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The interaction of light and matter at nanoscale is the subject of study of this
dissertation. Particularly, the coupling of light to surface plasmons and their applications
in the fields of spectroscopy and sensing is the focus of this work. In terms of
spectroscopy, the simple reason of using light to study the chemical structures of different
materials is the fact that the energy of light lies in the range of vibrational and electronic
transitions of matter. Further, the ability to squeeze light to subwavelength dimensions
opens up new possibilities of designing nano-optical devices. In this work we explore
surface plasmons for two major applications: (i) Directivity enhanced Raman
spectroscopy and (ii) Chemical/biological sensing.

Here a new enhancement phenomenon has been demonstrated experimentally in
regards to Raman spectroscopy. Typically, Raman enhancement is considered in terms of
local fields only. Here we show the use of directive nanoantennas to provide additional
enhancement of two orders of magnitude. The nanoantenna design is optimal in the sense
that almost all of the scattered light is coupled into the numerical aperture of the
collecting lens. It is shown that the additional enhancement from directivity pushes the
sensitivity to single molecule regime. Further, the out of plane radiation and simplicity of
the design makes it an ideal candidate for use with typical commercial microscope setups.

Extra ordinary transmission through nanohole arrays in metallic films is studied for
refractive index sensing. Bulk resolution of 6x107 is demonstrated by optimizing array
dimensions, wavelength of operation, noise reduction and consideration of sensitivity of

the detecting CCD camera.
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Self-assembled nanostructures are investigated for spectroscopic applications. Time
dependent studies of nanorods assembled in end-to-end and side-by-side configurations
are conducted. The end-to-end configuration results in higher local field enhancements
whereas; the side-by-side configuration shows a reduction in local fields because of the
cancellation of radial field components between the neighbouring nanorods. It should be
noted that higher fields are desirable for Raman spectroscopy.

Grating structures have been analysed using reduced coupled mode theory. In most
cases, only three lowest order modes prove to be sufficient for accurate description of the
system response. Here we present design guidelines for broadband operation and
optimization of high quality factor resonators.

Finally the complex reflection coefficient from arbitrary terminated nanorods has been
investigated. Phase of reflection plays an important role in the determination of resonance
wavelength of nanoantennas. It is shown that the localized surface plasmon resonance of
nanoparticles can be considered in terms of propagating surface plasmons along a
nanorod of similar geometry where the length of the nanorod approaches zero
accompanied with 7t degrees of phase of reflection.

The contributions made in this work can prove useful in the fields of analytical
chemistry and biomedical sensing. The directive nanoantenna can find applications in a
number of areas such as light emitting devices, photovoltaics, single photon sources and
high resolution microscopy. Our work related to EOT based sensing is already
approaching the resolution of commercially available refractive index sensors with the

added advantage of multiplexed detection.
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Chapter 1

1 Introduction
1.1 Motivation

Optics is one of the oldest disciplines in physics. During the past few decades optics
has undergone rapid progress with regard to understanding of the interaction of light with
very small structures, particularly metallic nanostructures. Classical laws from ray optics
can no longer be applied to analyze structures much smaller than the wavelength of light.
The study of light matter interaction at nanoscale has evolved into a multidisciplinary
field of nanophotonics with applications in physics, chemistry, applied sciences and
biology. Nanophotonics can be broadly divided into two parts: (i) Confinement of light to
nanoscale dimensions; an exciting application is the near-field scanning optical
microscopy (NSOM) which provides a significantly better resolution of less than 100 nm
as compared to far-field microscopy. (i) Confinement of matter to nanoscale dimensions;
this involves different methods to confine the dimensions of matter to synthesize
nanostructures, for example nanoparticles, which exhibit interesting properties and have
been extensively used to enhance Raman scattering as will be discussed later.

Recent developments in the fabrication capabilities have enabled us to design and
develop exciting new devices. Structures much smaller than the wavelength of light allow
for the confinement of light below diffraction limit. This made possible the design and
development of a variety of new devices for a number of applications such as
spectroscopy [1-7], sensing [8-11], microscopy [5, 12], solar cells [13-15], single photon
sources [ 16, 17] and negative index materials or metamaterials [18, 19].

Metallic nanostructures are the main focus of this work. The reason for that is the
negative permittivity of metal, which makes these structures special within the
wavelength range of interest (visible — near-IR). The interaction of light (photon) with the
free electrons in the metal gives rise to a propagating surface wave, surface plasmon
polariton (SPP), or a localized excitation, localized surface plasmon (LSP). These are
mixed photon-plasma modes. These mixed modes exhibit very interesting properties due
to resonance effects. For instance, extremely large propagation constants, and field

localization to subwavelength dimensions.
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Another interesting effect of plasmonics is the extraordinary optical transmission
(EOT) [9]. Study of metallic subwavelength hole arrays has shown the surprising result
of very high optical transmission, which is contradictory to what is expected from
Bethe’s aperture theory. EOT has been extensively used for the design of ultra sensitive
refractive index sensors and is expected to play an important role in the design of
photonic circuits.

These nanostructures have been investigated extensively in the past decade and at
present the study of these structures is receiving considerable attention. Originally this
trend of smaller and smaller dimensions was motivated by the integration of electronic
circuitry, but as we move towards smaller dimensions new physical effects become

evident, which may be explored in the future.

1.2  Outline of This Work
The main objective of this work is the design and development of improved sensors for

spectroscopic and bio-sensing applications. The central contributions of this work include
the design and development of a new type of nanoantenna for spectroscopic applications
and EOT based refractive index sensor with a resolution of 6x107.

This work investigates the method of reduced coupled mode theory (CMT) as a
potential analytical approach for the design of nanostructures. It is observed that certain
non-resonant nanostructures can be analysed efficiently and accurately using this method,
but the method fails to produce converged results when applied to resonant structures.

We also studied different configurations of self-assembled nanorods (NRs) for
enhanced Raman spectroscopy.

This work follows the article-style dissertation format and is organized as follows: The
remaining part of Chapter 1 discusses briefly the contributions of this dissertation.
Chapter 2 presents a brief introduction to CMT, FDTD, surface plasmons, surface
enhanced Raman spectroscopy (SERS), and EOT. Chapter 3 summarizes the problems
investigated in this dissertation that are outlined in detail in the article manuscripts
presented in the Appendices. Figure 1-1 shows a graphical outline of the new

contributions of this work.
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The first part of this work focuses on the application of reduced CMT for the design

and analysis of high index contrast gratings. It is shown that in most cases, only the first
two higher order modes are sufficient to characterize the response of the gratings.
Reduced CMT provides physical insight into the design problem. Specifically, we present
design guidelines for broadband reflectance and transmittance. These gratings can also be
used as a high Q cavity with resonant wavelength strongly dependent on surrounding
index.

Another problem considered here is the translation of microwave antenna design
concepts to the visible/NIR regime. Microwave antennas provided solution to
communication problems, whereas optical antennas prove to be useful typically for
spectroscopy and microscopy applications. We present a nanoantenna design with near
optimal directivity. Improved sensitivity of the design is demonstrated by detecting the
vibrational (Raman) spectrum of single molecule. Enhancement factor in SERS is
normally attributed to the local field effects. Here we demonstrate a new type of
enhancement factor resulting from the directional radiation of the nanoantenna. It is
shown that directivity enhanced Raman scattering (DERS) provides an additional two
orders of magnitude enhancement factor. Another desirable feature of the design is its
ability to radiate out of plane making it an ideal candidate for use in typical commercial
microscopes.

Raman spectroscopy i1s a powerful technique for the detection and identification of
materials. The weak Raman cross-section is enhanced with the help of surface plasmons
that generate extremely high local fields, leading to the widely used technique of SERS.
In this work we have investigated the self assembly of gold NRs for the enhancement of
Raman signal. It is shown that not all configurations result in enhanced Raman signal.

Surface plasmon assisted EOT through subwavelength hole arrays in metal films offer
extremely sensitive refractive index sensing. A slight change in the refractive index of the
surrounding medium can produce a huge change in the transmission through the array. In
this work, we have investigated nanohole arrays for improved sensitivity. A resolution of
6x107 refractive index units (RIU) is demonstrated using thick metal films. It should be
noted that the observed resolution is comparable to that of state of the art commercial

sensors available. Further, the design allows for multiplexed detection.
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Finally, the complex reflection coefficient associated with arbitrary terminated NRs is
investigated. NRs are modeled as Fabry Perot resonators in which the two ends of the NR

act as mirrors with complex reflection coefficients.

1.3  Authors’ Contributions
This thesis is based on projects which have either been published or submitted to peer-

reviewed scientific journals. The contributions of all authors are provided in detail below:

1.3.1 High Index Contrast Gratings using CMT
A. Ahmed wrote the manuscript, performed FDTD simulations of the designed

structures, performed the reduced CMT analysis and developed the design guideline for
broadband reflectance and transmittance under the supervision of Dr. R. Gordon. M.
Liscidini performed the analysis of the gratings using rigorous coupled wave analysis

(RCWA).

1.3.2 Antenna Design for Directivity Enhanced Raman Spectroscopy
A. Ahmed contributed to this project by designing different nanoantennas, performing

FDTD simulations, Raman measurements and article writing. Nanoantenna design was
inspired by the microwave antenna theory, with the objective of a direction antenna
radiating out of the plane. A. Ahmed studied different nanoantenna designs theoretically
as well as using numerical simulations. Y. Pang carried out FDTD simulations and
experiments for the parabolic reflector nanoantenna and G. Hajisalem synthesized
nanoprisms used in the parabolic reflector design. This work was done under the

supervision of R. Gordon.

1.3.3 Directivity Enhanced Raman Spectroscopy using Nanoantennas
This work was carried out by A. Ahmed and R. Gordon. A. Ahmed designed the

circular waveguide nanoantenna, carried out all Raman scattering experiments, analysed
data, performed FDTD simulations and wrote the manuscript with critical comments and

technical guidance from R. Gordon.

1.3.4 Single Molecule Directivity Enhanced Raman Scattering using
Nanoantennas

Detection of the vibrational spectrum of single molecule is highly desirable for

chemical and biomedical applications. In this work we demonstrated single molecule
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detection using fabricated nanoantenna. This project was carried out by A. Ahmed and R.
Gordon. All the Raman scattering experiments, FDTD simulations, design of
nanoantenna, data analysis and article writing were done by A. Ahmed under the

supervision of R. Gordon.

1.3.5 End-to-End Assembly of NRs for SERS
A. Ahmed carried out all FDTD simulations, related data analysis and physical

interpretation of observed results. A. Ahmed and R. Gordon worked towards the
analytical interpretation of the observed experimental results, explained the generation of
high local fields in the gaps between neighbouring NRs and also studied the effects of
non collinear configurations. A. Lee contributed to the project by designing and carrying
out all experiments, data analysis, interpretation and article writing. G. F. S. Andrade
carried out initial SERS experiments with A. Lee. M. L. Souza carried out the SERS
measurements with A. Lee on the optimized system. N. Coombs developed and carried
out experiments on correlating the structure and SERS with A. Lee. E. Tumarkin did
statistical analysis on nanorod chain populations with A. Lee. K. Liu took a number of
extinction measurements and prepared samples for TEM analysis at the beginning of the
project. R. Gordon, A. G. Brolo and E. Kumacheva provided critical guidance and

suggestions on data analysis, interpretation, and article writing.

1.3.6 Side-by-side Assembly of NRs for SERS
A. Ahmed carried out all FDTD simulations, related data analysis and physical

interpretation of observed results. A. Ahmed also performed modal analysis to
demonstrate the cancellation of the radial electric field resulting in lower intensity Raman
signal. A. Lee contributed to the project by designing and carrying out all experiments,
data analysis, interpretation and article writing. D. P. dos Santos carried out initial SERS
experiments with A. Lee. A. Lee carried out the final SERS measurements. N. Coombs
carried out TEM imaging. J. I. Park did statistical analysis on nanorod populations. R.
Gordon, A. G. Brolo and E. Kumacheva provided critical guidance and suggestions on

data analysis, interpretation and article writing.



1.3.7 EOT based Refractive Index Sensing
A. Ahmed helped G. A. C. Tellez in FDTD simulations, related data analysis, nanohole

arrays fabrication, experiments and article writing. R. Gordon provided critical guidance
and suggestions on optical setup, data analysis, interpretation and article writing. G. A. C.
Tellez designed and developed the microfluidic chip. A. Ahmed also worked towards the
theoretical calculations for estimation of design parameters such as nanohole periodicity,
hole dimensions and metal film thickness. A. Ahmed also investigated the effect of the

fundamental HE11 mode cutoff on the performance of the nanoarrays.

1.3.8 Phase of Reflection from the Terminations of NRs
A. Ahmed along with R. Gordon worked towards the analytical solution for the

complex phase of reflection using the idea of power conservation. Analytical predictions
showed similar trends as compared to results of numerical simulations but were not in
good quantitative agreement especially towards the shorter wavelengths.

S. B. Hasan along with R. Filter, R. Vogelgesang, C. Rockstuhl and F. Lederer
performed the numerical simulations using COMSOL MULTIPHYSICS platform, wrote
the manuscript and performed related data analysis. R. Gordon provided technical

suggestions regarding the complex reflection coefficient.



Chapter 2

2 Methods and Review
This chapter briefly describes the methods of reduced CMT and FDTD that have been

used in this work to analyze the nanostructures. A brief introduction to surface plasmons
and their excitation is also provided.

Reduced CMT, where only a few lowest order modes are considered, proves useful for
the analysis of broadband structures, but is unable to provide converged results for
resonant structures. Fully converged results can be obtained using FDTD. The strength of
FDTD is the determination of frequency response of the system using just one simulation
run (impulse response). In this work we have employed a commercial FDTD package

from Lumerical Inc.

2.1. Coupled Mode Theory
CMT has been widely used for the analysis of guiding structures in the optical regime

and predicting the effects of periodic perturbations (periodic in the
longitudinal/transverse directions) in an otherwise perfect guide. The method is rigorous
if all modes are included, nevertheless, CMT can yield extremely accurate results even if
a small subset of the modes is retained; however, CMT can be more efficient than other
methods, such as RCWA and FDTD, by selecting the appropriate modal expansion.

Optical diffraction gratings have been studied for years for their applications in
filtering, spectroscopy [20, 21], lasers and other optoelectronic devices [22], bio-sensing
[23], light emitting diodes [24], and ultra broadband mirrors [25]. High-index-contrast
gratings (HCGs) differ from the conventional sub-wavelength gratings by the fact that the
grating structure is surrounded by a low index material. In the past, numerical methods
such as RCWA and FDTD method have been used to analyze such structures; however,
those methods can be computationally taxing and do not provide the physical insight
offered by CMT.

CMT formalism is based on the expansion of the total field in a perturbed waveguide
as a superposition of confined modes. The perturbation results in the coupling between
co-directional and contra-directional modes as shown below. The coupled mode

equations governing the mode amplitudes are given as (from [26])



da M M
Nm( dZm +jﬂmamj:_jzl(mnan_jz;(mnbn’ (21)
n=l n=I
db, &
N ( _]ﬂm m]zjzzmnan_FJZ mn n’ (22)
n=l1

where a,, and b, are the mode amplitudes of forward and backward travelling modes

respectively, [

m

is the propagation constant, N,, is the normalization constant, x,, and
X.. are the coupling coefficients between co-directional and contra-directional

propagating waves, respectively. The coupling coefficients are defined as

2

a)go II(_Z n )( tm tn n zm zn)dXdy’ (23)

2

= O ([ e, + e, sy 24

tm~tn —2 zm zn

where ¢, is the permittivity of free space, n and n are the refractive indices of the

unperturbed and perturbed structures respectively, e, and e_, are the transverse and

longitudinal components of the m" mode respectively. Considering only two higher
order modes result in a system of six coupled first order differential equations. Which can
be solved using the boundary conditions, for further details the reader is referred to

Appendix A and Ref. [26].

2.2. Finite Difference Time Domain Method
The FDTD method solves Maxwell’s curl equations in a leap frog manner using Yee’s

cell as will be shown in this section [27]. Numerical dispersion, numerical phase velocity
and the stability of the FDTD method will also be presented here. It is important to note
that FDTD, being a time domain method, allows for the determination of frequency
response of the system by running just one simulation (impulse response).

Yee’s algorithm solves for both the electric and magnetic fields in time and space,
using the coupled Maxwell’s curl equations. Thus both the electric and magnetic material

properties can be modeled. The Yee’s cell is show in Figure 2-1.
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Figure 2-1: Yee’s mesh for solving Maxwell’s curl equations [28].

Every E component is surrounded by four circulating H components and vice versa.
Yee’s mesh thus creates interlinked arrays of Faraday’s law and Ampere’s law contours
in a three dimensional space. At the beginning of the problem we specify the permittivity
and permeability of the material at each field component location. The E and H
components are updated using a leapfrog time-stepping algorithm. All of the E field
components are calculated and stored in memory for a particular time step using the
previously stored H field data. Then all of the H field components are calculated using

the previously computed E data so on.

2.2.1. Spatial Grid and Time Steps
While defining an FDTD model for a given problem, one has to choose proper grid

parameters. There are two rules that restrict this choice: (i) the spatial increment must be
small enough to resolve the shortest wavelength. A rule-of-thumb is that the shortest
wavelength must correspond to at least five unit cells. Special care must be taken while
dealing with plasmonic structures where very large propagation constants give rise to
much smaller wavelengths. (i1) any geometrical detail must be represented well enough
by FDTD cells. Another rule-of-thumb is that the smallest geometrical dimension should
be divided into at least two or three cells. Typically the second choice of the grid
parameter is the more restrictive. Once spatial increments are chosen, the time step is

bounded via a stability condition given as [28]
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T 1 1)
At<|c Ax2+A 2+A22 ; (2.5)
y

where c is the largest wave propagation velocity in the problem; usually the speed of light

in vacuum, Ax,Ayand Az are the grid steps in x, y and z directions respectively. Since a

shorter time step does not improve accuracy, one usually chooses a value for Af that is

close to the stability limit (the Courant-number).

2.2.2. Excitation
Application of update equations makes sense only if either some initial conditions are

given, or if an energy source is applied. There are many case-dependent source models
available. The simplest one is the so-called hard source: some field components at some
locations are given pre-defined values in the time-domain, while the other field values are
updated normally. The problem of the hard source is that any reflected wave returning
back to the source will be perfectly re-reflected. To make the source transparent for the
reflected waves, the system can be excited using an additive source term. Since the
source is totally separated from the field interactions, it can be placed inside a structure
yet not forming part of it.

Such point sources are sometimes useful in theoretical considerations, but most
practical problems involve more complicated source fields. One frequently used source
model is a plane wave source. In the simplest case, one can produce a plane wave by
choosing field locations along a line parallel to a coordinate direction, and apply the

added source technique. This can be generalized easily to diagonal directions as well.

2.2.3. Boundary Conditions
Boundary conditions are imposed to terminate the simulation domain. In most cases it

is one of the following: (i) perfect electric conductor (PEC) or electric wall, (i1) perfect
magnetic conductor (PMC) or magnetic wall, (iii) absorbing boundary condition
(ABC/PML) and (iv) periodic boundary condition (PBC). PEC is used to represent ideal
conductors. PMC may be applied on symmetry planes to reduce the size of the
computational volume. ABC is used to absorb outgoing waves to minimize reflections

from boundaries.
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ABC is needed to simulate an infinite open space, to prevent outward going waves
from reflecting back to the simulation domain. There is a multitude of ABC’s for FDTD
algorithm available. Two common ABCs are the Mur absorbing boundaries and
Berenger’s Perfectly Matched Layer (PML). In short, Mur ABC is extremely simple to
implement while still providing satisfactory absorption for a great variety of problems.
Berenger’s PML requires considerable enlargement of the computational volume, but is
essentially frequency independent and superior to most ABCs. Unlike PML, which is
actually an absorbing region, Mur ABC is a boundary condition which is used to

calculate the field values at the terminus mesh points in a FDTD simulation. For a 1D

0

simulation, the time stepping for these points is carried out using | — ———

E =0,
Oz coOt

1

where z is the propagation direction.

2.2.4. Numerical Dispersion
For a fixed cell size, different frequency components of a wave propagate at slightly

different velocities. This phenomenon is called numerical dispersion, and it is inherently
present in the FDTD algorithm. Furthermore, velocity depends also on the angle of
propagation with respect to the coordinate axis. The latter is sometimes called numerical
anisotropy, but usually these two effects are combined in the single term “numerical
dispersion”. In fact waves propagate in the numerical grid always at a velocity less than
the physical velocity. The basic effect of numerical dispersion is that it produces a
cumulative phase error that is in general difficult to predict, even though bounds can be
calculated. For a detailed discussion of the topic the reader is referred to [28]. In order to
keep the numerical dispersion small, one has to choose small enough grid parameters,
with respect to smallest wavelength considered. Resolution of A4 =20Ax assures that the

maximum dispersion error is less than 0.28 %.

2.2.5. Modeling Dispersive Materials
There are three different methods used for simulating dispersive materials, these are: (1)

Fourier transform method, (i1) Auxiliary differential equation method and (iii) Z-

transform method.
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In time domain, the relation between the electric field density D and electric field
strength £ is given by a convolution involving permittivity and £ . The convolution
becomes a product after applying Fourier transform. Permittivity is then introduced using
any of the dispersive models, for instance Drude or Lorentz. The resulting expression is
transformed back to time domain, which results in an explicit expression for time
stepping of D, from which E can be computed for the next time step.

It should be mentioned here that we have used the commercial FDTD solver which can
model dispersive material using different models with user specified parameters as well

as fits to the experimental data of different metals.

2.3. Surface Plasmon Polaritons
In 1957, Ritchie predicted a special kind of surface wave that can exist at the interface

between a metal and dielectric [29]. These waves were called surface plasmon polaritons
(SPPs). The energy in this type of wave is shared between the electron charge density of
the metal (plasmon) and the electromagnetic wave (photon) and is well confined to the
surface. The electromagnetic fields decay exponentially in the transverse direction. The
specific mode shape and decay rate is dependent on the material involved and geometry
of the structures. The reason for the existence of such wave is the opposite sign of the

dielectric constants of the two media involved i.e., metal and dielectric.

2.3.1. Single interface
Let us consider a metal dielectric interface as shown in Figure 2-2. The structure is

invariant with respect to the y direction. By using Maxwell’s equations and applying the
necessary boundary conditions, we can derive the dispersion relation for the structure and
the corresponding field profile. A typical surface plasmon wave on a single interface is

shown in Figure 2-2 below.
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Figure 2-2: Electric field lines of a SPP wave on a single interface, the structure is invariant w.r.t
y axis. A typical representation of SPP wave indicating field decay in the transverse direction.
Only transverse magnetic (TM) modes can exist due to the boundary conditions. The

dispersion relation for a single interface is given as [30]

k, =k, |25 (2.6)
gm +gd

where k, is the free space wave vector, ¢, and ¢, are the dielectric constants of metal and
dielectric respectively. It can be seen that the propagation constant k& _tends to infinity as
¢, approached —¢g, in case of negligible damping. This results in very large imaginary

transverse wave vectors and the resulting wave is confined to the surface, decaying
exponentially on both sides of the interface. Using a Drude fit for the dielectric constant
of metal results in surface plasmon frequency where the propagation constant approaches
infinity at

w
o =———; (2.7)

v fl+e,

where w, is the bulk plasmon frequency of the metal. The dispersion relation of Eq. 2.5 is

shown in Figure 2-3 for an interface between silver and two different dielectric media.
For the case of real metal with complex dielectric constant, the denominator in Eq. 2.5
does not cancel out completely resulting in bending of the dispersion curve as shown

below.



15

10

o]
o

[#))

water water/silver interface|

air/silver interface

frequency (1 o' Hz)

2 3 4
B (10" m™

—_

Figure 2-3: Dispersion relation for two different interfaces. Silver was modeled using the

experimental data of Palik [31].
It is interesting to note that the dispersion curve is sensitive to the refractive index of
the surrounding medium and it is exactly this property that is being exploited for the

design of sensors.

2.3.2. Multiple Interfaces
More interesting is the case of two interfaces in close proximity such that the SPP

waves on the two interfaces couple. This geometry can be further subdivided into two
categories (a) metal insulator metal (MIM) structures and (b) insulator metal insulator
(IMI) structures. Here we will only consider the case of symmetric structures where the
superstrate and substrate have the same dielectric coefficient. For non-symmetric
structures the reader is referred to [32].

Let us consider the case of IMI, two separate dispersion relations can be obtained that
describe the symmetric and asymmetric modes [30]. Figure 2-4 shows the two modes and
the corresponding dispersion curves. It is interesting to note that the confinement of the
odd modes to the interface reduces as the metal film thickness is reduced, thus forming a
long range surface plasmon (LRSP), whereas even modes exhibit the opposite behaviour.
Their confinement increases to the interface as the thickness of the metal film is reduced
and thus the propagation length is drastically reduced. These waves are referred to as

short range surface plasmons (SRSP).
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Figure 2-4: Dispersion curves for the odd and even modes supported by IMI structure along with
the y-directed £ field for metal film thickness of 80 nm and 20 nm. Gold was modeled by a fit to

the experimental data of Johnson and Christy.
Considering MIM geometry, the most interesting mode is the fundamental odd mode
which does not show cutoff as thickness of dielectric layer is reduced [32]. Further, very

large wavenumbers can be produced even well below @,

, resulting in small penetration
lengths into the metal. Figure 2-5 shows even and odd modes for dielectric slab thickness
of 80 nm and 20 nm. The gold was modeled by a fit to the experimental data of Johnson

and Christy [33].
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Figure 2-5: Even and odd modes supported by MIM structure for metal film thickness of 80 nm
and 20 nm. Gold was modeled by a fit to the experimental data of Johnson and Christy.

2.3.3. SPP wave on a cylindrical nanorod
Cylindrical nanorods have been used in this work to serve as the dipole feed element of

the nanoantenna, it is thus beneficial to discuss the SPP wave and the corresponding field
configurations on a cylindrical nanostructure. Further, our work related to the self-
assembly of NRs also deals with cylindrical structures. Field profile of the SPP wave in
this geometry explains the reason for the poor performance of the side-by-side
configuration as shown in Appendix F.

Consider a cylindrical NR of radius 7 as shown in Figure 2-6. It can be shown that the
fields inside and outside of the metal core are represented by modified Bessel functions
of first and second kind respectively. Matching the tangential field components at the
boundary between metal and surrounding medium results in the following dispersion

relation

K,(p,r) _ gdmeO'(pdr) ~0
Ly(p,r) gmdeO,(pmr)

5 (2.7)

where K, and /; are the modified Bessel functions pi2 = k;p @’ &, . For very small

radius, the dispersion curve is very similar to that of IMI structure and there is no low
frequency cut-off. It should be noted that resonance is determined by the length of the
nanorod forming a Fabry Perot resonator.



18

Figure 2-6: Cylindrical nanorod geometry.

2.4. Excitation of SPPs
It can be seen from the dispersion curves of Figures (2-3, 2-4), that the wavevector of

the SPP is always larger in magnitude than that of the surrounding medium. This
represents a mismatch of momentum; excitation of SPP at a planner interface thus
requires special arrangements. Further, only TM waves can excite SPP considering the
invariance of the planer geometry in the transverse direction. Several techniques have
been devised for this purpose including total internal reflection coupling and grating

coupling to account for the missing momentum.

2.4.1. Total Internal Reflection Coupling
The first method for the excitation of SPP is based on the total internal reflection of an

incident wave on an interface between two different dielectric media. This method was

introduced by Kretschmann and a schematic of this process is shown in Figure 2-7.
'\ SPP

/ ﬁe

-

Ailr n; > ngy,

Metal, n, > -n;

Prism, n;

Figure 2-7: Kretschmann geometry for the excitation of SPP using total internal reflection.
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Let us assume that the wave is incident on the interface from a medium of higher

refractive index #,, and let n, be the index of the second medium (air) with n, >n_, .

From Snell’s law there exist a critical angle above which there is no transmitted wave in
medium 2. At the critical angle the transmitted wave travels along the interface and thus
represents the maximum possible in-plane propagation constant that could be achieved

(k, =0). For incident angles larger than the critical angle, k. becomes evanescent,

which results in S > k,, thus making it possible to excite SPP.

2.4.2. Grating Coupling
The second method for the compensation of in-plane momentum is based on breaking

the translational invariance by patterning a surface grating. It is important that the
introduced perturbation (i.e. grating) must be small so that it does not change the SPP
mode significantly. In other words, the grating thickness must be small as compared to its
period A . This type of periodic perturbation does not completely breaks the translational
symmetry but it allows for the addition and subtraction of integer multiple of

kg =2/ Ato the original in-plane wave vector k.. A schematic representation of this

method 1s shown in Figure 2-8 below along with the application related to the EOT based

sensing, where a change in the surrounding index causes a shift in the resonance

wavelength.
® A
K, =2m/1
K A [ R
4
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»
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Figure 2-8: (a) SPP excitation using grating coupling. (b) Excitation using normal incidence and

the shift in resonance due to index change.
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2.5. Localized Surface Plasmons
For very small metallic particles the concept of translational invariance no longer

applies and the modes cannot be described in terms of wave vectors as we did for the
SPP. For particles of dimension smaller than the wavelength of the incident light the
modes only exist for discrete frequency values. These modes are known as localized
surface plasmon (LSP). The curved surface of the nanoparticle makes the excitation of
LSP directly possible without the need for special phase matching techniques. Let us

consider a spherical metallic nanoparticle as shown in Figure 2-9.

n
Ey

v

\ A

€m
&d

Figure 2-9: A spherical metallic nanoparticle of radius a placed in a constant electric field of
magnitude £, and dielectric constant of the surrounding medium &, .

In the electrostatic approximation the fields can be derived using the Laplace equation,
V>® =0, where @ is the electric potential. The electric field can then be obtained from
the gradient of potential as £ =—-VJ . This results in the following relations for the field

inside and out of the sphere.

in = 3#Eo, (2.8)
g, +2¢,
Eout = EO + 3n(n.p) _3p ; (2.9)
dre,e,r

where ris the radial distance of the point of observation from the center of the particle,

E, is the magnitude of incident field, n is a unit vector in the direction of observation

point, and p is the dipole moment given by
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E —&
p=dng,e,a° 2L E,; (2.10)
g, +2¢,

where a is the radius of the nanoparticle [30]. From Eq. 2.10 we can see a resonant

enhancement in the dipolar moment for the wavelength range where &, approaches
—2¢, . This resonant enhancement in turn enhances the fields both inside and out of the

particle. In fact it is this field enhancement at the plasmon resonance on which a number

of applications of optical devices rely.

2.6. Surface Enhanced Raman Spectroscopy
It is necessary to first introduce the Raman effect before SERS can be discussed. The

Raman effect was discovered by Chandrasekhara Venkata Raman in 1921 [34]. What
Raman observed was scattered radiation with higher energy as compared with the
incident light. This process is now called anti-Stokes Raman scattering. The change in
frequency is determined by the energy levels of the degrees of freedom of the molecule
under investigation. Thus each type of molecule has a unique Raman spectrum and
therefore Raman spectrum serves as a fingerprint of the molecule. Raman, unlike
Rayleigh, is an inelastic process where the frequency of scattered light is either higher
than the incident light (anti-Stokes) or lower than the incident light (Stokes). Scattering
without change of frequency is called Rayleigh scattering.

The interaction of light with molecules is predominantly determined by the energy
levels of the degrees of freedom of the molecule. These are either electronic (movement
of electrons) or vibrational/rotational (movement of atoms in the molecule). The number
of atoms in a molecule determines the degrees of freedom. An energy level diagram can
be used to visualize these energy levels and serve as a convenient aid to understand the
physical phenomena resulting in Raman effect, as shown in Figure 2-10 below. Raman
scattering, unlike fluorescence, is an instantaneous process, whereas fluorescence on the
other hand involves the absorption of a photon followed by the emission after a finite
lifetime delay. Raman scattering can thus be viewed as simultaneous absorption and
scattering. The absorption excites the molecule to a virtual state, which is followed by
relaxation of the molecule to the ground state without any lifetime delay. It is not

necessary for the incident photon to have the same energy as the transition energy from
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ground to excited state. The concept of virtual state has no physical meaning; it is a
convenient visualization tool to understand the scattering process especially when the
incident photon has energy less then that required for the first possible transition. As the
energy of incident photon approaches the transition energy we observe an increase in
Raman cross-section. This phenomena is referred to as resonant Raman scattering. For

further details the reader is referred to [35].

excited
state
virtual state virtual state
""" A T . Y
E. vibrational I
]_Ey' / / state V I_Ey' Ej’
ground
“«V, } state
Stokes Raman Anti-Stokes Raman

Figure 2-10: Energy diagram illustrating Stokes and anti-Stokes Raman scattering. The concept
of virtual state has no physical meaning but it serves as a mathematical construction of
perturbation theory.

The Raman spectrum contains considerably more information as compared to
fluorescence. However, it suffers from extremely low efficiency with typical cross
sections from 102 to 10* cm? per molecule as compared to 10 "¢ cm? for fluorescence.

It is thus necessary to enhance the inherently weak Raman signal. Surface plasmons
provide the solution to this problem and the effect is commonly known as surface
enhanced Raman Scattering (SERS). Since its discovery [36, 37], SERS has been used
widely for enhancing the weak Raman cross section. SERS benefits from the high electric
fields at the surface or in the gaps between closely spaced metallic nanoparticles.
Assuming a broad spectral enhancement (approximately same enhancement at the
excitation and stokes shifted wavelengths), the enhancement factor (EF) is commonly
estimated as proportional to the fourth power of the ratio of the local electric field to the
incident electric field. Initial experiments on single molecule SERS reported an EF of

10" using colloidal silver nanoparticles [38, 39]. Different methods and substrates have
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been devised to generate regions of high local electric fields, usually by confinement of

light to sub-wavelength dimensions. These regions are referred to as hotspots [2, 40-42].

2.7. Extraordinary Optical Transmission
Subwavelength nanohole arrays have attracted considerable attention since the

discovery of EOT [9]. Contrary to the prediction of Bethe’s aperture theory, significantly

higher transmission was observed through nanohole arrays in a metal film. According to
Bethe’s theory, the transmission through a single sub-wavelength hole scales as (7 / 1)*,

where 7 is the radius of the hole. T. W. Ebbesen et. al. [9], demonstrated transmission
efficiencies exceeding unity through sub-wavelength holes, when normalized to the
surface area of the holes. It should be noted that Bethe’s theory predicts an efficiency of
approximately 107

It has been suggested that the observed high transmission is a consequence of SPPs
excited by the periodic hole array [43] and the wavelength of transmission peak for the

case of a square array can be estimated as

P ) = A + 7)1 |25 @11)
&, &,

where A is the array period and i and j are integer numbers corresponding to different
SPP modes. This relation has been derived using Eq. 2.5 and the in-plane wavenumber of
grating coupling. It should be noted that this expression is only an approximation since it
does not take into account scattering losses.

Recent studies have pointed out the possibility of localized waveguide modes playing
important role in the high transmission through nanohole arrays [44, 45]. The
illuminating light couples to the LSP and the nanohole forms a Fabry-Perot resonator,
with a large electromagnetic field localized in each hole. This results in resonantly
enhanced transmission through the hole. It should be noted that the transmission peak is
mainly determined by the aperture geometry and is almost independent of the array
periodicity.

As an illustration of EOT, Figure (2-11) shows the simulated transmission spectra of
circular nanohole arrays in gold film over a glass substrate. The periodicity of the square

array is 570 nm and the medium above the array is water. The vertical blue dashed line
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shows the resonance peak predicted by Eq. 2.11 for the top interface (gold-water). It can
be seen that the observed peak in transmission is slightly shifted to the red when
compared to the prediction of Eq. 2.11. It should be noted that the hole radius of 130 nm

is much smaller than the resonance peak wavelength of 850 nm.
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Figure 2-11: Transmission spectra of circular nanohole arrays in 300 nm thick gold film over a

glass substrate. The periodicity of the square array is 570 nm and index of top medium is 1.33.

Eq. 2.11 indicates the dependence of resonance peak on the refractive index of the

surrounding medium. We have exploited this property for the development of improved

refractive index sensors.
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Chapter 3

3 Contributions
This dissertation presents the results of eight studies organized under subsections from

3.1 to 3.8. These studies are described in detail in the manuscripts included as
Appendices A through H. The projects considered here can be categorized as follows: (i)
Design of top-down (focused ion beam milling) fabricated nanoantennas for
spectroscopic applications. (ii) Study of self-assembled nanostructures for spectroscopic
applications. (iii)) EOT and improved sensing. (iv) Design of high index contrast gratings

using CMT. (v) Determination of complex reflection coefficient from NRs terminations.

3.1. Design and Analysis of high index contrast gratings using
Coupled Mode Theory (Appendix A)

Optical diffraction gratings have been used widely for applications including filtering,
spectroscopy, lasers and biosensing. These gratings can function as a broadband mirror,
filters or high quality cavity resonators. The HCG structure studied in this work is shown
in Figure xxx along with the two higher order evanescent modes. HCG of refractive

index n,, thickness d and period A is surrounded by a low index medium. Forward and
propagating modes are represented by amplitudes @, and b, respectively. The choice of a

cosine wave expansion is motivated by the symmetry within the periodic structure.
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Figure 3-1: HCG geometry and the first two higher order evanescent modes.
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The first objective of this study was to show that the behaviour of the gratings can be

predicted using truncated coupled mode theory keeping only the first two higher order
modes. This huge reduction in number of modes considerably simplifies the problem and
provides further insight into the role each mode plays in the overall response of the
structure. The second objective was to explore the possibility of using grating structures
for refractive index sensors when they are operated as a very narrow band reflector. A
slight change in the refractive index of the surrounding medium can affect the resonance
and thus the transmission through the grating.

HCG differs from the conventional sub-wavelength gratings by the fact that the index
of the grating structure is considerably higher than the surrounding material. The HCG
was first proposed in 2004 [25], in the context of broadband mirrors, and since then has
attracted considerable attention for the development of broadband high reflectivity
mirrors to replace bulky Bragg reflectors.

In this work we have shown that in most cases retaining only the first two higher order
modes predicts the response of the grating with high degree of accuracy. The results
obtained by truncated CMT were in good agreement with the fully converged results
obtained from RCWA and FDTD. Using CMT we were able to derive the following

relationship for broadband operation

ﬂzzz -9 ﬁlz(l+sinc[2ﬂijj, (3.1)

(1+9)

where f, and f, are the propagation constants of the first two modes, w and A are the

(ny —ni)w

width and period of the grating respectively, g = A

, n, and n, are the refractive

indices of the surrounding medium and grating structure respectively.

HCG can also be used as a high Q resonator. Precise adjustment of the dimensions can
lead to the condition that the average energy in the forward propagating modes is
completely coupled into the backward propagating modes at the opposite interface of
structure, over a very narrow band of frequencies. Such coupling mechanism prevents the
leakage of electromagnetic energy from the grating structure, further the low loss
material of the grating makes it a high Q resonator. It was observed that such high Q

resonators require a larger number of modes for convergence (18 modes). Although
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reduced CMT can predict the resonance wavelength but the quality factor cannot be
accurately determined. The idea of using such structures as refractive index sensors was
not followed any further mainly because of its limitations in terms of convergence.

Detailed discussion can be found in Appendix A.

3.2. Antenna Design for DERS (Appendix B)
Here we describe the different designs considered for directive out of plane radiation.

The different nanoantenna designs considered in this work lead to the development of the
circular waveguide nanoantenna or cantenna. Cantenna design is described in detail in the
next section and in Appendix C. In this work we present the details of the design steps
leading to the cantenna design as well as a comparison of the different nanoantennas
including the parabolic reflector nanoantenna.

Typically SERS substrates comprise of nanoparticles over a glass substrate. The high
local fields on the surface of the nanoparticles results in enhanced Raman scattering. In
terms of directivity, this is not an efficient design as most of the scattered light is radiated
into the glass substrate due to its high refractive index. Efficiency of such design can be
considerably improved by the introduction of a ground plane to coherently reflect the
scattered light from a nanoparticle. The idea of ground plane was adopted from our
previous work [46]. Over 50x enhancement in the observed Raman signal was reported.
It is critical to place the feed element at a specific distance from the ground plane for in-
phase reflections; this distance was found to be A/8 where Ais the wavelength in the
dielectric spacer.

Radiation patterns of different designs were investigated using far-field projections
with FDTD simulations. Designs were compared by their corresponding beam

efficiencies (BE)

27 6y
[ | p(6.9)sin(6)d6dp
BE =00 ; (3.2)
]Drad
where P,_,is total radiated power given as
2w
P, = | [ p(6.$)sin(6)dbdg, (33)
00
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and p(6,¢) is the radiation pattern of the antenna obtained from the numerical
simulations.

Parasitic elements are known to reflect or direct the radiation from a feed element as
shown by the Yagi-Uda design. Therefore, two reflectors were introduced to reduce the
beam width of the nanoantenna in one plane, resulting in improved BE. To restrict the
beam width in the perpendicular plane another set of reflectors was introduced, forming a
square waveguide like structure and simulation results showed even better BE. This
motivated the design of a circular reflector and it was found that the circular reflector
results in the best BE, producing a symmetrical beam out of the plane of substrate with
half power beam width (HPBW) of 85 degrees in both planes.

The cantenna design produced 125% stronger Raman signal as compared to the signal
obtained from nanoparticle over a glass substrate. In general, this design is very similar to

the amateur radio cantenna design shown in Figure 3-2.

R e

Figure 3-2: The cantenna used for boosting the range of wireless networks.

Another design considered in this work is that of a parabolic reflector nanoantenna.
Raman experiments were carried out and it was shown that such an antenna can enhance
the Raman signal by three orders of magnitude as compared to nanoprisms over glass
substrate. The cantenna design was preferred for the single molecule Raman experiments
due to the fact that the fabrication of parabolic reflector nanoantenna is more challenging.

Further details are provided in Appendix B.
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3.3. Directivity Enhanced Raman Spectroscopy using
Nanoantennas (Appendix C)

Here we present the design of a top-down fabricated nanoantenna with the objective of
obtaining directional radiation out of the plane and into the numerical aperture of the
collecting lens. Improved directivity at optical wavelengths can have tremendous impact
in areas such as optical microscopy, spectroscopy, sensing and applications involving
single photon sources, where efficient collection and emission is critical. The motivation
for this work was to extend the concept of directivity to the visible/NIR regime of the
spectrum.

Although Yagi-Uda equivalent nanoantenna designs have been demonstrated recently
[47-49], these designs suffered from the fact that the main beam was directed into the
substrate and thus could not be used readily with a typical microscope setup.

It should be noted that the nanoantenna design is affected by the plasmonic properties
of the metal and thus microwave designs cannot be simply scaled down to operate in the
visible regime. As an example, the dipole feed element of our design, having a total
length of 130 nm, radiates resonantly at a free space wavelength of 840 nm. This length is
considerably shorter in comparison to its microwave counterpart (the half-wavelength
dipole).

The proposed design uses a center fed dipole element as the main feed element and a
ground plane reflector to prevent loss of scattered light into the substrate and also
reinforce the local fields at the feed which is desirable for SERS experiments. The use of
a ground plane has also been adopted from microwave antenna design.

The use of ground plane ensures out of plane radiation but with a very broad beam in
the lateral plane (along the surface of the substrate). A circular in-plane reflector was
introduced to reshape the beam and thus allows for the collection of almost all of the
scattered light. The ring-reflector acts to create a lateral standing wave that reflects light
back towards the central dipole antenna structure. It is interesting to note that the
optimized directivity is observed when the radius of the ring reflector is equal to 250 nm
for the nanoantenna designed to operate at a wavelength of 840 nm. This is most similar
to a circular waveguide, which has a lateral resonance when the wavelength is 3.4 times

the radius of the circular waveguide (i.e., at the lowest order mode cut-off). This
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corresponds to a resonance at 250 nm, which is precisely the radius value that was found
to give the greatest DERS in the experiments.

The circular reflector is an important feature of the nanoantenna design because it
allows for an additional 5.5% enhanced Raman as compared to just using the ground
plane alone. This enhancement is almost entirely attributed to directivity effects with only
a small contribution from local field enhancement. Further details are provided in

Appendix C.

3.4. Single Molecule Directivity Enhanced Raman Scattering using
Nanoantennas (Appendix D)

This work demonstrates the detection of single molecules using the cantenna design
presented in Sections 3.2 and 3.3. In this work we have used the technique of bi-analyte
[50] to verify the single molecule nature of the observed Raman signal.

The Raman process is inherently extremely inefficient, with typical cross sections from
107 to 10%* cm? per molecule [51, 52], as compared to 10™® cm? for fluorescence [53].
To observe the vibration spectrum of single molecules, it is thus necessary to generate an
enhancement factor of 10°® (for resonant Raman) to 10'? for ordinary Raman.

The single molecule limit is the ultimate sensitivity desired for many scientific and
applied areas, such as sensing, analytical chemistry and biomedicine [54, 55]. It is shown
for the first time that the huge enhancement required for detecting the vibrational
spectrum of single molecules is achievable from a top-down fabricated structure.
Previously reported fabricated structures resulted in enhancement factors that were
smaller than the required enhancement factor by two orders of magnitude [56, 57]. The
directivity of the nanoantenna provides the additional enhancement and allows for the
detection of Raman spectrum of single molecules. In past either colloidal solutions or
random structures were used for the detection of single molecule using SERS [39, 41].
Less than 1% of the total sites in those structures provide enough enhancements required
for single molecule detection.

The single hotspot (feed gap) of our design prevents the problem of spatial averaging.
Previously used approaches for detecting single molecules suffer from the presence of a
number of hotspots in the probed volume. Thus it is difficult to say that the observed

signal is indeed from a single molecule or a number of molecules in different hotspots.
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A fundamental challenge regarding single molecule experiments is the differentiation
of single molecule signal (Raman spectrum) from that of multiple molecules. K. Kneipp
et al., [38] proposed a quantification method depending on the Raman signal strength.
Recent studies have questioned this approach and have argued that temporal fluctuations
in Raman signal are not sufficient evidence of single molecule sensitivity; as Raman
signal is not quantized [58].

Here we have used two different Raman dyes (i) Nile Blue A (NBA) and (ii)
Rhodamine 6G (R6G) to statistically prove the single molecule nature of the observed
signal. The bi-analyte method requires the collection of sufficiently large number of
spectra from the sample. Each spectrum represents an event and each event can be
characterized as NBA event, R6G event, mixed event or a null event. The resulting
probability distribution shows a transition from majority mixed events to single molecule
events, as the dye concentration is gradually reduced. When the dye concentration is low,
it is very unlikely that two or more molecules will be present in the hotspot. This is also
verified by the probability distribution where very few mixed events are registered. Thus
it can be claimed that a vast majority of the single dye events are indeed single molecule
events with a few events of more than one molecule of same type.

FDTD simulations and Raman experiments verified the single molecule sensitivity.
Also, we were able to show the Raman intensity distribution of single molecules and it
was verified that the distribution follows a long tail nature (truncated Pareto) [59, 60].
Our results indicated the adsorption of the dye molecule to gold surface lasting for
typically a few seconds indicating that the process is reversible. For more details please

see Appendix D.

3.5. End-to-End Self-Assembled Nanorods for SERS (Appendix E)
The main objective of this study was to design and develop an improved platform

based on self-assembly of NRs for spectroscopic applications. We also studied the
hotspots (high electric field regions) created between the tips of adjacent nanorods as a
function of time, while the nanorods are allowed to assemble in an end-to-end manner
forming a chain.

The extinction spectrum of an isolated NR exhibits two resonant peaks, longitudinal

and transverse. The length of the rod determines the longitudinal resonance. Considering
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the end-to-end assembly, we are mainly interested in the longitudinal resonance. NRs can
be modeled as Fabry Perot resonators and the hemispherical termination serves as a
mirror with complex phase of reflection. Resonance is observed when the length of the
nanorod equals half a SPP wavelength, assuming a weak wavelength dependence of the
phase of reflection.

When gold NRs are assembled into an end-to-end formation, coupling of alternating
dipoles along the chain occurs resulting in a red shift of the longitudinal resonance. This
results in the formation of a periodic array of hotspots in the spaces between adjacent NR
ends. The shift in resonance affects the Raman enhancement factor which goes as the
forth power of the local electric field at excitation and Stokes shifted wavelengths. The
self-organization of gold NRs offers a tool for the generation of controlled hotspots for
enhanced Raman spectroscopy. Possible applications include spectroscopy and sensing
[61-63].

Constructive coupling between adjacent NRs is expected to produce stronger hotspots.
It is interesting to note that the electric field strength in the hotspot increased as the chain
grew from one (monomer) to three rods (trimer) per chain. Further increase in chain
length showed reduction in field strength. This effect originated from the trade-off
between the local field enhancement and optical absorption (that is, loss) in the NR
chains. A figure of merit that compares the local field enhancement to the loss is the ratio
between the real and imaginary parts of the relative permittivity of the NRs. For gold, this
figure of merit is at its maximum at ~770 nm, which was close to the resonance
wavelength of the trimer.

We also studied angled configurations of NRs. A significant reduction in field intensity
and extinction cross section was observed for non-collinear configurations. Therefore the
greatest contribution in extinction and SERS arose from co-linear chains, with a minor
influence on E field intensity from off-axis NRs. Details of this work are presented in

Appendix E.

3.6. Side-by-Side Self-Assembled Nanorods for SERS (Appendix F)
This work presents the study of gold NRs assembled in side-by-side assembly. The

main observation of this work is that not all geometries of nanoparticles result in field

enhancement. In the side-by-side configuration, the dominant radial electric field
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component of the SP mode undergoes significant reduction in magnitude due to
destructive interference.

We show numerically using mode solutions that as the number of NRs increases the
effective index (n.y) of the system decreases thus reducing the propagation constant.
Reduction in n.,s had to be compensated by a proportional amount of reduction in the
resonant wavelength. Therefore, a blue shift is expected to occur as the number of NRs
aligned in side-by-side manner increases. We also investigated the 3D stacks of NRs
arranged in a side-by-side manner and observed a similar trend of reduction of the
electric field. SERS experiments were performed and a good agreement with the

numerical results was demonstrated. For further details see Appendix F.

3.7. Optimizing the Resolution of Nanohole Arrays in Metal Films
for Refractive Index Sensing (Appendix G)

In this work the concept of EOT has been exploited for the development of refractive
index sensors. For improved resolution we focused on the optimization of the following
factors that play an important role in determining the sensitivity of the sensor; (i)
Nanohole array parameters such as metal film thickness, periodicity and hole diameter,
(i) Noise in the system, (iii) Laser excitation wavelength and (iv) Efficiency of the
detecting camera.

Resolution is defined as the smallest change in refractive index that the sensor can
detect and is limited mainly by the noise of the system. A bulk resolution of 6x10” RIU
was demonstrated which is comparable to the state of the art commercial SPR sensor with
resolution of 1x107 RIU [64]. The design presented here is much simpler and allows for
multiplexed detection. These results are encouraging for biosensing applications [65, 66].

Nanohole arrays were fabricated using focused ion beam (FIB) milling in gold layers
of different thicknesses (100 nm, 300 nm and 500 nm) over a glass substrate. For
measuring change in intensity due a change in the index of refraction we used a
microfluidic flow channel which consisted of a polydimethylsiloxane (PDMS) microchip
made by rapid prototyping lithography [67].

Comprehensive FDTD simulations were carried out to optimize the required
periodicity, thickness and nanohole size; keeping in view the optimal sensitivity of the

CCD camera used in this experiment (~600 nm). Such an optimization allows for higher
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photon collection efficiency, and therefore low signal-to-shot-noise ratio. Metal film
thickness was also studied and it was observed that thicker films (300-500 nm) result in
better sensitivity. In practice, however, we are limited by the ability to make high-aspect
nanoholes in thick films and the duration of milling. Therefore, we did not attempt films

thicker than 500 nm. Details of this work are presented in Appendix G.

3.8. Relating Localized Nanoparticle Resonances to an Associated
Antenna Problem (Appendix H)

The objective of this work was to study the complex reflection coefficient from
arbitrary terminations of NRs, specially the simplest case of a circular rod with a
hemispherical termination. This work was carried out in collaboration with Dr. S. B.
Hasan from the institute for condensed matter theory and solid state optics in Jena,
Germany.

The phase of reflection from the ends of NRs has been a subject of study for some
time, and recently the phase of reflection from flat ended NRs was calculated [68]. Only
numerical solutions for the phase of reflection from hemispherical terminations are
available to date. It was the intention of this work to study the phase of reflection and its
effect on the resonance of nanowire antennas. Further, an attempt was made to derive a
simple analytical relation for the phase of reflection from such terminations, using the
law of power conservation.

Silver nanorods with radius smaller than 10 nm were considered. Numerically
calculated reflection coefficient from a hemispherical termination shows almost complete
reflection of the incident energy with nearly zero phase of reflection at longer
wavelengths. As wavelength approaches the surface plasmon wavelength the magnitude
of reflection falls drastically along with a gradual increase in the phase. Knowledge of the
phase of reflection can aid in the determination of resonance wavelength of a
nanoparticle. It is thus proposed that the localized surface plasmon resonance occurs at
frequencies where the phase of reflection of propagating surface wave approaches m.
Excellent agreement has been demonstrated regarding the resonant wavelength of
different nanoparticles and the ones predicted by the SPP model. Details are provided in
Appendix H.
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For the derivation of an analytical solution, we begin by calculating the fundamental
mode of the NR. The resulting field is then used for the calculation of absorption and
scattering from a sphere of same radius as the NR. The law of power conservation is then

=P, +F.+b, where B, P, P, and P  are the

abs scat ref inc >~ abs > scat

invoked which requires P,
incident, absorbed, scattered and reflected powers respectively. Our analytical solutions
produced similar trends as the numerical simulations but failed to provide a good
quantitative agreement, especially towards the longer wavelengths where the analytical
results showed a unity reflection coefficient. Therefore, these analytical results were not
included in the final manuscript. The disagreement is attributed to the fact that the

scattering and absorption of a hemisphere are approximated by half of that of a full

sphere.



36
Chapter 4

4 Summary, Conclusions and Future Work
4.1. Summary and Conclusions

The work presented in this dissertation focuses on the design of nanometer scale
structures for enhanced spectroscopic and sensing applications. Plasmonic properties of
metallic nanostructures have been explored for different applications presented in this
work.

One of the achievements of this work is the demonstration of single molecule Raman
sensitivity from top-down fabricated nanoantenna design. This design can prove very
useful in applications involving sensing and biomedicine. We introduced the idea of
DERS which is different from the traditional Raman enhancement resulting from local
field effects. DERS provides an additional two orders of magnitude enhancement and
thus pushes the limit of sensitivity to the single molecule regime. The DERS design
presented has the main radiation lobe out of the plane and therefore it is well suited for
typical microscope setups. For single molecule sensing our design has the important
advantage of minimized spectral averaging effect as compared to the previously used
method of colloidal solutions or random structures. Our results indicated the adsorption
of the dye lasting for typically a few seconds indicating that the process is reversible.

The self-assembled geometries considered in this work shed light on the optical
properties of ensemble of nanorods and their possible applications regarding
spectroscopy. It is shown that end-to-end assembly of NRs results in higher local fields
thus proving a desirable configuration for SERS. Side-by-side configuration of NRs
suffers from the destructive interference of the radial component of the SPP mode,
resulting in poor performance. Considering end-to-end assembly, our results show an
intensity enhancement of 4000x due to the very small gaps between neighbouring NRs.
This means an enhancement of 10’ which is approaching the required enhancement for
single molecule resonant Raman detection.

Another achievement of this work is the demonstration of an extremely sensitive
nanohole array sensor. The observed resolution of 6x107 is comparable to the state of the

art commercial sensor available today. Furthermore, our substrate based design allows for
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multiplexed detection. Resolution was improved by optimizing the operation wavelength,
array dimensions, system noise and consideration of the detector sensitivity. Our
experimental and simulation results indicated an improved resolution for thicker films
(300 nm, 500 nm) as compared to 100 nm thick gold films. This might be attributed to
the exponential decay of waveguide mode inside the nanohole.

We also presented a simple and insightful method of reduced coupled mode theory for
the design and analysis of grating structures. It is shown that in most non-resonant cases
only three modes are sufficient to predict the response of the structure with high
accuracy. This led to the derivation of design guidelines for broadband operations. In
case of resonant operation, more modes need to be considered for convergence. It was
also shown that even for the case of resonant grating structures, reduced CMT can be
used for optimization purposes.

Finally the phase of reflection from arbitrary terminated NRs has been investigated.
The calculated phase of reflection has been verified by comparison with the LSP
resonance of different nanoparticles. Knowledge of the phase of reflection can prove to

be useful for the design of nanoantennas.

4.2. Future Work
Regarding the directive radiation from nanoantennas, an interesting project for future

work would be the investigation of antenna arrays. Translation of antenna array concepts
from microwave antenna theory can lead to improved sensing at optical wavelengths. Our
work of single molecule detection using a single nanoantenna required slightly higher
analyte concentration comparing to the previous works on SM detection. For situations
where lower analyte concentrations are unavoidable, the antenna arrays can provide a
possible solution. We demonstrated the nanoantenna design for Raman experiments.
Future work can be directed towards the practical application of this design in the field of
biosensing.

Our work related to the self assembly of nanorods indicated sufficiently large Raman
enhancement factors to consider the detection of single molecules via resonant Raman
scattering. Future work could explore other geometries for higher local field

enhancements and can also explore hybrid metal-insulator structures for the said purpose.
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Sensing based of EOT through subwavelength arrays is a promising area for future
research. The influence of hole shape needs further investigation. Our preliminary results
on elliptical nanoholes indicated the possibility of improved sensing.

Another possible theoretical project would be the calculation of phase of reflection
from nanorod terminations. The method of single mode match can be used for this
purpose. In this method the nanorod termination is divided into a number of very short
segments of constant cross section. The method of mode matching (using only one mode)
is then applied at the intersection between two neighbouring segments for the

determination of the complex reflection coefficient.
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Abstract: We analyze high refractive index contrast sub-wavelength grating structures
using truncated coupled mode theory (CMT). CMT not only provides physical insight
into the role of each mode in the overall response, but also allows for improved design.
An analytic expression is derived for the design of broadband reflectors, providing a
near-optimal design, within 0.08% of the maximum broadband reflectivity calculated by
the finite difference time domain method. Furthermore, the CMT is used to design a high-
quality narrowband reflector with 28% improved quality factor over previously reported
results, as quantified by rigorous coupled wave analysis.

Index Terms: Photonic materials and Engineered photonic structures, Theory and

design, Engineered photonic nanostructures, Subwavelength structures.

Introduction
Coupled mode theory (CMT) has been widely used for analysis of guiding structures in

the optical regime for predicting the effects of periodic perturbations (periodic in the
longitudinal/transverse directions) in an otherwise perfect guide [1]. Since its first
introduction in early 1950s for microwave devices [2], CMT has experienced a long
series of developments and by the early seventies it was applied to optical devices [3-4].
The method is rigorous if all modes are included and CMT can yield extremely accurate
results even if a small subset of the modes is retained; however, CMT can be more
efficient than other methods, such as rigorous coupled wave analysis (RCWA) or finite
difference time domain (FDTD), by selecting the appropriate modal expansion.
Furthermore, CMT is not limited to periodic boundaries, and can be applied quite

generally; for example, recently, perfectly matched layer (PML) has been introduced into
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the formalism of CMT to simulate an unbounded geometry by discretizing continuous
radiation modes while having negligible effect on the bound guided modes [5].

Optical diffraction gratings have been studied for years for their applications in
filtering, spectroscopy [6-8], lasers and other optoelectronic devices [9-10]. Recently,
these structures were employed for bio-sensing applications as well [11]. Gratings with
period smaller then the incident wavelength are referred to as sub-wavelength gratings, as
a result all higher order modes are evanescently bound, which leads to interesting effects.
Typical applications include reflectors for vertical cavity surface emitting lasers
(VCSELs) [12-14], high efficiency light emitting diodes [15], and ultra broadband
mirrors [16]. High-index-contrast gratings (HCGs), also known as suspended gratings,
differ from the conventional sub-wavelength gratings by the fact that the grating structure
is surrounded by a low index material. The HCG was first proposed in 2004 [16-17] and
since then has attracted attention for the development of broadband high reflectivity
mirrors due to the high index contrast in the in-plane direction. In the past, numerical
methods such as RCWA [18] and FDTD method [19] have been used to analyze such

structures; however, those methods can be computationally taxing and do not provide the

1T
P 4

Figure A-1: High-Index Contrast Grating (HCG) with period A, width w
thickness d and spacing s . Incident electric field is parallel to the grating (TE).

physical insight of CMT.
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In this paper, we present a CMT approach for the design and analysis of HCGs to

achieve close to optimal dimensions for a specific application and to understand the
underlying physics as it relates to the coupling between optical modes. For the HCG
problem, while CMT mode selection provides only a modest reduction in expansion
order over RCWA, the CMT method allows for clear insight into the physics of the HCG
operation in different parameter regimes, as well as efficient design of near optimal
structures. For the HCG examples considered here, CMT provides accurate results for as
few as 3 modes, showing that these modes indeed have a dominant role in the response of
the system. In Section II, we present the HCG structure and describe the CMT method.
Section III presents the results and discussions. First, the constraint on coupling
coefficients to yield broadband response is derived, and the results obtained are compared
with FDTD and RCWA simulations. Secondly, high quality (Q) resonators are
considered in order to maximize the Q-factor by the adjustment of parameters and the

results are compared with RCWA.

CMT Formulation
Figure A-1 shows the HCG structure to be analyzed, the structure is periodic in the x-

direction, and the three parameters that dictate the reflectivity of the grating are

period (A), width (w) and thickness (d). The ratio of width (w) to period (A) is defined
as the duty cycle (7). The periodic structure is assumed to be surrounded by a
homogeneous low index material with refractive index (n,), whereas the refractive index
of the grating is (n,). The polarization of incident excitation is taken to be transverse

electric (TE) with respect to the xz-plane.

The coupled mode equations governing the mode amplitudes are given as (from [5])

da M M
Nm( dm +jﬂmamj:_jzl(mnan _]Zlmnbn (A1a)
Z n=1 n=1
db M M
Nm[ o jﬂmbmj =)D X, +J D Kb, (A1.b)
zZ n=1 n=1

where a, and b, are the mode amplitudes of forward and backward travelling modes

respectively, g 1is the propagation constant, «, and y, are the coupling coefficients
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between co-directional and contra-directional propagating waves, respectively. These are

defined as

2
K, =2 [ = 1*Xe, e, — =xe.,e., )dvdy (A2.a)
4 n
2
Lo =2 [[ @ =) e, e, + 5 e.e., )dxdy (A2.b)
4 n
Ko = Ko (A3)

In the case of TE polarization
Kmn = Zmn (A.4)

Finally, the normalization constants N, are defined as

1
N, =—||(e, xe,)dxd A5
w =5 [ (e xe, )dxdy (A5)
where o 1is the angular frequency of the incident excitation, ¢, is the permittivity of

free space, n and n are the refractive indices of the unperturbed and perturbed structures

under investigation respectively, e

~and e, are the transverse and longitudinal
components of the m” mode respectively.

Due to the periodic nature of the problem, the chosen modes bare close resemblance to
the Fourier modes found in RCWA. The choice of a cosine wave expansion (motivated
by the symmetry within the period) does not provide significant reduction in the modes
used. Therefore, in this case, as a pure computational method CMT is not better than
RCWA for the HCG problem; however, as we will show in the following analysis, CMT
provides additional physical insight into the HCG operation in terms of mode coupling

and analytic design criteria can be advised with this approach.

In the following analysis we consider only three modes (M =3): the fundamental
excitation (plane wave with amplitude «,) and the first two evanescent higher order
modes (cosine waves with amplitudes a, and a,). The coupling equations are given as

[X] =[4]x[X] (A.6.a)
where ' signifies differentiation with respect to z and

[X]:[al a, a; b b bs]T (A.6.b)



__Kn _:6'1 _Klz _K13 _an _lPI2
_KZI _Kzz _ﬂz _K23 _\le _Tzz
[A] = _K31 _K32 _K33 - ﬂ3 _\{131 _\P32
Y Y, ¥ Ky +p K,
¥y Yo, ¥y K Ky+p,
L ¥y ¥, Yy K, Ky,
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K

K23
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(A.6.c)

where K, =x,, /N, and ¥, =y, /N,. We define all these variables in terms of the

m*

dimensions of grating and the incident wavelength, after performing the required

integrations we obtain
K, =pBq
K, =K, sinc(zw/ A)

K,; =K, sincCzw/A)

K, = Z%K“sinc(ﬂw/ A)

2

K, = % K, (1+sinc(2zw/ A))

2

K, = %KH (sinc(zw/ A) +sinc(3zw/ A))

2

K, = ZQK, sinc2zw/ A)
3

K

3

) = %KH (sinc(rw/ A) +sincBzw/ A))

3

K, = %KH (1+sinc(4zw/ A))

3

where ¢ and propagation constants are defined as

_(n —n))w
2A
27
b 2/1—0

(A.7.a)
(A.7.b)

(A.7.c)

(A.7.d)

(A.7.e)

(A7)

(A.7.9)

(A.7.h)

(A.7.i)

(A.8.2)

(A.8.b)

(A8.c)
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24, Y
Bi=5 1—[ Aj (A.8.d)

Eq. A.6. is a system of coupled first order differential equations, it merely represents an

eigenvalue problem, the solution is given as

[X] _ |:€iaZVa elhzl/; el“ZVC e/lszd elezVe elf’sz :I % [C] (A.9.2)

T
[C]:[c1 c, ¢ ¢ C cﬁ] (A.9.b)
where elements of C are the unknown coefficients that need to be determined from the
boundary conditions, A, are eigenvalues and ¥, are the corresponding eigenvectors. We

need six boundary conditions to solve the system of Eq. A.9. The structure is excited with

a forward propagating plane wave only, with amplitude @, =1 at z=0, thus the backward
propagating plane waveb has an amplitude of 0Oat z=d. The remaining boundary

conditions are dictated by the possibility of existence of the evanescent waves.

Evanescent waves g, and ¢, are exponentially increasing with respect to z, therefore these
must have zero amplitudes atz=d and similar constraints apply to b,and b,at the

z=0boundary. Application of these boundary conditions results in

[C]=F"'x[1 0 0 0 0 0] (A.10.a)
where
I I/al I/bl I/cl le I/el Vf'l |
e v, e v, e&chz ol v, o v, ez,dez
eﬂ,ﬂd I/a3 elhd I/b3 €ﬂ[dV eldd Vd3 eled vV eﬂ/dV

Ad
eV,

Q
Q

[F]= “ “ 73 (A.10.b)
}““dV eldd Vd4 eledV

d Jod
Vi €V, 4 e4
Vs Vis Ves Vis Vs Vs

V:zé Vbé Vce Vd6 Vee er

where V,, is the n" element of ;" eigenvector.

It is interesting to note that at a specific wavelength and dimensions of the gratings, F
is nearly singular, this is the condition that results in exponential rise of C and thus we
observe huge field enhancement of the higher order modes, as will be shown in the

results.
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Figure A-2: HCG designed to operate as surface-normal broadband mirror at
wavelength of 850 nm, period A=620nm, width w=220nm and thickness
d =140 nm. Reflectivity using the CMT and RCWA with only three lowest order
modes, along with fully converged RCWA (8-modes) and FDTD.

Results and Discussions
We analyzed HCG for two different applications, namely (a) broadband mirrors and (b)
high-Q resonators. Comparisons with RCWA [20] and FDTD verify that this approach

produces accurate and insightful results.

HCG for Surface-Normal Broadband Mirrors
We first demonstrate the accuracy of the results obtained by using CMT with only

three lowest order modes. Figure A-2 shows the reflectivity of HCG designed to operate
at a wavelength of 850 nm at normal incidence. The grating is comprised of rectangular
strips of AlGaAs with refractive index of 3.2 surrounded by air. The dimensions of the
grating are, period A=620nm, width w=220nm, and thicknessd =140nm. The
reflectivity spectra obtained using RCWA and FDTD are also plotted in Figure A-2 for
comparison. It should be noted that CMT and RCWA give exactly the same results when
equal number of modes are used, therefore the results presented using RCWA are
equivalent to that of CMT results (fully converged for 8 modes). The advantages of using
CMT with few modes are the ability to visualize the mode amplitudes as a function of

distance along the propagation direction and the understanding of their interaction with
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each other. While RCWA matches FDTD, the CMT response is slightly shifted towards

longer wavelengths. Nevertheless, it should be noted that though the result is obtained
using only three modes, it is in good agreement with those of RCWA and FDTD.

One of the advantages of a CMT approach is the possibility of an analytic design for
broadband applications. To derive the necessary conditions for broadband response we

rewrite matrix 4 of Eq. A.6c, but for the case of M =2as

A:j{D E} (A11)
-F -D

where D and E are 2x2 matrices representing the coupling between co-directional
and contra-directional propagating modes respectively. For broadband response we look
for the condition when the absolute difference between co-directional coupling and

contra-directional coupling changes slightly over the band of operation, therefore the

required condition is |D| = |E| Since the off-diagonal elements cancel:

(Kn + ﬂl)(K22 + ﬂz) =K, K,, (A12)

1500\ s (K )0,%B,));
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Figure A-3: Same mode co-directional (blue solid line) and contra-directional
(green dashed line) coupling as a function of wavelength for the determination of
broadband response. Parameters are A=443nm, w=160.8nm, d=99nm
andn, =3.2.
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Therefore when the product of self-coupling approaches the product of coupling
coefficients of same but contra-directional propagating modes then broadband response is
observed. Figure A-3 shows a plot of Eq. A.12 designed to operate at wavelength of
600nm, it is this small difference around the center wavelength that causes the
broadband response. Eq. A.12 leads us to the following condition for broadband

operation

2_ 9 o, : 27[_W
By _(1+q)'81 (1+smc( i D (A.13)

For a specific grating index and wavelength of interest, Eq. A.13 can provide the

required period A and duty cycle 5. Figure A-4a shows the points satisfying Eq. A.13

for a grating index of 3.2 designed to operate at a wavelength of 600 nm. Once the period
and width are determined from Eq. A.13, the next step is the determination of grating
thickness d . It should be noted that the design rule of Eq. A.13 is not just for broadband
high reflectivity, it can also be used for the design of broadband high transmittance
structures, depending on the thickness 4 . With the dimensions obtained from Figure A-
4a we can calculate the required grating thickness resulting in a minimum transmitted

power through the grating, which corresponds to the zeros of the fundamental mode a, at
z=d . Figure A-4b shows the mode amplitude of the forward propagating modea, at

z=d as a function of thickness, dictating the thickness to be 99 nm (d =138 nm will
result in broadband high transmittance). Our proposed design guideline provides
following dimensions for design A with center wavelength of 4=600nm, A=443nm,
w=160.8nm and d=99nm. Figure A-4d shows mode amplitudes as a function of
distance along the propagation direction z of the incident excitation.

To investigate the accuracy of the design procedure, comprehensive numerical
simulations using FDTD method were carried out. (FDTD was used here because it is
efficient for broadband calculations; however, a few calculations were selected and
showed agreement with RCWA). A comparison of the results obtained using CMT and
FDTD methods is shown in Figure A-4c. FDTD verifies the broadband characteristic of
the design. For design criteria of reflectivity higher than 99% over the entire band of
operation, FDTD results show that the width w can range from 153 nm to 178 nm. It is

noted that the value of 160.8 nm predicted by the proposed design rule falls within this



53

range. Furthermore, it is also observed from FDTD results that the minimum ripple in
reflectance is achieved for w=167nm, resulting in reflectance value of higher than
99.48%, whereas Design A gives a reflectance higher than 99.4% over the entire
bandwidth. This confirms that, in this case this design approach provides near optimal
results in terms of ripple. Achieving a large reflection over the band of operation is

desired for many applications, such as VCSELs [12-14].
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Figure A-4: (a) Design of broadband reflector for center wavelength of 600 nm,
with grating index of 3.2. (b) Forward propagating fundamental mode amplitude
at z=d for the determination of the optimal thickness. (c) Reflectivity obtained
using CMT and FDTD for design A and for slight variations in width.
Dimensions for design A are A=443nm, w=160.8nm and d =99 nm. (d) Mode
amplitudes as a function of distance along the propagation direction z of the
incident excitation.

HCG for High-Q Resonators
Another interesting application of HCG is its use as a very narrow band reflector or

high-Q resonator. Precise adjustment of the dimensions can lead to the condition that the
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average energy in the forward going mode is completely coupled into the backward
propagating modes at the opposite interface of structure over a very narrow band of
frequencies. This condition is achieved when the matrix F given by Eq. A.10b becomes
nearly singular, which is approached when any two rows of F become linearly
dependent [21].This results in very large values of the coefficients C of Eq. A.9 with
strong coupling to higher order modes.

To calculate the quality factor of such a resonator we compare the response to a Fano-
resonance [23], which is given by:

_r(@-0,) + (/1) -2(e-a,)1/7)

R
(w-o,) +(1/7)

(A.14.a)

where «, 1s the resonant frequency, 7 is the resonance lifetime, » and ¢ are reflectivity

and transmittance of a slab of the same thickness as the grating structure being studied.
Fano-resonance occurs due to the interference between a narrowband and broadband
scattering phenomenon, which in the case of HCG comes from the transverse higher
order harmonic interference with the zero order mode. The quality factor of the resonator
is given as
O=ar (A.14.b)

The stronger the interaction of the incident normal mode with the in-plane higher order
harmonics, the narrower the resonance. It should be mentioned here that these narrow
band resonator structures are extremely sensitive to dimensions, and the numerical
calculations can require a large number of modes to be accurate.

Figure A-5a shows the points of maximum field strength for the first higher order

mode, a, , as a function of period and duty cycle of the gratings with a slab thickness of
d =625nm and grating index n, =3.078, using the proposed method. Two designs are

pointed out for comparison and to demonstrate the strength of the method in finding an
improved configuration. Design C with period of 812 nm was proposed previously [22].
Design D results in a Q-factor of 46 times higher than Design C. It should be noted that
these values were obtained using only three modes. To obtain full convergence, however,
RCWA requires at least 18 modes, as shown in Figure A-5c. (In this case, RCWA is
better suited for the high-quality simulations, which require long simulation times with

FDTD; however, close agreement was found with FDTD simulations with a long
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integration time). The Fano-fit is also plotted in Figure A-5c. Q-factor values obtained

from the fit are 66x10° for Design C and 85x10° for Design D.
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Figure A-5: (a) Maximum field strength of the first higher order mode a, versus

period A and duty cycle n with thickness d=625nm and grating refractive
index of 3.078 using CMT. (b) Comparison of the two designs regarding the
strength of interaction between the incident and the evanescent higher order
modes. (c) Reflectivity, using RCWA with 18 modes. For Design C
w=519.68nm, A =812nm and for design D w=519.27, A =828nm. Q values
obtained from the fit are 66x10’and 85x10° for design C and D respectively.

There is a significant reduction in the actual Q factor in the fully converged case;

however, the trend of increase in Q is maintained for the RCWA (as with the CMT

method): going from Design C to D shows an increase of 28% in the Q value. Therefore,

the CMT method improves the performance of these high-Q resonators, as well as

providing suitable parameters for strong coupling to the first higher order mode.
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Conclusion
We presented a CMT method to explore the characteristics of high-index-contrast

gratings over a wide range of design parameters such as period, duty cycle, thickness and
wavelength of operation. A design procedure was presented for broadband high
reflectivity applications that showed near optimal performance in terms of broadband
reflection with minimal ripple. Such broadband reflectors are of interest for numerous
applications, including tunable VCSELs. The method was also used to search for higher
Q resonators, with a 28% improvement over past results demonstrated. These high-Q
resonators are of particular interest for sensor applications. Other desirable features of the
CMT method are its efficiency, simplicity and ability to provide physical insight. It
should be mentioned that the method provides estimates for an optimal design and, once
the dimensions are estimated for desired operation, RCWA/FDTD or any other rigorous
method (including higher order CMT) can be used to accurately describe the optical

properties of these structures.
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Antenna Design for Directivity Enhanced Raman Spectroscopy

Aftab Ahmed, Yuanjie Pang, Ghazal Hajisalem and Reuven Gordon*
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ABSTRACT: Antenna performance can be described by two fundamental parameters:
directivity and radiation efficiency (RE). Here we demonstrate nanoantenna designs in
terms of improved directivity. Performance of the antennas is demonstrated in Raman
scattering experiments. The radiated beam is directed out of the plane by using a ground
plane reflector for easy integration with commercial microscopes. Parasitic elements,
parabolic and waveguide nanoantennas with a ground plane are explored. The
nanoantennas were fabricated by a series of electron beam evaporation steps and focused
ion beam milling. As we have shown previously, the circular waveguide nanoantenna
boosts the measured Raman signal by 5.5x with respect to a dipole antenna over a
ground plane; here we present the design process that led to the development of that
circular waveguide nanoantenna. This work also shows that the parabolic nanoantenna
produces a further four-fold improvement in the measured Raman signal with respect to a
circular waveguide nanoantenna. The present designs are nearly optimal in the sense that
almost all the beam power is coupled into the numerical aperture of the microscope.
These designs can find applications in microscopy, spectroscopy, light emitting devices,
photovoltaics, single photon sources and sensing.

KEYWORDS: Plasmonics, optical antennas, nanoantennas, directivity, Raman

scattering.

Introduction
Antennas have been widely used in radio communications for more than a century for

efficient transmission of information over long distances. Since its discovery in 1895,
enormous progress has been made with better control of antenna parameters (for a brief
history see [1] and references therein). For example, directional emission was
demonstrated by Yagi-Uda in the microwave regime [2] where the radiation from the

feed element is directed with the assistance of reflector and director parasitic elements.
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The directivity of antennas has played a vital role in microwave communication systems,
specifically in satellite communication for the realization of high gain antennas.

Radio antennas provide solutions to communication problems, whereas recent
developments for realization of optical antennas were mainly dictated by microscopy and
spectroscopy applications [3, 4]. Typically antennas have dimensions of the order of the
operating wavelength, requiring antenna dimensions in nanometers for operation in the
visible regime. In the visible-IR regime, the metal cannot be taken as a perfect conductor
and the nanoantenna design must be modified due to plasmonic properties [5-8]. Recent
developments in the nanotechnology have made the fabrication of such small structures
possible, leading to the development of optical single element and Yagi-Uda equivalent
nanoantennas [9-20]. Directing the emission from optical emitters is highly desired for
efficient detection, and by reciprocity, efficient excitation as well. Typical applications
include light emitting devices [21, 22], photovoltaics [23-27] sensing [28, 29],
spectroscopy [30-32], single photon sources [33, 34] and microscopy [3, 35, 36].

In a recent work, our group has shown that the scattered radiation from nanoparticles
can be directed out of the plane of substrate and into the collection microscope using a
ground plane reflector [37]. Enhancement of over 50x was observed in the measured
Raman signal as compared to nanoprisms over a glass substrate. We also demonstrated
recently an experimental work on waveguide nanoantenna to boost the Raman signal by
beam forming in the lateral plane [38]. A further 5.5 x enhancement was observed with a
circular waveguide nanoantenna as compared to a dipole nanoantenna over a gound
plane.

The main objective of this work is to present the design of planner nanoantennas for
optimal performance in directivity-enhanced Raman scattering (DERS). Here we present
the details of the design process that led to the development of circular waveguide
nanoantenna, the different designs considered for beam forming in the lateral plane and
the possibility of higher local fields for further Raman enhancement. We also show
experimentally that the parabolic reflector can enhance the Raman signal by 4x as
compared to the circular waveguide nanoantenna owing to its improved directivity and

enhanced local fields, however, it is challenging to fabricate.
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Antenna Design Parameters
The total power radiated by an antenna can be given as

Zf
0

where p(6,¢) is the normalized angular power density also know as radiation pattern

B p(0,9)sin(0)d0d ¢ (B.1)

S 3N

of an antenna. Directivity is defined as the antennas ability to radiate in a specific

direction more efficiently as compared to a hypothetical isotropic radiator [39]

47
D=——p(0 B.2
7 p(6,9) (B.2)

rad

Considering the numerical aperture (NA) of the microscope objective, a more suitable
parameter for describing the beam forming ability of an antenna is the beam efficiency
(BE).

27 6

[ [ p(6.$)sin(0)dody

BE =22 (B.3)
Rad

where 6, is the cone half angle. Cone angle of 30 degrees was calculated from the
measured spot size 'd' of approximately 1.5 um, using: 6, =sin"'(1/2d). This
corresponds to a NA of 0.28.

Radiation patterns of single element nanoantennas are typically dipolar in nature

resulting in poor directivity (D, =1.5). Directive emission at optical wavelengths has

been achieved using multi-element nanoantennas [11, 13, 40]. Radiation patterns of those
antennas reveal that the main beam is directed in the plane of the substrate thus cannot be
readily used in an ordinary microscope setup. Further, vertical Yagi-Uda nanoantenna has
been realized using top-down approach [15]. Improved directivity at optical wavelengths
can have tremendous impact in areas such as optical microscopy, spectroscopy, sensing
and applications involving single photon sources, where efficient collection and emission
is critical.

Another important factor in the context of Raman measurements is the local field
strength. It has been recently shown that maximum field enhancement results when

power radiated by the antenna is equal to the power loss in the antenna [41-43]. This is
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commonly referred to as impedance matching in microwave antenna theory [39]. Even
higher local field can be achieved by reducing the mode volume of the antenna by

reducing the feedgap between the two elements of the dipole antenna [43].

Design and Fabrication
In this paper we investigate different nanoantenna designs for DERS with the desired

features of out of plane radiation and enhanced local fields. The introduction of ground
plane prevents loss of scattered radiation into the substrate and proper adjustment of
antenna distance from the ground plane can result in radiation enhancement out of the
plane. Further improvement of directivity is demonstrated by beam shaping in the lateral
plane using different designs including parasitic elements, waveguide antennas and
parabolic reflectors. The multilayer substrate is fabricated by electron beam evaporation
and the different designs are milled using focused ion beam (FIB).

Figure B-1 illustrates the multilayer substrate used for the fabrication of nanoantennas
studied in this work. The antennas were designed to be tested under Raman microscope.
The dimensions of different layers and the dipole antenna were calculated to achieve best
performance at wavelength of 840 nm (mean of excitation and Raman scattered
wavelengths). The antenna consists of a 130 nm long and 50 nm wide dipole.
Traditionally, dipole antenna characteristic lengths were of the order of wavelength of

operation (4/2), but the real metal response requires that shorter effective wavelengths

are introduced for the determination of dipole length in infrared and optical regions [7]. A

150 nm thick gold layer was used as ground plane to ensure that it was optically thick.

Diopole

antenna\ ~130nm |

40 nm

Ground (Au) 150 nm

Figure B-1: Multilayer substrate to control the radiation pattern of a dipole
antenna. Thicknesses of ground plane, dielectric (Ti02) spacer and top gold layer
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are 150 nm, 40 nm and 50 nm respectively. Dipole antenna length of 130 nm
with a 20 nm feedgap was used to operate at wavelength of 840 nm.

The optimal thickness of dielectric spacer (TiO;) was calculated numerically to be
40 nm using finite-difference time-domain (FDTD) simulations. It should be noted that
this is smaller than the typical quarter wavelength value due to penetration into the metal,
as well as impedance matching effects [43].

The multilayer substrate was fabricated by evaporation of gold and TiO, onto glass
substrate by means of electron beam evaporation under a pressure of 2x10° Torr. The
proposed nanoantenna structures were milled on the top 50 nm thick gold layer using
FIB. Figure B-2 shows the different nanoantennas investigated in this work for normal
emission. Relative efficiencies of these structures are discussed in the simulation section
below, where it is shown that the circular waveguide nanoantenna shown in Figure B-2c,

results in best performance in terms of directivity.

(b)

(a)

Figure B-2: (a) Dipole antenna over ground with two parasitic reflectors 150 nm
long and 100nm from the feed element. (b) Dipole antenna over ground plane
with a square reflector of length 500 nm (square waveguide antenna). (c) Dipole
antenna over ground plane with a circular reflector of radius 250 nm (circular
waveguide antenna).

Another promising design translated from the microwave antenna theory is that of the
parabolic reflector antenna. We demonstrate DERS from the beam forming abilities of a
parabolic reflector nanoantenna. Figure B-3 shows the schematic of the parabolic
nanoantenna. A paraboloid shaped trench was milled into a silicon wafer using FIB. As
shown in the figure, the focal length of this paraboloid was designed to be 500 nm, and
the diameter of the top circle is 2 um. A layer of 100 nm thick gold (optically thick) was
evaporated onto the silicon wafer by means of electron beam evaporation under a

pressure of 2x10°° Torr.
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The conformity of the evaporated layer to the hole on silicon creates a parabolic
reflector antenna on Au layer. PMMA was then spin-coated on top of the Au layer as a
spacing dielectric layer. We chose PMMA and the spin-coating technique to make the
spacer layer for reasons of simplicity and repeatable thickness control. Finally, Ag
nanoprisms, synthesized in water by white-light assisted conversion of spherical
nanoparticles [44], were mixed with 3uMol rhodamine 6G dye and drop-coated onto the
PMMA surface. The nanoprisms serve as the feed of the parabolic reflector nanoantenna.

The experiments of [37] are first repeated using PMMA for the determination of
optimal thickness of the PMMA layer. As a result (not shown), the first and second order
coherent SERS enhancement peaks are found at 120 nm and 420 nm PMMA thickness.
We choose to spin-coat 420 nm PMMA (corresponding to the second order SERS
enhancement) onto our parabolic reflector, since this thickness is more compatible with
the focal length of our parabolic reflector, bringing the feed Ag nanoprism near the

paraboloid focal point.

Ag nanoprism

& A A 4

. A 4200m
|\\
. < PMMA >
| \\-.‘_‘ - -7-7{{/// =
| \\H:Aui_,,/
I S Sl
| —2000nm —_—»

Si

Figure B-3: The schematic drawing of the proposed parabolic reflector
nanoantenna.

Simulation Results

The proposed structures were simulated using FDTD method. The simulation domain
was terminated by perfectly matched layers (PMLs) for minimal reflections. The antenna
structure was enclosed by a set of 2D field monitors forming a box to perform far-field
projections and for the determination of field patterns. For the antenna structures shown
in Figure B-2, an electric dipole source located at the feed-gap of the dipole antenna was

used to excite the nanoantenna.
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FDTD simulations indicate the following parameters for best performance for each
type of antenna. Two 150 nm long parasitic reflectors, 100 nm away from the feed
element resulted in a half power beam width (HPBW) of 110 degrees in the xz-plane.
Radiation patterns of this structure show a very broad HPBW in the yz-plane. To further
improve the directivity in both planes we introduced reflectors parallel to the x-axis as
well. It was demonstrated numerically that a square reflector with length of 500 nm
resulted in best performance. The corresponding HPBWs are 85 degrees and 90 degrees
in the xz and yz-planes respectively. Even better performance is observed by using a
circular waveguide antenna as shown in Figure B-2c, producing a symmetrical beam out
of the plane of substrate with HPBW of 85 degrees in both planes. Figure B-4a, b shows
the radiation pattern in the xz and yz planes respectively at the wavelength of 840 nm. It
can be seen that in the absence of ground reflector, most of the scattered power is

directed into the substrate and away from the microscope objective.

180 |

dipole over a glass substrate
= = = dipole over a ground plane
----- square waveguide nanoantenna
® circular waveguide nanoantenna
parabolic reflector nanoantenna

Figure B-4: Radiation patterns of a dipole antenna on a glass substrate, dipole
over ground plane, square waveguide nanoantenna (side length = 500 nm),
circular waveguide nanoantenna (radius = 250 nm) and parabolic reflector
nanoantenna. Calculated using far field projections of 3D FDTD simulations (a)
xz plane (b) yz plane.

The circular waveguide nanoantenna gives a nearly optimal radiation pattern resulting

in the collection of almost all of the scattered light by a numerical aperture of 0.75. The
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radiation patterns of the parabolic reflector is also plotted in Figure B-4 for comparison.
It can be seen that the parabolic reflector nanoantenna results in an even better directivity
as compared to the circular waveguide nanoantenna.

The ring-reflector acts to create a lateral standing wave that reflects light back towards
the central dipole antenna structure. This is most similar to the waveguide antenna, which
has a lateral resonance when the wavelength is 3.4x the radius of the circular waveguide
(i.e., at the lowest order mode cut-off) [39, 45]. Larger and smaller radii do not provide
this resonance at the desired wavelength of 840 nm and thus give in smaller directivities.
The radiation patterns of circular waveguide nanoantenna with slightly smaller and larger
radii (not shown) show splitting of the main beam into two lobes, thus lowering the
directivity in the normal direction.

Since the present design is optimized to work at around 840 nm, this corresponds to a
radius of 250 nm, which is precisely the radius value that was found to give the greatest
DERS in the experiment. The beam forming for this antenna design allows for directive
emission into a numerical aperture of approximately 0.75; therefore, it is well suited for
microscope setups.

Another parameter dictating the intensity of Raman signal is the local field
enhancement that arises from plasmonic resonances, tapers, gaps and high-curvature in
the antenna design [46, 47]. Impedance matching and reduction of mode volume of the
antenna provides maximum local field enhancement [43]. Figure B-5 a, b shows the local
field intensity in the antenna gap for gap sizes of 20 and 5 nm respectively at the design

wavelength of 840 nm (log scale).
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Figure B-5. E field intensity (|E | / |E0|)2 at the design wavelength of 840 nm for
(a) gap size of 20 nm (b) gap size of 5 nm (log scale).
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By reducing the gap size from 20 nm to 5 nm, the normalized E field intensity

(E|/|E,|)* increases by approximately 1000x. Intensity of Raman signal is proportional to

the square of £ field intensity thus we expect an enhancement of 10°. The feedgap of the
fabricated circular waveguide nanoantenna was 20 nm. Thus it is clear that the Raman
signal can be considerably enhanced by reducing the feedgap, which is a challenging
task.

Now we present the simulation results of the parabolic reflector nanoantenna. Figure
B-6 shows the electric field intensity profile at a vertical segment of the structures at the
design wavelength of 840 nm. It can be seen that the local field intensity at the Ag prism
over a parabolic reflector is much larger than that over a planar reflector. From the field
intensity profiles in the PMMA layer, it can be seen that the Ag nanoprism is placed at
the second anti-node of the parabolic reflector at 840 nm wavelength, the same as in the
planar reflector case; it is also at the focal point of the paraboloid. Therefore, the two
effects, constructive interference and focusing, combine to give the enhanced Raman
signal. Our parabolic reflector is able to collect more power from the incoming Gaussian
wave to the Ag nanoprism feed element, indicating a better coupling between the far- and

the near-field, or in an conventional antenna concept, a higher directivity.

Figure B-6: FDTD simulation results comparing the vertical segment electric
field intensity profiles of an Ag nanoprism above (a) a parabolic reflector and (b)
a planar reflector. The white dotted lines show the Au ground plane and the
PMMA layer surfaces. The color map is in dB scale.
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In terms of Raman enhancement at the Ag nanoprism feed element, the relative Raman

signal enhancement is proportional to the product of the excitation field intensity

E ? The Raman enhancement factor

raman

E. |"and the emitted Raman field intensity

exc

was computed at the near-field of the Ag prism (within a rectangular box 10 nm away
from the Ag prism). It was found from the local field enhancement that the Raman
enhancement near an Ag prism in a parabolic reflector arrangement is 40x larger than in
a planar reflector arrangement. It is due to this high local field effect that the parabolic
reflector nanoantenna results in a stronger Raman signal as compared to the circular
waveguide nanoantenna (of Figure B-2¢) which produces only 1.2x enhancement of the

local field by the introduction of the circular ring around the dipole over a ground plane.

Raman Scattering Experiments
Raman scattering experiments were carried out for the fabricated circular waveguide

and parabolic antennas using Rhodamine 6G as the Raman dye excited by a 785 nm laser.
For this CW excitation, there is negligible two-photon fluorescence, which would show
up as background in the Raman spectrum. The emitted wavelength at 1509 cm™ Stoke’s
line (A =890 nm) was measured using a Renishaw inVia Raman microscope with a 100X
objective and a spot size 'd' of approximately 1.5 um (as determined by mapping
experiments). Raman dye, Rhodamine 6G (400 uM in ethanol) was drop coated and the
sample was allowed to dry for 6 hours.

Figure B-7a shows the measured Raman signal intensity as a function of Raman shift
using the circular waveguide nanoantenna. The circular reflector with radius of 250 nm
resulted in the strongest DERS signal as is predicted by the numerical results of Figure B-
4.

For comparison, detected intensities from dipole over ground and from the un-milled
regions of the top gold surface (without any dipole antenna) are also shown. A dipole
antenna of same dimensions and on the same substrate was fabricated by removing a ring
of diameter 10 um, to approximate the absence of the ring structure. This dipole over
ground is used as the reference for the calculation of EF. The measured spot size of
1.5 um results in illumination of an area of 1.76 (um)?, which is much larger than the area

of the antenna gap. From the results of Figure B-7a, it can be seen that the contribution
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from the gold surface alone (i.e., without the antenna) is small when compared to that
from the antenna. It should be noted that the Raman scattering intensity is boosted about
5.5x as compared to dipole over ground and about 13x with respect to the top Au surface.
Note that this 5.5% increase is in addition to the 50x signal increase by use of the ground
plane [37], and this additional enhancement is attributed to the improved directivity of the
ring structure. Thus the total enhancement from the circular waveguide nanoantenna can
be estimated to be 275x as compared to nanoparticles on a glass substrate. Figure B-7b
shows an SEM image of the fabricated circular waveguide nanoantenna.

To demonstrate that the observed increase in Raman intensity is mainly from antenna
directivity and with only a small contribution from local field enhancement, we
calculated the enhancement factor arising from local electric field (EFj,) in the antenna
feedgap. EFjoc = |Eexc|2 IEscatlz, where [Eexc |2 and |Escat|2 are the electric field intensities at
the excitation wavelength of 785 nm and Stokes shifted scattered radiation at wavelength
of 890 nm, respectively. We observe maximum EFj,. = 1.2. The measured 5.5% increase
in Raman intensity is thus predominantly from improved directivity of the antenna.
Numerically calculated EF using beam efficiency and radiation patterns of Figure B-4

with cone angle of 30 degrees is in excellent agreement with the experimental results.
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Figure B-7. (a) Raman spectra from the nanoantenna structure for various radii of
circular reflector, dipole over a ground plane and the top unmilled Au surface. (b)
Scanning electron microscopy image of the fabricated circular waveguide
nanoantenna.

Figure B-8 shows an SEM of an Ag nanoprism (a), the scanning ion microscopy image

of the fabricated structure (b) and a 6x6 pm” map of the Raman signal of the 1509 ¢cm™
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Stokes line around a parabolic reflector nanoantenna (c). A clear enhancement to the
Raman signal is obtained from the parabolic reflector nanoantenna as compared to the
surrounding area, where it is equivalent to a planar reflector nanoantenna. By comparing
the maximum Raman signal from a parabolic reflector nanoantenna to the average

surrounding signal, a 22x enhancement is obtained.
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Figure B-8: (a) Scanning electron microscopy image of Ag nanoprism. (b) A
scanning ion microscope image of the paraboloid drilled on silicon taken directly
from the FIB. (c) A 6x6 pm® map of the Raman signal around a parabolic
reflector nanoantenna.

Our previous experiments on Ag nanoprism over planar reflector experiments have
already shown a 50x Raman enhancement as compared to Ag nanoprisms on glass
(without any reflector) [37]. Combining the result of this work and Ref. [37], we estimate
that our designed parabolic reflector structure can enhance the SERS signal from metallic
nanoprisms by 1100x. In other words, by directivity engineering, we have boosted the
SERS signal from isolated metallic nanoprisms by 3 orders of magnitude.

We confirm that this high signal is not from an aggregation of nanoprisms by taking an
SEM image of the antenna. We explain the Raman enhancement with respect to only
nanoprisms on glass substrate by the high directivity from the parabolic antenna and
enhanced local fields. In a SERS experiment where the nanoprisms are deposited directly
onto glass, the light emission is in favor of the direction into the glass substrate due to
higher refractive index of the glass. In comparison, the parabolic antenna gives an
emission pattern with a tightly focused lobe into the air, with nearly all emitted light
directed into the collecting microscope objective. In other words, we have improved the

near- and far-field coupling from a poor efficiency to a nearly perfect efficiency by the
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parabolic antenna. Therefore, the 1100% enhancement between the two cases is not
surprising.

The 22x SERS enhancement over the planar reflector from our experiment is very
encouraging, but is still an underestimate of the parabolic reflector nanoantenna’s DERS
enhancement potential — still lower than our theoretical prediction of 40x enhancement.
This may be due to the misalignment between the Ag nanoprism feed element and the Au
parabolic reflector in the nanoantenna. The drop-coating technique is convenient to
deposit the Ag nanoprisms; however, exactly controlling the nanoprism position is
difficult. In future steps, we plan to build the metal feed element using lithographical
methods such as FIB lithography. In that way, the position of the feed element can be

precisely controlled, and an even higher SERS enhancement is hypothesized.

Conclusions
We have demonstrated directivity-enhanced Raman scattering (DERS) using directive

nanoantennas including parasitic elements, parabolic and waveguide designs. The
circular waveguide nanoantenna with a feedgap of 20 nm produces an enhancement
factor of 275x% as compared to nanopartilces over a glass substrate. This enhancement
factor can be further increased by reducing the feedgap. Parabolic reflector results in an
overall enhancement factor of 1100% as compared to nanoprisms over a glass substrate;
however, as demonstrated in this work, the fabrication of the parabolic structure is more
challenging. The enhancement in these waveguide designs is specifically attributed to
directivity effects; i.e., beam-shaping the antenna cone to fall within the numerical
aperture of the imaging optics. Therefore, DERS is separate from other near-field
enhancements that arise, for example, from plasmonic effects. Considering the numerical
aperture of our microscope Raman system, the nanoantenna presented has near-perfect
excitation and collection of the electromagnetic energy. This work is also exciting for
related applications, for example, photovoltaics, light emitting applications, microscopy,
sensing and single molecule detection [29, 31, 36].

The authors acknowledge support from NSERC Strategic Network for Bioplasmonic
Systems (BiopSys), Canada.
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Directivity Enhanced Raman Spectroscopy Using Nanoantennas

Aftab Ahmed and Reuven Gordon
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ABSTRACT: Directing the emission from optical emitters is highly desired for
efficient detection and, by reciprocity, efficient excitation as well. As a scattering
process, Raman benefits from directivity enhancements in both excitation and emission.
Here we demonstrate directivity enhanced Raman scattering (DERS) using a nanoantenna
fabricated by focused ion beam milling. The nanoantenna uses a resonant ring-reflector to
shape the emitted beam and achieve DERS — this configuration is most similar to a
waveguide antenna. The ring reflector boosts the measured Raman signal by a factor of
5.5 (as compared to the ground plane alone), and these findings are in quantitative
agreement with comprehensive numerical simulations. The present design is nearly
optimal in the sense that almost all the beam power is coupled into the numerical aperture
of the microscope. Furthermore, the emission is directed out of the plane, so that this
design can be used to achieve DERS using conventional Raman microscopes, which has
yet to be achieved with Yagi — Uda and traveling wave antenna designs.

KEYWORDS: Plasmonics, optical antennas, nanoantennas, directivity, Raman
scattering

Directed emission and reception of electromagnetic energy has played a vital role in
radio and microwave communications, for example, with the Yagi — Uda antenna.[1,2].
In the visible — IR regime, nanoantenna design is modified by plasmonic properties [3-5].
Several works have demonstrated efficient near-field coupling of single emitters to free
space radiation using single element optical antennas [6-12]. Radiation patterns of those
nanoantennas are typically dipolar in nature resulting in poor directivity, where the
maximum radiation intensity in a certain direction is 1.5x that of an isotropic radiator
[13]. Improved directivity at optical wavelengths can have tremendous impact in areas
such as optical microscopy [14,15], spectroscopy [16-19], sensing [20,21], and

applications involving single photon sources [22,23], where efficient collection and
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emission is critical. For example, directive emission from quantum dots at optical
wavelengths was achieved with the optical equivalent of a Yagi — Uda antenna.[24].
Polarization of the emitted light from single molecules using nanoparticles was studied
recently and it was shown that by breaking the dipolar symmetry the polarization of the
radiated light can be strongly modulated [25].

Even though directive emission at optical wavelengths has been achieved using
multielement nanoantennas [25-30], the radiation patterns of those antennas reveal that
the main beam is directed into the substrate; thus they cannot be readily used in an
ordinary microscope setup and they require special optical arrangements for excitation of
the molecules and collection of the scattered light. To achieve a vertical (i.e., out-of-
plane) coupling, the Yagi — Uda design will require stacking of nanorods in direction
normal to the substrate, which is challenging. Here we demonstrate a simple single
element nanoantenna design with a ground plane and a ring reflector. The resonant beam
forming for this antenna design allows for surface-normal directive emission into a
numerical aperture comparable to typical microscope configurations; therefore, it is well-
suited for microscope setups.

The electromagnetic enhancement of Raman intensity is normally considered in terms
of local field enhancement and effects of directivity are typically not taken into account
explicitly [31,32]. By using a directive antenna, however, it is possible to increase the
coupling to the “feed-gap”, thereby allowing of directivity enhanced Raman scattering
(DERS). In other words, the goal here is to improve the coupling between the radiative
and near-field zones, whereas past approaches have focused on the enhancement of near-
field arising from plasmonic resonances, tapers, gaps, and high curvature in the antenna
design [32,33]. We calculated enhancement factors arising from local field enhancement
(EF1,) and total enhancement taking into account the directional characteristics of the
antenna (EFy,) as well. It is established that the observed 5.5x increase in DERS is
mainly due to the beam forming capabilities of the antenna and EFj,. = 1.2.

The main contribution of this work is to demonstrate DERS by means of a directive
optical antenna that is well-suited for conventional Raman microscopes (i.e., it is
directive to within the numerical aperture of the microscope). We optimize the ring-

reflector element to maximize the DERS, and the experimental findings are supported
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quantitatively by 3D finite difference time domain (FDTD) simulations, as well as
waveguide-antenna theory.

Figure C-1 illustrates the antenna design and its realization. The antenna was designed
to be tested under Raman microscopy with excitation laser of A = 785 nm. Stokes shifted
scattered radiation from Rhodamine 6G dye at A = 880 nm was collected using a
commercial Raman microscope. The dimensions of different layers and the dipole
antenna were calculated to achieve best performance at the mean wavelength of 840 nm.
The antenna consists of 130 nm long and 45 nm wide dipole with a 20 nm (measured)

feed gap.

Glass substrate s
Gold
e [Heleciric spacer

Figure C-1: (a) Multilayer substrate to control the radiation pattern of a dipole
antenna, thicknesses of ground plane, dielectric (Ti02) spacer, and top gold layer
are 150, 40, and 50 nm, respectively. Dipole antenna length of 130 nm and width
45 nm with a 20 nm feed-gap was used to operate at wavelength of 840 nm;
radius of circular reflector for maximum directivity, was found to be 250 nm. (b)
Radiation pattern of a dipole antenna. (¢) Scanning electron microscopy (SEM)
image of the fabricated structure (top view).
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Traditionally, dipole antenna characteristic lengths were of the order of wavelength of
operation (A/2), but the real metal response requires that shorter effective wavelengths are
introduced for the determination of dipole length in infrared and optical regions [3-5]. A
150 nm thick gold layer was used as ground plane to ensure that it was optically thick.
The optimal thickness of dielectric spacer (Ti02) was calculated numerically to be 40 nm
using FDTD [34]. The proposed structure was milled in the top 50 nm thick gold layer
using focused ion beam (FIB). Further details of the experiment and numerical
calculations are found in the Supporting Information.

Figure C-2a shows DERS intensity as a function of Raman shift. The circular reflector
with radius of 250 nm resulted in the strongest DERS signal. For comparison detected
intensities from dipole over ground and from the unmilled regions of the top gold surface
(without any dipole antenna) are also shown. The measured spot size of the microscope
of 1.5 um results in illumination of an area of 1.76 pm?, which is much larger than the
area of the antenna gap. From the results of Figure C-2a, it can be seen that the
contribution from the gold surface alone (i.e., without the antenna) is small when
compared to that from the antenna. It should be pointed out that the Raman spectra of
Figure C-2a show features around 1575 cm™ for the case when there is ring reflector.
These features are present in all spectra, but are too weak to be visible in the absence of
the ring reflector.

Figure C-2b shows the detected DERS intensity at 1364 cm™ for varying radii of the
ring reflector (red triangles) and that from top gold layer without any antenna (dashed
black line), normalized to DERS intensity at the same wavenumber from a dipole over
ground plane. The dipole over ground plane was fabricated by milling a dipole antenna of
the same dimensions and on the same substrate and by removing a ring of diameter 10
um, to approximate the absence of the ring structure.

The nanoantennas’ radiation patterns were investigated numerically using the FDTD
method. Field intensities were projected into the far field for the determination of
radiation patterns at the mean wavelength of 840 nm. Panels a and b of Figure C-3 show
these patterns in the yz and xy planes, respectively. It can be seen that the radiated power
is more directive as compared to a dipole over ground plane and single dipole in free

space. From the simulations results, we calculated EF, of 5.2 and 12.7 for a cone angle
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of 30 degrees from the nanoantenna with respect to a dipole over ground and a dipole

antenna in free space, respectively. This was found for the nanoantenna with 250 nm

radius.
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Figure C-2. (a) Rhodamine 6G Raman spectra from the nanoantenna structure
with 250 nm radius of circular reflector in comparison with spectra from a dipole
over ground plane and from the top gold surface without any antenna. Dye
molecules were excited using a laser beam of A = 785 nm. (b) Enhancement
factors obtained from the antenna for various radii of circular reflector with 130
nm long dipole. Experimentally observed EF from peak Raman intensity at 1364
cm_1 (red triangles), EFtot due to directional properties of the antenna and local
field effects numerically calculated by FDTD using beam efficiency with cone
angle of 30_ (green squares) and EFloc due to local field enhancement only (blue
circles). All EFs are normalized to dipole over ground plane. The dashed black
line gives the Raman intensity obtained from the top Au surface without any
antenna normalized to dipole over ground.

Considering the spot size of the Raman microscope used in the experiment, the
numerical aperture was estimated to be 0.26, which corresponds well to that cone angle.
Therefore, these enhancement results appear to be in quantitative agreement with the
experimental DERS results as shown in Figure C-2b.

EFw of Figure C-2b was calculated from radiation patterns of Figure C-3 using the
beam efficiency (BE)

27 0 2r 7

BE = [ [Usin(0)dods | [ [Usin(0)d0dg (C.1)

where U is the radiation intensity per unit solid angle (obtained from Figure C-3) and 0
is cone half angle of the collection microscope [13]. A dipole source at the feed gap of
the nanoantenna was used to excite the structure, and radiation patterns at the mean

wavelength of 840 nm were obtained using far-field projections. It should be noted that
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by reciprocity, this captures the enhancement of the excitation as well, thus EF, = BE%.
The numerically calculated enhancement factors of Figure C-2b for varying ring-reflector

radius are also in good agreement with those obtained from the DERS experiments.

—v—dipole
radius = 175 nm
—e—radius = 250 nm
....... radius = 325 nm
| ~=--dipole over ground

15

270

(a) yz-plane (b) xy-plane

Figure C-3: Radiation patterns of a simple dipole antenna, dipole over ground
plane, and the nanoantenna structure for various radii of circular reflector as
calculated using far field projections of 3D FDTD simulations. The patterns are
normalized to the maximum of yz plane: (a) yz plane; (b) xy plane.

To demonstrate that the observed increase in Raman intensity is mainly from antenna
directivity and with only a small contribution from local field enhancement, we
calculated the local electric field in the antenna gap. EFy.. = |[Eexc|* |Escat|’, where [Eexc|*
and |Escat|2 are the electric field intensities at the excitation wavelength of 785 nm and
Stokes shifted scattered radiation at wavelength of 880 nm, respectively (see Supporting
Information). We observe a slight increase in the local fields as compared to a dipole over
ground, resulting in EFj,. = 1.2. The measured 5.5% increase in Raman intensity is thus
predominantly from improved directivity of the antenna, as shown in Figure C-3.

The directivity achieved by the ring reflector warrants further discussion, since this is
not a typical antenna configuration. The ring reflector acts to create a lateral standing
wave that reflects light back toward the central dipole antenna structure. This is most
similar to the waveguide antenna, which has a lateral resonance when the wavelength is
3.4 times the radius of the circular waveguide (i.e., at the lowest order mode cutoff)

[35,36]. Since the present design is optimized to work at around 840 nm, this corresponds
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to a resonance at 250 nm, which is precisely the radius value that was found to give the
greatest DERS in the experiment.

The Yagi — Uda design is more directive than our circular lateral reflector design, with

emission cones demonstrated of ~15 degrees [24]. We do not view this as a particular

shortcoming for DERS, since the primary concern is to effectively couple to within the
numerical aperture of the Raman microscope, and for this, the directivity achieved with
our design appears to be sufficient. Furthermore, the nanoantenna studied here is readily
fabricated to achieve emission out of the plane and into the microscope objective. Past
works on Yagi — Uda structures were confined to within the plane, and the emission was
only at high angles to the surface normal; therefore, that in-plane design is not practical
for Raman microscope use. Similarly, traveling wave antenna structures with broad band
unidirectional emission have also been demonstrated recently, but these also emit into the
substrate [37]. It is foreseeable that future vertically oriented Yagi — Uda and traveling
wave designs may be demonstrated; however, that represents a significant challenge.

In conclusion, we have demonstrated directivity enhanced Raman scattering (DERS)
using a directive antenna structure with a ground plane reflector and circular lateral
reflector. The circular reflector is an important feature of the nanoantenna design because
it allows for 5.5% enhanced Raman as compared to just using the ground plane alone.
This enhancement is almost entirely attributed to directivity effects with only a small
contribution from local field enhancement, i.e., beam shaping the antenna cone to fall
within the numerical aperture of the imaging optics. Therefore, DERS is separate from
other near-field enhancements that arise, for example, from plasmonic -effects.
Considering the numerical aperture of our microscope Raman system, the nanoantenna
presented has near-perfect excitation and collection of the electromagnetic energy. This
work is also exciting for related light scattering applications, for example,
emission/absorption using single molecules and quantum dots [14,15,23].

The authors acknowledge support from the NSERC Strategic Network for
Bioplasmonic Systems (BiopSys), Canada.
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Supporting Information for Appendix C

Details of fabrication:

The multilayer substrate was prepared by a 7.5 kV electron beam evaporator in an
Angstrom Engineering physical vapor deposition system. A 150 nm thick gold layer
(ground plane) was coated on a glass substrate. This was then coated with a TiO; spacing
layer and finally 50 nm thick gold layer was coated on top of the spacer layer. The
multilayer substrate was then milled using Hitachi FB-2100 focused ion beam system.
The structure was fabricated with a low power beam and a 30-0-30 setting (i.e., 30 kV
accelerating voltage, condenser lens mode and beam diameter), at a magnification of
180k x. To cut the top 50 nm thick gold layer, the number of passes set to 5 with a dwell
time of 0.5 microseconds (as determined by calibration runs and EDX imaging). The
milled structure was then imaged using Hitachi S-4800 scanning electron microscopy
system.

Details of Raman measurement:

Raman scattering measurements were carried out using a RENISHAW inVia Raman
microscope system. Excitation laser at 4 =785 nm was used with a 100 x objective with a
spot size 'd' of approximately 1.5 pum (as determined by mapping experiments).
Rhodamine 6G (400 uM in ethanol) was drop coated and the sample was allowed to dry

for 6 hours. Each spectrum was collected with a total integration time of 42 seconds.
Cone angle of 30 degrees was calculated from the spot size using: & =sin"'(1/2d).

Details of simulation:

The proposed structure was simulated using FDTD solutions software by Lumerical
Inc. For accurate modeling of the structure, a mesh size of 2nm was used. The
simulation domain was terminated by perfectly matched layer (PML) for minimal
reflections. Gold was modeled by a fit to the experimental data [1] and the refractive

index of the TiO, was found experimentally.
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Figure C-S1. (a, b) Electric field intensity profiles at excitation wavelength of
785nm and at Stokes shifted scattered radiation at wavelength of 880nm
respectively, in the feed gap of the dipole antenna over ground plane without
circular ring (log scale). (c, d) Electric field intensity profiles at excitation and
scattered wavelength respectively, in the feed gap of the antenna with circular
ring of radius 250 nm (log scale).

The antenna structure was enclosed by a set of 2D field monitors to perform far-field
projections and for the determination of field patterns. The nanoantenna was excited by
an electric dipole source located at the feed-gap of the dipole antenna. To calculate the
enhancement factor due to local field effects, the sum of electric field intensity over the

2D monitor of Figure C-S1 was used.

[1] P. B. Johnson and R. W. Christy, "Optical Constants of the Noble Metals,"
Physical Review B, vol. 6, pp. 4370-4379, 1972.
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Reprinted with permission from Nano Letters. Copyright (2012) American Chemical
Society.
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ABSTRACT: Single molecule detection by directivity enhanced Raman scattering is
demonstrated using nanoantennas. Bi-analyte Raman scattering is used to confirm the
detection of single molecules of Rhodamine 6G and Nile Blue A in aqueous solution.
Calculations show that Raman enhancement factors of 10" can be achieved by combined
optimization of the local field enhancement (hotspot with 10'' enhancement) and antenna
directionality, (with 10> enhancement).

KEY WORDS: Nanoantenna, SERS, Single molecule detection, directivity.

The single molecule limit is the ultimate sensitivity desired for many scientific and
applied areas, such as sensing, analytical chemistry and biomedicine [1, 2]. While
fluorescence spectroscopy has long allowed for single molecule detection [3], limited
information can be extracted from fluorescence spectra at room temperature. Raman
spectroscopy provides more structural information than fluorescence, as well as allowing
for a distinct spectrum to provide multiplexed detection within a small spectral window
[4, 5]. Raman scattering, however, suffers from extremely low efficiency with typical
cross sections from 102 to 10?* cm” per molecule [6, 7], as compared to 107® cm?® for
fluorescence [8]. To observe the vibration spectra of single molecules, it is necessary to
generate an enhancement factor (EF) of 10® (for resonant Raman) to 10', assuming the
same spectral sensitivity.

Since its discovery [9, 10], surface-enhanced Raman scattering (SERS) has been used-
widely for enhancing the weak Raman cross section [11]. SERS benefits from the high
electric fields at the surface or in the gaps between closely spaced metallic nanoparticles.

Assuming a broad spectral enhancement, the EF is commonly estimated as proportional
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to the fourth power of the local electric field as compared to the incident electric field.
Initial experiments on single molecule SERS reported an enhancement factor of 10"
using colloidal silver nanoparticles [6, 12].

Single metal nanoparticles typically do not provide enough EF to achieve SM-SERS
and the active SM-SERS sites are the gaps between metallic nanoparticles (i.e., the
hotspots) [13], although in some cases their EF can reach 4x10° [14, 15]. Different
methods and substrates have been devised for the generation of hotspots [16-31];
however, the best results still come from random structures that have multiple hotspots
and suffer from poor reproducibility and uniformity. Few examples exist of top-down
fabricated structures that demonstrated EF approaching 10® and 10'" that are reproducible
[25, 32]. By adding a near-field probe, progress has been made towards single molecule
detection using tip enhanced resonance Raman scattering [33, 34].

Recently, we have demonstrated directivity enhanced Raman scattering (DERS), which
augments the usual hotspot EF by an additional contribution from the directivity of the
nanoantenna [35]. This directivity provides an additional two orders of magnitude EF to
the Raman signal because it boosts the coupling of both the incident and scattered
photons. Therefore, we claimed previously that DERS is a promising candidate for single
molecule Raman detection.

Here we demonstrate single molecules DERS. The single molecule nature of the
observed Raman spectra is verified by the bi-analyte technique and the statistical data is
analyzed using peak finding algorithm and modified principal component analyses
(MPCA) [36, 37]. Comprehensive numerical simulations confirm that the combined
directivity and hotspot enhancement factors are sufficiently large to provide reproducible
single molecule detection from a top-down fabricated structure with a single (and
localized) dominant hotspot.

In our recent works, we have demonstrated the design of a nanoantennas for directional
out of the plane coupling [35, 38]. It was shown there that an EF of 50% can be achieved
by the introduction of ground plane as compared to a simple nanoparticle over a glass
substrate and a further 5x enhancement is observed by the introduction of the circular
reflector as compared to a dipole over ground plane. Thus DERS from the “cantenna”

(waveguide antenna) design showed an additional EF of 10* from the directivity effect



93

alone (over and above hotspot enhancements) [35]. Here we demonstrate SM-DERS from
the “cantenna” structure, with parameters tuned to operate in solution. The Raman cross
section is enhanced by two different factors. First, the small feed-gap between the dipole
elements results in high local fields, providing a contribution to the EF of ~10'". This
hotspot contribution includes the optimized radiation efficiency of the antenna by
appropriate location of the ground-plane, allowing for a factor of 10 enhancement
(accounting for both incident and scattered light) [39]. Second, the optimum directional
properties of the nanoantenna provide efficient excitation and collection of scattered
radiation with the aforementioned 10* EF. Thus, an effective EF of 10" is expected from
our simulation results, which is sufficient for observing the vibrational spectrum of single
molecule.

The fixed single hotspot in the feed-gap of our nanoantenna eliminates the problem of
spatial averaging. Colloidal solutions of silver nanoparticles suffer from the averaging
effect of many hotspots present in the solution depending on the colloid concentration
[12, 36]. Thus the observed spectrum at any given time can be arriving from many dye
molecules located in different hotspots in the probed volume. The focused-ion beam
(FIB) milled nanoantenna is a reliable SM-SERS substrate with precise control over the
dimensions, whereas aggregated colloids are very heterogeneous in nature and show less

than 1% SM-SERS active sites [13, 40].

dye 2 /j Y-
o O \ OO o*
E xx O -
O :
Water 0 % . X
Gold (50 nm) 1 W

Gold ground plane (150 nm)

Glass substrate

Figure D-1: (a) Schematic of the directional nanoantenna operating at
wavelength of 800 nm, total dipole length ‘d’ of 80 nm, radius of circular ring, r,
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190 nm and a feed-gap of ~6 nm. (b) Top view showing the hotspot. (c) The
experimental setup showing two different dyes of same concentration in aqueous
solution (not to scale).

A number of design guidelines from classical antenna theory have been translated into
the visible/IR regime [38, 39, 41-48]. Figure D-1 shows a schematic of the “cantenna”
used in this work. The nanoantenna uses a ground plane reflector to prevent loss of
scattered radiation into the substrate. It is critical to place the feed element at the correct
height from the ground plane for coherent normal emission and improved radiation
efficiency [35, 39]. Furthermore, to shape the radiated beam in the lateral plane, we used
a ring reflector around the dipole feed element, as shown in Figure D-1. This design is
nearly optimal in the sense that almost all the beam power is coupled into the numerical
aperture of the microscope.

Previous works have suggested that temporal fluctuations in SERS intensity are not
sufficient evidence for single molecule detection because peak intensities are not
quantized for SERS, due to variations in the hotspot [49, 50]. Statistical verification of
single molecule sensitivity can be achieved by using two different analytes in solution
[36, 51]. Here, Rhodamine 6G (R6G) and Nile Blue A (NBA) dyes were chosen due the
close proximity of their Stokes peaks at 610 cm™” and 590 cm™, and due to their
comparable cross-sections [36]. A 200 nM aqueous solution of these dyes was excited by
a continuous wave laser of wavelength 785 nm with 6 mW at the sample, well away from
resonant excitation. It should be noted that dye concentration of 200 nM revealed the
single molecule regime in contrast to the much lower 2 nM concentration of a previous
work [36]. This higher concentration does not mean that our approach is not as sensitive
since here there is only one hotspot in the excited volume, as compared to many hotspots
in past works. In other words, we are limited by the diffusion of molecules into the single
hotspot. For the purposes of clear demonstration, this has the benefit of avoiding the
inherent inaccuracies associated with extremely low concentrations, such as surface
adsorption, contamination and dilution errors [51, 52].

The nanoantenna is designed to operate in an aqueous solution at a wavelength of 800
nm (between the excitation and Stokes wavelengths) and thus the design is modified from
our previous work to account for the higher refractive index of water [35]. The dimension

scaling is not linear, due to plasmonic effects [41], which requires a more drastic
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reduction in dipole length as compared to the value obtained from index division alone.
The resulting design parameters calculated by finite difference time domain (FDTD)
simulations show best performance with a dipole length of 80 nm (61% of free space
design) and a ring reflector radius of 190 nm.

Raman scattering experiments were carried out using a commercial Raman microscope
(Renishaw inVia Raman Microscope). Each spectrum was collected with an integration
time of 300 ms to minimize temporal averaging effects. A dwell time of one second
between consecutive measurements was used to ensure statistical independence. A 63x
water immersion microscope objective with numerical aperture (NA) of 0.9 was used.
Figure D-2a shows a total of 2000 collected Raman spectra from the aqueous solution of
R6G and NBA. This number is sufficiently large for reliable statistical analysis [49, 51].
The Stokes-shifted peaks of R6G and NBA at wavenumbers of 610 cm™ and 590 cm™
can be clearly seen. The intensities at those wavenumbers are plotted in Figure D-2b for
clearer presentation. We observe a shift in the peak position, which is typical of the single

molecule regime [36].
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Figure D-2: (a) Raman spectra collected from a 200 nM aqueous solution of
Rhodamine 6G and Nile blue A with an integration time of 300 ms and 1 second
dwell time between each spectrum. (b) Intensity of Stockes shifted radiation at
wavenumbers of 592 cm™ and 610 cm™ as a function of spectra number. Events
of single analyte can be clearly seen.

R6G is known to stick to metal surfaces and a number of previous studies have relied
on adsorption of the dye molecule [6,12]. Our Raman studies produced signal from R6G

lasting for a few seconds typically, indicating that the process of adsorption is reversible.
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In recent years, a number of single molecule SERS studies have reported similar
fluctuations in R6G spectra attributed to desorption of R6G [53-55]. It has also been
suggested that desorption of R6G molecule might be light assisted [56].

We used a peak search algorithm to capture the Raman events. Here each spectrum is
divided into two parts by defining a boundary at 600cm™ wavenumber. The spectral

region below and above the boundary corresponds to NBA and R6G events. Peak Raman
intensity values and their corresponding spectrum number are then computed (1", i=1,2

represents the dye and n=1-2000is the spectrum number). The threshold level is
defined as double the sum of signal mean and the standard deviation. Events below this

threshold level are discarded. Contribution of dye-1 to the total signal can be calculated

as I/ /(I +1]) for a given spectrum. If the two dyes have comparable intrinsic SERS
cross sections then this ratio also represents the probability of dye-1 p,,, [36]. This
procedure is repeated for all the spectra and a histogram for p,,, is generated as shown
in Figure D-3a. Single dye events ( p,,, =1, p,,, =0) imply that the signal is arriving

from either a single molecule or few identical molecules. The very small number of
mixed signal events in the histogram of Figure D-3a, suggests that majority of the single
dye events are indeed single molecule events with negligible number of events belonging
to few identical molecule events. At a higher concentration of 2uM the distribution is
predominantly mixed, showing that this is not in the single molecule regime (see
Supporting Information).

We also attempted a modified principle component analysis (MPCA) [36, 37]. MPCA
typically uses two principal components corresponding to the two largest eigenvalues to
represent the dataset. It should be pointed out that spectral shift of Raman peak position
causes slightly larger third and fourth eigenvalues as compared to the ideal case without
spectral variation [36]. Our calculations show that although only two principal
components (i.e., eigenvectors) can capture most events with the result similar to that of
Figure D-3a, a significant number of events are missed (see Supporting Information for
details).

The observed Raman spectra consist of four different cases. (i) Dye-1 (NBA) events,

only Raman peak corresponding to dye-1 is present. (ii) Dye-2 (R6G) events, only
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Raman peak corresponding to dye-2 is present. (iii) Mixed events, both Raman peaks are

present. (iv) Null events, neither Raman peak is observed.
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Figure D-3: (a) Probability of dyel as calculated by peak search algorithm. The
large number of single dye events confirms single molecule regime. A total of
219 events are retained from 2000 spectra. (b) Comparison of single molecule
(probability of dye-1 < 0.05) Raman intensity distribution to truncated Pareto
distribution. (c) Probability of dye-1 > 0.95. The long tail intensity distribution is
evident and is comparable to a truncated Pareto distribution with k = 0.5.

The intensity distribution of SM-SERS has been questioned in recent years, the
presence of Poisson’s or truncated Pareto distribution has been argued [12, 49, 57]. The
use of Poisson’s distribution in single molecule Raman experiments has been criticized
since the SM-SERS intensities are not quantized [49]. SM-SERS exhibits a long tail
intensity distribution and thus can be modeled by a truncated Pareto distribution [36, 51,
58]. A random variable X with truncated Pareto distribution can be generated as follows

[58]:

X =Fp (1m0 (1= 1)) (0.1)

where U is a uniformly distributed random variable over [0,1], F_. and F__ are the

minimum and maximum values of the truncated Pareto distribution respectively and k is

a positive parameter. In Figure D-3(b, ¢) we have plotted the observed Raman intensity of
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SM-SERS events (probability of dye-1 < 0.05, and probability of dye-1 > 0.95), it can be

seen that the observed intensities have a long tail distribution. This distribution is best fit
by the Pareto distribution with k = 0.5, but as described elsewhere, the Pareto fit is not
exact [21, 36]. Recent experiment on SM-SERS reported a value of k = 1 [36]. The larger
k in that experiment was attributed to the heterogeneous nature of the colloidal solution,
where enhancements vary significantly from one hotspot to another (spatial averaging
effects). The smaller value of observed k here thus supports our claim of minimizing the
spatial averaging effect by having a single hotspot.

To experimentally estimate the EF, we have collected ordinary Raman signal from a
200 uM solutions of R6G and NBA with a total integration time of 10 minutes. Scaling
appropriately by the collection times and the number of molecules (based on a probed
volume of 250 um’), these measurements suggest an EF of 3.6x10" for the 610 cm™
mode of R6G and 1.2x10" for the 590 cm™ mode of NBA. The higher EF for R6G is
attributed to sticking as discussed above.

Comprehensive FDTD simulations were carried out to estimate the enhancement due to
local fields (EFoc) and due to directivity of the nanoantenna (EF;). The nanoantenna is
designed to operate at the wavelength of 800 nm, between the 785 nm laser excitation

and the Stokes-shifted radiation at 825 nm. EF, is proportional to the square of electric
field intensity and thus can be estimated as | E[* /| E, |*. It is noted once again that EF)

of 10" is achieved due to the combined effect of small feed-gap and the interaction with

the ground plane reflector as shown in Figure D-4a (dot-dashed blue). The optimized

distance of 40 nm (% 8) where n is the refractive index of the medium, between the

dipole feed element and the ground plane results in an optimized radiation efficient
design, which is the key for higher local electric fields as demonstrated in the past [39].
The total enhancement factor (EFyy) is the product of EFg;; and EF),. and is also shown
in Figure D-4a (solid black). The design is optimized to operate at 800 nm and the
maximum EF,y is 42x105. 1t is important to note that directionality will certainly
influence the local fields as a consequence of reciprocity theorem if plane wave
excitation is used. However our electric dipole source, located at the feed-gap of the

nanoantenna and representing a dye molecule, allows for the separation of EFy;, from
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EF).c. EFg;; 1s calculated by determining the total power emitted from the dipole and the

power emitted into the numerical aperture of microscope for two cases: (i) with the full
cantenna and (ii) with the dipole antenna on the glass substrate alone (i.e without the

ground reflector and ring director elements).
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Figure D-4: (a) Enhancement factor directional (dashed red), is the power
radiated by the nanoantenna out of the plane of the substrate normalized to that
of a dipole over glass substrate. Enhancement factor local (dot-dashed blue) is

the normalized electric field intensity square| E|* /| E, [, it goes as high as 10"

due to small feed-gap and ground reflector. Total enhancement (solid black) is
the product of directional and local EFs. It is seen that at the design wavelength
of 800 nm the total EF of 4.2x10" is estimated. (b) Normalized electric field

intensity | E* /| E, |’ profile (log scale) at the design wavelength of 800 nm to

influence both the excitation laser at 785 nm and the Stokes shifted radiation at
825nm. (b) Scanning electron microscopy image of the fabricated nanoantenna
with feed-gap of ~6 nm, dipole length and width of 80 nm and 35 nm
respectively. The scale bar is 90 nm.

Figure D-4b shows the normalized electric field intensity | E* /| E, |* profile over the

cross section of the nanoantenna at wavelength of 800 nm. A scanning electron

microscopy (SEM) image of the fabricated nanoantenna is shown in Figure D-4c.
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In conclusion, we have demonstrated single molecule directivity enhanced Raman
scattering using nanoantenna fabricated by a top-down approach, taking advantage of
high local field and directional characteristics of the nanoantenna. The single antenna
hotspot (feed-gap) avoids the issue of spatial averaging effects found in past single
molecule approaches. This work is promising for ultra-sensitive Raman substrates
fabricated by top-down means. For situations where lower concentrations are desired,
additional antennas may be added to increase the number of hot-spots, which suggests an
opportunity to use antenna array concepts in future designs. It is interesting to note that
resonant Raman studies may achieve single molecule sensitivity for larger
lithographically defined gaps by using directivity since EFs of only 10® — 10 are required
[8].
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Bioplasmonic Systems (BiopSys), Canada.
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Supporting Information for Appendix D

Details of fabrication:

Electron beam evaporator (Angstrom Engineering) was used for the evaporation of the
multilayer substrate. A 150 nm thick gold layer (ground plane) was coated on a glass substrate.
This was then coated with a 40 nm TiO, spacer layer and finally 50 nm thick gold layer was
coated on top of the spacer layer. The top gold layer was then milled using Hitachi FB-2100
focused ion beam system. The structure was fabricated with a low power beam to mill a very
small feed-gap (30-0-30 setting - kV accelerating voltage - condenser lens mode - beam
diameter), at a magnification of 180kx. To cut the top 50 nm thick gold layer, the number of
passes set to 5 with a dwell time of 0.5 microseconds (as determined by calibration runs and EDX
imaging). The milled structure was then imaged using Hitachi S-4800 scanning electron

microscopy system.

Details of Raman measurement:

Raman scattering measurements were carried out using a Renishaw inVia Raman Microscope
system. Excitation laser at A =785nm was used with a 63 x water immersion objective and a
numerical aperture of 0.9. The nanoantenna was immersed in a 200 nM aqueous solution of
Nile blue A and Rhodamine 6G. Each spectrum was collected with a total integration time

of 300 ms to minimize the effects of temporal averaging and Isec interval between consecutive

spectra to ensure statistical independence of the spectra.

Data analysis using modified principal component analysis (MPCA):

It is not the purpose of this supporting information to explain the details of modified
principal component analysis (MPCA), instead here we will briefly describe the steps
taken to analyze the data. For details of MPCA the reader should see [1].

A rectangular matrix of size (7'x N) is formed from the collected spectra, where T is

the number of spectra and N is the number of wavelengths. Following the steps of
MPCA we calculate the eigenvalues and eigenvectors. Figure D-S1(a) shows the
eigenvalues of the collected data. It should be noted that spectral variations in the
observed Raman peaks gives rise to slightly higher values for third and fourth
eigenvalues. As mentioned in the main text, this requires the inclusion of at least the first

four eigenvectors to represent the entire dataset accurately. Figure D-S1(b-d) shows
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events of NBA and R6G where it is demonstrated that in some cases two eigenvector are

sufficient but they fail to represent accurately the entire data.
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Figure D-S1: (a) Eigenvalues of the collected 2000 spectra with 49
wavenumbers, the first two eigenvalues dominates the response, slightly higher
values for 3" and 4™ eigenvalues due to spectral variations of Raman peaks. (b-d)
Reconstruction of a Nile Blue A and Rhodamine 6G events using only first two
and first four eigenvectors. (b) and (c) shows the events that cannot be accurately
reconstructed using only the first two eigenvectors whereas (d) demonstrates the
case where two eigenvectors are enough for the reconstruction of original
spectrum.

Probability of dye-1 was calculated using the magnitude ratio of the two independent
components as given in Ref. 1. A total of 91 events were retained as shown in Figure D-

S2 in comparison to 219 events obtained from the peak search algorithm.
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Figure D-S2: Probability of dye-1 calculated by MPCA from a 200 nM aqueous
solution of Nile blue A and Rhodamine 6G. A total of 91 events were retained
from 2000 spectra.

Mixed events regime (higher concentration of dyes):

Statistical analysis of the observed Raman signal shows that an increase in the analyte
concentration results in a shift from single molecule regime to mixed events regime.
Figure D-S3 shows the probability of Nile blue A from a 2 pM solution using peak

search algorithm. In this case, most events show contribution from both of the dyes with
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Figure D-S3: Probability of dye-1 calculated by peak search algorithm from a 2
uM aqueous solution of Nile blue A and Rhodamine 6G. A total of 161 events
were retained from 2250 spectra.

Experimental enhancement factor:
The ordinary Raman signal Ior was collected from a 200 uM aqueous solution of R6G
and NBA for the determination of enhancement factor. A total integration time of 10

minutes was used to collect an observable Raman signal. [or was normalized to the signal
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obtained from a water solution without the dyes to remove the huge fluorescence
background. Figure D-S4 shows a comparison of the observed Raman intensities with
and without the nanoantenna. Ipgrs was collected from a 200 nM sample with 300 ms
integration time and it is normalized to the average background level for comparison with

the normalized Iog. We estimate an EF of approximately 10'° from these values.

Raman intensity (a. u.)

540 560 580 600 620 640
wavenumber (cm'1)

Figure D-S4: Comparison of Raman intensities with and without the nanoantenna
for the calculation of EF. Ipgrs was collected from a 200 nM sample with 300 ms
integration and it is normalized to the average background level for comparison
with the normalized Ior. Ior 1s obtained from a 200 pM solution with total
integration time of 10 minutes.

Details of simulation:

The proposed structure was simulated using FDTD solutions software by Lumerical
Solutions Inc. For accurate modeling of the structure, a mesh size of 1.3 nm was used.
The simulation domain was terminated by perfectly matched layer (PML) for minimal
reflections. Gold was modeled by a fit to experimental data [2]. The nanoantenna was
excited by an electric dipole source located at the feed-gap of the dipole antenna. To
calculate the enhancement factor due to local field effects, a 2D electric field intensity

monitor was used.
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Appendix E: Probing Dynamic Generation of Hot-Spots in Self-
Assembled Chains of Gold Nanorods by Surface-Enhanced
Raman Scattering

(2011, Journal of the American Chemical Society, volume 133, pp 7563-7570)

Reprinted with permission from Journal of the American Chemical Society. Copyright
(2011) American Chemical Society.
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ABSTRACT: Further progress in the applications of self-assembled nanostructures
critically depends on developing a fundamental understanding of the relation between the
properties of nanoparticle ensembles and their time-dependent structural characteristics.
Following dynamic generation of hot-spots in the self-assembled chains of gold
nanorods, we established a direct correlation between ensemble-averaged surface-
enhanced Raman scattering and extinction properties of the chains. Experimental results
were supported with comprehensive finite-difference time-domain simulations. The
established relationship between the structure of nanorod ensembles and their optical
properties provides the basis for creating dynamic, solution-based, plasmonic platforms

that can be utilized in applications ranging from sensing to nanoelectronics.

Introduction
Organization of individual nanoparticles (NPs) into hierarchical nanostructures—

superlattices or small clusters—constitutes a frontier area of research in nanoscience.
While NPs alone offer many scientific challenges and applications, ensembles of NPs
show unique coupled properties that potentially can be exploited in functional nanoscale
devices [1-6]. Self-assembly of NPs offers a simple, cost-efficient, solutionbased method
for producing ensembles of NPs, as well as the ability to fabricate nanostructures on

nonplanar substrates [7-12]. Currently, self-assembled nanostructures composed of metal,
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semiconductor, and magnetic NPs have shown applications in the areas of data storage,
imaging, and sensing of chemical and biochemical species [13-21]. The utilization of
self-assembled nanostructures in other applications, in comparison with those produced
by nanofabrication techniques, is limited by the difficulty in generating defect-free
structures with precisely controlled geometry and distance between the NPs.
Furthermore, fundamental understanding has to be developed on the relationship between
the properties of self-assembled NP clusters and their dynamic structural characteristics
such as aggregation number, mutual NP orientation, and interparticle distance. With this
framework in place, it would be possible to predict the properties of self-assembled
structures, both theoretically and practically, in a reproducible fashion.

In the particular case of metal nanocrystals, gold NPs with various shapes have been
organized in a broad range of nanostructures including chains, two-dimensional sheets,
and superlattices [22-26]. In comparison with isotropic, shape-symmetric NPs, the self-
assembly of gold nanorods (NRs) leads to more interesting, and potentially more useful
applications, as it provides the ability to exploit vectorial properties of the resulting
nanostructures [27-29]. Typically, optical properties of ensembles of gold NRs are
characterized by measurements of extinction in the visible and near-infrared (NIR)
spectral ranges. Individual gold NRs show two types of localized surface plasmon
resonances (LSPRs), due to the coherent oscillations of the conduction band electrons in
directions that are parallel and perpendicular to the long NR axis [30, 31]. End-to-end
assembly of gold NRs in chains leads to the coupling of alternating dipoles along the
chain, which results in a red shift of the longitudinal LSPR. Side-by-side assembly of
NRs results in a blue shift of longitudinal LSPR and a red shift of the transverse LSPR
[30, 32, 33].

Coupling of LSPRs in chains of gold NRs results in the formation of a periodic array of
enhanced electric fields (hotspots) in the spaces between the NR ends. Thus, self-
organization of gold NRs offers a tool for studies of optical properties of ordered NR
ensembles by surface-enhanced Raman scattering (SERS). Furthermore, the dynamic
self-assembly of NRs in welldefined, one-dimensional nanostructures provides the ability
to explore the role of order in NR ensembles on their SERS properties. Currently, the

majority of studies of hot-spots have been carried out for NP assemblies with a limited
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degree of order [34-36], which led to the insufficient understanding of the effect of

structural characteristics of the aggregates on their SERS properties. In addition, research
has been focused on isolated NP aggregates (“single particle” SERS), and an
understanding of the properties of the system comprised of many NP assemblies remains
elusive. In an attempt to achieve greater control over hot-spot generation in NP clusters,
recent studies have focused on SERS of self-assembled dimers and trimers of spherical
gold NPs in single-aggregate and ensemble-averaged systems [37-39]. However,
currently, only a single report exists on the generation of hot-spots in self-assembled
chains of gold NRs. This report is focused on the reorientation of analyte molecules in the
gaps between NR ends [40].

Here we report the results of experimental and theoretical studies of the relationship
between the dynamic structural characteristics of self-assembled clusters of gold NRs and
their ensemble-averaged SERS properties resulting from the controlled generation of
plasmonic electromagnetic hot-spots. We took advantage of the geometrical and chemical
anisotropy of NRs to induce their assembly in chains in an end-to-end fashion. In the
course of assembly, the dielectric environment and the spacing between adjacent NRs
remained constant. The process was monitored by correlating the average aggregation
number of NRs in the chains with their extinction and ensemble-averaged SERS signals
(presently, such a correlation has been demonstrated only for nanostructures fabricated by
the top-down method) [41, 42]. The experimental findings were supported by the results
of finite-difference time-domain simulations of the optical properties of NR assemblies.
Our work establishes a strong link between experiment and theory, and it provides an
important insight into the properties of hot-spots in ordered, solution-based
nanostructures. In addition to the fundamental importance of these results, the established
relationship between the structure of NR assemblies and their optical properties provides
the basis for the development of new design rules for the generation of nanostructures

with applications spanning from biomedicine to nanoelectronics.

Experimental Section

Synthesis of Gold NRs.
Gold NRs were prepared by the “seedmediated growth method” devised by El-Sayed et

al. [43]. Briefly, seed NPs were obtained by the reduction of HAuCly, dissolved in an
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aqueous solution of cetyltrimethylammonium bromide (CTAB), with cold sodium
borohydride (NaBH:). The growth solution was prepared by dropwise addition of
ascorbic acid in an aqueous solution of HAuCl:,, CTAB, and AgNOs. A seed solution
aged for 5 min was added to the growth solution, and the NR growth was initiated. The
color of the solution mixture changed from clear to deep purple after incubation for 10 h
at 27° C. The resultant CTAB-coated gold NRs were purified by two centrifugation
cycles (8500 rpm for 30 min). In the next step, we conducted exchange of CTAB ligands
attached to the ends of NRs with thiol-terminated polystyrene (SH-PS, Polymer Source
Inc.) with a molecular weight of 12000 g/mol [28] and polydispersity index of 1.09.
Approximately 0.5 mL of the concentrated aqueous solution of CTAB coated NRs (~1.0
mg/mL) was rapidly injected under sonication into 10 g of THF solution containing 5 mg
of SH-PS (~0.05 wt %). The mixture was sonicated for 30 min at 42 kHz (+0.6%) and
incubated at room temperature for 24 h. The resultant NRs were further purified by seven
centrifugation cycles at 8500 rpm for 30 min. A concentrated solution of PS-

functionalized NRs was collected and redispersed in THF to form a stock solution.

End-to-End Self-Assembly of NRs.
Prior to the self-assembly experiments, 760 uL of tetrahydrofuran (THF) was

evaporated from the stock NR solution. The dried NRs were redissolved in 2.45 mL of
dimethylformamide (DMF). A solution of the Raman reporter molecule Oxazine 720
(OX) in DMF (4 uM) was added dropwise under shaking to the NR solution in DMF.
Following 30 min of agitation under gentle vortex conditions, the mixture was incubated
for 1 h. End-to-End self-assembly of the NRs was triggered by dropwise addition of the
DMF/ water mixture, containing 20 vol% of water. As soon as NR self-assembly began
we carried out, at regular time intervals, parallel extinction and SERS measurements, as

well as the preparation of samples for electron microscopy experiments.

Characterization of Self-Assembled NR Structures
Scanning transmission electron microscopy (STEM) images of individual NRs and

self-assembled NR chains were obtained using a Hitachi S-5200 field emission SEM
equipped with a transmitted electron detector operating at 30 kV. Extinction

measurements were carried out using a Varian Cary 5000 UV-visible-NIR spectrometer.
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In SERS measurements, 1.5 mL of the solution of self-assembled NRs was placed in a
vial. Raman spectra excited with a 785 nm laser line were acquired with a Renishaw
InVia System spectrometer coupled to a Leica microscope. The laser power was set to
1% of the full power (approximately 80 uW). The laser beam was focused on the sample
by a 5% objective lens (NA = 0.12). The calculated interrogated volume was 6.46 nL. The
spectra were measured with a 4 cm™ resolution, using a 1 s exposure and 25 scans.

Control SERS experiments were conducted using a roughened gold substrate. A solid
gold electrode with surface area of 0.3 cm” was roughened with 20 successive oxidation —
reduction cycles from -0.3 to +1.25 V at 100 mV/s in an aqueous 0.1 M KCIl working
solution. The electrode was then isolated from the electrochemical cell and exposed to a 4
uM solution of OX in water, in pure DMF, or in the DMF/water mixture (20 vol % of
water). After 15 min exposure, the surface was rinsed with an appropriate solvent, that is,
with water, DMF, or the DMF/water mixture, and dried under nitrogen flux. The SERS
spectra of OX adsorbed to the gold substrate were acquired using excitation at 785 nm

(laser power 1%, four accumulations, and 5 s exposure time).

Simulations
The assembly of NRchains was simulated by the finite difference time domain (FDTD)

method [44]. Polarization of the incident field was parallel to the long NR axis. The
simulation domain was terminated with perfectly matched layer (PML). The complex
permittivity of gold was modeled using the experimental data of Johnson and Christy
[45]. To calculate the absorption and scattering cross sections of NR chains, we
employed the formalism of the total field scattered field (TFSF). We introduced a set of
two-dimensional power monitors, which formed two surfaces enclosing the NRs, one
inside the TF region (power monitor 1, or PM1) and the other one in the SF region
(power monitor 2, or PM2). We calculated the absorption cross section of the
nanostructures by evaluating the net power flow into PM1, which represented the power
loss in the NRs. The total power exiting PM2 was used for the calculation of the
scattering cross section as Gyt = Pscar/ Is, Where Py, 1s the scattered power obtained from
PM2 and I is the intensity of the light source. The extinction cross section was

determined by the summation of scattering and absorption cross sections.
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Results and Discussion
Figure E-1 illustrates site-specific functionalization of gold NRs and dynamic

generation of hot-spots via end-to-end NR assembly. The NRs with a mean length of
37.6+4.4 nm and a mean diameter of 11.4+1.0 nm were used as the building blocks of the
chains. In the ligand-exchange step, SH-PS replaced CTAB at the ends of NRs,
transforming them into amphiphilic species [28]. These NRs were well-dispersed in
DMF, a good solvent for both the CTAB molecules coating the long sides of the NRs and
the SH-PS molecules attached to the NR ends [28]. End-to-end assembly of the NRs was
triggered by introducing 20 vol% of water to the solution of amphiphilic NRs in DMF in
the presence of the Raman reporter, OX. With the addition of water, the mixture became
a poor solvent for the PS ligands localized at NR ends but remained a good solvent for
the hydrophilic CTAB ligands coating the long side of the NRs. In order to avoid
unfavorable contact of PS molecules with the DMF/water solution and to reduce the

surface energy of the system, the NRs associated in the end-to-end manner.

SH-PS

o —

Ligand exchange -

CTAB coated nanorods (NRs)

;\;I} PS-terminated CTAB-coated NRs
(Amphiphillic building block)

Trigger the controlled assembly
by DMF/Water

Controlled hot-spot generation in dynamic solution phase
via end-to-end NR assembly

Figure E-1: Schematic of the generation of hot-spots via end-to-end self-
assembly of gold NRs in chains. (a) Gold NRs stabilized with CTAB. (b) Ligand
exchange of CTAB with SH-PS at the edges of the NRs. (c) End-to-end assembly
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of NRs triggered by adding water to the solution of NRs in DMF, in the presence
of Raman reporter OX. The volume fraction of water in the DMF/water mixture
is 20 vol %. Hot-spots are generated between the ends of adjacent NRs. The
distance between the adjacent NRs in the chain is maintained constant.
Schematic is not drawn to scale.

Figure E-2a shows representative STEM images of the NR assemblies in various stages
of chain growth. STEM imaging was carried out at low voltage (30 kV), which is suitable
for imaging organic macromolecules. All the images were acquired without staining. The
diffuse gray regions between the ends of adjacent NRs in the chains correspond to the
globules of SH-PS molecules that formed in the poor DMF/water solvent. Using image
analysis, we determined that the average distance between the ends of adjacent NRs
throughout the self-assembly process remained 8.9 + 1.5 nm. We note that, while STEM
images are valuable in determining the average aggregation number of NRs in the chain
and inter-NR spacing, the conformation of the chain may be influenced by the drying
process. Therefore, the precise conformation of the chains in solution cannot be directly
inferred from the micrographs presented in Figure E-2a.

The evolution of NR chains in the course of self-assembly was characterized by the

change in their average aggregation number X, as

X :&:anx (E.1)

n
N, 2n,

where N, and N, , are the number of NR chains and the total number of NRs in the

system, respectively, and n_ is the number of chains containing x NRs. The values of

X, were calculated by analyzing STEM images of the nanochains formed in the course

of self-assembly experiments. The kinetics of growth of the NR chains resembled the
evolution of polymer chains in reaction-controlled step-growth polymerization, as
reported in our earlier work [46]; however, the self-assembly of the NRs in the presence
of OX occurred at a greatly increased rate in comparison with the OX-free system.

The extinction and SERS measurements were carried out within the time of self-
assembly 7 from ~5 min to 18 h, concurrent with the collection of samples for STEM
imaging. Figure E-2b shows the evolution of the extinction spectra of the system

undergoing self-assembly. In the course of chain growth, the longitudinal LSPR peak
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shifted from 754 to 812 nm, due to the coupling of alternating dipoles along the NR

chain. The end-to- end arrangement led to the reduction in resonance energy with respect
to individual NRs [30, 32, 33, 47-49]. In the course of self-assembly, the width of the
longitudinal LSPR peak broadened by ~12% when the aggregation number increased
from 1 to 8, which was significantly narrower than for solution-based aggregates of gold
NPs reported to date. The absorption peak at 659 nm corresponded to OX molecules.
This peak was not noticeably shifted or reduced in intensity for a period of at least 18 h,

which suggested good structural and temporal stability of OX during NR self-assembly.
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Figure E-2: (a) Representative STEM images of the self-assembled chains of
NRs. Diffuse gray regions between adjacent NRs indicate the presence of SH-PS
globules forming in a poor solvent. Scale bar is 40 nm. (b) Variation in extinction
properties of NRs in the course of their self-assembly in chains. The spectral
position of LSPR shifts from 754 to 812 nm, with the aggregation number of the
NR chains changing from 1 at # < 5 min to 8 at # = 18 h. Transverse LSPR is
located at 514 nm. The peak at 660 nm corresponds to OX.

Figure E-3a illustrates the evolution of the ensemble-averaged SERS spectra of OX in
the course of the self-assembly experiments. The most enhanced bands at 563 and 604
cm” (assigned to vibrational modes of the phenoxazine ring of the dye) [50, 51] were
consistent with the Raman spectrum of the solution of OX in DMF (Supporting
Information). The same values of vibrational frequencies for OX adsorbed on the surface
of NRs and for the solution of OX in DMF suggested that the reported molecule was
physisorbed onto the gold surface [52].

By exploiting the sensitivity of SERS spectra to changes in their local environment, we
determined the location of OX with respect to the CTAB-coated long NR sides and SH-
PS-capped NR edges. In principle, OX could be localized within the CTAB layer and/or
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could be associated with SH-PS molecules at the NR ends. In the first instance, the
localization of OX could be dominated by the hydrophobic interactions with hydrocarbon
chains of CTAB, since the localization of positively charged OX molecules in the vicinity
of the cationic groups of CTAB was less likely. Alternatively, OX could be associated
with the SH-PS ligands, so that the nonpolar component of the dye would interact with

hydrophobic PS molecules, and its polar head would be in the solvent environment.
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Figure E-3: (a) Evolution of normalized ensemble-averaged SERS spectra in
self-assembled NR chains. The average aggregation number of NR assemblies

changes from X, = 1 at ¢ < 5 min (bright-red spectrum) to 8 at r = 18 h (black

spectrum). The SERS peaks at 563 and 604 cm™ are normalized against the
SERS peak of DMF at 659 cm™ (indicated with asterisks). (b) Variation in the
normalized SERS peak intensity measured at 563 cm™ plotted as a function of
the average aggregation number of the NR chains. SERS variation (y error) is
based on three measurements taken within 15 min. Approximately 1000 NRs
(including individual species) were used in the calculations of number of NRs (x
error). Laser excitation wavelength was 785 nm.

To address the question of the predominant localization of the dye in the NR chains, we
carried out a series of control SERS experiments with OX dissolved in several solvents,
namely, water, DMF, and the DMF/water mixture at a water content of 20 vol %. The
experiments were conducted using a roughened gold substrate. The SERS frequency of
the strongest OX band in the 500-600 cm™ region depended on the type of solvent: In
water, the SERS band was centered at 595 cm™', similar to previously reported results
[50, 51]. In DMF, the spectral position of the peak was 567 cm™ (Supporting
Information). In the DMF/water mixture, the SERS spectrum of OX featured two peaks
located at 595 and 567 cm™ (See Supporting Information).
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For the self-assembled NR chains, the main SERS peak of OX was measured at 563

cm’™, very close to 567 cm™, suggesting that OX was located in a DMF environment. The
absence of a shoulder at 595 cm™ suggested that no appreciable interactions existed
between OX and water. Therefore, it was reasonable to conjecture that OX was
predominately localized within the hot-spot region between the ends of the NRs from
which water is largely excluded. We note that this did not rule out the possibility of OX
molecules being located in the hydrophobic environment in the CTAB layer; however,
the species outside the hot-spots did not significantly contribute to the overall SERS
signal. Furthermore, the fact that the vibrational frequency of OX at 563 cm™ did not
change in the course of assembly indicated that the location of physisorbed OX remained
unaltered. The relative intensities of the bands of OX at 563 and 604 cm™ also remained
constant throughout the process of self-assembly, suggesting that OX retained its
orientation and geometry with respect to the NR surface without any appreciable

molecular reorientation [53, 54].
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Figure E-4: Correlation of the normalized intensity of SERS peak at 563 cm™
(red circles) and the product of extinctions measured at 785 and 821 nm (blue

circles), plotted as a function of the average aggregation number X , of the NR

chains. Top: y errors of the intensity of SERS peak (red squares) and the product
of extinctions (blue squares) were calculated on the basis of three measurements.
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The change in the SERS intensity was determined over the course of NR self-assembly
by using the intensity of the peak corresponding to DMF vibration at 659 cm™ as an

internal standard. Figure E-3b shows the variation in the ratio of intensities of the peak at

563 cm of OX to the intensity of the peak at 659 cm™, plotted as a function of X -
Importantly, the change in ensemble-averaged normalized SERS intensity was not

monotonic: it increased for 1< X, <3, leveled off for 3< X, <5, and increased again for
5<X,<8.

To understand this nonlinear behavior, we considered only SERS arising from the
electromagnetic effect. Under resonance conditions, the incident light absorbed by the
nanostructure generates localized surface plasmons, thereby creating a strong local
electromagnetic field, Ejoc(®exc), close to the surface of the NRs. This effect leads to the
enhancement in intensity of the Raman scattered light by the OX molecule, which is
assumed to be a point dipole. The scattered light also excites localized surface plasmons
and generates an enhanced field, Ej.(®rs), at the Raman Stokes frequency. The field
enhancement GSERS is proportional to the square of the product of the local field at the
incident frequency and the local field at the scattered Raman Stokes frequency [42,

55 58], that is,

Ggrs = |Eloc (0, ) E, (g )|2 (E.2)
As discussed above, light extinction (absorption + scattering) at wavelengths matching
the resonances of the nanostructure generates LSPR that leads to field localization.
Therefore, a correlation between the SERS efficiency and the product of extinctions at
®exe and wrs should be expected.
We plotted the variations in the normalized SERS intensity and the product of the
extinctions measured at the excitation wavelength of 785 nm (wex.) and at the wavelength

of the Stokes-shifted radiation of 821 nm (wgrs) versus the average aggregation number,
X,, of the NR chains (Figure E-4). In the course of NR self-assembly, the product of

extinctions varied, since the spectral position of the longitudinal LSPR gradually red-

shifted (see Figure E-2). Figure E-4 shows a strong correlation between the variation in
SERS intensity and the product of extinctions, both plotted as a function of X - Such

correlation indicated that the variation in SERS properties with NR assembly indeed
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originated from the inherent electromagnetic properties of the self-assembled
nanostructure, rather than from chemical effects. In addition, the results shown in Figure
E-4 suggested a narrow distribution of hot-spots, confirming the high level of
organization of the dynamic self-assembled system in solution. We note that a direct
correlation between extinction and SERS is qualitatively followed in simple
nanostructures such as individual gold spheres [59] and organized arrays, but it falls apart
dramatically in strongly coupled random systems with a large distribution of spatially
localized resonances [60].

In order to further highlight the relationship between SERS enhancement and the
dynamic evolution of hot-spots, we conducted comprehensive FDTD simulations by
numerically solving Maxwell’s curl equations by iteration over time [44]. Figure E-5
shows examples of electric field (£ field) profiles corresponding to different
wavelengths for the chains of collinearly assembled NRs. The field inside individual NRs
rapidly decayed, while hotspots between adjacent NRs exhibited a maximum £ field
intensity 4000-fold greater than the intensity of the incident field.

a ]DGD .4000
T
: —nm
Figure E-5: Three-dimensional finite-difference time-domain (3D-FDTD)
simulation of the end-to-end assembly of gold NRs. Electric field profile was
calculated at the resonance wavelength of the collinear NR chain at (a) 760, (b)
782, and (c) 802 nm. Polarization of the incident light is parallel to the long axes

of the NRs (i.e., to the z-coordinate). Hot-spots between adjacent NRs show a
maximum electric field intensity 4000 times greater than the incident field.

In our work, the self-assembled NR chains were characterized by the distribution of

their aggregation numbers and the variation in the angle between adjacent NRs within the
chain. In order to examine the role of the distribution in X, of the NR chains, we

performed FDTD simulations for chains with different lengths and then used

experimentally determined aggregation statistics to calculate the electric field intensities
(see Supporting Information). For X , = 8, the E field intensity squared had the largest

value when normalized with respect to the aggregation number of the chain, which was



124

consistent with experimental results shown in Figure E-3. While the longer chains had a
lower maximum intensity, they also had a weaker variation in their maximum intensity
wavelength compared to the shorter chains. This spectral purity provided greater
enhancement in the £ field when statistically averaged.

When the distribution in the aggregation numbers was not taken into account, the field
intensity was highest for chains containing three NRs, when normalized by the number of
NRs in the chain (Supporting Information). This effect originated from the trade-off
between the local field enhancement and optical absorption (that is, loss) in the NR
chains. A figure of merit that compares the local field enhancement to the loss is the ratio
between the real and imaginary parts of the relative permittivity of the NRs. For gold, this
figure of merit is at a maximum at ~760 nm, close to the resonance wavelength of the
trimer structure.

Since the SERS and LSPR properties of the NR assemblies depend on the collinearity
of the NRs with respect to the long axis of the chain [32, 33, 48], we have performed
FDTD calculations for dimers and trimers of NRs with varying orientations with respect
to each other (Supporting Information). The deviation from collinearity at the angles
between the long axes of the NRs of 20, 40, 60, and 90 degrees, resulted in a significant
reduction of extinction and, thus, decreasing E field intensity (Supporting Information).
This result implied that in ensemble measurements, the greatest contribution to extinction
and SERS arose from the chains with a collinear NR arrangement, with a minor influence
on E field intensity from “off-axis” NRs.

The persistence length of the chains formed by the 40-nmlong NRs in the DMF/water

mixture with 20 vol% of water was 230 nm, corresponding to X,~ 6 [28a]. We admit

that chain conformations determined from the TEM images of dried samples or from the
AFM images of the chains on the solid substrate under solution may not accurately reflect
the configuration of chains in solution. Therefore, extensive cryo-TEM experiments
followed by the deliberate analysis of the statistical distribution of angles along the
chains with different aggregation numbers will provide more insight into the relationship
between the SERS properties and the chain flexibility.

For the calculation of scattering and absorption cross sections, we employed the total

field/scattered field method for the separation of the scattered field from the incident
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radiation. Our calculations showed that the extinction cross-section mainly originated

from NR absorption, whereas the contribution from scattering was minor (Supporting
Information). Experimental and calculated results obtained for the extinction and
variations in the spectral position of the longitudinal LSPR (Figure E-6a) were in good
agreement when NR number distribution was considered. Figure E-6b shows the change

in the calculated extinctions (a product of those measured at 785 and 821 nm) and FE
field intensity squared as a function of X,. A strong correlation between the two trends

was consistent with the relationship expressed in Eq 2. Significantly, the experimental

results (Figure E-4) and theoretical results shown in Figure E-6b are in good qualitative

agreement.
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Figure E-6: (a) Variation in experimentally measured (blue circles) and
calculated (red squares) spectral position of the longitudinal LSPR, plotted as a

function of the average aggregation number, X ,» of the NR chains. (b) Variation

in the calculated product of the squares of the electric field (intensity) at 785 and
821 nm (red circles) and the product of the extinction cross sections at 785 and

821 nm (blue circles), plotted vs X, .

Conclusions
Following dynamic generation of hot-spots via controlled, solution-based self-

assembly of gold NR chains, we have established a direct relationship between extinction
and SERS properties of the chains. An important aspect of our experiments included the
formation of ensembles with a well-defined, invariant distance between adjacent NRs.
Our work opens the way for studies of optical properties of other geometry-dependent
dynamic plasmonic systems, e.g., ensembles of side-by-side gold NRs and
compartmentalization of molecules or particles in hotspots. Building from the correlation

between SERS and extinction, practical applications of self-assembled structures ranging
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from chemical and biological sensing to nanoelectronics, e.g., plasmonic circuits, become
a step closer.
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degrees (e) 90 degrees (f - 1) Calculated absorption, scattering, extinction cross
sections and electric field intensity squared respectively of various angled NR
dimmers and trimers as a function of wavelength. Electric field strength between
adjacent NRs decreases as angle between adjacent NRs increases.
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Figure E-S5: Calculated absorption, scattering and extinction cross sections as a
function of wavelength for various NR chain lengths ((a) to (c) respectively) and
average NR aggregation number ((d) to (f) respectively). A total-field scattered
field (TFSF) source is utilized for calculating the scattering and absorption cross-
sections. Incident field polarization is parallel to the major rod axis (i.e. z), the
bandwidth of source is from 600 nm to 1000 nm. Simulation domain is



terminated with perfectly matched layer (PML). A mesh override region of (1 nm
x Inm x 1nm) mesh size is defined for better modeling of the circular rods in
Cartesian coordinates. A 3-D time domain monitor is utilized for recording the
field strengths as a function of time and a Fourier transform provides the
frequency domain results. Extinction cross-section was calculated for different
NR chain lengths and a certain factor (see main text) from each curve was added
according to the experimental statistical data to lead figure (f). The heterogeneity
of NR chain size at each stage of the assembly is one of the contributing factors
to variations in the observed amplitude.
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Appendix F: Side-by-Side Assembly of Gold Nanorods Reduces
Ensemble-Averaged SERS Intensity

(2012, The Journal of Physical Chemistry C, volume 116, pp 5538-5545)

Reprinted with permission from the Journal of Physical Chemistry C. Copyright (2012)
American Chemical Society.
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Side-by-Side Assembly of Gold Nanorods Reduces Ensemble-
Averaged SERS Intensity
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ABSTRACT: It is generally expected that aggregates of metal nanoparticles are more
efficient surface-enhanced Raman scattering (SERS) probes than individual
nanoparticles, due to the enhancement of the electric field in the interparticle gaps. We
show that, for asymmetric nanoparticles, such as gold nanorods (NRs), this is not always
the case: the plasmonic behavior of NRs depends on the mutual orientation of the NRs in
the ensemble. We report the results of experimental studies and theoretical analysis of the
optical properties of clusters of side-by-side assembled gold NRs. Ensembleaveraged
SERS spectroscopy showed a reduction in SERS intensity. Comprehensive finite-
difference time-domain simulations showed a reduction of electric field intensity as the
number of NRs per cluster increased. This is due to destructive interference as the radial
component of the surface plasmon modes of the NRs in the cluster interact with each
other. The present work expands our understanding of the configuration-specific optical
behavior of asymmetric gold nanoparticles. Furthermore, it offers guidance toward the

“design rules” for the development of colloidal NR systems for sensing applications.

Introduction
The utilization of light—metal interactions at the nanoscale shows promising

applications in nanoantennas [1—5], extraordinary transmission [6, 7], and plasmonic
waveguides [8—10] all of which can be realized through precise control of the

architecture, dimensions, and composition of metallic nanostructures. In parallel to “top-
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down” nanofabrication, “bottomup” methods utilizing colloidal metallic nanoparticles
(MNPs) as the building blocks are receiving increasing attention, because of the low cost
of the fabrication and their potential use in vivo [11-14].

One of the important applications of the plasmonic properties of MNPs is their
utilization in surface-enhanced Raman scattering (SERS), which provides structural
information about analytes adsorbed on the surface of MNPs and offers exceptionally
high sensitivity as compared with ordinary Raman scattering [15—19]. The amplification
of Raman intensity arises from local electromagnetic field enhancement due to the
surface plasmon resonance (SPR) of MNPs. The magnitude of the Raman scattering from
analytes in close proximity to the surface of MNPs is approximately proportional to the
fourth power of the local field at the excitation frequency, when the electromagnetic
mechanism of SERS is considered [15, 20, 21].

The spectral position of the SPR of MNPs can be tuned by varying the dimensions and
shapes of MNPs, as well as the nature of the surrounding medium. There is also
significant interest in ensembles of MNPs, owing to the coupling of plasmons of adjacent
particles [9, 22]. Structural, configuration dependent, plasmonic behavior of ensembles of
MNPs can affect both the intensity and the spectral position of the SPR wavelength,
thereby providing greater insight into the utilization of the plasmon coupling phenomena.

Currently, the majority of experimental studies of SERS properties of clusters of MNPs
have been carried out for irregular, aggregated systems. These structures exhibited a
significant variability in their optical properties. As a result, there remains an insufficient
understanding of the influence of the architecture of aggregates of MNPs on their SERS
properties, particularly, in a solution state.

Gold nanorods (NRs) are of particular interest because of their intrinsic shape-
anisotropy. They exhibit transverse and longitudinal SPR, which correspond to the
coherent electron oscillations perpendicular and parallel to the long NR axis, respectively
[23]. The shape-dependent properties of NRs enable spectral tunability of the longitudinal
SPR in the near-IR region. In addition, in their ensembles, gold NRs can exhibit a
welldefined mutual alignment in a side-by-side or end-to-end manner [24—27]. The
surface plasmon coupling between gold NRs in their ensembles depends not only on the

interparticle distance but also on the mutual orientation of the NRs with respect to each
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other. Therefore, gold NRs are well suited for the fundamental studies of the optical
properties of aggregated NP systems [18, 19, 22, 24, 25, 27].

Thus far, many researchers have focused on the ‘“single-particle” scattering
measurements of isolated dimers of NRs in a dry state, in which the NRs were arranged
in the end-to-end, side-by-side, L-shaped, or T-shaped manner [24, 25]. Experimental
results showed that the scattering intensity of dimers depends on the polarization
direction of the incident light. The maximum intensity was reached, when the
polarization was parallel to the long axis of the NRs. These experimental findings were in
agreement with plasmon hybridization calculations and finite-difference time-domain
(FDTD) simulations [24]. A study of the effect of angular orientations of NRs in dimers
fabricated by electron beam lithography showed the dependence of plasmon coupling on
NR orientation, separation, induced dipole strength, and the dielectric constant of the
medium [28]. “Single-particle” measurements of scattering, extinction, and SERS of NR
dimers and a theoretical explanation of geometry-specific NR assembly [26] have
provided a deeper insight into the optical behavior of isolated NP aggregates [29]. Yet,
currently, a comprehensive understanding of the optical properties of ensemble-averaged
system behavior, factoring in aggregate populations, SPR shift, and electric field (£
field) distribution in a dynamic solution-based assembly remains challenging. A small
piece of this puzzle has been addressed by our previous work, in which the optical
properties of chains of NRs assembled in the end-to-end manner were reported [30].
Specifically, we studied the localized E -field intensity regions (“hot spots”) that were
generated between the ends of adjacent NRs [31, 32] and showed a direct correlation
between extinction and ensemble-averaged SERS, as a function of the average
aggregation number of NR chains during their assembly [30]. The calculated FE -field
intensity showed a decrease as the average length of NR chains increased beyond trimers,
due to a “trade-off” between losses and local field enhancement. For the end-to-end NR
alignment, the E field is oriented along the NR axis, and the near E fields couple
constructively, thereby leading to a red shift of the longitudinal SPR [24, 25].

With respect to side-by-side assembly of gold NRs, a number of methods have been
demonstrated [33], including the use of chelating agents [34], an antibody to a toxin

molecule (microcystin-LR) [35] and the addition of anions via electrostatic interactions
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(citrate) [36]. However, to date, only a single experimental study exists that reports on the
solution-state SERS properties of side-by-side assembled NRs. This study showed a 10-
fold increase in intensity of the SERS signal of the resonant dye, as compared with the
SERS of the individual NRs [36]. While we note that 3D multilayered stacks and 2D
superstructures are highly SERS-active [34, 37, 38], these structures have a distinct
E field distribution and, consequently, different SERS properties, in comparison with
small solution-based side-by-side assembled NR clusters. For this reason, the results of
our work cannot be directly compared with those of superstructures.

Here, we report experimental and theoretical analyses of the optical properties of side-
by-side assembled gold NR clusters. Experimentally, we examined the extinction and
ensembleaveraged SERS properties of the NR clusters following their assembly in the
solution state. Our results showed a blue shift of SPR wavelength, as expected, but
surprisingly, a reduction of SERS intensity. Finite-difference time-domain (FDTD)
simulations [39] confirmed the reduction in E -field intensity, as the number of NRs per

cluster increases, due to destructive interference between the E -field radial components.

Materials and Methods
Synthesis of Gold Nanorods

All chemicals were purchased from Sigma Aldrich (Canada) and used without further
purification. Cetyltrimethylammonium bromide (CTAB)-coated gold NRs were
synthesized by the “seedmediated growth method” devised by El-Sayed et al [40].
Briefly, seed solution was prepared by the reduction of HAuCly, dissolved in an aqueous
solution of CTAB, with cold sodium borohydride (NaBH,4). The growth solution was
prepared by dropwise addition of ascorbic acid into an aqueous solution of HAuCly,
CTAB, and AgNO:s. To initiate NR growth, a 5 min-aged seed solution was injected into
the growth solution and incubated for 10 h at 27 °C. The resultant CTAB-coated gold
NRs were purified by two centrifugation cycles at 8500 rpm for 30 min (Eppendorf
centrifuge 5417R).

Side-by-Side Assembly of Gold Nanorods
The site-specific ligand exchange of CTAB was carried out at the NR ends with thiol-

terminated polystyrene (SH-PS), purchased from Polymer Science Inc.) with a molecular
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weight of 12000 g/mol and a polydispersity index of 1.09 [33]. Approximately 0.5 mL of

the concentrated aqueous solution of CTAB-coated NRs (~1.0 mg/mL) was rapidly
injected under sonication (42 kHz + 0.6%) into 10 g of tetrahydrofuran (THF) solution
containing 5 mg of SH-PS (~0.05 wt %) [30]. The solution mixture was sonicated for 30
min and incubated at room temperature for ~24 h. Purification of the sample from free
polymer was carried out by eight centrifugation cycles at 8500 rpm for 30 min, and THF
was used as a solvent. This purified sample was used as a stock NR solution. Next, 3 pM
of a Raman reporter, cresyl violet (CV), was introduced into 990 pL of the stock solution
under shaking. Following a 30 min agitation under gentle vortex conditions, the mixture
was incubated for 1 h. To trigger side-by-side NR assembly, we added dropwise a THF-
water mixture containing 10 vol % of water. All subsequent physical measurements were
carried out on the same batch of NRs. As soon as NR self-assembly began, we carried out

all subsequent physical measurements in parallel.

Characterization
The evolution of the side-by-side NR assemblies was monitored by using a Cary 500

UV/Vis/NIR spectrophotometer. Extinction spectra were recorded in the spectral range
from 400 to 1200 nm at room temperature by using a 1 cm path length cell. Scanning
transmission electron microscopy (STEM) images were recorded with a Hitachi S- 5200
field emission SEM equipped with a transmitted electron detector. The surface-enhanced
Raman scattering (SERS) measurements were carried out by using a compact Raman
system (Advantage Raman Series, DeltaNu) (785 nm laser line, the laser beam diameter
of 35 um at the focal point). The intensity of SERS was calibrated and normalized to the
Raman spectra of cyclohexane and polystyrene, in order to correct for variations in
optical alignment and instrument response. The spectra were acquired with a 5 cm™
resolution. Control SERS measurements of CV adsorbed from either THF or water on a
roughened gold substrate were conducted by using a Renishaw InVia System
spectrometer coupled to a Leica microscope. The laser excitation and power were 785 nm
(Renishaw solid-state laser model HPNIR785) and ~8 mW, respectively. The spectra
were measured using a 20x objective (NA = 0.4) with an exposure time of 10 s and 5
scans. A solid gold electrode was roughened with 25 successive oxidation and reduction

cycles from 0.3 to 1.2 V in an aqueous 0.1 M KCI working solution. A platinum wire was
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used as a counter electrode, and the reference electrode was Ag|/AgCIlKCl(sat). The
roughened gold electrode was then isolated from the electrochemical cell, and CV in THF

or water was introduced for the SERS measurements.

Finite-Difference Time-Domain (FDTD) Simulations.
To model the complex permittivity of gold, we used the experimental data of Johnson

and Christy [41]. The simulation domain was terminated by a perfectly matched layer to
ensure minimum reflections from the boundaries of the simulation domain. The total field
scattered field (TFSF) source was used for the determination of absorption, scattering,
and extinction cross sections of assembled NRs, which divided the simulation domain
into two regions. In one region, only scattered fields were present, while the other region
contains both the incident and the scattered fields. The scattering cross section was
determined by calculating the Poynting vector over a closed surface surrounding the NRs
in the scattered field region. The absorption cross section was calculated by determining
the net flow of power into a closed surface surrounding the NRs in the total field region.
The incident plane wave was polarized at 45° to the long axis of the NRs, and as such,
this polarization probes both the transverse and the longitudinal SPR. The mesh override
region was defined with a mesh size of 1 nm for accurate modeling of the cylindrical

structure in a Cartesian coordinate system.

Results and Discussion
By exploiting the anisotropy of the NRs in shape and surface energy [42-44], we

carried out site-specific exchange of CTAB at the NR ends with thiol-terminated
polystyrene SH-PS [33]. The SH-PS tethered to the NR ends rendered the NRs analogous
to an “amphiphilic” molecular species with a hydrophilic long side and hydrophobic end
groups. Later in the text, we refer to the PS-functionalized NRs as the “NRs”, unless
otherwise stated. We triggered the self-assembly of the NRs in a side-by-side manner by
changing the quality of solvent for the ligands. We note that THF is a poor solvent for
CTAB, and the stability of the NRs in THF was attributed to the polystyrene ligands (the
values of the second virial coefficient, A2, is 9.0 x 10 mol cm® g?, equivalent to Flory-

Huggins interaction parameter equal to 0.4) [33]. We added water to the THF solution of
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the NRs to a total concentration of water of 10 wt %, thereby reducing the solubility of

the PS ligands. As a result, the NRs assembled in the side-by-side manner (Figure F-1).

SH-PS
# Functionalization

CTAB coated NRs

PS capped NRs . . .
(Amphiphillic building block) Tiggerside-by:side NR ascembly
By THF/Water

Figure F-1: Schematic illustration of the side-by-side NR assembly. A SH-PS is
attached to the ends of CTAB-coated gold NRs in THF via site-specific ligand
exchange. After the addition of the Raman reporter, the side-by-side assembly
was triggered by the addition of water (10 vol %).

Figure F-2a shows photographs of the solutions of NRs following their self-assembly
over time. The typical color of the solutions changed from reddish-purple to blue. We did
not observe any apparent “precipitation” throughout the acquisition of all measurements.
The NR ensembles showed colloidal and temporal stability for at least 3 months. Figure
F-2b shows the evolution of extinction spectra of NR solutions, plotted over the course of
assembly. The consistent blue shift of the longitudinal SPR peak from 770 to 715 nm
indicated that the NRs were assembled in a side-by-side configuration [26]. The blue shift
occurred due to the parallel alignment of dipole modes of individual NRs (this result will
be addressed below by numerical simulations) [24]. We did not observe SPR peak
broadening, which could be characteristic for the formation of large, irregular NR
aggregates. The transverse SPR showed a relatively small red shift from 510 to 519 nm,
due to attractive interaction between NRs.

Representative scanning transmission electron microscopy (STEM) images of the NR
clusters in various stages of their self-assembly are shown in Figure F-2a (low-
magnification STEM images of the NR assemblies are presented in the Supporting
Information). Using image analysis, we determined that, throughout the self-assembly
process, the average distance between the long sides of adjacent NRs remained at 1.97 +
0.48 nm. This inter-NR spacing was smaller than would be expected for four layers of

CTAB ligands (~4 nm, assuming capping of the NR sides with a CTAB bilayer) [45, 46],



146
presumably, due to the interdigitation of CTAB molecules in the gaps between the NRs

[47, 48].

We did not calculate the average aggregation number of the NR ensembles, because it
is well established that, upon evaporation of the solvent on a carbon-coated TEM grid,
gold NRs form stacks, in which they are aligned in the parallel manner [47]. The
alignment occurs due to the van der Waals forces acting between the NRs: on the basis of
Hamaker integral approximation, for small NR separation distance, the side-by-side
configuration is preferred [49]. Nevertheless, inspection of the TEM images showed that
the number of individual NRs decreased through the course of self-assembly. For
example, 24 h after triggering the self-assembly, we observed ~57% of individual NRs,
28% of dimers, 10% of trimers, and 3% of tetramers, whereas for 216 h long assembly,

the fractions of these species were 30, 44, 18, and 8%, respectively.
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Figure F-2: (a) A photograph showing a typical change in color of the solution of
self-assembling NRs as a function of time from reddish-purple to blue (top left).
Representative scanning transmission electron microscopy (STEM) images of
NRs in various stages of self-assembly. The scale bar is 15 nm. (b) Variation in
extinction properties of NR ensembles over time.

Concurrently, with extinction measurements over the course of side-by-side assembly
of the NRs, we monitored ensembleaveraged SERS of cresyl violet (CV) (Figure F-3a).
The most enhanced SERS bands of CV appeared at 535 and 595 cm™ and were caused by
in plane vibrational ring modes of CV [50]. The band at 900 cm™ corresponded to the
ring “breathing” mode of THF [51] and was used as an internal standard. The position of
the bands shown in the SERS spectrum were in accordance with the ordinary Raman

spectrum of CV, which suggested that CV was physically adsorbed on the surface of the
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NRs. Figure F-3b shows the variation in the normalized SERS peak intensity of CV at

535 and 595 cm’', plotted as a function of self-assembly time, 7. We observed a gradual
reduction in normalized SERS intensities of both peaks of CV for ¢ increasing from 5 min
to 216 h. In the control experiment, the spectrum of the solution containing the same
amount of CV and individual (not assembled) NRs showed relatively constant intensities

of the SERS peak at 595 cm™ for the duration up to 216 h.
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Figure F-3. (a) Representative ensemble-averaged SERS spectra of cresyl violet
(CV), measured in the course of side-by-side assembly of the NRs as a function
of time. The band at 900 cm™ corresponds to THF and was used as an internal
standard to normalize the intensity of SERS of CV at 535 and 595 cm™. (b)
Normalized SERS intensity at 535 cm™ (red circle), 595 cm™ (blue triangle), and
in control experiments conducted without the assembly of the NRs (black square,
for SERS of CV at 595 cm™) as a function of time.

To further investigate the experimental findings, we conducted comprehensive
electromagnetic FDTD simulations, numerically solving Maxwell’s equations by
iteration over time. Figure F-4a-c shows FDTD calculations of the change in the
normalized absorption, scattering, and extinction cross sections, all plotted as a function
of wavelength for the assemblies with a side-by-side NR alignment. The number of NRs
in the clusters changed from one to eight NRs.

By comparing the results obtained in experiments and simulations, we observed a small
difference in the spectral position and the relative intensity of the transverse SPR of the
NRs. The SPR modes are dependent on the direction of propagation of incident radiation.
The simulations were carried out for one direction of propagation incident wavevector
(kinc), which was perpendicular to the long axis of the NRs. This was not the case for the

extinction experiments carried out for the NR solution. To verify the dependence on the
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propagation direction, we carried out simulations for two different directions of light

propagation, that is, parallel and perpendicular to the long axis of the NRs (Supporting

Information). We note that, for the parallel propagation, only the transverse SPR is

excited.
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Figure F-4: Calculated normalized absorption (a), scattering (b), and extinction
cross section (c), all plotted as a function of wavelength for NR assemblies
containing from one to eight NRs. Simulations were carried out using FDTD.

The FDTD simulation showed a blue shift of the resonance wavelength from 779 to
653 nm, as the number of NRs per ensemble increased from one to eight NRs,
respectively. The resonance wavelength of a single NR or a stack of NRs arranged in a

side-by-side manner is determined by two variables: the propagation constant B of the



149
radial SP mode and the phase of light reflection from the ends of the NRs. At resonance,

the following condition is satisfied [2, 29, 52].

L+, =7 (F.1)

where L is the NR length, ¢, is the phase of reflection from the end of the NRs, and 8

is the propagation constant ( S =n,, 27/ A, where n,, is the effective index of the system

off o
containing NRs and the surrounding medium). The analytical expression for the phase of
reflection from flat-ended NRs has recently been derived [53], whereas only numerical
solutions for phase of reflection for NRs with hemispherical ends (common in colloidal
systems) are currently available.

The value of S is a geometry-dependent variable, and it can be obtained from the
mode shape of the radial SP wave. Figure F-5 shows mode shapes of one NR and side-
by-side assemblies of two and three NRs. By using modal solutions, we numerically

verified that, as the number of NRs in the ensemble increases, the value of Ny decreases,
thereby reducing the value of . More specifically, for one, two, and three NRs, the
resultant value of n, was 11.81, 9.29, and 8.13, respectively, and the corresponding

value of £ was 98.9 x 106, 77.8 X 106, and 68.1 x 10° m'l, respectively.
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Figure F-5: Modes supported by side-by-side assembly of NRs. Mode shapes of
surface plasmons of one to three NRs from left to right (looking down the long
axis (z axis) of the NRs). The resulting effective index values are used for the
calculation of the propagation constant of surface wave in the different
geometries and show that the propagation constant decreases as the number of
NRs increase. Fields are normalized to their maximum intensities.

This reduction occurs when the NRs are brought into close proximity to each other in
the side-by-side ensembles. Consequently, the mode shape of interacting NRs changed as

compared with that of an individual NR. The radial components of the E field of the
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neighboring NRs cancel each other, due to destructive interference, resulting in a

reduction of the local E field (Figure F-6). To satisfy Eq. 1, the reduction in n_, had to

off
be compensated by a proportional amount of reduction in the resonant wavelength (to

first order, ignoring the effects of dispersion in 7, ). Therefore, a blue shift occurred as

the number of NRs aligned in a side-by-side manner increased (it should be noted that
¢,,; 1s weakly wavelength-dependent [53], and earlier work [2] suggested that ¢, = 0).
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Figure F-6: (a) Schematic illustration of gold NRs assembled in a side-by-side
manner showing a reduction of electric field due to destructive interference of the
radial component of the £ field (£,). (b) Radial E-field profile via FDTD

simulations for one and two NRs looking down the long axis (z axis) of the NRs
showing the field cancellation in the gap between two NRs.

Figure F-7a-e shows examples of FDTD simulations of FE -field intensity profiles of
ensembles containing from one to five NRs at their corresponding resonance wavelengths
at 780, 713, 690, and 678 nm, respectively (additional simulations are provided in the
Supporting Information). We note that the field intensity in the gap between two
neighboring NRs is significantly smaller, compared with the field intensity for a single
NR. Figure F-7¢ shows the normalized sum of FE -field intensity squared as a function of
wavelength. As the number of NRs per stack increased from one to eight, the sum of the
intensity squared decreased. Unlike end-to-end NR assembly, which exhibited
constructive inference [30], for the side-by-side assembly, the reduction of the field
originated from the cancellation of the radial component of the SP mode, thereby leading
to destructive interference, as shown in Figure F-6. We note that we examined the FE -
field intensity of two different geometries of NR assemblies, that is, the 2D “stack” vs a
3D “bundle” [54], and found similar sums of FE -field intensities (Supporting

Information).
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Figure F-7: (a-d) Examples of electric field intensity profiles produced via 3D-
FDTD simulation for side-by-side assembled NRs at their resonance
wavelengths. Polarization of the incident light is at 45° to the long axis (z
coordinate) of NRs. (¢) Sum of electric field intensity squared of ensembles
containing a different number of NRs.
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Figure F-8: SERS of CV on a roughened gold substrate in THF (a) and water (b).
In THF, the spectral positions of the CV peaks (591 cm™) were in concordance
with those observed for CV coassembled with NRs. A 785 nm laser excitation
was used.

The results presented in Figures E5-E7 suggest that, due to destructive interference, the
region between the rods is not the “hot spot”. To validate this experimentally, we
conducted control SERS measurements of CV adsorbed from either THF or water on a

roughened gold substrate [55]. Figure F-8 shows that the SERS spectra of CV are
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solvent-dependent. In the THF solution, the spectral positions of the CV peaks (591 cm™)

were in concordance with those observed for CV coassembled with NRs (Figure F-3a),
whereas in the water environment, CV exhibited a significant shift in the spectral peak
positions [52] to 541 and 600 cm™, in comparison with those measured in the THF
solution. The observed changes may be caused by hydrogen bonding between CV and
water molecules, which causes the change in the average orientation of the CV molecules
with respect to the surface of NRs. On the basis of the similarity of SERS spectra of CV
acquired for its THF solution and for the self-assembled NR clusters, we conclude that, in
the side-by-side assembled NR experiments, we are probing SERS properties of CV in a
THF environment, from which water is largely excluded. Since the SERS signal
originates from the “hot-spot” region, this result suggests that the CV species producing
most of the Raman scattered signal are located at the ends of NRs (and not between the
NR long sides, where destructive interference is dominant), in agreement with numerical
calculations presented in Figure F-7. We note that probing of SERS of CV located at the
ends of NRs did not exclude the possibility of CV being located on the sides of NRs.
Such partition is possible because CV has an amphiphilic nature, due to the presence of
an unsaturated ring structure and a cationic imine group. Thus, the hydrophobic moiety of
CV can intercalate into the hydrocarbon chains of the CTAB bilayer on the NR long
sides. A similar effect was observed for molecules containing both ionic and hydrophobic
moieties (e.g., tetraphenylphosphonium) partitioning into a lipid bilayer, when
hydrophobic forces dominated over electrostatic repulsion [29].

To further support our finding of the reduction of SERS intensity arising from probing
at the ends of NRs, we numerically examined location-specific £ -field variation at the
ends of NRs (Supporting Information). The normalized sum of E -field intensity squared
over volume showed a decrease as a function of the number of NRs. The reduction of E
field suggested that SERS of CV should decrease as the number of NRs per ensemble
increases, considering only the electromagnetic effect of SERS, which was the
predominant factor in our work.

In summary, the present study provides an important insight into the optical properties
of side-by-side assembled gold NRs. We showed that the normalized sum of the FE -field

intensity decreases as the number of NRs in the ensemble increases. The observed
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reduction of E -field intensity occurs due to the cancelation of the radial component of
SP modes. Calculated and measured extinction spectra show a blue shift of the
longitudinal SPR, which is caused by the reduction of effective index, when the number
of NRs per ensemble increases. While it is generally expected that aggregates of metal
nanoparticles are better SERS platforms than individual nanoparticles, our experimental
work showed the reduction in ensemble-averaged SERS intensity, which was in
concordance with comprehensive FDTD calculations.

Although there has been significant progress in the organization of NRs in the side-by-
side mode, the next challenge is to exploit the functionality of these plasmonic
ensembles. While the observed spectral shift in SPR of NRs has found applications in
colorimetric sensors, our results suggest that small side-by-side assembled clusters may
not be suitable for use as highly sensitive SERS probes. Fundamentally, this study
expands our understanding of the interplay between geometry, assembly, and the optical
properties of plasmonic nanoparticles.
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Figure F-S1: Representative scanning transmission electron microscopy (STEM)
images of NRs in various stages of side-by-side assembly. Recorded on a
Hitachi S-5200 scanning electron microscope operating in STEM mode. Note:
as-synthesized NRs contain a small population of spheroids.
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Figure F-S2: FDTD simulations showing absorption, scattering, and extinction of
2 NRs per stack for two different directions of propagation of incident radiation:
perpendicular (y-propagation) and parallel (z-propagation) to the long axis of
NRs. When wave vector k;,. is parallel to the NR axis, a peak at 520 nm is
observed corresponding to the transverse SPR. The mode excited by the z-
propagation incident light (bottom left) has a very weak response and the field
between the NRs does not cancel due to the polarization of the incident light. It
should be noted that for this propagation, only the transverse SPR is excited. The
color bar represents electric field intensity on log;o scale.
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Figure F-S3: Examples of electric field profiles of side-by-side assembled gold
NR structures via 3D-Finite Difference Time Domain (FDTD) simulations (for 5
to 8 NRs per stack). Electric field profile was calculated at the resonance
wavelength of the NR stack at 669, 663, 659, and 655 nm from top left to the
bottom right respectively. Polarization of the incident light is at 45 degrees to the
long axis (z-coordinate) of NRs.
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Figure F-S4: (a) Schematic illustration of bundled 3 and 4 NR structures. (b)
Electric field profiles of the bundle structures containing 3 and 4 NRs (Log scale)
at 674 and 656 nm. (c) Absorption, scattering, extinction and sum over volume
of the electric field intensity squared are presented for 3 and 4 NRs in side-by-
side (ss) stack and bundle configuration.
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Refractive Index Sensing
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ABSTRACT: We optimized the resolution of nanohole arrays in metal films for
refractive index sensing by increasing the sensitivity with modifications to the hole-array
parameters and by reducing the noise of the sensor system. The nanohole array
parameters (including film thickness, periodicity and diameter) were first optimized by
finite-difference time-domain simulations, and then fabricated and tested, showing good
agreement between the two cases (theory and experiment) in terms of optimal
parameters. To improve the sensitivity and to reduce the noise, the laser source
wavelength was optimized (including the efficiency of the camera for detection) and the
intensity was increased to reduce shot noise. A bulk resolution of 6x10-7 RIU was
demonstrated. Due to the collinear microscope geometry and potential for multiplexing of

nanohole arrays, these results are encouraging for future biosensing applications.

Introduction
Surface plasmon resonance (SPR) sensing is an established technology for monitoring

refractive index changes due to mass loading at a surface of a metal film. Since the
discovery of extraordinary optical transmission through nanohole arrays in metal films
[1], it has been demonstrated that these arrays may be used for sensing applications [2-3].
Compared to Kretschmann-type SPR, sensing using the nanohole arrays is extremely
promising for future technologies because it allows for: a small footprint for dense
integration, a high degree of multiplexing, collinear optical detection for facile
integration and combined optofluidic functionality [4-25].

The optimization of sensors includes sensitivity, resolution, reproducibility and
accuracy. Sensitivity depends on the sensor output to the change in refractive index.
Resolution is defined as the smallest change in refractive index that the nanohole array

sensor can detect and is limited by the noise of the system [26]. Commercial SPR
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instruments have a resolution of 107 refractive index units (RIU) [27]. So far, the
resolution of nanohole arrays has been demonstrated to be between 107-10° RIU;
however, those works used complicated optical setups [28-30].

In this work, we optimize the resolution of nanohole arrays in metal films for refractive
index sensing by increasing the sensitivity with modifications to the hole-array
parameters and by reducing the noise of the sensor system. We achieve a bulk resolution
of 6x107 RIU. Due to the collinear microscope geometry and potential for dense
multiplexing of nanohole arrays with optofluidic functionality [31-33], the results are

encouraging for future biosensing applications.

Simulation Methods and Results
To have an idea of the optimal parameters for nanohole sensors, we performed

comprehensive calculations of the transmission spectra of nanohole arrays using the
finite-difference time-domain method (FDTD). To model the dispersive gold film a fit to
the experimental data of Johnson and Christy was used [34]. The substrate was taken to
have refractive index of 1.52 (for glass) and the refractive index of the background was
varied to determine the sensitivity. The simulation domain used perfectly matched layer
boundaries to prevent reflections and Bloch boundary conditions for the periodic
structure. A plane wave source was used normally incident on the nanohole array. A
frequency domain profile monitor collected the transmission through the holes in the
visible and near infrared wavelength range. A mesh over-ride of 2 nm was used over the
metal film, and this was confirmed to capture the surface plasmon dispersion by finite
difference mode calculations. The sensitivity was determined by noting the change in the
transmission characteristics for varying refractive index of the solution surrounding the
holes.

Periodicity of the array, hole-diameter, and metal thickness were varied to obtain the
best performance of the nanohole array sensor. FDTD simulations were carried out for
hole-diameters from 140 nm to 250 nm, periodicities from 415 nm to 570 nm, and gold
film thicknesses from 100 nm to 500 nm.

Figure G-1(a) shows the transmission spectrum of the optimized nanohole arrays for
film thickness of 100 nm. The optimization was determined in terms of the resolution,

assuming that shot noise is the dominant factor (for which the noise scales as the square
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root of the intensity). Considering this, the resolution, when changing the refractive index
from n =1.330 to n, =1.331 will be proportional to the resolution parameter R :

Inl _1112
1

nl

R= (G.1)

Using Eq. G.1, we compare the performance between the nanohole arrays, where 7
and [, are the transmission intensities for the different refractive index values. Figure G-

1b shows that the optimal wavelength for operation is at 648 nm for this film thickness,

and this occurs for a hole-diameter of 150 nm and a periodicity of 425 nm.
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Figure G-1: Results of FDTD simulations. (a) Spectrum of a circular nanohole
array of diameter 150 nm and periodicity 425 nm in a gold film of 100 nm
thickness. (b) Optimal wavelength for operation is at 648 nm.

It is interesting to note here that the optimal periodicity for the 100 nm film is close to
the expected lowest order Bragg resonance of the plasmon dispersion for this wavelength;
however, this is not the case for the thicker films. We will discuss this further below in
section 6.

Figure G-2 shows equivalent results for a gold film of 300 nm thickness. The optimal
parameters found were hole-diameter of 260 nm, periodicity of 570 nm. The wavelength

for the best performance was 655 nm.
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Figure G-2: Results of FDTD simulations. (a) Spectrum of a circular nanohole
array of diameter 260 nm and periodicity 570 nm in a gold film of 300 nm
thickness. (b) Optimal wavelength for operation 655 nm.

Figure G-3 shows the transmission spectrum and resolution parameter for a 500 nm
gold film thickness. The optimal parameters for this thickness were hole-diameter of 260

nm and periodicity of 570 nm. The largest R value change is at the wavelength of 655

nm.
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Figure G-3: Results of FDTD simulations. (a) Spectrum of a circular nanohole
array of diameter 260 nm and periodicity 570 nm in a gold film of 500 nm
thickness. (b) Optimal wavelength for operation is 655 nm.

Comparing Figures G-1 to G-3, it is clear that the thicker films provide better
performance. In practice, however, we are limited by the ability to make high-aspect

nanoholes in thick films and the duration of milling, and so we do not attempt larger
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thicknesses than 500 nm in this work. It is also interesting to note that the optimal
wavelength of operation was consistently around 650 nm for all of the film thicknesses,
and this has important ramifications for the sensor performance, as discussed further in

Section 6.

Fabrication Procedure
The nanohole arrays were fabricated by using a FB-2100 (Hitachi) focused ion beam

with a gallium ion source. The ion beam was set to 40 keV for milling, and a beam
current of 0.01 nA. Figure G-4 shows a scanning electron microscope image of the
circular nanohole array. To match the simulations, the nanohole arrays were milled in
film thicknesses of 100 nm, 300 nm and 500 nm. Due to the cost of fabrication, the
simulations were used to reduce the range of fabrication parameters. For the 100 nm film
thickness, the periodicity was scanned from 415 nm to 435 nm in steps of 5 nm and the
diameters used were 150 nm and 160 nm. For the 300 nm and 500 nm film thicknesses,
the diameters used were 260 nm and 270 nm and the periodicity was scanned from 550
nm to 575 nm in steps of 5 nm.

Good verticality of the side-walls was confirmed by energy dispersive X-ray
spectroscopy studies, which showed that the gold was removed from the region of

precisely (to within 5 nm) the specified radius.
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Figure G-4: Scanning electron microscope image of circular apertures with a
diameter of 260 nm in a 500 nm thick gold film.

Figure G-5 shows the microfluidic chip. For measuring change in intensity due a
change in the index of refraction we use a microfluidic flow channel which consists of a

polydimethylsiloxane (PDMS) microchip made by rapid prototyping lithography [35].
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The master mold of the channel was patterned on a silicon wafer using SU-8 50
photoresist. For the development of the microchip, a curing agent and PDMS (ratio 10:1)
were used. The gold sample with PDMS flow channel was sandwiched between two

acrylic layers to seal the flow channel.

Figure G-5: Microchip of a 500 nm thick gold film sample and with PDMS
microfluidic over-channel sandwiched between acrylic layers.

Experimental Setup

Figure G-6 shows the experimental setup for measuring the fabricated gold samples.
To enable scanning over a wide range of wavelengths, a supercontinuum light source
(Fianium SC400) was used. With the acousto-optic tunable filter (AOTF), any desired
wavelength ranging from 400 nm to 1100 nm could be obtained. This source illuminated
the top surface of the sub-wavelength apertures. A spatial filter was used to improve the
spatial/spectral quality of the laser beam. Two objective lenses had been set up to
measure the transmission of the nanohole arrays. First, the laser beam was focused using
a microscope objective of 0.1 NA, and then it was collected with a microscope objective
of 0.5 NA. We experimented with various objective lens combinations, and we found that
this is a good configuration. In particular, the high NA objective below the glass substrate
helps to acquire a larger number of photons. By contrast, the low NA objective above the
microfluidic channel ensures a low angular deviation in the incident photons, so that the
resonances (that are angle-sensitive) are more spectrally pure [36].

A CCD camera (Thorlabs DCU224C) was used to record a video of the sub-
wavelength structures while flowing solutions of slightly different refractive index over
the sample. Any change in the refractive index of the solution appears as a change in
intensity. A syringe pump (Harvard apparatus 11 series) was used for a stable liquid flow

rate of 7 pL/min.
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Figure G-6: Schematic of optical setup used for measuring the change in
intensity of the fabricated gold samples with a super continuum laser source
tunable over the visible near infrared region.

Results

In the experiments, the 100 nm thick gold film showed the largest sensitivity for a hole-
diameter of 150 nm and periodicity of 425 nm, with a resolution of 2x10° RIU. The 300
nm thick film showed largest sensitivity for a hole-diameter of 260 nm and periodicity of
570 nm with a resolution of 8<107 RIU. The 500 nm thick film showed the largest
sensitivity for a hole-diameter of 260 nm and periodicity of 570 nm, with a resolution of
6x107 RIU. These parameter values are all in close-agreement with the simulation
results. It is clear also that the thicker film gives better resolution, as expected from the
simulations.

Figure G-7 shows the best result obtained among all the arrays, varying the refractive
index to determine the sensitivity. The curve in Figure G-7a has a staircase appearance
because it was acquired by scanning the AOTF in 5 nm steps for 5 second duration at

each step. For convenience, the figure is plotted versus wavelength instead of time.
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Figure G-7: (a) Representation in time of the spectrum of a nanohole array while
flowing two different refractive index solutions. (b) Difference in intensities of
two refractive index solutions.

After choosing the optimal wavelength of operation for the nanohole array sensor
measurements, by the procedure in Figure G-7, bulk sensitivity measurements were
carried out with a higher intensity of 3.6 mW and using a low-pass finite impulse
response numerical filter. Figure G-8 shows the intensity change of the circular nanohole
arrays subjected to refractive index change of 0.0005 operating at 655 nm. The numerical
filtering reduced the time resolution to 0.5 frames per second. The highest resolution that

was obtained was 6x10” RIU.
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Figure G-8: Experimental results for measuring the change in intensity at 655 nm
wavelength for a 500 nm thick gold film. An array of circular holes with
diameter of 260 nm and periodicity of 570 nm were used.
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Discussion
First we note that good agreement is seen between the simulation and the experiments.

The achieved resolution of 6x10” RIU is a promising step towards competing with
existing commercial SPR devices (107 resolution), while allowing for the integration,
multiplexing and optofluidic advantages of nanohole SPR.

It is interesting to note that the optimum resolution found from the simulations was
around 655 nm. This is believed to result from the gold dispersion for two reasons. First,
gold has a low loss at 655 nm because this wavelength is past the interband absorption
peak of gold (around 510 nm). Second, the magnitude of the relative permittivity at 655
nm is not too large (it is closer to the plasma frequency than further in the IR, for
example), which allows for significant electromagnetic field penetration into the metal
and pronounced plasmonic effects. It is fortuitous that the optimal operation considering
the material properties of gold coincides fairly well with the optimal sensitivity of the
CCD camera used in this experiment (~600 nm), because this allows for higher photon
collection efficiency, and therefore reduced shot-noise signal-to-noise ratio.

It is common to use the SP Bragg relation to determine the optimal periodicity for
nanohole array sensing:

1 1/2
Ao (i /)= p (P + /%) 2 [;Tg';} (G.2)
where ¢, and g, are the permittivities of metal and dielectric material, p 1is the

periodicity, i and jare integers that represent Bragg resonance orders. This gives

reasonable results for predicting the resonance wavelength for thinner films for the lowest

order resonance. For example, the i =0, j =1 resonance of the 100 nm film with 425

nm periodicity on the water side is predicted to be 625 nm, and was observed to be 648
nm in the simulations. We see here, however, that larger periodicities are required for
thicker films, and these do not seem to match the lowest order resonance. Indeed, they are

closer to thei =1, j =1resonance. The reason for this effect is still under investigation;

however, this shows that future investigations should not simply chose the lowest order

resonance wavelength as has been done in the past [37].
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Conclusions
We optimized the resolution of circular nanohole arrays in metal films for refractive

index sensing by increasing the sensitivity with modifications to the hole-array
parameters (film thickness, periodicity and diameter), by determining the optimal
wavelength of operation, and by reducing the noise of the sensor system (through
increased collection efficiency, increased intensity and numerical filtering). We achieve a
bulk resolution of 6x10”7 RIU. Due to the collinear microscope geometry, the potential
for multiplexing of nanohole arrays and improved optofluidic functionality [32], these
results are encouraging for future detection of chemical and biological species.

The authors are grateful for the support of the NSERC Strategic Network for
Bioplasmonic Systems (Biopsys).
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ABSTRACT: On an empirical basis, we indicate the possibility of conceptually
unifying the description of resonances existing in some of the analytically studied
metallic nanoparticles and optical nanowire antennas. To this end the nanoantenna is
treated as a Fabry-Perot-like resonator with arbitrary seminanoparticles forming the
terminations. We show that the frequencies of the quasistatic dipolar resonances of the
considered nanoparticles coincide with those where the round-trip phase of the complex
reflection coefficient of the fundamental propagating plasmon polariton mode at the wire
terminations amounts to 2. The lowest order Fabry-Perot resonance of the optical wire

antenna occurs therefore even for a negligible wire length.

Introduction
Small particles are among the earliest cases tackled by light scattering theory. The

quasianalytical rigorous solution for spheres dates back to the pioneering work of Mie in
1908 [1]. This approach can be considerably simplified if the size of the spheres is small
compared to the illuminating wavelength resulting in the quasistatic approximation [2, 3].
The resulting analytic formulas for the polarizability of the sphere exhibit resonant
denominators, such as the well-known expression ex(v) + 2es (v) = 0 for the dipole
resonance of a metallic sphere in a dielectric host medium. In this case and generally, the
permittivities of the spheres and their surroundings need to exhibit opposite signs at
resonance. The scattered field exhibits strongly enhanced stationary evanescent
components at the interface—a phenomenon that is termed localized surface plasmon

polariton (LSPP) [4]. Intriguingly, it was shown that in this approximation the quality
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factor of the resonance solely depends on the material properties rather than the particle
shape [5], which, however, affects the resonance frequency. Only for a few other particle
shapes [e.g., ellipsoids and spherical shells or particles with a lower dimensionality (i.e.,
a cylinder)] the resonance condition can be put in a similar form known from the sphere.
The exploitation of these LSPPs at nanoparticles of different shapes has led to various
applications and is forming one branch of the prospering field of plasmonics.

If the metal is a perfect conductor, another resonance is supported by metallic wires if
their length corresponds to a multiple of half the illumination wavelength. Such metallic
wires constitute the basic building blocks of radio-frequency (RF) antennas. Recently,
their downscaling into the visible attracted considerable interest and the field of optical
antennas is now similarly established. Conceptually, optical antennas differ from RF
antennas in that the field propagating along the wire is no more purely photonic but forms
another polaritonic excitation [6]. This type of quasiparticle is referred to as a
propagating surface plasmon polariton (PSPP) due to its sole energy transport in the
propagation direction. As for any guided mode phenomenon, the PSPP dispersion
relation may strongly depend on the wire’s cross section (see, e.g., Ref. 7).

The origin of resonances in these finite-length nanowires is well understood in terms of
Fabry-Perot resonances of the PSPP mode confined between the partially reflecting wire
terminations [8-12]. Unlike in antennas at microwave frequencies, here the reflection
coefficients are complex valued, providing an additional phase term that mimics an
increase of the wire length and depends on the actual shape of the termination. This
resembles the situation in a planar Fabry-Perot resonator with Bragg mirrors, where the
number of layers also affects the actual phase shift and thus the resonance condition. This
is also the reason why multiples of half the resonance wavelength differ from the wire
length [8, 10-13]. This peculiarity evoked research interest and both analytical and
numerical results on the spectral and geometrical dependence of reflection coefficients
were reported for abrupt or flat nanowire terminations [14, 15]. Moreover, associated
geometries (e.g., trenches, grooves, or slits on or in flat metal surfaces or metallic thin
films) were analyzed with respect to their reflection and transmission properties of PSPP

launched along the metal surfaces [16]. It allows for obtaining more insight into the
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underlying physics of phenomena observable in such systems. Examples thereof would
be the enhanced transmission in subwavelength apertures [17].

To date, aforementioned metallic nanoparticles are largely studied in terms of LSPP
resonances whereas wire nanoantennas are commonly analyzed in terms of PSPP
standing wave phenomena and these seemingly disparate approaches have not been
systematically integrated. A few reports on variable length nanoantennas [13, 18]
consider spherical particles as the limiting case of cylindrical wires. Nevertheless, it is
challenging to disclose the mechanism behind this convergence of resonances in
analytically understood geometries at a physical level. Here we attempt to provide a
unifying view on some of the analytically understood nanoparticles in research. It turns
out that the LSPP resonances of all of them follow straightforwardly from solving the

reflection problem at the nanowire termination.

Figure H-1: (Color online) Sketch of considered metallic nanoantenna
geometries. (a) Circular cylinder and (b) cylindrical shell with a hemispherical
termination; (c) elliptical cylinder with a semielliptical termination; (d) one-
dimensional (1D) nanoantenna with a semicylindrical termination. All
nanoantennas are composed of a nanowire (metallic color) and a termination
(golden) while L 1s the nanowire’s length

Modelling Sphere as an Antenna

Beginning with the simplest case, we take nanowires of circular cross section with
hemispherical terminations at both ends [Figure H-1(a)]. This nanoantenna becomes a
sphere for vanishing wire length L. We hypothesize that the dipolar resonance of a sphere
that is observable in the far field (e.g., as a peak in the scattering cross section is caused

by the constructive interference of the forward and backward propagating fundamental
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(m = 0) PSPP mode of the nanowire) [19-21]. Then, the necessary condition for a Fabry-
Perot resonance—that is, the round trip reproduction of the phase factor—is a total phase
accumulation of an integer multiple of 2z. This condition can already be met for a wire
with negligible length (i.e., the sphere). It implies a phase shift of 7z upon reflection at
each termination. In general, higher order PSPP modes do not need to be considered since
all modes with |m| > 2 cut-off below a threshold wire radius [22]. Moreover, the PSPP
mode with |m| = 1 diverges for a vanishing radius, thereby suffering from increasing
radiation losses. Therefore, it cannot be excited anymore[23] and the system becomes
simple enough to be understood in terms of a fundamental (m = 0) PSPP mode. In the
limit when the radius becomes comparable to the incident wavelength, our model
requires further substantiation owing to additional dynamics brought in by the higher
order modes.

We use the COMSOL MULTIPHYSICS simulation platform to numerically solve the
reflection problem at the wire termination. The metallic nanowire is assumed to be semi-
infinite and it is surrounded by a dielectric medium with a permittivity .. The
computational cell is enclosed by perfectly matched layers to mimic an open space. Silver
(Ag) is used as the metal, with its dispersive permittivity fully considered [24]. The
cylindrical wire has a radius of 10 nm. The exact value of the radius is not important
provided it is much less than the wavelength.

First we calculate the dispersion relation of the fundamental wire eigenmode and
subsequently use this mode as illumination of the termination of the semi-infinite wire.
Then the total (incident and scattered) field is calculated in a plane normal to the wire
axis and located at z = 0. The complex reflection coefficient of this mode at the
termination is extracted by employing the orthogonality relations obtained through
unconjugated reciprocity theorem [25], which yields an expression for reflection
coefficient as

N E (0.0 H,,, (0.0)— H (0.0 |pd p
I”:—eXp_lﬁL'[O p-0 [ ¢.tot .0 :'P (H.1)

[ E,o(p.0)H, (p,0)pd p
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where Hyo(p,0) being the azimuthal magnetic field and E,o(p,0) the radial electric field

components of the incident PSPP mode (m = 0) at z = 0, £ is the associated propagation
constant and L is the distance between origin (z = 0) and the initial plane of the antenna
termination. All quantities, except the wire geometry, depend on frequency. In passing
we note that the distinction of what belongs to the wire and what belongs to the
termination is arbitrary to a certain extent. The phase accumulated due to propagation and
the phase accumulation due to reflection can easily be merged. However, since we wish
to discuss solely the properties of the termination, the length L is understood as the length
of the nanoantenna along which no change of the cross-sectional profile occurs.

In Figure H-2 the complex-valued propagation constant f of the lowest order PSPP
mode is displayed as a function of the frequency and the permittivity of the surrounding
medium. The real part exhibits the usual dispersion characteristic where the propagation
constant increases with frequency until back bending sets in. This back bending is
associated with a strongly increasing damping (imaginary part). In the succeeding
spectral domain, any analysis of the reflection coefficient tends to be cumbersome since

dissipation entirely dominates the system.
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Figure H-2: (Color online) (a) Real and (b) imaginary part of the propagation
constant f of the lowest order PSPP mode as a function of frequency v for
selected values of €:; e«= 1 (solid red), e2= 2.8 (dashed blue), e.= 5.4 (dotted
magenta), e.= 9 (dotted-dashed black).

Figure H-3 shows the complex reflection coefficient as a function of frequency for
different ez extracted from the simulation of a semi-infinite wire for the respective lowest
order PSPP mode. It can be seen that at low frequencies the modulus is constant and large
with a phase shift around zero, suggesting a perfect metal-like behavior. The phase
increases with frequency and undergoes an abrupt change at a critical frequency. This

jump is associated with the decrease in the reflected amplitude and it appears in the
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frequency interval where back bending occurs. Now it is easy to extract the frequency
where a phase jump of 7 occurs and to compare it to the resonance frequency predicted
by the quasistatic theory for a small sphere. Additionally, it can be seen that the phase
surpasses even values corresponding to multiples of z. As the scope of this work is
restricted only to resonances visible in the analytical formulation of quasistatic limit, we
will not attempt to disclose any possible relation of these higher order Fabry-Perot
resonances to the ones accessible in rigorous Mie theory. But it suffices to say that for
isolated particles such resonances are not observed because they are dipole forbidden and

suffer from excessive damping.
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Figure H-3: (Color online) (a) Amplitude and (b) phase of the reflection
coefficient of the nanowire for selected values of ¢.; e«= 1 (solid red), ea= 2.8
(dashed blue), .= 5.4 (dottedmagenta), .= 9 (dotted-dashed black).

Figure H-4a shows a comparison of the resonance frequencies predicted by the
quasistatic theory as well as the PSPP reflection calculation for different surrounding
media. The excellent agreement between both approaches demonstrates that the
resonances of a sphere in the quasistatic limit are directly related to the corresponding

limit of the nanoantenna problem.

Additional Examples
Nanoshell

To further investigate the applicability of this conclusion, we briefly analyze other
well-known particle geometries in the following. Another special case of a spherical
nanoparticle is one with a dielectric core and a metallic shell. It is of appreciable practical
relevance since its resonance frequency can be tuned across the entire visible spectral
region by varying the metallic shell thickness [26]. Such particles exhibit lower and

higher energy LSPP resonances, which appear as a result of the hybridization of
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individual resonances of the constituting metallic sphere and dielectric void [27]. We
approximate the structure similarly as before by a nanowire made of a dielectric core
surrounded by a metallic shell terminated with a hemispherical shell of the same
construction [Figure H-1b]. Guided by intuition, we regard the lower (upper) branch of
the fundamental PSPP mode of the cylindrical metallic shell wire [28] as responsible for
the lower (higher) resonance frequency of these particles. We repeat the aforementioned
analysis for the lower branch PSPP mode and show a similar comparison between
resonance frequencies predicted by quasistatic approximation and the reflected field
where ¢-= 7 in Figure H-4b as a function of the ratio b/a between shell and core radii,
respectively. An analysis of the highly dissipative upper branch was not attempted due to

the conceptual difficulties associated with overdamped PSPPs (see also Figure H-2).
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Figure H-4: (Color online) Resonance frequency of a sphere (a) with a radius of
10 nm as a function of permittivity of surrounding medium and of a spherical
core shell particle (b) as a function of the ratio between shell and core radii b/a.
The core radius a = 10 nm is fixed. The permittivity of both the core and the
surrounding medium is ¢ = 1. Dots correspond to resonance frequencies as
extracted from the phase of the reflection coefficients and the solid lines
correspond to the predictions from quasistatic theory.

Ellipsoid

V\If)e extend the scope of our study toward ellipsoids which have a non-spherical
geometry except in specific cases. First we consider an elliptical wire cross section [see
Figure H-1c]. These particles can be envisioned straightforwardly to be composed of an
elliptical nanowire (radii a and b) of negligible length and terminations consisting of
rotational symmetric semi-ellipsoids [Figure H-1c]. Note that the resonance frequencies
of ellipsoids depend upon the illuminating polarization [29]. We set the semi-axis a to be

the symmetry axis and present the results for the electric field polarized both
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perpendicular and parallel to it. Figure H-5a shows the resonance frequency as calculated
from the phase of the reflected field at the wire termination compared to the predictions
from quasistatic theory. In the antenna simulation the polarization is chosen by selecting
the eigenmode corresponding to the nanowire under respective illumination. Overall we

find good agreement in the predicted resonance frequencies by both methods.
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Figure H-5: (Color online) Resonance frequency in (a) of an ellipsoid with b = ¢
= 20 nm surrounded by e.= 1 as a function of the ratio ¢/a between semi-axes
and in (b) of a cylinder with a radius of 10 nm as a function of ¢.. In (a), solid
blue (dashed red) curve corresponds to quasistatic resonance of the spheroid
under illuminating polarization perpendicular (parallel) to semi-axis a. Circular
(diamond) marks indicate frequencies at ¢. = 7z for polarization perpendicular
(parallel) to semi-axis a. The polarization in the antenna simulation is selected by
choosing respective wire mode as the illuminating field. In (b), the solid blue
curve corresponds to quasistatic resonance while circular marks denote the
frequencies at which ¢,= 7.

2D Cylinder

The foregoing examples treated the case of 3D nanoparticles. Now we move on to a
(quasi-) 2D object in the form of a cylinder extending to infinity along its axis. Such
cylinders exhibit a dipolar resonance in the quasistatic limit under illumination with a
plane wave having a magnetic field polarized along the cylinder’s axis if [en(V) + €a(v) =
0]. Technically, this is dealt with by considering a 2D insulator-metal-insulator (IMI)
strip or nanowire having semicircular terminations [Figure H-1d]. The whole geometry
then extends invariably out of the plane. The IMI strip waveguide is well known to
support hybridized symmetric and antisymmetric PSPPs [4], with the latter being strongly
delocalized in the limit of a vanishing thickness (long-range surface plasmon polariton).
The symmetric mode, on the contrary, localizes increasingly with decreasing thickness

thereby standing out as the plausible source of LSPP resonance of cylinders in the
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quasistatic limit. Therefore, taking a 20-nm thick IMI strip terminated with semicircular
caps of 20 nm diameter, we obtain the reflection coefficient for the symmetric plasmonic
mode. Figure H-5b shows the comparison of the theoretically predicted resonance
frequencies with the standing wave resonance. Again, good agreement between the two

approaches can be recognized.

Composite Particle
In the end, we present a practical application of the ideas established above by

considering an asymmetric particle that cannot be divided into symmetric halves. Such a
nanoparticle can be formed straightforwardly in Figure H-1a by replacing one of the two
terminal caps by a half-spheroid whose semi-axes (a,b) perpendicular to the nanowire’s

axis are equal and the same as the nanowire’s radius (inset of Figure H-6).
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Figure H-6: (Color online) Normalized scattering cross section ¢ (top) and total
phase jump ¢ (bottom) for an asymmetric composite particle (inset) made up of a
hemisphere (radius = 10 nm) and a half prolate spheroid (¢ = b= 10 nm, ¢ = 20
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nm). Inset shows the 2D perspective of the proposed asymmetric composite
particle.

The semi-axis (c) of the spheroid parallel to the axis of the nanowire is made different
in length than the other two semi-axes to introduce asymmetry in the entire particle. In
our simulation, we set the radius of the hemisphere as well as the semi-axes a = b of the
half-spheroid equal to 10 nm. The semi-axis ¢ is finally set to 20 nm to form an egg-
shaped particle. As there is no analytical formulation to predict a resonance in these
particles, we rigorously compute the far-field scattering cross section by illuminating the
particle with a plane wave having the E field polarized parallel to the ¢ axis of the
semispheroid (inset of Figure H-6). A first-order Fabry-Perot resonance is obtained when
the round-trip phase jump ¢ upon reflection from both hemispherical and semispheroidal
ends becomes equal to 2z. As it is evident from Figure H-6, both methods are in excellent

agreement.

Conclusion
In conclusion, we have proposed an alternate perspective for looking at the LSPP

resonances of specific metallic nanoparticles and relate them to resonances of
corresponding optical nanoantennas. We show that the LSPP resonances appear at
frequencies where the total phase jump upon reflection of PSPPs from both terminals
amounts to 2z. Numerical studies show that the resonance frequencies coincide with
those obtained for LSPPs in the quasistatic approximation provided that this
approximation is valid. Moreover, we foresee that further research devoted to the
question of how to relate the reflection phase to measurable scattering quantities will be a
fruitful direction.
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