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ABSTRACT

Metal nanoparticles deposited in regular arrays spaced at optical wavelengths support a
resonance due to a coherent coupling between localized surface plasmon mode and lattice
diffraction allowing for engineering of tunable devices for use in biological sensors,
nanoantennae, and enhanced spectroscopy. Techniques such as electron beam lithography,
focused ion beam lithography, nanosphere lithography, and nanoimprint lithography are used for
fabrication but are limited by cost, device throughput, and small deposition. Polymer soft
lithography and continuous dewetting of particles is a potentially viable alternative showing
promise in all of those areas. This thesis developed the fabrication of a refined hydrophilic
nanoimprinted polymer substrate with a regular square lattice and characterized the optical
response of sparsely deposited nanoparticles by continuous dewetting which permit a diffractive

lattice coupling.
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Chapter 1 — Emergent Systems

In the physical sciences, students begin training to understand how a macroscopic entity
interacts with other macroscopic entities. On this scale, Newtonian Laws describe macroscopic
behaviors. For even larger scales, i.e., astronomical units, the theory of relativity can be used to
determine how stars will behave in a binary system, or how exactly light bends around massive
objects. Later in a student’s career in the physical sciences they begin to study the opposite end
of the spectrum: microscopic entities. The peculiar world of quantum mechanics will begin to
shed light on why an atom will have particular properties, as well as give insight into how
particles behave together. Quantum mechanics can even give insight into single particle entities.
In learning these concepts, one will begin to recognize that individual particles can combine
together and the system that is made will behave vastly different than if the particles were by
themselves. This collective, emergent behavior has fascinated scientists for decades and
rightfully so because there is one fundamental reality stemming from it: life. In this chapter, the
author will define and discuss emergent phenomena and give several examples of where the
concepts help to understand certain phenomena in the world. A brief discussion on the relation to

the experiment performed in this thesis will also be given.

1.1 What is Emergent Behavior?

Emergence, or emergent behavior, is the idea that a collection of singular entities
coherently combine and work together to provide an outcome that cannot otherwise be obtained
by the singular entity.! An example of this is the atom. Atoms are a collection of elementary
particles like the electron and those that make up the proton and neutron. These atoms can

further be combined to make molecules, and those molecules can be combined to create cells that



eventually can lead to creating life. One particularly interesting example of this is a molecular
motor such as a motor protein. Motor proteins are molecules that are combined and together they
carry proteins in the cytoplasm through chemical reactions. Aristotle was probably the first to
define this type of behavior: “things which have several parts and in which the totality is not, as
it were, a mere heap, but the whole is something beside the parts.”? The more common phrase is
the whole is greater than the sum of its parts.

This idea of emergence and its relation to life was birthed from a book Erwin
Schrodinger wrote in 1944 titled “What is Life?”” wherein he tried to connect thermodynamics
with life.® The book is based on a collection of lectures he gave where he began by asking the
question how can physics and chemistry explain the processes that occur in living organisms? He
importantly noted that even though the sciences of his time could not explain those processes it
was not to say that they could not; in fact, in current times, biophysics and biochemistry have
made substantial progress in explaining how bioprocesses work and solving questions that could
have potential applications in curing certain diseases.*

The crux of his book is the idea of “order from disorder” and “order from order”. In a
way, these terms define emergence because complex systems can be created from singular
disordered entities that come together to form an ordered arrangement. Entropy is a particularly
important notion in emergent systems and is also a very fundamental part of thermodynamics.
The second law of thermodynamics states that the total entropy in an isolated closed system
always increases over time. Schrodinger used this idea of entropy to discuss life as an emergent
system providing examples such as Brownian motion, diffusion, and gene mutation to help the
discussion. Schneider et al. used his ideas about order from disorder to better connect

microbiology with physics.!



In general, there are three different types of systems whose behaviors are explored by
thermodynamics. The first system exhibits classical behavior where molecules in a closed system
at equilibrium interact with each other. The second system is slightly perturbed from equilibrium
but will return back to equilibrium. An example of this is having a partitioned box of two sides,
call them A and B, that are connected via a wall that has a door. Suppose that there are more
particles in partition A than B, when the door is opened between the two partitions the particles
will eventually move so that partition A and B have reached an equilibrium with the same
number of molecules on average. The last type of systems contains gradients that constrain the
system to remain away from equilibrium, referred to as a non-equilibrium quasi-stable state. An
example of this is the same as that described for the second type of system but with an added
pressure gradient so that partition A contains more particles than partition B. These systems,
unlike the others, allow the flow of energy or material into and out of the system and are defined
as dissipative systems. Dissipative systems tend to be emergent, for example non-living
organized entities such as tornadoes and living organisms. Their total entropy is the addition of
internal entropy and the entropy exchanged with their environment. If an ordered organization
persists in a non-equilibrium steady state, the entropy should be negative. Certainly, one may
think that this would violate the second law of thermodynamics, but the idea that entropy must
increase applies to closed systems that are adiabatically isolated. Since a dissipated system is an
open system which allows heat and/or material to leave and enter, there is no violation of this
law; the system will export more entropy to maintain its low entropy and keep the total entropy
high.

Schneider et al. put forth a corollary to the Unified Principle of Thermodynamics stated

by Joseph Kestin® to help understand these types of dissipative, emergent systems: “As systems



are moved away from equilibrium, they will utilize all avenues available to counter the applied
gradients. As the applied gradients increase, so does the system’s ability to oppose further
movement from the equilibrium.” Thermodynamics systems tend to resist gradients that will
move them from their equilibrium position and Schneider et al. note that more sophisticated
structures and mechanisms are created as these gradients become stronger and stronger,
ultimately leading to self-organization processes to counteract these gradients. These complex

“emergent systems” are referred to as gradient dissipaters.

1.2 Examples of Emergent Systems

In the previous section a brief description was provided to give background on emergent
systems, particularly dissipative systems. The idea of emergent systems has been generalized,
though, over the decades to simply mean any system that provides a response that is only
achievable through coherent cooperation of singular entities. This idea can be applied to biology,
nature, technology, etc. For example, NASA has been studying how to use the idea of emergence
to create robotic spacecraft that would study the asteroid belt with their Autonomous Nano
Technology Swarm (ANTS) mission.® This mission includes 1,000 individual robotic spacecraft
that would work together to study the asteroid belt. Emergent behavior is key for this caliber of a
mission because the spacecraft could be out of range of contact with NASA and, thus, the unit as
a whole needs to be able to collaboratively work together to achieve the desired results. These
robotic spacecraft would operate on low-bandwidth signals due to weight constraints making it
difficult for NASA to see the operational behavior of the swarm and correct any errors. The
swarm, therefore, must work together as a whole unit in order to study the asteroid belt.

NASA is not the only group interested in projects aimed at research into emergent



systems. The Computer Science Department at University of York has created the Theory
Underpinning Nanotech Assembly project, TUNA for short.” This project aims to investigate
emergent engineering for use in molecular nanotechnology by studying the feasibility of
engineering techniques to model, analyze, and simulate nanoscale systems. The group is using
haemostasis, i.e. staunching of bleeding, as the case study and developing software techniques
and computer simulations to theoretically assemble nanites that would achieve that goal. Use of
these case studies and the development of programs to create emergent behaviors under different
environmental factors will hopefully one day help scientists better engineer emergent systems.’
Another example of emergent behavior can be found with geometrically frustrated
magnets, with specific focus on ZnCr204. Magnetism in a transition metal oxide occurs because
of the atomic spin alignment at the vertices of its periodic lattice. Periodic lattices that have
corner sharing tetrahedra, as is the case in ZnCr20s, contain a complex alignment of spins that
leads to geometrical frustration; geometrical frustration occurs in condensed matter when there
are inter-atomic forces in the crystal lattice that are conflicting. By studying quasi-elastic
scattering of neutrons with ZnCr.Og, Lee et al. were the first to demonstrate an emergent

confined spin cluster degree of freedom.®

1.3 Additive Versus Emergent Plasmonic Systems

Not all systems that include an ensemble of singular entities are emergent. In contrast to
emergent systems, additive systems are systems whose constituents combine linearly together to
provide an overall enhancement of an advantageous property provided by a singular entity.® For
example, a nanomesh of nanorods can provide an enhancement in plasmonic absorbance. But

what would happen if the nanorods are placed in an ordered array? The array would facilitate the



emergence of properties that would otherwise not occur without the array.*®!! In recent years
there has been a lot of interest in using arrays of plasmonic nanoparticles due to their ability to
coherently couple.*? 1* 1 Known as Coupled Lattice Resonance (CLR), particles in an array
architecture are able to coherently couple due to in-plane diffractive scattering. The resulting
spectra for arrays of plasmonic nanoparticles show a Fano resonant signature. Couple Lattice
Resonance and Fano resonance will be further elaborated in Chapter 2 of this thesis along with a
brief introduction to plasmonics but are introduced here to identify them as emergent phenomena
that arise due to an array of nanoparticles. These resonances are not additive because two
spectral signatures can be measured: one from the plasmonic activity of the particles in the array
defined here as the lattice plasmon resonance (LPR), and a second from the resonant coupling of

diffracted light that relies on the lattice pitch of the array.

1.4 Research Objective

This thesis will focus on the creation of a sparse array in which coherent coupling
dynamically emerges as the population of nanoparticles increases. Sparsity in this context is
defined as a lack of nodal elements in the array that results in ensembles of vertical chains of
particles with varying lengths. In this thesis, these particles will be referred to as optically active
nodes because of their optical plasmonic activity and their placement in a lattice configuration.
Take, for example, the leftmost array in Figure 1.1 as a possible sparse array of optically active
nodes. Random additions of optically active nodes decrease the sparsity, and creates chains of
optically active nodes with varying lengths (see the rightmost array in Figure 1.1). When
horizontally polarized light is incident on the optically active nodes, the optically active nodes in

columns in the array are able to couple with diffracted light rays because of how the dipolar



Randomly placed
additions of optically
active nodes to the
array

Figure 1.1. Example of two sets of arrays representing two possible scenarios for sparsity.
Additions of randomly placed particles in the array decreases sparsity, as seen in the right array.
Addition of these nodal elements causes increases in vertical chain lengths of the nodal elements.

localized surface plasmon resonance (LSPR) is created (see Figure 1.2 for a schematic
representation). The coupling of the particle plasmon with diffracted light gives rise to an
emergent Fano resonant CLR. Vertically polarized light could also be used, but instead of
columns of optically active nodes coupling with diffracted light from the array, optically active
nodes in the rows would couple.

The emergence of far-field diffraction signatures was obtained using an all-optical
approach that quantified population density of nanoparticles and their order distribution. An all-
optical approach was required because the selected medium to fabricate the array was the
polymer polydimethylsiloxane (PDMS)-polyethylene oxide (PEO). Scanning electron (SEM)
images are traditionally used to observe nanoparticles, however, SEM is refractive to polymers
causing charging effects which distort the image, necessitating the need for an all-optical
description. Furthermore, the minimum number of nanoparticles required that could provide
signatures of emergent coherent diffractive coupling was also explored by statistical and image

analysis of gold (Au) nanoparticles (NPs) self-assembled into square cavities imprinted into a
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Figure 1.2. Fano resonant plasmonic analogue for a two-dimensional array. Horizontally
polarized incident light excites the plasmon resonance of the optically active nodes. Diffracted
light rays couple with the optically active nodes creating a CLR.

PDMS-PEO substrate. Remarkably, coherent coupling can still be obtained for these types of

sparse systems because emergent systems have an inherent resilience to single-point failures.°



Chapter 2 — Plasmonic Metamaterials

Plasmonic metamaterials are artificially engineered materials that are not found in nature,
where incorporation of noble metal plasmonic nanoparticles allows for manipulation of
electromagnetic energy at the nanoscale. Periodic ordering of nanoparticles produces diffractive
modes which change the plasmonic resonance and introduces a secondary coupled lattice
resonance (CLR). This chapter provides a background on plasmonic nanoparticles, coupled
systems of plasmonic nanoparticles, and provides a review of current literature on disordered

systems.

2.1 Plasmon Resonance

Nanoscale noble metals are able to manipulate electromagnetic energy through the
production of plasmons.!® Plasmons are a coherent oscillation of the free electron gas in metals
that are confined to the metal-dielectric interface.'®'’ Metal nanoparticles support plasmons that
are confined to the surface of the particle and are referred to as localized surface plasmon
resonance (LSPR) and are dependent on the size of the particle,'®° shape,1618.20.21 and
composition. Plasmonic devices have applications in Raman spectroscopy,?? heating,?3242
photovoltaics, and enhancement of charge carriers in semiconductor devices!>? because of the
intense near-fields that are created. Refractive index sensing is another application for plasmonic
devices because plasmons are dependent on the local environmental refractive index where shifts
in the absorbance spectra occur with changing refractive index.2”282° Figure 2.1 shows an
example of an LSPR for two gold spheres. Incident light with frequency equal to the
nanoparticles plasma frequency causes an oscillatory motion of the conduction electrons in the

metal.
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Figure 2.1. Dipolar plasmon of a gold nanosphere created by incident light where E, is the
amplitude of the electric field and k is the wave vector.

2.2 Coupled Resonances in Nanoparticle Lattices

Nanostructures configured into periodic lattices whose spacing is above the LSPR
wavelength can support Fano-resonant coupling between far-field diffractive modes and near-
field plasmon modes.3®3 Plasmonic nanoparticles in arrays are weakly coupled to diffractive
light modes due to their inherent geometry. This dual resonant system can lead to an interesting
coupling phenomenon. As the plasmonic particles are driven by incident light, two resonances
are observed. The first resonance is symmetric and corresponds to the plasmonic resonance of
the system and the second resonance occurs as the plasmonic particle is driven close to the
eigenfrequency of the secondary resonant system. For an array, the eigenfrequency would
correspond to diffractive scattered modes from the lattice spacing. Incident light corresponding
to the lattice spacing suppresses the plasmon amplitude because of destructive interference

between the incident light and scattered light from the array. An asymmetric Fano resonant
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profile is therefore observed where extinction is zero at the lattice spacing and at a slightly lower
energy is non-zero.3*3*% These strong dipolar interactions can provide diffractive enhancements
for surface enhanced Raman scattering® and the Fano resonant response can be predictably
modulated by changing the lattice constant, geometry of the nanoparticles, and particle

composition,30:33:3437-43

2.3 Disordered Nanoparticle Lattices

In recent years, arrays of nanoparticles exhibiting disorder have seen much more
attention due to their unique optical characteristics.** This class of material could also potentially
offer unique insights into emergent phenomena by providing information on how systems
moving from disordered to ordered states effect optical resonances.*® In current literature, the
term disorder is mainly used to mean slight variations in the position of particles and amorphous
means randomly distributed particles. It is important to note that the average number density is
constant, however, in the studies. To understand how disorder effects the resonant response of
the array, Albooyeh et al. developed a unique analytical model that would probe these effects.*®
With the model, they were able to calculate the scattering properties for disordered (amorphous)
arrays. Experimentally, they created ordered, disordered, and amorphous arrays of double-cut
wire pairs of gold/magnesium oxide/gold (Au/MgO/Au) and found good agreement with their
model. Helgert et al. went one step further in the definition of disorder and create two classes:
isotropic and anisotropic disorder.*® Isotropic disorder is two-dimensional disorder where
particles can have positional variations in both the x- and y-axis in the array. Anisotropic
disorder is the one-dimensional analogue of isotropic disorder. They found that these two

different types of disorder effect the optical responses differently where the dipole resonance of

11



the system is highly degraded by polarization in anisotropic systems.*® Other groups have found
similar degradations of the plasmon in disordered systems.*’~*

One study by Auguie et al. determined that as disorder is increased, the coupled lattice
resonance degrades drastically and its lineshape broadens.>® Miroshnichenko et al. theoretically
studied a different type of “disorder” in the system. In the study, individual particles were
selectively removed from an ordered array to create an “N-sided defect array” and exact
solutions were found for transmission waves.*

All of the above studies are unique to disordered systems and provide great insight into
the behavior of these systems, however, evaluation of random local perturbations on near-field or
aggregate far-field coupled lattice resonances (CLR) has yet to be determined. The aim of this
research was to define a new system of disorder referred to as “sparsity” and study the effects on
CLR and lattice plasmon resonance (LPR). In particular, the effects of number of particles,
referred to as optically active nodes, in the field of view (FOV) and the resulting change to the
LPR and CLR will be provided. Statistical data showing the minimum number of optically active
nodes required to show CLR were also studied which has not yet been done in the literature. This

could provide information on emergent behaviors for nanoplasmonic array systems.

2.4 Fano Resonance

The mathematical description of Fano resonance was first formulated by Italian-
American physicist Ugo Fano in his influential 1935 paper titled “Sullo spettro di assorbimento
dei gas nobili presso il limite dello spettro d’arco,” which he later translated into English in
1961.5%%2 Fano resonance describes the coupling between a broadband resonance and a discrete

resonance; the resulting excitation spectra exhibits an anti-symmetric profile. An example of this
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phenomenon is the interference of discrete autoionization states with a continuum in noble
gases.>? Since this type of resonance is a coupled, scattering wave phenomenon, the anti-
symmetric excitation spectra can be seen in many different areas of physics and engineering.
One particular area of interest is coupled lattice resonance in arrays of plasmonic nanoparticles.
2.4.1 Classical Analogy to Fano Resonance

This section will discuss a classical approach of a weakly coupled two-particle system
established by Joe et al.>® which provides a mathematical analogy that gives rise to a Fano
resonant profile. The goal is to help guide the understanding of this coupled scattering
phenomenon using classical tools.

Begin by considering two particles weakly coupled via a spring, as seen in Figure 2.2,
with particle w, being driven by an external, periodic force. The general equations of motion for
the two particles can be written as:

¥+ Y1k, + 0ixg + vipx, = a,ett (2.1)
Xy + Yoy + W5xy + V1% = 0 (2.2)
where w; and w, are the natural frequencies (eigenmodes) of particles one and two, respectively;
y1 and y, are linear damping coefficients of particles one and two, respectively; v,, describes
the coupling of the particles, a, is the amplitude of the external driving force, and ® is the

external driving frequency. The coupled eigenmodes are given by:

2
_ V12
0~ wi—————— (2.3)
2 _ 2
w; — Wy
2
v
—2 2 12
Wy; — Wy

where @w; and @, are the shifted eigenmodes due to the coupling between particle one and

particle two. Only steady state motion of Equations 2.1 and 2.2 will be considered.
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Figure 2.2. Schematic of two weakly coupled particles.

Amplitudes for the particles from the steady state harmonic solutions from Equation 2.1

and Equation 2.2 are found to be:

w3 — w? + iy,w

C1 ay,

B (w12 —w?+ iV1(U)((U§ —w? +iyw) — 77122

V12
B (‘U12 —w?+ iVﬂ“)(“’% —w? +iyw) — v122

%) ay,

where c;, and c, are the steady state amplitudes for particles one and two, respectively.

The phases of the two oscillators are defined by:
c1(@) = |ey(w)|e™H (@),
c2(w) = |cz(w)]e~ 02
where the phase difference and phase shift are given as:

Y, — 1 =m—0,
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(2.6)

(2.7)

(2.8)

(2.9)



0 = tan~! <—2)/2w 2). (2.10)
w; — W

As a simplistic case, consider the second particle’s frictional parameter y, to be zero.
With this assumption, it is easy to see that in Equation 2.5 the amplitude of the first particle will
reach zero as the external force sweeps toward the natural frequency of the second oscillator
(w,). This is referred to as the zero-frequency and it is the reason for the anti-symmetric profile.
The locations of the resonant peaks of the system are approximated in Equation 2.3 and Equation
2.4. Their exact solutions are determined from the real part of the denominator of Equations 2.5
and 2.6 when it is equal to zero. The physical meaning behind the zero amplitude for the first
particle can be extrapolated by examining the phases of the two particles. As the external force
approaches the first resonance @, the particle displacement will gain a /2 phase and the
amplitude will grow quickly.® Right before the external force approaches the zero-frequency,
the first particle will be  out of phase with respect to the external force. At the zero-frequency,
the phase drops by m very suddenly and as the external force sweeps through the second coupled
resonance of the system that phase is gained back. The phase for the second particle at the zero-
frequency is shown to be out of phase with the first particle and, as such, leads to a destructive
interference at the zero-frequency.

In the more general case where y, is not assumed to be zero, the first particle’s
amplitude does not drop to zero and retains a finite value because of the damping effects in the
system. Peak amplitudes of the particles will decrease due to the extra damping in the system and
the lineshape will broaden. As the number of coupled particles increases, the position of the
zero-frequency is shifted due to the interactions of the particles. If the natural frequency of the

coupled particle (w,) is lower energy than the driven particle, there is a blue-shift in energy of
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the driven particle. An increased number of particles in the system means there is an increase in
interactions between them and the driven particle which causes the blue-shift, while the
resonance of the coupled particles will red-shift.
2.4.2 Parameter-free Model for Fano Resonance in Plasmonic Structures

A classical analogy has been presented to help the reader to easily understand Fano
resonance. This section will provide another model in the context of plasmonic nanostructures
adapted by Giannini et al.*®> The main goal of the model is to consider the plasmonic resonance
in the Fano model, instead of the flat continuum as was previously explored by Fano, to elucidate
the role that the width and energy of the plasmon resonance has on the profile. The derivation of
the model makes use of quantum mechanics. Full derivations will be left out and instead the
reader is suggested to seek out the works by Giannini for the full derivations.*®> In Figure 2.3, a
schematic is provided to help with the understanding of how Giannini’s model works. Incident
light, |i), has a probability, w, to excite a discrete state |d). It also has a probability, g, to excite
the plasmonic resonance |c), which is the broadband resonance, or quasi-continuum. There exists
a small probability, v, that the discrete state will couple with the plasmonic broadband state.

Fano found in his work that the probability ratio for coupling between a broadband state

and a discrete state is:%’

where q is the shape parameter determining the asymmetry, £ is the reduced energy which
depends on the incident photon energy E, energy of the discrete state E;, and the width of the
discrete state I;. The reduced energy equation is defined as:

€= 2(E — Ed).

= (2.12)
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Figure 2.3. Mechanism for broadband plasmonic coupling by incident light.

These two equations do not, however, have any features useful for plasmon resonance.
This is overcome by considering the excitation of a plasmon resonance as the governing force
that couples the discrete state to the broadband continuum. The goal now is to derive a Fano
profile that includes information about the plasmon resonance and discrete resonance.

Consider an unperturbed Hamiltonian function #,, with a discrete state |d) having
eigenvalue E,, and a broadband continuum state |c) with eigenvalues E. A coupling Hamiltonian
V is assumed to couple the discrete state with the continuum state. The matrix elements of the
two Hamiltonians are given by:

(d|Hyld) = E; =0, (2.13)

(c|Hylc'y = ES(E —E'), (2.14)
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(c|V|d) = v L(E). (2.15)
The origin was chosen to be at the discrete energy state, so E; = 0. |c) and |c) are
different states in the broadband continuum with their corresponding energies E and E’. L(E)
represents the plasmonic line-shape and v is the coupling factor. The plasmonic line-shape has a
Lorentzian form defined as:
L(E) = ! >
Lol E ;_p E,
2

(2.16)

where E, is the position of the plasmonic resonance and I, is the width of the resonance.
With these assumptions, the first step in solving the probabilities of the system is to solve
the eigenvalue equation H'|W) = E|¥). |¥) is the mixed quasi-continuum state and H = H,, +
V is the total Hamiltonian. The next step is to consider an incident photon that is coupled by the
Hamiltonian W to |c) and |d) such that the following identities are obtained:
(ilwld) = w, (2.17)
({IW]c) = gy L(E), (2.18)
where w and g are the coupling factors of incident light to the discrete state and quasi-continuum
state, respectively. Lastly, the probability that an incident photon excites the quasi-continuum
state is found and normalized to the probability of a continuum being excited in the absence of a
discrete state (i.e. exciting the plasmon resonance only).
The result is a Fano profile defined in Equation 2.19 through Equation 2.21 that is in
terms of the plasmonic energy of the system and the shape parameter.

[GIWI®)2 (€ + q)2

= 2.19
[(i|W]c)|? E2+1" (2.19)
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vw/g E-—E,
q= + )
I,(E)/2 L,/2

(2.20)

E E-E,

€= L(E)/2 T,/2°

(2.21)

The shape parameter, g, of the system includes the energy of the plasmonic resonance,
width of the plasmonic resonance, the width of the discrete state resonance, and the coupling
parameters. A new reduced energy has been defined which is in terms of both the discrete state
resonance width and plasmon resonance width as well as the energy of incident light and the
plasmon resonance energy value. The discrete state energy width is determined by:

I,(E) = 2nv?L(E). (2.22)

In the original Fano model the shape parameter and reduced energy were constant, but
now they depend on the coupling factors, energy widths, and energies of the resonances. This
implies that there are many different degrees of asymmetry that can be attained depending on the

physical makeup of the plasmonic system as well as its geometrical configuration.

2.5 Mie Theory

In 1908, a paper written by Gustav Mie was published and would become one of the most
influential journal articles on the topic of light scattering.>® How light interacted with small
spheres was not well known in the early 20" century which is why this article was so pivotal in
understanding of these phenomena. Mie performed a rigorous calculation of light’s interactions
with sub-wavelength particles and particles whose size was equal to wavelength of light. This
allowed for an understanding on scattering and absorption of light by a spherical particle, the
polarization, and the color of gold colloids.>®%® Because there were no computers in 1908, all

calculations were performed by hand, and as such, only the first three terms of the infinite series
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were considered when solving for the optical cross sections.>® Modern computers are able to
solve the optical cross sections for spheres of arbitrary shape using models such as discrete
dipole approximation (DDA), finite-difference time domain (FDTD), and T-matrix theory to
name a few.%®

In Mie theory, the cross sections for scattering, absorption, and extinction for spherical
particles is given by:®’

o, = ma?Q, (2.23)

where a is the radius of the particle, Q is the efficiency, and the subscript x is used to denote

scattering, absorption, or extinction. Scattering efficiency is defined as:

2 [o9]
Qscar = 7 ) (2 + Dllagl? + [bg ] (224)
a=1

The electric and magnetic amplitudes are given by a,, and b,, respectively. They depend on
dielectric permittivity € and magnetic permeability u, as well as the shape parameter. The shape

parameter is given by:

q=— (2.25)

where w is the frequency of incident light and c is the vacuum speed of light.

The scattering amplitudes are:

(a)
Ry
4y = ——t (2.26)
©R@ 4 g@
)
R
by = —— 2.27)
O R® 4 g®

R and g are functions expressed as spherical Bessel and Neumann functions. Suppose now that

q < 1 (particles smaller than 100 nm) and the particle of interest is not magnetic, the scattering
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efficiency takes on the form for Rayleigh scattering. The formula for Rayleigh scattering holds
for negative and positive &, except for when the plasmon resonance occurs at € = —2 as seen in
Equation 2.28.

e—1)2
e+ 2

IR

g gt (2.28)

Qscat

Extinction of light by gold colloids was studied by Mie® where for particles around 80
nm a maximum of 525 nm was calculated. Particles between 100 nm and 180 nm had a
maximum extinction around 550 nm but would decrease in magnitude.®® These findings were
some of the earliest representations of plasmonic dipoles in gold colloidal suspensions and Mie’s
calculations are still used to help form a theoretical foundation for plasmonic behavior in
metallic nanoparticles.

Figure 2.4 is presented as an example comparing Mie calculations with one of the
experimental spectrum of a two-dimensional sparse array created for this research. A 76 nm
diameter particle with a coating of refractive index 1.527 and a medium refractive index of 1.421
was used for the Mie theory calculation to match the polyvinylpyrrolidone (PVP) coated gold
nanoparticles and medium used for the sparse arrays in this research. The PVP shell size was 10
nm.58

The single particle Mie calculation of the plasmon has a maximum extinction around 570
nm whereas, for the fabricated sparse array, the plasmon occurs around 550 nm. This 20 nm
blue-shift in the plasmonic response is due intrinsically because of the array configuration as
well as the coupling between gold nodal elements in the array. A blue-shift of the plasmon is in
good agreement with the classical analogy of Fano resonance. When two plasmonic nodal
elements are coupled together, the system will exhibit a coupled eigenmode resonant frequency

that is different than the single nodal element eigenmode. The blue-shift in the plasmonic
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Figure 2.4. Single particle Mie theory comparison with experimental data. A 76 nm gold
nanoparticle with a PVP shell of 10 nm and refractive index of 1.527 in a medium of refractive

index 1.421 (blue data) is compared with an experimentally fabricated two-dimensional array
with 13,223 gold nodal elements having the same particle and medium parameters (red data).*®

resonance is in part due to in-plane scattering of light whose wavelengths are near and/or at the
size of the lattice spacing. In-plane scattered light with these wavelength values will interfere
with the ability of the plasmon to be excited. Thus, it takes more energy to excite the plasmonic

resonant mode for the array.

2.6 Summary

Metamaterials offer unique characteristics that could be used in many areas of
engineering and the sciences such as thermal energy harvesting, solar cells, and chemical sensors
to name a few. Plasmonic metamaterials allow for the manipulation of electromagnetic radiation
at sub-wavelength dimensions. Plasmons are defined as the coherent oscillations of the electron

gas in the metal nanoparticle. When ordered in an array with lattice spacing commensurate with
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the wavelength of light, a coupling can occur between the plasmonic mode of the array and in-
plane diffracted light. This coupling is referred to as the coupled lattice resonance (CLR). For
perfect systems, the coupling has a characteristic antisymmetric Fano resonant line shape where
a complete destructive interference will cause the spectral magnitude to decrease to zero.
However, there remains a finite value for systems that incorporate dampening. Disorder in the
array has been shown to decrease the magnitudes of the resonances in these types of systems as
well as broaden both the plasmonic resonance and the CLR. A parameter-free description has

been identified to elucidate how the plasmonic activity effects the Fano resonance of the system.
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Chapter 3 - Fabrication and Characterization of Two-Dimensional Arrays

Throughout the years in scientific literature, there have been many methods used for
creating homogenously ordered 2D arrays of metallic nanoparticles. Each method has benefits
and drawbacks and this chapter will be focused on highlighting, briefly, those different methods
and provide the experimental design for fabricating arrays using the block copolymer

poly(dimethylsiloxane-b-ethylene oxide).*

3.1 Fabrication Methods

Homogenously ordered, and sparse arrays are obtainable via different methods including:
electron beam lithography (EBL)®, nanoimprint lithography (NIL)®!, nanosphere lithography
(NSL)%?, and focused ion beam systems (FIB).%% These systems are able to produce extremely
precise arrays of nanoparticles with tunable geometries, periodicities, and particle size. However,
some require expensive machinery, highly trained personnel, etching, deposition, etc. Electron
beam lithography utilizes a polymeric resist and an electron beam to create complex patterns
defined by the user. The throughput of single beam machines, however, tend to be limited and
equipment can cost in the millions of dollars. With NIL, high throughput is possible but surface
deformations can occur. For this method, a pattern is created on a “master stamp” by an
electron/ion beam and is used to mold the pattern onto a substrate via a resist. NSL also can have
high throughput but deformations and dislocations tend to reduce fidelity of the array. This is, in
part, because the method relies on deposition of colloidal spheres as a mask to control the pitch
of the array. In FIB, gallium ion beams mill the substrates to create patterns with high precision

but can be costly and limited to single-beam throughput. For this project, a template-based self-
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assembly method was chosen which makes uses of soft lithography because of ease of
fabrication and low cost. Table 3.1 summarizes all of these methods.

In recent years, template-based self-assembly has been gaining favor as a method for
creating 2D arrays of metallic nanoparticles because of its economic viability, and its advantage
over regular self-assembly. Deposition by regular self-assembly is dependent on interfacial
forces between particle, solution, and substrate, and forces between each particle. Complex
patterns are therefore difficult to obtain. Template-based self-assembly remedies this problem by
allowing for control of assemblies due to topographical patterning that directs particles toward
the periodic centers. Templated substrates have been studied with processes involving
electrostatic and magnetic forces, convective flows, capillary forces, sedimentation, etc. and in
particular those processes involving capillary and convective forces have gained popularity.®+72
Substrates used in these processes include polydimethylsiloxane (PDMS), SiOy, and mylar films.

Table 3.1. Summary of common methods to obtain arrays of nanostructures.

Method Substrate Area Comments

EBL Electron beam pm? e ~$1-2 million in cost
patterns a e low throughput
polymeric resist o well characterized

e complex patterns possible

FIB Ga ion beams um? ultra-smooth metal films possible
used to mill into defects and interstitials lead to unwanted
substrates or amorphous layers
deposit e Gadoping of sample
metals/insulators
onto substrates

NSL Colloidal crystal um? e high throughput
spheres mask e reproducible and facile
areas of substrate e tunable particle diameters; limited geometries
during e dislocations and defects can be present
metallization e limited to hexagonal arrays

NIL Stamp patterns cm? e low cost
are molded onto e high throughput
substrates using e short fabrication time
resists e possible mechanical deformations of surfaces
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3.2 Soft Lithography and Poly(dimethylsiloxane-b-ethylene oxide)

Soft lithography was the fabrication process of choice in the present work for making
stamps to order gold nanoparticles into because it is a simple process, scalable, does not employ
harsh/dangerous chemicals, does not require expensive machinery to make the array, and is a
cheap process. This technique involves a pre-lithographed stamp referred to as the “master
stamp” which is used to create a negative imprint of its pattern in a polymer substrate.%46>6°

The polymer most widely used for this technique is PDMS due to its ability to very
precisely conform to a patterned substrate. PDMS is also optically transparent which makes it
very useful in optoelectronic systems. However, it has a surface free energy of 20 mN/m”3 which
is small when compared to water (72 mN/m’#). This low surface free energy necessitates
modifications to the substrate in order to be useful for applications such as microfluidics. Several
methods such as oxygen plasma, sol-gel coatings, plasma processing, etc. can be used to modify
the PDMS surface and make it hydrophilic.%4%7>"® However, because of PDMS’s low glass
transition temperature of -120 °C, it does not remain hydrophilic for long (< 4 hours).

In the present work, poly(dimethylsiloxane-b-ethylene oxide) (PDMS-b-PEO) block
copolymer was used to rapidly render PDMS stamps hydrophilic by simply mixing the
copolymer, base PDMS, and curing agent together and curing. Yao et al. reported that by
increasing the concentration of PDMS-b-PEO, the water contact angle decreased roughly five-
fold.”” Wetting properties of PDMS can also be impacted by the cross-linking density.’® Using
the block copolymer in this way is unique because it will allow the stamp to remain hydrophilic
for up to 20 days.”” These properties and its low cost make it a great hydrophilization method of

PDMS to obtain 2D arrays of particles. It is the author’s understanding that there is no current
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literature on obtaining 2D arrays using the block copolymer, making it a unique and interesting

avenue to explore.

3.2 Materials and Equipment

A silicon stamp was purchased from Lightsmyth Technologies (Eugene, OR, USA) to be
used as the master stamp with a post spacing of 700 nm, 350 nm height, and 260 nm diameter. A
hot plate (#090921001) and soda lime microscope glass slides were obtained from VWR
(Philadelphia, PA, USA). PDMS was obtained in a kit from Dow Corning Corporation (Midland,
MI, USA). A block copolymer poly(dimethylsiloxane-b-ethylene oxide) (PDMS-b-PEQ) was
obtained from Polyscience Inc. (Warrington, PA, USA) to render the PDMS stamp hydrophilic.
Speed mixer purchased from Flack Tek Inc. (Landrum SC, USA) was used to thoroughly mix
PDMS with PDMS-b-PEO and curing agent. A Nikon light microscope (Eclipse LVV100 D-U)
was purchased from Nikon (Melville, NY, USA) and used for diascopic and episcopic
illumination. Andor Spectrum Analyzer (Shamrock 303) was purchased from Andor Technology
(Belfast, UK) and attached to the Nikon microscope to obtain spectra of samples through
diascopic and episcopic illumination. Spectrum analyzer has a variable entrance slit width where
200 um was chosen. MATLAB R2016a (Mathworks, Natick, MA, USA) and ImageJ (National
Institutes of Health, Bethesda, MD, USA) were used to analyze images of the sample obtained in

diascopic and episcopic illumination.

3.3 Stamp Fabrication and Particle Deposition
The PDMS-PEO mixture was prepared by combining base PDMS, curing agent, and

PDMS-b-PEO in aratio of 100:10:2.07 by mass into a plastic Flack Tek container and speed
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mixed at 3000 rpm for six minutes. Approximately 70 mg of this prepolymer mixture was
dropped on to the silicon master stamp and another drop was placed onto a clean glass slide
(refer to Figure 3.1). The master stamp with the prepolymer mixture was then overturned onto
the mixture on the glass slide and placed in a vacuum desiccator at 30 inches Hg to remove
bubbles. Once all bubbles were removed via successive pressurizing/depressurizing in the
vacuum desiccator, the construct was placed on a hot plate at 100 °C for two hours. Once cured,
the PDMS-PEO stamp could be easily removed from the silicon master stamp using tweezers
and stored in plastic containers. Because the silicon master stamp had posts, the resulting PDMS-
PEO stamp would form cylindrical cavities.

Concentration of AuNPs for deposition was determined based on a calculation of the total
number of cavities in the PDMS-PEO stamp. Dried gold nanospheres (76 nm,
poly(vinylpyrrolidone) (PVP) capped) were purchased from Nanocomposix (San Diego, CA,

USA). The powder was approximately 15% Au and 85% PVP by mass.
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Figure 3.1. Fabrication of nanopatterned PDMS-PEO stamp for particle deposition. a) Globule of
PDMS-PEO (grey) was dropped onto silicon (Si) stamp (black) on glass (blue), b) PDMS-PEO
was dropped onto glass, c) inversion of Si stamp with PDMS-PEO onto glass, d) construct after
inversion, e) top view of construct.*®
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To determine the appropriate concentration, consider a 700 nm x 700 nm grid (4.9e+15
nm?) which contains four quarters of cavities or one total cavity. This is illustrated in Figure 3.2.
The sample area of the nanoimprinted stamp is approximately 0.664 cm? and dividing the total
sample area by one square grid gives approximately 1.4e+8 cavities.>®

The AuNP solution was created by mixing approximately 4.21 mg of the NP powder to 3
mL of distilled and deionized water producing approximately 0.21 mg/mL solution of AuNPs.
The maximum amount of solution that would fit inside the stamp cavity was 40 pL. This would
provide a concentration of 1.9e+9 particles. A larger concentration was chosen to ensure that at
least one particle was deposited in each post and to account for any problems that could occur
during the drying process.>®

The PDMS-PEO stamp was placed in a distilled and deionized water bath for 60 seconds
and dried with N2 in order to clean any dust from the stamp. A glass microscope slide with a 0.31
cm wide hole drilled into it was cleaned with the same method as above and placed on top of the
excess un-patterned PDMS-PEO thereby creating a sealed area for the solution to be added.
Forty pL of the AuNP solution was pipetted through the glass hole into the area of the
nanopatterned PDMS-PEO stamp. In the upper left hand corner of Figure 3.3 is the PDMS-PEO
construct with the glass cover and AuNP solution added. Drying took place over two hours at 25

°C.59

700 nm

700 nm

Figure 3.2. Square grid of cavities.*®
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Figure 3.3. Continuous dewetting process of gold nanoparticles into PDMS-PEO stamp. Top left
hand corner shows the PDMS-PEQO construct with gold solution sandwiched between the glass
cover and the stamp. Top right hand corner illustrates how the solution was pipetted into the
cavity. Bottom of image proposes the drying/deposition process.>®

3.4 Procedure for Capturing Images and Spectra

After drying was finished, the stamp was characterized using a Nikon microscope with
attached spectrum analyzer. A series of images were captured with varying numbers of deposited
AuUNPs (optically active nodes) by moving the stamp on the microscope stage horizontally and
using both a 50x objective and 100x objective. This series of images and spectra spanned less
than 10% active nodes in the FOV up to an area greater than 80% active nodes. Each successive
image captured was separated by approximately 20 columns for 50x objective and 6 columns for

100x objective images. A smoothing procedure was performed on the spectral data using a
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Savitzky-Golay algorithm in MATLAB. Values chosen to perform the smoothing were a
polynomial degree of four and an average window of 101 points. Figure 3.4 shows a comparison
for data taken with 100x objective in episcopic illumination and corresponds to 1363 optically

active nodes.>®
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Figure 3.4. Comparison of smoothed and unsmoothed spectra captured in episcopic
illumination.®®

3.5 Summary

Arrays of nanoparticles can be fabricated by many methods such as electron beam
lithography, nanoimprint lithography, focused ion beam lithography, and nanosphere
lithography. Each method of fabrication has advantages and disadvantages; however, this work
used a polymer template-based self-assembly technique due to ease of use, and inexpensive
fabrication tools. A nanoimprinted master stamp was used to create a patterned polymer substrate
using the polymer PDMS. PDMS is a biocompatible polymer that will replicate a patterned
surface well. Due to its extreme hydrophobicity, however, the block copolymer PDMS-b-PEO

was used to render the stamp hydrophilic. This block copolymer was chosen because it can
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simply be added to the base PDMS and mixed in large batches. Other techniques, such as sol-gel
coatings, require more time and tools to render the surface of PDMS hydrophilic. Typically,
PDMS will keep its hydrophilicity for less than one day using alternative methods, but with
PDMS-b-PEO, a PDMS stamp can remain hydrophilic for up to 20 days.

An aqueous gold nanoparticle solution was created with a concentration based on the
approximate number of cavities in the PDMS-PEO stamp. Continuous dewetting technique was
used to deposit the particles in the nanocavities of the stamp. Episcopic and diascopic
microscopy characterization was performed on the fabricated sparse arrays. Dark field images
and spectra were obtained for areas with larger amounts of sparsity and areas with decreasing

amounts of sparsity.
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Chapter 4 - Characterization of Sparsely Deposited Gold Nanoparticle Arrays

By using the block copolymer poly(dimethylsiloxane-b-ethylene oxide) (PDMS-b-PEO),
a sparse array with deposited gold nanoparticles (AuNPS) inside cavities, defined as optically
active nodes, was obtained. When nanoparticles are ordered, they can couple with other particles
in the array to produce an array plasmon (AP) whose response is different than a single
nanoparticle. Coupling between nanoparticles supports a spectral feature that is commensurate
with the array spacing known as the coupled lattice resonance (CLR).333 Fabricating an array of
nanoparticles can be done by various means as previously highlighted, but having the particles
couple will depend on the polarizability of the particles, and the homogeneity of deposition. The
fabricated samples obtained were non-homogenously ordered where, in a particular field of view,
there may have been a number of particles missing in a column of the array. In this chapter,
characterization of the fabricated sample done by an all optical method in both diascopic and
episcopic illumination, statistical data on sparsity, and comparisons of experimental data to

simulation and another scientific work will be discussed.

4.1 Analysis of Sparse Array Using Diascopic lllumination

Diascopic illumination, also known as transmission mode microscopy, is a method to
obtain spectra and/or images from a sample where the source light shines from under the sample
and transmits through the sample, interacts with the sample, and proceeds to the spectra
analyzer/image device. Refer to Figure 4.1 for an illustration of the setup used. All diascopic
illumination spectra in this experiment were obtained using a 50x magnification objective in
bright field mode (BF). All images obtained for analysis were done with a 50x objective under

episcopic illumination in dark field mode (DF). Images were obtained in this particular mode
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because it provided a better contrast image for counting optically active nodes. The aperture size
was approximately 200 pm and light was polarized in x-direction.*

The sample was placed in a way to have the excess PDMS-b-PEO on two cut pieces of
microscope slide on the stage of the microscope as seen in Figure 4.1. A reference 2% PDMS-b-
PEO was used for spectra baseline and placed in the same fashion. The purpose of placing the
sample and the reference on cut pieces of microscope slide was to raise them off of the glass
microscope stage so that only air was contacting them above and below, eliminating any
dielectric effects that could change the obtained spectra. To do the analysis on sparsity, an area
on the sample was chosen and spectra with a corresponding image were obtained for seven
different fields of view (FOV) by moving the stage horizontally into an area with fewer numbers

of optically active nodes in the FOV. Figure 4.2 and its inset shows the results obtained.

Camera

Spectrum
Analyzer

PDMS-PEO
Stamp on
Glass slides

Microscope Stage

Figure 4.1. lllustration of the setup used for diascopic characterization of the sample. Under
diascopic illumination light rays transmit through the sample and interacts with the sample. The
light passes through the objective and passes through a 50/50 beam splitter for imaging and
spectral analysis.
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Figure 4.2. Diascopic characterization of AP and CLR features for varying areas of sparsity. DF

images captured using 50x objective. Inset shows simulated AP and CLR peak shifts for

homogenous arrays of varying particle counts.>®

In Figure 4.2, the first resonance feature corresponds with the array plasmon which
occurs around 555 nm and is blue-shifted from the single nanoparticle Mie theory result
discussed in Chapter 2. Blue shifting of the array plasmon resonance from the single nanoparticle
response occurs because the array plasmon (broad band resonance) coherently couples with
scattered light from the lattice (discrete resonance, 700 nm) causing a shift in their natural
frequencies (eigenmodes). The size of the array (i.e. number of optically active nodes) also
effects the array plasmon in the same fashion due to coupling between nodes.>®

The lattice spacing of the fabricated array was 700 nm. Based on the classical analogy
provided in Chapter 2, one would expect the zero-wavelength to correspond to 700 nm.
However, because there are multiple coupled particles in the array the corresponding dip shifts;
the dip in the array was approximately 640 nm. A secondary resonance feature was obtained
around 720 nm due to the shift in the natural frequency from coupling between the array plasmon
and scattered light. This secondary response was the Fano resonant CLR for the array.

The top left hand inset in Figure 4.2 shows the DF images obtained and the colored

perimeter around them corresponds to the optically active nodes that gave the absorbance spectra
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(number provided in legend). Number of optically active nodes ranged from 3037 to 13,223
relative to a total of 15,502 nodes possible. In a 50x image the active nodes populate
approximately 18% of all active nodes in the aperture window (200 um). Extinction magnitudes
for the array plasmon increased linearly and blue-shifted as the number of optically active sites
increased in the FOV while for the CLR they red-shifted and increased non-linearly. CDA
simulations are provided as an inset to simulate extinction peaks of CLR from constructive
coupling of AP and diffracted light. Array sizes were varied from 5 x 5 to 30 x 30 with a particle
radius of 38 nm and lattice pitch of 700 nm to match the experimental materials. Simulated
arrays were homogenous with one particle per node. A unique refractive index, n = 1.08, was
chosen accordingly to match theoretical with experimentally measured resonant wavelengths. AP

and CLR features are placed near their corresponding measured counterparts from the sample.

4.2 Analysis of Sparse Array Using Episcopic IHlumination

Episcopic illumination, also known as reflection mode microscopy, is a method to obtain
spectra and/or images from a sample where the source light shines from above the sample and
interacts with the sample. Reflected light is captured by the spectra analyzer/image device. Refer
to Figure 4.3 for an illustration of the setup used. All episcopic illumination spectra in this
experiment were obtained using a 100x magnification objective in bright field mode (BF). All
images obtained for analysis were done so with a 100x objective under episcopic illumination in
dark field mode (DF). The aperture size was approximately 60 um and light was polarized in x-
direction. The characterization was done in the same fashion as with diascopic illumination.
Images and spectra were taken at the same spot as in diascopic illumination, however, the

difference between the two image sets was the size of the aperture and how the light was
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Figure 4.3. lllustration of the setup used for episcopic characterization of the sample. The light
source in the Nikon microscope used was physically located behind the objectives. Light passed
through filters, aperture, and field stop whereby it finally reached the objective and was focused
on the sample.

collected (reflected versus transmitted).

Figure 4.4 shows the results of ten spectra as a function of array sparsity. Each image was
captured by moving the stage horizontally and obtaining a new FOV, same as with diascopic
mode. The number of optically active nodes ranged from 148 to 1363 relative to a maximum of
1721 nodes. Negative values for AP intensity was due to episcopic illumination because light
absorbed or scattered in-plane did not get sent back to the spectra analyzer. A higher initial
baseline intensity of the control at the AP wavelength range would subtract from the measured
intensity values after the sample was in place, resulting in negative values at the AP wavelength
range. Similar to diascopic illumination, the CLR feature red-shifts due to a cumulative

constructive interference from scattering and backscattering by neighboring optically active

37



nodes. On the other hand, the AP blue-shifts when the array size increases due to a higher

incident energy compensating for the constructively interfering scattered and backscattered light

with a wavelength of 700 nm.>®

50

Active Sites
—1363

650 800 950

Wavelength [nm]

Figure 4.4. Episcopic characterization of AP and CLR features for varying areas of sparsity. DF

images captured using a 50x objective.>®

4.3 In silico Analysis of Optically Active Nodes by Use of Photometric Properties of AuUNPs

In order to begin to understand how sparsity effects the resonances of an array of

nanoparticles, a proper method for counting particles needed to be established. This work refined

computational image analysis and removed the need for manual counting of particles in an image

by creating a custom subroutine to analyze sparsity in two-dimensional arrays based on

computed distribution of inhomogeneity. Current image analysis software provides functions for

automated particle/object counting allowing the user to obtain particle/object properties by

isolating the particles with respect to the background.”®2 These tools, however, require high

contrast images. For low contrast images, there are correction methods that can be used to

enhance the contrast such as thresholding. Episcopic and diascopic images obtained for this

thesis contain up to 13,223 closely-packed optically active nodes and are low contrast so using

conventional methods for automated counting did not prove useful.
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The trichromatic additive color model uses red, blue, and green (RGB) to specify
numerical values for each pixel of an image obtained by an image capturing device. In order to
efficiently store information and optimize memory, each image capture device applies a non-
linear transfer function to the RGB signal and converts the response into non-linear R’G’B’
values.®38 Photometric luminance of an image is a combination of these non-linear values and is
defined as the luma of the image and is mathematically obtained by:

Y' =0.299R" + 0.587 G' + 0.114B’' 4.2)
Most image analysis packages such as Adobe, GIMP, and MATLAB have protocols for
determining the luma of an image based on Equation 4.1 for every pixel in the image. A
MATLAB subroutine was written as an alternative method for counting optically active nodes in
images obtained in the current work by finding the mean luma values for each node and
thresholding with the overall luma in the image.

Manual counts were first obtained from the images shown in Figure 4.2 and Figure 4.4 to
be used as a reference for writing the MATLAB subroutine for future automation of counting
nodes in images. The cell counter plugin from ImageJ software was used to obtain the manual
counts. The counter works by assigning a color and number for the user to associate with a
particular type of object to count in their image and tallies up the total.

The MATLAB subroutine imported an image obtained from episcopic or diascopic
illumination for analysis with the ultimate goal of creating a matrix to count the optically active
nodes based on luma. Each image captured had a resolution of 1920 x 2560 pixels but the size of
each node was such that a matrix could not be created, so the subroutine resized the image in
order to obtain a matrix that incorporated each active node (see Figure 4.5a). Once resized, the

subroutine determined the luma of each pixel in the image using Equation 4.1. For 100x images
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the size of a node was 34 x 34 pixels and for 50x images the node size was 18 x 18 pixels. Next,
the subroutine averaged the luma for all pixels making up a node and stored the value in a matrix
which then got converted to binary form based on thresholding. Threshold values were
determined based on a sensitivity analysis from manual counts and average luma of the entire
image. Threshold values ranged from 5 to 10. A binary value of 1 represented a filled node and
0 represented an empty node. Lastly, the subroutine added up each value of 1 in the matrix and
output the result.>®

Figure 4.5b shows the linear relation between luma and active nodes in a FOV from
episcopic (hexagons) and diascopic (filled black squares) images obtained from the subroutine.
Figure 4.5¢ shows how each optically active node was determined by the customized MATLAB
subroutine based on trichromatic modeling and luma sampling, and known manual counts.
Figure 4.5d plots the frequency of chains containing 1 to 14 optically active nodes for areas
containing 148, 1069, and 1363 total optically active nodes in 100x images. Images used can be
seen in Figure 4.4.%°

Applications for chemical sensing and chemical sample differentiation have previously
been reported where trichromatic models (RGB) determine photometric characteristics of
AUNPs.88 Aluminum nanoclusters exhibiting fano-resonant activity have been fabricated for
colorimetric AP sensing using an RGB variant known as xy color space which is defined by the
International Commission on Illumination (CIE).8” The work performed for this thesis correlated
the number of active nodes with the strength of CLR and AP signals obtained in different FOVs
having different amounts of sparsity in the array and was achieved photometrically by capturing
the change in luma of DF images with respect to AUNP population. The need for image

correction tools was eliminated by this colorimetric analysis as well as reducing computational
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time in demarcating active nodes.
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Figure 4.5. lllustration for counting particles manually, and computationally using luma. a)
manual counts of active nodes using ImageJ cell counter plugin, b) linear dependence between
luma and active nodes for episcopic (hexagons) and diascopic (filled black squares) modes, c)
grid used by MATLAB subroutine to determine active nodes based on luma and d) distribution
of sizes for 1D chains of active nodes obtained by MATLAB subroutine.*

4.4 Particle Chain Size Distribution and Emergence of Fano Resonance

Sparsity in the fabricated array effects the emergent optical features as can be seen in
Figure 4.2 and Figure 4.4 by causing a distribution of 1D chains of optically active nodes with
varying lengths. Figure 4.6 shows the distribution of chain sizes obtained by using a MATLAB
subroutine. The median chain size (labeled red) showed an increase with increasing optically
active nodes resulting in a more homogenous and less sparse array.>®

Emergence of a Fano resonant CLR was found with as few as five optically active nodes
on average in a continuous chain. Figure 4.7 shows that this minimum value was important for

the emergence of the resonance in the sparse system. The minimum value also provided a
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measurable response of the CLR before the array plasmon.
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Figure 4.6. Chain size distributions for areas captured in episcopic mode.*
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Figure 4.7. Magnitudes of intensity versus median chain size for images captured from episcopic
characterization. Larger intensities can be seen with increasing median chain size for a) coupled
lattice resonance and b) array plasmon.>®
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In literature, emergence of Fermi liquid features were theoretically obtained
computationally using string theory by increasing the fermion density away from the relativistic
guantum critical point of the designed system.®® Reversible changes in optical responses of two-
dimensional super-lattices of silver and gold nanoparticles which emerged by small, pressure-
induced variations in inter-particle spacing occurring below a critical separation threshold have
previously been reported.’® Emergence of unusual composite spin degrees of freedom in
magnetically frustrated ZnCr.O4 due to a finite low-temperature spin correlation length have
been studied as well.® These examples, along with the analysis of chain sizes in AUNP sparse
arrays, suggest that emergent behavior could occur in a system provided a sufficient critical point
has been achieved.

The magnitudes of LPR and CLR in Figures 4.2 and 4.4 increased when the median chain
size increased beyond the critical point of emergence for the sparse array system. A similar
increase in magnitudes of experimental and simulated lattice scattering was previously reported
by Auguié and Barnes when positional disorder decreased in two-dimensional arrays of
ellipsoidal nanoparticles on Si substrates.>® However, the magnitudes of the LPR increased with
an increase in disorder contrasting with present work; LPR was reported to be approximately half
of the CLR feature which is in good agreement with present work as shown in Figure 4.2.
Auguié and Barnes varied the amount of positional disorder in the nanoparticle array by 20%,
30%, and 40%. Psuedo-random configurations and full ordering were also observed. In each of
these scenarios, the number of nanoparticles in the FOV was kept constant. The sparse arrays
created in the present work looked at how the number of active nodes varied between different
FOVs. Distribution of chain sizes is a direct reflection of the level of sparsity in the array.

Multiple iteratations of self-assembly could facilitate modulation of sparsity as well as possible
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changes in nanoparticle concentration and lattice configuration.*®

4.5 One-Dimensional and Two-Dimensional Array Comparisons of Coupled Dipole Models
with Experimental Results

A comparison of experimental results from sparse arrays with computational simulations
of homogenous arrays is important because it could bring forth understanding of effects due to
perturbations from sparsity on CLR trends. Behaviors of sparse systems could lend value to areas
of scientific literature where organization®®, lattice parameter3%-33343% refractive index, and
systems-level sensitivity'28%% are studied for ordered metallic NPs.

An rsa-CDA model for homogenous 2D arrays consisting of varying numbers of AuNPs
with a 38 nm radius, lattice spacing of 700 nm, and refractive index n = 1.45 was performed. The
results are compared with data obtained by Zou et al.®> who used a CDA model and T-matrix
model for homogenous 1D chains of varying numbers of silver NPs with a 50 nm radius. Both
simulations show a logarithmic increase of CLR magnitudes with increasing number of NPs and
can be seen in Figure 4.8. Only one particle per node was considered in both studies. T-matrix
theory is a brute force, precise, but time consuming, numerical method that computes scattered
fields for spherical particles whose size is on the order of the wavelength of light.®% In
comparison, rsa-CDA employs an analytical retarded dipole sum that decreases computational
expense.

The number of NPs considered by Zou et al. was up to 450 silver particles whereas 2D
arrays of up to 100,000 AuNPs were used for rsa-CDA (present work).8%31:329 Experimental
results are shown in the inset of Figure 4.8 and are contrasting to both computational results. The
fabricated sparse systems exhibit a power law relation of CLR maxima versus number of

optically active nodes. Diascopic (absorbance, 50x) and episcopic (counts, 100x) illumination
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both exhibit this trend and could possibly result from cumulative backscattering effects from
surrounding particles outside the FOV as well as the sparsity level of the system. Additional data
points of greater than 1363 for episcopic illumination and 13223 for diascopic illumination could
show a logarithmic trend because the data appears to possibly reach a logarithmic trend towards
the higher end of the sparsity levels. However, limited equipment functionality prevents higher
numbers of active nodes to be explored and future work aims at using both DDA and rsa-CDA to

deepen the understanding of these sparse systems.>®
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Figure 4.8. Logarithmic and non-linear intensity magnitude versus number of particles. Filled red
triangles represents data obtained from rapid semi-analytical (rsa) coupled dipole approximation
for gold nanoparticles in a two-dimensional array. Filled blue circles is data obtained from Zou et
al.® for one-dimensional chains of silver nanoparticles. Inset shows the power law relation
between CLR maximas for episcopic (hexagons) and diascopic (filled black squares) data
obtained from the fabricated sparse arrays.>®

4.6 Summary

Diascopic and episcopic mode microscopy was performed to characterize the fabricated
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sparse sample. A CLR was measured that red-shifted with increasing number of optically active
nodes and the plasmon feature blue-shifted. As the number of optically active nodes increased in
the field of view, and the sparsity decreased, the resonant coupling between the array plasmon
and diffracted light got stronger and shifted the peak position of the resonance for the systems as
described from the classical analogy. Manual counting and automated counting of optically
active nodes helped to shed light on how the median chain size of optically active nodes can
affect the resonances. Remarkably, despite sparsity existing in the array, the CLR was still
measurable with as few as five optically active nodes in a chain on average. This agrees with the
idea that emergent systems tend to be robust and resilient, especially when there are single point

failures, such as those manifested from the sparsity in the array.
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Chapter 5 - Concluding Remarks

A novel, sparse array of gold nanoparticles exhibiting an emergent Fano resonant Couple
Lattice Resonance was created and the research described in this thesis analyzed the effects of
sparsity on the resonances of the system. Emergence was introduced and summarized briefly. A
classical analogy previously described in literature for Fano resonance was utilized to help
understand the behavior of the sparse system. Fabrication techniques were listed and described to
differentiate why a self-assembly technique was used. Optical microscopy was performed to
obtain images for analysis of how sparsity effected the resonances. A MATLAB subroutine was
created to count particles in the captured images to correspond to spectra. Statistical analysis was
performed on the results obtained from the MATLAB subroutine to identify median chain size
and the minimum number of particles required for emergence of coupling to occur. This chapter
will discuss the importance of the research performed, results obtained, and ideas for future work

based on techniques used.

5.1 Importance of Work

Understanding the effects of the number of nanoparticles on the emergence of Fano
resonant Couple Lattice Resonance could help with the design of metamaterials that would be
robust, and resilient to single point failures. The investigation of emergent behavior has been
ongoing in the scientific community for decades. Schrodinger was among the first visionaries for
the use of emergence in science to help understand how a system as a whole can operate
distinctively different than the individual constituents. Emergence has even found a place in
technology with NASA’s ANTS mission that would send 1,000 robotic drones to explore the

asteroid belt. One of the more particularly valuable areas is in biology. The TUNA program is
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using the idea of emergence for applications such as using nanorobotic entities that would
staunch a bleeding wound. This could have potential applications in the military, hospital
emergencies, and even in home first aid emergencies. Emergent behavior appears to require a
critical point for the behavior to be seen. Knowing the minimal value required to see emergent
behavior in a system could possibly reduce fabrication cost, and increase device throughput.
These ideas, however, have yet to be explored in literature and even though the research
performed in this thesis discusses the idea based on nanoparticle arrays, more research is

required.

5.2 Research Summary

A novel, sparse array of gold nanoparticles was created and the effects of optically active
node number on the array plasmon (AP) and coupled lattice resonance (CLR) were examined. As
the number of optically active nodes increased in the field of view (FOV), the AP experienced a
blue-shift in energy and the CLR red-shifted. The shifts in energy make sense when compared to
the classical analogy of Fano resonance. When the broadband resonance (AP) and the discrete
resonance (CLR) couple, there is an inherent shift in the natural frequency of the systems away
from the isolated natural frequency. Single particle Mie theory for a 76 nm, gold nanoparticle
with a polyvinylpyrolidone capping suggests that the eigenmode energy in a PDMS-PEO
medium is around 570 nm. For the created array, the eigenmode energy is approximately 550 nm
which is an approximate 20 nm shift from theory. Equation 2.2 showed an approximation of this
shift seen for a classical two particle system coupled weakly. Increasing the number of optically
active nodes in the FOV caused a further shift as seen in Figures 4.2 and 4.4 for both diascopic

and episcopic microscopy. To understand this shift, one can examine the concepts derived in the
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classical analogy. Increasing the number of optically active nodes increases the coupling
parameter, as well as the damping coefficient, which pushes the eigenmode energy further red
for the CLR and further blue for the AP. In short, more optically active nodes makes it easier for
the system to scatter light in-plane because all optically active nodes are working together as a
whole. As a result, there is an increased interference with the array plasmon causing the energy
to blue-shift.

A list of different fabrication methods that are commonly used to create arrays of
nanoparticles was discussed. Self-assembly of nanoparticles using soft-lithography techniques
was employed for this research due to financial and equipment constraints. Soft-lithography uses
a master stamp with the desired geometric configuration to pattern a polymer stamp.
Polydimethylsiloxane (PDMS) is typically used for these types of experiments because it readily
configures to the pattern of the master stamp, does not degrade easily, is safe for use in biology
applications, and is inexpensive. PDMS, however, has low surface free energy making it very
hydrophobic. Technigues can be used to render PDMS surface hydrophilic such as sol-gel
coatings and oxygen plasma but, due to PDMS’s low glass transition temperature, these effects
are short lived. This research used the block copolymer polydimethylsiloxane-block-
polyethylene oxide (PDMS-b-PEQ) to combine with base PDMS and make a hydrophilic stamp,
a technique adapted from Yao et al. Water contact angles were decreased by five-fold making it
easier for nanoparticle deposition by solution.

A silicon master stamp with a regular square array of cylindrical posts spaced 700 nm
apart center-to-center was purchased for use in soft lithography of the sparse arrays. A
hydrophilic solution of PDMS-PEO was created, added onto the master stamp, and allowed to

cure. The resulting nanolithographed stamp had a regular lattice of cylindrical cavities spaced
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700 nm apart center-to-center. Nanoparticle deposition was done by a simple continuous
dewetting technique. The cured stamp had excess walls that surrounded the patterned area,
making a well that the gold nanoparticle (AuNP) solution would be pipetted into. A glass
microscope slide was used as the cover for the drying process; a 1/8" inch hole was drilled into
the glass slide so the nanoparticle solution could be pipetted into the PDMS-PEO stamp. Drying
took place for approximately two hours and particles were deposited due to a moving meniscus
created by solution in contact with the glass cover, and patterned substrate. As the meniscus
dried, particles were left deposited inside the cavities.

Images and spectra were captured in both episcopic and diascopic microscopy wherein
each image a different number of optically active nodes was in the FOV. A MATLAB program
was written to evaluate the luma of each image and use a threshold luma value to determine how
many optically active nodes were in each image. The program also gave information on the size
of each vertical chain of nodes. Because the light incident on the optically active nodes was
horizontally polarized (x pol.), nodes in a vertical chain would couple with each other. Statistical
analysis of chain size distributions showed that median chain sized increased with decreasing
sparsity, as expected. Examination of chain size also showed an emergence of a Fano resonant
coupled lattice resonance (CLR) with as few as five optically active nodes in a vertical chain.
Extinction maxima versus number of optically active nodes increased by a power law relation.
Theoretical discrete dipole approximate (DDA) for a two-dimensional array of particles with

same size, in the same average dielectric constant, showed a logarithmic trend.

5.3 Future Work

The sparse arrays fabricated in this research show promise for deepening the
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understanding of emergent Fano resonant CLR of nanoparticle arrays. One particular area of
interest for study with these samples is determining exactly how the coupling behaves between
adjacent vertical chains of optically active nodes. For example, imagine having in one column a
chain of 10 particles and a chain of 25 particles separated by only one empty node. Intuitively,
one might posit that in the grand scheme of the system, missing one optically active node would
not change the coupling between the two chains and it might not change the overall response
very much, if at all. This would agree with what is currently known about emergent phenomena:
emergent behavior is robust and is resilient to the failure of a single entity. On the other hand,
there has to be a critical point by which the response of the system will begin to degrade. The
results described in this thesis suggest that for the system created, PDMS-PEO array with 76 nm
AuUNPs capped with PVP, only a chain of 5 particles, on average, was required for the emergence
of the coupling to occur. It could be that the responses gathered by the system were simply the
addition of all the varying chain sizes. Further study is required to fully understand exactly how
those missing nodal entities impact the response. A combination of DDA and rapid semi-analytic
coupled dipole approximation (rsa-CDA) computational methods would be used to help with this
understanding.

Another area of interest with these systems is in developing a mathematical framework to
describe the system. This would prove to be a difficult task because every sparse array is
different with random distributions of varying chain sizes. There is no particularly correct way to
fabricate a sparse array. Because of this inherent difficulty, it might not be possible to develop a

mathematical framework exactly, but perhaps numerical approximations could be used.
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APPENDIX
A: Description of Research for Popular Publication

Since the advent of the first transistor, technology has inevitably moved toward smaller
and smaller scales of fabrication. This idea is seen every year when mobile phone companies
present keynote presentations discussing how slim the next model of mobile phone is going to be
and all of the new, cool features it will have, such as a better camera.

The shrinking of technology has caused scientists for the past several decades to explore
the area of Nanotechnology. Progress made in this area has shown promise in new and powerful
designs of solar cells, biological sensors, chemical sensors, etc. Roy T. French 111, a student in
the Microelectronics-Photonics Master’s program is studying the emergence of spectral features
of a sparse array of nanoparticles from excitation due to light.

Because the particles are arranged in an array, two features can be measured: one from
the oscillation of electrons in the metal nanoparticles, and a second from the scattering of light
due to the array. These two features could be useful for sensing of biologicals, and chemicals
because they allow for a much broader range of light that can be absorbed, and/or scattered.

With the help from his advisor Dr. D. Keith Roper, and his colleagues Vinith Bejugam,
and Gregory Forcherio, samples have been fabricated of sparse arrays containing gold metal
nanoparticles in a biocompatible polymer that exhibit both types of spectral features previously
mentioned.

This was achieved by taking a prepatterned master stamp with cylindrical posts spaced
700 nm apart and using a hydrophilic polymer solution to create a polymer stamp. The resulting
stamp creates an inverted pattern from the master stamp. This means that the polymer stamp,

when dried, would have cylindrical cavities spaced 700 nm apart instead of posts.
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An aqueous solution of gold nanoparticles was added to the polymer stamp for template-
based self-assembly where the particles assembled into the cavities, creating a sparse array.

Characterization of the samples showed that having a minimum of five particles
consecutively in a chain can give rise to both responses mentioned above. This notion has not yet
been studied, and could give insight for engineers when making systems like these as sensors.
Knowing the minimum number required to give a good response could cut down on materials,

cost, and waste.
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B: Executive Summary of Newly Created Intellectual Property
Below is a list of newly created intellectual items.
1. Fabrication of a sparse array of gold nanoparticles in a polydimethylsiloxane-
polyethylene oxide polymer medium.

2. Creation of a MATLAB program to help with counting nanoparticles in an image.
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C: Possible Patent and Commercialization Aspects of Intellectual Property
C.1 Patentability of Intellectual Property

Each of the following items were considered for potential patentability. It was determined
that none of the above items could be patented. Detail descriptions follow.

1. The sparse array of gold nanoparticles in a PDMS-PEO medium was created using
commercially available materials. However, the deposition techniques used for
deposition were obtained from literature. There were no new ideas for the deposition of
the particles to obtain unique sparse arrays. The sparsity was obtained by random
deposition and therefore the array has been determined to not be patentable.

2. The MATLAB program created to count particles is a unique contribution to the
scientific community. However, the program utilizes equipment calibrations from a
microscope camera. Not all cameras would have the same calibrations and as such it
would be best to not patent the program as it is not general enough to apply to a broader

range of equipment.

C.2 Commercialization Aspects
Each item of Appendix B was considered for commercialization opportunities. It was
determined that none of them have commercial appeal. Detail descriptions follow.

1. The sparse array of gold nanoparticles does have commercialization viability. However,
it would require fine-tuning to properly deposit a specific type of sparse array. As it
stands, the sparse array is too random and there is not a true reproducibility. This would
need to be properly studied to find a way to create a reproducible sparse array.

2. The MATLAB program created to count particles does have commercialization viability.

However, other research organizations could create similar programs for their purposes.
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As such the program would be best suited as a template for counting particles of

microscope images and allowed to be public access.

C.3 Possible Future Disclosure of Intellectual Property

Both the sparse array created in a PDMS-PEO medium and the MATLAB program is
currently being prepared for publication in the Journal of Quantitative Spectroscopy and
Radiative Transfer. First authorship will belong to Roy T. French Il and Vinith Bejugam.

Gregory T. Forcherio is co-author.
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D: Broader Impact of Research
D.1 Applicability of Research Methods to Other Problems

All of the ideas and concepts discussed in thesis could be applied to areas such as
biological sensors, chemical sensors, solar cells, and other optoelectronic devices. For example,
there is currently a desire for using arrays of gold nanoparticles exhibiting emergent Fano
resonant Coupled Lattice Resonance as biological sensors. Because sparse arrays act as
scattering potentials where nodal elements are missing, it could be possible that a larger resonant

response could be measured for those biological sensors.

D.2 Impact of Research Results on U.S. and Global Society

Currently, emergent behavior is being studied by NASA for designing robotic devices
that would work together to study the asteroid belt.* The Computer Science Department at
University of York has created the Theory Underpinning Nanotech Assembly project.? This
project aims to help develop engineering tools and a process for creating emergent systems by
using case studies. One of the case studies is in regards to clotting wounds using nanorobots.
This has potential applications in medicine and military. This work could help with concepts and
development processes to engineer emergent systems for use in optoelectronic devices,

biological sensors, and chemical sensors.

D.3. Impact of Research Results on the Environment
Reduction of carbon waste generated by burning fossil fuels for energy is one of the
biggest problems scientists are currently facing and will face in the future. Great strides have

been made to create more efficient solar cells that would harness renewable solar radiation to
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convert it to electricity. The sparse arrays generated in this research could have applications in
this field because of the two distinguishable resonant responses that can be measured. The arrays
possibly could help with scattering light in-plane to the array allowing for greater capture of
light. The resonant profiles are spectrally broad as well, so a larger range of wavelengths could

be captured. Using solar cells helps reduce carbon emissions.
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F: Identification of All Software Used in Thesis Generation

Computer #1:

Model: Dell E173FPs

Serial Number: CN-OF7170-47606-4CM-ATL4

University of Arkansas Number: 7045027

Location: Bell Engineering, Room 2211

Owner: Department of Chemical Engineering, University of Arkansas
Software #1:

Name: Matlab R2016b

Purchased By: Department of Chemical Engineering, University of Arkansas

License Number: 601103

Computer #2:
Model: Dell Inspiron 15 Laptop
Serial Number: 5L.2B1C2
Location: Home
Owner: Roy T. French 111
Software #1.:
Name: Microsoft Office 2016
Purchased By: Roy T. French 1lI
Software #2:
Name: Mendeley (v1.17.8)
Purchased By: Roy T. French I11
License: Freeware
Software #3:
Name: ImageJ
Purchased By: Roy T. French 11
License: Freeware
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