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ABSTRACT

Plasmonics is a field that has developed around the phenomenon that in a metal
dielectric interface electrons act as a gas or cloud. Along a surface, in an external
oscillating electromagnetic field, this electron cloud propagates as surface plasmon
polaritons. However this thesis focuses on localized surface plasmons, which occur in
metallic nanoparticles. In external oscillating electromagnetic field, the electron gas
oscillates around the nanoparticle surface leading to areas of localized, intense
electromagnetic field, called hotspots. This localized surface plasmon phenomenon has
lead to the development of many different applications such as plasmon lasers, super
resolution imaging, surface enhanced Raman scattering, and localized surface plasmon
resonance spectroscopy. This thesis will focus on the biosensing techniques developed

around localized surface plasmon resonances and surface enhanced Raman scattering.

During this thesis work, we developed nanorod arrays for localized surface
plasmon resonance based biosensing. We studied the effects of nanorod geometry and
array parameters on resonance using both simulation and experimental methods. We
fabricated nanorods in a variety of rectangular arrays to achieve very sharp resonances.
These arrays had sensitivities of up to 310 nm/RIU with a figure of merit of 3.6. We
were able to observe the adsorption of single stranded DNA on the femptomolar scale.
The nanorod arrays developed in this work were able to detect single nucleotide
polymorphisms in the k-ras oncogene in concentrations as low as 1 nM mutant type out

of 1000 nM wild type.

In the field of surface enhanced Raman scattering based biosensing, bowtie
nanoantenna had already shown great potential as sensitive biosensors. Previous studies
had shown a strong central hotspot in the junction between prisms that was particularly
useful for observing enhanced Raman spectra of biomarkers. In this thesis work, we
designed bowtie nanoantennae for the optimization of a surface enhanced Raman
scattering (SERS) based biosensor. We fabricated bowtie nanoantennae in a variety of
geometries, with gaps as small as 3 nm. We characterized the near field and far field
computationally and experimentally to observe the effects of gap size, prism size, metal
thickness, corner radius of curvature, and array density. The bowtie antennae designed in

this work were able to achieve surface enhanced Raman scattering enhancement factors

as high as 10'".



In order to experimentally observe the near electric field localization of bowtie
antennae we used a photosensitive polymer to perform photochemical near field
imaging. Using the established technique of photochemical near field imaging, we were
able to image the off resonance modes various bowtie antennae. In order to image the
near field localization of the transverse and longitudinal modes, we developed a new
technique that made use of the two-photon absorption of the photosensitive polymer in

order to allow imaging of modes in a wider spectral range.

The research done in the course of this thesis has many impacts on the field of
plasmonics. The nanorod array biosensor for localized surface plasmon resonance based
biosensing is extremely sensitive and has been shown to be able to detect very low
concentrations of mutant DNA in mixed analyte samples. This biosensor can be easily
tuned to the desired resonance through variation of nanorod geometry and array
parameters. The photochemical near field imaging technique developed in the course of
this thesis has the potential to be used for characterizing many different plasmonic
nanostructures. By developing a two-photon absorption based technique and increasing
the spectral range of the usable excitation wavelengths a wide variety of nanostructure

near field modes can be imaged.
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I CHAPTER 1: INTRODUCTION

1.1 MOTIVATION

Highly sensitive biosensors allow for the accurate recognition of low
concentrations of biomarkers, implying the possibility of earlier disease diagnosis and
treatment." With this in mind, it is of great interest to exploit the novel properties
exhibited by noble metals in the nanoscale for making sensitive, plasmonics-based
biosensing technologies. Biosensors based on surface enhanced Raman scattering (SERS)
and localized surface plasmon resonance (LSPR) have great potential as both rapid and

" 23
sensitive tools.

Early detection of diseases is vital for effective treatment. For example, many
times cancer is not diagnosed until its later stages when it has spread and metastasized.
These later stages of cancer are more difficult to treat, making early diagnosis an integral
part of successful treatment. The past 35 years have witnessed an increase in cancer
incidence, while the past 18 years have seen a decrease in the mortality rate of cancer in
the US.* The increasing prevalence of cancer indicates that it is still a critical problem,
while the decrease in the mortality rate from cancer implies that, once diagnosed,
treatments are becoming more effective. Detection can, therefore, be considered a top

priority issue as cancer can only be treated once it has been diagnosed.

Conventional cancer diagnosis techniques do not have the specificity or sensitivity
required for true early-stage cancer detection. Currently, common cancer detection
methods consist of computer assisted tomography (CAT) scanning, visual and digital
examination, x-ray imaging, ultrasound imaging, and proteomics. Many of these methods
are macro-scale techniques that require the patient to be in the later stages of cancer for
the symptoms to be observable. Proteomics, the study of proteins, has profoundly
changed the landscape of detection of diseases enabling a variety of techniques which
takes advantage of the properties of proteins that make them excellent biomarkers for

diseases, such as cancer, and has great potential for early-stage diagnosis.

The proteomics techniques most commonly used today are mass spectrometry and
antibody binding coupled with either gel electrophoresis or fluorescence microscopy.'

Detection sensitivity is very important in biosensing, particularly proteomics, as higher



sensitivity allows for earlier detection of disease biomarkers. In early stages of cancer, the
level of biomarkers is still very low, sometimes too low for current detection methods to
distinguish. Higher sensitivity in biosensors means lower concentrations of biomarkers
are required for accurate detection, implying the need for less sample from the patient.
With this in mind, current research focuses on the development of biosensors for use in
highly sensitive and specific biosensing applications. With a high sensitivity biosensor, it
will be possible to detect low concentrations of biomarkers allowing for early diagnosis
of diseases, such as cancer, which will lead to more effective, earlier treatments and

higher survival rates.

Higher sensitivity and specificity can lead to earlier diagnosis, which in turn can
lead to higher survival rates. The challenge lies in that the concentration of disease
biomarkers at early diagnosis stages is usually very low.' This is normally the limiting
factor in how early the disease can be detected using proteomic biosensors. Higher
detection sensitivity in proteomic biosensors allows for the accurate detection of lower
concentrations of biomarkers, implying the possibility of earlier diagnosis.' New,
nanotechnology-based biosensors make use of the unique optical and electrical properties
of nanoscale particles. The novel optical and electronic properties exhibited by noble
metals in the nanoscale can be utilized to make various types of plasmonic biosensors.
SERS and LSPR are techniques that have shown great promise as plasmonic biosensing

platforms.*”

1.2 PLASMONICS

Surface plasmons are waves that propagate along the surface of a conductor
caused by collective electron oscillations.” The plasmonic response of the colloidal
metallic nanoparticles is responsible for the color variation in the Lycurgus Cup and in
much ancient stained glass.®’ Nanoparticles of different shapes, sizes, and materials will
absorb and scatter light at different wavelengths. We can make use of the interesting
optical and electrical properties of plasmonic nanoparticles to create molecular

biosensors.

In an external, oscillating electromagnetic field the free electrons of noble metal
atoms in the nanoparticles become displaced from the nuclei and act as an electron
cloud.® The Coulomb attraction between the nuclei and their displaced electrons acts as a

restoring force and the electron cloud is induced into collective, coherent oscillations,



which are quantized and labeled as surface plasmons.” Surface plasmon polaritons, shown

10-11 .
Localized surface plasmons,

in Figure la, propagate along metal-dielectric interface.
shown in Figure 1b, occur when light interacts with particles much smaller than the
incident wavelength and the plasmon oscillates around the nanoparticle with a frequency
known as the LSPR.'™" This phenomenon leads to areas of intense, localized
enhancement of the electric field, called hotspots. Particle shape, size and material, as
well as surrounding dielectric, will affect the optical and electronic properties of the

particle.'

a
ZA
+++ --- +++ --- X
N N’ N
Metal
b

Electric field

Metal sphere

Electron cloud

FIGURE 1: ILLUSTRATION OF A SURFACE PLASMON

Schematic diagrams illustrating (a) a surface plasmon polariton and (b) a
localized surface plasmon, showing the response of noble metal spheres to an
oscillating electric field, demonstrating the oscillation of the free electron

cloud relative to the nuclei. Adapted from Willets et al.””

Maxwell’s equations can be used to describe and understand the optical properties

of materials. Maxwell’s equations describing the behavior of a wave in a material are:
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V-E=0 (1-1)

V-D =p; (1-2)
- a -
=—— 1-3
VxE = — =B (1-3)
o N a —
VxH =Jj +--D (1-4)

where B is the magnetic induction, D is the electric displacement, ps is the charge

density, E is the electric field, H is the magnetic field, j; is the free electric current.

Permittivity, €, is a description of the response of a material to an electric field.
Permeability, u, represents the response of a material to a magnetic field. Permittivity
and permeability can be used to relate the electric and magnetic displacements and fields,

as follows:
D = e,¢,E (1-5)
B = pop, H (1-6)

where €, is the permittivity of free space, €, is the relative permittivity, yy is the

permeability of free space, and ;. is the relative permeability.

To determine the electric field distribution around a spherical particle smaller than
the wavelength of incident light a quasi-electrostatic approximation can be used to solve

LaPlace’s equation:
Vip =0 (1-7)
E=-Vop (1-8)

where ¢ is the electric potential, with the boundary conditions that ¢ is continuous at the
sphere surface and the normal component of D is also continuous. If we only consider one

dimension and restrict the angular momentum to £ = 1, the potential becomes:
@ =Arsinfcos¢,forr <a (1-9)

@ = (—Eqr + B/r?*)sinf cos ¢, forr > a (1-10)



where A and B are constants. From these solutions we can determine the electric field

outside the sphere:

~

X 3x
Eout = EoX — aE i (xx+yy+ 22)] (1-11)
where a is the polarizability of the sphere. The first term is the applied field and the

second term is the induced dipole field for an induced dipole moment, p = aEj.

Polarizability is given by:

67" - 60 3
=—F 1-12
* € + 2¢ 4 ( )

This leads to an extinction efficiency'® of:

Cext 87Ta(60)1/2 € — €p
= Im < )
ma? A € + 2¢,

Qext = (1'13)

Extinction efficiency is the ratio of the extinction cross section over the
geometrical cross section of the particle. The extinction cross section denotes the area of
incident light that is likely to interact with a particle, through both scattering and

absorption:
Cext = Csca + Cabs (1'14’)

where Cs., is the scattering cross section and Cy, is the absorption cross section. The
extinction efficiency is the inverse of transmission, T, which is the incident light that does

not interact with the particle:
Qext =1-T (1'15)

Transmission is easy to measure experimentally, through optical transmission
spectroscopy, while extinction efficiency is easy to simulate, and the two values can be
easily compared through their inverse relationship. Simulated extinction spectra and
experimental transmission spectra can be correlated with geometrical parameters for the

identification of plasmonic and photonic modes.

By concentrating light into nanoscale volume, plasmonic elements allow for
fundamental studies of light-matter interactions at length scales that were otherwise
inaccessible.'” Nanostructured metals dramatically alter the way light scatters from

molecules, which led to the development of surface-enhanced Raman spectroscopy.'®>°



Plasmonics has been used to create waveguides, metal films with nanoscale holes with
unexpectedly high optical transmission, metal thin films that act as optical lenses,

ultrafast logic circuits, and metamaterials which engineer optical space to control light.*'”
25

1.3 LOCALIZED SURFACE PLASMON RESONANCE

The localized surface plasmon resonance (LSPR) is the inherent frequency at
which the electron cloud of a metallic nanoparticle oscillates in an external
electromagnetic field. Resonance condition is achieved when the frequency of the driving
force, F;, from the oscillating external field matches the restoring force of the Coulomb

attraction, F, of the electron cloud to the nuclei.

F, = —2mne?d (1-16)
F _ma_mii_—mw,%d 117
¢ 2 T 2 T 2 (1-17)
_ _ 4mne? 118
= [ (1-18)

where n is the electron density, e is the charge of the electron, m is the mass of the
electron, a is the acceleration, d is the displacement, and w,, is the plasma frequency. The
frequency of these resonances is highly dependent on the shape, size, composition, and
dielectric environment of the particle.'® ***®* The LSPR can be observed through
transmission spectroscopy, illustrated in Figure 2. Transmission spectroscopy measures
the extinction spectrum of the sample by measuring the light that passes through the

sample at different wavelengths."
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FIGURE 2: ILLUSTRATION OFTRANSMISSION SPECTROSCOPY
EXPERIMENTAL SETUP

Typical transmission spectroscopy geometry for measuring extinction

spectra of nanoparticle arrays. Adapted from Willets et al.” %

LSPR biosensing makes use of the response of plasmonic devices to their
dielectric environment to detect binding events between biomolecules.® In these types of
experiments, coatings of biomolecules act as a dielectric medium to which the LSPR
reacts. Higher numbers of molecule binding and larger molecules both lead to increased
local refractive index. The response of the biosensor dictates the limit of detection of
disease biomarkers. The design specifications of the nanoparticles and the array
parameters have a strong influence on the resonance position and shape. Designing and
tuning nanoparticle arrays can achieve sharp resonances in the spectral region of interest
for the chosen spectroscopic technique. It is easier to distinguish shifts in resonance when

the resonance is sharp, leading to a high sensitivity to dielectric environment.

Sensitivity, figure of merit (FOM), and quality factor are quantitative ways of
measuring the response of a sensor to its dielectric environment.’' Sensitivity is defined

as:



AX
S_

= (1-19)

where AA is the change in wavelength and An is the change in refractive index. The FOM

is then given by:

FOM =

1-20
FWHM ( )

where FWHM is the full width of the LSPR transmission plot curve at half of the peak

value. Quality factor for LSPR sensors is defined as:

Amax
Q= FWHM (1-21)

where is the wavelength of the resonance peak. LSPR sensors have been reported with

sensitivities between 25 and 868 nm /RIU.*>

Typical quality factors are between 3 and
8 in the visible and near infrared region.”” A high sensitivity and a narrow resonance

profile make for high-quality sensors.

Nanoparticle LSPR can be very sensitive to local changes in the dielectric
environment of the particle.”***” Since biomolecules generally have a higher refractive
index than their buffer solutions, the binding of biomolecules to the surface of
nanoparticles changes the local dielectric environment and can be detected by the LSPR
shifts. Binding events can be observed using simple transmission spectroscopy. Highly
sensitive LSPR biosensing has already been done using various plasmonic substrates.>* >*
*! LSPR-based sensing of DNA hybridization reached the attomolar scale, antibody-
antigen binding has been detected at 2 pg/mL, and thrombin has been detected at

concentrations of 1 ng/mL>*72% #*%

Metallic nanorod arrays have interesting plasmonic and photonic LSPR features,
very sharp resonances that can be exploited to make high sensitivity sensors.”>*** In this
thesis, gold nanorod arrays were designed, fabricated, and tested for chemical and

biological sensing capabilities.

1.4 NEAR-FIELD IMAGING

Visualizing the electric near-field of nanoparticles is important for understanding

the plasmonic behavior of the particles. Maxwell’s equations predict different electric
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field characteristics resulting from the charge distributions and changing electric fields,

labeled as far- and near-fields, respectively.” ™

Figure 3 shows an illustration of the
difference in far- and near-fields. By imaging the electric near-fields resulting from
different excitation wavelengths, we can observe the plasmonic modes of metallic

nanoparticles and compare the features to simulated predictions.

Incident Radiation

;kNearﬁem

<<\

F Far fiel ﬂ
FIGURE 3: ILLUSTRATION OF NEAR AND FAR FIELD OPTICS

An illuminated surface of nanoparticles generates a near electromagnetic field in the sub
wavelength length scale and a far electromagnetic field on the order of the wavelength of

incident radiation.

Near-field scanning optical microscopy (NSOM), illustrated in Figure 4, is a near-
field imaging technique whose resolution is limited by the detector aperture used rather
than the far-field diffraction limit. By placing the detector less than one wavelength of
light away from the particle, the information from the evanescent field can be used to
construct images of the electric near-field. NSOM techniques can be limited by long
collection times, tip heating, tip quality, surface quality, difficulty with image contrast,
and the requirement for very sensitive detectors.””** Other near-field imaging techniques
include photochemical imaging, total internal reflectance microscopy, near-field infrared

spectrometry, near-field dielectric microscopy, and scanning tunneling microscopy. *°



FIGURE 4: ILLUSTRATION OF DIFFERENT TYPES OF NEAR-FIELD OPTICAL MICROSCOPIES

a) Aperture SNOM with angular resolved detection, b) apertureless configuration, and c) scanning

tunneling optical microscope. Adapted from Hecht et al.”

Photochemical near-field imaging is a technique that makes use of the
conformational change of the azobenzene molecule to induce topographical changes in
polymer films. The azobenzene molecules are grafted to a polymer chain to create a
photosensitive, dynamic polymer. When a thin film of this polymer is coated over a
nanoparticle and excited by an external electric field, the excited near-field of the
nanoparticle will cause molecular motion of the polymer. This motion occurs most in
areas of high electric field gradient, so that the topography of the polymer surface
becomes a map of the near-field of the particle. These topographical changes are imaged
and quantified by atomic force microscopy, which has an extremely high sensitivity in the

vertical direction.

While NSOM requires very complex setup and expertise, photochemical imaging
is based on the more basic and ubiquitous AFM. The static nature of the topographical
image of the polymer surface allows for the separation of the near-field excitation and the
imaging of the near-field.”*>' Studies of the electric near-field at varying heights above
the surface of the particle have been demonstrated using different polymer thicknesses.”
Photochemical imaging has demonstrated the nanometer-scale resolution of AFM and
theoretically could be sensitive to the motion of an individual molecule.’>>’
Photochemical imaging also has the potential to image the near-field modes of any

excitation wavelength, based on the light sources available rather than the imaging

technique.
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In this thesis work, the modes of gold bowtie antenna arrays in the visible
spectrum were imaged using photochemical near field imaging. Furthermore, a recipe
was developed to use two-photon absorption based molecular motion to image modes in
the near infrared spectral range, which is usually not accessible by single photon

absorption.
1.5 SURFACE ENHANCED RAMAN SCATTERING

Raman scattering spectroscopy can be used to observe the vibrational modes of
molecules. Surface enhanced Raman scattering (SERS) makes use of the localized
electric near-field of nanoparticles to increase the Raman scattering of molecules, since
both the incoming and the scattered electromagnetic fields are dramatically enhanced.
Metallic nanostructures including both chemically synthesized nanoparticles and
nanostructures by top-down fabrication have been demonstrated as effective SERS

substrates, which can be used towards highly sensitive and specific biosensing.’®

In SERS experiments, illustrated in Figure 5, the sample is excited by a laser and

the Raman scattered light passes through a spectrometer and is measured by a detector.
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FIGURE 5: ILLUSTRATION OF SURFACE ENHANCED RAMAN SCATTERING SPECTROSCOPY EXPERIMENTAL
SETUP

Experimental setup for measuring surface-enhanced Raman scattering in an epi-illumination geometry

using a wavelength-scanned laser-excitation system and a triple spectrograph coupled with a charge-

coupled device (CCD) camera. Adapted from Willets et al.” %

When light interacts with matter, there is a certain probability that the light will be

scattered, elastically or inelastically.”’ The Raman effect, illustrated in Figure 6, occurs
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because of the inelastic scattering of incident light, which shifts the frequency by the
energy of the molecule’s characteristic vibrations. Data analysis techniques have made it
possible to analyze the Raman spectra in order to draw conclusions about the chemical
structure and composition of Raman markers.”® The small Raman scattering cross
sections of most molecules implies the need for large numbers of molecules to achieve

. o 19, 59-60
adequate conversion from excitation photons to Raman photons. ™
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FIGURE 6: ILLUSTRATION OF VIBRATIONAL SPECTROSCOPIC TRANSITIONS

Electronic transitions of the interaction of light with matter through scattering and absorption. These

interactions for the basis for several types of spectroscopic techniques. Adapted from McCreery.”’

SERS biosensing makes use of the enhanced local electric fields of plasmonic
devices to increase the Raman signal of biomolecules and biomarkers. SERS involves the
adsorption of a molecule in the hotspot of a nanoparticle, where the increased
electromagnetic field causes an increase in Raman cross-section and hence an increase in
Raman signal, as illustrated in Figure 7. This means that lower concentrations of
biomarkers produce readable signatures and allow for detection of lower sample volume

or very low concentration samples.
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FIGURE 7: ILLUSTRATION OF SURFACE ENHANCED RAMAN EFFECT

Comparison of “normal” (top) and surface-enhanced (bottom) Raman
scattering. The conversion of laser light Ivinto Stokes scattered light Inesis
proportional to the Raman cross section orsie, the excitation laser intensity
I, and the number of target molecules N in the probed volume. Figure 1b
displays a schematic of a SERS experiment. orus describes the increased
Raman cross section of the adsorbed molecule (“chemical” enhancement);
A(ve) and A(vs) are the field enhancement factors at the laser and Stokes
frequency, respectively; N'is the number of molecules involved in the SERS

process. Adapted from Kneipp et al.”®

The Raman enhancement factor is a quantitative measure of the increase in Raman
signal due to the enhanced electric field in SERS substrates. The enhancement factor, EF,

is given by:

N, I
EF = ( bulk) ( SERS) (1-22)
Nsgrs/ \pyik
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where Ny, 1S the number of molecules in the bulk sample, Ngggs is the number of
molecules on the SERS sample, I,,,,;; is the intensity of the Raman signal for the bulk

sample, and Isgps is the intensity of the Raman signal for the SERS sample.

In this thesis work, gold bowtie antenna arrays were designed, fabricated, and

tested for the effects of various geometrical parameters on the SERS EF of naphthalene
thiol.

1.6 ORGANIZATION OF THIS THESIS

The introduction chapter has given a brief overview of plasmonics and its
applications in biosensing. This included a conceptual overview of the theory and
techniques involved in localized surface plasmon resonance and surface enhanced Raman

scattering spectroscopies, as well as near-field imaging.

The second chapter will describe the discrete dipole approximation and the
development of a simulation recipe within the DDSCAT program. The effects of grid
spacing and substrates, including effective mediums, on computational time and

simulation accuracy were studied.

The third chapter will describe the development of nanofabrication techniques
optimized to achieve very fine features and very small gaps between features. Various
parameters involved in the electron beam lithography process, such as electron beam
dosage, deposition rate, and liftoff method, were tested in order to push the limit of
current fabrication of very small features. Using the developed recipe, features as small as

15 nm line widths and 3 nm gaps between features were achieved.

The fourth chapter will describe the development of nanorod arrays for LSPR-
based biosensing. Nanorods were fabricated in a variety of rectangular arrays to achieve
very sharp resonances. Geometrical particle and array parameters were used to tune and
sharpen the resonance. Refractive index sensitivity of 360 nm/RIU was achieved. DNA

was detected in concentrations as low as 0.1 aM.

The fifth chapter will describe the experimental technique of photochemical near-
field imaging of nanoparticles. The photosensitive polymer, DR1IMA, was used to image
the electric near field of various geometries of bowtie nanoantennae. A recipe was
developed to use the two-photon absorption of DRI to induce molecular motion for near
field imaging.

14



The sixth chapter will describe the experimental and simulated characterization of
bowtie nanoantennae for the optimization of a SERS-based biosensor. Bowtie
nanoantennae were fabricated in a variety of geometries, including gaps as small as 3 nm.
The near field and far field were characterized computationally and experimentally. SERS

enhancement factors as high as 10'" were achieved.

The final chapter will give a broad overview of the conclusions of this thesis
work. The applications of the plasmonic structures studied in this thesis work in the field

of biosensing will be discussed.
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2 CHAPTER 2: SIMULATION

2.1 COMPUTATIONAL ANALYSIS OF NANOPARTICLE SCATTERING

By simulating different geometrical and material parameters we can gain insight
into, and start to understand, complex systems. Simulation of nanoparticles and
nanoparticle arrays can be used to tune the LSPR and achieve the highest electric field
enhancement that is theoretically possible. By isolating and varying simulation
parameters we can identify modes of excitations, and correlate the near field and far field

features.

2.1.1 DISCRETE DIPOLE APPROXIMATION
The discrete dipole approximation (DDA) is a calculation method to compute the
scattering of electromagnetic radiation by any arbitrary objects. The basic idea was first

proposed by H. Devoe, developed and improved by E.M. Purcell and C.R. Pennypacker,

61-63

and further developed by B.T. Draine, and P.J. Flatau. DDA was inspired by the work

by Lorentz showing the correlation of the dielectric properties of a substance to the

polarizabilities of its constituent atoms through the Clausius-Mossotti relation®"%*:

€E—€ M 4nNya
€+2, d 3

where € is the dielectric constant of the substance, € is the permittivity of a vacuum, M is
the molar mass of the substance, d is the density of the substance, Ny is Avogadro’s

number, and « is the molecular polarizability.

By representing an object of arbitrary shape by numerous individual point dipoles,
as shown in Figure 8, the scattering can be solved exactly using Maxwell's Equations. By
describing the location and polarizability of each dipole, any material can be described

and its interaction with plane-wave monochromatic light can be computed.

Discrete Dipole Scattering (DDSCAT) is one of the most popular applications of
DDA, developed by B. T. Draine and P. J. Flatau in 1988, that calculates the absorption
and scattering properties of objects with arbitrary geometries and dielectric properties.®>
697 Though originally developed for astronomic simulation, the program has since been

adapted for noble metal nanostructures.

16



Figure 8: [Illustration of the discrete dipole

approximation (DDA) of a nanowire

Section of a nanowire represented by discretized
spherical dipoles, as used in the DDA method

In DDSCAT, an array of dipoles, for j = 1, ..., N, each with polarizabilities «;, are

each located at r;. The polarization, P;, of each dipole is:

P:. = uo;E;

J j=j 2-1)

where E; is the electric field at rj. The electric field at 7; is given by:

E; :Einc,j_zAjkPk (2-2)

k%)
Which consists of the incident wave:
Einc,j — Eoe(ik-rj—ia)t) (2 _ 3)

and the contribution from all other dipoles:

- AP 2-9

k#j

eikr'jk
— 2 A A
Ajy. = X lk (Firfie — 13) +
Tik

g -1, _
——— (3 fi —13)|,j # k (2-5)

where k = w/c, 15, = |rj — rk|, ik = (rj — rk)/rjk, and 1, = 3x3 identity matrix.”
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The boundary conditions of the system can either be infinite, for simulating a
finite particle, or periodic, for simulating an array of particles. With infinite boundary
conditions, the interaction of the defined particle is calculated for an expanding area of
surrounding dielectric medium. When the calculation converges and no further area
expansion causes any significant change to the results, the boundary conditions are
considered infinite and the calculation stops. A similar procedure occurs for periodic
boundary conditions. The initial particle is replicated at the user-defined one, two, or
three-dimensional interval, and the interaction between particles is calculated. Then this
replication and calculation step is repeated with expanding boundaries until the data
converges, at which point the calculation stops and infinite periodic boundary conditions

are considered achieved.

The electric field is calculated for each dipole. The information can be used to
calculate the electric field intensity and thus the average and maximum intensities over
the nanoparticle surface. The information can also be used to make a contour plot of the

intensity on and around the nanoparticle in order to visualize the locations of hotspots.

The extinction cross section denotes the area of incident light that is likely to
interact with a particle, and is a combination of the absorbance and scattering cross
sections. The extinction efficiency is the ratio of extinction cross section to the
geometrical cross section of the nanoparticle. The extinction efficiency is simulated in
DDSCAT for multiple wavelengths to create a spectrum used to determine the theoretical

resonance position of the particle.

2.1.2 EFFECTIVE MEDIUM THEORY
When taking into account the effects of substrates on nanoparticle systems, one
can add a DDA dipole representation of a dielectric or use the effective medium theory to

approximate the effects.”””’°

The effective medium theory approximates the properties,
usually dielectric constant and conductivity, of composite materials based on the relative

fractions of its components, as given by:

e — Si(l + 261) + 2€m(1 - 51)
ST 6,2+ 68) + 5(1-6)

where €, is dielectric constant of the original material, ¢; is the dielectric constant of the
inclusion material, §; is the fraction of inclusion material. The refractive index of a

dielectric material is related to the dielectric constant as:
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E§=¢g +ig, = (n+ik)?

where £ is the complex dielectric constant, &; is the real part of the dielectric constant, ¢,
is the imaginary part of the dielectric constant, n is the real part of the refractive index,

and k is the imaginary part of the refractive index.”’

In this chapter, simulations were run to determine how simulation parameters
affect the results and computation time. This provides a general guideline to design and
tune the parameters for nanofabrication. Finding a compromise between accuracy and
feasibility is important in developing a simulation recipe. The correlation between grid
spacing, accuracy, and computation time was tested. The addition of a substrate was
studied for its effects on the system. In addition, the effects of a substrate were

approximated using the effective medium theory.

2.2 SIMULATION PARAMETER TESTING

Simulation of the particle scattering was carried out using the DDA in the
DDSCAT program.”” ™ DDSCAT version 7.0 was used for all simulations. The dielectric
constants of Au and silica are taken from Johnson and Christy.”® The particle scattering
electric field intensity over the nanoparticle surface was calculated for isolate targets. The
information was used to make contour plots of the intensity on and around the
nanoparticle to visualize the location of the hotspots. The extinction efficiency was
simulated for multiple wavelengths to produce spectra used to determine the resonance

position of the particle.

2.2.1 EFFECT OF GRID SPACING

Grid testing is important for determining the maximum grid spacing that is
accurate for the system. As the grid spacing is decreased the number of dipoles increases,
which increases the computation time. Therefore the largest grid spacing, meaning the
least number of dipoles, that is accurate for the system should be determined. The grid
spacing is controlled by adjusting the shape parameters and effective radius. When
optimizing the grid spacing of a system, the largest grid spacing of the planned series is
run first. Then the grid spacing is adjusted smaller incrementally until the data has

converged. When the data converges the largest accurate grid spacing can be determined.

The grid spacing used for DDA calculations determines both the accuracy of the

simulation and the computational time required. Generally speaking, calculation using a
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smaller grid spacing is more accurate than using a larger grid spacing. As the size of the
grid decreases, more dipoles are required to make up the specified geometry of the

particle to be simulated, thus requiring more complex calculations.

Different grid spacings were tested for computational time and accuracy. A single
gold triangular prism of side length 150 nm and thickness 45 nm was used for all tests.
The resulting plots of optical properties and computational time variation with grid
spacing are shown in Figure 9. The simulation starts to become increasingly
computationally intense for grid spacings less than 4 nm. The resonance peak position
and shape starts to change for grid spacings less than 4 nm. From these observations, 4
nm was determined to be the maximum grid size that should be used for this system. The
difference in computation time between 1 nm and 1.5 nm is significantly more than the

difference between 2 nm and 1.5 nm.
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Figure 9: Grid Spacing Test

a) Plot of computation time for varying grid spacings. Inset: plot of resonance wavelength for
different grid spacings. b) 10 nm grid spacing. c¢) 1.5 nm grid spacing. d) Plot of extinction
efficiency spectra for different grid spacings.

A grid of 4 nm was determined to be the maximum accurate spacing for this
system that did not drastically increase the computation time. Larger or more complex
systems may have different grid spacing requirements. This method of testing grid
spacing should be carried out each time a new particle geometry is developed. For each

system simulated, depending on accuracy requirements, geometry details, and
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computational time limitations, there will be an ideal grid spacing. Smaller features and

particle size require a smaller grid size to better approximate the features.

2.2.2 SUBSTRATE EFFECT TEST

The substrate, or dielectric environment, of a particle can have an effect on the
optical properties and electric field of the particle. As a substrate is added and increases in
size relative to the particle, the effects on optical and electric field properties should reach
a plateau. The addition of a substrate to a system can affect the extinction spectra by red
shifting and peak broadening. As the substrate increases in size the number of dipoles
increases, which increases the computation time. Therefore, the smallest substrate size
that is accurate for the system should be discovered and used. The substrate size is
controlled by the DDSCAT shape parameters and effective radius. When testing a series
of substrate sizes, the smallest substrate in the series is run first followed by increasingly
larger substrates until the data converges. When the data converges the smallest accurate

substrate size can be determined.

Different substrate sizes were tested for a gold triangular prism with 150 nm side
length and 45 nm thickness (H). A grid spacing of 4 nm was used for the system. A series
of tests were run holding the thickness or radius of a cylindrical substrate constant while
varying the other, as shown in Figure 10e and f. A prism with no substrate had a
resonance wavelength of 620 nm. In Figure 10a, the radius was kept constant at 263 nm
(3R) while the thickness was varied from 45 nm (H) to 182 nm (4H). In Figure 10c, the
radius was kept constant at 351 nm (4R) while the thickness was varied from 45 nm (H)
to 137 nm (3H). In Figure 10d, the thickness was kept constant at 91 nm, twice the
thickness of the gold prism (2H), while the radius was varied from 88 nm (R) to 439 nm
(5R). For increasing substrate size, the resonance red shifted dramatically when the
substrate size was similar to the prism size, followed by a blue shift and convergence

when the dielectric was acting as a substrate.

A cylindrical substrate with radius 263 nm and thickness 91 nm was found to be
the minimum size of substrate that gave accurate substrate effect results. A substrate
smaller than this was found to produce coupling effects due to the substrate being on the
same order of magnitude of size as the particle. For each particle system simulated it
would be necessary to find the minimum substrate size that causes convergence in the

resonance shift.
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FIGURE 10: SUBSTRATE TEST

a) Plot of extinction cross-section for different substrate height with a constant substrate radius 3R. b) Plot
of extinction cross-section for different effective medium values. c¢) Plot of extinction cross-section of
different substrate height with a constant radius of 4R. d) Plot of extinction cross-section for different
substrate radii with a constant substrate height 2H. e) Illustration of increasing substrate height with a

constant substrate radius. f) lllustration of increasing substrate radius with a constant substrate height.

2.2.3 EFFECTIVE MEDIUM TEST

The effective medium theory can be used to approximate the effects of a substrate.
The refractive index of the surrounding medium of the system can be adjusted to
approximate the resonance peak of different substrate sizes. By adjusting the effective
medium of the system the effects of a substrate can be approximated with much less

computation time than simulating a real substrate. The effective medium theory suggests
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that the red shifting effects of a substrate can be approximated by increasing the refractive

index of a homogenous surrounding medium.

Different effective medium calculations were tested for a gold triangular prism
with side length 150 nm and thickness 45 nm. A grid spacing of 4 nm was used for the
system. First, an effective medium was calculated using a weighted average, taking into
account the actual amount of surface in contact with air and with silica. The total area in
contact with air was 29,993 nm?. The total area in contact with silica was 9,743 nm®. The
effective refractive index was calculated to be 1.105. The resonance wavelength for a

prism in a medium with refractive index 1.105 is 670 nm.

Next, an effective medium was calculated using a weighted average assuming the
amount of area in contact with air was the same as the amount of area in contact with
silica. The area used for both was the area of the triangular face of the prism, 9,743 nm”.
The calculated effective refractive index was 1.215. The resonance wavelength for a

prism in a medium with refractive index 1.215 is 730 nm.

Tests were also run for media with refractive indices 1.0, 1.3, and 1.43. A prism in
air, refractive index 1.0, had a resonance wavelength 610 nm. A prism in a medium with a
refractive index 1.3 had a resonance wavelength 780 nm. A prism in silica, with a

refractive index of 1.43, had a resonance wavelength of 850 nm.

An effective medium with refractive index of 1.215 was found to approximate a
263 nm radius and 91 nm thick cylindrical substrate of silica for a 150 nm side length and
45 nm thick Au prism. When simulating a new system, substrate and effective medium
tests should be run to optimize the parameters for accuracy and minimal computational
time. For a new simulation system, where the effects of a substrate are known, the
effective medium theory can be used to approximate that effect by simulating a dielectric

environment with an increased refractive index.

2.3 CONCLUSIONS

For each system of nanoparticle simulation, there is a set of parameters that must
be determined for efficient balance of accuracy and computation time. From testing

various simulation parameters, the ideal grid spacing and effective medium can be
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determined. In this chapter, an example of a triangular prism was tested for grid spacing

and substrate effects.

When testing the grid spacing of a particle, it is important to determine a balance
between accuracy and computational time. Testing different grid spacings for a triangular
prism showed an exponential increase in computational time with decreasing grid
spacing. Subjectively evaluating the computation cost for accuracy, one can determine the

smallest feasible grid spacing for each system.

The substrate effects on a nanoparticle system are important to include for
comparison with experimental conditions. The inclusion of a dielectric substrate with a
nanoparticle red shifts the resonance while the substrate size is on the order of the particle
size. As the substrate becomes comparatively large, the resonance blue shifts slightly and
eventually converges. The smallest piece of dielectric that acts as a true substrate is

preferable in order to minimize the computational time.

Substrate effects can be approximated by the effective medium theory. The
effective medium theory states that the red shift induced by the addition of a dielectric
substrate can be approximated by increasing the refractive index of the homogeneous
dielectric medium. Each system of nanoparticles simulated can be tested to find the
refractive index that gives the best match to substrate effects. Alternatively the refractive

index can be tested in order to match it to experimental conditions.
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3 CHAPTER 3: FABRICATION

3.1 NANOFABRICATION

The goal of this fabrication work was to develop a recipe to obtain the smallest
features possible using electron beam lithography. The objective was to push the limits of
current fabrication abilities to achieve feature sizes in the range of 15 nm line widths and
5 nm gaps between features. A fabrication recipe for electron beam lithography was
developed for nanoparticle arrays, shown in Figure 13, and the results were characterized

using a variety of techniques including scanning electron and atomic force microscopy.

High quality fabrication is important for plasmonic devices. Small gaps between
features and sharp corners have been shown to exhibit much higher localized electric field

13, 79

hotspots. Therefore, the optimization of a fabrication recipe, leading to precise

control of small features, is key to manipulating plasmonic properties of nanoparticles.

The geometries of nanoparticles designed in simulation can be fabricated for
experimental characterization and the results compared between simulation and
experiment. High quality, repeatable fabrication can increase the comparability of
experiment to simulation and attempt to recreate the conditions of theoretical

computation.

There are many types of nanofabrication that yield high quality, complex

2, 80-83

structures: the chemical synthesis and assembly of structures; using a physical mask

for patterning metal deposition or etching, such as in nanosphere lithography; ***°
exposing resist in patterns using patterned light, as with laser interference, or by using

masks, as in optical lithography.*

Wet chemical synthesis, an illustration of which is shown in Figure 11, is capable
of producing large quantities of high-quality nanoparticles in a variety of shapes and
sizes.”” The bottom up approach to nanoparticle fabrication involves solution synthesis
and filtering of nanoparticles that leads to high quality and uniformity. The particles can
be used in solution for colorimetric analyte detection or deposited on a substrate for use
with other spectroscopic techniques. Deposition of synthesis particles can result in either
random dispersion or orderly monolayers, which limits the periodicities available for

array-based photonic properties.” **
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FIGURE 11: ILLUSTRATION OF WET CHEMICAL SYNTHESIS OF COLLOIDAL NANOPARTICLES

A) Cartoon depicting the stages of nucleation and growth for the preparation of monodisperse
nanoparticles in the framework of the La Mer model. As nanoparticles grow with time, a size series of
nanoparticles may be isolated by periodically removing aliquots from the reaction vessel. (B)
Representation of the simple synthetic apparatus employed in the preparation of monodisperse

nanoparticle samples. Adapted from Murray et al.*®

Nanosphere lithography (NSL), illustrations of which are shown in Figure 12,

uses a physical mask of polystyrene spheres for metal deposition that results in hexagonal

5% Being inexpensive, rapid and parallel as well as having

arrays of triangular prisms.
flexible particle shape and spacing make NSL an attractive plasmonic biosensing
platform. NSL is capable of particle sizes on the order of 100 nm, but is limited in array

: . 91-92
and particle geometries.
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FIGURE 12: ILLUSTRATION OF NANOSPHERE LITHOGRAPHY

a) Schematic illustration and b) representative AFM image of typical nanosphere lithography fabrication

setup and results. Adapted from Haynes et al.”’

Lithographic techniques, both optical and electron beam, can be used to fully
control the particle positions and shape. First, a thin layer of polymer resist spin-coated
onto the substrate and a radiation source is then used to expose a pattern in the resist. The
exposed regions are rendered more soluble for positive resist, while negative resists are
cross-linked and polymerized, making them less soluble. The chip and the polymer are
then rinsed in a developer solution to wash away the inside or outside of the pattern for
positive and negative resists, respectively. In this work, a positive polymer resist was
used. After being rinsed in a developer solution metal is deposited onto the top of the
polymer and the exposed areas of the substrate. The remaining polymer and its
accompanying metal is lifted off using a resist solvent, such as acetone, leaving just the
metal on the substrate, in the desired pattern, examples of which are shown in Figure 13.

An illustration of the procedure for electron beam lithography is shown in Figure 14.
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FIGURE 13: EXAMPLES OF EBL FABRICATION RESULTS USING AREA DOSAGE

Triangular (left), square (middle), and circular (right) nanoparticle dimer arrays. Scale bars are 1 um.

Insets show high magnification images of individual dimers. Scale bars are 100 nm.

Optical lithography has a diffraction-limited resolution of ~A/2, which leads to
feature sizes around 1 um. However, the use of various techniques, such as ultraviolet
lasers and high numerical aperture optics, allows for photolithography capable of feature

sizes on the range of 300 nm.”>”*

Electron beam lithography (EBL) is capable of making finely controlled patterns
with very small feature size, on the nanometer scale.*” °* 7 Using various
modifications to the fabrication procedure, EBL has been used to fabricate structures with

linewidths as small as 10 nm and gaps between features as small as 8 nm.”*”’

Many factors in the fabrication process can influence the quality of the resulting
patterns. Metal adhesion layers are sometimes required during fabrication if there is poor
adhesion between the substrate and desired pattern metal. Evaporation angles can result in
mismatches in overlapping metal layers, similar to inadvertent shadow evaporation, that
can distort fine features. The electron beam dosage must be carefully tuned according to
the hardness of the resist, the beam current, and the feature proximity. Over-exposure
leads to enlarged, distorted features and small gaps are filled in. Under-exposure leads to

weak feature definition or no feature.

Poor quality patterns can cause discrepancies that affect the comparability of
experimental and simulated results. Surface roughness resulting from the various metal
deposition methods can cause the existence of unexpected hotspots in the resulting
crevices, which are very hard to account for in simulations. The corners and edges created
in most simulation software are perfectly straight, however, during fabrication these

features can be rounded or curved to varying degrees.
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Characterization techniques can be used to confirm successful fabrication and to
compare with simulation. Scanning electron microscopy (SEM) confirms that the
fabrication was successful through high magnification imaging of the structures produced
with EBL. SEM imaging allows for the careful examination of the surface quality, shape,
and scale of features. Optical microscopy can only image features larger than a
wavelength of light, and so does not have the resolution necessary to image features on
the nanoscale, such as the nanoparticle arrays fabricated for this project. Using atomic
force microscopy (AFM) confirms the height of features and the surface quality of

particles.
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Figure 14: Illustration of Electron Beam Lithography Process

(top to bottom) Bare substrate is spin coated with a polymer resist. Polymer resist is exposed in desired
pattern (in this example pattern is a rectangle) by an electron beam. Exposed pattern in resist is
washed away using a developer solution. Metal is deposited over resist and bare pattern. Polymer
resist is washed away removing metal on top, leaving only metal deposited in bare pattern area.

3.2 ELECTRON BEAM LITHOGRAPHY PROCESS
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3.2.1 ELECTRON BEAM LITHOGRAPHY

When testing different bake times a VWR 635HF hot plate was used to bake the
chips at 180 °C. An accurate and stable temperature was ensured using an Omega
Engineering Model CL23A Calibrator-Thermometer K-type thermocouple. A gradient in
hotplate surface temperature was observed so all baking was done on the exact center of
the hotplate. A silicon substrate was used for all bake time tests. The same polymer layer,
950 PMMA A4, was used for all chips. The PMMA was spin coated onto the chips using
a Specialty Coating Model P6700 spin coater. The PMMA was spun at 4,000 rpm for 40

seconds.

Dosage testing was done on a JOEL JSM-7001F field emission scanning electron
microscopy (FESEM) with DEBEN PCD Beam Blanker EBL configuration. Testing was
done using a line spacing of 19 nm. All chips used were silicon substrate with a layer of

PMMA baked for 15 minutes at 180 °C. All tests were developed for 75 seconds.

Development times were tested on silicon substrate chips with a PMMA layer
baked at 15 min. A solution ratio of 1:3 methyl isobutyl ketone (MIBK)/isopropyl alcohol
(IPA) was used as a develop solution. All tests were done at room temperature. After
development the chips were rinsed for 20 seconds in IPA and blown dry using nitrogen

gas or compressed air.

Metal evaporation was done in an Elite Engineering Thermal Evaporator. A

chamber pressure of at least 7x10” Torr was used for evaporation.

Metal liftoff was done in room temperature acetone for at least 2 hours followed

by sonication for 1 to 2 minutes at power level 2 in a Crest Ultrasonics Powersonic

P1100D sonicator.

3.2.2 SCANNING ELECTRON MICROSCOPY IMAGING

Imaging was performed using a JOEL JSM-7001F FESEM. The astigmatism and
wobble were carefully adjusted utilizing a standard sample of gold nanoparticles
approximately 100 nm in diameter. The focus was carefully adjusted for each image
location. The magnification was adjusted to maximize the spatial resolution of the image.
The smallest beam current possible, typically around 34 pA, was used for all imaging. An
acceleration voltage of 15 kV was used for all imaging. The scan speed was adjusted to

ensure an accurate scan of the sample for a high resolution image. The weakest beam
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current and acceleration voltage feasible were used and the focus and magnification were

adjusted as quickly as possible in order to minimize charging effects.

3.2.3 ATOMIC FORCE MICROSCOPY IMAGING

AFM imaging was done a Digital Instruments Veeco Nanoscope V. The height
scale and amplitude error were adjusted so as to be as small as possible but still include
all features inside the plot, typically less than 100 nm and 100 mV, to give maximum
feature contrast. The cleanliness of the sample was ensured by blowing with nitrogen gas
or compressed air in order to avoid obscuring the image of the sample with dirt particles.
A slow scan speed of 1 Hz was used to ensure an accurate reading of the height. The

pixels per scan were adjusted to 512 to maximize the resolution of the image.

3.3 ELECTRON BEAM LITHOGRAPHY PARAMETER TESTING

In order to optimize the fabrication recipe to achieve the smallest features possible,
a variety of parameters needed to be isolated, and tested. A key factor in EBL is the
dosage of the electron beam used to expose the pattern in the resist. Different line dosages
were tested in the range of 1.5 uC/cm to 4.0 pC/cm. A line dosage of 1.5 uC/cm was able
to achieve a line width of 15 nm, as shown in the inset of Figure 15. Increasing the line
dosage up to 4.0 uC/cm caused the line width to increase to 27 nm. The proximity of

features was found to greatly affect the results of dosage testing.
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Figure 15: Examples of EBL Fabrication Results Using Line Dosage

Map of Singapore (top). Scale bar is 1 um. Inset shows smallest linewidth achieved, 15 nm.
Scale bar is 100 nm. NTU logo (bottom). Scale bar is 1 um.

Area dosages were tested from 300 to 900 pC/cm’. Results varied greatly
depending on particle geometry and SEM beam current, demonstrated in Figure 16. It

should be noted that for each new nanoparticle system to be fabricated, a dosage testing
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should be performed in order to determine the optimal dosage for this particular
geometry. In addition, the SEM beam current is constantly changing, which also requires

constant dosage tuning.

FIGURE 16: DEMONSTATION OF PROXIMITY EFFECTS IN EBL FABRICATION

The effects of pattern proximity on the results of EBL fabrication. For the same dosage the widely
spaced (left) and closely packed (right) patterns result in smaller and larger pattern features,

respectively. Scale bars are 100 nm.

Bake times of 8, 10, and 15 minutes were tested. A bake time of 15 minutes was
found to allow for very small feature patterning. Lower bake times led to softer, more
soluble resist that allowed larger features to develop. Higher bake times, such as 15
minutes, led to harder resists that were found to require higher electron beam dosages to

fully expose the pattern accurately and smaller features were possible.

Development times from 45 to 90 seconds were tested. A development time of 75
seconds was found to not under- or over-develop patterns. Development times lower than
60 seconds were found to under-develop the patterns and led to features smaller than
intended. Development times higher than 75 seconds were found to over-develop the

patterns and led to features larger than intended.

Different evaporation rates were tested from 0.3 to 1.3 A/s. An evaporation rate

of around 0.8A/s was found to give good surface quality. The thickness monitor was
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found to be ineffective for evaporation rates lower than 0.5 A/s. Evaporation rates higher

than 0.9 A/s were found to lead to greater surface roughness.

Different liftoff techniques were tested. Liftoff in an acetone bath was tested at
room temperature and at 60 °C. Sonication power levels and times were tested. A liftoff
involving 3 hours in a room temperature acetone bath followed by 30 seconds of
sonication at power level 2 was found to give good liftoff results. Higher sonication

powers were found to dislodge the nanoparticles.

3.4 ELECTRON BEAM LITHOGRAPHY RECIPE

Each parameter was tested in series in order to determine the ideal values for
developing a fabrication recipe. Many times the best results meant the smallest or

sharpest features.

Bake time of the resist affects how hard the polymer layer becomes and thus how
soluble it is to the developer. When the resist is harder the developer works more slowly
and one can get smaller, more detailed features to develop. After testing several bake

times 15 minutes was found to give the smallest features of all bake times in the test.

The dosage of the electron beam during EBL controls how much charge is
allowed to interact with the resist. If an insufficient amount of charge is allowed to
contact the resist then the polymer near the bottom will not be exposed. If there is too
much exposure then the exposed area will overflow outside of the designed pattern and
larger or distorted features will result. The dosage can be tested to determine the most
accurate shape and smallest features possible to be written. Many dosages were tested and
an area dosage of 450 puC/cm” and a line dosage of 1.5 pC/cm were found to give the

smallest features, including a linewidth of 15 nm.

Proximity effects can affect the size of features because the electrons will
penetrate the area around the pattern feature slightly. If features are close enough the
mild Gaussian shaped penetration of the resist overlap to fully expose the resist in areas
outside of the pattern. Dosage testing can be done for the periodicity or nearness of the

features desired. A 3 nm gap was the smallest gap achieved between triangular prisms.
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Development time controls how long the developer solution has in contact with
the exposed and unexposed regions of the resist. The developer first dissolves the exposed
and more soluble resist areas. The developer also slowly dissolves the unexposed and less
soluble areas. An ideal development time would dissolve the exposed areas fully and
would minimize the amount of unexposed area dissolved. After testing 4 development

times, 75 seconds was found to give the best results.

Evaporation rate can affect the quality of the metal layer deposited. The surface
roughness or smoothness is important on such a small scale as the nanoantenna were. A
slower evaporation rate leads to a smoother surface. After testing several evaporation

rates, 0.5-0.8 A/s was found to give a good quality surface even on nanoscale features.

Proper liftoff technique ensures that the deposited metal is removed fully and
cleanly. If not enough liftoff time is allowed then residual polymer resist will remain
under the metal and the metal will remain on or near the pattern. Some small pieces of
metal may remain on the smaller feature unless a mild sonication is used. Too hard a
sonication can result in removal of the small features. Several liftoff techniques were
tested and a 2 hour acetone bath at room temperature followed by a 2 min sonication at

power level 2 was found to liftoff effectively.

36



4 CHAPTER 4: NANOROD ARRAYS

1.1 LOCALIZED SURFACE PLASMON RESONANCE SENSING

The dielectric sensitivity of plasmon resonances has been shown to be a robust

98-99

technique for the detection of analyte binding events in vitro. Nanoparticle arrays

have been shown to have very narrow plasmon resonance peaks, which have great

potential for highly sensitive biosensing.'”

With this in mind, the plasmonic and photonic
modes of gold nanorod arrays were studied through rigorous experiments and discrete
dipole approximations. These sharp resonances were utilized to create very sensitive
LSPR-based chemical and biological sensors. Colon cancer markers were successfully
and sensitively detected via shifts in the localized surface plasmon resonance (LSPR) of

nanorod arrays.

One- and two-dimensional arrays of nanoparticles have been previously studied
for their plasmonic resonances and longer wavelength photonic resonances.’ '*'"'%
Arrays of gold nanorods showed very sharp resonances that shifted significantly with
variations in array parameters. Classical mechanics have been found to be sufficient to
describe a system of nanoscale particles in arrays on the order of a wavelength of visible
light and DDA is a numerical approximation that has been used to study the classical

. 107-109
electrodynamics of such a system.'”’

Previously, DDA simulations of rectangular
nanorod arrays showed the appearance of sharp photonic resonances in the near
infrared.'” These photonic resonances are of great interest to reproduce experimentally

for high sensitivity dielectric sensing due to their very narrow resonances.

The periodicity, particle geometry, polarization, and dielectric environment
greatly affect the LSPR. Of particular interest, the nanoparticle LSPR has been known to
be very sensitive to changes in the dielectric environment of the particle.”**>’ Increases
in the refractive index of surrounding dielectric medium are known to red shift the LSPR
of nanoparticles. The LSPR shift per refractive index unit is a quantitative way to
measure the sensitivity (S) of a plasmonic substrate to its dielectric environment. Another
quantification of sensor quality is the figure of merit (FOM), which is the ratio of the
sensitivity to the full width at half maximum (FWHM) of a resonance peak.’’ Sharp
resonance peaks have narrow FWHMSs, which lead to high FOMs. A high FOM is a key
factor when designing a highly sensitive chemical and biological sensor. Through

computational and experimental studies, nanorod arrays were optimized to have notably
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sharp resonances. The high FOM of these substrates is indicative of their great potential

in further sensing applications.

Since biomolecules generally have a higher refractive index than their buffer
solutions, the binding of biomolecules to the surface of nanoparticles changes the local
dielectric environment and can be detected by LSPR shifts. Binding events can be
observed using simple transmission spectroscopy. Highly sensitive LSPR biosensing has

34, 38-41
’ Nanorod

been done using various plasmonic substrates, including nanorod arrays.
arrays have been used to perform label-free immunoassays observing antibody-antigen
and biotin-streptavidin binding through LSPR shift.”” "'® A sensitivity of 170 nm/RIU
with a figure of merit of 1.3 were demonstrated. Several studies have observed the LSPR
shift of other binding events, such as Concanavalin-monosaccharide binding,

demonstrating the flexibility of LSPR sensors.'''"*
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FIGURE 17: LSPR SHIFTS INDUCED BY MOLECULAR BINDING EVENTS

(left) Lllustration of molecular binding to gold nanoparticle arrays. (right) Peak shifts AMproauctinduced by
HRP induced precipitation on single particles for different concentrations of SA-HRP ranging from 3.5 nm
down to 350 fM. The column to the right shows typical single particle raw spectra obtained before (black)

and after (red) the enzymatic precipitation reaction. Adapted from Chen et al.”®
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Single nucleotide polymorphisms (SNPs) are mutations in deoxyribonucleic acid
(DNA) that usually involve one or more nucleotides being incorrect or out of sequence.
SNPs can be found in the wild, and are usually a sign of cancer. One such cancer that is
of great concern in the medical community is colon cancer.'"” The SNPs associated with
colon cancer, such as the K-ras mutation, are well-documented biomarkers for colon

. L . 116-122
cancer, and have great potential to serve in diagnostics.

In this chapter, we present a proposal to detect SNPs using LSPR sensing. First,
the DNA sample is hybridized to an ideal complimentary strand already covalently bound
to the biosensor surface. When a nuclease molecule is introduced to the system and if any
SNPs are present, the nuclease cleaves the DNA at that position.''** Surveyor nuclease

in particular cleaves both strands at the location of the SNP.'*>"'2

In theory, the complete
removal of a section of DNA bound to the surface of a nanoparticle would lower the local
refractive index of the nanoparticle, which would lead to a blue shift in LSPR. We
propose that by observing any shift in resonance before and after the nuclease is

introduced to the system SNPs could be detected.

Nanorod arrays were studied for their plasmonic and photonic resonances and
their potential as LSPR biosensing substrates. One- and two-dimensional arrays were
simulated using DDA to observe their extinction efficiency spectra and electric near field.
Rigorous periodicity studies were carried out to fully understand the behavior of photonic
resonances resulting from the array structure. Two-dimensional arrays of nanorods were
fabricated and characterized using transmission spectroscopy. Arrays with very sharp
longitudinal resonances were found to act as very sensitive LSPR-based chemical and
biological sensors. Chemical sensing capability was tested by measuring the LSPR shift
for varying refractive index media. Biosensing capability was tested by observing LSPR
shift for biotin-streptavidin binding of varying concentrations of biotinylated DNA.

Biosensing was performed via LSPR detection of SNP colon cancer markers.

4.1 NANOROD ARRAY DESIGN, FABRICATION, AND TESTING PARAMETERS

Simulation of the extinction efficiency and electric field was carried out using the
DDA method in the DDSCAT program, version 7.0.%>"* A grid spacing of 1 nm was used
for all simulations. The dielectric constants of Au are taken from Johnson and Christy.”
We have tested that 1 nm grid spacing is adequate to make the calculation converge. The

electric field intensity over the nanoparticle surface was calculated for isolate targets in an

39



effective medium of refractive index of 1.331. The electric field information was used to
make contour plots of the local field intensity on and around the nanoparticle to visualize
the features of different modes of excitation. The extinction efficiency was simulated for
multiple wavelengths to produce spectra used to determine the resonance position of the

particles or arrays.

Electron beam lithography (EBL) was used to fabricate the nanorod arrays. The
same polymer layer was used for all chips, 950 poly (methyl methacrylate) (PMMA) A4.
The PMMA was spin coated onto the chips using at 4000 rpm for 40 s (Specialty Coating
Model P6700) and then baked at 180°C for 15 min. EBL was performed using a JEOL
JSM-7001F field emission scanning electron microscope (FESEM) equipped with a
Deben Beam Blanker and a nanometer pattern generation system (NPGS). After e-beam
writing, the chips were developed for 75s in a solution of 1:3 methyl isobutyl ketone
(MIBK):isopropyl alcohol (IPA) at room temperature. After development the chips were
rinsed for 20s in IPA and blown dry using nitrogen gas. Evaporation of 2 nm Cr and 30
nm Au was sequentially done in a thermal evaporator (Elite Engineering, Singapore). A
chamber pressure of 2x10” Torr and evaporation rate of approximately 0.6 A/s were used
for evaporation. Liftoff was done at room temperature in acetone for 2 hours followed by
a 2 minute sonication (Crest Ultrasonics Powersonic P1100D) at low power (level 2).
More details about the fabrication process and recipe development can be found in
Appendix B. Nanorod geometry was observed and measured by SEM. Figure 1 shows an
example of SEM image, with an inset showing the variable usage used throughout the

work.

Transmission spectroscopy was performed on a 20/20 PV™ UV-Visible-NIR
microphotospectrometer (CRAIC Technologies™, USA) with non-polarized light in air,
unless otherwise noted, with an angle of incidence of 90 degrees and an aperture size of

15 um. Spectra were taken for at least three locations per sample.

For the dielectric sensitivity testing Au nanorods chip was first cleaned by
sonication in IPA for one minute, washed in deionized water and dried by nitrogen gas.
Then, glycerol solutions (Alfa Aesar, UK) of 1%, 10%, 20%, 28%, 36%, 44%, 52%,
64%, 72%, 84%, 92%, and 100% in DI water, corresponding to different refractive
indices (RI) of 1.3342, 1.3448, 1.3572, 1.3676, 1.33897, 1.4011, 1.4189, 1.4310, 1.4492,
1.4613, and 1.4735 respectively, were deposited and covered by a cover slip.'”’ After

each measurement, the chip and cover slip were rinsed by DI water and blown dry using
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nitrogen gas. LSPR A, shifts were plotted against their respective RI unit, and

sensitivity of Au nanorods was calculated by linear regression.

For DNA sensing experiments, the chip was washed by IPA, rinsed by DI water,
and then cleaned by ultraviolet-ozone process (UV-1, SAMCO, Japan) for 15 min.
Immediately after cleaning, the chip was incubated in 1 mM solution of 1:9 (v/v) mixture
of biotin-PEG3-thiol (spacer arm length 27-28 A, nanoScience Instruments, USA) and
methyl-PEG4-thiol (spacer arm length 15.8 A, Pierce, USA) in DMSO for 2 hr. The chip
was washed in DI water for 5 min and blown dry using nitrogen gas. The chip was
incubated in a streptavidin (Pierce, USA) solution of 250 nM for 1 hr, washed in PBS (pH
7.4) for 5 min, rinsed in DI water, and dried using N2. To apply as minimum as possible
amount of DNA solution, the nanorod array was bound by a hydrophobic tape. The
nanorod array was then incubated in 100 pL of biotinylated DNA (MW 9440 Da, 1st
BASE, Singapore) of 10", 10%, 10°, 10%, and 10" aM concentrations in PBS for 1 hr.
Then the chip was washed in PBS for 5 min, rinsed with DI water, and dried by N2.

For the SNP experiments 100 uM thiolated DNA probe (Integrated DNA
Technologies, Singapore) was first mixed with 150 mM dithiothreitol (Sigma-Aldrich,
Singapore) at room temperature for 2 hr to deprotect the terminal thiol group. After the
deprotection, the thiolated DNA probe was desalted and purified using a NAP-5 column
(GE Healthcare, Singapore). An open chamber was made by punching a hole (d ~ 8 mm)
on an adhesive tape using a paper puncher and sticking it onto the ITO glass substrate
where the AuNRs are aligned in the center of the hole. Then, 20 puL of 20 uM deprotected
DNA probe diluted in PBS buffer (100 mM, pH 7) was dropped into the open chamber
and incubated at room temperature overnight. A glass coverslip (thickness no. 1) was
placed on the top of the chamber to avoid evaporation. After the incubation, wash the

chip with PBS buffer and air-dry.

WT and MT DNA at various concentrations and ratios were hybridized with the
DNA probes immobilized on the AuNRs’ surface. Briefly, 10 pL of each DNA sample
was mixed with 10 pL PerfectHyb  Plus Hybridization Buffer (Sigma-Aldrich,
Singapore). After that, the mixture was added onto the DNA-functionalized AuNRs.
Then, the reaction was first incubated at 90 °C for 5 min, and then at 42 °C. During the
incubation, a high humidity condition should be kept to avoid evaporation. After the

incubation, the AuNRs was washed by DNA-free H,O.
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TABLE 1: DNA SEQUENCES FOR SNP DETECTION EXPERIMENT

Name Sequences (5°-3’) Tm (°C)
Thiolated DNA probe Dithiol-TTT TTT TTT TAG CTC GTG GCG 58.5
TAG GC
Mutant type (MT) GCC TAC GCC ACC AGC TAA AAA AAA 58.7
AA
Wild type (WT) GCC TAC GCC ACG AGC TAA AAA AAA 58.5
AA

After hybridizing with the immobilized DNA probe, the samples were treated with
Surveyor Nuclease (Transgenomic Inc., UK) according to the manufacturer’s protocol.
After that the chip was washed by DNA-free H,O and measured using transmission

spectrophotometer.

4.2 RESULTS

Two dimensional nanorod arrays were fabricated by EBL in a variety of array
geometries. Figure 18 shows an SEM image of nanorods with 200 x 50 nm geometry in a
square array with a 500 x 500 nm center-to-center periodicity. Other square and

rectangular arrays were fabricated with varying periodicities from 100 nm to 1 pm.
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FIGURE 18: SEM IMAGE OF NANOROD ARRAY

Scanning electron microscopy image of nanorod array. “L” denotes the
longitudinal array parameter. “T” denotes the transverse array parameter. Inset
shows the nanorod geometry. Nanorods are nominally 200 nm long and 50 nm

wide.

4.2.1 SIMULATED EFFECT OF GEOMETRY ON SINGLE NANORODS

In order to understand the effects of changes in nanorod size and aspect ratio, the
DDA was used to simulate the extinction efficiency spectra of varying nanorod
geometries. This is an important factor to consider, as small variations in the fabrication
procedure can drastically affect the experimental particle shape. It is essential to
understand the effect of nanorod geometry on LSPR. Figure 19a shows the variation in
resonance of a single nanorod with constant length and varying width. Spectra for both
polarizations are shown, longitudinal (parallel to the nanorod axis) and transverse
(perpendicular to the nanorod axis), as illustrated in Figure 18. Figure 19b shows the
extinction spectra of a single nanorod with a constant width and varying length. There is
very little variation in transverse resonance position for either variation in aspect ratio,
though there is a slight red shift for an increase in nanorod thickness. The variation of
aspect ratio, the length over the width of the particle, has a huge effect on the longitudinal

resonance mode. Aspect ratios 2.7 to 8 vary the resonance from 900 to 1400 nm. As the
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aspect ratio of the rod decreases, it becomes more sphere-like, in geometry and resonance.
It is useful to understand this phenomenon when considering the experimental results
from fabricated nanorods. When slight variations in nanorod geometry cause significant
changes in resonance position, the specific shape of each batch of rods must be measured
and considered when analyzing the trends of other parameters. In the case of trends with
unexpected result, the geometry of the nanorods can be analyzed and the LSPR can be

normalized for particle geometry.
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FIGURE 19: SIMULATED EXTINCTION SPECTRA OF SINGLE NANORODS

Simulated extinction efficiency of single nanorods with varying a) widths and b) lengths. Longitudinal

(dashed lines) and transverse (solid lines) polarizations shown.

To better understand the two modes, the electric near-field was visualized through
simulation. Figure 20a and b show the electric near-field contour plots of a single nanorod
with longitudinal and transverse polarizations, respectively. The longitudinal mode has
hotspots located at the ends of the nanorod. The transverse mode has a more uniform
electric near-field with cold spots at both ends of the nanorod. The weak electric field
excited in the transverse mode will have weak interactions when particles are arranged in
arrays. Changes in transverse periodicity may not make much impact on LSPR. The
strong, localized electric field excited in the longitudinal mode, however, will interact

strongly and changes in longitudinal periodicity will greatly affect the LSPR.
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FIGURE 20: SIMULATED ELECTRIC FIELD OF SINGLE NANORODS

Simulated electric near-field, |E|* , for single nanorods with

longitudinal (left) and transverse (right) polarization.

4.2.2 SIMULATED EFFECT OF PERIODICITY ON ONE-DIMENSIONAL ARRAYS

In order to understand how periodicity affects the LSPR, it is necessary to first
understand the effects of the two basic types of one-dimensional arrays. Figure 21 shows
the simulated extinction efficiency spectra for a single nanorod and one-dimensional
arrays, for transverse and longitudinal polarizations. Very large period arrays have similar
LSPR to a single nanorod, since the particles are far enough apart that coupling is
negligible. However, as the period is decreased, and the near field of the particles can
interact, the resonance shifts and new features appear. The transverse mode was not
greatly affected by changes in transverse periodicity, as shown in Figure 2la. The
longitudinal mode of transverse periodicity arrays, shown in Figure 21b, was greatly
affected by the variation of the periodicity. The resonance shifts, but with no clear trend,
and new features appear for some periods, both of which warranted further studies, shown
in Figure 22. The transverse mode of nanorods does not interact in longitudinal arrays,
therefore variation of periodicity in longitudinal arrays did not affect the transverse mode
LSPR, as shown in Figure 21c. The longitudinal mode of nanorods interacts strongly in
longitudinal arrays and the longitudinal LSPR was greatly affected by changes in

longitudinal periodicity, as shown in Figure 21d, blue shifting as the particles draw closer.

45



a b

>,4* Transverse >40r Longitudinal

Q Polarization % Polarization

E ———— 7

23 ! 530r <y

= =

E T L - .
Periodicity Periodicity

c2r — single S20r single

-% - 280 nm | — 300 nm
— nm — 500

St —1000nm | < 10r — 3000 am

> 3

| LUl

1

! ! | | | 1 400 600 800 ‘10‘00‘12‘00‘1400
400 500 600 700 800
Wavelength (nm) Wavelength (nm)

C d

>3 >50F Longitudinal
c c PR Polarization
0] o RO g | mp—

2 Peflodioy | 8 Periodicit

=) — single E gl Yy

i — 100 nm w 30+ 7?'6‘536

S Transverse ~ 288 mls — 300 nm

3= 4| Polarization 5 20F 500 nm

21 =

= | £10r

i i

400 500 600 700 800 400 600 800 100012001400
Wavelength (nm) Wavelength (nm)

FIGURE 21: SIMULATED EXTINCTION EFFICIENCY OF ONE-DIMENSIONAL ARRAYS OF NANORODS

Simulated extinction efficiency spectra for one dimensional arrays of nanorods with: a) transverse array
with a transverse polarization; b) transverse array with a longitudinal polarization, c) longitudinal array

with a transverse polarization, d) longitudinal array with a longitudinal polarization.

The appearance of a new peak around 1200 nm in the longitudinal polarization
warranted further studies, and Figure 22 shows the extinction efficiency of a thorough
study of the effect of periodicity in one-dimensional transverse arrays with longitudinal
polarization. The appearance and subsequent red shift of two peaks is observed. These
peaks appear very narrow and red shift and broaden until at their maximum extinction at
approximately 830 and 415 nm periods. These values correspond roughly to the LSPR
wavelength divided by the refractive index of the surrounding medium, 1.331 (divided by
two for the 415 nm period).
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FIGURE 22: SIMULATED EXTINCTION EFFICIENCY OF ONE-DIMENSIONAL ARRAYS OF NANORODS WITH
TRANSVERSE PERIODICITY AND LONGITUDINAL POLARIZATION

Further calculations of the transverse array with longitudinal polarization to follow the development of

the peak formation.

In order to predict the SERS performance of nanorod arrays, the electric field can
be simulated and studied for trends and patterns. The electric field intensity was shown to
be much higher for longitudinal polarization in Figure 20, which makes it of interest for
potential future SERS experiments (which would be conducted at 785 nm excitation due
to availability of lasers). Therefore the electric field intensities of various one-
dimensional arrays of nanorods were simulated under longitudinal polarization at 785 nm
excitation. The blue shift of the longitudinal mode in Figure 21d is concurrent with the
theory that the electric near field of the longitudinal mode would be affected by changes
in longitudinal periodicity. The electric field is increasing in energy as the particles draw
closer and the near field features have more interaction. Also, the red shift in Figure 21b
implies that the electric field intensity of the longitudinal mode will decrease with
decreasing transverse periodicity. Figure 23 shows the simulated maximum electric field
intensity for a single nanorod and a variety of one-dimensional arrays with longitudinal
polarization. Large period arrays of both types more closely resemble the single nanorod,
as expected from the similar trends with the resonances. As the longitudinal period is
decreased, the electric field increases. As the transverse periodicity is decreased, the
electric field intensity decreases. This result agrees with the patterns observed in the

resonance shifts of both types of arrays, since the excitation wavelength is 785 nm.
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FIGURE 23: SIMULATED ELECTRIC FIELD OF ONE-DIMENSIONAL NANOROD ARRAYS

Maximum electric field intensity for varying transverse and longitudinal one dimensional arrays

as compared to a single nanorod, all with longitudinal polarization and 785 nm excitation.

4.2.3 SIMULATED EFFECT OF PERIODICITY ON TWO-DIMENSIONAL ARRAYS

After understanding the trends developed when nanorods are introduced into one-
dimensional arrays, it is necessary to expand the system to two-dimensional arrays. The
trends observed in one-dimensional array simulations can be used to understand
phenomena and trends observed in two-dimensional simulations. Simulated spectra of
two-dimensional arrays are of interest to compare with, and better understand and
optimize, potential experimental conditions. The sharp resonance occurring under the
longitudinal polarization will be the mode of interest for use in experimental biosensing.
Figure 24 shows the simulated extinction efficiency spectra of a variety of two-
dimensional arrays with longitudinal polarization. Figure 24a shows the extinction spectra
of arrays with varying transverse periodicity and constant longitudinal periodicity. The
plasmonic mode, around 1000 nm, remains stationary with increasing transverse
periodicity. There is a second peak, around 1250 nm, which also remains stationary but
undergoes sharpening with increased transverse periodicity. This peak is well correlated
to the photonic resonance found in the one-dimensional array simulations. Figure 24b
shows the extinction spectra of arrays with varying longitudinal periodicity and constant
transverse periodicity. The increase in longitudinal array periodicity causes a blue shift in
the plasmonic mode. The appearance and sharpening of the photonic resonance is more

dramatic in the variation of the longitudinal periodicity.
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FIGURE 24: SIMULATED EXTINCTION SPECTRA OF NANOROD ARRAYS

Simulated extinction efficiency spectra of two dimensional nanorod
arrays with longitudinal polarization. a)Arrays with constant
longitudinal periodicity and varying transverse periodicity. b) Arrays
with constant transverse periodicity and varying longitudinal

periodicity.

4.2.4 EXPERIMENTAL EFFECTS OF PERIODICITY ON TWO-DIMENSIONAL

ARRAYS
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The sharp photonic resonances seen in simulation have great potential for
biosensing, due to the narrow FWHM and high FOM, and so it was of great interest to
recreate such resonances experimentally. This requires very high quality fabrication, in
order to minimize the surface roughness effects and maintain consistent nanorod shape.
Nanorods with 200 nm length and 50 nm width were fabricated in rectangular arrays with
periodicities varying from 100 nm to Ium. Figure 25 shows the experimental
transmission spectra of two-dimensional arrays with varying transverse and longitudinal
periodicity. Simulation predicted that increasing the transverse periodicity would not shift
the longitudinal resonance of a two-dimensional array. In the experimental transmission
spectra the longitudinal mode of the 1000 x 100 nm array is red shifted from the
resonance position of the other two arrays, and the transverse mode is blue shifted.
According to the study on nanorod geometry, shown in Figure 19, this implies that the
nanorods in the 1000 x 100 nm array are slightly wider than the nanorods in the other two
arrays. Increasing the longitudinal periodicity blue shifts the longitudinal mode of the
transmission spectra, as predicted by simulation. Increasing the transverse periodicity also
blue shifts the longitudinal mode of the transmission spectra, as predicted from the

simulations.

The appearance of the sharp photonic resonance in the near-infrared region of the
spectrum did not occur as expected from simulated results. This is assumed to be due to
the dielectric mismatch of the experimental system. The simulated environment is a
constant dielectric medium with refractive index 1.331, whereas the experimental system
consists of an indium-tin oxide (ITO) coated glass substrate and air. A dielectric medium
with refractive index 1.331 was determined to be the closest approximation to the

experimental system, as the resonances match at these conditions.
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FIGURE 25: EXPERIMENTAL TRANSMISSION SPECTRA OF NANOROD
ARRAYS

Experimental transmission spectra for two dimensional nanorod
arrays with varying transverse (top) and longitudinal (bottom)

periodicity.

CHEMICAL SENSING BASED ON LSPR OF NANOROD ARRAYS

The existence of such a sharp plasmonic resonance as appears in the 300 x 500
nm and 500x500 nm arrays is instantly recognizable as a potential LSPR biosensor as its
narrow FWHM, approximately 100 nm, would result in a high FOM, meaning that very
small shifts in the resonance easily distinguishable. To determine the sensitivity and FOM

of this nanorod array, mediums of different refractive indices were applied and the
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resonance red shifts were measured. Figure 26 shows, in black, the experimental
sensitivity, 309.6 nm/RIU, of the longitudinal mode of a 300 x 500 nm array in a variety
of concentrations of glycerol. The FOM was calculated to be 3.60. Figure 26 also shows,
in blue, the simulated sensitivity, 679.3 nm/RIU, of an isolated nanorod to changes in a
homogenous dielectric environment. Both calculations of the response of the system to
changes in refractive index show a very good linear fit with a coefficient of determination
very close to one. The discrepancy in sensitivity is due to the difference in nanoparticle
surface area exposed to changes in dielectric material resulting from simulating a
homogenous dielectric environment and the experimental conditions of a nanoparticle on
an ITO/glass substrate coated with dielectric material. When considering that, using the
effective medium theory, an ITO/glass substrate can be approximated in DDSCAT by a
RI of 1.331, one could recalculate the simulated sensitivity, with adjusted RIs to take the
substrate into account. The simulated environment of a nanoparticle in a homogenous
dielectric medium of refractive index 1.331 is equivalent to a particle on an ITO substrate
in air. The simulated environment of a nanoparticle in a homogenous dielectric medium
of refractive index 1.5 is equivalent to a particle on an ITO substrate in a medium of RI
1.34. Using these equivalencies, a 126.6 nm shift for a change of medium RI of 0.34 RIU,
the simulated sensitivity is 372.4.This value is much more akin to the experimental value.
Even without this consideration, the experimental sensitivity and FOM are very high and

indicate that this nanorod array will prove to be an effective and sensitive biosensor.
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FIGURE 26: LSPR- BASED CHEMICAL SENSING

a) Transmission spectra of varying concentrations of glycerol on a nanorod
array on ITO/glass substrate with 300 nm longitudinal periodicity and 500 nm
transverse periodicity. b) Dielectric sensitivity. Black data and equation denote
the experimental study of nanorod array coated with dielectric medium. Blue

data and equation denotes the DDA simulation of a single nanorod in
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homogenous dielectric.

4.2.6 BIOSENSING BASED ON LSPR OF NANOROD ARRAYS

In order to evaluate the sensitivity of the nanorod arrays as a potential biosensing
platform, the shift caused by molecular binding events must be evaluated. The nanorod
array with the highest FOM was chosen, 300 x 500 nm period, as it has the most potential
as a biosensor. Nanorod arrays were incubated sequentially with thiolated biotin,
streptavidin, and biotinylated DNA and the LSPR shift was measured for each binding
event. Figure 27 shows the spectra and Amax shifts for different concentrations of
biotinylated DNA, down to 0.1 aM. This concentration of DNA corresponds to
approximately 3 molecules in 50 pL of buffer solution. This is a very low limit of
detection through streptavidin-biotin binding, and proves the potential of this plasmonic

substrate as a biosensing platform.
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FIGURE 27: SENSITIVITY OF LSPR- BASED BIOSENSING OF SSDNA

Spectra (left) and LSPR A shifts (right) of a 300 x 500 nm nanorod array with varying concentrations of
DNA. LSPR 2,4, shifts are plotted in log scale.

The detection of colon cancer was done using the enzymatic cleavage of SNPs.
SNPs occur in cancerous cells and in vitro testing can be done to detect SNPs and

diagnose colon cancer. The Surveyor nuclease enzyme cleaves both strands of hybridized
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DNA at the location of an SNP. When hybridized DNA with SNPs is cleaved the local
refractive index of the nanorods is reduced and results in a blue shift of the LSPR of the
nanorods. By observing the LSPR shift before and after enzymatic cleavage, the amount
on SNPs present in the DNA sample can be deduced. The process of attaching probe
DNA, hybridization with sample DNA, and nuclease cleavage is illustrated in Figure 28.
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Figure 28: Schematic of Single Nucleotide Polymorphism Cleavage

Schematic illustrating bare gold nanorods, the addition of probe DNA, the
hybridization with DNA with SNPs, and cleavage at the SNP site using Surveyor

nuclease.

The addition of probe DNA to the nanorod surface increases the local refractive
index of the nanorods resulting in a redshift of the LSPR. The hybridization with
perfectly matched, wild type (WT) DNA also increases the local refractive index. The
LSPR shifts related to the addition of probe DNA and varying concentrations of WT
DNA hybridization are shown in Figure 29.
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Figure 29: Sensitivity of LSPR-Based Biosensing of DNA Hybridization

a) Transmission of bare gold nanorods, thiolated DNA, 107 uM perfectly matched DNA (Wild Type
(WT)), 107 uM WT, I uM WT. b) Transmission dip of hybridization with WT.

When the hybridized DNA has a SNP present, there is a mismatched nucleotide
pair and the mutant type (MT) DNA will not hybridize to the probe DNA at the location
of the SNP. When Surveyor nuclease is introduced to the system, it will cleave both
strands of DNA at the location of the SNP, as shown in Figure 30a. This cleavage reduces
the local refractive index of the nanorods, resulting in a blue shift of the LSPR. If there
are no SNPs present in the sample DNA, then there should be no enzymatic cleavage and

no blue shift in LSPR. The proof of concept of SNP detection is shown in Figure 30.
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Figure 30: Proof of Concept for SNP Detection

a) Illustration of Surveyor nuclease enzyme cleavage for detection of perfectly matched DNA (Wild Type
(WT)) and single mismatched DNA (Mutant Type (MT)) Transmission shifts for bare gold nanorods,
thiolated DNA, hybridized with 1 uM WT (b) or MT (c), enzyme cleavage.

In order to perform early, sensitive cancer diagnostics a biosensor must be able to
detect very low concentrations of biomarker. In the early stages of cancer there will only
be a small number of mutant DNA present within mostly normal healthy samples. In
order to better show the potential of these nanorod arrays as a useful biosensor, varying
ratios of mutant and healthy DNA were hybridized to the probe and exposed to Surveyor
nuclease. In this way, varying percentages of the total DNA adsorbed onto the gold
nanorods will be cleaved and the LSPR shift should reflect this percentage. Figure 31
shows the LSPR shift after nuclease cleavage for varying ratios of MT to WT DNA. The
nanorod biosensor was able to detect 1 nM MT per 1000 nM WT DNA.
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Figure 31: Limit of Detection of SNP

Surveyor nuclease enzyme cleavage for detection of single mismatched DNA

(Mutant Type (MT)).

4.3 CONCLUSIONS

In order to design an LSPR-based biosensing substrate, it was necessary to
characterize the effects of nanorod geometry and array parameters. Increasing the aspect
ratio of nanorods leads to red shifting and sharpening of resonances. Simulations of two-
dimensional arrays, confirmed experimentally, have shown that increasing the
longitudinal or transverse period blue shifts the longitudinal plasmonic resonance. No
experimental evidence was found for the appearance of the sharp photonic resonance

shown in simulations.

Lithographically fabricated nanorod arrays with very sharp plasmonic resonances,
with quality factors of around 12, have proven to be highly sensitive chemical and
biological sensors. When measuring the response to the refractive index of dielectric
media, a figure of merit of 3.6 and a sensitivity of 309.55 nm/RIU were achieved. DNA
molecules were detected down to 0.1 aM (~3 molecules in 50 pL). Colon cancer SNPs

were detected down to 0.1% mutant type.
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4.4 PERSPECTIVES

The nanorod arrays developed in this work promise huge capabilities in molecular
binding studies and single molecule detection. The sensitive detection capabilities of
these nanorod arrays have many applications in disease diagnosis, including SNP

detection and antibody-antigen binding.

By observing the LSPR shift of nanorods arrays, it was demonstrated that it is
possible to detect the single nucleotide polymorphisms (SNP) of DNA. By comparing the
spectra of an array of nanorods coated in a monolayer of probe DNA hybridized to
healthy DNA to that of SNP mutated DNA that has been cleaved through nuclease
interaction we observe a blue shift in the LSPR of the mutated DNA. Theoretically, any
type of cancer that exhibits SNP mutation in DNA should be detectable using this LSPR
method.

The binding of antigens to antibodies holds great promise for LSPR-based
biosensing. For very small amounts of antigen present, there should be a measurable

LSPR shift for a sensitive substrate, like the nanorod arrays developed in this work.
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5 CHAPTER 5: PHOTOCHEMICAL NEAR-FIELD IMAGING

5.1 NEAR FIELD IMAGING

The visualization of the near-field of nanoparticles is of interest to identify the
modes of excitation and to aid in the intelligent design of plasmonic structures for
applications, such as biosensing.'”® By observing the effect of varying nanoparticle
geometries and exposure parameters on the location and intensity of hotspots, plasmonic
substrates can be designed for optimal electric field enhancement. Using a photosensitive
polymer film deposited over the surface of nanostructures, the near-field excited in the
particle induces molecular motion and imprints the features topographically into the

surface of the polymer.

The azobenzene molecule has a double nitrogen bond that undergoes a
conformational change when a photon is absorbed. Dispersed Red 1 (DRI) is an
azobenzene-based dye that can be grafted to a polymer chain, such as PMMA, to make a
photosensitive polymer. When a film of this polymer is exposed to an electric field
gradient the DR1 undergoes cycles of isomerization and subsequent displacements, which
then pushes large amounts of the bulky polymer. The molecular motion continues until it
is outside of the areas of high electric field intensity, inducing topographical changes. The
displacement of the matter is vectorial and therefore it is possible to image the different

components of the near-field.
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Figure 32: Chemical Structure of PMMA-DRIMA

The irradiation of DRI causes a conformational change (left) that induces the molecule into translational

motion. When grafted to a polymer chain (right), the motion of the DRI pushes the polymer.

The topographical changes induced by molecular motion within electric field
gradients can be imaged using atomic force microscopy (AFM). When the images of a
nanoparticle coated with a photosensitive polymer are compared before and after
irradiation, ridges and valleys in the polymer surface can be observed. These
topographical changes indicate the locations of the hotspots of the plasmonic structures.
In the hotspots, there is a locally confined electric field that causes molecular motion of

the photosensitive polymer.

DRIMA/

PvMMA | metal | i ﬁ

Figure 33: Photochemical Near-Field Imaging Process

DRIMA/PMMA is spin coated over substrate. Then the substrate is irradiated causing high electric
field gradients in the hotspots of the nanoparticles. The DRI undergoes conformational changes in the
areas of high electric field intensity, and molecular motion ensues until the DR1 has moved to areas of

low electric field intensity.

DR1 has been used by Hubert et al for directly observing the near-field plasmonic

50-51 129-133
modes of metal nanostructures. ’

Near-field studies making use of
photosensitive polymers have been conducted previously on bowtie nanoantennae, which
showed experimental electric near-field features were well correlated with simulations.>
132 These studies were conducted on large bowties with resonances well outside the range
of the absorption band of DRI, therefore only off-resonance modes were able to be
experimentally imaged. The mode of greatest interest with bowtie nanoantennae is the

longitudinal mode, which produces a strong, highly localized hotspot in the junction
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between the prisms. The absorption band of DRI is approximately 400 to 600 nm, as
shown in Figure 34. Using single-photon absorption of DRI, the near-field of metallic
nanostructures excited by wavelengths in this range can be imaged. The modes excited in
many nanostructures within this wavelength range may be of limited interest if they are
far from the LSPR of the structures. Using high quality fabrication it would be possible to
study smaller bowties and other structures with resonances within the absorption band of

DRI1.
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Figure 34: Absorbance Spectrum of DR1

For single photon absorption of DRI the usable wavelengths range from around 400 nm to 600 nm.

In this work, the limiting factor on the prism size in bowtie nanoantennae was the
fabrication quality. The smallest prisms with highly defined features that we were able to
fabricate were 140 nm, and the smallest gaps were 4 nm. The modes of most interest for
these geometries of bowtie antenna are generally in the red and infrared regime, which is
well outside of the absorption band of DR1. Chapter 4 includes a rigorous study of the
LSPR of varying geometries of bowtie nanoantennae. An example of the simulated LSPR
of a bowtie with 150 nm prism sides and 10 nm gap is shown in Figure 35. The transverse

mode is resonant at 800 nm and the longitudinal mode is resonant at 1000 nm.
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Theoretically, two-photon absorption of DR1 could be used to image plasmonic modes in

the 700-1200 nm regime.
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Figure 35: Transmission Spectrum of a Bowtie Nanoantenna

The longitudinal (L) and transverse (T) excitation modes of an array of gold bowtie nanoantennae
with 150 nm side lengths and a 5 nm gap between prisms. Inset shows SEM image of typical

bowtie. Scale bar is 100 nm.

In this chapter both single-photon and two-photon absorption of DRIMA is used
to induce molecular motion in electric field gradients due to focused laser spots and in the
hotspots of plasmonic nanoparticles. The longitudinal, transverse, and off-resonance
modes of bowtie nanoantennae are imaged using a thin film coating of DR1IMA over the
nanostructures. The effect of bowtie gap on the near field features is also observed using

photochemical imaging.

5.2 METHODS

Simulation of the electric field contour plots was carried out using the DDA in the
DDSCAT program.”> 7 DDSCAT version 7.0 and a 1 nm grid were used for all
simulations. The dielectric constants of Au are from Johnson and Christy.”® The electric
field intensity and thus the average and maximum intensity over the nanoparticle surface

were calculated for isolate targets in an effective medium of refractive index 1.331. The
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information was used to make contour plots of the intensity on and around the

nanoparticle to visualize the location of the hotspots.

Photochemical near-field imaging was done using an approach similar to those

13 DR1IMA was mixed in ambient conditions with 1-

reported by Haggui and coworkers.
1-2-trichloroethane in concentrations ranging from 5 to 30 g/L. A thin film of
DR1/PMMA was spin coated onto the substrate at speeds ranging from 2500 to 4000
rpm. By varying the concentration and spin speed, the thickness of the film was
controllable. The thinnest film achieved was 15 nm, from a 5 g/L. solution spun at 4000
rpm. The thickest film produced was 100 nm, resulting from a 30 g/L solution spun at

2500 rpm.

AFM images were taken of polymer-coated nanoparticles on a Bruker BioScope
AFM. The AFM tips used were approximately 5 nm in diameter, resulting in a feature
size error of about 5 nm. The height scale and amplitude error were adjusted so as to be as
small as possible to give maximum feature contrast. A slow scan speed of 0.5 Hz was
used to ensure an accurate reading of the height. The resolution was adjusted to 1024

pixels to maximize the resolution of the image.

For single-photon absorption based photochemical imaging experiments, the
sample was exposed at 568 nm using an Ar-Kr continuous, plane wave source, with a
power of 200 mW/cm®, for 40 minutes. For two-photon absorption based photochemical
imaging experiments the sample was exposed using a tunable, pulsed Ti: Sapphire
focalized laser. The wavelengths ranged from 700 to 1000 nm and the power ranged from
30 mW to 1 W. The exposure time ranged from 1 second to 40 minutes. AFM images
were taken after excitation of the nanoparticles. Differential images were obtained

through post processing image subtraction.

5.3 RESULTS

5.3.1 SIMULATED NEAR FIELD IMAGING

Contour plots of the electric field of bowtie nanoantennae were calculated in order
to predict the features and intensities of the local electric field. By precisely controlling
the parameters of wavelength, geometry, and polarization, the theoretical features of

various modes can be forecasted.

Simulated electric field contour plots were calculated using DDA for 568 nm
excitation, as shown in Figure 36a-d, in order to predict the electric field induced by
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single photon absorption based photochemical imaging. Figure 36a and b show the
simulated total electric near-field, |E|*, contour plots for a 6 nm and 10 nm gap
respectively. The notable hotspot features are along the edges of the prisms, not on any
of the prism corners. Due to the molecular motion response of DRIMA to plasmonic
hotspots, the out of plane component of electric field has been shown to have a greater
impact than in plane components on topographical changes during photochemical
imaging."** For this reason, the vector components of the electric field were also

simulated, where the total field intensity is given by
2 2
IEI* = (B2 + |Ey|” + |E,I?) (5-1)

where |E,|? and |Ey|2 are in plane components, and |E,|? is the out of plane component
of the electric field. Figure 36¢ and d show the out of plane component of electric field,
|E,|?, contour plots for a 6 nm and 10 nm gap, respectively. The out of plane component

shows a cold spot in the center of each prism.

Figure 36: Simulated Electric near-field at 568 nm

a-d) Simulated electric near-field of bowtie nanoantennae with a and ¢) 6 nm gap and b and d) 10 nm gap
between prisms. a and b) Simulated total electric near-field, |E|*, contour plot. ¢ and d) Simulated out of

plane component of electric field, |E.|°, contour plots.
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The longitudinal and transverse modes of the bowtie nanoantennae studied in this
work are in the red and infrared region of the spectrum, an example of which is shown in
Figure 35. Simulating the electric field contour plots of bowties excited at 890 nm shows
the expected near field features for modes, as shown in Figure 37. The longitudinal mode
displays a central hotspot in the junction between the prisms. The transverse mode does
not exhibit this central hotspot, instead it shows hotspots on the four outer corners of the

bowtie.
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Figure 37: Simulated Electric Near-Field at 785 nm

Simulate electric near-field contour plots of bowtie nanoantennae. Top row shows longitudinal
polarization for a variety of gap sizes: a) 4 nm, b) 10 nm, c) 20 nm. Bottom row shows transverse

polarization for a variety of gap sizes: d) 4 nm, e) 10 nm, f) 20 nm.

The thickness of the photosensitive polymer layer used in imaging could affect
what near-field features are imprinted in the topography of the polymer surface.

Simulation of the electric near-field at different heights above the surface of a bowtie with
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a large gap, excited at 900 nm with longitudinal polarization, shows a decrease in both the
electric field intensity and localization, shown in Figure 38. The hotspot located in the
junction of the prisms weakens and delocalize as the distance from the surface of the
nanoparticle increases. The near-field present at various heights above the surface of the
nanoparticle may be simulated and studied for the possible identification of experimental

features.

900nm longitudinal

900nm longitudinal 10nm above surface 900nm longitudinal 20nm above surface

a

T
L 1 L L 1 1 L 1072

Figure 38: Electric field simulations Above Nanoparticle Surface

DDSCAT simulations of the electric field at different heights above a bowtie nanoantennae.
The images from left to right represent simulation heights of 0, 10, and 20 nm above the

nanoparticle surface.

5.3.2 EXPERIMENTAL NEAR FIELD IMAGING

Photochemical near-field imaging was used to experimentally map the near-field
of bowtie nanoantennae with 568 nm excitation, as shown in Figure 39. Figure 39a and d
show an AFM image before exposure for a bowtie with 6 nm and 10 nm gap between
prisms, respectively. After exposure to an external electromagnetic field, the near-field
features will have changed the surface of the polymer, as shown in Figure 39b and e, for a
6 nm and 10 nm gap respectively. In order to better visualize the changes in the polymer
surface, differential images were made using image subtraction between the AFM images
taken before and after exposure, as shown in Figure 39¢ and f for 6 nm and 10 nm gaps
respectively. The features visualized in the photochemical near-field experiment showed
good agreement with the features in the electric field contour plots; the hotspot was
localized along the edges of the prisms for all gap sizes for both experiment and

simulation.
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Experimental near-field imaged using photosensitive polymer film for a-c) 6 nm gap between prisms and d-
f) 10 nm gap between prisms. a) and d) are AFM images taken before exposure. b) and e) are AFM images
taken after exposure. c) and f) are differential images made using image subtraction to view the effect of the

near-field. Polarization is longitudinal for all near-field simulated and experimental images.

5.3.3 DEVELOPING TWO-PHOTON INDUCED MOLECULAR MOTION

To experimentally image the modes of nanostructures that fall outside of the
absorption band of DRI, one could induce molecular motion through the two-photon
absorption of DR1. The two-photon absorption of DRI is statistical, and by using a high
power, pulsed laser the chances of two-photon absorption occurring is increased. Table 2

shows power measurements of a laser of different wavelengths before and after passing

through a thin film of DR1 polymer.

TABLE 2: TWO-PHOTON ABSORPTION POWER MEASUREMENTS OF DR1 POLYMER FILM

Figure 39: Photochemical Imaging

A (nm) lo (MW) I (mW) A

800 906 818 0.044374894
820 902 815 0.044048929
840 901 815 0.043567182
860 899 814 0.043135287

67




0.051634804

880 901 800
900 902 805 0.049410657
920 902 818 0.042453234
940 901 820 0.040910939
960 901 820 0.040910939
980 902 820 0.041392685

and after the DR1 film.

A = —lOg10 IO

(5-2)

The absorption can be calculated based on the power difference observed before

where A is the absorption, I, is the power measured before the film, and I is the power

measure after the film. The calculated absorption can be plotted over the wavelengths

measured to achieve a rough, two-photon based absorption spectra, shown in Figure 40,

which shows a peak around 880 nm.
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Figure 40: Two-Photon Absorption Spectra of DR1 polymer
The two-photon absorption spectra of DRI polymer as calculated by the change in power before and
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after the laser has passed through a thin film of DRI polymer.

Using a focused laser spot to create an electric field gradient in an 80 nm film of
DR1 polymer, molecular motion was induced using two-photon absorption, as shown in
Figure 41. The gradient induced by the focalized laser spot is dependent on many
variables. Objectives with higher numerical apertures induce a greater out of plane
component, leading to quadrupole-like features. Varying the power and exposure time led
to a range of areas and types of molecular motion. Very long exposure times and high
power lead to exaggeration of the spot shape, sometimes showing that the induced motion
was asymmetric. The concentric ring features of the Airy pattern were apparent in all

exposures that resulted in molecular motion.

Figure 41: Molecular motion of DRI Induced by Two-Photon
Absorption

Molecular motion was induced using the two-photon absorption of a
DRIMA film 80 nm thick. A focalized laser with 0.9 um spot at 1000 nm
with 900 mW was used to expose an 80 nm thick DRIMA film for 2
minutes. An area of molecular motion induced topographical changes

10 um wide was imaged using AFM.
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5.3.4 TWO-PHOTON ABSORPTION INDUCED NEAR FIELD IMAGING

By adjusting the technique developed for two-photon absorption induced
molecular motion in focalized laser spots on plain polymer film, the near field features of
modes in the red and infrared regime could be imaged. To image the excited modes of
metallic nanoparticles it would be necessary to use a low power to not affect particle

shape and long exposure time to allow the dynamics of the system to settle.

The on-resonance modes of a bowtie nanoantennae were excited at 890 nm and
imaged using DRIMA, as shown in Figure 42. At this wavelength, depending on
polarization, the longitudinal and transverse modes are resonant. Using the photochemical
imaging technique developed, these modes were excited at one photon and induced two-
photon absorption based molecular motion of DRI1. The topographical changes were
imaged using AFM, and we can clearly see the features predicted by simulation. The
longitudinal mode has a strong central hotspot in the junction between the prisms and the

transverse mode has hotspots on the four outer corners of the bowtie.

Figure 42: Photochemical Near-Field Imaging of Polarization Dependence

Photochemical near-field imaging of longitudinal (left) and transverse (right) modes of bowtie
nanoantennae using the two-photon induced molecular motion of DRIMA. The excitation wavelength

was 890 nm.
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The effect of gap spacing on the electric near-field of bowtie nanoantennae is of
interest to observe experimentally. According to simulations and previous studies, bowtie
nanoantennae with small gaps between prisms exhibit very strong electric field
localization in the junction between the prisms. Bowties with large gaps between prisms
do not exhibit the central hotspot; instead, near-field excitation occurs along the edges of
the prisms. Using the two-photon absorption of DR1, the near field features of various
bowtie gap sizes were imaged, as shown in Figure 43. The bowties with small gaps, 4 to
8 nm, show a highly defined hotspot in the junction between prisms. The larger bowties,
with 20 to 30 nm gaps, show a local field along the edges of the prism with no central
hotspot. These experimental features show an excellent correlation with the trends
observed in simulation, a dissipation of the central hotspot with increasing gap size. The
thick layer of polymer used implies that the near-field far above the surface of the particle

may be affecting the polymer and needs to be considered.

difference

Gap=4nm

Gap=6nm

before difference

. ‘ Gap=8nm
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Figure 43: Photochemical Imaging of the Longitudinal Mode Excitation of Bowtie

Nanoantennae

DRIMA/PMMA coated bowtie antennae, before (left) and after (center) irradiation, and

differential image subtraction (right) for varying gaps between prisms.

5.4 CONCLUSIONS

In order to design and optimize plasmonic sensing substrates, it is necessary to
verify the near-field features of nanostructures. In this chapter, a photosensitive polymer
was used to image the electric field gradient of a focalized laser spot and the hotspots of
plasmonic structures. The modes of bowtie nanoantennae at different wavelengths and
polarizations were imaged. Normal, one-photon absorption of DRIMA/PMMA allowed
the imaging of an off-resonance mode at 568 nm. This mode excited the near field around
the edges of the prisms, but is considered less interesting than other stronger modes at
longer wavelengths. In order to visualize modes in these longer wavelengths, a recipe was
developed to accomplish near-field imaging using two-photon absorption based
molecular motion of DR1. The electric field gradient of a focalized laser spot was
imaged using a high power, pulsed laser at wavelengths well outside the absorption band
of DR1. The experimental near-field features observed for off-resonance, longitudinal and
transverse modes correlated to the electric field features simulated in DDSCAT. As
predicted by simulation, the experimental near-field feature for the longitudinal mode of

bowtie nanoantennae, the central hotspot, dissipates with increasing gap size.

5.5 PERSPECTIVES

72



The near-field technique developed can be used for imaging a wide variety of
nanostructures. Using single and two-photon absorption of DRIMA the modes of
plasmonic nanostructures within the range of 400 to 1000 nm can be imaged. There are
many interesting nanostructures, such as metamaterials, which simulations have shown to
have complex near field features. Using the molecular motion of photosensitive polymers,
it would be possible to have experimental evidence of these complex features. Time
resolved studies could illuminate the changes in the near electric field of nanostructures
over time. Potentially, using very short exposure pulses, the stages of near field excitation
could be imaged using AFM, since the polymer is stable when not in an electric field

gradient.
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6 CHAPTER 6: BOWTIE NANOANTENNAE

6.1 SURFACE ENHANCED RAMAN SCATTERING SENSING

Sensitivity is a key factor in the improvement of nanoparticle-based biosensors.
Bowtie nanoantennae have shown high sensitivity for surface enhanced Raman scattering
(SERS) based biosensing. In this work, optical bowtie nanoantennae with varying
geometries were simulated, fabricated, and characterized. We successfully fabricated sub-
5 nm gaps between prisms. The gap between prisms, prism size, and radius of curvature
of the prism corners were characterized for their effects on the optical and
electromagnetic properties. Bowties were described using simulations of particle
scattering and electric field intensity as well as experimental characterization of localized
surface plasmon resonance and surface enhanced Raman scattering. The results indicate
that the bowtie gap and the radius of curvature of the prism corners have an important
effect on the surface enhanced Raman scattering abilities of a nanoparticle array. The
trends described herein can be utilized to intelligently design highly sensitive SERS

biosensing substrates.

Metallic nanostructures including both chemically synthesized nanoparticles and
nanostructures by top-down fabrication have been demonstrated as effective SERS
substrates, which can be used towards highly sensitive and specific biosensing.’® SERS
biosensing involves the use of enhanced local electric fields of plasmonic devices to
increase the Raman signal of biomolecules and biomarkers. These increased signals mean
that lower concentrations of biomarkers still produce readable signatures and allow for

detection with much lower sample volume or very low concentration samples.
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FIGURE 44: CANCER CELL TARGETING USING ANTIBODY-CONJUGATED SERS NANOPARTICLES.

Preparation of targeted SERS nanoparticles by using a mixture of SH-PEG and a hetero-functional PEG

(SH-PEG-COOH). Covalent conjugation of an EGFR-antibody fragment occurs at the exposed terminal of

the hetero-functional PEG. Adapted from Qian et al.”’

The Raman enhancement factor is a quantitative measure of the increase in Raman
signal due to the enhanced electric field in SERS substrates. The enhancement factor is

given by:

o)) e

NSERS Ibulk

where Ny,,;; is the number of molecules in the bulk sample, Nggrs is the number of
molecules on the SERS sample, I,,,,;; is the intensity of the Raman signal for the bulk
sample, and Isggs 1s the intensity of the Raman signal for the SERS sample. With high
sensitivity SERS biosensors, the earlier diagnosis of diseases, such as cancer, leads to

more effective, early treatment and higher survival rates.

SERS-based biosensors can be used for disease detection through the
identification of biomarkers through their Raman fingerprint. Many types of biomarkers
have been used for SERS-based disease and cancer detection, such as monoclonal
antibodies, peptides, and epidermal growth factor receptor, shown in Figure 44 and

135-140

Figure 45.
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FIGURE 45: CANCER CELL DETECTION USING ANTIBODY CONJUGATED NANOPARTICLES

SERS spectra obtained from EGFR-positive cancer cells (Tu686) and from EGFR- negative cancer cells
(human non-small cell lung carcinoma NCI-H520), together with control data and the standard tag
spectrum. All spectra were taken in cell suspension with 785-nm laser excitation and were corrected by
subtracting the spectra of nanotag-stained cells by the spectra of unprocessed cells. The Raman reporter

molecule is diethylthiatri- carbocyanine (DTTC), and its distinct spectral signatures are indicated

by wave numbers (cm-1). Adapted from Qian et al.'”

Various geometries of nanoparticles have been explored previously for SERS
potential. Particle shape, size and material will affect the location and intensity of

hotspots and the optical and electromagnetic properties of the particle.'” The contours of

18, 141-142 143-144

roughened metal surfaces and solution grown aggregated particles were
shown to exhibit enhanced Raman signals. Experimental work exploring sub-5 nm gaps
in other geometries such as spherical dimers has shown great potential for increased

SERS enhancement factor in this regime.'*"'*® Spherical, cylindrical and rectangular
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prisms were found to be inferior to bowtie nanoantennae, prism dimers facing tip to tip,

for electric field enhancement.’’

A variety of different types of bowtie substrates have been explored for their
potential as high sensitivity biosensors. Nanosphere lithography fabricated bowties offer
good homogeneity and reproducibility, but have limited geometries."*’ Structures
fabricated using electron beam lithography can be controlled in the nanometer regime for
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FIGURE 46: GOLD BOWTIE ARRAYS FOR SERS SENSING

Determination of the gap size dependence and the long-range collective plasmonic effects in SERS
enhancement using elevated gold bowtie nanoantenna arrays. (a) SEM images of the elevated gold bowtie
arrays with varying center-to-center distance in rows along the bowtie axis, and row-to-row distance. (b)
A log-log plot of SERS enhancement factors as a function of bowtie nanogap size in arrays I, Il, and 111

with different bowtie spacing. The slope is determined by fitting the power-law relationship of EF o« Ad.to
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the experimental data. Adapted from Hatab et al.”

The gap size between prisms in bowtie nanoantennae has been explored
previously and decreasing gap size was found to redshift the resonance.””*"*! The Raman
signal increased with decreasing gap size up to the limit of fabrication, which previously
was an 8 nm gap for a bowtie nanoantenna.”® Simulations have predicted that the electric
field enhancement will continue to increase with decreasing gap size until the range at
which quantum effects dominate and the enhancement starts to decrease.” Recently,
bowtie nanoantennae with gaps in the sub-5 nm regime have been studied for electron
energy loss by scanning tunneling electron microscopy.'>”> These previous studies inspire
great interest in studying bowties with sub-5 nm gaps for potential biosensing
applications. Bow angle has been explored for bowtie nanoantennae, and the resonance

133 To the best of our

was found to first blueshift then redshift with increasing bow angle.
knowledge the effect of radius of curvature (ROC) of the prism corners has not been

isolated experimentally and explored.

We show in this chapter the large scale, reproducible fabrication of bowtie
nanoantennae systematically exploring how the scattering properties, and electric field
enhancement change as a function of the geometry of nanoantennae. The bowtie gap size,
prism size, thickness and radius of curvature of the prism corners were explored. Bowtie
nanoantennae with varying geometric parameters have been fabricated reproducibly in the
sub-5 nm regime and characterized. The SPR was characterized by discrete dipole
approximation (DDA) scattering calculations and spectroscopy measurements. The
electric field was characterized by DDA electric field mapping, Raman spectroscopy, and

photochemical near-field imaging (see Chapter 5).

6.2 DESIGN, FABRICATION AND TESTING OF BOWTIE ANTENNA ARRAYS

Simulation of the particle scattering was carried out using the DDA in the
DDSCAT program.”” " DDSCAT version 7.0 and a 1 nm grid were used for all
simulations. The dielectric constants of Au are from Johnson and Christy.”® The electric
field intensity and thus the average and maximum intensity over the nanoparticle surface
were calculated for isolate targets in an effective medium of refractive index 1.331. The
information was used to make contour plots of the intensity on and around the

nanoparticle to visualize the location of the hotspots. The extinction efficiency was
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simulated for multiple wavelengths to produce spectra used to determine the resonance

position of the particle.

Electron beam lithography (EBL) was used to fabricate the bowtie nanoantenna
arrays. The same polymer layer was used for all chips, 950 poly (methyl methacrylate)
(PMMA) A4. The PMMA was spin coated onto the chips using at 4000 rpm for 40
seconds (Specialty Coating Model P6700) and then baked at 180 °C for 15 minutes. EBL
was performed using a JEOL JSM-7001F field emission scanning electron microscopy
(FESEM) equipped with a Deben Beam Blanker and a nanometer pattern generation
system (NPGS). After e-beam writing, the chips were developed for 75s in a solution of
1:3 methyl isobutyl ketone (MIBK):isopropyl alcohol (IPA) at room temperature. After
development the chips were rinsed for 20s in IPA and blown dry using nitrogen or
compressed air. Evaporation of 2 nm Cr and 30 nm Au was sequentially done in a thermal
evaporator (Elite Engineering, Singapore). The chamber pressure of 2x10” Torr and
evaporation rate of 0.6 A/s was used for evaporation. Lift-off was done at room
temperature in acetone for 2 hours followed by a sonication for 1 to 2 minutes at power
level 2 (Crest Ultrasonics Powersonic P1100D). More information about the EBL recipe

can be found in Chapter 2.

Bowtie geometry was confirmed by analysis in SEM. Statistical analysis was done
for gap size and prism size at 30,000x magnification for 36 bowties per sample and was
confirmed at 120,000% magnification for each sample. The nominally 5, 10, 15, 20, 25,
30 nm gaps had actual gaps of 5.5+1.5, 10.8+1.9, 12.1+3.2, 20.3%1.1, 26.1+1.3, 29.6+1.5
nm, respectively. The nominal prism side lengths of 180, 160, 140, and 120 nm had actual
lengths of 179.8+4.0, 158.1+3.7, 139.9+3.8, and 108.8+3.3 nm, respectively. The sharp
and round bowties had a tip radius of curvature of 16.6+2.8 and 28.8+2.0 nm,
respectively. Round bowties had nominal gaps of 5, 10, 15, 20, 25 nm and actual gaps of
5.4+£2.0,9.9£1.6, 16.9£2.5, 19.6+1.1, 24.1+£2.3 nm, respectively

Transmission spectroscopy on a microspectrophotometer (Craic, USA) with non-
polarized light in air, with an angle of incidence of 90 degrees and an aperture size 15 um
was performed for three locations per sample. Each sampling measured around 225

bowties.

The molecule used for SERS experiments was 2-naphthalenethiol from Sigma-
Aldrich. Substrates were incubated at room temperature in a solution of methanol with a

concentration of 5 mM naphthalenethiol for 24 hours and then rinsed with methanol and
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blown dry with nitrogen gas. Raman spectroscopy was conducted with a 785 nm
excitation wavelength and a power of 2 mW. A 50x objective with a slit of 300 um and a
numerical aperture of 0.75 was used, with an integration time of 600 s per sample. Each
sampling measured around 16 bowties. Three locations on each sample were tested for

both polarizations, parallel and perpendicular to the antenna axis.

6.3 RESULTS

The LSPR of nanoparticles can be highly controllable and tunable. It was of
interest to explore the LSPR of bowtie nanoantennae in order to better understand their
optical properties. A highly controllable LSPR also has potential applications in designing
sensitive binding event based biosensing platforms. The effect of the gap spacing between
the prisms of a bowtie nanoantenna on optical properties was systematically explored by

holding all other parameters constant and varying the gap between prisms.

A simulation using the DDA method has been carried out to identify the modes
involved in the transmission spectra. As shown in Figure 47 for a bowtie nanoantenna
with a size of 150 nm a gap size 20 nm, when the incoming irradiation polarization is
parallel to the bowtie axis, the extinction efficiency has a peak around 800 nm. When the
irradiation polarization is perpendicular to the gap, the peak is around 700 nm. It should
also be noted that the extinction efficiency peaks for both polarizations of a single 150 nm

prism are around 700 nm as well.
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FIGURE 47: EFFECT OF DIMER COUPLING OF PRISMS ON EXTINCTION EFFICIENCY

Extinction efficiency of single prism and prism dimer for both polarizations. Calculations done in

DDSCAT.

In Figure 49, we display the simulation results of extinction efficiency for a
bowtie nanoantenna with gap spacing, J, varied from 4 nm to 20 nm when the incoming
irradiation is polarized along the gap, keeping the size (/ = 150 nm) and thickness (¢ = 30
nm) constant. Unambiguously, the extinction shows a peak around 900 nm for a gap size
of 4 nm. This peak red shifts significantly as the gap size is decreased from 20 nm to 4
nm, giving rise to an 800 nm peak for 20 nm gap. Simulations have also been conducted
for the polarization perpendicular to the bowtie axis for different gap sized. The mode due
to polarization perpendicular to the axis of the bowtie did not show noticeable resonance
shift for different gap sizes and was similar to the resonances of single prisms. All of the
gaps, 4 to 20 nm, for perpendicular polarization are shown overlaying each other in black

color in Figure 49.
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FIGURE 48: EFFECT OF GAP SIZE ON EXTINCTION EFFICIENCY

Extinction efficiency of prism dimers with varying gap spacing for both polarizations.

Calculations done in DDSCAT.

The modes and effects of gap on resonance were studied by taking the
transmission spectra of bowtie nanoantennae with gap spacings between 4 nm and 30 nm
as shown in Figure 49. Two absorption bands were observed; one band around 700 nm
does not vary with the gap spacing; while the other band redshifts as the gap spacing
decreases. We observed that both resonance peaks are due to the two different
polarization-based modes. In particular, the peak due to longitudinal polarization, parallel
to the bowtie axis, shows systematic red shift with decreasing gap, as suggested by DDA
simulation. The calculated extinction efficiency shows a different resonance for both the
polarization parallel to and perpendicular to the bowtie axis. The peak corresponding to
the perpendicular polarization does not vary with changing gap size while the peak
corresponding to the parallel polarization redshifts with decreasing gap size. The
transmission data shows two peaks, one of which remains constant with a gap change,
and the other one redshifts with decreasing gap size. The correspondence of the
transmission data to the calculated extinction efficiency implies that the two transmission
modes must correspond to the two polarizations. The redshift with decreasing gap size

implies a decrease in energy. This well-known behavior is explained by a weakening of
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the restoring forces for the oscillating electrons due to the presence of the charge

distribution of the second particle.">*
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FIGURE 49: EFFECT OF GAP SIZE ON TRANSMISSION

Transmission spectra of prism dimers with varying gaps between prisms.

It was of interest to observe the effect of the side length of the prisms of a bowtie
nanoantenna on its optical properties. First, the extinction of a variety of sizes of single
prisms was calculated, shown in. Increasing prism size red shifts the resonance. By
holding all other bowtie parameters constant and varying the side length of prisms, the
LSPR has been explored systematically by both simulation and experiments. DDA
extinction efficiency simulations were conducted for bowtie nanoantennae with varying
prism size and gap spacing. Both polarizations, parallel and perpendicular to the bowtie
axis, were simulated. Prism size was varied from 120 nm to 180 nm. Gap spacing was
varied from 4 nm to 10 nm. The SPR for both modes, perpendicular and parallel to the
axis, redshifted for increasing prism size. Optical transmission spectra were taken of
bowtie nanoantennae with varying prism size and gap spacing, as shown in Figure 50
(left). Prism size was varied from 120 nm to 180 nm and gap size was varied from 4 nm
to 30 nm. The two modes, for polarization perpendicular and parallel to the bowtie axis,

redshifted for increasing prism size. The redshift with increasing prism size was more
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dramatic for smaller gap sizes, as shown in Figure 50 (right). Both of the modes observed
in extinction efficiency simulations redshifted with increasing prism size. The modes

observed in transmission spectroscopy redshifted with increasing prism size, which

agreed with simulation.
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FIGURE 50: EFFECT OF PRISM SIZE ON TRANSMISSION

(a) Transmission spectra of prism dimers with varying prism side length. (b) Parallel mode
SPR wavelength trends for several gap sizes of bowtie nanoantennae as prism side length is

increased.

The engineering of hotspots and surface plasmon localization is of interest for its
applications in SERS biosensing. The more localized an electric field hotspot is the more
intense it is and thus will give more surface enhancement effects to Raman scattering
signals. These enhanced signals allow for more sensitive detection of biomarkers. The
effect of gap on electric field enhancement was studied through Raman spectroscopy, and

DDA calculations on bowtie nanoantennae with gaps between prisms varying from 4 nm

to 30 nm.

The Raman enhancement factor is a quantitative measure of the increase in Raman

signal due to the enhanced electric field in SERS substrates. The enhancement factor is

given by:

o)) e

NSERS Ibulk

where Ny, 1S the number of molecules in the bulk sample, Ngggs is the number of

molecules on the SERS sample, I,,,,;; is the intensity of the Raman signal for the bulk
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sample, and Isggs is the intensity of the Raman signal for the SERS sample. For this

work, the number of molecules in the bulk sample was calculated by:

Npwix = 7TRszpotDbulkPmol (6-2)

where Ry, is the radius of the spot size of the excitation laser, Dy, is the depth of the

bulk sample, and p,;,,; is the molecular density of the bulk sample, given by

p Ny
w

(6-3)

Pmol =

where p is the density of the bulk sample (the number of grams per cubic centimeter), Ny
is Avogadro's number (the number of molecules per mole), and w is the molecular weight
(the number of grams per mole). The number of molecules in the SERS sample was

calculated by:

Shotspot 1
Slattice m

NSERS = n-R.gpot (6'4)

where Sporspor 18 the area of the hotspot excited, Sya¢tice 15 the area of one lattice of the

particle array, and m is the molecular footprint. In some works, the surface averaged
enhancement factor is calculated. It should be noted that in this work the Ngzrshas been
normalized for the volume of the hotspot as determined from DDA electric near field
contour plots and assuming a self-assembling monolayer of thiolated molecule on the
surface of the gold. In this work we used naphthalenethiol which has a molecular

2,155

footprint of 0.42 nm. For the surface averaged calculation, instead of Sy,¢sp0¢ the total

surface area of the nanoparticle, Sgperqge, is used.

_ 2
Sho tspot — 7-’:Rhotspot

Saverage = 217 sin 60

where Rpotsp0 18 the radius of the excited hotspot, estimated from DDSCAT calculations
of the electric field contour plots, and I is the side length of the prisms. For example, a
particle with a hotspot enhancement factor of 10' and a hotspot area that is 1% of the
total area of the particle, the surface average enhancement factor would be 10°. Examples

of these calculations are shown in Tables 3, 4 and 5.
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TABLE 3: VALUES OF CONSTANTS USED IN ENHANCEMENT FACTOR CALCULATIONS

Stattice (NM?) 550*590=324500
Saverage (NM?) 2*180*155=55800
Shotspot (nmz) 7'[(2*2)=12

Dspot (M) 4000
Dpuik (nm) 1000000
PNa/W 4.42

m 0.42
p (g/cm’) 1.176E-21
Na 6.02E+23
w (g/mole) 160.24

TABLE 4: CALCULATIONS FOR HOTSPOT NORMALIZED ENHANCEMENT FACTOR

Gap (nm) Isers Nsers Npuik Ibulk EF
5 9954 1106 5.55E+13 1600 3.122E+11
10 8179 1106 5.55E+13 1600 2.565E+11
15 5050 1106 5.55E+13 1600 1.584E+11
20 4248 1106 5.55E+13 1600 1.332E+11
25 3610 1106 5.55E+13 1600 1.132E+11

TABLE 5: CALCULATIONS FOR SURFACE AVERAGED ENHANCEMENT FACTOR

Gap (nm) Isers Nsers Nbuik lpuik EF
5 9954 5144937 5.55E+13 1600 6.711E+07
10 8179 5144937 5.55E+13 1600 5.514E+07
15 5050 5144937 5.55E+13 1600 3.405E+07
20 4248 5144937 5.55E+13 1600 2.864E+07
25 3610 5144937 5.55E+13 1600 2.434E+07

Smaller gap sizes resulted in higher Raman enhancement for parallel polarization
while perpendicular polarization did not show significant change, as shown in Figure 51a.
Polarizations parallel to the bowtie axis had higher enhancement factors than

perpendicular polarization, shown in Figure 51b.
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FIGURE 51: EFFECT OF GAP SIZE AND POLARIZATION ON SURFACE ENHANCED RAMAN
SCATTERING AND ENHANCEMENT FACTOR

a) Raman spectra and b) enhancement factor of prism dimers with varying gaps between

prisms for both polarizations.

The theoretical electric field enhancement was calculated with the use of electric
field simulations in DDSCAT using 785 nm excitation, shown in Figure 52. The electric
field contour plot simulations for 785 nm excitation show that the hotspot is located in
between the prisms for polarization parallel to the bowtie axis and on the outer corners for
polarization perpendicular to the bowtie axis, similar to the features of single prisms

shown in Figure 53.
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FIGURE 52: EFFECT OF POLARIZATION ON SIMULATED ELECTRIC FIELD
CONTOUR PLOTS

Simulated electric field contour plot of longitudinal (top) and transverse (bottom)
modes Calculations done using DDSCAT.

The calculated electric field enhancement increases with decreasing gap size for
polarization parallel to the bowtie axis, until the limit of the fabrication abilities, which
agrees with simulation results and previous studies.” The Raman signal was not
significantly enhanced by the polarization perpendicular to the antenna axis and did not

vary significantly with changing gap size.
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FIGURE 53: ELECTRIC FIELD SIMULATION CONTOUR PLOTS OF SINGLE PRISMS

Electric field contour plots of 150 nm side length prism, calculated using DDSCAT, for 785 nm
excitation wavelength, with polarizations parallel (left) and perpendicular (right) to the top edge
of prism.

The electric field was simulated and experimentally explored using SERS and
DDA electric field calculations for bowtie nanoantennae with varying prism size. An
excitation wavelength of 785 nm was used for all simulations and experimental
measurements. The prism size was varied from 120 nm to 180 nm for gap spacing from 4
nm to 30 nm. The electric field intensity increased with decreasing gap for all prism sizes
in both experiment and simulation, as shown in Figure 54. The calculated electric field
peaked at for prisms with 140 nm side length and 4 nm gap. The Raman enhancement
factor was highest for 160 nm prism size and 4 nm gap. The discrepancy between
simulation and experiment for optimal prism size for 785 nm excitation may be due to the
improved prism shape and corner sharpness that results from larger prism fabrication. If
so, then improvements in fabrication technique may improve the experimental
enhancement of the smaller prisms and the data might more closely follow the trend
predicted in simulation. It is noteworthy that 785 nm excitation is off resonance, in
varying degrees for different geometries. It would be of interest to explore on-resonance
excitations in order to more carefully study the plasmon modes and fully exploit the

potential of bowtie nanoantennae as a SERS biosensing substrate.
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FIGURE 54: EFFECT OF PRISM SIZE ON ENHANCEMNT FACTOR AND CALCULATED ELECTRIC
FIELD INTENSITY

(left) Enhancement factor and (right) averaged |E|" of prism dimers with varying gaps between

prisms and varying prism side lengths. Calculations done using DDSCAT.

It was of interest to observe the effect of the radius of curvature (ROC) of the
corners of the prisms of a bowtie nanoantenna on optical properties and electric field. By
holding all other geometrical parameters constant and varying the fabrication recipe,
specifically increasing the dosage of the electron beam, the ROC was controlled and its
effects on the electrical and optical properties were observed. The optical transmission
spectra were taken of bowtie nanoantennae with both sharp and rounded corners for
varying gap spacing between prisms. Both modes, due to polarization perpendicular and
parallel to the bowtie axis, redshifted for increasing sharpness of the prism corners.
Raman spectra were taken for bowtie nanoantennae with varying ROC and gap size. The
Raman enhancement factor increased with decreasing gap size for both round and sharp
bowties, but the increase was more dramatic for the sharp bowties, as shown in Figure 55.
This agrees with the school of thought that electrons are more fully confined in the
smaller ROC corners and would induce more electric field enhancement. It would be of
interest to observe more ROCs through controlled fabrication, ranging from circular

dimers to prism dimers.
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FIGURE 55: EFFECT OF RADIUS OF CURVATURE OOF PRISM CORNERS ON
ENHANCEMENT FACTOR

Enhancement factor of prism dimers with varying gaps between prisms
for two different ROCs. Inset shows SEM image of round and sharp

prism dimers. Scale bar is 100 nm.

6.4 CONCLUSIONS

In order to optimize bowtie nanoantennae for potential SERS biosensing, it was
necessary to characterize the effect of gap, prism size, and ROC. We have been able to
fabricate very small gaps in bowtie nanoantennae, in the sub-5 nm range, and have
confirmed the continuation of trends found in previous work. The results on the variation
of bowtie prism size were found to agree with the studies on varying the size of individual
prisms. We have found evidence that the radius of curvature has a significant impact on
the LSPR and electric field enhancement. We found that simulated predictions of the
effects of geometry can be experimentally confirmed for the effect of gap and prism size
on the SPR and the EF enhancement. The SPR peak corresponding to the parallel
polarization was found to red shift with decreasing gap size while the peak corresponding

to the perpendicular polarization remained fixed. The Raman signal enhancement was
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found to increase with decreasing gap for parallel polarization but did not change
significantly for perpendicular polarization. The two modes, for polarization
perpendicular and parallel to the bowtie axis, redshifted for increasing prism size. The
trend of increasing enhancement with decreasing gap size was true for all prism sizes. As
the ROC decreases and the prism corners become sharper both resonance peaks red shift
and the Raman signal enhancement increases. This implies that the electric field

enhancement is higher for sharper cornered bowties.

6.5 PERSPECTIVES

The increased enhancement resulting from decreasing gap sizes and ROC can be
exploited for making highly sensitive SERS-based biosensors. With signal-to-noise ratios
increased by factors around one million, the presence of a SERS biomarker will be
considerably easier than Raman spectroscopy. It will be possible to detect lower amounts
of biomarker, perform detection measurements in less time, and require less direct fluid
sample from patients. The high enhancement factor of bowtie nanoantennae would make
conformational studies of DNA possible. The Raman signature of DNA with varying
secondary structure, such as duplex and quadruplex, should be detectable with a sensitive

SERS substrate.

92



7 CHAPTER 7: GENERAL CONCLUSIONS AND PERSPECTIVES

During the course of this thesis work plasmonic nanostructures were rigorously
tested through simulation and experiment to determine their potential for use as proteomic
biosensors. Nanorod arrays with sharp photonic resonances were tuned and used for
highly sensitive, localized surface plasmon resonance (LSPR)-based sensing. The use of a
photosensitive polymer allowed the imaging of the electric near-field of bowtie
nanoantennae, including modes in the near infrared. Bowtie nanoantennae were also
tested for electric field enhancement for future use as proteomic surface enhanced Raman

scattering (SERS)-based biosensors.

7.1 NANOROD ARRAYS FOR LSPR-BASED BIOSENSING

Rectangular arrays of gold nanorods were studied for their potential as LSPR-
based biosensors. Nanorod arrays exhibited very sharp resonances, which demonstrated a
high figure of merit (FOM) and sensitivity to changes in refractive index. A high FOM is
an excellent indicator of potential analyte binding based biosensing capabilities. The
molecular binding of biotinylated-DNA to streptavidin was detected through the LSPR

shift at very low concentrations.

The resonances of nanorod arrays were found to be highly tunable through
adjusting geometrical parameters, such as nanorod aspect ratio and array periodicity.
Increasing the width or decreasing the length both showed a red shift of the resonance,
reflecting the fact that the particles are becoming more sphere-like. The one-dimensional
nanorod array simulations showed a red shift for decreasing transverse periodicity and a
blue shift for decreasing longitudinal periodicity. Two-dimensional arrays showed a red
shift for decreasing longitudinal periodicity and no shift for decreasing transverse

periodicity.

Some arrays had very sharp resonances with narrow full width half maximum
(FWHM). One such array, with 300x500 nm periodicity, had an experimental sensitivity
to changes in the refractive index of dielectric media of 310 nm/riu. This high sensitivity

and narrow FWHM resulted in an excellent figure of merit of 3.6.

In order to test the sensitivity of the resonance position to binding events, a
streptavidin biotin binding assay was performed. Using this method, low concentrations

of DNA molecules were detected, down to 0.1 aM (~3 molecules in 50 pL).

93



The nanorod arrays developed promise huge capabilities in molecular binding
studies and single molecule detection, with enormous applications in disease diagnosis.
By observing the LSPR shift of nanorod arrays, it was possible to detect the single
nucleotide polymorphisms (SNP) of DNA. This was done by comparing the spectra of an
array of nanorods coated in a monolayer of healthy DNA to that of SNP mutated DNA

that has been cleaved through nuclease interaction.

Additionally, the binding of analytes holds great promise for LSPR-based
biosensing. For very small amounts of analyte present, there should be a measurable

LSPR shift for a sensitive substrate, like the nanorod arrays developed in this work.

7.2 PHOTOCHEMICAL NEAR-FIELD IMAGING

A photosensitive polymer was used to image the modes of bowtie nanoantennae
for a range of excitation wavelengths. A photochemical near-field imaging recipe was
developed for a range of excitation wavelengths, including wavelengths outside the
absorption band of the azobenzene dye, dispersed red 1 (DR1). The existing technique for
photochemical imaging was adapted to use two-photon absorption of DRI to induce
molecular motion for wavelengths outside the absorption band of DR1. Using one- and
two-photon absorption of DRI, the experimental near-field features observed for off-
resonance, longitudinal and transverse modes were correlated to the electric field features

simulated by discrete dipole approximation (DDA).

Normal, one-photon absorption of DRI polymer was used to image the off-
resonance mode of bowtie nanoantennae at 568 nm excitation. The electric near field
resulting from off-resonance excitation exhibits mild localization along the edges of the
prisms, in both photochemical near field imaging and discrete dipole approximation

electric field simulations.

A recipe was developed to accomplish near-field imaging using two-photon
absorption based molecular motion of DR1. The electric field gradient of a focalized
laser spot was imaged in photosensitive polymer films. The recipe was adapted to excite
in-resonance modes in bowtie nanoantennae. The longitudinal mode exhibited the central
hotspot just as in simulations of the electric field. The transverse mode also agrees well

with simulation, showing the hotspots in the outer corners of the bowtie.
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As predicted by simulation, the experimental near-field feature for the
longitudinal mode of bowtie nanoantennae, the central hotspot, dissipates with increasing

gap size.

The near-field technique developed can be used for imaging a wide variety of
nanostructures. Using single and two-photon absorption of DR1 polymer the modes of
plasmonic nanostructures within the range of 400 to 1000 nm can be imaged. There are
many interesting nanostructures, such as metamaterials, which simulations have shown to
have complex near field features. Using the molecular motion of photosensitive polymers,

it would be possible to have experimental evidence of these complex features.

Furthermore, time resolved studies could illuminate the changes in the near
electric field of nanostructures over time. Potentially, using a series of very short
exposures, the stages of near field excitation could be imaged using atomic force

microscopy, since the polymer is stable when not in an electric field gradient.

7.3 BOWTIE NANOANTENNAE FOR SERS-BASED BIOSENSING

Bowtie nanoantennae were studied for their potential as SERS-based biosensors.
Simulated predictions of the effects of geometry were experimentally confirmed for the
effect of gap, radius of curvature (ROC), and prism size on the LSPR and the electric
field enhancement. Bowties with very small gaps and sharp corners exhibited SERS

enhancement factors up to 10'".

Bowtie nanoantennae with varying gap sizes, including in the sub-5 nm range,
have been fabricated using electron beam lithography (EBL) and characterized for the
effect of gap spacing on LSPR and electric field. The LSPR peak corresponding to the
parallel polarization was found to red shift with decreasing gap size while the peak
corresponding to the perpendicular polarization remained fixed. The Raman signal
enhancement was found to increase with decreasing gap size for parallel polarization but

did not change significantly for perpendicular polarization.

The results on the variation of bowtie prism size were found to agree with the
studies on varying the size of individual prisms. The two modes, for polarization
perpendicular to and parallel to the bowtie axis, red shifted for increasing prism size. The

trend of increasing enhancement with decreasing gap size was true for all prism sizes.

95



The radius of curvature of bowtie corners has a significant impact on the LSPR
and electric field enhancement. As the ROC decreases and the prism corners become
sharper both resonance peaks red shift and the Raman signal enhancement increases. This

implies that the electric field enhancement is higher for sharper cornered bowties.

The increased enhancement resulting from decreasing gap sizes and ROC can be
exploited for making highly sensitive SERS-based biosensors. With signal-to-noise ratios
increased by factors around one million, the presence of a SERS biomarker will be
considerably easier than Raman spectroscopy. It will be possible to detect lower amounts
of biomarkers, which means even in the early stages of disease the low quantity of
biomarkers in patient samples will be enough. This also implies a requirement for less
direct fluid sample from patients, for instance a drop rather than a pint of blood, which

has a great impact on patient health and morale.

Furthermore, the high enhancement factor of bowtie nanoantennae makes
conformational studies of DNA possible. The Raman signature of DNA with varying
secondary structure, such as duplex and quadruplex, should be detectable with a sensitive

SERS substrate.

The high FOM of nanorod arrays and high SERS enhancement factor of bowtie
nanoantennae have great potential for highly sensitive biosensing. Using the sensing
platforms discussed in this thesis work, proteomic biosensors will be able to detect lower
concentrations of analyte in patient samples. The ability to detect low concentrations
allows for early-stage disease diagnostics, which greatly increases the chances of

successful treatment.
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ABBREVIATIONS

AFM Atomic Force Microscopy

DDA Discrete Dipole Approximation
DDSCAT Discrete Dipole Scattering

DNA Deoxyribonucleic acid

DR1 Dispersed Red 1

DRIMA Dispersed Red 1 methyl methacrylate
EBL Electron Beam Lithography

EF Enhancement Factor

IPA Isopropyl Alcohol

IR Infrared

ITO Indium Tin Oxide

LSPR Localized Surface Plasmon Resonance
MMA Methyl methacrylate

NIR Near Infrared

NSOM Near Field Scanning Optical Microscopy
PMMA Poly (methyl methacrylate)

PSA Prostate Specific Antigen

RG6 Rhodamine G6

RI Refractive Index

ROC Radius Of Curvature

RT Room Temperature

RTA Rapid Thermal Annealing

SEM Scanning Electron Microscope

SERS Surface Enhance Raman Scattering
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SNP

Single Nucleotide Polymorphism

SPR

Surface Plasmon Resonance
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ABSTRACT: Sensitivity is a key factor in the improvement of nanoparticle-based biosensors.
Bowtie nanoantennae have shown high sensitivity for both surface-enhanced Raman scattering
(SERS)- and localized surface plasmon resonance (LSPR)-based biosensing. In this work, optical
bowtie nanoantennae with varying geometries were simulated, fabricated, and characterized. We
successfully fabricated sub-5 nm gaps between prisms. The gap between prisms, the prism size,
and the radius of curvature of the prism corners were characterized for their effects on the optical
and electromagnetic properties. Bowties were characterized using LSPR, SERS, and photo-
chemical near-field imaging. The results indicate that the radius of curvature of the prism corners 5
has an important effect on the SERS abilities of a nanoparticle array. The trends described herein
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can be utilized to intelligently design highly sensitive SERS and LSPR biosensing substrates.

SECTION: Plasmonics, Optical Materials, and Hard Matter

Metallic nanostructures including both chemically synthe-
sized nanoparticles and nanostructures by top-down
fabrication have been demonstrated as effective surface-
enhanced Raman scattering (SERS) substrates, which can be
used toward highly sensitive and specific biosensing.' With such
high sensitivity SERS biosensors, the earlier diagnosis of
diseases, such as cancer, leads to more effective early treatment
and higher survival rates. The challenge lies in the fact that the
concentration of disease biomarkers at early diagnosis stages is
usually very low.” This is normally the limiting factor in how
early the disease can be detected using proteomic biosensors.
Higher detection sensitivity in proteomic biosensors allows for
the accurate recognition of lower concentrations of biomarkers,
implying the possibility of earlier diagnosis.”> New, nano-
technology-based biosensors make use of the unique optical
and electric properties of nanoscale particles. With this in mind,
it is of great interest to exploit the novel properties exhibited by
noble metals in the nanoscale for making sensitive, plasmonics-
based biosensing technologies. Biosensors based on SERS and
localized surface plasmon resonance (LSPR) have great
potential as very rapid and sensitive tools.>* SERS biosensing
involves the use of enhanced local electric fields of plasmonic
devices to increase the Raman signal of biomolecules and
biomarkers. These increased signals mean that lower
concentrations of biomarkers still produce readable signatures
and allow for detection with much lower sample volume or very
low concentration samples. LSPR biosensing makes use of the
sensitivity of plasmonic devices to their dielectric environment
to detect binding events between biomolecules.®
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A variety of different types of bowtie substrates have been
explored for their potential as high sensitivity biosensors. The
contours of roughened metal surfaces®™® and solution-grown
aggregated particles”'® were shown to exhibit enhanced Raman
signals. Nanosphere lithography fabricated bowties offer good
homogeneity and reproducibility but have limited geometries.""
Structures fabricated using electron beam lithography can be
controlled in the nanometer regime for independent variation
of geometrical pare\meters.lz’13 Various geometries of nano-
particles have been explored previously for SERS potential.
Particle shape, size, and material will affect the location and
intensity of hotspots and the optical and electromagnetic
properties of the particle.'* Experimental work exploring sub-5
nm gaps in other geometries such as spherical dimers has
shown great potential for an increased SERS enhancement
factor in this regime.‘s'16 Spherical, cylindrical, and rectangular
prisms were found to be inferior to bowtie nanoantennae prism
dimers facing tip to tip for electric field enhancement.'” Near-
field studies making use of photosensitive polymers have been
conducted previously on bowtie nanoantennae and hotspots
supported by nanorods, and the electric near-field features were
well correlated with simulations.'®'? The gap size between
prisms has also been explored previously, and decreasing gap
size was found to red shift the resonance.”””' The Raman signal
increased with decreasing gap size up to the limit of fabrication,
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Figure 1. LSPR. (a) SEM image of the bowtie nanoantenna array. The left inset shows a diagram illustrating the variable usage used throughout the
document. The right insets show high-magnification SEM images of a 3.3 nm gap bowtie nanoantenna. (b) Extinction efficiency of a single prism and
prism dimer for both polarizations. (c) Extinction efficiency of prism dimers with varying gap spacing for both polarizations. (d) Transmission
spectra of prism dimers with varying gaps between prisms. (e) Transmission spectra of prism dimers with varying prism side lengths. (f) Parallel
mode SPR wavelength trends for several gap sizes of bowtie nanoantenna as the prism side length is increased. Calculations were done in DDSCAT.

which previously was an 8 nm gap for a bowtie nanoantenna.”>
Simulations have predicted that the electric field enhancement
will continue to increase with decreasing gap size until the
range at which quantum effects dominate and the enhancement
starts to decrease.'” Recently, bowtie antenna with gaps in the
sub-5 nm regime have been studied for electron energy loss by
scanning tunneling electron micrc»scopy.23 These previous
studies inspire great interest in studying bowties with sub-5 nm
gaps for potential biosensing applications. The bow angle has
been explored for bowtie nanoantennae, and the resonance was
found to first blue shift and then red shift with increasing bow
angle.24 To the best of our knowledge, the effect of the radius
of curvature (ROC) of the prism corners has not been isolated
experimentally and explored.

We show in this work the large-scale, reproducible
fabrication of bowtie nanoantennae, systematically exploring
how the scattering properties, electric near-field features, and
electric field enhancement change as a function of the geometry
of the nanoantennae. The bowtie gap size, prism size, thickness,
and ROC of the prism corners were explored. Bowtie
nanoantennae, shown in Figure la, with varying geometric
parameters have been fabricated reproducibly in the sub-5 nm
regime and characterized. The SPR was characterized by
discrete dipole approximation (DDA) scattering calculations
and spectroscopy measurements. The electric field was
characterized by DDA electric field mapping, Raman spectros-
copy, and photochemical near-field imaging.

The LSPR of nanoparticles can be highly controllable and
tunable. It was of interest to explore the LSPR of bowtie
nanoantennae in order to better understand their optical
properties. A highly controllable LSPR also has potential
applications in designing sensitive binding event based
biosensing platforms. The effect of the gap spacing between
the prisms of a bowtie nanoantenna on optical properties was
systematically explored by holding all other parameters
constant and varying the gap between prisms. A simulation
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using the DDA method has been carried out to identify the
modes involved in the transmission spectra. As shown in Figure
1b for a bowtie nanoantenna with a size of 150 nm and a gap
size 20 nm, when the incoming irradiation polarization is
parallel to the bowtie axis, the extinction efficiency has a peak at
around 800 nm. When the irradiation polarization is
perpendicular to the gap, the peak is at around 700 nm. It
should also be noted that the extinction efficiency peaks for
both polarizations of a single 150 nm prism are at around 700
nm as well. In Figure 1c, we display the simulation results of the
extinction efficiency for a bowtie nanoantenna with the gap
spacing, 9, varied from 4 to 20 nm when the incoming
irradiation is polarized along the gap, keeping the size (I = 150
nm) and thickness (f = 30 nm) constant. Unambiguously, the
extinction shows a peak at around 900 nm for a gap size of 4
nm. This peak red shifts significantly as the gap size is
decreased from 20 to 4 nm, giving rise to an 800 nm peak for a
20 nm gap. Simulations have also been conducted for the
polarization perpendicular to the bowtie axis for different gap
sizes. The mode due to polarization perpendicular to the axis of
the bowtie did not show a noticeable resonance shift for
different gap sizes and was similar to the resonances of single
prisms. All of the gaps, 4—20 nm, for perpendicular polarization
are shown overlaying each other in black color in Figure Ic.
The modes and effects of the gap on the resonance were
studied by taking the transmission spectra of bowtie nano-
antennae with gap spacings between 4 and 30 nm, as shown in
Figure 1d. Two absorption bands were observed; one band
around 700 nm does not vary with the gap spacing, while the
other band red shifts as the gap spacing decreases. We observed
that both resonance peaks are due to the two different
polarization-based modes. In particular, the peak due to
longitudinal polarization, parallel to the bowtie axis, shows a
systematic red shift with decreasing gap, as suggested by the
DDA simulation. The calculated extinction efficiency shows a
different resonance for both the polarization parallel to and
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Figure 2. Electric near-field. (a—d) Simulated electric near-field of a bowtie nanoantenna with (a,c) a 6 nm gap and (b,d) a 10 nm gap between
prisms. (a,b) Simulated total electric near-field, |EI*, contour plot. (c,d) Simulated out-of-plane component of electric field, IE,?, contour plots. (e—j)
Experimental near-field imaged using a photosensitive polymer film for (e—g) a 6 nm gap between prisms and (h—j) a 10 nm gap between prisms.
(e,h) Atomic force microscopy (AFM) images taken before exposure. (fi) AFM images taken after exposure. (gj) Differential images made using
image subtraction to view the effect of the near-field. Polarization is longitudinal for all near-field simulated and experimental images.
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Figure 3. SERS. (a) Raman spectra and (b) the enhancement factor of prism dimers with varying gaps between prisms for both polarizations. (c)
Simulated electric field contour plot of both modes. (d) Enhancement factor and (e) averaged [EI* of prism dimers with varying gaps between prisms
and varying prism side lengths. (f) The enhancement factor of prism dimers with varying gaps between prisms for two different ROCs. The inset
shows the SEM image of round and sharp prism dimers. The scale bar is 100 nm. Calculations were done using DDSCAT.

perpendicular to the bowtie axis. The peak corresponding to
the perpendicular polarization does not vary with changing gap
size, while the peak corresponding to the parallel polarization
red shifts with decreasing gap size. The transmission data show
two peaks, one of which remains constant with a gap change
and the other that red shifts with decreasing gap size. The
correspondence of the transmission data to the calculated
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extinction efficiency implies that the two transmission modes
must correspond to the two polarizations. The red shift with
decreasing gap size implies a decrease in energy. This well-
known behavior is explained by a weakening of the restoring
forces for the oscillating electrons due to the presence of the

charge distribution of the second particle.”®
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It was of interest to observe the effect of the side length of
the prisms of a bowtie nanoantenna on the optical properties.
By holding all other parameters constant and varying the side
length of prisms, the LSPR has been explored systematically by
both simulation and experiments. DDA extinction efficiency
simulations were conducted for bowtie nanoantennae with
varying prism sizes and gap spacings. Both polarizations,
parallel and perpendicular to the bowtie axis, were simulated.
The prism size was varied from 120 to 180 nm. The gap
spacing was varied from 4 to 10 nm. The SPR for both modes,
perpendicular and parallel to the axis, red shifted for increasing
prism size. Optical transmission spectra were taken of bowtie
nanoantennae with varying prism sizes and gap spacings, as
shown in Figure le. The prism size was varied from 120 to 180
nm, and the gap size was varied from 4 to 30 nm. The two
modes, for polarization perpendicular and parallel to the bowtie
axis, red shifted for increasing prism size. The red shift with
increasing prism size was more dramatic for smaller gap sizes, as
shown in Figure 1f. Both of the modes observed in extinction
efficiency simulations red -shifted with increasing prism size.
The modes observed in transmission spectroscopy red shifted
with increasing prism size, which agreed with simulation.

The visualization of the local near-field is of interest to
identify the modes of excitation and to aid in the intelligent
design of SERS substrates.”® Using a photosensitive polymer
layer over the bowtie allows the near-field excited in the particle
to induce molecular motion and imprint the near-field features
into the surface of the polymer. Simulated electric field contour
plots were calculated using DDA for 568 nm excitation, as
shown in Figure 2a—d. Figure 2a and b shows the simulated
total electric near-field, |EI, contour plots for a 6 and 10 nm
gap, respectively, with noticeable hotspot features along the
edges of the prisms. Figure 2c and d shows the out-of-plane
component of electric field, IE contour plots for a 6 and 10
nm gap, respectively.

Photochemical near-field imaging was used to directly map
the near-field of bowtie nanoantennae with 568 nm excitation,
as shown in Figure 2e—j. Figure 2e and h shows an AFM image
before exposure for a bowtie with 6 and 10 nm gaps between
prisms, respectively. After exposure to an external electro-
magnetic field, the near-field features will have changed the
surface of the polymer, as shown in Figure 2f and i for a 6 and
10 nm gap, respectively. In order to better visualize the changes
in the polymer surface, differential images were made using
image subtraction between the AFM images taken before and
after exposure, as shown in Figure 2g and j for 6 and 10 nm
gaps, respectively. The features visualized in the photochemical
near-field experiment showed very good agreement with the
features in the electric field contour plots; the hotspot was
localized along the edges of the prisms for all gap sizes for both
experiment and simulation. The excitation mode visualized in
this experiment is one of limited interest; the absorption band
of the photosensitive polymer ends at around 600 nm.
Currently, work is ongoing to explore options, such as two-
photon absorption of the photopolymer, for visualizing the
near-field features of modes excited by different wavelengths,
especially those shown in Figure 3c.

The engineering of hotspots and surface plasmon localization
are of interest for applications in SERS biosensing. The more
localized an electric field hotspot is, the more intense it is, and
thus, it will give more surface enhancement effects to Raman
scattering signals. These enhanced signals allow for more
sensitive detection of biomarkers. The effect of gap on electric
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field enhancement was studied through Raman spectroscopy
and DDA calculations on bowtie nanoantennae with gaps
between prisms varying from 4 to 30 nm. Smaller gap sizes
resulted in higher Raman enhancement for parallel polarization,
while perpendicular polarization did not show significant
change, as shown in Figure 3a. Polarizations parallel to the
bowtie axis had higher enhancement factors than perpendicular
polarization, shown in Figure 3b. The theoretical electric field
enhancement was calculated with the use of electric field
simulations in DDSCAT using 785 nm excitation, shown in
Figure 3c. The electric field contour plot simulations for 785
nm excitation show that the hotspot is located in between the
prisms for polarization parallel to the bowtie axis and on the
outer corners for polarization perpendicular to the bowtie axis.
The calculated electric field enhancement increases with
decreasing gap size for polarization parallel to the bowtie axis,
until the limit of the fabrication abilities, which agrees with
simulation results and previous studies.'” The Raman signal was
not significantly enhanced by the polarization perpendicular to
the antenna axis and did not vary significantly with changing
gap size.

The electric field was simulated and experimentally explored
using SERS and DDA electric field calculations for bowtie
nanoantennae with varying prism sizes. An excitation wave-
length of 785 nm was used for all simulations and experimental
measurements. The prism size was varied from 120 to 180 nm
for gap spacings from 4 to 30 nm. The electric field intensity
increased with decreasing gap for all prism sizes in both
experiment and simulation, as shown in Figure 3d and e,
respectively. The calculated electric field peaked for prisms with
a 140 nm side length and a 4 nm gap. The Raman enhancement
factor was highest for the 160 nm prism size and 4 nm gap. The
discrepancy between simulation and experiment for optimal
prism size for 785 nm excitation may be due to the improved
prism shape and corner sharpness that result from larger prism
fabrication. If so, then improvements in fabrication technique
may improve the experimental enhancement of the smaller
prisms, and the data might more closely follow the trend
predicted in simulation. It is noteworthy that 785 nm excitation
is off-resonance, in varying degrees for different geometries. It
would be of interest to explore on-resonance excitations in
order to more carefully study the plasmon modes and fully
exploit the potential of bowtie antennae as a SERS biosensing
substrate.

It was of interest to observe the effect of the ROC of the
corners of the prisms of a bowtie nanoantenna on optical
properties and the electric field. By holding all other
geometrical parameters constant and varying the fabrication
recipe, specifically increasing the dosage of the electron beam,
the ROC was controlled, and its effects on the electrical and
optical properties were observed. The optical transmission
spectra were taken of bowtie nanoantennae with both sharp
and rounded corners for varying gap spacing between prisms.
Both modes, due to polarization perpendicular and parallel to
the bowtie axis, red shifted for increasing sharpness of the prism
corners. Raman spectra were taken for bowtie nanoantennae
with varying ROCs and gap sizes. The Raman enhancement
factor increased with decreasing gap size for both round and
sharp bowties, but the increase was more dramatic for the sharp
bowties, as shown in Figure 3f. This agrees with the school of
thought that electrons are more fully confined in the smaller
ROC corners and would induce more electric field enhance-
ment. It would be of interest to observe more ROCs through
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controlled fabrication, ranging from circular dimers to prism
dimers.

In this work, we have fabricated and characterized bowtie
nanoantennae with varying gaps, prism sizes, and ROCs. We
have been able to fabricate very small gaps in bowtie
nanoantennae, in the sub-5 nm range, and have confirmed
the continuation of trends found in previous work. The results
on the variation of the bowtie prism size were found to agree
with the studies on varying the size of individual prisms. We
have found evidence that the ROC has a significant impact on
the LSPR and electric field enhancement. We found that
simulated predictions of the effects of geometry can be
experimentally confirmed for the effect of gap and prism size
on the SPR and the EF enhancement. The SPR peak
corresponding to the parallel polarization was found to red
shift with decreasing gap size while the peak corresponding to
the perpendicular polarization remained fixed. The Raman
signal enhancement was found to increase with decreasing gap
for parallel polarization but did not change significantly for
perpendicular polarization. The two modes, for polarization
perpendicular and parallel to the bowtie axis, red shifted for
increasing prism size. The trend of increasing enhancement
with decreasing gap size was true for all prism sizes. As the
ROC decreases and the prism corners become sharper, both
resonance peaks red shift, and the Raman signal enhancement
increases. This implies that the electric field enhancement is
higher for sharper cornered bowties. The increased enhance-
ment resulting from the decreasing gap sizes and ROC can be
exploited for making highly sensitive biosensors

Simulation of the particle scattering was carried out using the
DDA in the DDSCAT program.””*® DDSCAT version 7.0 and
a 1 nm grid were used for all simulations. The dielectric
constants of Au are from Johnson and Christy.”” The electric
field intensity and thus the average and maximum intensity over
the nanoparticle surface were calculated for isolated targets in
an effective medium of refractive index 1.331. The information
was used to make contour plots of the intensity on and around
the nanoparticle to visualize the location of the hotspots. The
extinction efficiency was simulated for multiple wavelengths to
produce spectra used to determine the resonance position of
the particle.

Electron beam lithography (EBL) was used to fabricate the
bowtie nanoantenna arrays. The same polymer layer was used
for all chips, 950 poly(methylmethacrylate) (PMMA) A4. The
PMMA was spin coated onto the chips at 4000 rpm for 40 s
(Specialty Coating Model P6700) and then baked at 180 °C for
15 min. EBL was performed using a JEOL JSM-7001F field
emission scanning electron microscopy (FESEM) equipped
with a Deben Beam Blanker and a nanometer pattern
generation system (NPGS). After e-beam writing, the chips
were developed for 75 s in a solution of 1:3-methyl isobutyl
ketone (MIBK)/isopropyl alcohol (IPA) at room temperature.
After development, the chips were rinsed for 20 s in IPA and
blown dry using nitrogen or compressed air. Evaporation of 2
nm Cr and 30 nm Au was sequentially done in a thermal
evaporator (Elite Engineering, Singapore). The chamber
pressure of 2 X 1077 Torr and evaporation rate of 0.6 A/s
were used for evaporation. Liftoff was done at room
temperature in acetone for 2 h followed by a sonication for
1—2 min at a power level of 2 (Crest Ultrasonics Powersonic
P1100D).

Bowtie geometry was confirmed by analysis in SEM; an
example is shown in Figure la. Also shown in Figure la is a
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illustration demonstrating the geometrical parameters defined
as the prism side length, I, thickness, t, and gap between prisms,
&. Statistical analysis was done for the gap size and prism size at
30 000X magnification for 36 bowties per sample and was
confirmed at 120 000X magnification for each sample. The
nominally S, 10, 15, 20, 25, and 30 nm gaps had actual gaps of
5.5+ 15,108 + 1.9, 12.1 + 3.2, 203 + 1.1, 26.1 + 1.3, and
29.6 + 1.5 nm, respectively. The nominal prism side lengths of
180, 160, 140, and 120 nm had actual lengths of 179.8 + 4.0,
158.1 + 3.7, 139.9 + 3.8, and 108.8 + 3.3 nm, respectively. The
sharp and round bowties had tip ROCs of 16.6 + 2.8 and 28.8 +
2.0 nm, respectively. Round bowties had nominal gaps of S, 10,
15, 20, and 25 nm and actual gaps of 5.4 + 2.0, 9.9 + 1.6, 16.9
+2.5,19.6 + 1.1, and 24.1 & 2.3 nm, respectively

Transmission spectroscopy on a microspectrophotometer
(Craic, U.S.A.) with nonpolarized light in air, with an angle of
incidence of 90° and an aperture size 15 ym, was performed for
three locations per sample. Each sampling measured around
225 bowties.

The molecule used for SERS experiments was 2-naphthale-
nethiol from Sigma-Aldrich. Substrates were incubated at room
temperature in a solution of methanol with a concentration of 5
mM naphthalenethiol for 24 h and then rinsed with methanol
and blown dry with nitrogen gas. Raman spectroscopy was
conducted with a 785 nm excitation wavelength and a power of
2 mW. A 50X objective with a slit of 300 gm and a numerical
aperture of 0.75 was used, with an integration time of 600 s per
sample; each sampling measured around 16 bowties. Three
locations on each sample were tested for both polarizations,
parallel and perpendicular to the antenna axis. The Raman
enhancement factor is a quantitative measure of the increase in
Raman signal due to the enhanced electric field in SERS
substrates and is given by

(=

where Ny is the total number of molecules in the bulk sample,
Niggs in this work is the number of molecules contributing to
the SERS signal, Iy, is the intensity of the Raman signal for the
bulk sample, and Igggg is the intensity of the Raman signal for
the SERS sample. It should be noted that in this work, the
Niers has been normalized for the volume of the hotspot as
determined from DDA electric near-field contour plots and
assuming a self-assembling monolayer of thiolated molecule on
the surface of the gold. In this Letter, we used naphthalenethiol,
which has a molecular footprint of 0.42 nm*
Photochemical near-field imaging was done using an
approach similar to that reported by Haggui and co-workers.'
A thin film of DR1/PMMA was spin-coated onto the substrate.
AFM images were taken of polymer-coated nanoparticles. The
sample was exposed at 568 nm using an Ar—Kr laser source,
with a power of 200mW/cm?, for 40 min. The polarization was
along the major axis of the bowtie. AFM images were taken
after exposure of the same nanoparticles. Differential images
were obtained through postprocessing image subtraction.
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Engineering Plasmonic Nanorod Arrays for
Colon Cancer Marker Detection

Stephanie L. Dodson,* Cuong Cao,” Hamed Zaribafzadeh, “ Shuzhou Li, ¢ and
Qihua Xiong “*

Engineering plasmonic nanomaterials or nanostructures towards ultrasensitive biosensing for disease
markers or pathogens is of high importance. Here we demonstrate a systematic approach to tailor effective
plasmonic nanorod arrays by combining both comprehensive numerical discrete dipole approximations
(DDA) simulation and transmission spectroscopy experiments. The results indicate that 200 x 50 nm
nanorod arrays with 300 x 500 nm period provide the highest FOM of 3.6 and a sensitivity of 310
nm/RIU. Furthermore, we demonstrate the use of nanorod arrays for the detection of single nucleotide
polymorphism in codon 12 of the K-ras gene that are frequently occurring in early stages of colon cancer,
with a sensitivity down to 10 nM in the presence of 100-fold higher concentration of the homozygous

genotypes. Our work shows significant potential of nanorod arrays towards point-of-care applications in

diagnosis and clinical studies.

Introduction

Recently, we have witnessed considerable efforts for the
development of plasmonics and photonics-based nanosensors
for biochemical and genetic analysis, especially for screening
and rapid detection of cancer markers.""> These systems
provide a range of benefits such as shorter analysis time, lower
consumption of sample, chemical reagent and energy, lower
cost, and portability. Towards this end, the usage of the
dielectric sensitivity of localized surface plasmon resonances
(LSPR) of nanoparticles has been shown to be particularly
robust and very sensitive to changes in the dielectric
environment of surrounding.'®'® The effects of periodicity,
geometry, polarization, and dielectric environment have been
explored for tuning the LSPR responses of nanosphere,
trianglular nanoprism, nanorods, etc. Highly sensitive LSPR
biosensing has been done using the various plasmonic
substrates.'® 2*2*  Among them, the nanorods possess
outstanding plasmonic and photonic properties, exhibiting
intrinsic transverse and longitudinal modes. Unlike other
nanoparticle shapes, the longitudinal mode has been shown to
be more sensitive to changes in refractive index and exhibit a

This journal is © The Royal Society of Chemistry 2013

better figure of merit (FOM) value. More importantly,
bandwidth and the LSPR sensitivity of the AuNRs can be
optimized by tuning their aspect ratios. One- and two-
dimensional arrays of nanoparticles have been previously
studied for their plasmonic resonances and longer wavelength
photonic resonances.’**° Arrays of gold nanorods showed very
sharp resonances that shifted significantly with variations in
array parameters. Classical mechanics has been found to be
sufficient to describe a system of nanoscale particles in arrays
on the order of a wavelength of visible light, for instance, one
of the versatile framework is the discrete dipole approximations
(DDA) that has been used to study the classical
electrodynamics of such a system.’'** Previously, DDA
simulations of rectangular nanorod arrays showed the
appearance of sharp photonic resonances in the near infrared,*
which have not been experimentally identified.

In this work, nanorod arrays were studied for their plasmonic
and photonic resonances and their potential as LSPR biosensing
substrates. The plasmonic and photonic modes of gold nanorod
arrays were studied through rigorous experiments and DDA
simulation to observe their extinction efficiency spectra and
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electric near field. Rigorous periodicity studies were carried out
to fully understand the behavior of photonic resonances
resulting from the array structure. Upon the engineering and
optimization of nanorod array, we have successfully used the
AuNR array device as a plasmonic nanosensor for the detection
of single nucleotide polymorphisms (SNPs) in codon 12 of the
K-ras gene that are frequently occurring in early stages of colon
cancer - the third most common type of human cancer today
and the second most common cause of cancer related deaths.**
35

In order to understand the effects of changes in nanorod size
and aspect ratio, the DDA was used to simulate the extinction
spectra of varying nanorod geometries. This is an important
factor to consider, as small variations in the fabrication
procedure can drastically affect the experimental particle shape,

Journal Name

which determines the LSPR properties. Figure la shows the
variation in resonance of a single nanorod with constant length
and varying width. Spectra for both polarizations are shown,
longitudinal (parallel to the nanorod axis) and transverse
(perpendicular to the nanorod axis). Figure 1b shows the
extinction spectra of a single nanorod with a constant width but
varying length. There is very little variation in transverse
resonance position for either variation in aspect ratio, though
there is a slight red shift for an increase in nanorod thickness.
The variation of aspect ratio, the length over the width of the
particle, has a dramatic effect on the longitudinal resonance
mode. Tuning the aspect ratio from 2.7 to 8 varies the
resonance from 900 to 1400 nm. As the aspect ratio of the rod
decreases, it becomes more sphere-like, in geometry and
resonance.
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and d) transverse polarization, demonstrated by the blue arrows.

To better understand the two modes, the electric near-field was
computed. Figure 1c and d show the electric near-field contour
plots of a single nanorod with longitudinal and transverse
polarizations, respectively. The longitudinal mode has hotspots
located at the ends of the nanorod. The transverse mode has a
more uniform electric near-field with cold spots at both ends of
the nanorod. The weak electric field excited in the transverse
mode will have weak interactions when particles are arranged
in arrays. Changes in transverse periodicity may not make
much impact on LSPR. The strong, localized electric field
excited in the longitudinal mode, however, will interact
strongly and changes in longitudinal periodicity will greatly
affect the LSPR. It is noteworthy to comment that the local
electric field contour can be directly visualized by near-field
technique or indirectly mapped atomic force microscopy
approaches, in which specific photosensitive polymers can be
used to produce topographic variations due to conformational
changes upon light irradiation.***?

In order to understand how periodicity affects the LSPR, it is
necessary to first understand the effects of the two basic types
of one-dimensional arrays. Figure 2 shows the simulated
extinction efficiency spectra for a single 20050 nm nanorod
and one-dimensional arrays, for transverse and longitudinal
polarizations. Very large period arrays have similar LSPR to a

2 | J. Name., 2012, 00, 1-3

single nanorod, since the particles are far enough apart that
coupling is negligible. However, as the period is decreased, and
the near field of the particles can interact, the resonance shifts
and new features appear. The near field excited in the
transverse mode of nanorods does not interact in longitudinal
arrays, therefore variation of periodicity in longitudinal arrays
did not affect the transverse mode LSPR, as shown in Figure
2a. The hotspots excited in longitudinal mode of nanorods
interact strongly in longitudinal arrays and the longitudinal
LSPR was greatly affected by changes in longitudinal
periodicity, as shown in Figure 2b. The appearance of a new
peak around 1200 nm in the arrays with 500 and 1000 nm
periodicities with longitudinal polarization warranted further
studies, and Figure 2c¢ shows the extinction efficiency of a
thorough study of the effect of periodicity in one-dimensional
longitudinal with longitudinal polarization. The
appearance and subsequent red shift of two peaks is observed.
These peaks appear very narrow and red shift and broaden until
at their maximum extinction at approximately 830 and 415 nm
periods. These values correspond roughly to the LSPR
wavelength divided by the refractive index of the surrounding
medium, 1.331 (divided by two for the 415 nm period). Figure
2d and e show the extinction efficiency spectra of a single
nanorod and various one-dimensional transverse arrays with

arrays

This journal is © The Royal Society of Chemistry 2012
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transverse and longitudinal polarizations, respectively. There is
comparatively little shift in the either resonance position for
variations in the transverse periodicity, except when the
particles are brought very close together. The longitudinal
mode blue shifts as the periodicity decreased and the transverse
mode red shifts with decreasing periodicity.

The red shift of the longitudinal mode in Figure 2b and ¢
implies that the electric near field of the longitudinal mode
would be affected by changes in longitudinal periodicity. Also,
the blue shift in Figure 2e implies that the electric field

Nanoscale

intensity of the longitudinal mode will increase with decreasing
transverse periodicity. Figure 2f shows the simulated maximum
electric field intensity for a single nanorod and a variety of one-
dimensional arrays with longitudinal polarization. Large period
arrays of both types more closely resemble the single nanorod,
as expected from similar results with the resonances. As the
transverse period is decreased, the electric field increases. As
the longitudinal periodicity is decreased the electric field
intensity decreases. This result agrees with the patterns
observed in the resonance shifts of both types of arrays.
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Figure 2. Simulated extinction and electric field of one-dimensional nanorod arrays. a-e) Simulated extinction efficiency spectra for one dimensional arrays of
nanorods with: a) longitudinal array with a transverse polarization; b) longitudinal array with a longitudinal polarization; c) further calculations of the longitudinal
array with longitudinal polarization to follow the development of the peak formation; d) transverse array with a transverse polarization; e) transverse array with a
longitudinal polarization. f) Maximum electric field intensity for varying transverse and longitudinal one dimensional arrays as compared to a single nanorod, all with

longitudinal polarization and

After understanding the trends developed when nanorods are
introduced into one-dimensional arrays, it is necessary to
expand the system to two-dimensional arrays. Simulated
spectra of two-dimensional arrays are of interest to compare
with, and to better understand, potential experimental
conditions. Figure SI1 the simulated extinction
efficiency spectra of a variety of two-dimensional arrays. The
longitudinal plasmonic mode, around 1000 nm,
stationary with increasing transverse periodicity. There is a
second longitudinal peak, around 1250 nm, which also remains
stationary but undergoes sharpening with increased transverse
periodicity. An increase in longitudinal array periodicity causes

shows

remains

a blue shift in the plasmonic mode. The appearance and
sharpening of the photonic resonance is more dramatic in the
variation of the longitudinal periodicity.

The sharp photonic resonances seen in simulation have great
potential for biosensing, due to the narrow FWHM and high
FOM, and so it was of great interest to demonstrate such

This journal is © The Royal Society of Chemistry 2012

785 nm excitation.
resonances experimentally. This requires very high quality
fabrication, in order to minimize the surface roughness effects
and maintain consistent nanorod shape. In order to have a
LSPR in the NIR with a high FOM, nanorods with 200 nm
length and 50 nm width were chosen based upon simulation and
fabricated by EBL, as shown in Figure 3a. The uniform rod
surface and defect-free structure integrity manifest the high
quality of nanofabrication. Rectangular arrays were fabricated
with periodicities varying from 100 nm to 1 pm in order to
observe experimental effects of array parameters. Figure 3b and
¢ show the experimental spectra of two-
dimensional arrays with varying transverse and longitudinal

transmission

periodicity. Simulation predicted that increasing the transverse
periodicity would not shift the longitudinal resonance of a two-
dimensional array. In the experimental transmission spectra the
longitudinal mode of the 1000x100 nm array is red shifted from
the resonance position of the other two arrays, and the
transverse mode is blue shifted. According to the study on
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nanorod geometry, shown in Figure 1, this implies that the
nanorods in the 1000x100 nm array are wider than the nanorods
in the other two arrays. Increasing the longitudinal periodicity
blue shifts the longitudinal mode of the transmission spectra, in
good agreement with simulation. Increasing the transverse
periodicity also blue shifts the longitudinal mode of the
transmission spectra, as predicted from the simulations. The
appearance of the sharp photonic resonance in the near-infrared
region of the spectrum did not occur as expected from

Journal Name

simulated results. This is assumed to be due to the dielectric
mismatch of the experimental system. The simulated
environment is a constant dielectric medium with refractive
index of 1.331, whereas the experimental system consists of an
indium-tin oxide (ITO) coated glass substrate and air. A
dielectric medium with refractive index of 1.331 was
determined to be the closest approximation to the experimental
system, as the resonances match at these conditions.
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Figure 3. a) Scanning electron microscopy image of nanorod array. “L” denotes the longitudinal array parameter. “T” denotes the transverse array parameter. Inset
shows the nanorod geometry. Nanorods are 200 nm long and 50 nm wide. Experimental transmission spectra for two-dimensional nanorod arrays with varying b)

transverse and c) longitudinal periodicity. Solid lines represent

longitudinal

polarization and dashed lines represent transverse polarization.

The existence of such a sharp resonance as appears in the 300 x
500 nm and 500 x 500 nm arrays is instantly recognizable as a
potential LSPR biosensor as its narrow FWHM, approximately
100 nm, would result in a high FOM, meaning that very small
shifts in the resonance easily distinguishable. To determine the
sensitivity and FOM of this nanorod array, media of different
refractive indices were applied and the resonance red shifts
were measured. Figure 4a shows, in black, the experimental
sensitivity, 309.6 nm/RIU, of the longitudinal mode of a 300 x
500 nm array in a variety of concentrations of glycerol. The
FOM was calculated to be 3.60. Figure 4a also shows, in blue,
the simulated sensitivity, 679.3 nm/RIU, of a single nanorod to
changes in homogenous dielectric environment. Both
calculations of the response of the system to changes in
refractive index show a very good linear fit with a coefficient of
determination very close to one. The discrepancy in sensitivity
is due to the difference in nanoparticle surface area exposed to
changes in dielectric material resulting from simulating a
homogenous dielectric environment while the experimental
conditions of a nanoparticle on an ITO/glass substrate coated
with dielectric material. When considering that, using the
effective medium theory, an ITO/glass substrate can be
approximated in DDSCAT by a refractive index of 1.331, one
could recalculate the simulated sensitivity, with adjusted
index to take the substrate The

refractive into account.

4| J. Name., 2012, 00, 1-3

simulated environment of a nanoparticle in a homogenous
dielectric medium of refractive index 1.331 is equivalent to a
particle on an ITO substrate in air. The simulated environment
of a nanoparticle in a homogenous dielectric medium of
refractive index 1.5 is equivalent to a particle on an ITO
substrate in a medium of RI 1.34. Using these equivalencies, a
126.6 nm shift for a change of medium with a refractive index
of 0.34 RIU, the simulated sensitivity is 372.4 nm/RIU. This
value is consistent with the experimental value.

In order to evaluate the sensitivity of the nanorod arrays as a
potential biosensing platform, the shift caused by molecular
binding events must be evaluated. We first chose to evaluate
the response of the rod array device upon nucleic acid molecule
binding. The nanorod array with the highest FOM was chosen,
300x500 nm period. Nanorod arrays incubated
sequentially with thiolated biotin, streptavidin, and biotinylated
DNA and the LSPR shift was measured for each binding event.
Figure 4b and c show the spectra and A, shifts, respectively,
for different concentrations of biotinylated DNA, down to 0.1
aM. This concentration of DNA corresponds to approximately
3 molecules in 50 uL of buffer solution. This is a very low limit
of detection through streptavidin-biotin binding, and proves the
potential of this plasmonic substrate as a biosensing platform
towards ultrasensitive detection of nucleic acids.

were

This journal is © The Royal Society of Chemistry 2012
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Figure 4. LSPR-based chemical and biological sensing. a) Dielectric sensitivity. Black data and equation denote the experimental study of a nanorod array on ITO/glass
substrate with 300 nm longitudinal periodicity and 500 nm transverse periodicity coated with dielectric medium. Blue data and equation denotes the DDA simulation
of a single nanorod in homogenous dielectric. b) Spectra and c) LSPR Anax shift of the same nanorod array with varying concentrations of DNA in log scale.

With an optimized performance in the near-infrared regime,
nanorods array can be further devised as a high performance
device towards the discrimination of single nucleotide
polymorphism (SNP). As shown in Figure 5a, the principle of
the SNP detection is based on cleavage activity of SURVEYOR
nuclease which has been shown to recognize and cleave all
types of SNP in heteroduplex DNA with high specificity.*
Following the immobilization of thiolated DNA probe
molecules on the AuNRs surface, WT DNA or MT DNA
containing SNP is introduced to bind with the DNA probe via
DNA hybridization. SURVEYOR nuclease is subsequently
applied to the AuNR arrays, leading to a specific cleavage of all
imperfectly hybridized DNA duplexes (MT) while maintaining
the perfectly hybridized products with the WT DNA. The
cleavage leads to shorter DNA molecules attached to the
nanorods array, therefore the absorption bands blue shift.
Figure 5b and c represents consistent phase shifts caused by the
molecular binding events. In both cases, wavelength red shifts
after the DNA probe immobilization and after the DNA
hybridization were respectively obtained about 20 nm and 51

This journal is © The Royal Society of Chemistry 2013

nm as compared to the initial longitudinal plasmon band of the
investigated AuNRs. Hybridization results with various WT
DNA concentrations is shown in more detailed in Figure SI2
which indicates that the AuNR arrays could be used to detect
the DNA oligonucleotide at concentration as low as 0.1 nM. In
addition, the enzymatic cleavage caused a tremendous blue-
shift of 46 nm in the case of 1 pM MT DNA, and this blue-shift
value is only less than 6 nm in that of 1 uM WT which possibly
corresponds to non-specific interaction between the WT DNA
and the immobilized probes. To further investigate the
discriminating power and selectivity of the assay, various ratio
mixtures of MT/WT have been analyzed. As shown in the inset
of Figure 5c, the phase shift value is proportional to the
increase of MT/WT ratios after the enzyme cleavage. Because
non-specific hybridization of WT DNA to the immobilized
probe caused a shift of 6 nm, therefore the AuNRs sensor
combined with the enzyme cleavage strategy could clearly
discriminate the SNP down to 10 nM in the presence of 100-
fold higher concentration of the WT DNA (MT/WT = 10/1000
nanomolar ratio).
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Figure 5. Detection of single nucleotide polymorphism (SNP) by a means of AuNRs. A). Overall scheme describing step-by-step procedure of the detection. B). The
enzymatic cleavage causes a very small blue-shift as hybridized with the WT DNA. C) indicating that a large blue-shift was obtained as hybridized with the MT DNA.
Inset in Figure C shows that the AuNRs sensor could clearly discriminate the SNP down to 10/1000 molar ratio of MT/WT.

Methods

Discrete Dipole Approximation Simulation.

Simulation of the extinction efficiency and electric field was
carried out using the DDA method in the DDSCAT program,
version 7.0.** % A grid spacing of 1 nm was used for all
simulations. The dielectric constants of Au are from Johnson
and Christy.*® The electric field intensity over the nanoparticle

This journal is © The Royal Society of Chemistry 2013

surface was calculated for isolated targets in an effective
medium of refractive index of 1.331. The electric field
information was used to make contour plots of the intensity on
and around the nanoparticle to visualize the features of different
modes of excitation. The extinction efficiency was simulated
for multiple wavelengths to produce spectra used to determine
the resonance position of the particles or arrays.

J. Name., 2013, 00, 1-3 | 6
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Nanorod Array Fabrication.

Electron beam lithography (EBL) was used to fabricate the
nanorod arrays. The same polymer layer was used for all chips,
950 poly (methyl methacrylate) (PMMA) A4. The PMMA was
spin-coated onto the chips using at 4000 rpm for 40 s (Specialty
Coating Model P6700) and then baked at 180 °C for 15 min.
EBL was performed using a JEOL JSM-7001F field emission
scanning electron microscope (SEM) equipped with a Deben
Beam Blanker and a nanometer pattern generation system
(NPGS). After e-beam writing, the chips were developed for 75
s in a solution of 1:3 methyl isobutyl ketone (MIBK):isopropyl
alcohol (IPA) at room temperature. After development the
chips were rinsed for 20 s in IPA and blown dry using nitrogen
gas. Evaporation of 2 nm Cr and 30 nm Au was sequentially
done in a thermal evaporator (Elite Engineering, Singapore). A
chamber pressure of 2x107 Torr and evaporation rate of
approximately 0.6 A/s were used for evaporation. Liftoff was
done at room temperature in acetone for 2 hr followed by a 2
min sonication (Crest Ultrasonics Powersonic P1100D) at low
power (level 2). Nanorod geometry was observed and measured
by SEM.

Transmission Spectroscopy Measurement.

Transmission spectroscopy was performed on a 20/20 PV™
UV-Visible-NIR microspectrophotometer (CRAIC
Technologies™, USA) with non-polarized light in air, unless
otherwise noted, with an angle of incidence of 90 degrees and
an aperture size 15 pum. Spectra were taken for at least three
locations per sample.

Figure of Merit Determination.

For the dielectric sensitivity testing Au nanorods chip was first
cleaned by sonication in IPA for one minute, washed in
deionized water and dried by nitrogen gas. Then, glycerol
solutions (Alfa Aesar, UK) of 1%, 10%, 20%, 28%, 36%, 44%,
52%, 64%, 72%, 84%, 92%, and 100% in deionized water,
corresponding to different refractive indices (RI) of 1.3342,
1.3448, 1.3572, 1.3676, 1.33897, 1.4011, 1.4189, 1.4310,
1.4492, 1.4613, and 1.4735 respectively, were deposited and
covered by a cover slip.*” After each measurement, the chip and
cover slip were rinsed by deionized water and blown dry using
nitrogen gas. LSPR A, shifts were plotted against their
respective refractive index unit, and sensitivity of Au nanorods
was calculated by linear regression.

DNA and Single Point Mutation Detection

For DNA sensing experiments, the chip was washed by IPA,
rinsed by deionized water, and then cleaned by ultraviolet-
process (UV-1, SAMCO, Japan)
Immediately after cleaning, the chip was incubated in 1 mM
solution of 1:9 (v/v) mixture of biotin-PEG3-thiol (spacer arm
length 27-28 A, nanoScience Instruments, USA) and methyl-
PEG4-thiol (spacer arm length 15.8 A, Pierce, USA) in DMSO
for 2 hr. The chip was washed in deionized water for 5 min and
blown dry using nitrogen gas. The chip was incubated in a

ozone for 15 min.

This journal is © The Royal Society of Chemistry 2012
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streptavidin (Pierce, USA) solution of 250 nM for 1 hr, washed
in phosphate buffered saline (PBS, pH 7.4) for 5 min, rinsed in
deionized water, and dried using nitrogen gas. To apply as
minimum as possible amount of DNA solution, the nanorod
array was bound by a hydrophobic tape. The nanorod array was
then incubated in 100 pL of biotinylated DNA (MW 9440 Da,
1 BASE, Singapore) of 10", 10%, 10°, 10% and 10" aM
concentrations in PBS for 1 hr. Then the chip was washed in
PBS for 5 min, rinsed with deionized water, and dried by
nitrogen gas.

For the SNP experiments, DNA oligonucleotides were
purchased from Integrated DNA Technologies, Singapore. 100
uM thiolated DNA capture probe corresponding for Argl2
mutations (5’-Dithiol-TTT TTT TTT TAG CTC GTG GCG
TAG GC-3") was first mixed with 150 mM dithiothreitol
(Sigma-Aldrich, Singapore) at room temperature for 2 hr to
deprotect the terminal thiol group.*® After the deprotection, the
thiolated DNA probe was desalted and purified using a NAP-5
column (GE Healthcare, Singapore). An open chamber was
made by punching a hole (d ~ 8 mm) on an adhesive tape using
a paper puncher and sticking it onto the ITO glass substrate
where the AuNRs are aligned in the center of the hole. Then, 20
uL of 20 uM deprotected DNA probe diluted in PBS buffer
(100 mM, pH 7) was dropped into the open chamber and
incubated at room temperature overnight. A glass coverslip
(thickness no. 1) was placed on the top of the chamber to avoid
evaporation. After the incubation, wash the chip with PBS
buffer and air-dry.

Wild type (WT, 5°-GCC TAC GCC ACG AGC TAA AAA
AAA AA-3’) and mutant type (MT, 5’-GCC TAC GCC ACC
AGC TAA AAA AAA AA-3’) DNA samples at various
concentrations and ratios were hybridized with the DNA probes
immobilized on the AuNRs’ surface. Briefly, 10 pL of each
DNA sample was mixed with 10 pL PerfectHyb™ Plus
hybridization buffer (Sigma-Aldrich, Singapore). After that, the
mixture was added onto the DNA-functionalized AuNRs. Then,
the reaction was first incubated at 90 °C for 5 min, and then at
42 °C for 2 hr. During the incubation, a high humidity condition
should be kept to avoid evaporation. After the incubation, the
AuNRs was washed by DNA-free H,O. After hybridizing with
the immobilized DNA probe, the samples were treated with
Surveyor Nuclease (Transgenomic Inc., UK) according to the
manufacturer’s protocol. Subsequently the chip was washed by
DNA-free H,O
microspectrophotometer.

and measured using transmission

Conclusions

In summary, we have systematically investigated the effects of
nanorod geometry and array parameters in order to design an
effective LSPR-based biosensing substrate. Increasing the
aspect ratio of nanorods leads to sharpening of resonances and
better FOM. Simulations of two-dimensional arrays, confirmed
experimentally, have shown that increasing the longitudinal or
transverse period blue shifts the longitudinal plasmonic
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resonance. No experimental evidence was found for the
appearance of the photonic resonance shown in simulations.
Lithographically fabricated nanorod arrays with very sharp
resonances have proven to be highly sensitive to the
surrounding refractive index, generating an effective LSPR
substrate with a figure of merit of 3.6 and a sensitivity of 310
nm/RIU. DNA molecules were detected down to 0.1 aM (~3
molecules in 50 pL). Colon cancer SNPs were detected down to
10/1000 molar ratio of MT/WT. The unambiguous
discrimination of SNPs and the high sensitivity to local RI
suggest that the nanorod arrays could be used for not only point
mutation detections but also for a variety of applications such
as cancer diagnostics and other point-of-care testing.
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