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Abstract

Theory, Design, and Fabrication of Nanoplasmonic Architectures
for Molecular Diagnostics

by
Benjamin M. Ross
Doctor of Philosophy in Applied Science and Technology
University of California, Berkeley

Professor Luke P. Lee, Chair

This dissertation presents new advancements in the theory, design, and fabrication
of nanoplasmonic structures for molecular detection.

After introducing nanoplasmonics, I ask a deceivingly simple question: are the
various commonly used measures of localized surface plasmon resonance (LSPR) re-
ally equivalent? I then develop a theoretical framework that proves that important
differences occur among the measures of LSPR. Specifically, the optimum wavelength
for maximizing the near field can be significantly redshifted compared to the opti-
mum wavelength for far field scattering, which can in turn be significantly redshifted
compared to the optimum wavelength for absorption. I show how these differences
are dependent upon critical parameters, such as the material, the particle size, and
particle shape. This theory, based on the quasi-static approximation, is also verified
rigorously using using Mie theory and finite element analysis. The implications on
design for molecular detection are discussed.

I then focus on fabrication techniques, developing new tools which can control
the geometry and interparticle distance of nanoplasmonic antenna initially fabricated
with nanosphere lithography. I introduce active polymer fabrication and electroless
metal deposition as two methods that can significantly decrease the nanogaps in
nanoplasmonic systems and create enhancements in spectroscopic signal for molecular
detection.

Next, I investigate the issue of nanoplasmonic geometry in great detail for four
structures, with a focus on new systems in which the close proximity of two or
more nanoplasmonic components causes their resonances to be linked together (i.e.
plasmon-coupling). I demonstrate the coupling in these structures can cause high
electric fields ideal for molecular detection. Four such structures are discussed: the



nanocrescent, the crescent-shaped nanohole, the plasmon enhanced particle-cavity
(PEP-C) system, and the core-satellite system. The nanocrescent and its counter-
part, the crescent-shaped nanohole, utilize both sharp tips and intra-particle coupling
to achieve high local field enhancement. The PEP-C system combines particle and
cavity geometries to create a high density of hot-spots. The core-satellite system is
based on the interaction of a central nanoparticle with multiple smaller particles.

Finally, I introduce a special class of bioinspired nanoplasmonic structures called
nanocorals, designed for molecular sensing within or on the surface of living cells.
Nanocorals are unique in that they combine cellular specific targeting with biomolec-
ular sensing, yet decouple the two functional modes. Analogous to natural sea corals
that use rough surfaces to maximize surface area for efficient capture of light and food
particles, nanocorals utilize a highly roughened surface at the nanoscale to increase
analyte adsorption capacity, and create a high density of surface-enhanced Raman
spectroscopy (SERS) hot-spots.
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Chapter 1

Introduction to Nanoplasmonics

“Whoever is careless with the truth in small matters cannot
be trusted with important matters.”

Albert Einstein



1.1 Introduction to Nanoplasmonics

1.1.1 What is Nanoplasmonics

The term “nanoplasmonics” is a compound word, which may be at first intimidating.
The first part “nano,” referring to the nanometer length scale (on the order of 1079),
is familiar enough to modern engineers and scientists, but what of this “plasmonics?”
Actually, this term also is related to a more familiar term: “plasma.” A plasma is a
gas-like state of matter in which some electrons are ionized from their host atoms.
While a plasmon is distinct from this state, both plasmas and plasmons share the
common theme of the motion of electrons distinct from their host atoms.

Plasmons occur in conductive solids, and are most strong in highly conductive
metals such as gold or silver. As commonly learned in the introductory study of
materials, these metals are conductive because of the presence of free electrons. That
is, there are electrons which are not bound to specific atoms, and can move across
the solid. Under certain conditions, these free electrons can become coupled to an
incident electromagnetic wave, and can propagate either along the surface (surface
plasmon) or through the volume (volume plasmon) of the metal.

Now, to combine “nano” and “plasmonics” we ask, what happens if we take a very
small volume of a metal, for example a nanoparticle, and apply an electromagnetic
wave? That is the precisely the question that concerns this dissertation. In this
chapter, we will review the current state of what is known about this question, with
a particular focus on how such a system may be used for molecular diagnostics.

1.1.2 The Field of Nanoplasmonics

We are in the midst of a surge of interest in plasmonics, and in particular nanoplas-
monics. Over the past decade, plasmonics has seen over a fourfold increase in pub-
lications. In particular, nanoplasmonics® has truly exploded, with only a handful of
papers published annually in the mid 1990s to over 600 in 2008. Starting near the
turn of this century clearly something is drawing much interest to the field.
Therefore, it may be surprising that the fundamental understanding of nanoplas-
monics was established at the turn of the previous century. Mie solved the exact
solution for electromagnetic scattering by a sphere of arbitrary size and homogeneous
composition in 1901 [2], and Drude established his model for the permittivity of
metals in 1900 [3, 4]. So what has caused the sudden interest in this old subject?
First, several fabrication advances have facilitated the creation of metallic nanos-
tructures. For example, progress in colloidal science has allowed monodisperse solu-
tions of particles of a wide range of sizes and geometries to become available. Many
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can be fabricated in 1-2 days work, or purchased commercially. Bottom-up or wet
fabrication techniques for attaching a monolayer of these colloids to surfaces have be-
come widespread. Additionally nanosphere lithography, pioneered by the van Duyne
group and others, has provided another route for the inexpensive and rapid fabrica-
tion of nanoplasmonic structures [5]. Other tools such as electron-beam lithography,
focused ion beam lithography, and nanoimprint lithography have allowed the fabri-
cation of a wide range of structures. Because of the growth of nanotechnology in
general, these machines, as well as characterization equipment such as scanning elec-
tron microscopy (SEM), transmission electron microscopy (TEM), and atomic force
microscopy (AFM) have become widespread.

In addition to these experimental advances, advances in computing power have
only recently made the theoretical study of complex nanosystems feasible. While
Mie’s theory and its extensions are exact for spherical particles, nonspherical struc-
tures, particularly those with sharp features, must be solved with computationally
intensive numerical techniques such as the finite element method (FEM) and finite
difference time domain (FDTD) method. Even in the past 5 years, the improvements
in computer power and software have drastically increased the number of scenarios
which can be solved on a personal computer.

Finally, and perhaps most importantly, several promising applications and funda-
mental advances have emerged for nanoplasmonics. In 1997, Kneipp et al. showed
single molecule detection using surface-enhanced Raman spectroscopy (SERS) with
nanoplasmonic silver particles [6]. In 1998, Ebbesen et al.’s observation of extraordi-
nary optical transmission through subwavelength holes brought wide interest to the
field [7]. The conceptual understanding of nanoplasmonics as optical electronics has
attracted attention in creating optical circuits [8]. More recently, light generation
in nanoplasmonic structures has attracted interest [9]. Halas’ group has pioneered
the use of nanoplasmonic particles for photothermal cancer therapy [10]. In short,
nanoplasmonics is blossoming into a field that touches physics, chemistry, materials
science, electrical engineering, and bioengineering.

We will now introduce the mathematical and conceptual fundamentals of nanoplas-
monics. For a thorough introduction to plasmonics, Stephan Maier’s Plasmonics:
Fundamentals and Applications [11] is recommended. In addition, a thorough un-
derstanding of time-harmonic electromagnetic waves is also highly useful, e.g. Jack-
son’s classic textbook [12, ch. 7]. We begin will a purely conceptual description of
nanoplasmonics, and then proceed to a more rigorous mathematical approach.



1.2 Conceptual Understanding of Nanoplasmonics

Fortunately, many of the important features of nanoplasmonic systems can be under-
stood intuitively, with analogies to familiar oscillator systems. In this section?, we
develop a completely nonmathematical interpretation of resonance in nanoplasmonic
systems and its importance to biomolecular detection. The goal is to make a wide
variety of nanoplasmonic phenomena intuitively clear to a reader with a high school
level background of physics. While the analogies presented have their limits, they are
very useful in developing a mental picture of plasmonic phenomena. In the following
subsection, we will turn to a more rigorous mathematical understanding.

Let us begin by imagining a metal nanoparticle. As long as the particle is large
enough (let us say greater than 10 nm), there are abundant free electrons present
in the metal. The term “free electron” implies that it is not bound to a particular
atom of the nanoparticle—it is free to wander about. However, in general the electrons
are not free to leave the nanoparticle, because if they do, they will leave behind the
positive “core” of atoms (which do not move). The attractive coulomb force between
the stationary positive cores and the free electrons keeps the system in balance.

Now let us imagine that we apply a steady electric field across this nanoparticle
(for example, imagine placing the particle in a large parallel plate capacitor). What
will happen? The free electrons will tend to migrate over to one side of the particle,
until the coulomb force between the displaced electrons and the positive core balances
with the applied electric field. Because the free electrons will tend to be on one side
of the particle, one side of the particle will show a negative charge, and the other side
a positive charge. Simple enough.

Now what happens if we begin to oscillate the applied electric field back and forth
(e.g. by switching the charges on the parallel plate capacitor)? If we oscillate it very
slowly, the electrons will move to one side, settle, move to the other side, settle, and
so forth, behaving quite similar to the case of a static field. If instead we oscillate
the electric field extremely fast, the electrons will not have time to move significantly
in one direction before the field changes direction. In this case it is as if there is no
electric field at all.

But instead what if we imagine an electric field that is oscillating at a “sweet
spot?” Just like a child on a swing, we can imagine the electric field oscillating the
electrons in resonance—just as the electric field is changing direction, the electrons
are also being pulled by the coulomb force of the core and traversing across the
nanoparticle (and losing some of their energy due to collisions). Therefore, just like
the swing, or a mass-spring system, or a pendulum, a nanoparticle should have a
resonance, what we call a plasmon resonance, which is this “sweet spot” frequency

2This section is loosely based on a presentation (including interpretive dance!) that I gave to
undergraduate and new graduate students joining the Biopoets lab in the summer of 2009.



for its free electrons. This concept is the essence of nanoplasmonics.

What is this sweet spot resonance for typical metal nanoparticle systems? It turns
out to be quite fast-approximately 500 x 10'2 hz for gold. Coincidentally, this happens
to be within the narrow range of electromagnetic radiation that humans can readily
detect, in the form of visible light (green). Indeed this is quite a fortunate coincidence
in creating useful nanoplasmonic sensors, since absorption of common materials such
as air, water, glass, and cellular material is low in this regime.

Now that we have developed a basic conceptual understanding of nanoplasmonics,
let us apply it to some fundamental questions.

1.2.1 Nanoparticle Size Dependence

What would we expect to occur as the nanoparticle size is increased? If we imagine an
electron oscillating back and forth across the positive core, as the particle increases
in size, the electron has further to traverse to reach the other side. Assuming the
speed of the electron does not change significantly, it must take a longer time time
to get across the particle. Therefore, we can predict the resonance of the electron
will occur at a longer wavelength (i.e. redshift), or lower frequency, as the particle
size is increased. This is analogous to a pendulum oscillator system, where a longer
pendulum results in a longer wavelength of resonance. In addition, as the particle
gets larger, the electron will undergo more collisions with atoms on its way across the
particle. Since some energy is lost during these collisions (e.g. dissipated as heat),
we can expect more loss to occur for larger particles. Indeed both the redshift and
particle loss are predicted with rigorous theory and observed experimentally.

It is worth noting that in our mental model we have assumed the electric field
is constant across the distance of the nanoparticle. In other words, the particle size
is small compared to the wavelength of light. This regime is called the quasi-static
approximation, and is discussed in detail in the next section. When the particle size
increases to be significant compared to the wavelength of light, the electric field may
no longer be constant across the particle. The incoming wave is “retarded” over the
distance of the nanoparticle, and this retardation can introduce some effects which
will be considered in more detail in later.

1.2.2 Effect of Surrounding Media

Thus far we have not considered the region surrounding the nanoparticle. How would
we expect the plasmon resonance to change if the particle is immersed in different
media, e.g. water vs air? Much as we would expect a spring-mass (or pendulum)
oscillator to have a longer wavelength as it is immersed in water, we expect a more
“optically viscous” medium should slow down the electron and cause the resonance to



redshift. Indeed, this is what is observed, and is the basis for molecular sensing based
on localized surface plasmon resonance shift (LSPR-shift). The “optical viscosity” is
simply the dielectric constant of the surrounding medium, which is the ratio of the
speed of light in air to that in the material; the higher the dielectric constant, the
more redshift is observed. Since the electrons cannot move far from the positive core,
it is only the dielectric constant within a few nanometers of the nanoparticle that is
important to this shift, which is beneficial for sensing. If molecules of interest can
be made to specifically attach to the nanoparticle, then we should observe a redshift
upon the attachment of these molecules, as long as their dielectric constant is distinct
from that of the environment.

1.2.3 Particle-Particle Interactions

What would we expect to occur as two nanoparticles are brought together? Of partic-
ular interest is when the nanoparticles are brought very close together, so that their
interaction is strong. In this case, the oscillating electrons of one particle are attracted
toward the positive core of the adjacent particle, essentially creating a capacitor be-
tween the two particles. Intuitively, these forces cause the electrons to take longer to
resonate back and forth across the particle, and hence cause a redshift of the reso-
nance wavelength. As the particles get closer together, the effect is more significant,
and a greater redshift is expected. Indeed, these effects are observed experimentally
in many systems.

1.2.4 Local Electric Field Effects

The electrons which are oscillating due to the incident electric field in turn generate
an electric field. This is commonly referred to as the scattered field, and can give
nanoparticles solution their beautiful color. If we imagine the region within a few
nanometers from the nanoparticle, this field can be very high, since we are very close
to the electrons. This is called the local field. In fact, the local field can reach
approximately 1000 times the incident field. For many applications, it is desirable to
increase this local field as high as possible.

Let us consider two common schemes for increasing local fields, and how they can
be understood intuitively.

One common scheme is to bring nanostructures extremely close together, sepa-
rated by small nanogaps of air or dielectric material. The concept of this method can
be understood in terms of the particle-particle interactions discussed above: since we
can imaging two particle behaving like a capacitor, and since the electric field inside
a capacitor is approximately proportional to the inverse of the distance between the
walls, decreasing the distance between particles increases the electric field.



A second common scheme is to create ultra-sharp nanostructures. If forcing the
electrons onto the edge of the nanoparticle creates a high electric field, then forcing
them into a smaller space (i.e. sharp tip) should further increase the electric field.
This effect, called the lightning-rod effect, is analogous to the lightning rod effect of
electrostatics.

1.2.5 Analogies and Conceptual Frameworks

Incident Light Incident Light
~N2

—
~N2 ~50 nm
Macroscopic Nanoscopic

Focusing Focusing

(a)

Figure 1.1: Concept of nanofocusing. Focusing light with traditional lenses is diffrac-
tion limited to approximately half the wavelength of the incident light. Nanoplas-
monic components allow focusing of light to reach the nanoscale.

In addition to the intuitive framework developed in the previous section, several
useful conceptual and mathematical frameworks have been developed in recent years
to better understand nanoplasmonic phenomena. These are briefly outlined in this
section.

Nanofocusing

Traditional optical lenses are diffraction limited to approximately the wavelength of
light divided by 2. That is, the smallest spot to which light can be focused with
a traditional lens is \/2; or, alternatively, the smallest object that can be resolved
by a traditional lens is approximately the size A\/2. For optical light, this limit is in
the range of approximately 200-400 nm. As illustrated in Figure 1.1, nanoplasmonic



components (e.g. gold nanospheres) can be thought of as nanoscale lenses, as they
allow focusing of light to regions much smaller than the diffraction limit of \/2.

Metamaterials

AL+“

Plasmonic Standard
Materials Materials
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< .
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Materials Materials
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Figure 1.2: Plasmonics within the framework of metamaterials. Plasmonic materials
can be considered “single negative” metamaterials, with a negative permittivity and
a positive permeability.

Nanoplasmonics can also be thought of as part of the more general framework of
metamaterials, which has received widespread attention recently. Optically speaking,
any material can be characterized by its permittivity €, which describes its electric
properties, and its permeability p, which describes its magnetic properties. As illus-
trated in Figure 1.2, materials can be characterized based on the sign of these two
properties. Broadly speaking, metamaterials can be defined as materials that have a
negative value for one or both of € and . However, most of the focus of metamaterials
study is on “double negative® materials; that is, materials that have both negative ¢
and p. Plasmonic materials fit in this framework as “single negative” metamaterials,
since they exhibit a negative ¢ but a positive pu.
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Figure 1.3: Example of transformation optics. (Top) A thin layer of metal and
two semi-infinite metallic slabs separated by a thin dielectric film support surface
plasmons that couple to a dipole source, transporting its energy to infinity. (Bottom)
The transformed materials are now a cylinder with cross-section in the form of a
crescent and two touching cylinders, respectively. The dipole source is transformed
into a uniform electric field. From ref. [1].

Transformation Optics

Pendry, the father of the field of metamaterials, has also led development of a frame-
work called transformation optics which can be used to understand metamaterials
and metamaterials design. This framework has also been applied for nanoplasmonic
design. For example, starting with an ideal plasmonic system that captures a broad-
band spectrum, a mathematical transformation can be applied to convert the infinite
structure into a finite one, while preserving the desired spectrum characteristics [1].
This is demonstrated in Figure 1.3.



1.3 Mathematical Understanding of Nanoplasmon-
ics

In this dissertation, attention is restricted to time—harmonic electromagnetics; that is,
we assume that all electromagnetic fields oscillate with a time dependence exp(—iwt).
For the vast majority of problems in nanoplasmonics to date this assumption is valid,
with the notable exception of femtosecond pulsed laser heating. This assumption
is relevant to continuous lasers and white light sources. We assume the surround-
ing medium is linear, homogeneous, isotropic, nonabsorbing, and has permittivity
€m. The material properties of metal nanoparticles (also linear, homogeneous and
isotropic) are modeled by a complex permittivity (), which is a function of wave-
length A\. For the nanostructures studied here, we assume the permittivity is the
same as that for the bulk metal, which is a valid assumption as long as the parti-
cles are large enough such that quantum effects are not significant (typically > 10
nm). We assume the permeability of both the material and surrounding medium are
1=l = 1, which indicates that materials studied do not have significant magnetic
characteristics at optical frequencies.
Let us begin with the time-harmonic Maxwell equations:

V-D=p (1.1)
V-B=0 (1.2)

V x E = iwB (1.3)

¥V xH=J—iwD. (1.4)

Herein, the external charge p and current densities J are zero. The four fields are
related by the constitutive relations for linear materials:

D=cE=¢E+P (1.5)
1
B=puH=pH+ —M, (1.6)
Ho
where P is the polarization and M is the magnetization.

In a source-free region, Maxwell’s equations (1.1-1.4) can be reduced to a single
wave equation, called the Helmholtz equation:

(V2 4 w?ep)E = 0. (1.7)

This is a central result for many propagating wave phenomena.

1.3.1 Drude Model

The Drude model derives the permittivity of a plasmonic material based on simple
classical model of a free electron in a metal. Because this model is useful and intuitive,
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we go through the derivation here.

Consider a free electron in a metal with an applied electric field acting on it. The
total field on the electron will be that due to the electric field, and that due to a
damping force v, which we assume varies linearly with the velocity of the particle.
We can then write the equation of motion of the electron from Newton’s second law:

F =ma,

(—e)E — myx = mXx

where e is the magnitude of the charge of the electron, m is its mass, x is the electron’s
position, and the dot represents derivative with respect to time. Assuming a time-
harmonic incident field, the resulting position is also time-harmonic. This results in
the expression for the position of the electron:

x=—° E. (1.10)
m(w? + iyw)
Now, the polarization of a displaced electron is the electron charge times its dis-
placement. Similarly, if there are many free electrons, the polarization is simply the
sum of the individual polarizations: P = —nex, where n is the number of electrons.
Combining this with Eq. 1.10 and the constitutive relation Eq. 1.5, we arrive at the
result:

w2
D=¢(l—- —2 \E 1.11
and therefore
w2
w* + 1yw
TL62

where the plasma frequency has been defined w, = vl Eq. 1.12 is the central result,
describing how the permittivity of a metal varies with wavelength.

If the damping is small, then the permittivity e ~ 1 — CA2?, where C' is a constant
which depends on the metal. Thus, the permittivity is near 1 for small wavelengths,
and decreases to negative numbers with increasing wavelength.

How accurate are the results of the Drude model? Generally, its results match
well to the optical properties of metals observed experimentally for gold and silver
[13]. However, the Drude model fails to predict some important loss characteristics
observed experimentally, which are due to absorption of electron energy levels (i.e. D-
band electrons) at certain wavelengths. For numerical calculations in this dissertation,
the experimental data is used; nevertheless, the Drude model provides useful insight
into the origin of the observed optical properties of plasmonic metals.
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1.3.2 Scattering by Spherical Particles

Mie theory solves Maxwell’s equations for an electromagnetic wave incident on a
spherical particle of arbitrary size. The details of the solution are quite lengthy and
mathematically intensive, and so will not be provided in detail here. They can be
found in classic electromagnetic texts [2, 14, 15]. While Mie solved this problem over
100 years ago, only in the past few decades has the theory been extended to take
into account multiple spheres. The generalized multiparticle Mie (GMM) theory now
allows an exact solution [16-20].

The solution to both the Mie and GMM theories are in the form of an infinite
series (which converges after a finite number of terms). Therefore, while the solutions
are exact, and are typically achieved with much less computation than numerical
methods discussed below, the resulting mathematics does not provide much physical
insight itself. A simplification to Mie theory, called the quasi-static approximation,
sacrifices the exactness of the Mie solution for valuable insight, and is discussed in
detail in the next section.

1.3.3 Quasi-static Approximation

The quasi-static approximation gives the solution of Maxwell’s equations for an elec-
tromagnetic wave incident on a particle which is small compared to the wavelength
of the incident wave. In other words, the retardation of the wave over the particle is
not considered. The key results of the quasi-static approximation are the expressions
for the polarizability of the particle, and for the electromagnetic fields at all positions
outside of the particle:

a=dra* S (1.13)

€+ 2¢,,
E=E, + {k*(n x p) x neikr + [3n(n-p) — ](l - %)e"k’"} (1.14)
T Amegen P r p)—=P 3 2 :
CkZ eikr 1
H=H, +— 1—— 1.1
le47r<n><p)'r’< ik'r’)’ (1.15)

where p = €pe,,E;, H; and E; are the incident waves, k = 27/) is the free-space
wavenumber, a is the particle radius, n is the unit vector to the point of interest.
The concept of localized surface plasmon resonance (LSPR) can be readily seen
via Eq. 1.13: if loss is small (Im(e) =~ 0), then the polarizability will blow up at the
condition € = —2¢,,. This is called the Frolich condition. Given the permittivity of a
particular material as a function of wavelength (e.g. using the Drude model, or the
experimental data), this condition can be solved for a particular wavelength.
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1.3.4 Measures of Plasmon Resonance

The expressions for the electromagnetic field outside the particle (Eqgs. 1.14-1.15) are
related to several important measures. In the far field, the scattering and extinction
cross sections are commonly used. These measures indicate the flux of electromagnetic
energy far from the particle, and are defined by:

C.— l/ S, - 8,dA (1.16)
.. )4
1
Cext == —/ Sext . érdA (117)
Ii )4
Cups = Cogr — C, (1.18)

where [; is the incident irradiance, and the time-averaged Poynting vectors are given

by
1
S. = SRe(E, x HY) (1.19)
1
Sext = éRe(El X H: + Es X H;k), (120)

where the subscripts s, 7 represent the scattered and incident fields, respectively, the
superscript * represents the complex conjugate.

Eqgs. 1.16 are general to an arbitrary particle. By carrying out these integrals
using the field expressions from the quasi-static approximation (Eqgs. 1.14 and 1.15),
one arrives at the far field expressions for the quasi-static approximation:

k4 9
Csca = - 1.21
67 o ( )
Caps = kIm(a) (1.22)
Ce:z;t = Csca + Cabs . (123)

For the near field, which is typically shown in computations, the electric field
amplitude |E| is a common measure. Since the surface-enhancement mechanisms
such as surface-enhanced Raman spectroscopy (SERS) are believed to depend to
approximately to the fourth power of the electric field amplitude, this is a useful
measure to predict the molecular sensitivity of a nanoplasmonic structure. Where
(spatially) should this electric field be measured? There are several choices, that
in general may not give the same results. We define the two measures, the surface
maximum |E|,,.., and the surface average |E|s4 local field amplitudes:

B} noe = Max(|E|),7 = a (1.24)
E|dS
Elsa = —fsf TR (1.25)
S
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The concept of resonance becomes more difficult if we consider the observable
measures of plasmon resonance. An in depth discussion of this issue is deferred to
Chapter 2.

1.3.5 Plasmonic Based Forces

Once the electromagnetic field surrounding a particle (e.g. a dielectric particle, cell,
or nanoparticle) is known, the force on that particle can be computed via the Maxwell
stress dyadic, defined by

[iae!

1 1
(2) = 5 RelD"(2) E(2) + B (2)H(2) — 5(D"(2) « E(2) + B'(2) * H(2))]], (1.26)
where [ is the identity dyadic. The time-averaged force over any surface S can then
be determined as

E:/I'ﬁds, (1.27)
I

where 7 is the outward facing unit normal to that surface.

1.4 Detection Schemes

An increasing arrays of cellular and molecular detection techniques based on nanoplas-
monics are actively being developed. These include surface enhanced Raman spec-
troscopy (SERS), surface-enhanced fluorescence (SEF), and plasmon resonance energy
transfer (PRET). In addition, traditional scattering and absorption techniques can
be used. There are large bodies of literature on each of these detection techniques;
here, we will restrict ourselves to a basic introduction to each technique.

1.4.1 SERS

Raman spectroscopy utilizes the transfer of energy between an incident electromag-
netic wave and the vibrational resonance of a molecule. Because the vibrations of
a molecule are particular to the shape and composition of the molecule, the Raman
spectrum can provide a molecular “fingerprint.” While the Raman energy transfer
occurs naturally, it is a fairly rare event: typically far less than 1 photon in 1000
exhibits this interaction. However the Raman signal can be greatly enhanced when
the molecule of interest is located very close to a plasmonic structure, which can lo-
cally enhance the incident electric field. This phenomenon is called surface-enhanced
Raman spectroscopy (SERS).
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SERS was first discovered in 1974, when Fleischman and coworkers reported a
strong Raman scattering signal from pyridine adsorbed onto electrochemically rough-
ened silver [21], and this finding generated large interest in engineering metal surfaces
with nanoscale roughness in hopes of increasing the local electromagnetic field en-
hancement [22-28]. Many biophysical SERS experiments performed on amino acids,
purine and pyrimidine bases, proteins, DNA, and RNA have been reported on rough-
ened surfaces [29], which typically consist of large areas of continuous films or sheets.
It was later discovered that noble metal nanoparticles and their aggregates can also
exhibit SERS, and their nano-scale dimensions give them potential for cellular SERS
detection [6].

While random nanoparticle aggregation produces regions of high electromagnetic
field enhancement (hot-spots), these regions are unpredictable and nonuniform, which
limits the quantification of molecules of interest [30-32]. Therefore, recent work
has focused on strategies to create nanoplasmonic architectures which can give a
reproducible SERS signal.

1.4.2 SEF

Surface-enhanced fluorescence is the near field coupling between a fluorescent molecule
and the high local electromagnetic field surrounding a plasmonic surface. The result-
ing fluorescence can be enhanced several orders of magnitude [33]. Controlling the
distance between the fluorescent molecule of interest and the surface is critical-for
relatively large distances (e.g. >100nm) the effect is small, and for molecules located
on or within nanometers to the surface, fluorescent quenching is likely to occur. While
SEF has received less attention than SERS; its interest has been growing for biological
application, in part due to the familiarity and widespread use of fluorescence.

1.4.3 PRET

Plasmon resonance energy transfer is analogous to traditional absorption spectroscopy,
except that the absorption occurs in the region immediately surrounding a nanoplas-
monic structure. In this case the absorption peak of the molecule of interest is
subtracted from the scattering spectrum of the nanoparticle. The resulting spec-
trum is the scattering spectrum with dips at the signature absorption peaks of the
biomolecule. This requires the scattering spectrum of the nanoparticle and the ab-
sorption spectrum of the molecule to overlap. PRET is an emerging technique pio-
neered by the Lee lab and others [34].
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1.4.4 LSPR-shift

Detection using localized surface plasmon resonance shift (LSPR-shift) takes advan-
tage of the sensitivity of nanoplasmonic structures to optical properties of the closely
surrounding environment (within tens of nm) [35, 36]. In the simplest case, the ad-
sorption of a molecule of interest on the surface of the nanoparticle causes a change
in the effective permittivity surrounding the particle, and shifts the resonance peak
of the scattering or absorption spectrum. The peak shift is typically measured with
a spectrometer, however larger shifts may be detected directly with the human eye.
Extensions of this technique, for example using core-satellite architectures (discussed
later), may allow an LSPR-shift readily detectable by the eye.

Optical Viscosity

As noted in section 1.2, LSPR-shift sensing can also be thought of as measuring the
optical viscosity of a local region. Just as local fluid viscosity can give information
about the composition and state of a cell, the optical viscosity can reveal useful
information about the optical characteristics of a region.

1.4.5 Comparison with Other Sensors
Scattering and Absorption Cross-Section

The distinction of the optical properties of nanoplasmonic particles in comparison to
other optical probes can be largely understood in terms of scattering and absorption
cross-sections. The scattering and absorption cross sections describe the likelihood
that an incident photon will be scattered or absorbed, respectively, by a particle.
For example, a single silver nanosphere 80 nm in diameter reaches a scattering cross-
section of 3 x 1072um?, which is a million times greater than the fluorescence of a
fluorescein molecule. Even if a nanosphere the same size were packed with fluorescein
to the self-quenching limit, the scattering section of the silver nanoparticle is still
a thousand times greater [37]. Nanospheres of dielectric composition (e.g. silica or
polystyrene spheres), exhibit only a fraction of the scattering cross-section in the
optical regime, and have minimal absorption [38]. In addition, it is important to
note that dielectric particles do not exhibit the plasmon peaks, and cannot be readily
tuned by choice of geometry.

Directionality Control

Apart from fully symmetric structures such as spheres, most nanoplasmonic systems
possess an asymmetry that can be utilized. For example, the asymmetry of nanorods,
nanocrescents, and crescent-shaped nanoholes causes light interactions that are highly
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dependent on the polarization of the incident light. In these cases, different plasmon
modes (and different peak wavelengths) can be excited depending on the incident
polarization. The detailed dependence on polarization of nanocrescents and crescent-
shaped nanoholes will be discussed later.

1.5 Cellular and Molecular Manipulation

While not directly our focus, nanoplasmonics can also be used to manipulate cells
and molecules, primarily using two mechanisms: optical forces and local heating.
As described in Section 1.3.5, optical forces are generated when light is incident on a
nanostructure. This can be used either to manipulate the nanostructure directly, or to
manipulate other structures in close proximity (e.g. molecules, beads, or cells). In this
regard, nanoplasmonics allows an extension of traditional optical tweezers [39]. Local
heating of nanoplasmonic structures occurs when incident light is absorbed, an effect
which is drastically increased near the plasmon resonance of a structure. Therefore,
nanoplasmonic structures can serve as local heat sources, capable of optical release
of molecules [40], as well as photothermal killing of cells [10]. Unlike traditional
heat sources, nanoplasmonics allows heat to be carefully controlled temporally and
spatially. While we will not study heat generation explicitly, our focus on absorption
is directly related to heat generation in a nanoplasmonic structure.
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Chapter 2

Differences Between Near and Far
Field Measures of Nanoplasmonic
Resonance

“What is life but the angle of vision? A man is measured by
the angle at which he looks at objects.”

Ralph Waldo Emerson
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2.1 Introduction

When a new nanoplasmonic structure is proposed, or when structures are to be com-
pared, a deceivingly simple question arises: how should the plasmonic characteristics
of the nanostructure(s) be characterized? Two classes of measures are currently in
common use: far-field quantities of scattering, extinction, and absorption cross sec-
tions, and the near-field quantities of electric field amplitude, intensity, and their max-
imum and surface-average values. The far-field measures remain the most commonly
used, at least in part because they are easier to obtain experimentally. However, it is
the localized field enhancement that is responsible for surface-enhanced spectroscopic
processes (e.g. SERS [36]) discussed in Chapter 1; hence, local field measures are
those most intimately tied with the sensing capabilities of a structure.

The use of such a variety of measures presents several problems. Firstly, it makes
comparing the effectiveness of different structures difficult, which is a significant dif-
ficulty given the dozens of different geometries that have been proposed, with many
more likely to emerge in the coming years. Secondly, it is unclear which (if any)
of the measures are interchangeable: if the spectrum (plasmon band) is considered,
should the peak magnitude, width, or position be the same for any of these mea-
sures? Finally, if there is a difference between the different measures, then how are
they related?

Such questions are relevant both for improving fundamental understanding of
spectroscopic processes, and for practical applications. For example, consider the
common case of a researcher hoping to match a nanoplasmonic device with an incident
laser wavelength to maximize a local surface-enhanced effect such as SERS. He/she
takes a scattering spectrum of the structure, and matches the laser wavelength to its
peak (or alternatively, tunes the nanostructure geometry until the scattering spectrum
matches a given incident laser). If the near-field resonance is matched to the scattering
spectrum, then this method is valid; however, if the near-field spectrum is blue or
redshifted vs the scattering spectrum, then this difference may cause poor excitation
of the local field. This is conceptually illustrated in Fig. 2.1.

While it has been known for decades that differences occur between near- and
far- field measures of spherical metallic particles [41], the subject has received lit-
tle attention recently, and no systematic study of the relationship between measures
has been carried out. In this chapter we tackle this problem from 3 different angles.
First, by using the quasi-static approximation and its extensions, we establish a con-
ceptual understanding of the conditions in which differences among the measures of
plasmon resonance occur. We then use a combination of the exact analytical solution
(for spheres) and the finite element method (for nonspherical geometries) to provide
rigorous solutions. We show that significant differences can indeed arise for physi-
cally relevant systems of both gold and silver particles. We expect that taking into
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Figure 2.1: Schematic of the potential differences between the near- and far- field
measures of plasmon resonance. The near-field resonances may occur at significantly
different wavelengths than the observed far-field resonances.

account these differences can provide improvement in understanding and optimizing
surface-enhanced spectroscopies.

2.2 Differences in the Quasi-Static Approximation

Considering the quasi-static approximation, differences between near- and far-field
resonances around a particle might be expected: the near-field is dominated by a
1/r3 term, while in the far-field a 1/r term dominates (see Equation 1.14). Physically,
the near-field measures indicate the ability of the particle to convert incoming light
into a local field, while the far-field measures indicate the ability of the particle to
absorb light and/or convert it into a propagating wave. Thus, one should not, in
general, expect a single wavelength to optimize both conditions. This is visualized
in Figure 2.2 with the exact Mie theory solution: for a plane wave of wavelength
700 nm incident on a gold particle (radius 100 nm), the local field is maximized, while
at 600 nm a more distinct propagating scattered field emerges.

Let us consider the quasi-static approximation in more detail. Consider a particle
with polarizability o and radius a present in an isotropic lossless medium. Assuming
an incident plane wave (with |E;| = 1), the total electric field surrounding the particle
is then given by equation 1.14, reproduced here:

etkr 1 ik

{*(n x p) x n—+ 3n(n - p) = p|(-5 — 3)e™", (2.1)

E=E;
+ 4megem,
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Figure 2.2: The electric field amplitude surrounding a gold nanoparticle with an
incident plane wave with free-space wavelength (a) 600 nm and (b) 700 nm, computed
with Mie theory.

where € is the permittivity of free space, €,, is the relative permittivity of the sur-
rounding medium, k = 27/ is the wavenumber, n is the unit vector in the direction
of r, r = |r|, and the dipole moment

P = coenE; . (2.2)

The electric field is maximized at positions where the unit normal n and the dipole
moment p are parallel. By setting » = a and n parallel to p we compute:

’E|I2nax 1+ a2k.2 2 1 :
B = 1+W|a| +E{[ak‘ Im(a)+Re(a)|cos(ak)+][—Im(a)+ak Re(a)]sin(ak)}.

(2.3)

The quasi-static approximation relies on the assumption a << A. Hence, we can
invoke ak = a2m/\ =~ 0. Therefore, equation 2.3 can be approximated as

B[S

max
— " _|_
|E;|? 4aSm?
To arrive at the surface-average electric field intensity at the surface of the nanopar-
ticle, the expression |E|*> must be integrated over the surface and normalized to the
surface area of the particle:

1
la|? + ERG(Q)' (2.4)

1
E|2 :—/EQdA, 2.5
Efs =57 [ B (2.5)

where S is the surface of the nanoparticle and SA is the surface area of the nanopar-
ticle. Using equations 2.1 and 2.10, we arrive at:
|E‘§A B 3+ (I2k’2 + a4k‘4 k’2

2 =1+ 6.2 |a|2+
|E;| 24aSm

[Re(a)cos(ak) — Im(a)sin(ak)] . (2.6)

3am

21



Again, applying ak ~ 0, this is simplified to:

[Egs
28~ 1
EP R

k2
la|? + %Re(a) . (2.7)

Note that because the polarizability is proportional to the volume of the particle, both
the second and third terms of equations 2.4 and 2.7 are of comparable magnitude.
Combining these results with the well-known far field expressions, we have:

Cups = kIm(a) (2.8)
4

Cisea = g—ﬂ(Re(oz)2 + Im(a)?) (2.9)

2 1 2 2 _2
|El5y =~ 1+ Sab2 [Re(a)” 4+ Im(«)”] + 3aﬂRe(a) (2.10)

1

2 2 2 _—

Bl ..~ 1+ e [Re(a)” + Im(a)”] + asﬂRe(a), (2.11)

Equations (2.8) and (2.9) are the absorption and scattering cross sections, respec-
tively, while (2.10) and (2.11) represent the surface-average and maximum value of
the square of the electric field amplitude at the surface of the nanoparticle.

The real and imaginary components of the polarizability Re(a) and Im(«a) are
shown explicitly in (2.8-2.11). Written this way, it becomes clear that the different
measures of plasmon resonance depend differently on the polarizability. Namely,
absorption (2.8) depends only on Im(«), scattering (2.9) depends equally on Re(a)
and Im(a), and the third terms in (2.10-2.11) demonstrate that the near-field is more
dependent on Re(«) than Im(a). Therefore, the differences among the measures of
plasmon resonance are proportional to the differences between the real and imaginary
parts of the polarizability. For example, consider a case where Re(«) is maximized at
a wavelength A = 700 nm while Im(«a) is maximized at A = 600. This would cause
absorption (which depends on Im(«)) to be maximized near 600 nm, while the near-
field (which depends primarily on Re(«)) would be maximized toward A = 700 nm,
while scattering would be maximized somewhere in between.

The key question now remains: at what conditions are the real and imaginary
parts of the polarizability different? To answer this question, we first consider a
general form of the polarizability

B V
S L

a (2.12)

where we have defined S to be a generalized geometrical factor term, and L to be a
generalized damping loss term. This general model is useful because it can describe
a variety of particle shapes and conditions. For example, for a small sphere, S =1/3
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and L =~ 0, while for an 4:1 aspect ratio spheroidal particle [42] S ~ 0.07 and L ~ 0.02
(specifically, long axis = 80 nm, ¢,, = 1, A = 700 nm). While the parameters S and
L may depend on factors including the particle volume and wavelength, we consider
them here to be arbitrary parameters for generality, and later consider the possibility
of engineering materials and geometries to achieve desired values of S and L.

Given the general polarizability of (2.12), we next compute at what conditions
the real and imaginary parts are maximized. This is accomplished by 1) separating
(2.12) into its real and imaginary parts and 2) finding the maximum of each part by
solving d[Re(a)]/0[Re(e)] = 0 and 9[Im(«)]/0[Re(e)] = 0, respectively. This results
in expressions for Re(¢€) as a function of the permittivity of the surrounding medium
and Im(e). Given the properties € for a given material, the wavelengths which satisfy
(2.13) and (2.14) can be computed, respectively. Hence, we arrive at our central

result:
_S—L—l L+ S

Max[Re(a)] : Re(e) = —g g m + rslm(e), (2.13)
Max([Im(a)] : Re(e) = %em + glm(e) | (2.14)

These equations represent the conditions in which the real and imaginary parts of
the polarizability are maximized, and hence are the generalized Frolich conditions.
The difference between the optimal conditions for the real and imaginary parts of the
polarizability, indicated by (2.13 - 2.14), indicate the differences between the measures
of LSPR.

To understand the implications of (2.13 - 2.14), we begin with the simplest case
and proceed gradually to the most general case. For a small sphere in the quasi-static
limit, L ~ 0 and S = 1/3. In this ideal regime, (2.13) and (2.14) reduce to:

Max[Re(a)] : Re(e) = —2¢,,, — Im(e) , (2.15)

Max[Im(«)] : Re(e) = —2€, . (2.16)

For an ideal lossless material (Im(e) = 0), these equations further reduce to the well
known Frélich condition Re(e) = —2¢,,. We emphasize that it is only for this ideal
case that both Re(a) and Im(«) are maximized at the same condition. Hence only in
this ideal case are the various measures of plasmon resonance optimized at a single
condition.

For any real metal with a nonzero loss, Re(a) is optimized for Re(e) < —2¢,.
These results are shown in Fig. 2.3(a-b), where we show the real and imaginary
polarizability (normalized to the particle volume) as a function of the particle per-
mittivity (normalized to the permittivity of the surrounding medium). The peak of
Im () remains fixed at —2¢,, (i.e. the Frolich condition), while the peak of Re(«)
becomes increasingly more negative as the material loss increases. For any plasmonic
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Figure 2.3: The dependence of the real and imaginary polarizability on (a-b) material
loss, (c-d) damping loss, and (e-f) particle shape factor. The difference between
the optimal conditions for the real and imaginary polarizability corresponds to the
differences among the measures of plasmon resonance, as shown in equations (2.8-
2.11). The dot indicating the maximum condition for each curve is determined by
equations (2.13) and (2.14).

metal, the negative slope of Re[e())] indicates that this condition will be satisfied for
a longer wavelength than in the Frolich condition.

As discussed above with (2.8-2.11), near-field depends more strongly on the real
part of the polarizability, while absorption depends entirely on the imaginary part of
the polarizability; hence, for any small plasmonic sphere, the optimal wavelengths for
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each measure satisfy

>\ > A

)\max, near max, scattering — “\max, absorption ; (2 17)

with the differences increasing with the material loss. In addition, since the differences
among the measures are expected to increase with material loss (from (2.15)), we can
predict that the differences are greater for a small gold sphere versus a small silver
sphere, since gold is lossier. We also note that the material loss causes a broadening
of the polarizability peak, and hence broadens the plasmon peak of each measure.

For a larger a sphere, damping loss factors such as radiation damping (due to the
direct radiative decay of electrons [11, ch. 5]) occur due to the geometry. We take
this into account with the general loss factor L in the polarizability (2.12). In this
case, S = 1/3 and L > 0, and equations (2.13) and (2.14) simplify to:

Max[Re(a)] : Re(e) = —21++3§L€m + _11++3§L1m(e), (2.18)
Max[Im(«)] : Re(e) = —2¢,,, — 3LIm(e) (2.19)

The influence of L, shown in Fig. 2.3(c-d), causes both Re(a) and Im(a) to be
satisfied for Re(e) < —2¢,,; however the reduction is more significant for Re(«) than
Im(«). Therefore, damping is expected to cause a redshift for all measures of plasmon
resonance, but the redshift is much more significant for the measures which depend on
the real part of the polarizability. Hence again (2.17) is satisfied, with the differences
among the measures increasing with the damping loss L.

Finally, nonspherical particles can be described by changing the shape factor S in
the general polarizability (2.12). In this general case described by (2.13) and (2.14)
we have S # 1/3 and L > 0. As the shape factor is decreased, a pronounced redshift
occurs for both the real and imaginary permittivities, as shown in Fig. 2.3(e-f).
Unlike the redshift induced by the material loss or damping, the shift due to the
shape factor retains the sharpness of the polarizability peak.

To conclude, in this section we have presented a theoretical framework based on
the quasi-static approximation, in which differences among the measures of plasmon
resonance can be well understood. We have shown the general relation A\,,4z near =
Amaz, scattering = Amaz, absorption, While the difference among the measures depend on
both material loss and damping. Specifically, differences among the measures for
small structures are due primarily to material loss, differences increase with particle
volume due to damping effects. Changing the particle shape (via the shape factor L)
can shift the peak of all measures without causing a divergence between them.

Let us summarize the predictions of our model as they relate to the structures
investigated rigorously in the following section: (i) differences among the measures
for small structures are due primarily to material loss; (ii) differences among the
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measures should increase with particle volume due to damping effects; (iii) rodlike
shapes (which decrease the shape factor) should cause a redshift of all measures
equally.

2.3 Rigorous Solutions

In the previous section, we have developed a model to understand differences between
resonances in the near- and far-field. However the quasi-static approximation, on
which this model is based, is strictly valid for particles of diameter much smaller
than the incident wavelength. In addition, particles of arbitrary shape can only be
understood with a generalized shape factor. Therefore, to test the validity of the
quasi-static model developed in the previous section, we utilize the exact analytic
solution (Mie theory) to consider spheres of arbitrary size, and use the finite element
method to consider nonspherical shapes.

2.3.1 Spherical Particles of Arbitrary Size

We consider spherical gold and silver particles each with complex permittivity € given
by an analytical model [43] of the experimental data [13] for bulk gold and silver. The
particle is present in free space (€, = 1), and the permeability of both the particle
and surrounding medium are assumed to be p = 1. Mie theory[2, 14, 15] is used to
compute the exact solution, and series terms were added until the results converged.
The quasi-static model presented above, which can be thought of as an approximation
to Mie theory, valid when the particle size is much smaller than the wavelength of
the incident light [15], is used in providing physical understanding.

In Figure 2.4 we compare the spectra of the normalized values of the absorption,
extinction, and scattering cross sections, as well as the near-field measures of max-
imum and surface-average intensity, for a gold sphere (radius = 25nm). There is a
notable difference between the measures, even for this relatively small particle size.

As the particle size is increased, the differences between the measures becomes
more pronounced. In Figure 2.5, we show the peak wavelength and bandwidth for
each measure for both gold and silver spherical particles as a function of particle size.
For silver particles, all five measures converge for small particle size, and begin to
diverge as the particle radius exceeds 40 nm. For gold, on the other hand, there is a
distinct difference between the measures even for small particle size, and the difference
increases as the particle size is increased. As the particle radius nears 100 nm for both
silver and gold, the peak wavelengths for the different measures spans 200 nm for gold
and 300 nm for silver. Such a range is certainly significant for current spectroscopic
techniques.
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Figure 2.4: A comparison of the normalized values of absorption, extinction, and
scattering cross sections, and the surface—average and maximum electric field intensity
at the surface of a gold sphere (radius = 25 nm) as a function of wavelength, computed
via Mie theory.

As particle size increases beyond a = 100 nm, the difference in peak wavelength
for the measures continues to diverge; however, the plasmon band is significantly
broadened in this regime. We demonstrate this effect in Figure 2.5, where we show
10% of the full width of the plasmon band at 90% of its maximum value. The value
of 90% was chosen because for some conditions (e.g. for Cyps) the more common full-
width at half-maximum (FWHM) is not well-defined, and only 10% of the value is
chosen for clarity of the figure. It is clear that the plasmon bandwidth for all measures
increases with particle size, with the near-field measures showing larger broadening
(again due to their dependance on Re(«)). Thus, while the difference in peak wave-
length increases, the concept of peak wavelength ceases to have significant meaning
for larger particles. We note that the differences in absorption peak broadening be-
tween gold and silver indicate that material properties play a large role, while the
peak broadening for all other measures is largely defined by radiation damping.

The curves of Figure 2.5 can be fit by simple phenomenological expressions, which
are presented in Tables 2.1 and 2.2. We model the near-field gold and silver curves
with exponential and sigmoidal fits, respectively, while the scattering and extinc-
tion curves are best modeled by power law fits. Absorption curves, which both and
decrease with increasing particle size, were fit with piecewise curves.

The equations in Tables 2.1 and 2.2 essentially provide a means of converting
between the 5 near- and far-field measures: given the optimal wavelength for a single
measure, one can quickly estimate the expected optimal wavelength for the remaining
four measures. While the fits shown are simple, they provide excellent agreement
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Figure 2.5: The peak wavelength for the primary resonance for the measures in Figure
2.4 as a function of particle radius for (a) gold and (b) silver. Symbols represent exact
data (Mie theory), while solid and dashed lines represent curve fits presented in Tables
2.1 and 2.2. The vertical bars represent 10% of the full-width of the plasmon band

at 90% maximum.

Table 2.1: Fits (shown in Figure 2.5a) for peak wavelength as a function of particle

radius a for gold (a and A in nm).

Measure Curve Fit Equation

Absorption Aabs = 494 +0.0120a*®? | a < 65
Aaps = 586 — 0.469a'1? | a > 65

Scattering Asca = 519 + 0.00389 >0

Extinction Aext = 492 +0.0136 a1

Surface—average intensity
Maximum intensity

Asa = 536+ 1.58 Exp[0.0478 q
Amaz = 536 + 2.53 Exp[0.0405 q]
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Table 2.2: Fits (shown in Figure 2.5b) for peak wavelength as a function of particle
radius a for silver (¢ and A in nm).

Measure Curve Fit Equation

Absorption Aabs = 360 — 6.41c0s(0.117a — 0.791), a < 45
Aabs = 358 — 6.33c0s(0.140a — 1.21) |, a > 45

Scattering Asca = 356 + 0.00229 ¢>*°

Extinction Aezt = 356 + 0.00228 a>4?

Surface—average intensity Ass4 = 351+ 320

1+Exp[5.33—0.0639 a]
Maximum intensity Amaz = 390 + 8

1+Exp[5.10—0.0585 a

with Mie theory: for a particle size ranging from 5nm to 100 nm, the maximum and
mean error of each fit is < 4nm and < 2nm, respectively. Given that this variation
is comparable to or less than the variation which occurs due to the differences in
analytical fits of the complex permittivity of the metals [43, 44], further improvement
in the fits is unnecessary at the present time.

The rigorous Mie theory results for spherical particles match well with the pre-
dictions of the quasi static theory developed in the previous section. The rule
Amaz,near = Amaz, scattering = Amaz, absorption 15 Obeyed, and the lossier gold shows a
greater difference among the measures than silver. For both materials, as the particle
size increases (increased damping) the differences among the measures increases, also
as predicted by the quasi-static theory.

2.3.2 Nonspherical Particles

While spherical particles have been widely used for many plasmonic applications,
many nonspherical particles have been developed in recent years. Nonspherical parti-
cles offer significant advantages over spherical ones, such as wide plasmon tunability,
increased local field enhancement, and increased heat generation [22]. Given that sig-
nificant differences in the near- and far-fields can arise for spherical particles, as shown
above, it is natural to ask, how does geometry affect these differences? Spheroidal
particles are a natural starting point for this investigation, since the spheroid ge-
ometry can vary continuously from a sphere to a needle-like particle. Spheroids are
important physically because they serve as a good approximation to nanorods, which
are becoming widely used nanoplasmonic probes.

Nonspherical particles present a challenge theoretically, since analytic techniques
for scattering by arbitrary particle shape are not known. However, computational
techniques are now available that can solve for complex geometries. In this sub-
section, we use finite element analysis to study spheroidal particles, with the same
material properties assumed as in our Mie calculations. Fig. 2.6a demonstrates the
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Figure 2.6: Peak wavelength as a function of particle size for gold spheroidal nanorods
for an aspect ratio of (a) 1:1 (sphere), (b) 2:1 and (c) 3:1. The vertical bars represent
20% of the full-width of the plasmon band at 90% maximum. Results are computed
with a finite element model, with the exact Mie solution superimposed in (a).

convergence of the finite element model to the exact theory. We note that due to
the difficulty in reliably obtaining convergence of the maximum field, and because of
its similarity with the surface-average field, we do not consider the maximum field in
this subsection.

By varying the spheroid aspect ratio, the progression from sphere to nanorod is
shown in Fig. 2.6. The electric field polarization is taken to be along the long axis
of the nanorod. The size trend observed for spheres is also apparent for nanorods:
namely, at any aspect ratio, as the size of the particle increases, the difference between
the measures increases. As in the case of the sphere, the near-field is always redshifted
compared to the far-field, with absorption the bluest measure. This trend is consistent
with the analysis of the quasi-static and extended quasi-static approximation.
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Figure 2.7: (a-c) Peak wavelength as a function of aspect ratio for spheroidal nanorods
with polarizations as shown; the vertical bars represent 20% of the full-width of the
plasmon band at 90% maximum.

In addition, as the aspect ratio increases, the measures converge: while for a
sphere radius of 100 nm, there is over a 200 nm difference among the measures, for a
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3:1 spheroid with the long axis radius of 100 nm, only a 10 nm difference is observed.
This trend suggests only small difference among the measures will be observed for
particles with sharp features.

Finally, we consider the effect of polarization, fixing the short axes of the nanorod
at 10 nm and varying the aspect ratio in Fig. 2.7. For the electric field polarization
parallel to the long axis of the nanorod, the measures converge for increasing aspect
ratio. In contrast, for polarizations perpendicular to the long axis, the aspect ratio
has little effect. This might be expected, since the cross-section of the particle in these
cases remains unchanged. The approximately constant difference of 50 nm between
the near- and far-fields is nearly identical to that observed for small spherical particles
of the same cross-section.

Again, the rigorous computations match well with the predictions of the quasi
static theory. The rule )\max, near 2 )\max, scattering Z )\ma:p,absorption remains Obeyed7
while the measures become close together as the particle aspect ratio increases. This
was indeed predicted by the change in shape factor in Section 2.2.

2.4 Conclusion

In this chapter we have presented a systematic investigation of the differences in the
measures of plasmon resonance for spherical and spheroidal nanoparticles. It has
been conclusively demonstrated that there is no single wavelength that optimizes
the measurable quantities indicative of plasmon resonance. We have shown the near-
fields are consistently redshifted compared to the far-field measures, and the difference
can reach over 200 nm for gold and silver nanoparticles. For spherical particles we
have provided simple phenomenological fits which provide conversion between the 5
commonly used near- and far-field measures.

We have presented a theoretical framework based on the quasi-static approxima-
tion, in which differences among the measures of plasmon resonance can be well under-
stood. We have shown the general relation Amax, near = Amax, scattering = Amax, absorption
while the difference among the measures depend on both material loss and damping.
Specifically, differences among the measures for small structures are dependent upon
the material loss, and differences increase with particle volume due to damping ef-
fects. Changing the particle shape (via the shape factor L) can shift the resonance of
all measures without causing a significant divergence between them. We have verified
these predictions theoretically and computationally using Mie theory and finite ele-
ment analysis. These studies have also quantified the differences among the measures
for relevant geometric parameters.

Apart from the fundamental importance in understanding plasmon resonance,
taking these differences into account should improve spectroscopic signal for a wide
range of applications of molecular detection, plasmonic heating, and optical release.
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In turn, it may be possible to use these results to characterize key properties of a
nanoplasmonic system: for example, by measuring the differences in peak wavelength
between the absorption and scattering spectra, one may infer the significance of loss
in the system.
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Chapter 3

Active Polymer Nanofabrication

“If you want to build a computer chip, you need a giant
semiconductor fabrication facility. But nature can grow
complex molecular machines using nothing more than a
plant.”

Ralph Merkle

Thus far, we have emphasized the importance of design rules in creating useful
nanoplasmonic sensors. In particular, sharp tips are required to utilize the lighting
rod effect, and nanogaps between structures are needed to utilize the capacitor effect.
In addition, as we will discuss in Chapter 7, achieving high densities of nanoplasmonic
antenna is also critical.

In general, these requirements are very difficult to meet using current fabrication
methods. Top down techniques such as focused ion beam (FIB) or electron beam
lithographies can reach resolutions of ~ 10 nm; however these are serial processes,
which makes fabricating practical devices over large areas unfeasible. Nanoimprint
lithography is a rapidly developing technology that can also reach features of this
scale, but masks are extremely expensive, and become damaged with use. In contrast,
bottom-up methods such as nanosphere lithography or copolymer-based lithography
offer the potential to create inexpensive large area arrays with sub-100 nm features,
but can only be used to generate a limited set of geometries. Therefore defining
features in the sub-10 nm regime reproducibly and over large areas is difficult. Yet
this regime is essential for achieving strong plasmonic coupling between adjacent
structures.

We have tackled this problem by developing two new tools which can control
the geometry and interparticle-distance of nanostructures initially fabricated with a
traditional method. That is, these methods do not create nanoplasmonic structures
from scratch, but instead they take structures created using a standard method,
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and modify them to improve their nanoplasmonic properties. For the starting struc-
tures we focus on nanosphere lithography, since it can quickly and inexpensively pro-
duce nanoplasmonic structures over reasonably large areas. The resulting structures,
namely nanoprism arrays, have been well-characterized by previous work.

In both this and the following chapter, we begin with nanoprism arrays fabri-
cated via nanosphere lithography, and then tune this initial structure to vary the
nanoplasmonic properties and create nanogaps. In Chapter 3 we use active polymers
to achieve this manipulation, while in Chapter 4 we use electroless metal deposition.

3.1 Introduction

Since the beginning of the microfabrication era, devices for a wide range of nano-
and microtechnology applications have been almost invariably fabricated on mechan-
ically rigid surfaces [45]. In contrast, in the natural world, “substrates” are rarely
rigid. As is well known in developmental biology, nano and microstuctures are often
formed in flexible and changing environments during morphogenesis, and spacing of
individual components may change significantly during the course of development
[46]. An example relevant to optics is the morphogenesis of the compound eye in
insects such as Drosophila, where the eye forms on a flat imaginal disc before devel-
oping into its complex 3-dimensional geometry [47-49]. Taking inspiration from this
natural phenomenon, in this chapter we demonstrate the transformation capability
of active soft-matter to define nanoscale architectures below the resolution limit of
conventional lithography. In addition, the macroscale morphology can be manipu-
lated into arbitrary 3-dimensional geometries, demonstrated with the fabrication of
an omnidirectional nanoplasmonic antenna lens.

Shape-changing polymers, also called active or smart polymers, have been stud-
ied in recent years for their ability to deform significantly on the macro-scale when
a stimulus is applied. Such stimulus may come in the form of thermal, electric,
magnetic, or optical excitation [50-52]. While active polymers have been studied pri-
marily at the macroscopic level, or at least the microscopic [53], we demonstrate that
uniform deformations can be engineered to create high density nanostructures with
nanogaps below the resolution limit of conventional methods. Control of deformation
at the nanoscale allows the possibility of fabricating complex nanostructures in a way
comparable to that achieved naturally during morphogenesis, as illustrated in Figure
3.1(a~d). Specifically, the contraction of an active polymer substrate allows nanos-
tructure repositioning in a way analogous to apical constriction during morphogenesis
(process shown in Figure 3.2).

The ability to control substrate dimensions after deposition of structures can con-
fer the significant advantages over standard rigid substrates that biology has achieved
[54, 55], such as i) the potential to alter structure-to-structure distance, surpassing
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Figure 3.1: (a,b) Schematic of natural structure definition due to apical constriction;
(c,d) active polymer fabrication uses an analogous process to produce ultra-dense
nanoprism arrays; (e) omnidirectional nanoplasmonic antenna lens inspired by the
compound eye; inset shows the nanoprism arrays, which are present at each “pixel”
of the lens; (f) natural compound eye; panels (a-b) reprinted by permission from
Macmillan Publishers Ltd: Nature Reviews Molecular Cell Biology 8, 633, copyright
2007; panel (f) courtesy of Raija Peura.

both resolution and structural density of the initial placement, and ii) the potential
to deform nanostructures in a predictable way to form complex geometries without
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Figure 3.2: Active polymer nanofabrication process; (a) PS nanosphere self-assemble
onto the active polymer substrate, (b) gold is evaporated on the substrate at nor-
mal incidence, (c) the nanospheres are removed, and (d) the polymer is thermally
activated, resulting in contraction.

losing the valuable functions of the nanoscale devices. The former benefit is of wide
interest in reducing feature size of devices, while the latter is of particular interest in
microelectromechanical and nanoelectromechanical systems fabrication.

Nature often hierarchically combines components from the nano- to macro-scale to
achieve a final structure [56]. Similarly, active polymers can be readily deformed into
complex 3-dimensional geometries at the macroscale, while the nanoscale morphology
is retained on the polymer surface. This provides a platform for integrating nanoar-
chitectures into stretchable devices ranging from flexible displays, to bio-inspired
lenses, to biomedical systems [57]. We demonstrate a bio-inspired omnidirectional
nanoplasmonic antenna array in Figure 3.1(e), based on the shape of the natural
compound eye. The artificial eye is achieved by heating the contracted polymer until
it is moldable (process shown in Figure 3.3), and its optical properties are discussed
below.

Both the nano- and macro-scale deformations of active polymers are well-suited
to the needs of nanoplasmonic antennas. Because the molecular detection sensitiv-
ity is closely related to the nanostructure geometry, the nanogap distance between
structures, and the density of such structures [37, 58], active substrates offer the pos-
sibility of creating a new class of highly sensitive nanoplasmonic sensors. In addition,
the local electromagnetic field controlled by nanoplasmonic antennas can be used to
create new light sources, for example through second harmonic generation effects [9)].

We demonstrate the potential of active polymer nanofabrication in creating ultra-
dense nanoplasmonic antenna arrays. The nanoprisms are defined with nanosphere
lithography, which is a well-characterized and cost-effective method for nanostructure
patterning over large areas [5]. The size and periodicity of the nanoprisms can be
tuned by choice of the nanosphere size. In addition, no high temperatures or corro-
sive chemicals are required, which makes processing fully compatible with the active
polymer substrate used. After the nanoprisms are defined, the polymer is contracted
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Figure 3.3: Macroscopic deformation of active polymers; (a) the contracted polymer
is (b) heated and molded, and (c) cooled to achieve its final structure.

via thermal activation (process shown in Figure 3.2).

3.2 Methods

Materials: Colloidal polystyrene (PS) nanospheres of various diameters were pur-
chased from Polysciences. Preheated stretched polystyrene substrate purchased from
K & B Innovations.

Synthesis of Substrates: A closely packed (PS) nanosphere array on the polystyrene
substrate was prepared as follows: the polymer sheet was cut into a 1.5 x 1.5 cm?
square, followed by oxygen plasma treatment for 20 seconds (Plasma-Therm PK-12,
at 50 sccm, 100 W) to make its surface hydrophilic. PS nanosphere solution and
methanol were mixed at a 1 : 1 ratio, and 10 L. of mixed solution was dropped onto
the polymer substrate and allowed to evaporate, resulting in self-assembly of the PS
nanospheres into a hexagonal array. The nanosphere-masked substrates were then
loaded into an electron-beam thermal evaporator (Edwards EB3), and coated with
a 2nm Ti adhesion layer, followed by Au deposition of specified thickness. The PS
nanospheres were then removed with clear tape (Scotch, 3M), resulting in a substrate
covered with nanoprism arrays. Finally, the substrate was heated to 170°C for 3 mins,
resulting in a biaxial contraction of 37.5%.
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Characterization: The nanoprism arrays were characterized by scanning electron mi-
croscope (SEM) (S-5000, Hitachi). Extinction spectra were obtained by illuminating
the sample with a broadband white light from a halogen lamp, and the transmitted
light was collected by a microscope with spectrometer.

Model: To investigate the near-field properties of uncontracted and contracted nanoprisms
arrays, we developed a 3-dimensional electromagnetic model using the commercial fi-
nite element software COMSOL. The software numerically solves over the domain of
interest the time-harmonic Maxwell equations, which reduce to the Helmholtz equa-
tion [12]. We consider gold nanoprisms with complex permittivity e given by an
analytical model [43] of the experimental data [13] for bulk gold. The particles are
assumed to be present in free space €,, = 1, and the permeability of both the particles
and the surrounding medium are assumed to be y = p,, = 1. The incident electric
field amplitude is assumed to be |E;| = 1, and scattering boundary conditions were
used to eliminate nonphysical reflections at the domain boundaries. An adaptive
mesh was used, and the mesh was refined until further refinements in element num-
ber or size of the domain did not cause changes in the result, verifying a converged
model. We have also verified our model for geometries with known analytic solutions,
such as the sphere [14, 59]. We model nanoprisms with a 50 nm height, and geom-
etry produced by nanosphere diameters of 300 nm. To better simulate the physical
structure, nanoprism tips are rounded with a radius of curvature of 2 nm.

3.3 Results and Discussion

The increase in density of the nanoprisms is defined by the contraction the active
polymer, which for the polystyrene polymer substrate studied is approximately 14%
of its original area. For the nanoprism arrays studied here, this strain is sufficient to
create nanogaps and significant change in optical properties, but we note that larger
strains (and hence increase in nanostructure density) are achievable; for example a
500% strain has been demonstrated using triblock liquid crystal polymers [60], which
would potentially reduce polymer area to 4%. The reduction in area from the active
polymer contraction allows the formation of nanostructures in densities above that
which are initially defined, regardless of the initial fabrication technique.
Concomitant with the increase in density is the potential to create nanogaps be-
tween lithographically defined structures. In Figure 3.4(d-f), we illustrate the nanogap
formation in more detail for nanoprisms lengths of 120nm to 1.6 um. The nanogaps in
Figure 3.4(f) are clearly sub-10 nm, below the resolution limit of even electron beam
lithography and focused ion beam (FIB) techniques. Nanogap formation allows the
creation of tip-to-tip nanoprism structures (also called bow-ties), which have shown to
be excellent substrates for localizing electromagnetic fields [61]. Since the local elec-
tromagnetic field increases with decreasing nanogap distance between the nanoprisms,
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Figure 3.4: Active polymer fabrication of nanoprism arrays; (a)-(c) finite element
simulation of electric field amplitude surrounding initial and contracted nanoprism
arrays; (d)-(f) SEM images of nanogaps between gold nanoprisms of different sizes;
nanoprism lengths are approximately (d) 1.6 um, (e) 540 nm, and (f) 120 nm.

contracting the substrates should allow for significantly increased molecular sensitiv-
ity, as well as enhancing nonlinear effects such as second harmonic generation. Using
finite element simulation, we show the order-of-magnitude improvement in local field
enhancement upon contraction in Figure 3.4(a-c).

We next consider how deformation of the nanoprisms varies at different length
scales. As shown in Figure 3.5, the final substrate morphology is sensitive to the
initial nanostructure size and thickness, and buckling and delamination regimes can
be distinguished. Assuming the mismatch strain between the gold nanoprisms and
the polymer to be the strain induced by the contracting polymer, and the modulus
E = 78 GPa and Poisson ratio v = 0.44 for gold, the mismatch stress between the
nanostructures and the polymer is o, = —52 GPa.

To obtain a rough approximation of the stress required for buckling, we consider
the formula for buckling of a circular patch of a thin film [62, ch. 5]:

B2
o (3.1)

oy = —1.2235

where oy, is the critical stress for the lowest axially symmetric buckling mode, E is
the plane strain modulus, Ay is the film thickness, a is the debonded radius, and the
negative sign indicates a compressive stress. This formula is a simplification of the
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Figure 3.5: Matrix of the morphology achieved for varying gold nanoprism size and
thickness; (a) representative SEM images; the different regimes of buckling and de-
lamination can be understood with a basic analytical model shown in (b) and (c), as
predicted by equation (3.1).

experimental case studied: an infinite film is assumed (compared to the experimental
condition of finite nanoprisms) and the debonded region is assumed to be circular.
Nonetheless, the theory provides a good qualitative picture of the physical scenario,
and the results agree to an order-of-magnitude with experiment.
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The results of equation (3.1) are shown in Figure 3.5(b-c). The stress mismatch
allows for buckling to occur until a critical size is reached. Below this critical size, the
stress required for buckling is higher than the stress mismatch, and the stress must
be relieved by another mechanism, such as delamination. The effect of increasing
the thickness of the gold layer is also predicted by equation (3.1). Since the critical
buckling stress is proportional to the second power of the nanoprism thickness, thicker
films result in reduced buckling for a given size. These predictions match well with
experiment: as shown in Figure 3.5(a), buckling is clearly visible for larger and thinner
nanoprisms, while smaller and thicker prisms tend to delaminate from the surface and
“stand up.”

We note that the useful increases in density, nanogap creation, and deformation
are partially offset by a decrease in the order of the system: variations in the con-
traction behavior of the active polymer cause some defects to occur in the resulting
nanoprism array. However this is not a fundamental limitation, and improvements
in the uniformity of the polymer substrate should allow a reduction in the defects
observed. Future research is needed to clarify the fundamental limits at which ac-
tive polymers may uniformly contract, and how these limits depend on the form of
activation (thermal, electrical, etc.).

The changes in substrate morphology are correlated with distinct changes in op-
tical properties. Since the size and periodicity of nanoprisms created by nanosphere
lithography are not traditionally independent, active polymer nanofabrication allows
a separate handle for tuning nanoprism periodicity, and hence tunability of their spec-
tra. Tunability is an essential characteristic of any plasmonic architecture designed
for molecular detection: first, since tuning resonance to the “biological window” is
necessary to prevent cellular damage, and second, because tuning to the vicinity of
specific molecular resonances can create large increases in both SERS [63] and LSPR-
shift [64] signals. As shown in Figure 3.6, upon substrate contraction the extinction
peak is blueshifted 200 —300nm upon contraction, with thicker nanoprisms exhibiting
a greater blueshift after contraction.

Three effects contribute to the observed blueshift. Radiative dipole interactions
between the nanoprisms cause a blueshift as the lattice spacing is decreased [65]. In
addition, touching nanoprisms are no longer electrically isolated, again resulting in a
blueshift. Finally, the deformation of individual nanoprisms may also contribute to
the observed shift. More study is needed to precisely determine the relative impor-
tance of each of these effects. We note that for small and thick nanoprisms (s = 95nm,
h = 45 nm in Figure 3.6(a)) the lack of a uniform nanostructure prevents a clear ex-
tinction peak from emerging for the contracted polymer, consistent with the lack of
buckling deformation in this regime.

As discussed above, the contracted polymer substrates can be readily molded into
3-dimensional shapes, such as the lens shown in Figure 3.1(e). We show the uniformity
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Figure 3.6: Optical changes with substrate contraction; (a) (left) schematic of
nanoprism contraction and (right) representative extinction spectra of nanoprism ar-
rays before (solid line) and after contraction (dashed line) for varying nanoprism size
and height; (b) extinction spectra taken with varying ¢ and 6 positions demonstrate
the uniformity of pixels in the omnidirectional nanoplasmonic antenna lens shown in
inset.

of spectra taken from different pixels of this substrate in Figure 3.6(b). Despite the
significant change in structure curvature on the macroscale, the spectra obtained
from varying positions on the lens are nearly identical; hence, we have achieved an
omnidirectional nanoplasmonic antenna lens. By integrating such devices with flexible
electronics [57], individual pixels may be addressed simultaneously, thus achieving a
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“plasmonic compound eye.”

3.4 Conclusion

To conclude this chapter, we have proposed a biologically inspired morphogenetic
transformation of hybrid metal and polymer structures for defining nanostructure
morphology, and have demonstrated its utility in creating omnidirectional nanoplas-
monic antenna arrays. Active polymer nanofabrication allows the potential to alter
structure-to-structure distance down to sub-10 nm, surpassing both resolution and
structural density of the initial placement. In addition, polymer molding offers macro-
scopic deformation of plasmonic architectures into arbitrary 3-dimensional geome-
tries. We have demonstrated the size-dependent mechanical response of nanoplas-
monic prism antenna arrays fabricated with active polymer fabrication, and have
correlated the results with analytic theory. Finally, we have correlated the changes
in morphology with optical response. We believe active polymer nanofabrication will
have wide utility for developing high density device architectures for MEMS, NEMS,
and nanoplasmonic devices.
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Chapter 4

Nanogap Formation via Electroless
Deposition

4.1 Introduction

In the previous chapter, we introduced active polymer fabrication, which uses the
contraction of polymers to manipulate the morphology of nanoplasmonic structures.
Here, we present a second approach for controlling nanogaps in plasmonic devices.
We demonstrate that electroless deposition provides a simple but powerful tool for
the fine control of plasmonic nanostructures. Using gold nanoparticles (nanoprism ar-
rays) initially fabricated with nanosphere lithography, we show electroless deposition
of gold in both bulk solution and in Y-channel microfluidic devices can tune the mor-
phological and nanoplasmonic properties of the device. We characterize the change
in the nanogap and morphology, plasmonic optical properties, and surfaced-enhanced
Raman spectroscopy (SERS) signal before and after electroless growth.

Electroless plating, (also called chemical or auto-catalytic plating) is the deposi-
tion of metal via chemical reactions in an aqueous solution, and without the use of
external electrical power (as in the case of electrodeposition). Electroless deposition
is attractive due to its simplicity, and minimal equipment requirements: in compar-
ison to electrodeposition [66], electroless deposition does not require a conductive
substrate, electrodes, and power supply. Since it does not require light excitation (as
used in photochemical assisted deposition [67]) it can be carried out over arbitrarily
large areas. Processing can be conducted in open air conditions at room temperature.

We characterize the electroless deposition of nanostructures using two comple-
mentary techniques: bulk deposition and microfluidic deposition (4.1(a-b)). Bulk
deposition is carried out over arbitrarily large areas of substrate in solution. The
primary advantage of this technique is its simplicity, and by specifying the deposition
time we are able take “snapshots” of nanostructure growth over time. In contrast, mi-
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Figure 4.1: Electroless growth of nanoprisms; schematic of electroless growth of
nanoprism arrays in (a) bulk solution and (b) a microfluidic Y-channel device; (c)
average distance between adjacent triangles as a function of deposition time (error
bars represent one standard deviation, n=6); AFM height maps of representative
nanoprisms after electroless growth in bulk solution for (d) 0's, (e) 5 s, (f) 20 s, and
(g) 10 min.

crofluidic deposition allows us to carefully control flow and reduction of gold solution
over both space and time, and allows us to observe the dynamic change in nanoplas-
monic optical properties in real time. Additionally, microfluidics allows deposition
with small volumes (~50 L), which saves both cost and waste.

4.2 Methods

The gold nanoprism arrays were fabricated using standard nanosphere lithography
[5], as discussed in Chapter 3. After the nanoprism arrays were fabricated, electro-
less deposition was carried out as follows. For the bulk deposition, first an aqueous
solution of 3.2 mM sodium borohydride (NaBH,, Alfa Aesar) was freshly prepared.
The substrates were then submerged into a commercial sulfite gold plating solution
(Techni-Gold 25 ES RTU, Technic), and the deposition was initiated by adding the
sodium borohydride solution in a 1:1 volume ratio with the gold solution while the
substrate was emerged. The sodium borohydride reduces the gold ions in solution,
which preferentially attach to the gold nanostructure surface. After a specified depo-
sition time, the substrates were removed from the solution and immediately cleaned
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with deionized water. We note that lower concentrations of sodium borohydride be-
came ineffective in reducing the gold ions in solution over several hours, while higher
concentrations caused the gold to immediately “crash,” resulting in uncontrollable de-
position. At the sodium borohydride concentration used, gold particulate gradually
became visible, but did not accumulate noticeably on the glass substrate. However,
further fine tuning of the reducing agent is a potential area of focus in the future
development of this method.

For deposition in microfluidic devices, an SU-8 mold was prepared using a chrome
mask and standard lithography, and Polydimethoxysilane (PDMS) devices were fab-
ricated from the mold. Devices consisted of a Y-channel, with two inputs and one
output. Before deposition, the devices were vacuum loaded with water: devices were
submerged in water and placed in vacuum for ~30 min. For deposition, in one arm of
the “Y,” the gold plating solution flowed, while the other arm contained the sodium
borohydride reducing solution as described above. The flow in both inputs was con-
trolled by a syringe pump with a flow rate of 10 L /min.

4.3 Results and Discussion

Using bulk electroless deposition for specified times, we characterized the change in
substrate morphology as a function of time using atomic force microscopy (AFM),
shown in 4.1(c-g). The distance between the tips was quantified for 6 data points,
where the distance was taken at a height of 3 nm from the substrate surface (4.1(c)).
The distance between adjacent nanoprisms decreases approximately linearly with the
log of time for the first 20 seconds of deposition, from the initial gap distance of
~70 nm to a final gap distance of ~20 nm. Longer times did not result in an ap-
preciable change in morphology. We expect that buildup on the nanoparticle surface
(e.g. charge or organic molecules) was the cause of this observation; growth did not
noticeably resume after submerging the substrate in a fresh solution, suggesting the
slowing of growth is not a reagent limited process. Of course, it is not just the gap
size that is affected during deposition; each nanoprism also grows in size. Notably,
the overall shape of the nanoprisms, including their sharp features, appear to be well
retained during growth, in contrast to structures altered with electrodeposition [66].

The nanoplamonic optical properties of nanoprism arrays are highly sensitive to
both the particle geometry and interparticle distances. Tunability is an essential
characteristic of any plasmonic architecture designed for molecular detection: firstly,
since tuning resonance to the “biological window” is necessary to prevent cellular
damage, and secondly, because tuning to the vicinity of specific molecular resonances
can create large increases in both SERS [63] and LSPR-shift [64] signals. We show the
evolution of the absorption spectra of gold nanoprism arrays during electroless growth
in Figure 4.2. A redshift in the spectrum is expected due to increased plasmonic
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Figure 4.2: Realtime observation of electroless growth; absorption spectra evolution
during electroless growth inside a microfluidic Y-channel device for (a) 80 nm (b) 120
nm nanoprisms; (c¢) peak wavelength as a function of time during realtime growth.

coupling between the nanoprisms as the gap between them decreases [68], and this is
indeed observed. Additionally, the change in shape and size of individual nanoprisms
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may contribute to the observed shift. As the nanoprisms merge together to form a
continuous gold film, the plasmon peak broadens and eventually vanishes, as expected.
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Figure 4.3: Effect of electroless deposition on SERS spectra; comparison of normalized
SERS signal of R6G for gold nanoprism arrays before and after electroless deposition
(10 min in bulk solution); inset shows molecular structure of R6G and measurement
conditions.

Both the decrease in nanogap distance and optical redshift observed during elec-
troless growth suggest an improvement in the enhancement of the electric field at
resonant wavelengths. To test this, we investigated the SERS signal of a common
test molecule, Rhodamine 6G (R6G). We tested the SERS signal before and after 10
min electroless deposition in bulk solution with an excitation wavelength of 785 nm,
near the resonance wavelength of the structures. We observed a consistently higher
SERS signal for the electrolessly deposited structures, as shown in 4.3: Electroless
deposition extended the limit of detection of the device by 2 orders of magnitude, and
at the signature peak at 1511 cm™! at a concentration of 10xM, the deposited struc-
ture shows an 8-fold higher signal. We emphasize that the versatility of electroless
deposition should allow similar improvements for other plasmonic structures.
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4.4 Conclusion

To conclude, we have introduced electroless deposition as a method to tune plasmonic
nanoarchitectures, and we have characterized the morphological, optical, and SERS
response for the electroless deposition of gold on nanoprism arrays fabricated with
nanosphere lithography. The gap distance between nanoprisms was reduced by a
factor of 4 within tens of seconds. Using microfluidic Y-channels, we observed the
realtime evolution of the optical spectrum as nanoprisms grew and merged into a gold
film. The SERS sensitivity was shown to have increased two orders of magnitude
after electroless deposition. We believe electroless deposition provides a powerful and
widely useful tool for fine control and nanogap creation for a wide range of structures.
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Chapter 5

Nanocrescent

“Coming together is a beginning. Keeping together is
progress. Working together is success.”

Henry Ford

As was shown theoretically in Chapter 2, shape is an effective way to tune the
resonances of both the near and far fields of nanoplasmonic antenna. Tunability
is essential for nanoplasmonic antennas designed for molecular detection, since i)
resonances often must be tuned to the “biological window” where absorption is low,
and ii) tuning near molecular resonances may greatly increase spectroscopic signal
(63, 64].

Next, in this and the following three chapters, we investigate the issue of geometry
in great detail for four structures. We are particularly interested in systems which
utilize plasmon-coupling; that is, the close proximity of two or more components of
the nanoplasmonic system causes their resonances to be linked together. As will be
demonstrated, the coupling in these structures can cause high electric fields ideal for
molecular detection.

Four such structures will be discussed: the nanocrescent, the crescent-shaped
nanohole, the plasmon enhanced particle-cavity (PEP-C) system, and the core-satellite
system. The nanocrescent and its counterpart, the crescent-shaped nanohole, utilize
both sharp tips and “intra-particle coupling” to achieve high local field enhancement.
The PEP-C system combines particle and cavity geometries to create a high density
of hot-spots. Finally, the core-satellite system is based on the interaction of a central
nanoparticle with multiple smaller particles.
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5.1 Introduction

This chapter focuses on nanoplasmonic resonances of the nanocrescent structure,
shown in Fig. 5.1. Nanoplasmonic molecular sensors must exhibit plasmon resonance
in the near-infrared (NIR) regime [69], and must be mobile, robust, non-toxic, man-
ufacturable, and produce high local field enhancement within a single probe. While
nanorods or nanoshells can meet many of these requirements, typically these structure
only demonstrate high field enhancement when they aggregate into clusters. While
inter-particle plasmon coupling has shown to create high field enhancement between
structures such as spheres [70], cylinders [71], rods [72], triangles [61], and squares
[73], these systems strongly rely on a several nanometer distance (nanogap) between
two or more particles, which is typically random and difficult to control. As a better
alternative to interparticle coupling of these structures, the nanocrescent was pro-
posed to utilize intra-particle coupling, and achieve high local field enhancement in a
single probe. In addition, the sharp tips of the nanocrescent allow it to take advan-
tage of the lightning rod effect as well as the capacitor effect (through intra-particle
coupling).

Nanocrescents have begun to be established as powerful plasmonic biosensors in
recent years, both theoretically [74, 75] and experimentally [76-82]. Despite these
results, there is no systematic study of the nanocrescent available to answer key ques-
tions regarding nanoparticle geometry: what is the extent of the plasmon resonance
tunability of the nanocrescent, and how does geometry affect plasmon resonance? In
addition, what are the critical features necessary to obtain high local field enhance-
ment? In this chapter we focus on computation to elucidate these issues.

We show that by varying the nanocrescent geometry, the plasmon resonance peak
can be tuned into the near-infrared and local field enhancement can be increased
significantly, with maximum enhancement of the electric field amplitude reaching
approximately 100 for realistic geometric parameters. Because of its wide tunability,
high local field enhancement, and geometry which utilizes both sharp features and
intra-particle coupling, the nanocrescent is a structure well-suited for in vivo cellular
imaging as well as in vitro diagnostic applications.

5.2 Model

The geometry of the nanocrescent, shown in Figure 5.1, is defined by four parameters:
an outer radius r,, an inner radius r;, the center-to-center distance between the circles
(cavity offset) d, and the fillet radius of the sharp tips s. Two distinct geometries bear
the title nanocrescent: the geometry resulting from extruding Figure 5.1b out of the
page, and the geometry resulting from revolving the same figure about the vertical
axis. The “revolved” nanocrescent shown in Figure 5.1a was fabricated by depositing

o1



Figure 5.1: The nanocrescent; (a) artistic rendering, (b) TEM image of a 3D nanocre-
scent (scale bar represents 100 nm) and (c) diagram of the nanocrescent illustrating
key geometric parameters.

a thin gold layer on polystyrene (PS) nanospheres at specified angles, followed by
removal of the nanospheres, as described elsewhere [78]. A similar process is also
discussed in further detail in the following chapter.

We consider a 2D gold nanocrescent present in free space (vacuum) with a trans-
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verse magnetic (TM) plane wave incident at an angle # measured from the vertical
axis. We assume the relative permeability of gold u, = 1 and the complex permit-
tivity € to be a function of wavelength [83]. A finite element model was developed
using the commercial software COMSOL to solve over the domain of interest the
time-harmonic Maxwell equations, which reduce to the Helmholtz equation [12]. The
domain consisted of the 2D nanocrescent, a region of free-space (greater than half the
free-space wavelength) surrounding the nanocrescent, and a perfectly matched layer
(PML) to eliminate nonphysical reflections at the domain boundaries [84]. Scattering
boundary conditions were used to further eliminate nonphysical results. An adaptive
mesh was used, and the mesh was refined until the maximum electric field converged.
We selected the finite element method primarily because of the ability to adaptively
mesh, and because it has been shown to be advantageous over the finite difference
time domain (FDTD) method for complex geometries [85].

We briefly note that we have observed the local field distribution for 3D (i.e.
“revolved”) nanocrescents to be similar to that of nanocrescents in 2D, with the high
local field enhancement extending around the sharp edge in 3D. The 3D nanocrescent
appears to follow trends similar to those discussed in this chapter; however, the 2D
models discussed in this chapter are strictly valid only for nanocrescents “extruded” to
very large thicknesses. The 2D study was chosen primarily because it allowed the vast
parameter space of nanocrescent geometries to be investigated in a timely manner,
where this would not be feasible for 3D geometries due to the intensive computation
required.

5.3 Results and Discussion

Unless otherwise noted, we have chosen a nanocrescent with the nominal parameters
ro = 70nm, r; = 50nm, d = 40nm, s = 1nm, and # = 0°. In all cases we compute
the maximum electric field enhancement, defined as the ratio of the maximum value
of the electric field amplitude |E|q, to the amplitude of the incident field |E;|. The
maximum field enhancement occurs near the tips of the nanocrescent in all cases
we have sEudigd. We graphically depict the enhancement on a dB scale, defined as
101og, o (| E[/|Ei]).

We first consider varying the outer radius r, of the nanocrescent and incident
free-space wavelength \g, while keeping the other parameter ratios fixed. Thus, all
geometric parameters can be linearly scaled, resulting in a change in the overall
size of the nanocrescent while keeping its relative geometry fixed. In this way, we
observe how the plasmon band of the nanocrescent varies with the nanocrescent size
as shown in Figure 5.2. The resonance peak of the nanocrescent is red-shifted as the
nanocrescent size increases, and the relationship is roughly linear. The red-shift is
also accompanied by a broadening of the peak, and is consistent with the size-effect
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Figure 5.2: (a) Maximum local field enhancement as a function of outer radius r, and
incident free-space wavelength Xy, (b) field distribution for r, = 200 nm, Ay = 785 nm,
and (c) field distribution for r, = 100 nm, Ay = 785nm (r; = 50r,/70, d = 40r,/70,
s=1,/70, 0 = 0°).

observed in gold nanoparticles [86], and is also consistent with recent experimental
studies of the nanocrescent [79, 80]. Physically, the peak resonance is characterized
by a dipole-like resonant coupling between the tips.

Significant plasmon band tuning can also be seen by varying the cavity offset d,
keeping the other parameters constant. As shown in Figure 5.3, by decreasing d,
the plasmon resonance peak can be brought well into the NIR regime. Varying d
affects the tip-to-tip distance of the nanocrescent, and as d is reduced, dipole-like
coupling increases between the tips (Figure 5.3b). This result is consistent with
experimental results showing in increased resonance for decreasing tip-to-tip distance
[79, 81]. We also note that varying d has the effect of changing the thickness of the
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Figure 5.3: (a) Maximum local field enhancement as a function of cavity offset d and
incident free-space wavelength Ay, (b) field distribution for d = 21 nm, Ay = 785 nm,
and (c) field distribution for d = 46nm, Ay = 785nm (r, = 70nm, r; = 50 nm,
s=1nm, 6§ =0°).

nanocrescent shell, and tuning in this manner might be thought of as analogous to
plasmon resonance tuning in metallic nanoshells [87, 88]. Since high enhancement
can be achieved for fairly large tip-to-tip distances (e.g. 50nm in Figure 5.3b)
and enhancement does not increase significantly as the distance is reduced, the high
enhancement is not simply due to the capacitor effect between the tips. Instead, the
shape of the nanocrescent is being tuned to allow a stronger dipolar resonance.
Varying the inner radius r; has comparatively little affect on the plasmon band,
as shown in Figure 5.4. However, decreasing r; reduces the tip-to-tip distance, in-
creasing coupling between the tips, and affecting the field distribution (Figure 5.4b).
Physically, one would expect the optimum wavelength for the dipole-like resonance
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Figure 5.4: (a) Maximum local field enhancement as a function of inner radius r; and
incident free-space wavelength \g, (b) field distribution for r; = 31 nm, Ay = 785 nm,
and (c) field distribution for r; = 55nm, A\g = 785nm (r, = 70nm, d = 40 nm,
s = 1lnm, 0 = 0°).

between the tips to depend on their distance; specifically, a redshift is expected as
the distance is reduced, as can be observed in Figure 5.4.

In experimental practice, it is difficult to fabricate nm and sub-nm sharp features
such as the tips of the nanocrescent. For this reason, the sharp tips of the nanocrescent
were rounded with a fillet radius s. As shown in Figure 5.5, varying the fillet radius
does not significantly affect the plasmon band; thus, the plasmon resonance of the
nanocrescent is fairly robust with respect to the tip sharpness. The maximum field
enhancement, however, can be increased significantly as s decreases, especially below
1nm. We have observed the phenomenological relationship | El|mas/|Ej] = a+bs™/2,
where a and b are constants which depend on the wavelength and geometry. As can
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Figure 5.5: (a) Maximum local field enhancement as a function of fillet radius s and
incident free-space wavelength Ao, (b) field distribution for s = 0.2nm, Ay = 785 nm,
and (c) field distribution for s = 3nm, Ay = 785nm (r, = 70nm, r; = 50nm,
d=40nm, 6 = 0°).

be seen in Figures 5.5b and 5.5¢, the field enhancement remains highly localized near
the sharp tips. While increasing the sharpness of the tips increases the “lighting rod”
effect, thus increasing enhancement in close proximity to the tips, it has little affect
on the dipole-like coupling between the tips or cavity. We note that the multiple
nodes for resonant coupling of the sharp tip noted previously [74] vanish for the more
physical tip radii chosen here.

Figure 5.6 shows the result of varying the angle of incidence 6 of the incoming
plane wave. A splitting of the plasmon resonance peak is prominent when 6 is be-
tween 90° and 135°, agreeing with earlier results [74]. It is clear from Figures 5.6b
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and 5.6¢ that non-normal incidence induces a significant asymmetry in the local field
distribution, caused by the asymmetry of the nanocrescent itself. Such angle depen-
dence is expected from the dipole-like nature of the coupling modes. For example, for
6 = 90°, the driving field is perpendicular to the dipole coupling of the tips, so one
would expect a reduced enhancement near this regime, as is indeed seen in Figure
5.6.

Finally, the model was adapted to allow consideration of smaller tip-to-tip dis-
tances of the nanocrescent as follows: We fixed r, = 70nm, r; = 50nm, and
d = 15nm, which produces a small circle completely inside of a larger circle. We
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then made a rectangular cut (and rounded the edges with a radius of 2 nm) such
that the tip-to-tip distance t can be precisely chosen. We then observed the effect
of varying t, as shown in Figure 5.7. As t becomes less than 10 nm, strong coupling
occurs between the tips and high local field enhancement occurs, concentrated in a
small region near the tips. Interestingly, high local field enhancement can also be
achieved in the NIR for larger ¢, and a physically larger region of enhancement occurs
near the nanocrescent. This high local field enhancement for two different geometries
can be explained by the multiple modes of resonance of the nanocrescent: for close
tip-to-tip distances, the lightning rod effect and tip-to-tip coupling result in large
field enhancement that is highly localized, while for larger tip-to-tip separations, tip,
cavity, and surface coupling result in a physically broader region of field enhancement.
This result emphasizes that while decreasing the tip-to-tip distance can increase en-
hancement for a wide range of wavelengths, resonance at a particular wavelength can
be achieved by tuning the remaining geometric parameters.

5.4 Conclusion

In summary, we have observed that plasmon resonance of the nanocrescent is highly
tunable: by varying the overall nanocrescent size or by varying the position of the
cavity, the plasmon resonance can be brought into the NIR regime. Local field en-
hancement can be maximized by decreasing the inner radius, and by increasing the
sharpness of the tips, and maximum enhancement |E|nq/|E;| & 100 (corresponding
to 20 dB) for realistic geometric parameters. Varying the angle of incidence can cause
splitting of the plasmon resonance peak, and also induces an asymmetry in the local
field distribution. Finally, small tip-to-tip distances result in highly localized field
enhancement for a broad range of wavelengths, but comparable enhancement for a
specific wavelength can also be achieved by tuning the overall structure such that
multiple mode resonance occurs.
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Chapter 6

Crescent-Shaped Nanohole

6.1 Introduction

Since the discovery of extraordinary transmission of light through subwavelength holes
[7], much attention has been devoted to understanding the role of material properties,
film thickness, hole geometry, and relative hole placements in the optical response of
hole and hole arrays [89, 90]. Recently, it has been shown that such structures may
also act as optical antennae-utilizing local surface plasmon resonances (LSPR) of the
nanohole structures to focus electromagnetic fields into extremely small regions [91].

Hole-based nanoplasmonic architechtures may offer significant advantages over
their “positive structure” counterparts. They can be integrated into optical mi-
cro/nanofluid devices, such as the flow-through scheme [92]. Hole architectures may
offer robustness, since they are more mechanically stable, and heat can be better dis-
sipated versus nanoparticle structures. In addition, hole structures offer the potential
to nanoconfine analyte in hot-spot regions [91, 93].

Hole-based nanoplasmonic sensors have suffered from two problems. Firstly, the
hole structures have not achieved the sensitivity of nanoparticle-based approaches
(e.g. [94]). This may be largely attributed to limited effort in designing for molecu-
lar detection. The optimal hole structures for biomolecular sensing are likely to be
different than structures for maximizing transmission, which has been a large focus
since the discovery of extraordinary optical transmission. Much as with nanopar-
ticle structure, nanohole sensors should achieve higher sensitivity through coupled
architectures.

Secondly, virtually all studies of hole based arrays have been based on slow and
expensive “top-down” approaches such as e-beam lithography or focused ion beam
(FIB) fabrication. The serial nature of these techniques allows only small regions to
be fabricated, and it is both difficult and not cost-effective to integrate such structures
into integrated sensing architectures, such as optical microfluidic and nanofluidic
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devices. In addition, such top-down techniques typically cannot define feature sizes
less than 10nm, which is a critical limitation in creating ultra-sharp features for
plasmonic detection. We note that several methods to develop large-area circular
hole arrays, such as nanosphere lithography [95], microsphere lenses [96], and soft
interference lithography [97] have recently been developed.

In this chapter, we present the first optical study of large-area random arrays of
crescent-shaped nanoholes. The crescent-shaped nanohole antennae, fabricated using
wafer-scale nanosphere lithography, provide a complement to crescent-shaped nanos-
tructures, called nanocrescents, which have been established as powerful plasmonic
biosensors, as discussed in the previous chapter. With both systematic experimental
and computational analysis, we characterize the optical properties of crescent-shaped
nanohole antennae, and demonstrate tunability of their optical response by varying all
key geometric parameters. Crescent-shaped nanoholes have reproducible sub-10 nm
tips and are sharper than corresponding nanocrescents, resulting in higher local field
enhancement (LFE), which is predicted to be |E|/|Ey| = 1500. In addition, the
crescent-shaped nanohole hole-based geometry offers increased integratability and
the potential to nanoconfine analyte in “hot-spot” regions—increasing biomolecular
sensitivity and allowing localized nanoscale optical control of biological functions.

6.2 Methods

The process flow of crescent-shaped nanohole fabrication is shown in Figure 6.2.
Briefly, a 2 nm thick titanium adhesion layer and a gold layer of defined thickness were
deposited onto clean glass slides by e-beam evaporation (Edwards EB3). Random
monolayer arrays of polystyrene (PS) spheres (Polysciences) were then deposited on
the gold films as follows: PS sphere suspension, 10 mM N-(3-Dimethylaminopropyl)-
N’-ethylcarbodiimide (Sigma-Aldrich) solution in PBS (pH 7.4, Gibco), and DI water
(Millipore) were mixed at a ratio of 1:0.9:1. The gold surfaces were immersed in the
mixture for 1 hour, during which PS spheres were adsorbed to the substrate. Non-
adsorbed spheres were washed away with a copious amount of deionized water and
the substrates were dried with Ny gas. The size of the adsorbed PS spheres can be
tailored with oxygen plasmon treatment (Plasma-Therm PK-12 RIE, at 50 sccm, 100

The sphere-coated substrates were then etched using vertical angle ion milling
(Veeco Microtech System), after which all of the gold is removed except for a nanodisk
masked by each PS sphere. A second gold layer was then deposited on the substrate
at a defined angle using e-beam evaporation, at a thickness which matched the initial
gold layer. The gold can not enter the area shadowed by the PS sphere, and a crescent-
shaped void results. Finally, PS spheres were removed using tape (Scotch, 3M) and
sonication in acetone for 1 hour. For comparison, we also fabricated nanocrescents
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Figure 6.1: Overview of the crescent-shaped nanohole and nanocrescent structures;
SEM images (false color) of (a)(d) random arrayed and (b)(e) single structures, and
(c)(f) a conceptual illustration of molecular detection for (a)-(c) crescent-shaped
nanoholes and (d)-(f) nanocrescents. The crescent-shaped nanohole achieves sharper
tips with < 10nm radius of curvature, and is amenable to integrated flow-through
architectures for molecular detection.

using a similar PS sphere process as shown in Figure 6.2(e-h) [79]. The resulting
crescent-shaped nanohole (as well as nanocrescent) antennae were thus fabricated
into large-area random arrays, as shown in Figure 6.1. We used random arrays to
isolate the plasmonic characteristics of individual nanostructures from short- and
long-range coupling between structures that can result from periodic arrays.

Dark-field scattering microscopy was used to characterize the optical response of
crescent-shaped nanoholes and nanocrescents. While transmission measurements are
typical for hole studies, the significant absorption and scattering of sharp crescent-
shaped nanohole antennae are more appropriately measured via scattering. In our
experimental configuration, broadband white light from a halogen source was passed
through a dark-field water immersion condenser (NA = 1.2 ~ 1.4) to illuminate the
sample at an angle larger than the collection angle of the objective lens (NA = 0.65).
The scattering from the substrate alone was imaged by a CCD camera with spectral
resolution better than 2nm.

To complement the experimental scattering results, we developed a three-dimensional
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Figure 6.2: Crescent-shaped nanohole and nanocrescent fabrication; nanosphere
lithography fabrication process for (a)-(d) crescent-shaped nanoholes and (e)-(h)
nanocrescents.

numerical model using the commercial finite element software COMSOL. We consider
a single crescent-shaped nanohole in a large gold sheet with complex permittivity e
given by an analytical model [83] of the experimental data [13] for bulk gold, and with
relative permeability u = 1. The crescent-shaped nanohole shape is approximated by
an extruded circle subtracted from an extruded ellipse, where the major and minor
axis are determined by the angle of deposition and PS sphere radius, respectively.
The surrounding environment is assumed to be vacuum.

Due to the nature of shadow-based nanofabrication, the tips of the crescent-shaped
nanohole are extremely sharp—achieving a radius of curvature well under 10 nm with-
out e-beam lithography or FIB. Such dimensions give the crescent-shaped nanohole
sharper features than rectangular holes [98], bowtie holes [99], double holes [100], and
similar structures which have been fabricated using FIB techniques. Interestingly,
the tips are found to be sharper than those of positive nanocrescents fabricated by
the same PS sphere template (Fig 6.2(c,g)). We expect this is due to the differences
in fabrication between the positive and negative crescents: some unavoidable removal
of the PS sphere mask during ion milling of the nanocrescent limits tip sharpness
(Figure 6.2(g)), while the crescent-shaped nanohole is defined by gold evaporation
through the shadow of the PS nanosphere (Figure 6.2(c)). The increased sharpness
causes a higher computed local field enhancement for crescent-shaped nanoholes.

Since it is nearly impossible to completely isolate the positive and negative mask-
ing properties of PS spheres during fabrication, a positive nanocrescent typically forms
opposite each crescent-shaped nanohole during fabrication, as can be seen in the SEM
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images of Figure 6.1(b). However it is clear that this “secondary” nanocrescent does
not contribute significantly to the optical signal: dark field scattering measurements
were nearly identical when taken on both sides of the films (while the nanocrescent
appears on only one side), and experimental results agree well with computational
results of pure crescent-shaped nanoholes.

6.3 Results and Discussion

For the application of plasmonic based molecular detection, we particularly wish to
study plasmon resonances of the sharp tips of the crescent-shaped nanoholes which
occur in the optical regime, hence fitting within the “biological window” of visible and
near infrared wavelengths that will not harm biological tissue. For both the crescent-
shaped nanohole and its nanocrescent counterpart, in the optical regime the particle
plasmon (pp) resonances are dominant, and occur at wavelengths near 600 nm for
crescent diameters near 300 nm to 400 nm. Hence, these structures are the focus of
this chapter.

The geometric asymmetry of the crescent-shaped nanohole antenna causes a sig-
nificant polarization dependence, as shown in Figure 6.3. In the case of the crescent-
shaped nanohole, the plasmon resonance occurs across the cavity: when the incident
electric field polarization is parallel to the long dimension of the crescent-shaped
nanohole, denoted pp(c), primarily the tip-cavity modes are excited; when the inci-
dent field is perpendicular to the long dimension, denoted pp(u), a resonance across
the center of the cavity occurs (Figure 6.3(a-c)). These resonances are mirrored in
the nanocrescent (Figure 6.3(d-f)). While the peak positions of the two modes appear
almost identical, the pp(u) resonance exhibits a slight redshift compared to the pp(c)
mode, and this trend has also been observed in nanocrescents [79]. This supports
that the polarization dependence is related to separate resonance modes, while the
sharp tips may contribute significantly to the signal in both modes (as is discussed
further below).

Since resonances of sharp tips are known to achieve sensitive biomolecular detec-
tion, we focus on the pp(c) polarization in the remainder of this chapter, and note
that the plasmon band tuning is nearly identical for pp(u) polarization.

Nanosphere lithography offers three primary handles for geometric control: namely
sphere diameter d, gold deposition angle 6, and thickness of the gold film h. Under-
standing the effect of each of these handles is crucial for designing useful devices well
as in probing the underlying physics.

We fabricated crescent-shaped nanoholes with a wide range of PS sphere sizes,
finding that a strong plasmonic response in the optical regime occurred primarily for
PS sphere diameters d near 300 nm, as shown in Figure 6.4. Within the size regime
of d = 300nm to 400 nm a redshift in the scattering peak occurs with crescent-
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Figure 6.3: Crescent-shaped nanohole polarization dependence; polarization induced
resonant modes of (a)-(c) crescent-shaped nanoholes and (d)-(f) nanocrescents. The
pp(c) polarization excites the sharp tips useful for molecular detection. The scattering
curves are shown for d = 293 nm, ¢ = 30°, h = 25nm.

shaped nanohole size: for example increasing the sphere diameter from 307 nm to
333 nm results in a 25 nm resonance peak position difference. This behavior has been
observed for many different particle and cavity geometries, and is due to radiation
damping and retardation [11]. We note the magnitude of redshift agrees well with
that seen for nanocrescents [79]. In each case in Figure 6.4, the computed local field
enhancement is redshifted roughly 100 nm compared to the experimental results. This
difference can likely be explained from oversimplification of the computational model,
and real differences between resonances in the near- and far-field. Specifically, the
effect of the substrate has been shown to be significant for circular holes [101], and
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experimental scattering response and (b) computed near-field show a redshift with
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we suspect the presence of the substrate causes differences between single and double
peaks observed in the experimental and computational results. The magnitude of
peak change with increasing nanohole size is nearly identical in the experimental and
computational results.

Varying the gold deposition angle during crescent-shaped nanohole fabrication al-
lows some control over the nanohole geometry without significantly changing its size,
as shown in Figure 6.5. Surprisingly, though the nanohole shape changes significantly
as the deposition angle # ranges from 10° to 45°, the peak scattering position remains
nearly unchanged. To understand this result, we computationally investigated the
electric field inside the crescent-shaped nanohole. It is clear from the local electric
field presented in Figure 6.5(c) that the plasmonic response of the crescent-shaped
nanohole is dominated by the sharp tips. Since the tip geometry changes only mini-
mally with deposition angle, little change in plasmon peak wavelength would indeed
be expected. Thus, the computational and experimental results are in good agree-
ment.

For a small deposition angle, a thin slit-like crescent-shaped nanohole forms, which
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results in increased coupling—and a sharper peak. In the near-field, our computation
predicts local fields of |E|/|Eq| = 1500 (Figure 6.5(c)) at resonance, where this value
is taken at least 2nm from the gold surface. The reduction of this coupling mode
with increasing deposition angle causes a broadening of the plasmon peak, as seen in
Figure 6.5(d).
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Figure 6.5: The dependence of crescent-shaped nanohole optical response on deposi-
tion angle; (a) side view schematic of varying deposition angle, (b) SEM images, (c)
computed local electric field enhancement at resonance, and (d) experimental scat-
tering peak for the corresponding crescent-shaped nanohole structures (d = 333 nm,
h = 53nm, polarization is pp(c)). The sharp tips dominate both the local and far-field
response.

We also considered the effect of varying film thickness as shown in Figure 6.6.
Since the skin depth thickness of gold is roughly 30nm at optical frequencies, in
varying the film thickness from 13nm to 65nm we progress from an optically thin
film toward an optically thick film. There is an experimental limitation of the aspect
ratio of crescent-shaped nanohole size to height of roughly 4 to 1, since the PS sphere
template is also deformed during the ion milling process (etching rate of PS:gold
~~ 1 :2). This limitation may be overcome in the future by replacing PS nanospheres
with a more resilient material such as silica.

The effect of film thickness on the crescent-shaped nanohole resonance position
stresses that the resonance is not purely a 2D effect. Simulation results suggest that at
resonance the locally enhanced field progresses completely through the cavity. This is
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consistent with observations in holes, where the electromagnetic field is concentrated
into a plasmon mode inside the cavity, and is then re-emitted as light on the other
side [90]. In the crescent-shaped nanohole structures in this study, we found trans-
mission minima at the resonance wavelength, which is in contrast to transmission
enhancement reported in many hole and hole arrays in films much thicker than the
skin depth of gold. At the thicknesses below 65nm used in this study, light that
transmits directly through the gold film may destructively interfere with, or become
significant in comparison with, the re-emitted light resulting from the plasmon reso-
nance [102]. Similar transmission minima of hole structures have also been reported
in hole studies in films of thickness close to the skin depth [103-105].

It is clear in Figure 6.6 that as the film thickness decreases, the scattering peak is
redshifted. This follows a general rule seen in many plasmonic structures [11] includ-
ing holes [104], namely that as the aspect ratio of structure size to height is increased,
a redshift in plasmon peak position occurs. This can occur either by increasing the
size (Figure 6.4) or by decreasing the height (Figure 6.6) of the nanostructure. We
also note that similar shifts are seen in the resonance of positive nanocrescents [79].
Again, experimental and computational results are in good agreement. As the film
thickness increases, two distinct peaks in the plasmon band begin to emerge. As
shown in Figure 6.6(d), this splitting is caused by a secondary coupling mode on the
rounded side of the crescent-shaped nanohole. This splitting is also observed for thin
crescent-shaped nanoholes with smaller diameter, as shown in Figure 6.4(a), which
indicates that a critical aspect ratio is required for the double peak to emerge.

6.4 Conclusion

It is clear that strong similarities exist between the optical responses of crescent-
shaped nanoholes and nanocrescents. While Babinet’s principle does not rigorously
apply in the regime studied here of finite conductivity and films of finite thickness
[12], the similarities presented here between the complementary structures imply that
Babinet’s principle is at least qualitatively upheld in this nonideal regime. This has
also been recently noted in slit ring resonators (SRR’s) and their hole complements
[106].

Like the positive nanocrescent, the crescent-shaped nanohole can be readily tuned
by varying its geometric parameters. However, the crescent-shaped nanohole geome-
try may offer significant advantages over its positive nanocrescent counterpart. As we
have shown, the crescent-shaped nanoholes can be fabricated in large-area arrays with
sub-10nm tips. The tip sharpness exceeds that of positive nanocrescents obtained
with the same nanosphere mask, and is sharper than rectangular holes, bowtie holes,
and double holes that have been fabricated. Such sharp features will be critical in
improving molecular sensitivity of hole-based devices. In addition, the hole geometry
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Figure 6.6: The dependence of crescent-shaped nanohole optical response on crescent-
shaped nanohole thickness; (a) schematic of varying thicknesses, (b) experimental
scattering response and (c¢) computed near-field and (d) near-field electric field dis-
tribution for (top) the secondary peak and (bottom) primary peak shown in part
(c) (d = 333nm, 0§ = 30°, polarization is pp(c)). A redshift occurs with decreasing
crescent-shaped nanohole thickness, while a second peak emerges for optically thick

films.

offers significant advantages over particle-based sensors, including integratability, ro-
bustness, and the potential to nanoconfine analyte in hot-spot regions. In short, the
crescent-shaped nanohole may provide the best-of-both-worlds between hole-based
and particle-based biological and chemical plasmonic sensors.
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Chapter 7

Plasmon Enhanced Particle-Cavity
(PEP-C)

7.1 Introduction

While recently much attention has been paid to maximizing the local electromagnetic
fields surrounding metallic nanoparticles and substrates in the hope of increasing
molecular sensitivity [75, 107-112], increasing the density of locally enhanced regions
has been generally neglected, and may be at least as important in achieving sensi-
tive and reliable devices. If a molecule is to be detected using such plasmon-based
techniques as surface enhanced Raman spectroscopy (SERS) [113], surface enhanced
fluorescence [33], local surface plasmon resonance (LSPR) shift [36], or plasmon res-
onance energy transfer (PRET) [34], then the important question may not be solely
the strength of the localized field, but the probability that a molecule will occupy a
region of enhancement. If a molecule can be thought analogous to a fish in a lake,
then the more hooks, the better the chance of a catch.

A major focus of plasmonic antennae recently has been on particle-particle inter-
actions [114-117] and sharp-tip structures [108, 118, 119]. Such antenna can produce
extremely high localized electromagnetic fields (hot-spots), resulting in molecular
sensitivities up the level of single molecule detection [94]. However to date, large
scale reliable single molecule nanoparticle-based plasmonic detection remains elusive.
We suggest two issues have limited progress: i) detection regions are limited to the
sparsely (and often randomly) distributed hot-spot regions surrounding antenna and
ii) hot-spots are critically dependent on the distance between two points or sharp-tip
curvature of a structure, both of which are extremely difficult to control. These is-
sues are intimately tied to fabrication limitations, as even nanometer-sized tolerances
can cause large fluctuations in local field intensity, and the most precise fabrication
approaches (e.g. electron-beam lithography) are typically not amenable to large-scale

71



fabrication and cannot generate nanogap features less than 3 nm.

Increasing the density of hot-spots has the potential to achieve both increased sen-
sitivity, because more regions are available to detect molecules, and reliability, since
the tolerance of a particular hot-spot becomes less critical for device functionality.
However, increasing hot-spot density requires a paradigm shift in the plasmonic ar-
chitectures that have been proposed. In this chapter, we propose that the plasmonic
coupling between a plasmonic nanoparticle and a plasmonic mirror in a structure,
which we call a plasmon enhanced particle-cavity (PEP-C), can provide significant
increases in both hot-spot intensity and density. In addition, precise control of hot-
spot geometry in the PEP-C antenna allows reproducible nanoarchitectures for high
device reliability. We note that flat mirror and sandwich structures have been studied
recently and shown to be powerful SERS substrates [120-122]; however these studies
do not consider complementary geometries (the positive curvature of the particle and
the negative curvature of the cavity) between a particle and cavity as studied here.

In this chapter, we propose a coupled nanoplasmonics solution for high hot-spot
density creation by coupling a particle and a cavity in a structure dubbed a plasmonic
enhanced particle-cavity (PEP-C) antenna. In comparison to analogous particle-
based dimer antenna structures, the PEP-C allows both a higher maximum field and
an order-of-magnitude higher hot-spot density. In addition, the hot-spots of the PEP-
C antenna can be precisely controlled, resulting in increased reliability. We elucidate
the photonic characteristics of the PEP-C antenna and show tuning and optimization
through choice of geometric parameters. These properties make the PEP-C antenna
an excellent candidate for nanoplasmonic-based biomolecular sensors.

We illustrate the PEP-C antenna in Figure 7.1. The structure can be defined
geometrically by a particle of radius r, a spacer layer (which may be a dielectric)
of thickness d, and an offset h of the particle-cavity centerline from the surface. In
this study both the particle and the surface are considered to be gold, but in general
either could be replaced with any plasmonic material. Because both cavities and
nanoparticles can be made to self-assemble into arrays [123, 124], the PEP-C can be
fabricated into large-areas entirely with “bottom-up” techniques and integrated into
microfluidic chips, as illustrated in Fig. 7.1(b)-(c).

7.2 Methods

The basic unit of the PEP-C antenna consists of a truncated spherical void in a metal-
lic surface, a spacer layer (which may be a dielectric), and a spherical nanoparticle.
The geometry can be described mathematically using the particle radius r, spacer
thickness d, and height of the nanoparticle-cavity centerline from the surface h. To
create a physically relevant model, the sharp edge of the truncated spherical void
is rounded with a 2nm radius of curvature, and we find that this parameter is not
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Figure 7.1: A schematic of (a) a single PEP-C antenna with relevant geometric pa-
rameters labeled, (b) PEP-C antennae in a self-assembled array, and (c) PEP-C arrays
integrated into a microfluidic cell-culture device for biomolecular detection.

critical to the resonant modes and magnitude of local field enhancement.

We consider both the surface and the nanoparticle to be gold, with complex per-
mittivity € given by an analytical model [83] of the experimental data [13] for bulk
gold, and with relative permeability p = 1.

We consider both the surface and the nanoparticle to be gold, with complex per-
mittivity € given by an extension of the Drude model [83]:

1 A; et 9 e 1%
€(A) = €3 SR + = [ . + .
AZ(L/A2 + i/ vpA) N LA =1/ A =dfy) o (/A + 1/ A+ i/v)
(7.1)
where €5, = 1.53, \, = 145, v, = 17000, A; = 0.94, ¢, = —7/4, A\ = 468, 1 = 2300,
Ay = 1.36, ¢ = —m/4, Ao = 331, and ~, = 940 to fit the experimental data for bulk
gold [13]. The relative permeability of gold is assumed to be u = 1.

The PEP-C structure is assumed to be present in free-space (¢ = u = 1), and for
generality the dielectric spacer layer is also assumed to have the properties of free-
space. We define a linearly polarized plane wave incident on the structure at angle
0.

The complexity of the PEP-C geometry requires numerical solution, as no known
analytic techniques are available. We developed a three-dimensional model using
the commercial finite element software COMSOL. The software numerically solves
over the domain of interest the time-harmonic Maxwell equations, which reduce to
the Helmholtz equation [12]. Scattering boundary conditions were used to eliminate
nonphysical reflections at the domain boundaries. An adaptive mesh was used, and
the mesh was refined until further refinements in element number or size of the domain
did not cause changes in the result, verifying a converged model. We also verified our
model in the limiting case of a single isolated sphere against the analytic Mie theory
[14].

Jj=1
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For the results presented below, we compute the surface-average local field en-
hancement as follows:

1
E|sa = E|/|E 2
Elss = 7omz | [EI/BoldS, (7.2

where S is the surface of the sphere, and herein the incident electric field is assumed
to be |Eg| = 0. Since we are motivated by surface enhanced spectroscopies, where
molecular interaction occurs in the near field and molecules may attached on any
region of the nanoparticle surface, the surface average electric field is the most relevant
measure of plasmon resonance.

7.3 Results and Discussion

|EI (V/m)

120

100

Figure 7.2: A comparison of PEP-C and particle dimer antennae. The computed local
electric field amplitude distribution surrounding (a) the PEP-C antenna at resonance
and (b) a gold particle dimer of the same nanoparticle size and gap distance at
resonance.

The local electromagnetic fields surrounding the PEP-C antenna are significantly
different from those in particle-particle or sharp-tip antennae, where high local fields
derive from the gap between the closest points of two particles or at sharp tips.
Because of the complimentary positive and negative curvature of the particle and
cavity, respectively, in the PEP-C structure the plasmonic interaction occurs over a
physically extended region, as shown in Fig. 7.2. The gold surfaces of the particle
and cavity act as plasmonic mirrors, trapping the light in the curved nanogap region
between them. The result is that the hot-spot extends through nearly the entire
nanogap, causing the computed surface-average local field enhancement (|E|g4 = 40)
to be an order of magnitude larger than for gold particle dimers [125]. Since the
hot-spot regions are known to determine both LSPR shifts [35] and the enhancement
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factor for surface-enhanced spectroscopies such as SERS, the significant increase in
hot-spot density should correspond to an increase in molecular sensitivity.

It is important to consider, does an increase in hot-spot density require a con-
comitant reduction in the maximum local intensity achievable? Ultimately, the total
electromagnetic energy distributed throughout hot-spots must be limited by conser-
vation of the incident energy. However, it is clear from Fig. 7.2 that this regime
has not yet been reached: the maximum local electric field amplitude |E|;.. = 120,
corresponding to a SERS electromagnetic enhancement of |[E[* > 2 x 10% (achieved
for A = 700nm, r = 20nm, d = 2nm, h = 6 = 0), is a 5-fold increase in SERS
enhancement compared to a particle dimer with the same particle radius and gap
distance at resonance. Thus, the PEP-C is clearly a more efficient antennae, as it can
simultaneously attain both a higher maximum field and higher hot-spot density than
a particle dimer.

We next consider the tunability of the PEP-C; namely, can the resonances be tuned
by varying the geometric parameters? And which parameters are critical for achieving
high field enhancement? Tunability is an essential characteristic of any plasmonic
architecture designed for molecular detection: firstly, since tuning resonance to the
“biological window” is necessary to prevent cellular damage, and secondly, because
tuning to the vicinity of specific molecular resonances can create large increases in
both SERS [63] and LSPR-shift [64] signals.

As the radius of the particle-cavity system is increased, while keeping a fixed spacer
distance, the primary plasmon resonance peak is redshifted significantly (Fig. 7.3(a)).
Unlike the redshift observed in isolated nanoparticles, the shift is quite sensitive to
particle size, and does not significantly broaden as it is redshifted. Thus, the particle-
cavity size presents a simple way to tune the plasmon resonance of the PEP-C into
the near infrared (NIR) without a large loss in enhancement or the sharpness of the
plasmon peak. The sharpness of the plasmon peak is critical for detecting a LSPR
shift upon molecular binding [36].

The primary plasmon peak resonance is dipole-like, with opposite sides of the
nanoparticle coupled to the corresponding sides of the cavity, as shown in Fig. 7.2.
However, it is clear in Fig. 7.3(a) that as the PEP-C increases in size, multiple peaks
emerge as the result of multipole resonance modes. We show schematically in Fig.
7.3(c) the dipole, tripole, and quadrapole resonant modes which cause the primary,
secondary, and tertiary peaks, respectively. It is notable that these resonances exist
for a relatively small PEP-C size; for example, such resonances would not be seen
in an isolated nanoparticle of similar radius. The PEP-C structure thus allows the
possibility of tuning to multiple resonances for multiplexed sensing while keeping the
structure size small-keeping particle (and hot-spot) density high.

Each resonance peak can be further tuned by varying the thickness of the spacer
layer d, as shown in Fig. 7.3(b). Decreasing the spacer causes a redshift in plasmon
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Figure 7.3: The computed surface-average field enhancement surrounding the PEP-
C nanoparticle as a function of wavelength for (a) varying particle-cavity radius r
(d =2nm, h =6 = 0) and (b) varying spacer thickness d (r = 20nm, h = 6 = 0);
(c) schematic of the (i) dipole (P = P;), (ii) tripole (P = P,), and (iii) quadrupole
(P = P5) plasmon resonances, where the values of P correspond to the peaks in part
(a).
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resonance and significant increase in local field enhancement, analogous to the effect
shown in nanoparticle dimer systems [116]. As with nanoparticle dimer and other
nanogap systems, the magnitude of the local field enhancement, and hence the effec-
tiveness of the device, depends strongly on controlling the spacer thickness. However,
in the PEP-C structure, this spacer layer can be precisely controlled (e.g. by growth
of an oxide layer). Furthermore, since the nanogap is not between two points, but
two surfaces, there is greater tolerance in the PEP-C structure. As a result, we ex-
pect that the reliability of PEP-C antennae should be significantly higher than other
plasmonic nanogap structures.
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Figure 7.4: (a) Schematic of the PEP-C antenna as the height of the particle-cavity
centerline is varied; (b) the computed surface-average field enhancement surrounding
the nanoparticle as a function of wavelength for varying particle-cavity height h (r =
20nm, d = 2nm, 6 = 0) and (c) varying incident angle 6 (r = 20nm, d = 2nm,
h =0).

Each resonance is also affected by the location of the height of the particle-cavity
centerline from the surface, with a redshift occurring as the centerline is lowered
beneath the surface, as shown in Fig. 7.4(b). For the limiting case of the particle-
cavity centerline above the surface with a distance h > r the cavity vanishes, resulting
in a particle above a flat surface. In this case the particle and surface are only weakly
coupled, and the plasmon resonance is dominated by the particle resonance, which for
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gold is between 500 —600 nm for small particles. The plasmon peak indeed approaches
this value for h = 3r/4 in Fig. 7.4(b). As the particle-centerline is lowered beneath
the surface, increased coupling between the particle and cavity causes a redshift in
the plasmon peak and significant increase in the local field enhancement. However,
the surface begins to prevent effective transfer of light into the coupled mode. In the
limiting case, light would be completely reflected for a particle-cavity far below the
surface. Hence, the optimal enhancement occurs for the centerline of the particle-
cavity near the plane of the surface, in the regime 0 < h < —3r/4.

Finally, we investigated the effect of varying the angle of incidence, as shown in
Fig. 7.4(c). We find that the local field enhancement systematically decreases as
the incident angle is brought away from the normal. Because of its symmetry, the
resonance of the spherical nanoparticle should have little dependence on the angle
of incidence, but for the truncated cavity this is not the case. Indeed, it has been
shown both experimentally and computationally that the strongest resonances of
truncated spherical nanocavities occur for normal incidence [126]. We note that
normal incidence remains the optimal condition for PEP-C structures with h # 0 as
well.

7.4 Conclusion

We have introduced and optimized the PEP-C structure as a tunable plasmonic an-
tenna. Because of its complementary geometry, PEP-C can achieve both higher
maximum local field (|E|,,.. = 120) and an order of magnitude higher hot-spot den-
sity (|E|sa = 40) than comparable particle dimer structures. Furthermore, precise
control of hot-spot geometry in the PEP-C antenna allows for high device reliabil-
ity. We have elucidated the multipole resonances of PEP-C, shown plasmon band
tuning across the visible and near-infrared spectrum, and shown optimization of the
structure through choice of geometric parameters. We believe PEP-C antennae can
provide a significant step toward label-free sensitive and selective plasmonic sensors.

78



Chapter 8

Core Satellite Biosensors

8.1 Introduction

In this chapter we focus on a coupled system comprising coupled metal nanoparti-
cles, also known as nanoclusters or nanoassemblies. Coupled noble metal nanoclusters
have localized surface plasmon resonances (LSPR) in the visible spectrum that are
highly dependent upon the overall construct geometry, interparticle distance, and the
dielectric permittivity of the surrounding medium. Variations of nanoassemblies have
included lattice networks [127, 128], dimer and trimer configurations [129, 130], and
core-satellite constructs [115, 130-132]. These nanoassemblies have enabled investi-
gations of plasmon coupling [133, 134] and plasmon-based detection of biological and
chemical analytes [24, 135, 136].

Our particular focus is on core-satellite nanoparticle systems, which are made up
of a central core nanoparticle attached to multiple satellite nanoparticles. While core-
satellite nanoassemblies are a promising platform for plasmon-based detection, basic
questions remain on how to maximize their sensitivity. For example, will many small
satellite nanoparticles produce a larger shift-upon-attachment (or release) than a few
large ones? What is the importance of the core particle size? What is the optimal
core-satellite linker distance? These questions are critical for the next generation
of sensors, since optimization of core-satellite scattering spectra will maximize the
signal-to-noise ratio during spectroscopic sensing, enabling simple colorimetric assays
and improving sensitivity. In addition, the core-satellite system serves as a platform
to understand the fundamentals of plasmon coupling in nanoassemblies. We illustrate
the core-satellite nanoassembly in Figure 8.1.

In this chapter we present a systematic theoretical study of core-satellite gold
nanoparticle assemblies using the Generalized Multiparticle Mie formalism. We con-
sider the importance of satellite number, satellite radius, the core radius, and the
satellite distance, and we present approaches to optimize spectral shift due to satel-
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lite attachment or release. This provides clear strategies for improving the sensitivity
and signal-to-noise ratio for molecular detection, enabling simple colorimetric assays.
We quantify the performance of these strategies by introducing a figure of merit. In
addition, we provide an improved understanding of the nanoplasmonic interactions
that govern the optical response of core-satellite nanoassemblies. While theoretical
results for cluster assemblies have been reported [133, 137, 138], this work represents
the first systematic study of the core-satellite nanoplasmonic system.

-
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Figure 8.1: The core-satellite nanoassembly; (a) gold core nanoparticle with (b) gold
satellites attached via a molecular linker to form a core-satellite nanoassembly; (c,d)
alternatively, gold satellites may attach to a glass core nanoparticle; (e) a schematic
of the core-satellite system with the key geometric parameters labeled.

8.2 Model

The exact solution of electromagnetic scattering by a single sphere was solved by
Gustav Mie over 100 years ago [2, 14], but only recently has this technique been
extended to the case of multiple spheres at arbitrary distances, with the Generalized
Multiparticle Mie (GMM) solution [16-20]. Using this exact solution, we compute the
scattering cross section of core-satellite nanoparticle assemblies. We assume both the
core and satellites are made of gold, with complex permittivity € given by an analytical
model [43] of the experimental data [13] for bulk gold, and with relative permeability
= 1. The surrounding medium is assumed to be free-space with ¢ = y = 1. For
comparison, we also consider glass core nanoparticles, with e = 2.25.
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To model the stochastic nature of satellite positions around the core, satellites
were successively placed around the core at a fixed radius using a random number
generator, until the desired number of satellites was reached. For all spectra shown
in this chapter, 10 such random core-satellite assemblies were generated, and the
scattering results were averaged to give more physically relevant results, and to avoid
trends due to symmetric placement of satellites. Even for nanoassemblies with defined
satellite placement [128], nanoassemblies are typically at random orientations relative
to the polarization of the incident light; hence a stochastic model is relevant to a wide
range of physical systems.

8.3 Results and Discussion

Four primary handles exist to potentially vary the optical properties, and most im-
portantly the shift-upon-attachment (or release), of the core-satellite system: the
satellite number ng,, the satellite radius rg,, the core radius r..e, and the satellite
distance dgy (Figure 8.1). Herein we demonstrate the importance of each of these pa-
rameters. We focus on shift-upon-attachment; defined as the difference in the LSPR
wavelength between the entire core-satellite assembly and that of the single core par-
ticle: AX = Apeak coretsat — Apeak,core- Lhis shift is identical (but opposite in sign) for
shift-upon-release of satellites.

As satellite number increases, a nearly linear redshift occurs in the scattering
spectrum, as shown in Figure 8.2(a-b). For the physically relevant parameters chosen
(Teore = DONM, 7oy = 10nm, and dg,y = 2nm), this redshift is roughly 1nm per satellite;
hence a 50 nm redshift is achievable by nearly maximizing coverage of satellites, and
these peak shifts are similar to that seen in comparable experimental systems [133].
The redshift upon satellite attachment is caused by the local plasmonic coupling
between the core and satellite nanoparticles. In this case, since both the core and
satellite sizes are much smaller than the incident wavelength of light, the quasi-static
approximation is valid, and the interaction can be closely modeled by coupled dipoles.
We note that the plasmon bandwidth decreases with increasing satellite number, and
this effect is also due to the local plasmonic coupling, while the small particle size
prevents damping effects from broadening the plasmon bandwidth. Since a glass core
with 60 gold nanoparticle satellites shows only a broad peak near 550nm (dashed line
in Figure 8.2(a)), it is clear that both the plasmon shift and bandwidth narrowing
are due primarily to core-satellite interactions and not satellite-satellite interactions.
Both the peak shift and the plasmon bandwidth are important in the figure of merit
(FOM) for detecting plasmonic peak shifts [37]. To take into account both of these
effects, for core-satellite systems we define FOM = AX/FWHM, where FWHM is the
full width at half maximum of the plasmon band. For 60 satellite nanoparticles, the
figure of merit FOM = 0.64

81



(a) | Q@ (b)

—
/]
A OO O
o O O

N
o

-=+= 0, glass core
== 60, glass core

400 450 500 550 600 650 700  © 570 20 30 40 50 €0
Wavelength (nm) Satellite Number

Peak Shift (nm)
S 8

Scattering (a. u.)
o

(©) 2 (d)

| |
= —10nm | 1 200
= —20nm v v ’g
S — 20 . € 150
—50nm / ~
o)) : / N +=
= ‘ / \ ‘= 100
el O 5 - " // \\ N o
e YT~ e w
0 -
[Eomr)
- < 50
O -==-10 nm, glass core| ~"TTce- [}
0 0 —- 50 nm, glass core o 0 | | |
400 450 500 550 600 650 700 10 20 30 40 50 60
Wavelength (nm) Satellite Radius (nm)

Figure 8.2: Effect of varying satellite number and size; normalized scattering cross
section of core-satellite nanoassemblies for (a) increasing satellite number (7core =
50 nm, 7g¢ = 10 nm, ds,y = 2 nm) and (c) increasing satellite radius (7eore = 50 nim,
Nsat = D NM, dgyy = 2 nm); the peak shift AX for increasing (b) satellite number
and (d) satellite radius; solid line shown as a guide, error bars represent standard
deviation from 10 randomly generated core-satellite assemblies.

While increasing satellite number presents one strategy for maximizing shift-upon-
attachment, increasing the satellite size presents another scheme, as shown in Figure
8.2(c-d). In varying the satellite radius from 10 to 50 nm, a 150 nm redshift is seen
in the plasmon band. This relationship is also nearly linear, with a 3 nm redshift
per 1 nm increase in satellite radius. As the satellite radius increases past 50 nm,
the plasmon band broadens significantly. This is mainly due to retardation effects
as the nanoassembly size becomes significant compared to the wavelength of light.
Radiation damping, which depends on particle volume, has been shown to be largely
responsible for redshifts in both near- and far-fields scattered from nanoparticles as
they increase in size (as shown in Chapter 2). Therefore, compared to the “many
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small satellite” approach, the “few large satellites” approach takes advantage of the
increases in redshift due to the nanoassembly size becoming large compared to the
wavelength of incident light. As Figure 8.2 shows, the latter approach can generate
much larger peak shifts. Hence, increasing satellite size presents a method of creating
larger shift-upon-attachment versus using many smaller satellites. We believe this
approach has been greatly under-utilized in the literature—the figure of merit for five
60 nm satellites reaches FOM = 1.52, over twice that of the “many small satellite”
approach.

We note that the spectra of nanoassemblies with few satellites show wider vari-
ation due to the stochastic nature of satellite placement. For example, with only a
handful of satellites, there is a greater chance they may be placed out of the plane
of the incident electric field and only weakly couple to the core nanoparticle. In
contrast, for large satellite numbers, the variation between assemblies is reduced, as
shown in the standard deviation in peak shift in Figure 8.2(b) versus Figure 8.2(d).
The physical importance of this phenomenon may also depend on the mechanism of
satellite attachment. We also note that again both the plasmon shift and bandwidth
properties are due primarily to core-satellite interactions, since a broad peak near
575 nm is observed for rgy = 50 nm gold satellites and a glass core (dashed line in
Figure 8.2(c)). Next, we consider the effect of the core size in Figure 8.3(a). Again,
retardation effects occur as the core radius increases, broadening the spectral peak,
and the peak shift decreases with increasing core size. This result is consistent with
that shown for increasing satellite size-if we consider the ratio of the satellite size to
the core size, in both Fig. 8.2(c-d) and Figure 8.3(a-b), an increasing ratio causes
an increased peak difference upon attachment. The relationship between peak shift
and core sphere size is approximately linear in the quasi-static regime (core radius
< 50 nm), while the relationship becomes nonlinear for larger core sizes as damping
effects become significant, and the peak shift becomes small (Figure 8.3(b)). In con-
trast, without the core-satellite coupling, the plasmon peak is blueshifted for a class
core (Figure 8.3(a)), and for large glass cores a broad peak emerges near 450 nm
due to the glass. These results might lead one to conclude that minimizing the core
size is a desirable route to increasing peak shift. While this is correct, it is limited
by practical concerns: nanoparticle absorption scales with the particle volume, while
scattering scales with the volume squared. Thus, smaller particles become difficult
to observe, and the absorption signal will become large compared to the scattered
signal. In addition, the reduced surface area for smaller particles limits the number
of satellites that can be attached. Thus, for scattering detection schemes, a minimum
core radius of re.e ~ 25 nm is desirable.

Finally, we consider the importance of the distance between the core and satel-
lite particles, typically determined experimentally by a chemical linker, such as an
oligonucleotide. As shown in Figure 8.3(c-d), decreases in core-satellite distance cause
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Figure 8.3: Effect of varying core size and satellite distance; normalized scattering
cross section of core-satellite systems for (a) increasing core radius (rg = 10 nm,
Nsat = 10, dgay = 2nm) and (c) increasing satellite distance (rcore = 50nm, 75, = 30nm,
Nsat = dnm); the peak shift A\ for increasing (b) core radius and (d) satellite distance;
solid line shown as a guide, error bars represent standard deviation from 10 randomly
generated core-satellite assemblies.

an increase in the redshift in a nonlinear fashion. To take advantage of this nonlinear-
ity, particularly close core-satellite distances (< 5nm) are desirable. This nonlinearity
is due to the rapidly decaying near field, determined by distance ™ in the quasi-static
approximation, and typical decay lengths are tens of nanometers. This gap-dependent
redshift behavior has been observed and predicted in many different systems, for ex-
ample molecular rulers [134] and particle dimer systems [116]. With a glass core, only
a minimal redshift occurs when the satellite distance decreases; hence core-satellite
interactions again dominate the satellite distance dependence. We note that the as-
sumptions of classical electromagnetics are no longer physically valid when the gap
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size is less than ~ 2 nm; hence this was the smallest gap distance used in this study.

We believe the strategies described here are achievable with current fabrication
techniques. Core-satellite architectures of noble metal and silica nanoparticles have
been demonstrated primarily using directional conjugation methods, specifically, by
combining complementary motifs that tether nanoparticles to a linking agent, such as
a modified oligonucleotide functionalized with a high affinity biomolecule. Directional
assembly commonly exploits binding motifs such as mercaptan/metal [104, 115, 128,
131, 134], biotin/streptavidin [104, 134], antibody/antigen [139], digoxingenin/anti-
digoxigenin [134], and cyclic disulfide phosphoramidite moiety/Ag [140] bonds. The
directional hybridization of half complementary, modified oligonucleotides further ex-
tends directional arrangement of nanoassembled constructs [104, 131]. Additionally,
2-dimensional analogues of the 3-dimensional core-satellite structures could conceiv-
ably be fabricated using top-down methods such as photo, nanoimprint, electron
beam, focused ion beam, or soft lithographies.

8.4 Conclusion

To conclude this chapter, we have demonstrated simple strategies for improving shift-
upon-attachment or shift-upon-release for core-satellite systems. While increasing
satellite number produces a near linear redshift reaching ~ 50 nm, a larger shift
(=~ 150 nm) can be achieved by increasing satellite size in the same system. Core
size should be minimized, constrained by the minimum size required for detection
of the core scattering signal. Linker distances should be minimized to improve core-
satellite coupling, which scales nonlinearly with distance. By taking these simple
strategies into account, more sensitive and higher shift-upon-attachment core-satellite
nanoplasmonic sensors are achievable.

8.5 Coupled Nanoplasmonic Antennas Conclusions

In Chapter 5-8 , four distinct coupled nanoplasmonic architectures were investigated.
In each case, we started with a general concept of the system, introduced its potential
advantages over other systems, and systematically investigated the effect of each
geometric parameter that makes up the system. Each system has its own advantages
and disadvantages to other systems, and more than simply the maximum local field
enhancement must be considered. For example, the nanocrescent is able to achieve
reasonably high field enhancements without interparticle coupling, thus is well-suited
to in-vivo applications. The crescent-shaped nanoholes offer the possibility of flow-
through applications, which offers potential advantages over the traditional flow-over
techniques. PEP-C architectures offer not only a high field enhancement, but also an
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extremely high density of hot-spots. Core-satellite systems offer a unique switching
modality between a red and blue state when satellites are attached or detached.

The primary disadvantages of coupled architectures, vs traditional spheres or rods,
are their complexity and fabrication. As shown in this chapter, the resonance of
coupled structures is often closely dependent on the system geometry. While this
allows tuning of the resonance over a wide range of wavelengths, the complexity
of the geometry-resonance relationship makes it difficult to design a structure to
match a particular resonance. The studies presented in this chapter have helped
elucidate these dependences. The fabrication of these structures, with the exception
of core-satellite systems, typically involves at least one top-down fabrication step
(e.g. evaporation). In contrast, spherical or rod-like nanoparticles can be fabricated
entirely with solution-based methods.
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Chapter 9

Nanocorals: Bio-Inspired
Multi-Functional Cellular Probes

“To wear your heart on your sleeve isn’t a very good plan;
you should wear it inside, where it functions best.”

Margaret Thatcher
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9.1 Introduction

We concluded Chapter 8 by noting that each system may have its own advantages
and disadvantages depending on the way it is intended to be used. The specific
case of molecular sensing inside (and on the surface of) a living cell is a particularly
demanding application, and many issues must be considered. This chapter focuses
entirely on this topic. We introduce a special class of bioinspired nanoplasmonic
structures called nanocorals, designed for molecular sensing within or on the surface of
living cells. Nanocorals are unique in that they combine cellular specific targeting with
biomolecular sensing, yet decouple the two functional modes. Analogous to natural
sea corals that use rough surfaces to maximize surface area for efficient capture of light
and food particles, nanocorals utilize a highly roughened surface at the nanoscale to
increase analyte adsorption capacity, and create a high density of surface-enhanced
Raman spectroscopy (SERS) hot-spots.

The ability to sense and detect local biological information inside a living cell
may lead to a revolutionary improvement in diagnostic accuracy and therapeutic
strategy [141, 142], wherein the molecular components or processes that represent
detailed mechanisms of pathologies and treatment responses can be directly investi-
gated. Hence, there is a strong driving force to engineer small probes, ranging from
tens to hundreds of nanometers in size, that can be positioned in specified regions
inside or surrounding living cells in order to facilitate molecular detection. Most
nanoprobes developed for this purpose serve as labels or markers that bind to and
report the presence of specific molecules, and their read-out signals are based on the
intrinsic properties of the probe, such as the emission of quantum dots or the scatter-
ing of metal nanoparticles [143-146]. In contrast, nanoprobes that enhance molecu-
lar spectral information, such as surface-enhanced Raman spectroscopy (SERS), are
promising since the read out signal is intrinsic to the molecule. This molecular fin-
gerprint offers the potential for label-free multi-channel read out of local biochemical
composition [30-32].

A key technology in achieving useful cellular nanoprobes is the attachment of lig-
ands to their surface to allow targeting to specific cell types or subcellular regions.
While targeted drug delivery, photothermal therapy, and MRI contrast enhancement
have been demonstrated and have large potential for clinical diagnosis and treatment,
nanoprobes which can achieve both targeting and SERS have not yet been reported.
Achieving both targeting and SERS in a single nanoprobe is challenging because tar-
geting ligands attached on the surface will impede the SERS detection. Therefore,
part of the nanoprobe surface must be kept ligand-free to allow direct SERS mea-
surement, or alternatively for conjugation with a different ligand to bind molecules
of interest.

In contrast to other SERS cellular nanoprobes, such as nanoshells [12] and nanocre-
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scents [115] composed purely of gold, the PS hemisphere of the nanocoral can be se-
lectively functionalized with antibodies to target the receptors of specific cells. This
functionalization leaves the roughened gold region of the nanocoral clean for SERS
measurements. Therefore, the targeting and sensing mechanisms are decoupled, and
can be separately engineered for a particular experiment. In addition, the PS region
may also be used as a carrier for drugs or other input chemicals by surface hydropho-
bic adsorption [147] or encapsulation [148], making the nanocoral a multifunctional
nanosensor (Figure 9.1).

gold:
molecular collection
SERS detection

® molecule
receptor
anti-receptor
@ drug
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target recognition
drug delivery
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—

Figure 9.1: Schematic of nanocorals as multifunctional nanoprobes for targeting,
sensing and drug delivery; insets show SEM images of fabricated nanocoral probes;
the PS template has been etched in the bottom right inset.

9.2 Methods

The fabrication of the nanocoral array is a simple and cost-effective 3-step process, as
illustrated in Figure 9.2. The process starts with the formation of a hexagonal close-
packed monolayer of PS nanospheres on a glass substrate by a drop-cast method [149].
The substrate is then loaded into an oxygen plasma etching system (Plasma-Therm
PK-12, at 50 sccm, 100 W), and the etching time is adjusted based on the original
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PS nanosphere size. For example, the PS nanospheres in Figure 9.1 were etched
for 100 seconds to generate nanocorals that were 800 nm in diameter. The plasma
etching induces shrinkage of the PS nanospheres as well as deeper trenches on the
surface with longer etch times. Gold is then deposited on the PS template (Edwards
e-beam evaporator EB3) to obtain a specific thickness, and the resulting nanocoral
array can be directly used for SERS measurements. To achieve stand-alone probes,
the nanocoral array is immersed in deionized water and sonicated for 5 mins, after
which all nanocorals are released from the surface and suspended in solution (Figure
9.2(d)).

} 1 Oxygen Plasma
| | Gold Deposition

(d)

Nanocoral Release

C)}

WA

\}\

I

=30s t1=50s t1=60s t=70s

Figure 9.2: Nanocoral fabrication process; (a) self-assembly of PS nanospheres on
glass, (b) oxygen plasma etching, (c) gold deposition and (d) release of nanocorals
into solution; (e) the gradual etching of the PS template to create the nanocoral
template (scale bar = 200 nm)
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Figure 9.3: R6G molecular adsorption on nanocoral array; by incubating nanocoral
arrays and flat gold substrates with 1 uM and 10 uM R6G solution, followed by
water cleaning and nitrogen drying, we compared the fluorescent intensity from the
nanocoral (300 nm in diameter) and flat gold substrates. In the case of 1 uM R6G
incubation, the equilibrium fluorescent intensity from the nanocoral array (red line)
is 53 times larger than the flat gold substrates (red dashed line).

9.3 Results and Discussion

Polystyrene (PS) nanospheres provide a simple and versatile template for nanostruc-
ture fabrication because of their monodisperse size distribution, large range of avail-
able particle sizes from several nm to several mm, simplicity of forming self-assembled
hexagonal arrays on surfaces, and well-developed chemical processes for etching.
A large number of recent substrates, including nanodisks [150], nanoholes [105],
nanovoids [151], nanopillars [152], nanocrescents [153] and crescent-shaped nanoholes
[154] have been built using nanosphere lithography by using the PS nanospheres as
masks for thin film deposition and directional dry etching. Oxygen plasma is a com-
mon technique for tailoring the size and interparticle distance of the PS nanospheres,
and as the etching process proceeds, the PS nanosphere size decreases while the sur-
face roughness increases. Although the surface roughness of the nanosphere template
is usually considered a drawback that limits the range of PS sphere sizes upon etch-
ing, here we utilize this etching-induced roughness as the basic template structure
of our nanocorals. Roughness formation during etching has been observed in PS
nanospheres during plasma etching [155], though the causes for surface roughness
formation are still not completely understood. We suggest the roughness observed
in the nanocorals can be explained by a combination of etchant shadowing and first-
order reemission effects [156, 157], however more study is needed to prove the cause(s)
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of roughening. Presence of crystalline domains in the PS may also effect the resulting
geometry. The gradual change of the surface roughness of nanocorals during etching
is shown in Figure 9.2(e).

We demonstrate the sensing capability of the ultra-rough region of the nanoco-
ral by characterizing the nanocoral array before release into solution (after process
step shown in Figure 9.2(c)). In contrast to smooth nanoparticle probes, the high
surface area of the nanocoral causes increased adsorption capacity. To demonstrate
this effect, we incubated the nanocoral array with Rhodamine 6G (R6G) solution,
dried the substrate with nitrogen gas, and measured the fluorescent signal intensity
of adsorbed R6G on the nanocoral substrate versus that of a flat gold film. We
note that while R6G is not a biomolecule and would likely not be used for sensing
in a cellular environment, it is a common molecule used to characterize SERS and
fluorescence, and hence allows a comparison of nanocorals with previous and future
substrates. As shown in Figure 9.4(a) and Figure 9.3, the nanocoral region has a 50
times higher fluorescence intensity per unit area than the flat gold surface. The in-
crease in fluorescent signal is at least partially due to increased adsorption of R6G on
the nanocoral substrate; however, we cannot rule out surface enhanced fluorescence
due to hot-spots or quenching on the gold surface contributing to the observed signal
as well. We note the higher fluorescence intensity from the nanocoral array is not at-
tributed to surface enhanced fluorescence due to localized surface plasmon resonance
(LSPR) of the nanocoral, since there is no overlapping of the LSPR of the nanocoral
substrate (Figure 9.8(a)) with the adsorption/emission spectra of R6G (530 nm/570
nm).

As shown in the inset to Figure 9.4(a), the nanocoral region has significantly
higher fluorescence intensity than the flat gold surface: the arrayed nanocorals adsorb
50 times more R6G molecules per unit area than the flat gold surface (Figure 9.3).
We note the higher fluorescence intensity from the nanocoral array is not attributed
to surface enhanced fluorescence due to localized surface plasmon resonance (LSPR)
of the nanocoral, since there is no overlapping of the LSPR of the nanocoral substrate
(Figure 9.8(a)) with the adsorption/emission spectra of R6G (530 nm/570 nm).

We then performed SERS measurement of the nanocoral array to characterize
the utility of the rough region of the nanocoral as a SERS biosensor. The SERS
measurements were taken from nanocorals immersed in known concentrations of R6G
solution. We used a 785 nm excitation laser, which is a widely adopted wavelength
within the biological window, with a 0.3 mW excitation power. The measurement
area was 3um by 1um, defined by the focused laser spot size and the slit in front of the
spectrometer. The SERS measurement was conducted with a 1 mm thick layer of R6G
solution on top of the nanocoral substrate; the solution was sandwiched between the
substrate and a glass cover slip, with a 1 mm Polydimethylsiloxane (PDMS) spacer.
We note that small peaks observed for DI water, which are coincidentally near the
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R6G peaks, are likely caused by the by-product of oxygen plasma-etched polystyrene.
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Figure 9.4: SERS signal from nanocorals; (a) SEM images of a nanocoral array; inset
shows R6G fluorescent intensity from the nanocoral array and flat gold film; (b) SERS
spectra for varying R6G concentration from nanocoral substrate; (¢) SEM images of
nanocorals before and after gold deposition, (d) representative TEM image of sub-
10 nm nanocoral nanogap and (e) SERS spectra for nanocorals with different gold
thickness (R6G concentration 10 uM).

We observe a limit of detection of approximately 10 nM of R6G (Figure 9.4(b))
due to the roughness of the nanocoral surface. This SERS performance is good com-
pared to other arrayed gold substrates that have been reported for R6G detection
[27, 158, 159]. Importantly, we find the SERS intensity does not fluctuate signifi-
cantly across different regions of the sample (Figure 9.5), which is in stark contrast
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Figure 9.5: SERS signal uniformity test of the nanocoral substrate with 800 nm PS
template and 53 nm gold coating (the same sample as in Figure 3); (a) a representative
SERS spectrum for 10 uM R6G solution; (b) the scattering plot of peak height at
1360cm ™" (h marked in (a)) for 100 data points. The standard deviation is 7%, which
is in stark contrast to many previous roughened SERS substrates.

to many previously reported roughened SERS substrates. Across a nanocoral sub-
strate, the standard deviation in SERS signal was found to be 7% (n = 100); this
finding emphasizes the reproducibility of the oxygen plasma roughening method. We
note that while local hot-spots (which lead to SERS) are likely to vary in intensity
at different locations, the distribution of these hot-spots over a nanocoral produces a
uniform signal. To further characterize the SERS signal from single nanocorals, we
fabricated sparsely distributed nanocorals on the glass substrate, allowing us to focus
on a single nanocoral. The single nanocoral exhibits consistent SERS results to those
of the nanocoral arrays (Figure 9.7): some R6G peaks are apparent at 10 nM and
clear fingerprint spectrum is present at 10 pM.

While retaining the same PS template, the Raman signal enhancement capability
of the nanocorals can be tuned by the thickness of gold deposition. We speculate
that as the gold coats the PS template, the trenches become narrower, resulting
in sub-10 nm gaps between the adjacent ridges (Figure 9.4(d), TEM image). We
hypothesize that these sub-10nm gaps are the primary cause of the good SERS signal
from the nanocorals. This hypothesis is supported by the thickness dependence of
the SERS signal shown in Figure 9.4(e): the signal increases as thickness increases
up to approximately 63 nm, resulting in narrower nanogaps on the surface. Further
gold thickness begins to fill the trenches and reduces SERS signal.

Having characterized the sensitivity and uniformity of the roughened gold region of
the nanocoral, we next demonstrate the targeting function of the PS region. While the
gold coated surface of the nanocorals can be used for SERS detection, the PS template
of the nanocorals can simultaneously be used to adsorb antibodies or other biological
ligands based on hydrophobic attraction, which is widely used for immunological
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Figure 9.6: Nanocorals as multifunctional probes for living cells; (a) bright field, (b)
fluorescent, and (c) schematic images of 300 nm nanocorals attached to BT474 cell
surfaces with HER-2/anti-HER-2 binding; fluorescent PS nanospheres are used as the
nanocoral template; (d) bright field, (e) fluorescent, and (f) schematic images for a
control experiment where PS is functionalized with isotype antibodies, and very few
nanocorals bind to the cells; (g) bright field, (h) fluorescent, and (i) schematic images
for a control experiment for HeLa cells with PS functionalized with anti-HER-2, and
very few nanocorals bind to the cells.

assays [147].

This targeting is demonstrated in Figure 9.6, where by incubating nanocoral sus-
pensions with antibodies (Anti-HER-2/neu, Becton Dickinson), we are able to specif-
ically target breast cancer cells (BT474 cell line, ATCC). These cells overexpress
Human Epidermal growth factor Receptor 2 (HER-2), which is a well known tar-
get for cancer treatment. Figure 9.6(a) shows a phase contrast image of anti-HER-2
functionalized nanocorals attached to the surface of BT474 breast cancer cells, af-
ter incubation for 30 mins followed by washing steps. To verify the location of the
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Figure 9.7: SERS from single nanocoral; (a) SERS signal from single nanocoral with
different R6G concentration, Raman measurement conditions: 785 nm laser at 0.3
mW, 40X objective lens, and 20 sec integration time. (b) SERS signal from the
nanocoral and smooth gold-covered nanosphere; (scale bar = 200 nm, R6G concen-
tration = 100 uM, same Raman measurement conditions as (a) with 5 sec integration
time.)

nanocorals, a fluorescent PS nanosphere was used as the PS template, and these
nanocorals can be clearly seen on the cell surfaces in Figure 9.6(b) (Hoest 33342 dyed
cell nucleus in blue). Control experiments (Figure 9.6(d-i)) show nanocorals do not
attach to the cell surface when nanocorals are functionalized with isotype antibodies
(Mouse Ig Fluorescence Controls, BD Biosciences), or when cells which do not over-
express HER-2 are used. The HER-2 receptor is known to have a fast recycling rate
and therefore we expect the receptor-mediated endocytosis of nanocorals will allow
for intracellular imaging [160]. By targeting other slowly recycled cancer markers
such as epidermal growth factor receptor (EGFR) [146], we expect nanocorals can
be designed to stay on the cell membrane for longer times. We emphasize that the
ultimate goal of the nanocoral probes would not be to sense HER-2, but instead to
use the SERS portion of the probe for multiplexed local detection of biomolecules.
In future work, we plan to combine the specific attachment of the functionalized PS
region and the high SERS signal from the roughened gold of the nanocorals to cre-
ate a molecular map of biomolecules at the cell surface. We confirm that antibody
attachment is primarily on the PS surface, leaving the gold surface clean for SERS
measurements, in Figure 9.10.

The versatility of the nanosphere fabrication process allows nanocorals to be fab-
ricated over a wide range of sizes for different applications. In Figure 9.9, PS sphere
templates for nanocorals with diameters 100 nm, 200 nm, 300nm, 500 nm, and 800 nm
are shown. The rough surface pattern of each nanocoral is observed to be very sim-
ilar regardless of the PS template size, again supporting the reproducibility of the
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Figure 9.8: LSPR effects in nanocorals; (a) optical reflection spectrum from 800 nm
and 300 nm nanocoral arrays; (b) SERS signal from 300 nm nanocorals for varying
R6G concentration (same Raman measurement conditions as Fig. 3(b)).

oxygen plasma roughening technique. In the case of 800 nm nanocoral, hot-spots on
the roughened surface dominate the Raman signal enhancement. This is confirmed
by comparing the SERS signal from single 800 nm nanocorals and single 800 nm PS
nanospheres covered with the same gold film thickness: we observe no SERS signal
for the smooth gold-coated spheres, while a strong signal is seen for the nanocorals
(Figure 9.7(b)).

While there is potential to use the LSPR of the entire nanocoral structure to
improve the SERS signal, we find the surface roughness features are dominant. For
example, the SERS sensitivity of 300 nm nanocorals are not superior to 800 nm
nanocorals, despite a clear LSPR spectral peak near 700 nm. However, further fine-
tuning of the size and thickness of smaller nanocorals to optimize both shell LSPR
and surface hot-spots may lead to better enhancement capabilities.

Figure 9.9: Scalability of nanocoral fabrication; SEM images of the roughened PS
template of (a) 800 nm, (b) 500 nm, (c) 300 nm, (d) 200 nm, and (e) 100 nm.
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Figure 9.10: Verification of selective attachment of antibody on PS surface; (a) large
nanocorals (10 gm) were fabricated and incubated with FITC-tagged BSA solution at
4° C overnight, followed by thorough washing in PBS; the fluorescent image demon-
strates the selection adsorption of the protein on the PS surface due to hydrophobic
adsorption; (b) to further verify that the gold surface remains clean for SERS de-
tection, 300 nm nanocoral arrays are incubated with HER-2 antibody for 24 hours
at 4° C, following by washing, and SERS measurement of R6G (with the same con-
ditions as Fig. 3). The control is conducted by incubating the nanocoral substrate
with PBS for the same incubation, washing, and SERS steps. The nearly identical
SERS signals indicate the HER-2 antibody has not adsorbed on the gold surface at
any concentration significant enough to affect the SERS detection of R6G.

9.4 Conclusion

In conclusion, we have demonstrated nanocorals as simple and cost-effective nanoprobes
for SERS sensing and targeting. The highly roughened gold region of the nanocoral
can adsorb more R6G than a flat gold surface, and has a SERS limit of detection of
10 nM R6G with high reproducibility. After release from the substrate and function-
alization of the PS region with antibodies, nanocorals attach specifically to breast
cancer cells. We have shown the scalability of the nanocorals from 100 nm to 800 nm.
Because the nanocoral fabrication technique presented here uses a PS template
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to create the roughened features, it is not limited to gold. Any material that can be
evaporated can be deposited on the PS template, offering this method not just to other
plasmonic metals, but other materials that may be of interest for chemical sensors
or catalytic converters. In addition, fluorescent markers, drugs, or other chemicals
may be embedded in the PS template region to add increased functionality to the
nanocoral probes.
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Chapter 10

Conclusion

“The road goes ever on and on,
down from the door where it began.”

JRR Tolkien
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10.1 Summary

After introducing the near and far field measures of plasmon resonance, we hypoth-
esized in Chapter 2 that these measures may actually occur at significantly different
wavelengths, depending on the particle geometry and material. These differences are
especially important for molecular detection applications. We developed a mathe-
matical framework based on the quasi-static approximation that successfully predicts
the differences among the measures, and how they depend on material and particle
geometry. Specifically, we proposed the general relation Apax near = Amax, scattering =
Amax, absorption; that is, the optimum wavelength for near-field resonance is greater than
or equal to that for far-field scattering, which in turn is greater than that for absorp-
tion. Additionally, the differences among these measures increase with the material
loss (e.g. the differences are greater for gold than for silver), and the differences
also increase with particle volume due to damping effects. Changing the particle
shape can shift the resonance of all measures without causing a significant diver-
gence among them. After predicting these effects with simple algebraic expressions,
we verified them using rigorous Mie theory and FEM computation. These rigorous
solutions provided quantified differences among the measures for relevant geometries
and material properties.

In Chapters 3 and 4, we introduced two new techniques for the fabrication of
nanoplasmonic architectures. We focused particularly on the creation of nanogaps
using simple large area techniques, in contrast to the expensive serial techniques such
as e-beam and FIB lithographies that are commonly used in the literature. Active
polymer nanofabrication was introduced as a new technique, inspired by the natural
process of morphogenesis, to manipulate nanostructure morphology. Active polymer
nanofabrication allows the potential to alter structure-to-structure distance down to
sub-10 nm, surpassing both resolution and structural density of the initial placement.
In addition, polymer molding offers macroscopic deformation of plasmonic architec-
tures into arbitrary 3-dimensional geometries. Electroless deposition was introduced
as a second method to tune the nanogap distances of nanoplasmonic antennas, and
we characterized the morphological, optical, and SERS response for the electroless
deposition of gold on nanoprism arrays fabricated with nanosphere lithography. The
gap distance between nanoprisms was reduced by a factor of 4 within tens of seconds.
Using microfluidic Y-channels, we observed the realtime evolution of the optical spec-
trum as nanoprisms grew and merged into a gold film. The SERS sensitivity was
shown to increased two orders of magnitude after electroless deposition.

In Chapters 5-8, we turned our attention to the geometric design of nanoplasmonic
antennas, with a focus on a novel group of architectures in which the close proxim-
ity of two or more nanoplasmonic components causes their resonances to be linked
together via plasmon-coupling. Four such structures are discussed: the nanocres-
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cent, the crescent-shaped nanohole, the plasmon enhanced particle-cavity (PEP-C)
system, and the core-satellite system. In each case, we introduced the general de-
sign concept of the system, introduced its potential advantages over other systems,
and systematically investigated the effect of each relevant geometric parameter. The
nanocrescent and its counterpart, the crescent-shaped nanohole, utilize both sharp
tips and intra-particle coupling to achieve high local field enhancement. The PEP-C
system combines particle and cavity geometries to create a high density of hot-spots.
Finally, the core-satellite system is based on the interaction of a central nanoparticle
with multiple smaller particles.

In Chapter 9, we then introduced a new class of bioinspired nanoplasmonic struc-
tures called nanocoral, designed specifically for molecular sensing in vivo—within or
on the surface of living cells. Analogous to natural sea corals that use rough surfaces
to maximize surface area for efficient capture of light and food particles, nanocorals
utilize a highly roughened surface at the nanoscale to increase analyte adsorption
capacity, and create a high density of surface-enhanced Raman spectroscopy (SERS)
hot-spots. Nanocorals are unique in that they combine cellular specific targeting with
biomolecular sensing, yet decouple the two functional modes. We demonstrated the
specific attachment to breast cancer cells, and the reproducible SERS detection of
R6G at 10nM.

10.2 Future Work

As nanoplasmonics has evolved in recent years, much focus (including that of this dis-
sertation) has been developing fundamental understanding of design rules for nanoplas-
monic systems. As these rules are beginning to be well-known, the key challenges of
nanoplasmonics are become focused on fabrication and integration.

A large challenge is in the reproducible fabrication of nanoplasmonic antenna.
The ~ 1/a distance dependence of the electric field motivates the creation of nanogap
structures, yet the high sensitivity to gap distance makes reproducible fabrication a
challenge. While many of the nanoplasmonic fundamentals have been developed in
systems using e-beam and FIB lithography, these techniques are in general not feasible
for large area applications. Bottom-up fabrication techniques, or a combination of
bottom-up and top-down techniques hold much promise for allowing nanoplasmonic
systems to be fabricated commercially. Certainly, as fabrication techniques continue
to rapidly advance, driven by the semiconductor industry as well as the broad field
of nanotechnology, nanoplasmonics will reap the benefits.

The integration of nanoplasmonics into useful systems is still in its early stages.
Microfluidics offers a useful a platform for nanosplasmonic molecular sensors, since
it can control the amount of analyte delivered to the sensor. While some work
on integration was shown in this dissertation (for example, electrolessly deposited
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nanoprisms were shown integrated with microfluidics), there are clearly synergies
between microfluidics and nanoplasmonics that have yet to be realized.

For those specifically interested in following up on research presented in this dis-
sertation, here we will briefly summarize a few key areas:

Near/Far field Theory:
The theoretical framework developed in Chapter 2 has yet to be rigorously tested
experimentally, yet all the tools to test the theoretical predictions are available.

Active polymer nanofabrication:

This technique has many unanswered questions: how well can the gap distance be
controlled? Can the technique be extended to structures fabricated with traditional
lithographies? Can polymers with a greater shape change be used for more drastic
results?

Nanogaps via Electroless deposition:

The technique can be extended to create smaller nanogaps than shown in bulk
solution. We expect the growth was limited by buildup on the particle surface; if
this can be eliminated by cleaning or by using a different plating solution, significant
improvements in the method should be possible. Additionally, the technique was
only shown with structures defined by nanosphere lithography; it would be interesting
to see if electroless deposition can create useful plasmonic sensors out of structures
defined with conventional lithographies.

Nanocrescent:
Nanocrescents are ready for in-vivo testing, and have great potential utilizing
multiple sensing and targeting modalities, much like nanocorals.

Crescent-shaped Nanoholes:

These structures are particularly intriguing because of their compatibility with
flow-through microfluidics, wherein the molecule of interest could be localized in the
hole. Additionally, there is further basic understanding of the tuning capabilities
crescent-shaped nanoholes that can be conducted. These structures might also pro-
vide valuable for metamaterials research.

PEP-C:
While initial work was conducted on fabrication of these structures, they have yet
to be reproducibly fabricated and characterized.

Core-satellite Systems:
This work has since been developed for use in an example system, but there are
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many valuable diagnostics that can be developed with the design rules presented here.

Nanocorals:
Nanocorals are ready for in-vivo testing for a relevant biological question.
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