of gold is €519 = —13.3 + 1.021.

20 nm nanoparticle in either PMMA or P3HT. Tables A.5 and A.6 show the nanopar-
ticle permittivities used, and the peak locations and linewidths for each calculation.
Three factors significantly affected the linewidth.

Dispersion in the imaginary permittivity of the nanoparticle does not significantly
narrow the peak. For plasmons excited with energies below the interband transition of
gold (2.4 eV or 517 nm) it is commonly assumed that the dispersion in the imaginary
component is negligible compared to the dispersion in the real component, which we

verify here [86, 80]. Comparing €; = €goq and €5 = Re{egoa} + 1.02¢ in Fig. A.3 (a)
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which have equal linewidths, and also ¢ = epsur and €5 = Re{egoa} + 1.02i in
Fig. A.3 (b) which have equal linewidths, we see the inclusion of the dispersive imag-
inary part to the nanoparticle permittivity does not change the plasmon peak sig-
nificantly. Unlike for the surrounding medium analysis in the main paper, there is
no steep edge in the plasmon peak due to the dispersive imaginary permittivity of
gold. The real permittivity of gold changes much more rapidly than the imaginary
permittivity at the plasmon peaks for PMMA and P3HT. Although the dispersion in
the imaginary permittivity can alter the plasmon peak very slightly and may cause
some degree of linewidth narrowing, it is insignificant compared to the narrowing
due to the large real permittivity dispersion. To isolate the effects of dispersion
from only the imaginary part of the permittivity, we can compare the results for
€4 = —13.3 + Im{€goa}i and g = —13.3 + 1.02¢ from Fig. A.3 (b). The inclusion of
the dispersive imaginary part of gold only slightly reduces the linewidth by 1 nm from
68 nm to 67 nm. Also, both g = —5.23+1.97¢ and €4 = —5.23 + Im{€z01q }¢ shown in
Fig. A.3 (a) do not have plasmon peaks. If the effects of the dispersive imaginary per-
mittivity were significant, there would be a plasmon peak for e, = —5.23 +Im{€go1q }4.
Therefore, for a gold nanoparticle, the dispersion in the imaginary permittivity does
not contribute significantly to narrowing plasmon linewidths for plasmons below the
interband transitions.

Non-dispersive loss in the nanoparticle broadens the linewidth. In Fig. A.3 (a),

€2 = Re{eg} has an extremely narrow 2 nm peak while the same permittivity
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with loss included, e = Re{egoa} + 1.974, has a much broader linewidth of 58 nm.
In Fig. A3 (b), e2 = Re{€goa} has a 27 nm linewidth and the permittivity e; =
Re{€goia } +1.02i has a broader 35 nm linewidth. The linewidth is broadened by adding
a non-dispersive loss component to the nanoparticle permittivity. The permittivity
€2 = Re{€egola} in PMMA has such a narrow peak because PMMA is also assumed
to have no loss, so when the Frohlich condition is met the scattered power becomes
infinite in the quasistatic regime. The reason the peak is not infinite here is because
Green theory does not use the quasistatic approximation, so retardation of the field in
the nanoparticle leads to radiation damping which will broaden the peak and reduce
the scattered power to a finite number. Although having no loss is unphysical, this
investigation shows the effectiveness of reducing loss in the nanoparticle for narrowing
linewidths.

Dispersion in the real part of the nanoparticle permittivity can narrow linewidths.
In Fig. A3 (a), € = €goq has a peak of 58 nm while there is no plasmon peak for
€4 = —5.23 + Im{egoa}i. In Fig. A3 (b), € = €goa has a linewidth of 35 nm and
€4 = —13.3 4+ Im{€go1a }7 has a much broader linewidth of 67 nm. The constant values
—5.23 and —13.3 for ¢, in each medium were chosen so that ¢, = €; at the plasmon
peak. Thus, the drastic changes in linewidth are due to the large dispersion in the
real permittivity of gold, so dispersion in the real permittivity can narrow plasmon
linewidths.

A large magnitude of the real permittivity of the nanoparticle can narrow linewidths.



154

In Figs. A.3 (a) and (b), €3 = Im{¢eg01a }¢ do not have plasmon peaks because there is
no negative real permittivity (the real component of the permittivity is set to 0). As
the magnitude of the permittivity increases to the value at the plasmon peak, the peak
gradually narrows. The magnitude of the real permittivity of the metal nanoparticle
determines where the plasmon peak is located in the electromagnetic spectrum. Met-
als commonly used in nanoplasmonics, such as gold and silver, have a large dispersive
real permittivity below the plasma frequency. Therefore, a large magnitude in the
nanoparticle permittivity can narrow linewidths by shifting the plasmon peak into a

regime where there is a large dispersion in the real permittivity of the metal.

A.6 P3HT Scattering Data
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Figure A.4: Scattered power spectrum from a 120 nm layer of P3HT. The red circles
are experimental measurements taken in 5 nm increments.

Figure A.4 shows the scattering data from a 120 nm layer of P3HT without any
gold nanoparticles. The measurements were taken using the same AOTF dark field

microscope described in the main paper. There was no narrow peak at 650 nm as there



155

was for 120 nm P3HT with embedded 20 nm gold nanoparticles. This data shows
that the 650 nm scattering peak present for gold in P3HT is not due to fluorescence

or scattering from the P3HT layer.

A.7 Un-normalized Scattering Spectra
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Figure A.5: Green theory scattered power for PMMA and P3HT without normaliza-
tion.

Here we see the scattering without normalization. Similar results were obtained
using numerical simulations with COMSOL, however accounting for the propagation

through the absorbing medium complicates the analysis.

A.8 Kramers-kronig Relations

The Kramers-kronig relations were derived nearly a century ago [140, 141]. If we have

a complex number € = € (w) + €z(w) where € and ey are real functions of w, then the
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Kramers-kronig relations allow for expressing €; in terms of €5 or vice-versa.

1 * W) |,
__-p A.41
e1(w) = — /_ww,_wdw (A41)
oo /
ex(w) = —lP/ de' (A.42)
7r oW —w

where P is the Cauchy principal value. The Kramers-kronig relations are a general
phenomenon and link the imaginary and real parts of a complex impulse function
which is assumed to be causal. As long as causality holds, then the Kramers-kronig
relations can be applied. For example, in optics, the Kramers-kronig relations can
apply to the permittivity, index of refraction, and reflectivity. This has important
implications in optics. If we have a complex permittivity, ¢, then the Kramers-kronig
relations link the lossy component to the refractive component. So two seemingly
completely independent processes are actually related, and the Kramers-kronig rela-
tions connect the lossy and refractive components. This means that only reflectivity
or absorption measurements can be made, and if one is known for a broad wavelength
range, the other is also known. This effectively halves the work of experimentalists

trying to accurately determine the permittivity of materials.
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