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Abstract

Novel Symmetric and Asymmetric Plasmonic Nanostructures

by

Nikolay A. Mirin
Metal-dielectric nanostructures capable of supporting electromagnetic
resonances at optical frequencies are the vital component of the emerging
technology called plasmonics. Plasmon is the electromagnetic wave confined at
the metal-dielectric interface, which may effectively couple to the external
electromagnetic excitation with the wavelength much larger than the geometric
size of the supporting structure.

Plasmonics can improve virtually any

electromagnetic technology by providing subwavelength waveguides, field
enhancing

and

concentrating

structures,

and

nanometer

size

wavelength-selective components. The focus of this work is the fabrication,
characterization and modeling for novel plasmonic nanostructures. Effects of the
symmetry in plasmonic structures are studied. Symmetric metal nanoparticle
clusters have been investigated and show highly tunable plasmon resonances
with high sensitivity to the dielectric environment. Efficient, highly-scalable
methods for nanoparticle self-assembly and controlled partial submicron metal
sphere coatings are developed. These partially Au coated dielectric spheres have

shown striking properties such as high tunability, as well as the control on
resonant electromagnetic field enhancement and scattering direction. Studied
effects are of vital importance for plasmonics applications, which may improve
virtually any existing electromagnetic technology. Optical

resonances

in

metal-dielectric nanostructures were correlated with LC circuit resonances
elaborating on the resonance tunability, dielectric environment, symmetry
breaking and mode coupling (Fano resonance) effects.
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1

Chapter 1. Introduction
Recent research in nanotechnology has had a significant impact on the
current state of science and technology. Areas of interest cover a wide variety of
chemical and physical aspects of objects with the submicrometer dimensions
known as nanostructures. One particularly important branch of nanotechnology is
related to noble metal nanostructures, which have a strong resonant response to
electromagnetic

excitation.

When

these

metal

objects

interact

with

an

electromagnetic wave, their conduction electrons oscillate in the resonance with
the incident wave at frequencies determined by the object's shape and dielectric
function, as well as the refractive index of the embedding medium. This collective
electron motion is similar to a plasma free electron oscillation, and is known as
plasmon resonance.
Plasmonic nanostructures are of considerable interest because they have
many

important

applications

in

chemical

and

biological

sensing (1-3),

subwavelength waveguiding {4-6), metamaterial applications (7-9), imaging and
fluorescence applications (10-12), and biotechnology (13-15). The unique ability
of plasmons to focus incident light into subwavelength volumes near metal
surfaces can lead to very intense local fields (16). The field intensities of such
hotspots can reach sufficient levels to enable single molecule Surface Enhanced
Raman Scattering (SERS) (17). The largest plasmonic field enhancements
typically occur in junctions between adjacent nanoparticles. For this reason,
much experimental and theoretical effort has been devoted to the study of the

2

plasmonic properties of nanoaggregates such as dimers (18-23), trimers and
quadrumers (24-27), and larger structures such as nanoparticle chains and
arrays (18-21,28,29).
Nanostructures with controlled reduced symmetry are also interesting
objects with striking optical properties, such as high local field enhancements,
unusual scattering properties (30) and magnetism at optical frequencies (30,31).
Dielectric spheres, partially coated with metal, support a variety of plasmon
resonances dependent on the incident electromagnetic wave energy, direction
and polarization.
Recent advancements in synthesis and characterization methods (32-36)
allow fabrication of different shapes of nanoparticles and more complex
structures, whose plasmon resonances can be tuned across a broad range of
wavelengths. Fabrication methods for these structures include bottom-up
techniques, such as lithographic methods or individual nanoparticle manipulation;
and top-down techniques, such as wet chemistry synthesis, physical deposition
or self-assembly. The advantage of top-down methods is lower cost and better
efficiency at a large-scale of material fabrication. The drawback is less control
over ensemble systems, which inevitably leads to the random property variance
among the individual units of fabricated ensemble.
A number of tools for theoretical studies of plasmonic systems at the
nanoscale have been developed. Mie (37) and Gans (38) theories allow
analytical solutions for systems with spherical and ellipsoidal symmetries,

3

respectively.

Numerical

approaches,

such

as

Discrete

Dipole

Approximation (DDA), Final Difference Time Domain (FDTD) or the Finite
Element Method (FEM), are required for systems with reduced symmetry. For
plasmonic systems, the Plasmon Hybridization (PH) model (39) allows analytical
solutions for complex plasmon resonances, similar to the molecular orbital (MO)
applied to atomic interactions in molecules. In addition to the methods involving
rigorous electromagnetic solution, the circuit analysis applied to the optical
resonances

in

nanostructures

provides

highly

efficient

modeling

techniques (40,41).
This work discusses the effects of symmetry in plasmonic nanoparticle
clusters and reduced symmetry of spherical nanostructures, their fabrication,
optical characterization and theoretical modeling. In Chapter 2 of this thesis,
symmetric clusters of spherical metal nanoparticles are investigated using the PH
model combined with Group Theory (GT) analysis, which allows an accurate
prediction of the optical spectra and field distribution in the particle clusters.
Chapter 3 extends the results of Chapter 2 to the special case of symmetric
nanoparticle septamer, which exhibits Fano resonance as the result of the
interference of two plasmon modes. Chapter 4 describes the top-down fabrication
approach using the colloidal lithography and electrostatic colloid assembly.
Chapter 5 presents fabrication, optical measurements and theoretical studies for
the asymmetric Au nanocup structure, with a magnetoinductive resonance at
optical frequencies. Further extension of the symmetry reduction is presented in
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Chapter 6 as the study of the anisotropic etching of nanocups. To summarize the
symmetry breaking and mode coupling effects in plasmonic nanostructures
analog circuit modeling is performed in Chapter 7. Capacitance, resistance and
inductance parameters are estimated for the typical Au nanostructures, the
equivalent circuits are designed and their resonances are studied using the
harmonic analysis of those LC circuits.
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Chapter 2. Plasmon Hybridization in Symmetric
Nanoparticle Clusters
2.1. Introduction
Plasmon hybridization is a powerful and intuitive method for understanding
the electromagnetic properties of complex structures using individual structural
components. When simple individual structures interact, the electric charge
oscillation in one structure couples to the resonant modes of the others.
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Figure 1.
(A) MO hybridization of two p-orbitals (1=1) in homonuclear diatomic
system. (B) Bonding and antibonding dipolar (1=1) modes of the spherical nanoparticles.

This phenomenon is similar to the formation of Molecular Orbitals (MOs) in
atomic systems, where the overlap of the electron wave functions in space leads
to new electronic states called hybridized orbitals (Figure 1 A). The plasmon
resonance energies in a nanoparticle dimer behave in a similar way, such that
the individual dipole modes split into low- and high-energy modes (Figure 1B).
For a dimer in Figure 1B low-energy modes (bonding) result from dipole
oscillations that have the same phase, and high-energy modes (antibonding)
result from oscillations with opposite phases.
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2.2. Plasmon Hybridization in Spherical Systems
In order to understand Plasmon Hybridization, its Molecular Orbital analog
has to be considered first. Atomic systems, governed by the spherically
symmetric Coulomb potential, support the electronic states with the same main
quantum number n with different angular momentum /. This number determines
the shape of the electron trajectory around the nucleus. As for many physical
systems with spherical symmetry, the angular parts of these states with different I
numbers correspond to the complete orthogonal basis set of spherical harmonics
Yi,n. In plasmonics, all possible oscillations of a free electron gas in a metal
sphere also expand into the spherical harmonic basis (42). This allows the direct
analogy between the hybridization of atomic orbitals and interactions between
spherical plasmonic objects.

2.3. Group Theory Analysis of Plasmon Modes
Any physical system with an underlying geometry can be greatly simplified
by taking the effects of symmetry into account (43). A symmetric system is
invariant with respect to the set geometric operators, which means that these
operators commute with the energy operator of the system. If two mathematical
operators commute, then they share the same set of eigenfunctions. This implies
that eigenfunctions of an energy operator (energy states) are at the same time
the eigenfunctions of one or more symmetry operators that are appropriate for
the given physical system. Therefore, the general basis of states for a given
system can be redefined in terms of symmetry operator eigenfunctions in a set
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known as a symmetry-adapted basis. However, only the symmetry-adapted basis
functions with the same eigenvalues for the symmetry operators can be
combined into the eigenstates of an energy operator. Specific energy operators
that particularly apply to these principles are the Hamiltonian and Lagrangian.
The finite physical systems belong to one of the point groups, which
contain a closed set of symmetry operations. Each point group is broken down
into irreducible representations, each having a unique set of the eigenvalues
corresponding to the symmetry operations of the group. Any linear combination
of the eigenfunctions from one irreducible representation is orthogonal to any
linear

combination

of

the

eigenfunctions

from

another

irreducible

representation (44). For any physical system, a symmetry-adapted basis can be
generated from an arbitrary basis by using so-called projection operators, which
are geometric transformations based on symmetry operations.
For example, the symmetric nanoparticle trimer belongs to the point group
D3h. The simplest complete basis set contains all spherical harmonics with l<Amax
for each particle. We can restrict the considered basis functions to those with
dipolar modes, where 1=1, because these are most easily excited by the incident
electromagnetic wave. All other modes are negligible. Assuming that the direction
of wave propagation is normal to the trimer plane, six dipolar trimer modes
should

be

considered.

six symmetry-adapted

By

applying

the

modes can be obtained

representation of the planar dipoles is:

projection

operators,

(Figure 2). The

reducible
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Dipolar planar symmetry-adapted modes of sphere trimer.

In the analogy with a trimer, the same analysis can be applied to more
complex structures such as a quadrumer (point group D4H, eight planar dipoles) in
Figure 3, a pentamer (point group D5h, ten planar dipoles) in Figure 4 and a
hexamer (point group D6H, twelve planar dipoles) in Figure 5.
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Dipolar planar symmetry-adapted modes of sphere quadrumer.

The reducible representations for the quadrumer, pentamer and hexamer
are:
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Dipolar planar symmetry-adapted modes of sphere pentamer.

Each of the four structures (trimer, quadrumer, pentamer and hexamer)
has only four modes with the non-vanishing dipoles, that belong to E\ Eu, E'2, Elu
irreducible representations of D3h, D4h, D5h and D6h point groups respectively. All
those irreducible representations are two-dimensional, which creates a double
degeneracy in energy. Out of those four modes, each structure has two dominant
dipole-active levels with a double degeneracy in energy. It can be rigorously
proven (24) that those pairs of states with the same energy have the dipoles
normal to each other and that the electromagnetic excitation of these structures
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is independent on the incident wave polarization when the direction of wave
propagation is normal to the cluster plane.
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Dipolar planar symmetry-adapted modes of sphere hexamer.

Realistic systems that are beyond the quasi-static limit exhibit more than
two plasmon modes in their optical spectra. This occurs due to phase retardation
effects over large structures and interactions with higher order modes (1>1).
However, the same double degeneracy leading to the orthogonal dipole pairs
also occurs in the case of the higher order modes, and symmetric systems show
no azimuthal dependency of their optical properties.
For more accurate simulation beyond the quasistatic limit numerical
methods such as Finite Element Method (FEM) or Finite Difference Time Domain
(FDTD) have to be used. They allow calculating the optical spectra, induced
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surface charge distribution and local field enhancement. The calculated electric
field enhancements are localized in the junctions between the nanospheres. For
the lowest energy dipolar modes, the field enhancements are larger than ~200
and for the quadrupolar resonances of the order ~100 (45). In Figure 6 we show
the calculated charge distributions associated with the two lowest energy
absorption resonances for the pentamer and the hexamer discussed above. The
charge distribution for the lowest energy modes of pentamer and hexamer is
shown

in Figure 6A and Figure 6C. They

reveal that the modes

are

predominantly dipolar but also contain an admixture of quadrupolar modes. Due
to the strong interactions between adjacent nanoparticles, the surface charges
are confined near the interparticle junctions. This orients the dipoles in a manner
that reflects the symmetry of the cluster. The dipolar patterns correspond directly
to the linear combinations of the different symmetry adapted modes from
Figure 4 and Figure 5. For instance, the charge distribution in Figure 6A
corresponds to the yi mode in the E'i representation in Figure 4 with an addition
of x2 and y2 modes and higher order components. The charge distribution in
Figure 6C is very similar to the yi mode in the E]u representation in Figure 5 with
slight admixtures of the x2 and y2 modes and higher order components.
Higher energy quadrupolar resonance charge distribution is shown in
Figure 6AB and Figure 6D. The spatial distributions of the induced charges are
predominantly quadrupolar, but also reveal a dipolar admixture as expected from
the hybridization of the primitive plasmon modes. The dipolar admixture in these
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hybridized quadrupolar modes corresponds to linear combinations of the
symmetry adapted dipolar modes shown in the £"/ panel of Figure 4 for the
pentamer, and the Elu panel of Figure 5 for the hexamer.

A

B

Figure 6.
Top view of the induced surface charge from negative (blue) through zero
(white) to positive (red) for the resonances in the pentamer modes at low-energy dipole
(A), high-energy quadrupole (B); hexamer modes at low-energy dipole (C), high-energy
quadrupole (D).
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Chapter 3. Fano Resonance in the Nanoparticle Septamer
3.1. Introduction
The linewidths of plasmon resonances play a crucial role in many
applications. In SERS, the maximum obtainable field enhancements generally
become larger for narrower resonances. In waveguiding, the propagation length
is typically proportional to the plasmon lifetime. In Localized Surface Plasmon
Resonance (LSPR) sensing, where analytes are detected through their
screening-induced shift of a plasmon resonance, the efficiency of a plasmonic
substrate is typically determined by the Figure of Merit (FOM), defined as the
shift of the energy of the plasmon resonance per refractive index unit of
surrounding material divided by the width of the resonance (46). In LSPR sensing
applications it is therefore crucial to employ substrates with narrow plasmon
resonances.
The plasmon linewidth is determined both by intrinsic and radiative
damping. Intrinsic damping is proportional to the imaginary part of the dielectric
function and is a property both of the material and the wavelength. It can be
reduced in tunable plasmonic nanoparticles such as nanorods or nanoshells by
tuning their plasmon resonances to wavelengths longer than those, in which
interband transitions occur. Radiative damping depends on the total dipole
moment of the plasmon resonance. In a multiparticle aggregate, the total dipole
moment associated with a collective plasmon mode depends on the relative
phase of the dipolar modes of the individual particles. If the individual
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nanoparticle dipoles oscillate in phase, the plasmon mode is superradiant and
strongly radiative. In subradiant modes the dipoles oscillate out of phase,
resulting in a drastic reduction of the radiative damping. A dramatic example of
the effect of radiative damping has been demonstrated in a planar disk
concentrically aligned within a planar ring (47). In this system the dipolar modes
of the disk and ring interact and form hybridized bonding and antibonding
plasmon modes. The low-energy bonding mode is subradiant and extremely
narrow while the antibonding mode is superradiant and appears as a broad
continuum.
The interference between subradiant and superradiant plasmon modes
can

result

in narrow

Fano

resonances

in the optical spectrum

of

a

nanostructure (8,48-50). Apart from their fundamental importance, such Fano
resonances are also of considerable interest in LSPR sensing applications
because a large FOM can be achieved for narrow resonances. For instance, in a
nonconcentric aligned ring-disk cavity (49), the FOM of the Fano resonance is
larger than ~8, which is among the largest FOM reported for a standalone
nanostructure. In a recent study about the plasmonic properties of nanoshell
arrays, a symmetric Au nanoshell septamer exhibited a pronounced Fano
resonance in the infrared region of the spectrum (51).
Here, we investigate the microscopic mechanism that causes this
interference effect by an application to a smaller symmetric Ag nanosphere
septamer. We show that the septamer geometry with its unique symmetry is

15
particularly amenable to exhibit Fano resonances. According to group theory, the
irreducible representation of the symmetric septamer is the sum of the
representation for the center particle (CP) and that of the surrounding six-particle
ring hexamer (HX). Thus two types of dipolar resonances are formed in this
structure, hybridized bonding and antibonding linear combinations of the HX and
CP modes. The Fano resonance results from the interference of a narrow
subradiant bonding mode of E}u symmetry, which overlaps another broad
bonding superradiant mode of the same symmetry. The Fano resonance of the
septamer is found to exhibit a very large LSPR sensitivity with a FOM >10.

3.2. Plasmonic Structure of a Septamer
A number of theoretical methods have been developed for the calculation
of the optical properties of nanostructures (52-54). We use the Finite Difference
Time Domain method (FDTD) (55), the Finite Element Method (FEM) via a
commercial software known as COMSOL, and the Plasmon Hybridization (PH)
approach (42). The PH method is an electrostatic approach that expresses the
plasmon resonances of a composite nanostructure in terms of the plasmonic
modes of the individual constituent nanoparticles. In the present calculation, we
include all primitive nanosphere plasmons up to an lmax=20, which is sufficient for
convergence.
The metallic particles in this study are assumed to be silver spheres.
Normally, the Ag metal is modeled using the experimental dielectric data
(JC) (56). To make it easier to resolve individual plasmon modes in the spectra in
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some instances, we also employ a Drude Fit (DF), where the dielectric function is
parameterized by the following equation with the parameters listed in Table 1.
CD,
co((o + id)
Table 1.

Drude Fit parameters for Ag dielectric function.

Parameter Name

Parameter Value

£oc

Background Dielectric

4.0390

00b
b

Bulk Plasmon Energy
Damping

9.1721 eV
0.0207 eV

This parameterization provides a reasonable fit of the JC data for
wavelengths >400 nm. In the electrostatic limit (as in PH), this parameterization
corresponds to the spherical multipolar plasmon energies
I
(JO i = (Db

l + /(l + e j

To describe the geometry of a symmetric septamer consisting of spherical
particles of radius R and nearest neighbor separation d we introduce the
notation (R,d). All spectra will be calculated assuming normal incidence. As for a
symmetric trimer and quadrumer (24), one can use group theory to show that the
spectra for a symmetric septamer are independent of the in-plane polarization
angle.
In Figure 7 we show the optical cross sections of a symmetric (50,5) nm
septamer. The extinction and scattering spectra reveal several narrow features.
Scattering generally refers to the electromagnetic energy scattered by a structure
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from the incident beam integrated over a solid angle of 4jt. The most prominent is
the Fano resonance dip around 570 nm. This feature is robust and appears for
symmetric septamers of R=50nm Ag spheres for interparticle spacings d in the
range 2 nm to 10 nm and probably beyond. The resonance at 570 nm is analogous
to the Fano resonance discussed for a much larger symmetric nanoshell
septamer (51).

Wavelength (nm)
Figure 7.
Extinction (black), scattering (green) and absorption (red) cross sections
of a symmetric (50,5) nm Ag septamer calculated for normal incidence using JC dielectric
data.

In Figure 8 we show the plasmon resonance energies of the septamer as
a function of interparticle spacing calculated using the PH approach. For the
largest separation, the interaction between the plasmon modes of different
nanoparticles is very small and the plasmon modes are essentially the 7(21+1)
degenerate modes of the individual nanosphere plasmon

As the separation d
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decreases, hybridized collective septamer plasmon modes are formed. The
lowest levels are the bonding and antibonding modes that asymptotically
originate from the dipolar modes. At slightly larger energies, the highly
degenerate quadrupolar mode forms a less dispersive manifold of hybridized
plasmon modes. Quadrupolar and the higher multipolar resonances interact very
weakly. As the separation is further decreased, modes of different multipolar
index / begin to interact, resulting in asymmetric splittings of the bonding and
antibonding levels. This interaction allows higher order modes to become dipole
active and couple more strongly to incident light. This is apparent in the
absorption spectra for d=10 nm, which shows two strong features at 3.5 eV and
3.7 eV that originate from the 1=1 nanosphere modes. The plot also has several
weak features originating from hybridized 1=2 modes.
B

10

15

d (nm)

20

0.5
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d (nm)

1.5

Absorption
(a.u.)

Figure 8.
(A) Energy of the plasmon resonances in a (10,d) nm symmetric silver
septamer calculated as a function of d. (B) Absorption spectra for the d=l nm structure.
The arrows denote some of the dipole active modes. The silver metal is modeled using
the DF parameterization. Only plasmon resonances in the energy interval 2.6 eV to 4.1 eV
are shown.
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3.3. Group Theoretical Analysis
The PH approach allows for a very simple interpretation of the plasmonic
structure using group theory {24,25). The present application to the septamer
closely parallels the previously published application to symmetric trimers and
quadrumers (24).
The septamer geometry belongs to the D6H point group, and contains two
distinct particle types: the central particle (CP) and the six peripheral particles
comprising a hexamer (HX). The central particle (CP) is located at the
intersection of all symmetry elements and it is independent from the six
peripheral particles that are connected to each other with group symmetry
operators. The septamer symmetry-adapted basis set is thus the union of that for
the hexamer (HX) and that for an isolated sphere. The irreducible representation
of the septamer can thus be written as TSept=THx+Tcp, where the irreducible
representations for the planar dipole modes of the CP and the HX are

rCP =2^Mm
F
I/cr = A g + A 2 g + K

+ B2u + 4 ELG + 4 ELU

This decoupling of the symmetry-adapted basis for the septamer into a
symmetry-adapted basis for the HX and the CP is responsible for the unique
plasmonic properties of the septamer.
For the septamer there are 21 individual dipolar plasmon modes. We will
consider only in-plane modes and assume that the incident is-field is always in
the plane of our structure. The 14 individual in-plane dipolar modes transform into
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the same number of symmetry adapted basis functions as illustrated in Figure 9.
In a dipole representation the CP contributes only to the Eiu representation. The
Eiu representation exhibits six-fold degeneracy, and the physical plasmon modes
are constructed as linear combinations of all six E,u basis modes. The CP dipolar
plasmon can thus hybridize with the surrounding ring dipolar modes and form
bonding and antibonding modes as well as subradiant (dark) and superradiant
(bright) modes.
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Figure 9.
Symmetry adapted basis functions of septamer planar dipoles generated
using the D6h point group. Only the Elu panels contain modes with finite dipole moments.
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Using the symmetry adapted basis functions in Figure 9, the individual
septamer plasmon modes can be classified by irreducible representations. In
Figure 10, we show the lowest plasmon modes within each irreducible
representation as a function of interparticle separation d. The figure shows that
as d decreases, the corresponding plasmon energies in Figure 10 decrease. This
redshift is a specific effect observed for the septamer geometry and is not
observed in smaller aggregates, such as the dimer, trimer or quadrumer.

d nl

4.0-

4.0-J-

Figure 10.
Symmetry-resolved plasmon frequencies of the (10,d) nm septamer as a
function of d calculated using PH. The silver metal is modeled using the DF
parameterization. The colored curves of E,U correspond to the features in the absorption
spectrum in Figure 8.

For example, the dipole modes of A /g in Figure 9 suggest a strong
electrostatic repulsion that results in these modes being antibonding in a HX
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structure. However, in the septamer this repulsion is countered by an attractive
interaction mediated by multipolar plasmons of the CP, which results in an
effective attractive interaction and redshift at small d. Another effect specific to
the septamer geometry is the avoided crossings of plasmon modes, which
emerges as a result of the interaction between the CP and the peripheral
particles. This effect is responsible for the energy overlap of the subradiant and
superradiant modes. The coloring of the En, modes in Figure 10 corresponds to
the color of the arrows denoting the peaks in the absorption spectrum in Figure 8.

3.4. Analysis of the Septamer Fano Resonance
Fano resonances in plasmonic systems can be understood in terms of a
coupled damped harmonic oscillator model originally developed as a classical
analogy

to

Electromagnetically

Induced

Transparency

(EIT)

in

atomic

systems (57). Fano resonances appear naturally in such systems when a narrow
dark mode spectrally overlaps with a broad bright mode with a weak coupling
between them. The effective interaction between the two such modes is
dispersive and can result in a strong interference in the oscillator amplitudes,
which in turn influence the radiation emitted from the system, i.e. the scattering
spectrum. When the two oscillator modes are of similar frequency the
interference results in a symmetric "antiresonance" dip. If the frequencies are
different, the typical asymmetric Fano resonance appears. The PH method
directly expresses plasmons in composite nanoparticles as coupled damped
harmonic oscillators. Subradiant plasmons with little or no dipole moments are
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narrow, and bright plasmons with sizable dipole moments are superradiant and
strongly damped. The interaction between plasmon modes on adjacent
nanoparticles is controlled by the geometry of the structure.
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Figure 11.
Scattering (A), absorption (B) spectra calculated using FEM of the
septamer as a function of overall size of the system. The Ag is modeled using the DF
dielectric parameterization. The dashed curves show the redshift of the subradiant
(green) and superradiant (blue) modes with increasing size.

In Figure 11 we show the scattering and absorption spectra for the
septamer with all dimensions scaled down by a common factor. For the smallest
system (10,1) nm, the scattering and radiative damping is very small and the
absorption spectrum agrees perfectly with the result from the electrostatic PH
approach shown in Figure 8. The two strong features at 340 nm and 380 nm are
the two bonding EIu modes (black and blue lines in Figure 10). The very weak
feature at 450 nm is the almost dark bonding subradiant E,u mode (green line in
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Figure 10) with the dipole moment of the center particle oriented opposite to the
dipole moment of the surrounding six ring particles. This mode will be discussed
in detail below.
As the size of the system increases, scattering becomes more important
than absorption. The superradiant Eiu mode redshifts and broadens significantly
while the dark mode remains narrow and redshifts only weakly. For R>25 nm, the
superradiant mode is sufficiently broad to overlap the subradiant mode. When
this happens, the conditions for radiative plasmonic interference effects are
satisfied. The dispersive coupling between the narrow subradiant mode and the
broad continuum of the superradiant mode results in an asymmetric Fano
resonance at the energy of the subradiant mode. For R=50 nm, the energies of
the subradiant and superradiant modes are approximately equal and a
characteristic antiresonance appears in the scattering spectrum.
The absorption spectra in Figure 11 illustrate the dramatic effect radiation
damping has on the linewidth of bright plasmon resonances in finite systems of
increasing size. For R>25 nm, the superradiant mode is not discernible because it
radiates much more strongly than it absorbs. Although it still exhibits a finite
absorption, the intensity is too small to result in a Fano resonance in the
absorption spectra.
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Figure 12.
Electric field direction (blue arrows) and enhancement (color contour with
red and yellow indicating hotspots) associated with the subradiant (center column) and
on the blue (left column) and red (right column) sides of the superradiant septamer
plasmon modes. Panels (A-C) shows the dipolar admixtures calculated using PH.
Panels (D-F) is for the (10,1) nm septamer and (G-l) for the (50,5) nm septamer. The
maximum field enhancements for the (50,5) nm septamer are 53, 88, 43 at 528, 566, and
642 nm wavelengths.

In Figure 12 we show the electric field enhancements of the subradiant
and superradiant modes for the (10,1) nm septamer calculated using PH. This
small septamer is in the quasistatic regime, so FEM and PH both give the same
results. We also show the field enhancements for three wavelengths around the
Fano resonance for the (50,5) nm septamer where retardation effects play a

dominant role. These plots are very similar to the result for the electrostatic
(10,1) nm system where a group theoretical analysis can be rigorously justified.
The dipolar components of the modes calculated using PH are shown in
Figure 12(A-C) and clearly show that both the subradiant and superradiant
modes are different linear combinations of the symmetry-adapted basis functions
depicted in the ELU panel of Figure 9. For the superradiant mode, the dipolar
mode of the CP oscillates with the same phase as the dipolar plasmons in the
surrounding ring and therefore exhibit significant broadening due to radiation
damping. For the subradiant state, the dipole moment of the CP is opposite to the
dipole moments of the ring plasmons. Thus the total dipole moment is reduced
and the width of the resonance is determined by the intrinsic damping.
Since the plasmon modes can be regarded as having been formed
through hybridization of the modes of the CP and those of the surrounding HX, it
is of interest to investigate the effect of changing the radius of the CP. Such a
change does not violate the symmetry of the septamer. In Figure 13A, we show
the extinction spectra of the (50,5) nm septamer when substituting the CP with a
sphere of different radius Rc. For the smallest Rc=20 nm, the interaction between
the CP and the surrounding HX is negligible and the spectrum is essentially a
superposition of the spectra for a (50,5) nm HX and the spectrum of a silver
nanosphere of radius 20 nm. The plasmonic structure of the HX will be analyzed
in detail elsewhere (45). Briefly, the optically active modes are linear
combinations of the first four basis functions of ELU symmetry depicted in
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Figure 9. The HX modes that are relevant in the present discussion is a relatively
narrow mode around 400 nm and a continuum extending between 425 to 800 nm
which is made up of two superradiant modes centered around 450 and 600 nm.
The 400 nm mode interacts with the CP dipole to form the hybridized bonding
subradiant mode depicted in Figure 12B. This mode is highly tunable with a
wavelength that depends strongly on Rc. As the radius Rc becomes larger, the
interaction between the CP plasmons and ring plasmons increases and
interference effects begin to play a role. For Rc=35 nm, the subradiant mode
begins to interfere with the short wavelength edge of the HX continuum, resulting
in a characteristic asymmetric Fano resonance at 450 nm. As Rc increases, their
interaction increases, and the subradiant state shifts further into the HX
continuum, causing a change in the line shape of the Fano resonance. For
Rc=50 and 53 nm, the Fano resonance appears as an "antiresonance" in the
lower energy HX continuum.
In Figure 13B we illustrate how the plasmon resonances of the CP and the
surrounding HX hybridize to form the subradiant state that results in the Fano
resonance. To make the PH more apparent, the extinction spectra are plotted as
a function of energy rather than wavelength. The figure clearly shows how the
dipolar nanosphere plasmon interacts with an HX mode around 3.2 eV and forms
a bonding subradiant mode at 2.7 eV within the HX continuum. For Rc=35 nm, the
subradiant state is redshifted to around 2.7eV,

where it appears as an
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asymmetric Fano resonance. For Rc=50nm,

the state is further redshifted to

2.2 eVand appears in the spectrum as an antiresonance.

Figure 13.
(A) Effect of replacing the CP in a (50,5) nm septamer by a sphere of
different radius Rc=35 nm (red) and 50 nm (green). (B) A PH hybridization diagram
showing how the bonding subradiant septamer mode (center) is formed from the
interaction of the HX (left) and the CP (right). The two dashed lines in the HX are two
different and overlapping superradiant HX states. The arrows represent the interactions
between the relevant states.

Another way to study the effect of the coupling between the center particle
and the hexamer while preserving the center sphere resonance energy is to
offset the center particle in the direction normal to the hexamer ring, as shown in
Figure 14. As the offset z increases, the CP and HX interaction decreases, and
the bonding subradiant mode shifts to higher energies. For z>150nm, the CP
resonance has virtually vanished due to screening by the HX ring.
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Figure 14.
The effect of normal center particle displacement in the septamer.
(A) Scattering, (B) absorption.

3.5. Symmetry Breaking
Realistic plasmonic systems always deviate from ideal models, and it is
crucial to understand the most important variations that may affect the system's
properties. Some variations may even result in new important physical effects or
improve the properties of the system. Planar nanoparticle assemblies are most
commonly fabricated on flat substrates, so the lateral particle positions are
difficult to control with high accuracy (33,58). Therefore, we have investigated the
effects of breaking the six-fold symmetry that exists in the (50,5) nm septamer
(see Figure 15).
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Figure 15.
Symmetry breaking effects in a septamer: (A) CP shifts toward the outer
particle parallel to the incident electric field, (B) CP shifts toward the outer particle at a
6(f angle to the incident electric field.

When the symmetry of the septamer is broken, the extinction spectrum is
no longer independent of the in-plane polarization angle. To maximize the effect
we consider only CP displacements directly toward one of the surrounding HX
nanoparticles. Such a displacement represents the most significant change in the
interparticle spacings, which causes a large change in the CP-HX interactions.
For simplicity we consider a lateral displacement of the CP in two different
directions with respect to the polarization of incident light. In Figure 15A we show
the effect of a CP displacement along the direction of incident polarization.
Figure 15(A,B) shows a clear redshift of the subradiant Fano resonance due to
the increased interaction between the CP plasmon and the surrounding HX ring.
For the largest displacement, a new Fano resonance appears around 550 nm. For
the displacement of the CP in a direction at a 60° angle with respect to the
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polarization vector, the effect is smaller but still induces a discernible redshift of
the subradiant

Fano resonance. It is important to note that for both

displacements, the Fano resonance remains clearly visible in the extinction
spectrum. Therefore, we can assume that if the symmetry of the system is
significantly disturbed, the Fano resonance may still appear for specific spatial
orientations and incident beam polarizations.
Fano resonances are expected to occur very generally in asymmetric
nanoparticle aggregates when their overall size is sufficiently large for a broad
superradiant mode to provide a background continuum. If a dark mode with
dispersive coupling exists within this continuum, the condition for EIT is satisfied
and a Fano resonance will appear (57). In a recent study of the plasmonic
properties of random nanoparticle aggregates, the authors show highly
polarization-dependent extinction spectra for a pentamer consisting of five
nanoparticles of various sizes in a nonsymmetrical configuration (59). The
spectra are very complex with multiple peaks and dips, which are most likely
Fano

resonances

resulting

from

interferences

between

subradiant

and

superradiant modes.
We would also expect Fano resonances to occur in a symmetric hexamer
consisting of a center particle surrounded by a symmetric five-member
nanoparticle ring or in larger structures of D6h symmetry such as a septamer
surrounded by one or several outer rings. However, for a strong Fano resonance
to appear, it is crucial that the bonding mode is subradiant, i.e. has a very small
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dipole moment. The symmetry properties of the septamer are quite unique in that
the hybridized bonding mode is dark because its parent modes, the center
particle dipole and the surrounding hexamer dipole, have dipole moments with
similar energies. It is interesting to note that the concentric ring-disk cavity, which
for a small disk and large thin ring can be viewed as a center particle surrounded
by a large number of small disks, does not display a Fano resonance (47). The
reason is that the dipole moment of the ring is much larger than the dipole
moment of the disk, thus resulting in hybridized modes of similar dipole moments.

3.6. LSPR Sensing
Plasmonic interference and coherence effects such as Fano resonances
are caused by plasmon-plasmon interactions and can therefore be very strongly
affected by the electrostatic screening introduced by the presence of dielectric
media between adjacent nanoparticles (49). The septamer Fano resonance with
its distinct and narrow shape in the visible region of the spectrum provides an
interesting candidate as an efficient LSPR sensor. In Figure 16 we show the
extinction spectra of a septamer placed on a glass substrate surrounded by
dielectric embedding media of different permittivity. Figure 16A shows the effect
of only filling the junctions with the embedding media and Figure 16B shows the
effect of completely covering the septamer structure. Both panels demonstrate
that dielectric screening causes a strong redshift of the Fano resonance.
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Figure 16.
Effect of partially (A) and completely (B) surrounding a (50,5) nm septamer
by dielectric media on the extinction spectrum. The permittivity values are 1.0 (black),
1.5 (red), and 2.0 (green). The septamer is placed on a glass substrate of permittivity
2.09. The metal is modeled using JC. The shape of the dielectric insertions is indicated in
the insets.

It is interesting to note that in Figure 16A, both overlapping modes
(superradiant and subradiant) are almost equally redshifted, but for the case of
the complete embedding in Figure 16B, the broad superradiant modes are shifted
more than the subradiant mode. This is in agreement with Figure 12, which
shows that the subradiant mode is mostly affected by the junctions between the
particles, when the superradiant mode is also affected by the media outside of
the structure. The full width half maximum of the Fano resonance, defined as the
energy difference between the peak on the short wavelength side of the
antiresonance and the energy of its minimum, is 0.15 eV. The LSPR shift for the
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Fano resonance in Figure 16A is 410nm/RlU and for a complete embedding of
the septamer as shown in Figure 11B, the LSPR shift is 515 nm/RlU. The
corresponding FOMs are 7.9 and 10.6, respectively, which show that the
septamer structure would provide an excellent platform for LSPR sensing.
Detailed information about LSPR shift and FOM calculation is given in
Appendix D.
The plasmonic interferences responsible for large LSPR sensitivities
originate from the particular symmetry properties of the septamer geometry, and
they are likely to exist in septamers consisting of cylindrical disks, which may be
readily fabricated using lithographic techniques.
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Chapter 4. Electrostatic Nanoparticle Assembly
4.1. Introduction
A wide variety of metallic nanoparticles and nanostructured metals that
support localized electromagnetic resonances or propagating surface waves,
known as surface plasmons, are becoming extremely important structures for
subwavelength optics. This rapidly emerging field, known as plasmonics, offers
new ways to manipulate electromagnetic radiation, often at subwavelength
dimensions. The burgeoning list of applications in this area include chemical and
biosensing (60-64), plasmonic waveguiding (65), sub-diffraction-limited focusing
for

imaging

applications (66),

and

the

development

of

negative

index

materials (67). Chemical techniques and planar fabrication cleanroom-based
techniques have been successfully used to create plasmonic structures, and
novel protocols have been developed that combine these strategies to fabricate
new plasmonic architectures unattainable by either approach alone (34,68,69).
For fabricating nanoparticle clusters approaching theoretical models, described in
the previous chapters, template-assisted assembly in "nanoholes" is the readily
available top-down approach.
"Nanohole" is a submicron diameter hole fabricated in a continuous
metallic film. Interest in continuous films with nanoscale holes was initially
stimulated

by

reports

of

extraordinary

optical

transmission

through

subwavelength hole arrays (70), which have led to elegant examinations of the
origin of their unique and complex electromagnetic response (71). A recent series
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of investigations has focused on individual nanoholes and their plasmonic
properties (72,73). Individual nanoholes are fabricated using a hybrid method
where chemically synthesized nanoparticles are utilized as sacrificial masks,
placed on a substrate prior to metal film growth, then subsequently removed (72).
The resulting geometry of randomly dispersed, noninteracting individual holes is
particularly useful for sensing and plasmonic applications, since the holes could
be filled with various media or analytes of interest, such as plasmonic
nanoparticles. Strong interactions between the hole plasmon and nanoparticles
placed inside the hole should result in new geometries in which hybridized
plasmons may be observed (42). Filling the holes with other materials will provide
opportunities for studying plasmonic coupling to excitations in other types of
materials (74-76). To date, however, only few studies (76,77) reported the
incorporation of nanoscale objects particles within these structures. In the case of
metal nanoparticles, the techniques show considerable variations in yield of the
filling factor (77).

4.2. Metal Colloid Suspension Stability
Colloidal suspensions or "solutions" are heterogeneous systems where
small solid particles are suspended in a mobile liquid phase, most commonly
water. Small particles have excellent stability in these systems because their size
maximizes their total surface area, which influences interparticle interactions. The
most common stabilization mechanism is the electrostatic repulsion of particles
by the Helmholtz double layer, which forms as the result of the preferential
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adsorption of ions in the solution. Oppositely charged free ions migrate to the
charged particle and screen its charge at the distance specific for a given ion and
concentration of the electrolyte {78). By controlling the surface properties of
suspended particles through chemical functionalization and by varying the
concentration of ions in solution, the level of interparticle interactions can be
adjusted to facilitate the controlled nanoparticle cluster formation.
4.3.Submicrometer Hole Loading with Au Colloids

Figure 17.
Fabrication of submicrometer holes loaded with Au colloids.
(A) Functionalizing clean glass with PDDA. (B) Patterning the substrate with PS beads.
(C) Au layer e-beam evaporation. (D) Au layer passivation with alkanethiol. (E) PS bead
removal. (F) Au colloid deposition.

Submicron holes in Au films were fabricated using a modified nanoparticle
lithography procedure previously described, as shown in Figure 17 {72). (See
Appendix B for the detailed procedure.) The polymer coating on the glass
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substrate (Figure 17A) was chosen to be an ionic polymer with high positive
charge density so that both the negatively charged latex particles and the Au
colloidal particles would strongly adhere. PDDA forms a dense flat monolayer on
glass surfaces (79), and supports the deposition of high quality metal films on its
surface. Each monomer unit of PDDA carries a positive charge with an attached
negative counterion. In aqueous media, exposed regions of the polymer release
counterions, building up a significant positive surface charge inside holes.
Detachment of the charged PDDA chains from the exposed regions within the
holes does not appear to occur. It is likely that the charged PDDA interacts
electrostatically with the glass surface. Since the average chain length of the
PDDA (2500-3000 nm) is nominally ten times larger than the hole diameter
(60-300 nm), the PDDA chains will be sterically trapped under the Au film
(Figure 17E) overlayer in the completed sample.
A sparse submonolayer of commercially available polystyrene or latex
particles (IDC sulfate latex or Bangs Labs white latex) is then immobilized onto
the PDDA-coated glass surface. The latex particles, with their net negative
charge, strongly adhere to the positively charged PDDA layer. The amount of
coverage is controlled by the latex particle concentration and substrate
immersion time. Next, an Au layer 20 nm thick (preceded by a. 1 nm Ti layer to
enhance adhesion) is deposited over the immobilized latex particles using
electron beam evaporation. Passivation of the Au film is then performed by
attachment of an alkanethiol self-assembled monolayer (SAM) to the film surface.
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This hydrophobic protection layer repels aqueous solution, virtually eliminating
nonspecific binding of hydrophilic nanoparticles onto the surface of the film under
our nanoparticle trapping and loading conditions. An unprotected Au film is also
hydrophobic

initially,

but

the

hydrophobic

properties

deteriorate

within

10-30 minutes of exposure to aqueous media, most likely due to the presence of
ionic moieties that attach to the surface of the Au film while it is immersed in
solution. The alkanethiol protection layer preserves the hydrophobic character of
the Au film during the deposition of Au nanoparticles

from

aqueous

suspension (80). Following passivation of the film, the latex particles are removed
using Scotch tape applied to the sample surface.
The mechanism of electrostatic Au colloid deposition is shown in
Figure 18. After the polymer colloid removal, PDDA functional layer is exposed
through the hole in Au film (Figure 17E). Both the positively charged hole floor
and the hydrophobic alkanethiol SAM on the Au film surface are essential for the
trapping of nanoparticles inside holes. Without the positively charged hole floor,
random charges would exist on the patterned substrate, resulting in low trapping
efficiencies. The alkanethiol SAM prevents significant nonspecific binding of Au
colloid to the Au film, or to the edges of the holes.
To control the number of deposited particles per hole, Au nanoparticles
were initially functionalized with sodium 2-mercaptoethanesulfonate (MES),
providing negatively charged nanoparticles prior to deposition onto the
hole-patterned surface. To trap nanoparticles into nanoholes, a drop of Au
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colloidal solution was deposited onto the sample surface for 10 minutes, then
subsequently rinsed using deionized water and dried in a flow of purified N2.

Au colloids in water

PDDA
Glass

+ + +

+

Figure 18.
Electrostatic nanoparticle tunneling
Helmholtz double layer of nanoparticles in solution.

mechanism

by

controlling

the

Figure 19 shows six different size regimes for nanoparticle trapping and
loading. Trapping can only occur when the nanoparticle diameter is significantly
smaller than that of the hole. This is because the hydrodynamic radius of a
nanoparticle suspended in aqueous media is larger than its physical radius due
to screening of the nanoparticle surface charge by the surrounding counterions in
the solution. The hydrodynamic radius of a particle increases with increasing
particle size. However, when multiple nanoparticles are deposited into a single
hole, the interparticle separation of the trapped nanoparticles is much smaller
than their estimated hydrodynamic radius in solution. This indicates the important
role of the charge on the hole floors: upon entering the hole trap, the density of
surface charge on the hole floor is large enough to overcome interparticle
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electrostatic repulsion and allow multiple nanoparticles to come closer together
than they would in solution. This is also aided by Van der Waals attraction
between the

particles.

By controlling the

hydrodynamic

radius

of

the

nanoparticles, the number of nanoparticles that can be trapped per hole can be
controlled.
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Figure 19.
Au colloidal particle deposition into isolated holes for different hole (Dh)
and particle diameters (D p ). (A)D h =60nm, Dp=15nm;
(B) Dh=80 nm,
Dp=15nm;
(C) Dh=60 nm,
Dp=30 nm;
(D) Dh=80 nm,
Dp=30 nm ; (E) Dh=220 nm,
Dp=50nm;
(F) Dh=300 nm, Dp=50 nm.

Hydrodynamic radius is determined by the charge density on a particle
surface and the Debye screening length of the surrounding electrolyte solution.
Debye screening length is proportional to the inverse square root of the total free
ion charge density, or the ionic strength of the solution. For example, when the
nanoparticle surface charge is small and the free ion concentration is high, the
interparticle repulsion will be weak, but if it is too weak, the entire colloidal system
becomes unstable and flocculation may occur, according to DLVO theory (78).
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The electrostatic interaction between the positively charged holes and the
negatively charged nanoparticles also depends on the free ion concentration,
since both charged objects are screened by the free ions in solution. For the
nanoparticle hole loading experiments, where commercially available Au
nanoparticles were used, an increase in ionic strength of the solution did not
increase the number of particles deposited in a hole. From this observation we
can infer that the attraction between the hole and the nanoparticle is quite weak
for as-delivered, nonfunctionalized nanoparticles.
To increase the number of nanoparticles we can load into holes, the
surface charge density on the nanoparticle surfaces must be increased. This is
accomplished by chemically conjugating 2-mercaptoethanesulfonate to the
nanoparticle surface (81). Sodium 2-mercaptoethanesulfonate (CAS 19767-45-4)
has a very high affinity to Au and readily dissociates in aqueous media, releasing
sodium to serve as counterions and providing high negative surface charge
density on the Au nanoparticle surfaces. The Au nanoparticles coated with
2-mercaptoethanesulfonate interact strongly with the positively charged holes in
Au films even at high ionic concentrations. With this functionalization, the number
of nanoparticles that can be loaded into a hole can be controlled by the ionic
strength of the solution in which the functionalized nanoparticles are suspended.
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Figure 20.
2-Mercaptoethanesulfonate functionalized nanoparticle deposition at
different ionic strength values. Hole loading control. ( A ) 0 m M NaCI. ( B ) 5 m M NaCI.
(C) 10 mM NaCI. (D) Non-functionalized particle deposition control.

A systematic study of functionalized nanoparticle trapping and loading into
nanoholes as a function of salt concentration is shown in Figure 20. Figure 20A
depicts a "threshold" regime where the functionalized nanoparticles are trapped
in the holes at a loading factor of less than one nanoparticle per hole. In this
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image, which shows many isolated single spherical holes as well as larger
overlapping holes, we see that the larger traps formed by the overlapping holes
trap nanoparticles far more effectively than the isolated solitary holes. In this
regime, the nanoparticle hydrodynamic radius becomes too large for one
nanoparticle to be deposited in an individual hole, but permits trapping and
loading in the larger hole structures. Trapped nanoparticles in this loading regime
show a strong preferential binding to the center of the larger hole structures. In
Figure 20B, the free ion concentration is increased in order to reduce the
nanoparticle hydrodynamic radius, allowing more particles to be trapped in each
hole. In this regime, the nanoparticles bind in a closely packed aggregate
structure located symmetrically in the hole center. A series of quite regularly
patterned small aggregates, such as nanoparticle equilateral trimers, for
example, can be formed by this method. Figure 20C depicts loaded nanoholes
that result from an even higher ionic concentration, where an even larger number
of nanoparticles are trapped per hole. In this case, the emergence of highly
ordered, closely packed, almost periodic nanoparticle array structures appears,
whose degree of order appears to be limited by the size and shape dispersion of
the nanoparticles themselves. Figure 20D depicts a control experiment where
nonfunctionalized Au nanoparticles are loaded into the traps. Here we see a far
more random variation in nanoparticle placement in the hole, including
nanoparticles binding randomly to hole edges. It is interesting to note that the
load number distribution is not appreciably broader for the control case, from
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which we may infer that the native charge on the unfunctionalized nanoparticle
surfaces is somewhat regular. However, the close-range interactions between
nanoparticles as they bind to the surface of the nanohole in this case is far less
controlled, resulting in far fewer controlled aggregates centrally positioned within
the nanohole.
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Chapter 5. Magnetoinductive Resonances in
Nanostructures with Reduced Symmetry
5.1. Introduction
The interaction of light with particles and structures at the nanoscale gives
rise to an increasing number of phenomena of potentially dramatic technological
importance, such as metamaterials (35,82-85), superlens focusing (86-89), and
enhanced spectroscopy (90). Thus far, highly symmetric nanoparticles have
been studied extensively due to their

relative ease in fabrication

and

straightforward theoretical models. In these structures, the far-field scattering
pattern always follows the direction of incident light (e.g., the classic cos20 dipole
scattering pattern) irrespective of particle orientation. Simple symmetry breaking,
for example,

deforming

a sphere

into

an axially

symmetric

elongated

structure (36,91-93) to create two plasmon modes associated with the long and
short axes, is insufficient to change this behavior. The split ring resonator
(SRR) (35,94), a U-shaped conductive structure interrupted by a dielectric gap,
allows magnetoinductive coupling of incident radiation by inducing a charge
separation of the resonant current in the structure during each half-cycle of the
incident wave. The magnetic response of SRRs has provided a key mechanism
for the realization of metamaterials with a negative index of refraction at near-IR
and optical frequencies (83,85,95,96). The planar geometry of SRRs studied thus
far restricts their light scattering ability to the fabrication plane, limiting the
possibilities for redirecting scattered resonant light.
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Metallic half-shell "nanocups" can be considered as three-dimensional
optical frequency analogs of SRRs without planar restrictions (94). Suspensions
of randomly oriented nanocups (97-99) and close-packed arrays of strongly
interacting nanocups and nanovoids (100,101) do not facilitate observation of
their unique light scattering properties. Here we report the fabrication and optical
properties of nanocups with controlled orientations. Each nanostructure supports
a special transverse plasmon mode with an asymmetric resonant electron current
that controls the direction of scattered light, departing from the path of the
incident wave. The resonant electron current couples to a radiating electric dipole
parallel to the cup opening, emitting the scattered wave in the direction of the
nanocup axis, regardless of the direction of incident light. Therefore, these
structures can "bend" light in virtually any direction according to the nanocup's
3D orientation. In our measurements we observe both individual and coupled
nanocup

responses,

where

the

latter

results

directly

from the

orientation-specific light-directing properties of these nanostructures.

unique
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5.2. Fabrication of Au Nanocups

Figure 21.
Au nanocup fabrication. (A) Patterning the functionalized substrate with
polymer nanospheres. (B) Depositing Au by the directional evaporation. (C) Curing a
layer of PDMS. (D) Separating PDMS slab with Au nanocups.

Nanocups were fabricated according to the procedure shown in Figure 21.
Commercially available (Invitrogen) 80 nm diameter sulfate latex or polystyrene
nanoparticles were randomly deposited on clean glass substrates functionalized
with poly(diallydimethylammonium) (PDDA) {33), The adhesion layer of titanium
(1 nm) followed by a 20 nm layer of gold was evaporated (by e-beam) onto
samples mounted at (F, 3(F, 450 and 60° relative to the incident beam of
evaporated metal. The top of each particle was covered with gold as well as the
surface of the glass substrate around it, resulting in the formation of upside-down
nanocups in the midst of a continuous gold film. Due to the directionality of the
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evaporation, circular or elliptical holes that looked like shadows were formed in
the gold film around the polystyrene particles. The orientation of the nanocups
and the shape of the holes were determined by the angle of the substrate relative
to the beam of evaporated metal. Scanning electron microscopy (SEM) images of
a nanocup sample are shown in Figure 22. Elastomer liftoff was used to remove
the cups from the metalized substrate and preserve their orientation (93). A
two-component mixture of Dow Corning SYLGARD-184 polydimethylsiloxane
(PDMS) elastomer (102) was poured on the top of each substrate, degassed at
10~2 Torr for 1 hour and cured for 36 hours to form a transparent slab. When the
slab was peeled from the substrate, it removed the nanocups and polymer cores
and retained them in fixed positions while the perforated metal film remained on
the substrate. The elastomer refractive index approximately matches that of the
polystyrene nanocup cores. The extinction spectra were collected using a
Cary5000 UV-Vis-NIR spectrophotometer with baseline subtraction. A blank
PDMS slab was used to measure the baseline.

Figure 22.

SEM of nanocup sample prior to the lift-off step of the fabrication.
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5.3. Modeling Nanocup Optical Properties
Finite Element Modeling (FEM) was done with the commercial software
COMSOL 3.4

(Appendix C)

using

a 3D

model for

scattered

harmonic

propagation. Au nanocup was modeled as half of a prolate ellipsoid with a
concentric spherical cavity. The plane normal to the axis of rotation of an ellipsoid
divides it by two equal parts, one of which is the modeled nanocup. The cavity
radius was 40 nm, which corresponds to the average radius of polystyrene cores
used in the experiment. The outer ellipsoid semi axes were 60 nm and 48 nm,
respectively. This geometry closely matched the experimental conditions with a
directional metal evaporation, which deposits the thickest Au layer on the top of
the nanocup {20 nm) and the thinnest layer on the nanocup edges {8nm). An
experimentally obtained dielectric function of Au {56) was used. In order to
simulate the dielectric core and the surrounding medium, the modeled nanocup
was placed in the center of a dielectric cylinder with 100 nm radius and 200 nm
height, a dielectric permittivity of e=2.0 and the axis aligned with the incident
wave (fc-vector). Similar results can be obtained by defining the entire simulation
volume having dielectric permittivity of e=2.0.
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Figure 23.
Magnetic field enhancement (left) and directional scattering (right) of
nanocup modes. (A) High-energy electroinductive mode. (B)
Low-energy
magnetoinductive mode.

A nanocup has two principal optical modes, one axial and one transverse,
as is typical for a system with axial symmetry (Figure 23). The axial plasmon
resonance of a nanocup (Figure 23A) is significantly weaker, and the scattering
pattern is determined by the illumination direction. This resonance corresponds to
the dipole-driven, electroinductive plasmon response of the structure. The
transverse nanocup scattering resonance (Figure 23B) is much stronger than the

axial resonance, and for p-polarization, the scattering direction and amplitude are
determined by the nanocup orientation, not the direction of the incident light. This
resonance corresponds to the current-driven,

magnetoinductive

plasmon

response of the structure. S-polarized excitation of the transverse resonance
produces an isotropic scattering pattern. The directionality of optically driven
dipole combined with rotational isotropy along its axis make nanocup unique
structure, which properties are examined below.
5.4. Experimental Study of Nanocup Plasmon Resonances
The induced dipole directionality was examined experimentally by studying
the optical response of oriented Au nanocups. Figure 24 shows experimental
extinction spectra of nanocups oriented at ( f , 3 ( f , 450 and 6(f, where the incident
beam is normal to the slab, as well as theoretical spectra calculated using the
Finite Element Method (FEM). The experimental geometries are depicted in
Figure 24A and Figure 24B for light p- and s-polarized relative to the nanocup
axes, respectively. In the spectra, the axial plasmon resonance occurs near
600 nm and is observed when the £-field is parallel to the cup's rotational axis.
The axial resonance appears most strongly in the spectra at this particular
orientation and according to the FEM model is dominated by absorption.
Figure 23A shows the scattering component of this resonance, which changes
from non-resonant Rayleigh scattering (illustrated charge distribution) to resonant
plasmon scattering regime. A transverse resonance occurs near 800 nm, when
the 2s-field is normal to the cup rotational axis. The decrease in amplitude of this
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resonance with increasing cup angle for p-polarized light (Figure 24(C-E)) is due
to the orientation dependence of this plasmon mode as shown in Figure 23B. The
small higher order resonances that occur near 570 nm (Figure 24E) and 700 nm
(Figure 24F) in the theoretical simulation are characteristic of an asymmetric
core-shell plasmonic nanostructure with a nonuniform metallic coating (36,92).
These higher order resonances contribute slightly to the experimental spectrum
Figure 24D, overlapping with the 800 nm transverse plasmon resonance. The
experimental plasmon linewidths are larger than in the theoretical simulation
because of core size and metal thickness distribution

(inhomogeneous

broadening) with additional likely contributions from electron scattering at the
metal interfaces (103). The spectrum changes from transverse mode-dominant to
axial mode-dominant with increasing angle for p-polarized light (Figure 24(C,E)).
In contrast, with s-polarized light the transverse mode shows no angular
dependence (Figure 24(D,F)), consistent with the angular-independent scattering
amplitudes shown in Figure 23B. In addition to these individual nanocup resonant
modes, a coupled nanocup resonance can be observed near 1350 nm in our
experimental spectra (Figure 24(C,D)). This feature results from the interaction,
or hybridization (104), of transverse nanocup resonances on adjacent nanocups
in our samples, a feature not present in our theoretical simulations, where only an
individual nanocup was studied (Figure 24(E,F)). Theoretical simulations of
adjacent coupled nanocups exhibit a resonance in this wavelength range,
consistent with this assignment.
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Figure 24.
Normal incidence extinction measurement for slab samples with different
internal nanocup orientations and comparison with theoretical modeling of an individual
nanocup. (A) The geometry of p-polarized nanocup excitation. (B) The geometry of
s-polarized nanocup excitation. (C) The experimental p-polarized extinction
measurement shows a decrease of the transverse nanocup plasmon mode near 800 nm
and an increase of the axial nanocup plasmon mode near 600 nm as a the nanocup
angle (ecup) increases. A lower energy coupled nanocup resonance is observed near
1350 nm. (D) The experimental s-polarized extinction measurement shows the transverse
nanocup resonance near 800 nm, the coupled cup resonance near 1350 nm and no
significant spectral change as a function of nanocup angle (dcup). (E) Theoretical
modeling (FEM) for the incident plane wave polarized in the plane of nanocup rotation
shows a decrease in amplitude of the transverse nanocup mode near 800 nm and an
increase in the axial nanocup mode near 600 nm with increasing dcup. (F) Theoretical
modeling (FEM) for the incident plane wave polarized perpendicular to the plane of
nanocup rotation shows the transverse nanocup resonance near 800 nm and no axial
resonance.
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The coupled nanocup resonances in Figure 24C and Figure 24D provide
an opportunity to examine how the local interaction between magnetoinductive
modes in adjacent nanostructures depends on nanocup orientation. The possible
configurations of a pair of coupled nanocups are illustrated in Figure 25. The
transverse coupled cup resonance is excited when the two adjacent cups are
aligned, and for nanocups in this orientation, it should be independent of the
orientation of input light (Figure 25(A,B)). For s-polarization, this interaction
occurs for all rotation angles (Figure 25C). For tilted cups

6CUp>(f

and for

p-polarized incident light (Figure 25D), the transverse resonances of adjacent
cups do not interact for any angle of incident light.
B

Normal Incidence
Normal Cup Orientation
Interacting Dipoles

V
Oblique Incidence
Normal Cup Orientation
Interacting Dipoles

Cup rotation

7*53
H

+
Cup rotation

Normal Incidence
Rotation in k-H Plane
Interacting Dipoles

Normal Incidence
Rotation in k-E Plane
Noninteracting Dipoles

Figure 25.
Induced nanocup dipoles and coupled cup resonance. Interacting
nanocup dipoles for: (A) normal incidence and normal cup orientation, (B) oblique
p-polarized incidence on normally oriented cups, (C) normal incidence and cups rotated
in the k-E plane. (D) Non-interacting nanocup dipoles for the case of normal incidence
and cups rotated in the k-H plane.
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To examine this property experimentally, oblique incidence extinction for
nanocups in the geometry shown in Figure 25B was studied using d0=[-6(f, -45°,
-30°, 0°, 30°, 45°, 6(f]. The effective nanocup orientation (%) in this case is related
to the angle of incidence (d0) and the nanocup orientation (dcup) in the slab by
Snell's law:
1

sin0o^

\ nPDMS

/

As the angle of incidence increases, the transition from the transverse
resonance to the axial is evident in Figure 26(B-D). This is in agreement with our
observations in Figure 24, but in this case, the coupled cup plasmon only
appears when the nanocups are aligned (6cup=0°). In Figure 25B, where 0cup=(f,
we see that the transverse dipoles are always aligned and should couple to each
other regardless of incident angle of optical excitation. Indeed, in Figure 26B, the
coupled-nanocup resonance is observed at all angles of incident excitation
measured. However, when the cups are rotated, as in Figure 25D, no coupled
resonance should be observed at any angle of incidence. This was also
confirmed for the case of nanocups oriented at 45° for p-polarized light excitation
(Figure 26(C, D)), clearly indicating the effect of local nanocup orientation on this
hybridized resonance.
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Figure 26.
(A) Oblique p-polarized incidence extinction measurement geometry,
where 60= [-6(f, -45°, -30°, 0°, 30°, 45°, 6(f]. Individual (axial, 600 nm\ transverse, 800 nm)
and coupled (1350 nm) cup resonances, where 8eff is the angle between the nanocup
rotational axis and the incident beam direction as determined by angle of incidence (90),
PDMS refraction and nanocup orientation (6cup). Extinction measurements for (B) normal
internal nanocup orientation showing coupled cup resonance for all Qeff\ (C) 30° and (D)
45° rotated cups, showing no coupled cup resonance at any Qeff.

5.5. Larger Nanocups and Tunability of Nanocup Resonances
The energy of any plasmon resonance depends on the geometric
parameters of the structure. By adjusting the size and aspect ratios, a great
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tunability can be observed for metal nanoshells (105,106), nanorods (107) or
nanoholes (72,108). Nanocup fabrication can be precisely controlled, yielding a
range of nanostructure sizes. An example of nanocups, with core larger than for
those in 5.2, is presented in Figure 27. Using the same method as in 5.2,
nanocup samples with orientations 0°, 15°, 30°, 45°, and 60° were made and the
normal incidence optical measurement was performed as in 5.4. Optical
measurement results compared with the electromagnetic simulation (FEM) are
shown in Figure 28 and Figure 29.

Figure 27.
SEM of Dcore=140 nm,
(A) tf orientation; (B) 45° orientation.

Tcup=20 nm

nanocups

before

the

lift-off:

The optical measurements of p-polarized extinction (Figure 27A) reveal
the transition between the electroinductive resonance and magnetoinductive
resonance similar to smaller nanocups in 5.4. It is interesting to note that the
increased extinction at the longer wavelength plot boundary suggests the
presence of the coupled cup resonance previously explained in Figure 25, even
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though its energy is beyond the measurement range. Another optical feature of
this larger nanocup is the presence of a small bump in the spectra at Figure 28A
and Figure 29A near 600-650 nm. Its energy is close to that of the electroinductive
nanocup dipole resonance, but it occurs for the orientations where this resonance
is not allowed. This bump is likely due to the higher energy nanocups modes,
later observed in the analogous single particle experiment (109).

Figure 28.
The extinction spectra of larger nanocups (p-polarized): (A) experiment in
n=1.45 media and (B) simulation in «=7 media.

As for any nanostructure, the geometric size increase gives rise to the
retardation effects due to the phase difference in the electromagnetic wave at the
different parts of the structure. Even the simulation in Figure 29B shows
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high-order resonance presence for nanocup orientation angles larger than 0°,
which is in agreement with other nanocup-like geometries {94,109).
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Figure 29.
The extinction spectra of larger nanocups (s-polarized): (A) experiment in
n=1.45 media and (B) simulation in n=l media.

Overall, the experimentally measured extinction spectra of nanocups
shown in Figure 28A and Figure 29A are in a very good agreement with the FEM
simulations in Figure 28B and Figure 29B, respectively. The wavelength shift
between the experimental and modeled spectra is due to the different media
refractive index, which was n=1.45 for the fabricated nanocups suspended in
PDMS and n=l for the simulation space.
Nanocup tunability is summarized in Figure 30 for the case of a simple
hemispherical nanocup without core in vacuum. Nanocup optical spectra were
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modeled using Finite Element Method (FEM) and the wavelength values are
plotted for two main dipolar resonance maxima: magnetoinductive (Figure 30A)
and electroinductive (Figure 30B).
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Figure 30.
Optical tunability of hemispherical nanocups in n=l media: (A) transverse
magnetoinductive mode and (B) axial electroinductive mode.

The tunability of nanocup resonances for similar geometric sizes and
dielectric environment is comparable to that of the nanoshells (complete metal
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spheres with SiC>2 dielectric core) [105,106). Nanocup resonance energy is the
most sensitive to cup thickness in the case of thin cups, as it follows from
Figure 30. The submicron resonance can be tuned to the visible and near
infrared frequencies. When the nanocup thickness increases, the resonance
energies asymptotically decreases, approaching that of the solid Au sphere of the
comparable size. For thick nanocups, the resonances are broad and difficult to
distinguish from each other. Apart from considered uniform nanocup thickness,
another important factor that determines the nanocup resonance is the shape of
edges. Thinner edges result in the magnetoinductive resonance shift to longer
wavelengths (109). Modeled unphysically sharp nanocup edges (92) give rise to
multiple higher order resonances that do not occur in realistic systems.
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Chapter 6. Anisotropic Etching of Au Nanostructures
6.1. Reactive ion Etching of Au Nanoshells
Etching

techniques

have

been

successfully

used

in

plasmonic

nanostructure fabrication. Reactive Ion Etching (RIE) was used in metallic
nanocrescent fabrication (34), plasma (110) and electron beam (109) etching
methods were implemented for the nanocup geometries.
In order to test the anisotropic etching possibility using RIE method, the Si
substrate with immobilized Au/SiCk nanoshells was mounted at 45° towards
plasma front in Trior) RIE setup. Etching was performed for 1 minute in plasma
generated under 80Torr pressure, 100 seem Ar flow and 300 W RIE power
(Figure 31). As it is evident from SEM images in Figure 31, the etching was an
anisotropic removal of Au metal from the top part of each nanoshell revealing the
dielectric Si02 core. However, etching direction was normal to the substrate
despite the oblique substrate orientation with respect to the plasma front. This
happens because of the electric charge accumulation on the substrate. An
interesting result of this experiment is that the etching rate was larger for
nanoshells closer to the bottom electrode of the setup than for the nanoshells
higher on the oblique substrate and farther from the bottom electrode, which is
likely due to the different plasma density. This method allows controllable
fabrication of different structures within one sample in the predefined positions,
due to the etching rate gradually varying across the substrate. However, since
the substrate charge rather than plasma front determines the direction of etching,
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and because of the structure

uniformity

requirement for the

ensemble

measurements, only flat-mounted substrates with nanostructures were subjected
to this process further.

o

O

o

Figure 31.
Reactive Ion Etching (RIE) of Au nanoshells. The substrate is mounted at
450 angle to the Ar+ plasma front. Different etching rate is observed at different heights.

6.2. Perforated Au Semishells

6.2.1

Overview

Metallic nanostructures are a vital component of future optical materials
and devices, including metamaterials (31,83,85,111-113), logic circuits (29,114-
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118), sensors, and energy transducing structures {119-123). In a metamaterial,
the optical response is determined by the geometry of its subwavelength
constituents, typically metallic structures, which define the frequency-dependent
optical response of the material and its ability to control and manipulate light. As
electrical interconnects decrease in size, approaching the fundamental quantum
limit, metal plasmonic

nanostructures

become an alternative to

replace

conventional on-chip interconnects {114,124). By focusing light to volumes far
below the diffraction limit, plasmonic nanostructures enable subwavelength
optical components on the size scale of modern integrated logic circuits
{114,125). Plasmonic nanostructures can also enhance the conversion of light to
electrical energy in solar cells (119,120,122,126), and the conversion of electrical
to light energy in light emitting diodes (LEDs) {127-132), improving energy
conversion efficiencies.
The optical response of a plasmonic nanostructure is a sensitive function
of its geometry and can be controlled using a range of metal-dielectric
geometries, while keeping the overall size small {91,106). The spatial distribution
of the local fields of a plasmonic nanostructure determines its interaction with the
surrounding medium. Introducing defects or reducing structure symmetry in a
controlled manner can allow for light coupling to plasmon modes whose
interaction would otherwise be forbidden. Such symmetry breaking can result in
magnetically excited modes {31,83,85,111,112,133), electromagnetically induced
transparency {133), excitation of propagating modes in nanowires (134,135) and

thin metal films (108,136), and localized nanoparticle plasmons (30,36,137).
Recently it was shown that reduced symmetry structures can have a strong
structural resonance tunability, large local field enhancements, and strong
directionality of scattered light (109,120). "Nanocups" or semishells are excellent
examples of asymmetric plasmonic nanostructures (30,94,109,110,138).

The

resonances of these partially metal-coated dielectric spheres depend on the size
of the dielectric sphere and the thickness of the metal shell layer, and
additionally, can be modified by the geometric configuration of the metal edge
and its surface roughness.
Here we use a "nanocup", or semishell, as our starting point to design and
fabricate a family of novel plasmonic nanostructures with interesting and useful
properties. By fabricating a perforation into the metallic shell layer of a semishell,
its optical properties can be altered dramatically. We examine the effect of hole
size, shape, and location on the optical properties of the nanostructure. We begin
by introducing a symmetrically placed hole on a semishell, examining the effect
of hole size and shape on the optical properties of the perforated semishell.
Shifting the perforation to an arbitrary off-axis location on the semishell alters its
optical properties, allowing the excitation of a series of higher-order resonances.
A

fabrication

protocol

is

developed

that

allows

us

to

access

this

reduced-symmetry regime experimentally, to probe its optical properties. This
approach combines anisotropic metal deposition with anisotropic metal etching
on nanoparticles deposited on substrates, and is a practical fabrication method

for depositing partial metallic shell layers onto nanoparticles in complex
configurations and geometries. Finally, we explore two interesting perforated
semishell regimes: the case of a semishell with multiple perforations, and the
case of a semishell with a wedge-like perforation, which possesses a tunable
magnetic plasmon mode suitable for metamaterial applications. We examine how
the dimensions of the wedge control the magnetic resonance characteristic of
this geometry.

6.2.2 Symmetric Circular Perforation in Semishell
Our initial studies start with the symmetric structure, which consists of an
ellipsoidal semishell with a spherical cavity, where the shell thickness gradually
decreases from the symmetry axis to the edges of the shell layer. Such a
nonuniform thickness gradient provides a realistic model of metallic shell growth
using gold evaporation onto spherical nanoparticles that have been immobilized
on a substrate (30,109). In the present study, the inner spherical surface radius is
55 nm and the outer shell radii are 60 nm at the edges and 65 nm at the center of
the semishell layer. We start by introducing a circular cylindrical hole into the
center of the semishell metallic layer (Figure 32). The evolution of the semishell
spectra as a function of the hole radius r from 0 nm (unperforated semishell) to
50 nm is shown in Figure 32A. Two different orientations of incident polarization
are examined: where the electric field is polarized along the symmetry axis of the
structure and the direction of propagation of light parallel to the edge of the
semishell (Figure 32A, bottom), and the case where the ^-vector is along the
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symmetry axis of the nanostructure (Figure 32A, top). We will refer to these two
cases as axial and transverse polarization, respectively. For the case of r=0 nm,
an unperforated semishell, the structure supports a dipole mode that follows the
polarization of the incident light, as the £-field of the incident wave drives the
electrons in the semishell. Axially polarized incident light excites an axial dipole
mode at A=832 nm (Figure 32A, bottom) and transverse-polarized incident light
excites a transverse dipole at X=1156nm (Figure 32A, top). Weak quadrupolar
features are observed at slightly higher energy relative to the dipolar mode in
each case.
Introducing a small circular cylindrical perforation on the symmetry axis of
the semishell affects the properties of the axial and the transverse modes in
different ways. The axial mode (Figure 32A, bottom) is only slightly blueshifted
with increasing hole radius. This blueshift occurs due to the reduction of the
semishell sidewall height, which shortens the physical path for the plasmon
oscillation and therefore correspondingly increases the energy of the mode. The
blueshifted dipolar plasmon appears to attenuate the weaker quadrupolar
plasmon for a large range of hole radii. For very large hole radii, the dipolar mode
itself is strongly attenuated due to the decrease in the number of accessible
electrons in the thin ring-like structure, and the higher energy quadrupolar mode
reappears. For the transverse plasmon, we can conceptualize the introduction of
a perforation on the symmetry axis as changing the topology of the structure to a
distorted disk, which would yield two hybridized distorted ring modes, a bright
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"bonding" mode at lower energies and a weak "antibonding" mode at higher
energies. Since only the bonding mode contributes appreciably to the optical
spectrum of the structure, we focus exclusively on this mode. As the hole radius
is increased, the transverse plasmon resonance begins to shift quite strongly to
lower energies, particularly when the hole radius approaches half the semishell
radius (Figure 32A, top). When the hole radius approaches the semishell radius,
the geometry reduces to the case of a nanoring (47,139-143).
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Figure 32.
Bright plasmon modes of a semishell of radius r=65 nm, with a circular
cylindrical, coaxial hole, for three hole radii (T-B): r=50nm, r=35nm, r-25nm,
and
r=0 nm (for comparison). The same sequence of geometries is calculated in (A), (B), and
(C). (A) Schematic of the nanostructure geometry and extinction spectra for plasmon
modes excited by transverse polarization (top) and axial polarization (bottom).
(B) Induced electric charge plots for the tunable transverse dipole resonance.
(C) Magnetic field enhancements in different directions (red double arrows) for the
transverse dipole resonances, showing the reshaping of the field distribution as a
function of hole radius.
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For the tunable transverse dipole mode, the effect of hole size on the
induced surface charge and on the local magnetic field enhancement are shown
(Figure 32B and C, respectively). The charge distribution of the transverse
resonance shows a strong dipolar character for all hole radii (Figure 32B). In
contrast, the local magnetic field distribution is remarkably dependent on the hole
size (Figure 32C). For the case of a semishell without a hole (Figure 32C, right),
the magnetic field component aligning with the incident magnetic field is
enhanced due to the plasmonic current oscillating in the k-E plane. The net
enhanced magnetic field is uniformly distributed inside the semishell. The coaxial
hole reduces this enhancement and focuses the magnetic field components into
the "hotspots" at the semishell edges. The presence of the circular cylindrical
perforation in the semishell alters the resonant plasmonic currents forcing them
to oscillate outside the k-E plane. This enhances the local magnetic field
components normal to the incident magnetic field around the semishell side
walls.

6.2.3 Symmetric Elliptical Perforation in Semishell
A variation of this structure that is both interesting and relevant for
comparison with experimentally fabricated semishell structures is a semishell
with an elliptical cylindrical, rather than circular cylindrical, perforation. We
consider the case of a symmetrically placed perforation on the semishell, where
the shape of the perforation is changed from circular to elliptical (Figure 33).
When illuminated at normal incidence, the elliptical hole breaks the azimuthal
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symmetry of the semishell, splitting the transverse mode into two different
energies depending on the polarization of incident light. The optical extinction
spectra of a semishell with centered circular and elliptical holes are compared in
Figure 33A. The elliptical hole has a major radius rmax=50 nm and a minor radius
of rmi„=35 nm (Figure 33A(ii,iii)). It is compared to a semishell with a circular hole
of radius r=50nm (Figure 33A(i)) and a semishell with a circular hole of radius
r=35 nm (Figure 33A(iv)), corresponding to the major and minor elliptical hole
radii. Here we see a correspondence between the resonances of these structures
that at first appears counterintuitive. When the incident polarization is along the
minor axis of the ellipse (Figure 33A(ii)), the resonance energy coincides with
that of a semishell with a circular hole equal to the size of the major axis
(Figure 33A(i)). Similarly, when the incident light is polarized along the major axis
of the

ellipse

(Figure 33A(iii)),

the

structure

has

a resonance

energy

corresponding to a circular hole equal to the dimensions of the ellipse's minor
axis (Figure 33A(iv)). This surprising correspondence can be understood by
considering that the plasmon resonance energy is determined by the width of the
metallic junction, and not by the dimensions of the hole or gap. When the
polarization is along the minor axis of the elliptical hole, the metallic channel
supporting the plasmon oscillation is the same size as for a circular hole of radius
50 nm. Likewise, for incident polarization along the major axis of the elliptical hole,
the metallic channel supporting the plasmon oscillation is the same size as for a
circular hole of 35 nm radius. This is evident in the charge plots shown in
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Figure 33B, where the electric charge distribution at the maximal charge
separation is shown for both polarizations. Therefore the optical response of a
semishell with an elliptical hole is polarization dependent, with plasmon energies
determined by the hole dimension perpendicular to the direction of polarization.
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Figure 33.
(A) Extinction spectra of a semishell with a coaxial hole: (i) circular
cylindrical, r=50nm\ (ii) elliptical cylindrical [rmax, rmi„]=[50, 35] nm, incident polarization
along minor axis; (iii) elliptical cylindrical [rmax, rmirJ=[50, 35] nm, incident polarization
along major axis; (iv) circular cylindrical, r=35 nm. (B) Induced charge plots for the two
transverse dipole modes.

6.2.4 Offset Circular Perforation in Semishell
In addition to the effect of hole size and shape, the position of the hole on
the semishell also play an important role in controlling the optical response. The
geometry of a semishell with a circular cylindrical hole of radius r=35 nm shifted
away from the symmetry axis of the structure is shown in Figure 34A. The
parameter describing the hole offset is the angle p between the rotational axis of
the semishell and the axis of the hole (Figure 34A). This structure is no longer
azimuthally symmetric, and the optical response is determined by the hole offset.
Two topologically different structures are shown in Figure 34A. For p<6(f the hole
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does not intersect the semishell edge and overlaps the semishell completely. For
P=9(f, only 50% of the hole area overlaps the semishell.

Figure 34.
The effect of cylindrical (r=30 nm) nonaxial holes on the semishell optical
extinction spectra. (A) Schematic of the semishell geometry for holes positioned at
increasing offset angles from the symmetry axis of the semishell. (B) Extinction spectra
as a function of hole offset in k-H plane with coaxial ^-vector of incident light.
(C) Extinction spectra as a function of hole offset in k-E plane with coaxial ^-vector of
incident light. (D) Extinction spectra as a function of hole offset in k-E plane with k
transverse and E coaxial to the cup.

The calculated extinction spectra are shown in Figure 34. Three
sequences of spectra for increasing polar angle of displacement of the hole from
the center of the semishell are shown. For incident light propagating along the
symmetry axis of the semishell, two polarizations, where the hole displacement is
in k-H plane (Figure 34B) and where the hole displacement is in the k-E plane
(Figure 34C) are shown. Figure 34D shows the spectra for polarization along the
symmetry axis of the semishell. The presence of the hole modifies the topology
of the structure, allowing plasmon oscillations between the hole and the cup
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edges. The position of the hole determines the strength of the coupling to the
incident light.
The semishell with an off-axis hole provides key information about the
origin of the plasmon modes of perforated semishells. For the transverse £-field
polarization case (Figure 34(B,C)), the spectra are dominated by the longer
wavelength (-1300 nm) dipole mode: this is the same "tunable" mode shown in
Figure 32A (top) and in the charge distributions in Figure 32B for the hole with a
radius r=35nm. Here we see that the major effect of the hole offset is the
enabling of higher order plasmon excitation (Figure 34B.C). Here we observe that
the relative intensities of the higher and lower order modes are determined by the
position of the hole. Large hole offsets correspond to stronger intensities of
higher order modes. In contrast, for the case of axial polarization (Figure 34D)
the spectra are only weakly dependent on the hole offset from the symmetry axis.
These spectral characteristics can be well understood by examining the
charge distributions of the plasmon modes. Without a perforation, electrons in the
semishell oscillate between the primary edges of the semishell structure, as
driven by the £-field of the incident light at resonance. The presence of a
perforation modifies the path for the electrons oscillating between the primary
edges of the semishell structure, forcing the resonant currents to circumvent the
perforation. For the case of the coaxial hole (P=0°) the oscillating dipoles on
either side of the semishell are collinear, and only the in-phase bonding mode is
observed (Figure 32B). When the hole is shifted from the symmetry axis

(Figure 34A, (f<fi<60°),

the dipoles on the hole edges are no longer collinear and

both bonding and antibonding modes have non-vanishing dipoles (Figure 35A,B).
The most pronounced low-energy (-1300 nm) resonance corresponds to the
dipole bonding mode case in which the induced dipolar charges oscillate in
phase on both edges (Figure 35A, k=1338 nm). The magnetic field enhancement
of this mode (Figure 35B) is perturbed by the hole in the same manner as in
Figure 32C. The next resonance (Figure 35A, k=1002 nm) corresponds to an
antibonding mode where the same dipoles oscillating in opposite phases. The
shortest wavelength mode (Figure 35A, A=694 nm) corresponds to quadrupolar
charge distributions on the semishell and hole edges. The antibonding and
quadrupolar modes become visible in the spectra of the symmetry broken
structures because of the hybridization with the dipolar semishell mode.
When the perforation intersects with the semishell edge (Figure 34A,
/3=9(f), the structure no longer has two distinct edges and its spectral response
changes qualitatively in a polarization-sensitive manner (Figure 35C,D). This
topology is equivalent to a semishell with an edge defect, a structure, which also
supports higher order modes. The higher order modes are modified semishell
modes (Figure 35C) in which higher order charge distributions can be optically
excited, due to the dipole moment acquired from the surface charges along the
edge defect. This also results in enhanced local magnetic fields (Figure 35D).
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Figure 35.
Effect of cylindrical r=35 nm non-axial holes on the semishell induced
charge distribution and local magnetic field enhancement. (A) Induced charge
distribution of the plasmonic modes for the case of a nanocup with a hole near the edge:
quadrupolar charge distribution (k=694 nm), opposite dipoles on semishell and hole
edges (A=1002 nm), same-phase dipoles on semishell and hole edges (k=1338 nm).
(B) Magnetic field enhancement for the dipole mode of the semishell with a hole near the
edge. (C) Induced charge distribution of plasmonic modes for the case of a semishell
with a hole intersecting its edge, showing dipolar (k=1128nm) and quadrupolar
(k=736 nm, k=904 nm) modes. (D) Magnetic field enhancement for the dipole mode of a
semishell with a hole intersecting the edge.

6.2.5 Fabrication of Perforated

Semishells

We have developed a straightforward fabrication protocol for perforated
semishells

by

extending

our

fabrication (30),

including

an

previously
etching

reported

process

method

previously

of
used

semishell
for

the

semishell (HO) and nanocrescent (34) fabrication. The fabrication steps are
shown schematically in Figure 36. Glass or silicon substrates were functionalized
with poly(vinylpyridine) (PVP) (144). An aqueous suspension of Invitrogen
(Sulfate Latex) or Bangs Labs polystyrene spheres with a diameter of 90 nm was

diluted with deionized water to 0.5% by mass. The substrates were placed in the
colloidal suspension to form a submonolayer of isolated polymer spheres
(Figure 36A) for 5-10 seconds, followed by careful rinsing with water and drying
with nitrogen gas. The patterned substrates were mounted in an electron beam
evaporator (Telemark) at angles of 30° and 45° between their normal and the
direction of evaporation of the Au metal source. The adhesion layer of Ti (1 nm)
followed by a 20 nm thick layer of Au was evaporated (Figure 36B). The samples
were then placed flat in a Trion Reactive Ion Etch (RIE) and etched for 30 to
45 seconds at 300 W RIE power and 100 seem Ar flow under 80Torr pressure.
With this orientation, Au from the top of the angled semishells was partially
removed (Figure 36C). Prior to PDMS immersion, each sample was imaged
using JEOL-6500 Scanning Electron Microscope (SEM), see Figure 36D. The
substrates were immersed in Dow Corning Sylgard-184 polydimethylsiloxane
(PDMS) (102) that was cured for 36 hours at room temperature, embedding the
semishells with a transparent matrix (Figure 36E). Subsequent removal of the
PDMS layer separates the semishells from the Au-coated surface (Figure 36F).
Six different structures were fabricated, using evaporation angles of 30°
and 45° (Figure 36B) with 0, 30, and 45 seconds etching times (Figure 36C).
Representative SEM images for both deposition angles and all etch times are
shown in Figure 36D. Because of the directionality of metal deposition and the
different evaporation directions, different particle "shadows" corresponding to
regions of uncoated substrates, are observed for samples oriented at 3(f and 450

(Figure 36D, left). Due to the anisotropy of the metal deposition and plasma
etching, all fabricated structures share the same orientation within each sample.
Plasma etching progressively reduces the symmetry of the fabricated structures
by etching each semishell down to its dielectric core (Figure 36D, center;
Figure 36D, right). Since the plasma etching direction is normal to the substrate,
different etching patterns are observed for semishells fabricated using 3(f and 45°
evaporation angles. The Au film thickness deposited on angled surfaces
decreases with increasing angle between the surface normal and the direction of
the metal evaporation. For spherical beads, this determines the orientation of the
deposited semishell on the substrate, with the center of the shell layer (thickest
coating) facing the evaporation source. For an angled substrate, this results in a
thinner flat Au layer on the substrate surrounding the fabricated semishell
structures. In the etching process, the Au removal rate was the same for all
samples used in the experiment. Due to differences in the surrounding film
thicknesses, the thinner film is etched almost completely to the substrate
(Figure 36D, bottom-right),
(Figure 36D, top-right).

while

thicker

films

remain

continuous
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Figure 36.
Fabrication of perforated Au semishells. (A) Patterning a functionalized
substrate with polymer spheres. (B) Directional evaporation of Au at 300 or 45°.
(C) Partial anisotropic etching of Au from the semicoated spheres using Ar + plasma.
(D) SEM images for different etched nanocup samples prior to suspension in PDMS and
separation from the substrate. (E) Embedding nanostructures into a PDMS matrix.
(F) Separating the elastomer matrix with the suspended nanostructures from the
substrate.
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The etched semishells were separated from the substrate by coating the
substrate with an elastomer, curing the elastomer layer, and peeling it from the
substrate. Semishells removed in this way were embedded in an elastomer
matrix, which preserved the angular orientation established during fabrication.
The structures form a relatively dense submonolayer, however, the interparticle
separations were large enough that interparticle interactions could safely be
neglected. The optical response of this film of semishells corresponds quite well
to the optical response of the individual constituent nanostructures. The
fabricated nanostructures were the semishells (Figure 36D, left), the semishells
with one thinner etched side (Figure 36D, center), and the semishells with a hole
(Figure 36D, right). The holes on the semishells were located off-axis due to the
semishell orientation and the direction of etching. The holes had elliptical shapes
as a result of the preferential etching of the thinner Au layer near the semishell
edge.

6.2.6 Optica/ Properties of Perforated

Semishells

The extinction spectra of the fabricated nanostructures were collected
according to the schematic in Figure 37 for two different polarizations and a
range of incident angles. Extinction data were measured using Cary 5000
UV-Vis-NIR spectrophotometer with baseline subtraction. A blank PDMS slab
with the same thickness as the samples was used to measure the baseline. P- or
s-polarized light was used (Figure 37). The orientation of the etched semishells is
determined by two experimental angles: the angle between the non-etched cup
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axis and the substrate or suspending slab normal (d cup ) and the angle of
incidence of the probing beam to the suspending slab surface (90), see Figure 37.
In this figure, the etched cup is shown with an assumption that etching occurs
parallel to substrate. However, due to the curved semishell surface and non
uniform thickness of the Au layer, the etched opening plane is not necessarily
parallel to the substrate. The "axis" of the etched cup is assumed to be the same
as that for the original non-etched cup. Using Snell's law with nPDMS as the
refractive index of the slab in Figure 37, the effective angle between the incident
beam and the non-etched cup axis is:
deff=dcup-sin

sin0 o
\ n PDMS /

The experimental values of the effective angles are 6cup=[30°, 45°] and
do=[-6(f, -45°, -30°, 0°, 30°, 45°, 6<f]. A reduced set of the collected spectra is
shown in Figure 38(A,C). To analyze these experimental results, we use single
particle models for the films of Au semishells with and without perforations The
geometrical parameters of the particles were selected to match the SEM data
shown in Figure 36D (see Appendix E for the detailed comparison). In our
theoretical analysis, the spherical cavity radius is 43 nm and the ellipsoidal Au
shell radii are 57 nm and 68 nm. The hole introduced in this sample is elliptical,
with major and minor radii i / . 5 n m and 9.5 nm, respectively. The hole is placed
off-axis by (3=75°, as defined in Figure 34A.
In Figure 38(A,B), we show the extinction spectra for the case of a uniform
semishell with no hole, as a function of angle of incident light for p-polarized
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excitation. Each curve represents a different external excitation effective angle of
incidence (deffj with respect to the semishell rotational axis, measured inside the
elastomer slab and determined by Snell's law. At 0e/=0°, the semishell is excited
by a transverse polarized external beam. In this case, the semishell supports a
transverse dipole mode at wavelength k=820 nm. When the semishell is rotated
9(f, it is excited by an axially polarized beam, exciting the semishell axial dipole
mode at A=628 nm. We observe a very close agreement between the
experimentally measured and calculated spectra.

Figure 37.
Schematic of the optical measurement of perforated semishell films, for pand s-polarized light at a function of angle of incidence and etched semishell orientation.
The incident beam refraction in the slab is illustrated.

In Figure 38C, we show the experimentally measured spectra of the
semishells with an elliptical hole, obtained for a range of incident angles from 90
(transverse polarized excitation) to 81° (axial polarized excitation)

using

p-polarized incident light. The corresponding theoretical calculations are shown in
Figure 38D, for % ranging from (f to 9(f. As discussed in Figure 34, the
symmetry breaking caused by the hole introduce dipole moments in the
hybridized higher order modes, making them visible in the spectra. As discussed
previously, the introduction of a perforation into the metallic shell layer changes

the topology of the structure such that it supports hybridized plasmon modes. In
the case of transverse excitation (dejf=(f), we can see a clear plasmon
hybridization (39,42) signature (described in further detail in Appendix E,
Figure 54). The semishell transverse dipole mode at X=820 nm (Figure 38D,
def/=0° case) hybridizes with the hole dipole mode, generating a bonding mode at
A=1180 nm and an antibonding mode at A =748 nm. The intensity of the bonding
mode has a maximum at the angle that aligns the is-field component of incident
light optimally with both the semishell opening and the plane of the hole. This
angle is approximately 45° in the calculated spectrum and 74° in the measured
spectrum. The bonding mode wavelength and relative amplitude are quite
sensitive to hole size, shape, and position: for this reason, the peak is
significantly broader in the experimental measurements, since the slight
variations between the fabricated structures in the film contribute significantly to
the inhomogeneous broadening of the plasmon linewidths.
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Wavelength (nm)
Figure 38.
(A) Experimental and (B) theoretical extinction spectra of imperforated
semishells. Semishells were fabricated with an Au deposition angle of 45°.
(C) Experimental and (D) theoretical extinction spectra of perforated semishells. The
theoretical calculations (B,D) include insets showing charge distributions at different
wavelengths of incident light, indicated by arrows.

6.2.7 Far-Field Scattering of Perforated

Semishells

With the development of more and more precise nanofabrication methods
for making perforations into the metal layer of the semishell, this nanostructure
has great potential as a general "platform" for the fabrication of a variety of
nanostructures with different optical properties. Here we give two examples of
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how this structure could be modified in additional ways for specific applications
as nanoscale optical components.

09
500 1000 1500 2000

Wavelength (nm)
210

180
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Figure 39.
The effect of the asymmetrically positioned elliptical holes on the optical
response of a semishell. (A) Extinction spectra. (B) Normalized scattering in k-H and k-E
planes at the strongest resonant peaks. (C) The geometry (left) and 3-dimensional
angular scattering distribution at the main resonance peaks (right) showing the dipole
scattering profile modified by the presence of perforations in the semishell. (D) Induced
surface charge distribution at the main resonance peaks showing the reshaping of the
charge distribution due to the presence of the perforations in the semishell.

In Figure 39, we show how the introduction of a single or multiple holes
onto a semishell can control the optical scattering pattern of the dipole mode. As
we saw previously for offset holes, the presence of multiple perforations precisely
reshapes the electric charge distribution and reroutes charge oscillations into
mandated paths. In Figure 39A, we compare the optical response of three
different theoretical models, a semishell with no perforation (black), a semishell
with single hole (red), and a semishell with two holes (green). The incident wave
has a transverse polarization with respect to the semishell structure. All holes are
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chosen to be elliptical cylindrical and not aligned with the incident field direction
to represent a general case of reduced symmetry. In the two holes case, the two
holes have different sizes, orientations and elliptical profiles for better generality.
Figure 39A shows that multiple holes leads to excitation of more higher-order
modes and a redshift of the lowest energy bonding semishell mode. Because the
presence of a single and multiple offset holes restricts the path of oscillating
electrons, the light scattering pattern from the semishell is altered, and
dependent on the number of perforations (Figure 39B,C).
In Figure 39D we compare the electric charge distribution for the
transverse dipole mode of the three structures of Figure 39A. Regardless of hole
placement on the semishell, the induced dipoles on the structure, as seen in the
positive and negative charge distributions shown in Figure 39D, bisect the holes.
As shown above for the case of an offset circular perforation, each hole provides
an additional edge, altering the resonant plasmonic current. The extinction
spectra are dominated by the bonding mode, for which the dipole of the primary
semishell edge and the dipoles of the perforation edges hybridize to generate the
largest possible dipole moment allowed by the curved geometry.
The ability to alter the angular distribution of the scattering spectrum by
adding perforations onto this semishell "nanoantenna" warrants a more
comprehensive and broader study of this structure. The fabrication of precisely
placed multiple perforations may ultimately provide a strategy for controlling light
scattering by dictating the paths of the charge oscillations in individual

nanostructures. Since the oscillation paths control the net dipole direction and
magnitude, hole placement affects both the scattering direction and angular
distribution.

6.2.8 Magnetic Resonance of Perforated

Semishells

The optical properties of a semishell can be modified even further by
placing an elliptical cylindrical hole on the edge of the semishell, thus forming an
edge defect in the form of an elliptical wedge-like slit (Figure 40A). This converts
the semishell

into a 3-dimensional analog of

a Split

Ring

Resonator

(SRR) (31,83,85,145). Here, the elliptical slit dimensions are defined from the top
view by the slit depth (D) measured from the semishell edge, and the slit width
(W) measured at the semishell edge (the largest width of the slit). This structure
supports both electric and magnetic modes. The electric mode is excited for
transversely polarized £-field, and does not require an inductive coupling to the
structure. When the magnetic field is parallel to the semishell opening there is no
inductive coupling and only the electric mode can be excited. The magnetic mode
can be excited when the incident magnetic field is normal to the semishell
opening. For this excitation geometry, there is an inductive coupling between the
incident magnetic field and the plasmon current of the semishell with the wedgelike slit. For both magnetic and electric excitations, the direction of the electric
field is along the length of the elliptical slit. The geometries for electric and
magnetic excitation of the respective modes are shown in Figure 40A. Figure 40B
shows a comparison between the response of the semishell with a slit to the
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magnetic excitation (solid spectra), and to the electric excitation (dashed spectra)
as functions of the excitation frequency. This comparison shows that the electric
plasmon mode around 250 THz (Only the low frequency tail is shown) in
Figure 40B is excited in response to both the electric and magnetic excitations
geometries. The magnetic mode around 150 THz is only excited for the magnetic
excitation geometry (solid curves of Figure 40B). This magnetic mode frequency
is sensitive to the slit shape and size. In order to show the tunability of the
magnetic mode, we studied the effect of the slit width (W) in Figure 40B (left) and
the effect of the slit depth (D) in Figure 40B (right).
H
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Figure 40.
Semishell with a wedge perforation as a split ring resonator (SRR).
(A) Schematic of the geometry and relative field orientation for magnetic and electric
excitation with the same incident £-field polarization direction. (B) Extinction spectra of
electric and magnetic excitations, showing the tunability of the magnetic mode due to the
slit geometry. (C) The induced charge distributions at maximum charge separation, and
the local magnetic field enhancement at the orthogonal phase.

To further investigate the difference between the electric and magnetic
excitations we analyze the induced surface charge and the magnetic field
enhancement associated with the magnetic mode. Figure 40C shows the near
field properties in response to the magnetic excitation (upper row) and the
electric excitation (lower row). The left column shows the local charge distribution
at the maximum charge separation (phase cp=(f) and the right column shows the
local magnetic field component aligned with the semishell rotational axis at the
maximum

magnetic field enhancement

(phase cp=9(f). All plots are for

v=147 THz, which corresponds to a wavelength of A=2 fxm. In the case of
magnetic excitation (upper row), the electric charge distribution corresponds to
the inductively-driven oscillating current not accessible by electric field excitation
alone. Consistent with this observation, the local magnetic field distribution
(Figure 40C, upper-right) shows an enhanced magnetic field uniformly distributed
inside the semishell. For the electric excitation (lower row) at the same
frequency, the induced charge distribution corresponds to a weak off-resonant
transverse semishell dipole mode aligned with the incident electric field
(Figure 40C, lower-left). The local magnetic field distribution (lower-right) shows
only a weak enhancement corresponding to a symmetric induced current
oscillation on each side of the semishell (139).
Semishells with wider and shorter slits support magnetic modes at higher
frequencies (Figure 40B), which can be explained considering an LC resonance
model of the structure. The metal body of the semishell acts as an inductor with

non-zero series resistance due to the finite conductivity of the metal. The slit acts
as the capacitor. The LC resonance frequency increases when the inductance or
the capacitance decreases, by the well-known formula v~(LC)'1/2. The primary
effect of the slit width and depth is to change the effective capacitance, which
decreases with increasing slit width (Figure 40B, left) and increases with
increasing slit depth (lower resonance frequency in Figure 40B, right). The
changes in the effective resistance and the effective inductance are negligible,
since the change in the metallic part of the structure is insignificant. The width of
the resonance peak is proportional to the product of the effective high-frequency
capacitance and the effective high-frequency resistance of the nanostructure, i.e.,
the circuit time constant, and appears to be unchanged in the present parameter
range.

6.2.9 Finite Element Modeling of Perforated

Semishells

The Finite Element Method (FEM) is used to simulate the response of
different semishell cases to external electromagnetic excitation. All FEM
simulations are performed with the commercial software COMSOL3.5a using
Scattered Harmonic Propagation (Radio-Frequency module) (Appendix C). The
refractive index of the dielectric environment around the semishell, including the
cavity, is chosen to match the elastomer matrix used in the experiment
(n=e=2.13).

The Au material is modeled using experimentally

measured

dielectric data with linear interpolation between the data points (56). For the
magnetic modes study in Figure 40, the Au material is modeled using a Drude
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Model fit of the experimental data (56). The Drude model provides the accurate
description of the Au dielectric function below the interband transition (430 THz)
and allows the extrapolation of the experimentally measured dielectric function to
the range of frequencies lower than 155 THz. The Drude Model fitting equation for
the dielectric function is:

Both the real and the complex part of the experimental dielectric function
are fitted for the frequencies below the interband transition of Au (430 THz). The
fitting parameters are listed in Table 2.
Table 2.

Drude Fit parameters for Au dielectric function.

£(30

Parameter Name
Background Dielectric

Parameter Value
10.95

Vb
Y

Bulk Plasmon Frequency
Damping

2.40x103 THz
18.69 THz
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Chapter 7. Analog Circuit Modeling for Plasmonic
Resonances
7.1. Introduction to Plasmonic Circuits
Nanostructures, which support resonant charge waves, known as surface
plasmons, at metal dielectric interfaces may improve virtually any existing
electromagnetic technology. These plasmonic nanostructures are very promising
for replacing the traditional electrical on chip interconnects (114), which approach
a fundamental throughput limit at the contemporary integration level. Plasmonic
interconnects solve this problem by operating at optical frequencies, thus
improving the speed and overcoming the bandwidth limit. Unlike the conventional
communicational optics, plasmonic interconnects operate in the subwavelength
regime,

allowing

integration

with

the

electronic

circuits.

The

important

applications of plasmonic nanostructures such as the superlensing and cloaking
emerge from the novel materials (metamaterials) with unusual optical response
such as the negative index of refraction and the negative magnetic permeability
at optical frequencies (83,85,146).
Each application requires a specific optical response of the resonant
nanostructures, which is usually achieved by designing their geometry. A number
of methods have been developed to analyze, predict and design the plasmon
response of nanostructures. Usually, theoretical analysis and simulation involves
rigorous analytical or numerical solution for the Maxwell's equations, which define
the optical properties of the system. For certain geometries analytical solutions
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are possible using Mie-Gans theory (37,38) and the plasmon hybridization
method (39) in the quasi static approximation. However, the brute force
numerical methods such as Finite Difference Time Domain (FDTD) or Finite
Element Method (FEM) remain the most general techniques for the arbitrary
plasmonic structure modeling.
A plasmon can be considered as the incompressible and irrotational
oscillating flow of conduction electrons (39,42). This motion of the electrons
generates the electrical currents in the metallic nanostructures confined by the
metal dielectric boundaries, which makes nanostructures similar to the electrical
nanocircuits operating at optical frequencies. The components of the plasmonic
structures can be represented as discrete circuit elements such as inductors,
capacitors and resistors (40). Similar to the contemporary electronic circuit
design that allows the creation of new circuits with the use of standard discrete
components with well defined electronic properties, plasmonic systems can be
represented in terms of these same discrete elements operating at optical
frequencies (40,41,146-152). This lumped element representation provides the
important foundation for future design of plasmonic systems.
In this work we use circuit modeling to represent several plasmonic
structures and phenomena established experimentally and theoretically using
rigorous electromagnetic analysis. Circuit modeling is conceptually similar to
Finite

Element

Modeling (Table 3)

used

to

simulate

a

variety

of

nanostructures (30,109,153). Both methods operate in the frequency domain to
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perform the harmonic analysis and they evaluate the power absorbed by the
model as the resistive heat dissipation. The analog circuit modeling represents
the plasmonic system in terms of discrete electrical components (inductors,
capacitors and resistors), while the FEM uses pseudo continuous representation
for the system's constituents. The analogous circuit model for any plasmonic
system may be adopted as a viable tool to analyze and predict the exact
plasmonic responses.
Table 3.
Finite Element electromagnetic modeling and analog circuit simulation
comparison.

Type of
analysis
Model geometry

Approximation
Result output

Finite Element Modeling
(COMSOL)
Scattered harmonic
propagation
Pseudo-continuous metal
and dielectric domains
(small finite elements)
Structure size is smaller
or comparable to the
wavelength
Optical absorption,
scattering

Analog Circuit Simulator
(SPICE)
Circuit harmonic analysis
Discrete resistances (R),
capacitances (C), and
inductors (L)
Circuit size is much smaller
than the wavelength
(Quasi-static)
Resistive heat dissipation,
no scattering analog

Once the equivalent circuit is defined for a plasmonic structure, it can be
efficiently solved by the analog circuit simulator, Berkeley SPICE. In the case of
the equivalent circuit simulation the number of degrees of freedom is greatly
reduced, which leads to the significant advantage in the simulation time and
performance. The drawback of the analog circuit modeling is that it operates
strictly in the quasi static limit, and has no direct analogy of the radiative loss or
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scattering. However, the peaks of the resistive heat dissipation (absorption)
provide accurate information about the energies of the resonances.

7.2. Circuit Analogs for Nanostructure Components
B
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Figure 41.
The corresponding circuit elements for the (A) metal domain (yellow) as
an inductor and a parallel resistor representing the negative real part and the non-zero
imaginary part of the dielectric function. (B) Simple dielectric domain (grey) with a dipolar
polarization represented by a planar capacitor. (C) Complex dielectric domain (grey) with
higher than a dipolar polarization order represented by a multipolar capacitor.

The relation between the different nanostructure components and their
circuit analogs have been established by considering the complex dielectric
function (40,41,154) of the materials. The dielectric function of a metal with the
negative real part and positive imaginary part is best described as an inductance
with a parallel resistance (Figure 41 A). The inductor's self induction response
emulates the negative real part of the dielectric function. The parallel resistor
corresponds to the imaginary part of the dielectric function. The resistance is
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inversely proportional to the conductivity of the metal, which is proportional to the
imaginary part of the dielectric function. The case of the material with low ohmic
loss corresponds to a large resistance or very small conductivity and thus very
small imaginary part of the dielectric function. A dielectric material with positive
real part and negligible imaginary part of the dielectric function is represented by
a capacitor (Figure 41B), where the metal-dielectric boundary accumulates the
electrostatic charge. In order to describe the complex metal-dielectric boundaries
a multipolar capacitor is used (Figure 41C), which supports higher order modes
than a simple dipole for the electric charge distribution.

7.3. Plane Wave Excitation in Circuit Modeling
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Figure 42.
Plane wave excitation analog for the circuit modeling. (A) The plane wave
exciting the plasmonic particle from the dielectric (e,„) space. (B) The AC voltage source
connected to a plasmonic circuit through the capacitors Cm, which simulated the
dielectric medium (e„,).

In the typical optical simulation the nanostructure is excited by an
electromagnetic plane wave incident from vacuum or the space filled with a
dielectric material (Figure 42A). The circuit analog of this excitation uses an AC
voltage source connected to the equivalent plasmonic circuit through the
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capacitors

emulating

the

dielectric

environment

of

the

nanostructure

(Figure 42B).
Different capacitance values simulate different dielectric environment, with
the capacitance proportional to the dielectric constant of the filling material. All
SPICE models require the zero or ground node in the circuit. For the case of
plane wave excitation in Figure 42B the AC voltage drives the plasmonic circuit
through the capacitors emulating the dielectric medium with respect to the ground
connected to one of the power source outputs. The plasmonic circuit is not
connected directly to the power source or ground.

7.4. Parameter Estimate for the Circuit Components
Table 4.
Estimated
resistances.

parameters

Physical quantity
Length
Area
Capacitance
Inductance
Frequency
Wavelength
Resistance

for

lumped

inductances,

capacitances

and

Symbol Value
r
100 nm
A
100x100 nm2
C
-0.01 fF
-10 fH
L
V
-0.1 PHz
X
-700 nm
R
-200 Ohm

The lumped values of inductance, capacitance and resistance are listed
in Table 4. The capacitance is estimated for the metal sphere with radius r in
vacuum. The inductance is estimated using the dielectric function of Au (56) and
the formulas from (40). The estimated capacitance and inductance values
correspond to the LC resonances at optical frequencies. The resistance was
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estimated based on the Au dielectric function at 0.1 PHz (56). The estimates from
Table 4 match previously published results {40,147,150,155).

7.5. Circuit Models for Selected Nanostructures

7.5.1 Solid Au

A

C

Nanoparticle

B

Figure 43.
(A) The equivalent circuit for a solid metal particle excited by a plane
wave. (B) Circuit resonance shift determined by the Cm capacitance, analogous to LSPR
shift.

The equivalent circuit in Figure 43A models the solid metal nanoparticle.
This circuit with a capacitance and inductance in series is well known as a band
pass filter, with a resonant peak in the power absorption spectrum. The maximal
current frequency is determined by the capacitance and inductance, where the
full width half maximum of the spectrum is inversely proportional to the quality
factor of the circuit. The resonance wavelength increases with the dielectric
constant (Ew) of the environment (156), which is equivalent to the increase of Cm
capacitance values (Figure 43B). In the high-frequency limit this and all other
circuits shown in this work act as high-pass filters, when the capacitor impedance
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is close to 0 and the inductor impedance is close to infinity. This is why the
absorption on the high-frequency tail of the resonance is slightly larger than that
on the low-frequency tail, which qualitatively matches the interband transition in
metals (56).

7.5.2 Au/SiOz Nanoshell
The equivalent circuit for the solid Au nanoparticle in Figure 43A can be
modified for the Au nanoshell by adding a parallel capacitor Ccore to represent the
dielectric core (Figure 44A). The capacitor Ccore simulates the presence of a
dielectric core. The increase of core capacitance (Ccore) corresponds to the
increase of the dielectric core radius, since the capacitance is proportional to the
charged area and inversely proportional to the distance between the opposite
charged

areas.

In

agreement

with

the

experimental

observation

and

electromagnetic modeling {106) larger values of Ccore result in the resonances at
longer wavelengths.

Figure 44.
(A) The equivalent circuit for a Au/Si0 2 nanoshell excited by a plane
wave. (B) Circuit resonance shift determined by the increased Ccore capacitance,
corresponding to the core size increase.
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7.5.3 Reduced Symmetry Au/Si02 Nanoshell

(Nanoegg)

To study the symmetry breaking of the nanoshell and the transition to the
nanoegg geometry (36), the equivalent circuit in Figure 44A has to be extended
to support the higher order modes (Figure 45A). Instead of the single planar
capacitor Ccore the core is now modeled by a quadrupolar capacitor consisting of
four planar capacitors: Ci, C2, C3, C4.

X

l ' I
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'4<-

400 600 800 1000 1200
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Figure 45.
(A) The equivalent circuit for a Au/Si0 2 nanoshell excited by a plane
wave. L,=L2=L3=L4=5fH-, Ri=R2=R3=R4=200 Ohm] CI=C2=C3=C4=50 AF. (B) The reduced
symmetry of the nanoegg is defined by the values L,=L3=13 JH and R,=R3=400 Ohm. The
other components remain the same as for the symmetric nanoshell circuit. Power
absorption spectra for the (C) symmetric nanoshell and (D) reduced symmetry nanoegg.

The symmetry of the concentric nanoshell is reduced due to a thinner Au
shell on one side (36). In the equivalent circuit this thickness change corresponds
to the different inductances Lu L3 and resistances Ri, R3 in the top part of the
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circuit with thinner metal coating as compared to the bottom part (L2, L4 and R-2,
R4) with thicker metal coating (Figure 45B). The nanoegg core represented by the
quadrupolar capacitor (Figure 45(A,B)) supports only dipole and quadrupole
resonances. The symmetric circuit in Figure 45A has only one resonance (dipole)
as shown in Figure 45C. The asymmetric circuit in Figure 45B has two
resonances (dipole and quadrupole) as shown in Figure 45D. The activation of
the higher order modes qualitatively matches the optical experiments and
rigorous FDTD simulations performed in (36).

7.5.4 Au Nanocup

(Semishell)

The nanocup geometry has been intensively studied theoretically (94) and
experimentally {30,109,110) and is another example of the reduced symmetry
structure

derived

from

the

Au/Si02

nanoshell.

The

equivalent

circuit

(Figure 46(C,D)) for the nanocup is obtained by taking the half of the nanoshell
equivalent circuit in Figure 45A. The nanocup supports two principal dipole
modes dependent on the orientation with respect to the incident wave. The
equivalent circuits for transverse (Figure 46A) and axial dipole (Figure 46B)
modes are shown in Figure 46C and Figure 46D respectively. In perfect
agreement

with

the

previous

experimental

results (30,109,110)

and

simulations (30,94,109,110) the nanocup supports the lower energy transverse
Figure 46E and higher energy axial Figure 46F dipole resonances.
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Figure 46.
The Au semishell (nanocup) excited by a plane wave in (A) transverse
and (B) axial orientation. The equivalent circuits for the Au semishell (C) transverse
excitation and (D) axial excitation. In both circuits L,=L2=10JH; R,=R2=200 Ohm]
Cj=C2=Cs=J0 aF. Power absorption spectra for the (E) transverse excitation circuit and
(F) axial excitation circuit.

The interesting aspect of the simulation result in Figure 46(E,F) is the
similar intensity of the axial nanocup resonance in Figure 46F compared to the
intensity of the transverse nanocup resonance shown in Figure 46E. It was
experimentally shown that the transverse mode dominates the extinction and
scattering (30,109), while the axial nanocup resonance dominates the optical
absorption. The analog circuit analysis provides only resistive heat dissipation,
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which is analogous to the optical absorption. This results in the similar intensity of
the axial nanocup resonance in Figure 46E as compared to the transverse
resonance in Figure 46F, while the experimentally observed axial resonance was
weaker than the transverse resonance {30). Another factor that affects the
relative intensity of the nanocup modes is the dispersion of the metal dielectric
function. The dielectric function of Au has higher imaginary part due to the
interband transition at the wavelengths shorter than 750 nm (56). High energy
modes of Au nanostructures are less intense due to this interband transition,
which is not taken completely into account in the equivalent circuit model.

7.5.5 Fano Resonance

Modeling

Analog circuit simulation can be used to model Fano resonances, studied
previously and modeled mechanically and electrically (57,153,157). In addition to
the mechanical model, the equivalent circuit with the capacitive coupling has
been reported (57). The magnetic coupling between the resonant circuits with
different resonant frequencies is reported as the analog for quantum EIT(749).
The important electrical circuit that models Fano resonance with weak magnetic
coupling between two loops with equal resonance frequencies is shown in
Figure 47A. The loop on the left is connected to the voltage source and consists
of the high loss (200 Ohm) parallel resistor RI with inductor

and capacitors CI,

C2 in series. The loop on the right is inductively coupled to the left loop with the
mutual inductance coefficient K(LI,L2)=0.1

and consists of the inductor L2 (low

loss series resistance 10'3 Ohm, SPICE default) and capacitor C3. The electrical
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response of the left loop is analogous to the bright (high radiative loss) plasmon
mode of the septamer in (153), since it is broad due to the resistive loss and it is
directly connected to the excitation source. The right loop is analogous to dark
mode of the septamer, which has no radiative loss and it is not connected to the
excitation source directly. In a septamer, the interaction between modes is
forbidden by the symmetry and it is very weak.

Wavelength (nm)

Wavelength (nm)

Figure 47.
(A) The circuit exhibiting Fano Resonance with two magnetically coupled
LC resonant loops: the damped loop driven by the AC voltage source (left) and the
non-damped LC loop (right) coupled with a mutual inductance coefficient K(L1,L2)=0.L
Ri=200 Ohm, L,=20 fH, L2=10fH. (b) The effect of the coupling between the loops caused
by the mutual inductance coefficient K(L,,L2). (c) The effect of detuning the resonance
frequency of the non-damped loop by controlling the C3 capacitance.

For the circuit in Figure 47A the coupling between loops is determined by
the mutual inductance coefficient K(LI,L2).

The effect of the coupling on the Fano

resonance is shown in Figure 47B. When K(LI,L2)=0

(no interaction) only a broad

resonance peak from the high loss loop is observed. When the mutual
inductance increases, a pronounced dip appears in the absorption spectra due to
the destructive interference between the two resonant loops. When the
resonance frequency of the inductively coupled loop is detuned from the voltage

105

driven loop Figure 47C, the dip transforms to the narrow peak at the side of the
broader resonance of the driven loop demonstrating typical Fano resonance
behavior.
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Chapter 8. Summary
Group Theory analysis provides a powerful technique for understanding
the properties of complex plasmonic systems. Using numerical and analytical
electromagnetic methods, we have analyzed the optical and plasmonic properties
of symmetric Ag nanosphere septamers. The unique symmetry of a septamer
leads to a decoupling of its plasmon modes into plasmon modes of the six
surrounding ring particles and the plasmon modes of the center particle. The
interaction between the plasmon modes of the center particle with the plasmon
modes of the surrounding ring results in hybridized bonding and antibonding
septamer plasmon. The interference between a bonding subradiant and a
bonding superradiant septamer

plasmon results in a pronounced

Fano

resonance in the extinction spectrum. This Fano resonance is found to be well
preserved for a weak structural symmetry breaking of the septamer. It is also
found to exhibit an unusually large LSPR sensitivity making the septamer
structure a highly promising substrate for LSPR sensing.
We have developed a simple and generally applicable method for trapping
and loading controlled numbers of Au nanoparticles into submicron holes
patterned into a Au film. By controlling the charge within the hole, the charge on
the nanoparticle surface, and the ionic strength of the solution in which the
nanoparticles are suspended, nanoparticles can be reliably loaded into
nanoholes with good control over the number of nanoparticles loaded into each
hole. This simple electrostatic trapping approach can be used for the deposition
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of nanoparticles of various shapes,

materials, and controllable surface

chemistries, into a variety of nanostructures such as variously shaped holes,
pores, grooves, channels and cavities.
We have developed a fabrication procedure and shown that the properties
of plasmonic Au nanocups possess magnetoinductive modes that redirect
scattered light in a direction dependent on particle orientation, an effect that also
controls the interparticle coupling of plasmons in adjacent nanocups. Our optical
extinction measurements confirm that the fabricated particles exhibit these
predicted modes. These reduced symmetry nanostructures provide an accurate
control on the local electromagnetic field enhancement and optical scattering
direction, which is determined by the nanostructure orientation rather than the
incident wave direction.
We have designed a new class of plasmonic nanoparticles derived from
metallic semishell particles by controlled perforation of their metallic shells. We
have investigated the plasmon modes supported by this new geometry, their
tunability, and the control of their amplitude as a function of reduced symmetry.
These structures can be designed using theoretical models and fabricated using
clean-room-based methods, resulting in films of semishells with optical properties
in very good agreement with our theoretical calculations. The controlled
perforation of the metallic shells can alter the far field scattering properties, and
enable the excitation of magnetic plasmon modes in these structures.
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The efficient analog circuit modeling (SPICE) was applied to the plasmonic
systems explaining the important phenomena of the tunability, LSPR shift,
symmetry breaking, polarization dependence and Fano resonances.
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Appendices
Appendix A. Abbreviations used
CP - Central particle
DDA - Discrete Dipole Approximation
DF - Drude function Fit of an experimental dielectric function
Dl (water) - Deionized (water)
EIT - Electromagnetically Induced Transparency
FDTD - Finite Difference Time Domain
FEM - Finite Element Modeling
FoM (FOM) - Figure of Merit
GT - Group Theory
HX - Hexamer
JC (J&C) - A dielectric function measured by Johnson and Christy
LSPR - Localized Surface Plasmon Resonance
MO - Molecular Orbital
PDDA - Poly(diallyldimethylammonium chloride)
PDMS - Poly(dimethylsiloxane)
PH - Plasmon Hybridization
PML - Perfectly Matched Layer
PS - Polystyrene
PVP - Poly(4-vinylpyridine)
RIE - Reactive Ion Etching
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SAM - Self-Assembled Monolayer
SEM - Scanning Electron Microscopy
SRR - Split Ring Resonator
Appendix B. Electrostatic Assembly of Au Colloids
The electrostatic assembly of Au colloids in submicrometer Au film holes is
performed under clean room conditions in order to reduce sample contamination
with dust particles. A glass slide is cleaned with Piranha etch (1:10 volume
mixture of 30% H 2 0 2 and 100% H 2 S0 4 ) for 30 minutes, then rinsed with
deionized (Dl) water. Then, the slide is immersed in a 2% (by weight) aqueous
solution of poly(diallydimethylammonium chloride) (PDDA, CAS 26062-79-3,
MW=400000-500000) for 30 seconds, rinsed with Dl water and dried in a flow of
purified N2. A sparse submonolayer of commercially available latex particles (IDC
sulfate latex or Bang Labs white latex) is then immobilized onto the glass surface.
Coverage is controlled by the latex particle concentration in suspension and
substrate immersion time. An optimal particle density with minimal aggregation
can be achieved with 0.1% (by weight) latex suspension and a 10 second
substrate immersion time. Next, the glass substrate is carefully rinsed in a flow of
Dl water and dried in a flow of purified N2. A 1 nm thick Ti adhesion layer followed
by a 20 nm thick Au layer is deposited over the immobilized latex particles using
e-beam evaporation. The Au surface is then exposed to a 10 mM 1 -dodecanethiol
solution in ethanol for 20 seconds, rinsed with ethanol and dried in purified N2.
The latex particles are then removed with scotch tape applied to the sample
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surface. Commercially available Au colloidal (Ted Pella) suspensions were used
in this study. To control the number of deposited particles per hole, the Au
nanoparticles are coated with sodium 2-mercaptoethanesulfonate. Purchased
50 nm

diameter

Au

colloidal

solutions

are

mixed

with

10 mM

sodium

2-mercaptoethanesulfonate (CAS 19767-45-4) aqueous solution 100:1 by volume
respectively,

incubated overnight

at +5 °C, centrifuged at 3000 RCF

for

15 minutes and resuspended in distilled water by sonication.
Appendix C. Finite Element Modeling (COMSOL 3.4, 3.5a)
Electromagnetic modeling of metal nanostructures was done using
3D scattered harmonic propagation module of COMSOL. The configuration of the
typical FEM model is shown in Figure 48. Au nanocup or another nanostructure
is located in the origin of the simulation space. The metal dielectric function
appropriate for the simulated frequency range has to be defined, for example the
experimentally obtained functions can be used (56). The entire volume is
confined within a -50-100 nm thick spherical Perfectly Matched Layer (PML)
defined for the spherical wave matching and with the outer boundary defined as
the spherical wave scattering boundary. The inner cross section of the PML
should be larger than the optical absorption and scattering cross section of the
modeled structure. The spherical Far-Field Integration Boundary is introduced
between the inner PML boundary and the nanostructure. An arbitrary incident
plane wave is defined by E and k vectors using the appropriate model variables.
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FSgyre 45L

FEM simulation space configuration.

The absorption cross section is calculated as the ratio of the absorbed
power (resistive heating integrated over all space occupied by metal) to the
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Metal

The scattering cross section is calculated as the ratio of scattered power
(propagating Afield component obtained using Stratton-Chu transformation
implemented in COMSOL), integrated over the Far-Field sphere (FF) with the
radius rFF to the incident power density.
2
Stratton

-Chu

dS

In addition, by evaluating the Far-Field intensity in the individual points of
the Far-Field boundary, the angular scattered intensity can be obtained for each
specific direction.
In order to evaluate the surface charge on the metal-dielectric boundaries,
Gauss theorem was applied to the E-field near the boundary to account for both,
bound and free surface charge densities.

The imaginary infinitely thin "pill-box" element is across the boundary, with
the top surface in the dielectric and the bottom surface in metal.
If the charge is located on the boundary only and the "pill-box" is infinitely
thin only the top and the bottom surface of it contribute to the electric field flux
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integral on the left. The areas of the top and bottom surfaces in the left integral in
the limit are equal to the area of the metal-dielectric boundary. Thus the surface
charge density is equal to the difference between the normal components of the
electric field on the different sides of the metal-dielectric boundary (MD).

£0{ff~E-ndS+
\ top

J f E ndS =e0 ff~Ed-nMDdS + f f ~Em-(-nMD)ds\
bottom

j

\MD

MD

= ffcrdS
j

MD

O = S^Ed — Em )' Wmo
COMSOL provides all necessary variables to access electric field and
electric displacement components. At the boundaries, COMSOL defines two
operators: up(<name>) and down(<name>) to access the values from the domain
above and below the boundary respectively.
o=e0n- [up^E^ - down^E^jj
o = e0\^up[Ex) - down{Ex))• nx + [up^Ev) - down^E^jj- ny + (up{EJ - down(Ez)jSurface charge plots in COMSOL Phase adjustment for the surface
charge amplitude maximum is very important to analyze the FEM result, because
the plasmon oscillations do not necessarily occur in the same phase with the
incident field.
Additionally, one may apply the same principle to the electric displacement
D and polarization vectors P in order to obtain the free and bound charges
respectively.

123

Appendix D. LSPR Sensitivity and FOM Calculation

1.00

1.41

400

500

600

700

800

900

1000

1100

1200

1.0

1.2

1.4

Wavelength (nm)

1.6

1.8

2.0

2.2

2.4

Energy (eV)

Figure 49.
Typical extinction spectrum of Au nanoshell in different dielectric
environment calculated using Mie theory and plotted on the wavelength scale (left) and
the energy scale (right).

The procedure of LSPR and FOM sensitivity evaluation was defined
in (46). Using the example spectra for a nanoshell from Figure 49 one gets:
Sensitivity

FOM

=

Amax

RIU~X]

^

( n - l } FWHME{ 1)

[RIU-1]

Appendix E. Optical Extinction of Perforated Semishells
Theoretical Models for Symmetric Semishells
In order to analyze the experimentally observed resonances, the Finite
Element Method (FEM) was used to simulate the response of different
non-etched and etched nanocups to external electromagnetic excitation. All FEM
simulations were performed with the commercial software COMSOL 3.5a using
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Scattered Harmonic Propagation (Radio Frequency module) (Appendix C). Three
different geometries are used. The first geometry models the symmetric
non-etched nanocup structure (Figure 36D, left). It is defined geometrically in
three dimensions as a hemi-ellipsoid with a hemi-spherical cavity. The radius of
the spherical cavity is close to that of the polymer beads (-43 nm), and the major
radius of the ellipsoid is equal to the cavity radius plus the thickness of the Au
layer (-69 nm). The minor radius of the ellipsoid is by 12 nm less than the major
radius (-57 nm). This is to account for the non-uniform, symmetric cross section
profile of the fabricated nanocup. The ellipsoid was divided along its minor axis at
a level slightly higher than the equator, and the edges of the cross section were
rounded to account for the smooth nanocup edge. The refractive index of the
dielectric environment around the nanocup, including the cavity, was chosen to
match the elastomer matrix used in the experiment (n2=s=2.13). The Au material
was modeled using experimentally measured dielectric data with linear
interpolation between the data points (56). To simulate the infinite space
surrounding the nanoparticle, the absorbing layer is placed far enough to
accommodate

the

largest

value

of

the

nanoparticle

optical

extinction

cross section.
Theoretical Model for Asymmetric (Etched) Nanocups
After plasma etching for 30 seconds (Figure 36D, center), the structure is
no longer rotationally symmetric. This translates to the second geometry derived
from previously described the first model by removing a nonuniform ellipsoidal
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shell layer from the nanocup outer side that faced the etching beam. This layer is
thicker at the center than at the edges and is rotated due to the etching beam
direction. Removing this layer makes the nanocup thinner at one side. The
resulting geometry is the asymmetric (etched) version of the nanocup. Using the
described model, a remarkable agreement was achieved between experimental
and theoretical extinction spectra for non-etched and etched nanocups with Au
deposition angles of 45° (Figure 50 and Figure 52) and 30° (Figure 51 and
Figure 53)

for

p-polarized

(Figure 50

and

Figure 51)

and

s-polarized

(Figure 52 and Figure 53) electromagnetic excitation.
Theoretical Model for Perforated Nanocups
After plasma etching for 45 seconds (Figure 36D, right), the Au layer is
completely pierced to the extent that a hole develops in the nanocup side that
faced the etching ion beam. This is described by the third geometry by forming
an elliptical cylindrical hole in the etched wall in addition to removing a thicker
ellipsoidal shell layer. The time of etching and the nanocup orientation determine
the hole size and aspect ratio

(rmajor/rminoi).

Experimental and Theoretical Results for Symmetric Nanocups
For symmetric non-etched nanocups (Figure 50(A,B), Figure 51 (A,B),
Figure 52(A,B) and Figure 53(A,B)), the obtained results from the first model are
in agreement with previous theoretical (94) and experimental (30,109,110) work.
Two different plasmon modes exist for this case, depending on the polarization of
incident light with respect to the cup rotation angle. The low-energy mode
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(820 nm) appears when the electric field is polarized in the same plane of the
nanocup opening, generating a transverse dipole mode as confirmed by the
calculated electric charge distribution on the nanocup surface (Figure 50B,
Figure 52B, 0° rotation). The high-energy mode (630 nm) appears when the
electric field is aligned with the nanocup axis, forming an axial dipole mode as
confirmed

by

the

electric

charge

distribution

(Figure 50B,

Figure 51B,

90°rotation). For the high-energy mode, the symmetric nanocup response is
independent of the nanocup rotation around the nanocup axis. This symmetry
prohibits the excitation of certain higher order modes (42). Since this structure is
azimuthally symmetric, the simulated spectra for the 45° (Figure 50B) and the 30°
(Figure 51B) deposition angles are identical. It is worth noting that because of the
symmetry, the calculations in the s-polarized excitation case are also identical for
45° (Figure 52(A,B)) and 30" (Figure 53(A,B)). For the s-polarization excitation
case (Figure 52, Figure 53) the nanocup rotates along the electric field direction
in k-H plane of the incident wave. This explains the spectral independence on the
nanocup rotation angle. However, when the light propagation direction is oblique
with respect to the nanocup opening plane, retardation effects enable quadrupole
mode excitation (139) at 640 nm. This is shown in the charge plot inset in
Figure 52B (45° deposition) and Figure 53B (30° deposition) at 90° nanocup
rotation angle, where the propagation and electric field directions are in the same
plane of the nanocup opening.
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Experimental and Theoretical Results for Asymmetric

(Etched)

Nanocups
For

asymmetric

etched

nanocups

(Figure 50(C,D),

Figure 51 (C,D),

Figure 52(C,D), Figure 53(C,D)), the same simulation setup described earlier is
used except for using the second described model. The experimental spectra
(Figure 50C, Figure 51C, Figure 52C, Figure 53C) and the theoretical spectra
(Figure 50D,

Figure 51D,

Figure 52D,

Figure 53D)

match very

well.

The

geometrical asymmetry of the structure results in asymmetric electric charge
distributions, as shown in the charge plot insets (Figure 50D, Figure 51D,
Figure 52D, Figure 53D) compared to the symmetric charge distributions in the
symmetric non-etched nanocups cases (Figure 50B, Figure 51B, Figure 52B,
Figure 53B). To understand the plasmonic properties of the asymmetric
nanocups, we focus on the case with 45° deposition and 30-second etching
(Figure 50(C,D)). As shown in the calculated results (Figure 50D), especially in
the case of 0° nanocup rotation, the asymmetric geometry of the nanocup allows
higher order modes to couple with light and become excited (36,158). Therefore
a quadrupole mode appears at 676 nm, even at 0° where the retardation effect
(139) is minimal. The excited higher order modes mix with the dipole modes,
causing all plasmonic modes to redshift from 820 nm of the symmetric case
(Figure 50B, 0° rotation), to 857 nm in the asymmetric case (Figure 50D, 0°
rotation). A similar trend occurs for the axial dipole mode, which redshifts from
640 nm in the symmetric case (Figure 50B, 90° rotation) to 653 nm in the

128
asymmetric case (Figure 50D, 90° rotation). The resonance energies of the
etched nanocups with a 30° Au deposition angle (Figure 51 (C,D)) are more
redshifted than the resonance energies of the etched nanocups with a 45°
deposition angle (Figure 50(C,D)). This is because in the 30° case, a larger
surface area of the nanocups is exposed to the etching Ar+ ion beam. Therefore,
more Au will be etched and the nanocup will become more asymmetric. This
explains why the quadrupole cross section at 700 nm is more significant in the
case of 30° Au deposition angle case (Figure 51D) than in the case of 45° Au
deposition angle (Figure 50D) for p-polarized excitation.
Experimental and Theoretical Results for Nanocups with Holes
(Perforated)
After plasma etching for 45 seconds and developing a hole in the nanocup
side wall, the spectra and charge distribution of the nanocups change drastically
(Figure 50(E,F), Figure 51 (E,F), Figure 52(E,F), Figure 53(E,F)). For the case
with 45° Au deposition angle and p-polarized excitation (Figure 50(E,F)), a major
peak appears at 1200 nm. The cross section of this mode reaches a maximum at
rotation angle of 30° and then reduces in both calculations and experimental
measurements. This observation infers that the 30° rotation angle provides an
optimal configuration for the 1200 nm optical mode. Details of this explanation are
provided later in the text. A similar observation is demonstrated for the case with
30° Au deposition angle and p-polarized excitation (Figure 51 (E,F)). The electric
charge distribution analysis identifies the 1200 nm mode as a bonding dipole
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mode, which results from a hybridization between the dipole mode of an
asymmetric etched nanocup with the dipole mode of a hole in a Au
film (108,159).
Plasmon Hybridization between the Nanocup and the Perforation
To analyze the case for a nanocup with a hole, in Figure 54 we report a
comparison between the extinction spectra and electric charge distributions of an
asymmetric etched nanocup without a hole and an asymmetric etched nanocup
with a hole. Both of the nanocups have Au deposition angle of 45°. The case for
p-polarized excitation is shown in Figure 54A and the case for s-polarized
excitation is shown in Figure 54B. To simplify the electric charge analysis, the
comparison is done at a 0° nanocup rotation angle. When a hole develops in the
side of the nanocup facing the etching plasma beam, it supports new plasmon
modes depending on its position, size, and aspect ratio. This renders a structure
that is remarkably sensitive to any variation in the shape of the hole. Such a large
sensitivity explains the significantly broader low-energy peak observed in the
experimental

results

for

nanocups

with

holes

(Figure 50E,

Figure 51E,

Figure 52E, Figure 53E) relative to the calculations (Figure 50F, Figure 51F,
Figure 52F,

Figure 53F). The asymmetric

etched nanocup without

holes

(Figure S5) shows a transverse dipole mode aligned with the electric field in the
p-polarized (Figure 54A, bottom) and the s-polarized (Figure 54B, bottom) cases.
The s-polarized dipole mode (870 nm) is redshifted compared to the P-polarized
dipole mode (855 nm) because of the asymmetric etched nanocup configuration.
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When an ellipsoidal nanohole is developed in the side of the nanocup, drastically
different spectra result from p- and s-polarized excitation due to the non-circular
shape of the hole.
In the p-polarized case (Figure 54A), the electric field is mostly aligned
with the minor axis of the nanohole, exciting a transverse nanohole dipole mode.
This mode hybridizes with the nanocup transverse dipole mode forming
low-energy

bonding

(1200 nm)

and

high-energy

antibonding

(750 nm)

modes (136), as shown in the electric charge distribution (Figure 54A top insets).
The maximum cross section of the bonding mode occurs when the electric field is
aligned with both the nanohole minor axis and the nanocup axis. The 0° and 90°
rotation angle cases do not result in good plasmon coupling because the minor
axis of the nanohole is not aligned with the nanocup axis or the plane of the
nanocup opening due to the curved geometry of the nanocup side wall. In
contrast, alignment is best achieved at the 30° rotation angle, where the 1200 nm
mode extinction cross section is maximized. This is the optimal configuration for
hybridizing the nanocup and the nanohole bonding dipole modes.
In the s-polarized case, the electric field is aligned with the major axis of
the nanohole, exciting longitudinal nanohole modes. The nanohole quadrupole
mode hybridizes with the nanocup transverse mode, forming low-energy bonding
(900 nm) and high-energy antibonding (750 nm) modes (136). The nanohole major
axis is fully aligned with the nanocup hole opening plane and with the electric
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field direction at a 0° rotation angle. Therefore, the cross sections of the primitive
modes for the hole are relatively high at 0° excitation.
The assumed hole is of a high aspect ratio, which means that the hole
transverse dipole mode have significantly higher energy than the nanohole
longitudinal dipole modes. Moreover, the hole major axis is comparable to the
nanocup opening diameter. This causes the primitive mode energies of the
nanocup transverse and nanohole longitudinal dipole energies to be close to
each other, which explains the weaker hybridization for s-polarized excitation
compared to s-polarized excitation, where there is more separation between
bonding and antibonding modes.
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Wavelength (nm)
Figure 50.
Comparison between experimental (A,C,E) and theoretical (B,D,F) optical
spectra of nanocups with a Au deposition angle of 45° and different etching time periods.
Each panel shows 7 different spectra of rotated samples with respect to the p-polarized
excitation field, as shown in the insets for the experimental measurements.
(A,B) Non-etched symmetric nanocups. (C,D) Unsymmetric nanocups etched for
30 seconds. (E,F) Unsymmetric nanocups with holes etched for 45 seconds. The
theoretical include insets showing electric charge distributions at different wavelengths of
incident light, indicated by arrows.
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Wavelength (nm)
Figure 51.
Comparison between experimental (A,C,E) and theoretical (B,D,F) optical
spectra of nanocups with a Au deposition angle of 3(f and different etching time periods.
Each panel shows 7 different spectra of rotated samples with respect to the p-polarized
excitation field, as shown in the insets for the experimental measurements.
(A,B) Non-etched symmetric nanocups. (C,D) Unsymmetric nanocups etched for
30 seconds. (E,F) Unsymmetric nanocups with holes etched for 45 seconds. The
theoretical calculations include insets showing electric charge distributions at different
wavelengths of incident light, indicated by arrows.
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Figure 52.
Comparison between experimental (A,C,E) and theoretical (B,D,F) optical
spectra of nanocups with a Au deposition angle of 45° and different etching time periods.
Each panel shows 7 different spectra of rotated samples with respect to the s-polarized
excitation field, as shown in the insets for the experimental measurements.
(A) Non-etched symmetric nanocups. (B) Unsymmetric nanocups etched for
30 seconds. (C) Unsymmetric cups with holes etched for 45 seconds. The theoretical
calculations include insets showing the electric charge distributions at different
wavelengths of incident light, indicated by arrows.
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Figure 53.
Comparison between experimental (A,C,E) and theoretical (B,D,F) optical
spectra of nancups with a Au deposition angle of 30° and different etching time periods.
Each panel shows 7 different spectra of rotated samples with respect to the s-polarized
excitation field, as shown in the insets for the experimental measurements.
(A) Non-etched symmetric nanocups. (B) Unsymmetric nanocups etched for
30 seconds. (C) Unsymmetric nanocups with holes etched for 45 seconds. The
theoretical calculations include insets showing the electric charge distributions at
different wavelengths of incident light, indicated by arrows.
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Figure 54.
Theoretical
etched nanocups without
angle of Cf. The etched
(A) P-polarized excitation.

extinction cross sections tor etched nanocups with holes and
holes, with a Au deposition angle of 45° and a cup rotation
nanocups are equivalent to those etched for 45 seconds.
(B) S-Polarized excitation.

