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Abstract

Nanoplasmonic sensors use the localized surface plasmon resonance (LSPR) of metal
nanostructures to sense the refractive index change in a surface-bound layer caused by
biomolecular interactions or changing chemical environment. In this thesis, four types
of sensor configurations based on gold nanoparticle arrays are thoroughly investigated.

The first configuration is a periodic array of gold nanoparticles excited by the
evanescent field of an optical waveguide mode. Since light carried by a waveguide
mode propagates along the same plane of the periodicities, the coupling of nanopar-
ticles are strongly affected by the photonic crystal lattice. This configuration is in-
vestigated both in simulations and in experiments, focusing on the sensing aspects of
various spectral features attributed to different types of LSPRs. In simulation, it was
found that, the LSPR modes of the gold nanoparticle array excited by the waveguide
modes demonstrated similar trends as the array being excited by normal transmission.
However, under waveguide excitation, the coherent interactions of the periodic array
are through the grating order carried by the waveguide mode. Selective suppression
of LSPR and grating-induced mode were also found from the waveguide excitation,
which extended the existing knowledge of the optical properties of the periodic array.
Under waveguide excitation, both quadrupolar and dipolar resonance peaks are sen-
sitive to the surface-bound layer, however, the grating-induced mode is not sensitive.
Preliminary experiments were conducted on ion-exchanged channel waveguides on
BKT7 glass and the trends of the dipolar resonance peak has been proved.

The second configuration is a biosensor based on gold nanodisk arrays under
normal transmission. By varying the lattice constant, the refractive index resolution
was found to depend on the lattice constant, as a result of the figure of merit and
signal /noise ratio together. The best refractive index resolution achieved is better
than 1.5 x 10~4 RIU, when lattice constant equals to 550 nm. The sensor structure
was used in detecting the binding of antigen (human IgG) and antibody (anti-human
IgG) and a limit of detection better than 1 ng/mL (equivalent to 8 pM) was achieved.

The third configuration is a chemical sensor based on a gold nanocrescent array
combined with hydrogel. Under changing chemical environment, the hydrogel thin
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film can swell or shrink, depending on the pH of the solution. The swelling or shrinking
of hydrogel thin film changes the refractive index, which can be detected by the near-
infrared LSPR peak shift of the gold nanocrescent array. The sensor was proved to
function in the range 4.5 pH - 6.4 pH and the detection resolution is better than 0.045
pH. At the most sensitive point, pH = pK, = 5.45, the peak-shift sensitivity is 11.1
nm/pH and transmission-shift sensitivity is 1.16 /pH.

The fourth configuration is periodic array of gold nanorings under normal trans-
mission. The effects of coherent interactions on the sensing characteristics of periodic
arrays of gold nanorings were investigated in detail. In simulations, it was found
that, the sensitivity, figure of merit both significantly depend on the lattice constant.
The structure with highest figure of merit was found to be the one with lattice con-
stant smaller than and close to the resonant lattice constant. The periodic array can
improve the figure of merit by more than 2.5 times, compared to a single nanoring,
which demonstrates the great sensing capabilities of periodic arrays. The simulated
trend was proved by the experiments of the gold nanoring arrays patterned on top
of pyrex substrate. A method was also demonstrated on how to tune the sensor
structure to function in a desired spectrum window, with high figure of merit and
high signal /noise ratio, at the same time. The highest figure of merit achieved from

experiment is around 5.1, which is among the highest in literature.

Keywords: localized surface plasmon resonance, coherent interac-
tion, periodic array, gold nanoparticle, gold nanodisk, gold nanocrescent,
gold nanoring, waveguide, ion-exchange, evanescent spectroscopy, pho-
tonic crystal, nanofabrication, bio/chemical sensor, hydrogel, electron beam

lithography.
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Chapter 1

Introduction

1.1 Nanoplasmonic sensors

Plasmonics refers to the study of optical effects attributed to surface plasmons, i.e.,
collective oscillations of free electrons existing at a metal/dielectric interface. The
intense electromagnetic fields associated with surface plasmons offer massive enhance-
ments of optical interactions with materials, such as surface-enhanced Raman scat-
tering (SERS) and surface second-harmonic generations. The study of various optical
phenomena in plasmonic structures has become a very hot research topic with many
important applications. One particular application is label-free plasmonic sensing,
using the strong fields confined at the nanoscale to detect biomolecuar interactions
or chemical reactions taking place at the metal/dielectric interface.

Conventional plasmonic sensors, generally referred as surface plasmon resonance
(SPR) sensors, are based on the surface plasmon wave (SPW) propagating along the
interface of a thin film of metal and a dielectric material, as shown in Figure 1.1(a).
The development of SPR sensors began in the late 1970s, when the potentials of us-
ing SPR for sensor applications were first recognized. In 1982, the first SPR sensor
for gas detection using a prism coupling configuration was reported by Nylander et
al. [1]. In 1990, Biacore Inc., the market leader in SPR sensors, developed its first
commercial SPR-based analytical instrument for detecting biomolecular interactions,
comprising surface chemistry, flow systems and optical detections. Since then, the
rapid development of the SPR techniques has been driven by the increasing demand
for studying molecular interactions in many fields, including biomolecular research,
analytical chemistry, environmental monitoring, drug discovery and medical diagnos-
tics. Compared with other sensor techniques, SPR sensors have the advantages of
being label-free, highly sensitive, real-time and providing detailed information on the
kinetic processes, binding affinity, and analyte concentrations. Most of the existing

SPR sensors implement the Kretschmann configuration and are based on attenuated
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Figure 1.1: Schematic of (a) surface plasmon wave and (b) conventional surface
plasmon resonance sensor. The surface plasmon wave in the senor is excited by the
laser using prism coupling, the reflected light is collected by the photodetector.
When target biomolecules bind to the receptors on the gold surface, a change in the
signal can be detected.

total reflection (ATR), for example, the first Biacore machines described by Lofas
et al. [2] and Karlsson et al. [3]. In such a configuration, schematically illustrated
in Figure 1.1(b), a prism is used to achieve K-vector matching which is required to
excite the SPWs. The sensor response, either the SPW coupling angle or the reflected
intensity at a fixed angle, is recorded in real-time to monitor the target biomolecules
binding to the specific receptors immobilized on the sensor surface. Towards high sen-
sitivity and compactness, various novel SPR sensor configurations have also emerged,
such as the phase-sensitive SPR, sensor [4], metallic-gratings-based SPR, sensor [5],
waveguide-based SPR sensors [6-9], and fiber-optic SPR sensors [10].

In recent years, advancement in nanofabrication and synthesis techniques have
allowed for precise control of metal nanostructures with sizes comparable to the wave-
length of light. Unlike the aforementioned interface-bound surface plasmon waves at

the interface of metal and a dielectric, the surface plasmons in metal nanostructures



are locally confined within a nanoscale volume, known as localized surface plasmon
resonance (LSPR), as shown in Figure 1.2(a). LSPRs are the basis for the study of
nanoplasmonics and the metal nanostructures are often referred to as nanoplasmonic
structures. LSPRs possess three unique optical properties. First, the field inten-
sity outside the nanoparticle is the greatest at the surface and falls evanescently with
distance, confining most of the field energy within a distance of a few nanometers. Sec-
ond, the optical extinction is maximum at the resonance wavelength, determined by
the particle’s shape, composition and the refractive index of the surrounding medium.
Third, the extinction peak shifts when the refractive index of surrounding medium
is changed. Due to these properties, metal nanoparticles and other metal nanostruc-
tures supporting LSPRs are attractive for label-free sensing applications, leading to
a novel type of sensors based on nanoplasmonic structures, referred to as localized
surface plasmon resonance (LSPR) sensors.

The function of LSPR sensors is schematically plotted in Figure 1.2(b). A light
beam propagates through a sensor area with gold nanoparticles and the extinction
peak is acquired from the transmitted light. When the target biomolecules bind to
the specific receptors immobilized to the sensor surface, a change of refractive index
is induced very close to the sensor surface and a red-shift of the extinction peak is
obtained. The amount of peak shift A\ can be quantitatively related to the con-
centration of analytes of interest. While preserving the main virtues of conventional
SPR sensors as being label-free, highly sensitive and real-time, the LSPR sensors have
additional advantages. Due to the localized nature, the LSPR can be directly excited
by a free-space light beam, without using prisms or gratings. Therefore, the optical
detection system in LSPR sensor is much simpler and can be achieved using common
optical and mechanical components.

Side-by-side comparisons between SPR sensors and LSPR sensors have been
reported by Svedendahl et al. [11] and Otte et al. [12]. These two types of sensors
exhibit similar performance in detecting the build up of a very thin layer bounded to
the sensor surface, such as in biomolecular interactions. However, the SPR sensors
show more than three orders of magnitudes of higher sensitivity than LSPR sensors
in detecting the refractive index of bulk analytes. The difference in the two types
of sensing is attributed to the much larger field decay length of propagating surface
plasmons than the localized surface plasmons [11], as schematically demonstrated in

Figure 1.1(a) and Figure 1.2(a). This difference will be further discussed in section
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Figure 1.2: Schematic of (a) localized surface plasmon resonance and (b) localized
surface plasmon resonance sensor. In the sensor, the localized surface plasmon
resonance of the gold nanoparticle is excited by the light beam and the scattering or
extinction spectrum is acquired by the spectrometer. When biomolecules bind to
the receptors on gold surface, the spectrum red-shifts.



1.2.2.1.

During the past decade, many different types of metal nanostructures have
been investigated and much research effort has been dedicated to improving the per-
formance of LSPR sensors [13, 14|. However, the LSPR sensing is still not yet able
to replace the SPR sensing in studying biomolecular interactions and there is still a
lot of room for improvement of the detection signal-to-noise (S/N) ratio, the surface

chemistry, the reproducibility and long-term stability.

1.2 LSPR sensor based on gold nanoparticles

1.2.1 LSPR of gold nanoparticles

Metal nanoparticles studied in nanoplasmonics are nanoscale particles typically com-
posed of noble metals, such as gold and silver. For label-free LSPR sensing, gold
nanoparticles are the most widely used candidates due to the ease of surface chem-
istry on gold and the LSPR in visible and near-infrared spectral range. The LSPR
property of a single gold nanoparticle is determined by its shape, size and surround-
ing dielectric environment [15]. As illustrated in Figure 1.3(a), as the shape of a gold
nanoparticle changes, the LSPR can be tuned over a very wide range of wavelengths
1 For solid gold nanoprticles smaller than 100 nm, such as gold nanospheres and gold
nanocubes, the LSPR is generally in the visible spectral range. For gold nanoparticles
of larger size or larger aspect ratios, such as gold nanorods, gold nanotriangles and
gold nanodisks, the LSPR lies in the visible/near-infrared range. If the nanoparti-
cles are made into hollow shapes, such as gold nanorings [16] and gold nancrescents
[17], the LSPR can be further tuned into the near-infrared/mid-infrared range. For
a given shape of gold nanoparticle, the LSPR can be additionally tuned by varying
its size. Generally speaking, by increasing the size, the LSPR peak red-shifts. The
extinction spectra of gold nanodisks of different sizes are simulated using 3-D finite

difference time domain method 2 and presented in Figure 1.3(b). As the diameter of

1. This is not a strict definition of the LSPR peak for each type of nanoparticle geometry
but rather an illustrative map. It should be noted that the extinction peak also depends on
the light polarization and the order of the resonance. Generally speaking, for gold nanorings,
the dipolar peak is in the near-infrared while higher order resonance may lie in the visible.

2. The simulation method will be presented in Section 2.1.
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Figure 1.3: Size and shape effects on the LSPR of gold nanoparticles. a) schematic
map of gold nanoparticles of different shapes and the approximate LSPR peak
range. Extinction spectra of b) nanodisks and ¢) nanorings in different sizes,
calculated by finite difference time domain method. In the simulations shown in (b)
and (c), the incident light is propagated downward with light polarization parallel
with the substrate surface.

the nanodisks increases from 60 nm into 100 nm, the LSPR peak red-shifts by 50 nm.
In hollow nanorings, displayed in Figure 1.3(c), as the inner radius and outer radius
of the nanorings increases by 40 nm, the LSPR peak drastically red-shifts by more
than 400 nm. The size effects are much more pronounced in hollow nanoparticles, due
to the strong coupling of surface plasmons between inner and outer metal/dielectric
interfaces [16, 18].

1.2.2 Main performance characteristics

Owing to the great flexibility in tuning the LSPR of gold nanoparticles, many different
geometries have been studied for LSPR sensing applications [13, 14, 19, 20]. For a



given type of LSPR sensor, there are three major characteristics that determine the

sensor’s performance: sensitivity, limit of detection, and figure of merit.

1.2.2.1 Sensitivity

Sensitivity describes the change in sensor signal responding to the change in the
analytes to be measured. The definition of sensitivity is thus related to the sensor
signal type and the targeted analytes. In LSPR sensing, intensity, phase and spectral
extinction peak position A; can all be used as the sensor signal. \p is the most
commonly used signal and is used throughout this thesis. For different types of
analytes, the applications can be classified into two types, bulk refractive index sensing
and surface sensing.

Bulk refractive index sensing is used to measure the change of the refractive
index in a bulk background npg. The refractive index has a unit known as refractive

index unit (RIU). Bulk refractive index sensitivity mp is defined in Equation 1.1.

_ 6/\19
N 5nB

(1.1)

Surface sensing is used to measure a very thin dielectric layer binding to the

mp

surface of the gold nanoparticles, which is then used to describe the sensor’s ability
in detecting biomolecular interactions. The mass density of the target biomolecules
that bind to the sensor surface is usually assumed to be directly proportional to the
effective thickness dg of a surface bound layer with refractive index ng. Therefore,

the surface sensitivity mg is defined in Equation 1.2.

_ 0N

= (1.2)

mgs
It should be noted that the bulk sensitivity and surface sensitivity are not
independent and can be approximately related as

_2Ad
A)\%mB(ns—no)(l—e lg ) (1.3)

where A\ is the LSPR peak shift caused by a very thin layer with thickness Ad and
refractive index ng adsorbed to the surface of gold nanoparticles, ng is the refractive

index of the background, l; is the evanescent field decay length (FDL) of the surface



plasmon mode. Field decay length describes how tightly the electromagnetic field is
confined to the metal/dielectric interface, and determines the sensing distance. [; of
a LSPR sensor is generally around a few nanometers, comparable to the effective Ad
that can be induced by binding biomolecules. In the conventional SPR sensor based
on propagating surface plasmon wave, [; is hundreds of nanometers, much larger than
Ad. This explains the phenomenon that although the SPR sensors demonstrate much
higher bulk index sensitivity than LSPR sensors, they performed similarly in sensing

biomolecular interactions taking place directly at the gold surface [11].

1.2.2.2 Limit of detection

Limit of detection (LOD) is the minimum change of analytes that can be detected.
In an LSPR sensor, if the minimum detectable change of signal is given by o and the

sensitivity is m, its limit of detection is as defined as
Lop =2 (1.4)
m

In bulk refractive index sensing (m = mp), the corresponding LOD is referred
to be the refractive index resolution of the sensor. It should be noted that, o is
related to the detection uncertainty Ay, (uncertainty in determining the extinction
peak position), and the desired confidence level. For a confidence level of 99.7%, o
= 3 A)yn, meaning that only the peak shift larger than three times of the detection
uncertainty can be trusted as a real shift, discernible from the baseline. The LOD
is the most important parameter that describes the overall performance of the entire
sensor equipment, including the gold nanoparticles and the optical detection system.
One can deduce that to improve the LSPR sensor’s performance, the essential target
is to increase the sensitivity and to decrease the detection uncertainty. However, LOD
cannot directly provide fair evaluations on the potentials of different nanoparticles
for LSPR sensing, as the LOD is additionally affected by the system noise, quality
of surface chemistry, the receptor-analyte binding affinity, etc. For example, a poorly
sensitive nanoparticle might reach a better limit of detection than a highly sensitive
one, provided that the former was loaded in an optical system of much higher S/N

ratio.



1.2.2.3 Figure of merit

To compare the inherent potentials of different metal nanoparticles in LSPR sensing,
a fair value is the figure of merit (FOM) [21], defined as

m

FOM =
r

(1.5)

where m is the sensitivity, mp or mg, respectively, and I' is the linewidth of the
extinction peak given as full width at half-maximum. I' is also sometimes denoted as
fwhm in this thesis. The term I" enters the definition of figure of merit because when
excluding all other factors, the detection uncertainty A\, is proportional to T' [22],
meaning that from a sharper extinction peak, Ap can be quantified with a smaller
uncertainty.

According to the different types of sensitivity of interest, the FOM can be
bulk sensing figure of merit FOMp = mp/T" or surface sensing figure of merit
FOMg = mg/T". From the current literature, large variety of different metal nanopar-
ticles have been investigated. These nanoparticles were demonstrated in detecting
different biomolecules and with various surface chemistry protocols. This makes the
surface sensing figure of merit difficult to be quantified and compared with a universal
standard. The bulk sensitivity, however, can be conveniently determined by introduc-
ing solutions of different refractive indices. Therefore, the bulk sensing figure of merit
is the most commonly used parameter to directly compare the sensing capabilities of
different gold nanoparticles.

The main performance characteristics, including LSPR peak wavelength, linewidth,
bulk index sensitivity and figure of merit, from current literature, are listed in Table
1.1. Part of the list is adapted from the review by Mayer et al. [19]. This is by no

means a complete list but attempts to cover most of the representative examples.

1.3 Motivations and objectives

Although many successful examples of LSPR sensors already exist, there is still a lot
of room for improvement of LSPR sensor performance and to explore novel sensing
applications. The overall objective of this thesis is to investigate several novel con-

figurations of LSPR sensors based on gold nanoparticles, for biosensing and chemical
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Table 1.1: List of the main performance characteristics of gold nanoparticles from

literature
nanoparticle shape type Ap r mpg FOMp
(nm) | (nm) | (nm/RIU)

nanobranch [23] ensemble | 1141 | 879 703 0.8
nanoshell (Au/SiO9) [24] | ensemble | 770 | 350 314 0.9
nanorice [25] ensemble | 1600 | 600 801 1.3
nanorod [26] ensemble | 720 | 125 170 1.3
nanosphere [27] ensemble | 530 | 60 90 1.5
nanoshell (Au/AuS) [28] | single 660 7 117 1.5
nanoring [29] ensemble | 1223 | n/a 880 ~2
nanopyramid [30] single 680 | 114 221 2.2
nanocrescent [17] ensemble | 1795 | 209 596 2.4
nanorattle [31] single 570 | 52 199 3.8
nanobipyramid [32] ensemble | 681 52 352 4.5
nanostar [33] single 770 | 124 665 5.4

sensing applications. In terms of sensor configurations, of particular interests are

periodic arrays and waveguide configurations.

1.3.1 Periodic array of gold nanoparticles

The study of effects due to periodic arrays is motivated by the significance of interac-
tions between gold nanoparticles. Apart from the aforementioned factors in section
1.2.1, the interactions among nanoparticles in an ensemble play an equally important
role in the LSPR properties of the gold nanoparticles. Such interactions in a periodic
array is of coherent nature, having unique properties. Meier et al. have theoretically
studied the dipolar interactions of periodic arrays of nanoparticles and predicted the
array effects on the plasmon peak and radiative damping [34], which were confirmed
later in many experiments on 2D periodic arrays of gold and silver nanoparticles
[35-38]. Narrow extinction peaks due to selective suppression have been reported
from periodic arrays of gold nanoparticles on optical waveguides [39, 40]. Sharp plas-
mon peaks due to coherent interaction of disordered silver nanoparticle arrays have
been demonstrated [41]. Sharp grating-induced plasmon modes of periodic arrays
of metal nanoparticles have been studied theoretically and experimentally [42-45].
However, the sensing characteristics of periodic arrays of metal nanoparticles have

not been investigated yet. Certain features from the periodic array, such as sharp
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Figure 1.4: Schematic of the waveguide-integrated LSPR sensors. The panel on the
left shows the integrated channel waveguides with double-S bends. The top and
bottom waveguide are used as reference, and the middle three waveguide are used as
sensor channels giving responses in the detection. Each sensor channel is depicted in
the panel on the right. Periodic arrays of gold nanoparticles are fabricated on top
and the LSPR is excited by the evanescent field of the incident waveguide mode.

linewidth and large extinction cross-section, are very much favored by LSPR sensing
applications to achieve high performance. It can be expected that the LSPR sensors
based on periodic arrays are superior to those based on random ensembles or single

nanoparticles.

1.3.2 Waveguide-excited LSPR

The study of waveguide effects on the LSPR is motivated by the idea of photonic
crystals (PCs). Photonic crystals are dielectric or metallic-dielectric structures with
periodic spatial alternations of the refractive index on the scale of the wavelength
of light [46]. By fabricating the periodic array of gold nanoparticles on top of a
waveguide, the structure can be considered as a 2-D metallic PC structure. The
unique aspect of this configuration is that the surface plasmons can be excited by
the evanescent field of the waveguide mode with the wave-vector in the same plane
of periodicity, which may provide strong light-matter interactions resulting from the
flat dispersion bands [46]. In addition, waveguides allow for integrating the LSPR
sensors into the optical circuits together with a light source and detectors. A scheme
of the integrated LSPR sensor is plotted in Figure 1.4. The biosensing approach based
on gold nanoparticles immobilized on the surface of the waveguide has been studied
[47, 48], but the periodic arrays interacting with the evanescent field of the waveguide

mode have not been thoroughly studied yet.



12

gold nanoparticles
array

substrate

L]
" A& &— analytes

Figure 1.5: Schematic of the sensor chip based on a periodic array of gold
nanoparticles for detecting antigens. Periodic arrays of gold nanoparticles are
compactly fabricated on top of the sensor substrate. Each array can act as an

independent LSPR sensor and is functionalized with a certain type of antibody,
targeting a specific type of antigen. Fluidic channels are integrated with the sensor
chip to make each sensor individually addressable by the analytes. The response of
each element is measured by the transmission of a broad-band light beam.

1.3.3 Biosensor applications

For biosensing applications, e.g. the antibody-antigen binding is of interest. The
concentration of the target antigens can be detected and quantified, which provides
important information for medical diagnostics, such as early detection of leukemia
and lung cancer. Gold nanoparticle-based LSPR sensors allow each sensor element
to occupy a very small area, therefore many elements can be compactly integrated
onto the same sensor chip. This allows for immobilizing different types of antibodies
on each sensor element so that multiple types of antigens can be detected at the
same time. This is demanded by accurate diagnostics because each leukemia sub-
type corresponds to a specific combination of certain types of proteins in the white

blood cells. The idea is schematically shown in Figure 1.5.

1.3.4 Chemical sensor applications

For chemical sensing applications, hydrogel based chemical sensing is of interest. Hy-

drogel is a polymer that can reversibly respond to the chemical stimuli, such as pH
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Figure 1.6: Schematic of hydrogel LSPR sensors. Periodic arrays of gold
nanoparticles are compactly fabricated on top of the sensor substrate. Each array
can act as an independent LSPR sensor and is coated with a specific type of
hydrogel thin film which respond to a certain type of chemical stimulus. The optical
response of each element is measured by the transmission of a broad-band light
beam.

and ionic strength. When the chemical environment is changed, the functional hydro-
gel thin film swells or shrinks, leading to a change of the refractive index, detectable
by the LSPR sensor. By combining hydrogel and LSPR sensors, the capability of
LSPR spectroscopy can be extended into the chemical sensing applications. The idea

is schematically demonstrated in Figure 1.6.

1.4 Overview of the thesis

The main body of this thesis are integrated articles presenting the completed research
work towards the aforementioned objectives. This section provides the overview of
the contents of the following chapters, describes the link of each chapter with the
objectives and mentions the connections between chapters.

Chapter 2 introduces the numerical and experimental techniques used in the
research work covered by this thesis, with the emphasis on the finite difference time
domain simulations, electron beam lithography fabrications, measurement setup and
surface chemistry procedures.

Chapter 3 theoretically investigates the periodic arrays of gold nanoparticles

on slab waveguides using finite difference time domain simulations with non-uniform
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Figure 1.7: Schematic highlight of research work presensted in Chapter 5. Periodic
array of gold nanodisks are fabricated on top of the BK7 glass. The extinction
spectra are measured by the normal transmission.

mesh. The periodic effects and the waveguide effects on the optical properties of the
nanoplasmonic structure are the focus. This work provides the theoretical basis for
the waveguide-integrated sensor scheme proposed in Figure 1.4.

Chapter 4 investigates the waveguide LSPR in experiments and simulations.
The waveguides are fabricated by the thermal ion-exchange technique, and the peri-
odic array of gold nanodisks are patterned right on its top. The extinction spectra are
measured by the waveguide transmission setup. Corresponding simulations are also
carried out to study the overlap of the photonic band gap with the plamson resonance
of the nanoparticles. This work is the extension of the work shown in Chapter 3, and
gives directions for future development.

Chapter 5 demonstrates a biosensor based on periodic arrays of gold nanodisks
patterned on top of the BKT7 glass substrate. The work is schematically plotted
in Figure 1.7. The LSPR was measured by normal transmission of a broadband
light beam. The refractive index resolutions of the sensors with different lattice
constants were compared and optimized. The focus of the work is to study the
sensor’s performance in detecting the antibody-antigen interactions which provides
the basis for the biosensor chip proposed in Figure 1.5. To test its function, anti-IgG
antibodies were first immobilized on the gold nanodisks through surface chemistry.
IgGs of different concentrations were then introduced into the sensor and the sensor
signal was recorded in real-time to monitor the binding of IgG to the anti-IgG.

Chapter 6 demonstrates a pH-sensitive chemical sensor based on gold nanocre-
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Figure 1.8: Schematic highlight of research work presented in Chapter 6. Gold
nanocrescent array is fabricated on top of the conductively coated glass substrate.
pH-sensitive hydrogel thin film is then coated on the surface and chemically bonded
to the glass surface. The extinction peak is measured by the transmission of the
broad-band light beam. The shift of the peak is related to the swelling state of the
hydrogel thin film.

scents coated with hydrogel thin film. The work is schematically plotted in Figure
1.8. The gold nanocrescents were fabricated into a close-packed periodic array, but
individual nanocrescents were in random orientations. The structure was character-
ized and we found extinction peaks in the near-infrared. A hydrogel thin film is the
chemical-responsive element, which can swell or shrink depending on the pH of the
solutions added, leading to a changing amount of water content in the hydrogel thin
film and consequently changing refractive index. The gold nanocrescents served as
the optical transducer to probe the change in the refractive index at the hydrogel thin
film and the extinction peak wavelength was related to the pH of the solution. This
work provides the basis for the chemical sensor chip proposed in Figure 1.6

Although the nanodisks and the nanocrescents have been successfully imple-
mented towards sensing applications in Chapter 5 and 6, the figure of merit of the
nanoplasmonic structure is not high. In the following chapters, gold nanorings become
the basis of the nanoplasmonic structure owing to its high sensitivity, well controlled
geometries produced from fabrications, small contact area with the substrate and
hollow cores accessible by the biomolecules.

Chapter 7 investigates in detail the effects of coherent interactions on the sensing

characteristics of the periodic arrays of gold nanorings on glass substrates. The work is
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Figure 1.9: Schematic highlight of research work presented in Chapter 7 and 8. The
periodic arrays of gold nanorings are fabricated on top of the glass. The LSPR peak
is probed by the normal transmission of broad-band light beam.

schematically plotted in Figure 1.9. The aim of the work in this chapter is to find out
how to optimize the LSPR sensor based on the periodic array of gold nanorings. In the
study, lattice constants were varied across a wide range and the features of extinction
peaks were acquired from simulations. Main performance characteristics, including
peak wavelength, linewidth fwhm, bulk sensitivity, surface sensitivity, bulk sensing
figure of merit and surface sensing figure of merit, were all studied and the trends
were explained with considerations of a special substrate effect. The performance
characteristics of a single nanoring was also simulated. By comparison, the periodic
array was shown to be superior to a single nanoparticle in LSPR sensing.

Chapter 8 presents experimental verifications on the effects and trends discov-
ered in Chapter 7 and implemented the trends to achieve a near-infrared LSPR sensor
functioning in the fiber-optical communication window, with high figure of merit. A
detection scheme based on tunable laser was also discussed, aimed at improving the
S/N ratio of the sensor. Proof-of-concept experiments to detect the bindings of biotin
to the streptavidin immobilized on the surface of gold nanorings were also demon-
strated.

Chapter 9 summarizes all the previous chapters and presents the further devel-
opment, especially the proposed schemes on the waveguide-based LSPR sensors and

the integration of the nanoplasmonic sensors with microfluidic devices.
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Chapter 2
Numerical and Experimental Techniques

This chapter introduces the techniques and methods used in the work presented in
this thesis, with the emphasis on the simulation method, fabrication techniques, mea-
surements strategies and surface chemistry procedures. At the end of this chapter, a

brief introduction to a sensor’s function as a biosensor is also presented.

2.1 Finite difference time domain

Finite difference time domain (FDTD) is a numerical technique for solving Maxwell’s
equations in arbitrary metallic/dielectric structures. The basic principle is to dis-
cretize the simulation space into nodes and substitute the curl equations and partial
time differentials of Maxwell’s equations with finite central differences in both spatial
domain and time domain [1]. Using FDTD simulations, gold nanoparticles of any
arbitrary shape can be conveniently and accurately simulated. Even structures with
very complicated geometries and material compositions can be easily simulated by
FDTD. Such a task cannot be simple and may even be unsolvable using analytical
approaches, such as Mie’s theory [2]. FDTD is a time domain method meaning that
from one simulation, the optical response over a broadband of frequencies could be
acquired through discrete Fourier transforms (DFT). This is a big advantage over fre-
quency domain methods, such as discrete dipole approximation (DDA) [3], for which
each frequency point takes one simulation. In addition, FDTD can be conveniently
applied in high performance parallel computing, which can greatly reduce the com-
putation time for simulating large scale structures. All the FDTD simulations in this
thesis were modeled using FDTD Solution software package from Lumerical Inc. and

computed on high performance parallel computing grids.
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Figure 2.1: Yee’s cell in 3-D FDTD simulations. The computational domain is
meshed into cuboid cells by the grids. The cross-point of three orthogonal grid lines
gives a computational node. On each node, only one particular component of the
electromagnetic field is calculated. The arrangement of the field components on the
nodes are determined by the mathematical forms of Maxwell’s equations.

2.1.1 3-D FDTD with non-uniform mesh

The FDTD simulations on gold nanoparticles require 3-D configurations, because the
LSPR mode has a 3-D nanoscale profile. A 2-D approximation of gold nanoparticles
cannot produce reasonable results. In 3-D FDTD simulations, the simulation region
is meshed into cuboid cells, known as Yee’s cells. As shown in Figure 2.1, each field
component is located at a computational node. At each time step, the field value
at each node are calculated by iterations of algebraic equations, using only the field
values of this same node and four neighboring nodes.

The primary challenge with simulating gold nanoparticles in 3-D is that due
to the lossy and dispersive property of gold, ultra-small grid size has to be used to
mesh the gold, in order to guarantee numerical stability. Generally speaking, the
grid size should be smaller than one hundredth of the wavelength. As a result, the
total amount of the stored fields data on these finely meshed grids is huge and can
easily exceed the available amount of memory. Such a drawback can be overcome by

using a non-uniform mesh configuration. Since gold nanoparticles are very small and
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Figure 2.2: Non-uniform mesh used to discretize the simulation region with a gold
nanoring. The region that the gold nanoring occupies is meshed with ultra-fine grids
of 4 nm. Other regions are meshed with much coarse grids, larger than 10 nm. The

grids at the boundaries between the finely-meshed region and coarsely-meshed
region vary gradually.

occupy a very small space, the simulation region could be meshed in such a way that,
gold and its vicinity is meshed with ultra-fine grids, while other regions are meshed
with more coarse grids. A meshing configuration of a gold nanoring is shown in
Figure 2.2. The region that the gold nanoring occupies is meshed by 4 nm grids. The
fine mesh region has to cover the space with strong variation of electromagnetic field
intensity associated with the LSPR. It should be noted, that, the regions connected
to the finely meshed region are meshed with gradually varying grid sizes to guarantee
the numerical stability. Such a non-uniform mesh is very effective in performing the
simulations. A comparison of different mesh configurations used in simulating gold
nanorings with outer diameter of 280 nm and height of 50 nm in a 1 gm x 1 pm X
2 pm simulation region is given in Table 2.1. It can be observed that as the mesh
is refined, the memory required for the non-uniform mesh goes up slightly while it
drastically increases for the uniform mesh.
The stability factor of FDTD Spprp is defined as

cAt
SFDTD = e (2.1)

where c is the speed of light in vacuum, At is the time step and d is the smallest grid

size. In all the simulations presented in this thesis, Spp7p is set to be equal to 0.29,
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Table 2.1: Comparison of required computational resources between non-uniform
mesh and uniform mesh in simulating a gold nanoring

minimum grid size non-uniform mesh uniform-mesh
Yee’s nodes | memory | Yee’s nodes | memory
8 nm 1.98919 M 86 MB 5.48386 M 218 MB
4 nm 6.4152 M 2590 MB | 38.0389 M | 1.441 GB
2 nm 23.0368 M | 891 MB 281.74 M | 10.483 GB
1 nm 113.259 M | 4.309 GB | 2163.63 M | 79.78 GB

which gives very good numerical stability.

2.1.2 Simulation boundaries in 3-D FDTD

Since any computational resource can only deal with a finite matrix size, the simula-
tion region has to be terminated by appropriate boundaries. Perfectly matched layer
(PML) and periodic boundary are the two types of boundaries used in this thesis.

PML is an artificial layer that can efficiently absorb the numerical waves with
very little reflection from the interface. PMLs are implemented in the simulation
boundaries to absorb the wave scattered out of the simulation region and to minimize
the reflections, that were caused by the numerical iterations on the boundaries. Such
reflections can go back to the simulation region and cause unphysical results. In this
thesis, 40 PML layers are used in the appropriate boundary. The performance of such
configured PML layers is very high, with only -200 dB reflection of numerical waves
1

Periodic boundaries are used in pairs, on the two parallel boundaries. The
function of the periodic boundaries is that the electromagnetic wave that exits from
one boundary will re-enter the simulation region from the opposite boundary with
the same amplitude and phase. With periodic boundaries, a periodic array could be
simulated using only a unit cell, which greatly reduces the computational intensity.
However, it should be noted that, the periodic boundaries could not be applied to the
boundaries perpendicular to the wave-vector of the light source, as there is a phase

difference of the wave on the two boundaries. For example, in the configuration in

1. The ’dB’ unit in this case is the scale defined as 10xlogio(P,/Pg), where P, is the
reflected power and Py is the source power.
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Figure 2.3: Simulation boundaries used in the configuration where light propagates
in the plane of periodicity. The periodic array of the gold nanoparticles are located
on top of the waveguide in the simulation region. The LSPRs of the gold
nanoparticles are excited by the evanescent field of the waveguide mode, which
propagates from left to right. Periodic boundaries are used in the vertical directions
and PMLs are used in horizontal directions.

Figure 2.3, light is propagating horizontally. Periodic boundaries can be applied in

the vertical directions but not in the horizontal directions.

2.1.3 Simulation configuration for simulating gold

nanoparticles under normal transmission

The simulation configuration for studying the waveguide-excited LSPR will be pre-
sented in detail in Chapter 3 and 4. The configuration for simulating gold nanopar-
ticles under normal transmission are used in the work presented in Chapter 5, 6, 7
and 8 but no details are provided in those chapters. It is worthwhile to present the
details of the configuration in this section.

Taking a periodic array of gold nanorings as an example, such a configuration
is shown in Figure 2.4(a). A nanoring is located on top of the substrate (substrate
is hidden from the graph) and PML boundaries are used in vertical directions (pink
color). The configuration of simulation boundaries in the horizontal directions de-
pends on the targeted problem. If LSPR of a single gold nanoparticle is the target,
PML boundaries should be used in horizontal directions. If LSPR of a periodic array
is of interest, periodic boundaries should be used, with the length of the simulation
region equal to the corresponding lattice constant. A plane wave source is excited and
propagates downward, carrying a pulse containing the frequencies of interest (Figure

2.4(b)). The transmitted light is recorded by the power monitor in the simulation
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Figure 2.4: FDTD configuration to simulate LSPR of the gold nanoring. (a) the
simulation configuration (b) the source signal and spectrum. The polarization
direction (yellow arrow) of the plane wave is along the x direction, and the wave
propagation direction (green arrow) is towards downward. The lateral dimension is
given as ay and ay. These values are determined by the targeted problems. If
periodic boundaries are used, a; and ay is equal to the corresponding lattice
constant in the periodic array.

region 2. Using DFT, the complex amplitudes of the field components are calculated

and mode profile at given frequencies and power transmission spectrum 7'(\) can thus

both be obtained.
The optical extinction spectrum Ext(\) is given in either linear scale as

Ext(\) =1—T(\) (2.2)

or in logarithmic scale as
Ext(\) = —=In(T(N)) (2.3)

2. The monitor is a plane of interest specified in the simulation. Electromagnetic field
data of the computational nodes on this plane are recorded in every iteration.
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2.1.4 Simulation examples

In this section, two examples related to the later chapters are briefly introduced. The
first example is the 3-D FDTD simulation of a single gold nanocrescent on top of
the indium tin oxide (ITO) coated glass substrate. In this case, PML boundaries are
used in all directions so that the gold nanocrescent is truly isolated. The geometry of
the nanocrescent and obtained extinction spectrum and the mode profile at the reso-
nance is shown in Figure 2.5 3. The mode profile is the calculated field enhancement
factor of the electric field in dB scale 4. The gold nanocrescent demonstrates striking
field confinement that can 'focus’ light into nanoscale volumes on the sharp tips. Such
nanoscale volumes with strong electromagnetic field intensity in nanoplasmonic struc-
tures are often called ’'hot spots’. According to Unger et al. [4], the figure of merit of
LSPR sensor is proportional to the field confinement factor, implying the high sensing
potential of gold nanocrescents. The strong 'hot spot’ makes the gold nanocrescent
an appealing platform in other nano-optic applications too, such as surface enhanced
Raman spectroscopy (SERS) [5].

The second example is the simulation of the periodic array of gold nanorings on
top of the pyrex substrate. In this case, periodic boundaries are used in the horizontal
directions. Detailed simulation results with varying lattice constants will be presented
in Chapter 8. In this section, the simulated mode profile of the gold nanoring with
lattice constant equal to 1050 nm is demonstrated in Figure 2.6. The mode is the
lowest order of resonance with dipolar nature. It should be noted that, there are strong
field confinements both inside and outside the walls of gold nanorings. The unique
property of the gold nanoring results from the electromagnetic coupling between the
inner and outer ring walls, a similar effect with the nanoshells [6]. Compared to
nanoshells, the gold nanorings are more advantageous, as being vacant from the center

that makes them more accessible by the analytes in sensing applications.

3. This is the detailed result of the same simulations that are presented in Chapter 6

4. The 'dB’ unit in this case is the scale defined as 10xlogyo(E1/Eg), where E; is the
electric field intensity simulated with the presence of a gold nanoparticle and Eg is the
electric field intensity simulated without any gold nanoparticle. The ratio of them gives the
magnitude of field enhancement caused by the gold nanoparticle.



30

1 6 T T T T T T T T

= 144 .
=

5 <
= 1.2 =
S . ]
;’ 1.0 .
= 1 1
g 0.8 .
= ) ]
L 0.6+ =
=l

8 4

,C_; 0.4+ 260n; i
g 4 oo 150nm o E
v 0.2 polarization -

0.0 T T T T v T T T
1400 1500 1600 1700 1800
Wavelength (nm)
(a)

30dB

20dB

10dB

0 dB

100 200 300 400(nm)

Figure 2.5: The simulated LSPR properties of a single gold nanocrescent. (a) the
simulated extinction spectrum. (b) the simulated electric field intensity
enhancement profile. The polarization of the light is indicated in (a) relative to the
geometry of the nanocrescent. On the two sharp tips of the nanocresent, more than
30 dB field enhancement is obtained.
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Figure 2.6: The simulated extinction spectrum and mode profile of periodic array of
gold nanorings with @ = 1050 nm. (a) the simulated extinction spectrum of the
periodic array. (b) the simulated field enhancement profile, acquired along the plane
of horizontal cut. (c) the simulated field enhancement profile, acquired along the
plane of vertical cut. The geometrical parameters of the simulated gold nanoring
array are shown in the inset of (a), together with the direction of light polarization.
A dipolar LSPR resonance mode is obtained from the nanoring as indicated in (b)

and (c).
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2.2 Fabrication of gold nanoparticle arrays by

electron beam lithography

To study the interactions of metal nanoparticles, the particle shape, size and particle
spacings (lattice constants) all have to be precisely controlled at the same time. Elec-
tron beam lithography (EBL) is very suitable for this purpose. EBL can provide the
high resolution required by fabricating nanoplasmonic structures. In addition, EBL is
a lithography technique without using any mold or mask, meaning that the structures
of interest can be modified by simply changing the pattern design from the computer.
This offers great flexibility for studying nanostructures of different geometries and
pattern. The weakness of the EBL is that the fabrication process is expensive and
slow, not efficient for fabricating large scale structures. Therefore, EBL is generally
used for research purposes and is a widely used technique in studying nanoplasmonic
structures [7-15].

Metal nanoparticles have also been fabricated by other methods, such as nanoim-
print lithography [16, 17], nanosphere lithography [18-21]. These are low-cost tech-
niques suitable for producing large scale structures. In recent years, lithography-
directed assembly of metal nanoparticles [22, 23], DNA-assisted assembly of metal
nanoparticles [24] and controlled growth using chemical vapor deposition [25-27],
have also emerged as appealing techniques to fabricate complex nanoparticle arrays.
These techniques can be potentially used in the future to produce large scale LSPR
sensor chips based on gold nanoparticles. Within the scope of this thesis, for the
research purpose of studying periodic array of the gold nanoparticles, EBL is used to
fabricate all the nanostructures. Generally speaking, the EBL system can achieve a

resolution better than 10 nm, which is sufficient for fabricating gold nanoparticles.

2.2.1 Fabrication procedures

A simple diagram of an EBL system is given in Figure 2.7. The core component of
the system is a scanning electron microscope (SEM) which can generate a focused
electron beam and direct the beam to a substrate coated by a thin layer of electron-
beam-sensitive photoresist. The exposure position and the exposure dose are precisely
controlled an XY scanning coil and a beam blanker respectively. When using the EBL

system, the pattern designed in the computer is processed by a nanometer pattern
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Figure 2.7: Diagram of electron beam lithography.

generation system (NPGS) software and the data are transmitted to the control unit
of XY scanning and beam blanker, which commands the SEM to 'draw’ the pattern
onto the photoresist coated on the substrate.

The fabrication processes used in Chapter 4, 5, 6, 7 and 8 are slightly different,
depending on the types of substrates used. The detailed fabrication procedures will
be described in the corresponding chapters. In this section, a typical process is
schematically demonstrated in Figure 2.8. A glass slide is used as the substrate, with
its surface coated with a 25 nm I'TO thin film to make the surface conductive. Electron
beam sensitive photoresist (ZEP 520A, ZEON corporation) is spin coated on the
substrate. Pattern of gold nanoparticles are then exposed into the photoresist by EBL.
After exposure, the photoresist is developed in ZED-N50 developer (amyl acetate),
rinsed and blown dried under flow of nitrogen. The exposed region of photoresist is
then removed, leaving openings in the photoresist thin film. Then 2 nm thick titanium
and 50 nm thick gold thin films are deposited on the sample by evaporation deposition
technique. Titanium serves as a ’glue’ to adhere gold to the glass substrate. After
deposition, the sample is exposed to UV to decompose the photoresist. Then the
sample is immersed into N-methyl-2-pyrrolidone solvent overnight. The photoresist
is completely dissolved and the metal right on its top is removed. Only the metal

deposited inside the openings remains on the substrate and yields the desired pattern
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Figure 2.8: Schematic of the fabrication process.

Table 2.2: Summary of the conductive treatments on the substrates used in each

chapter.
chapter No. substrate conductive layer | deposition method
4 ion-exchanged BKT7 glass 20 nm Cr sputtering
5 BKT7 glass 2nm Cr evaporation
6 HQ float glass 25 nm ITO sputtering
7 HQ float glass 25 nm ITO sputtering
8 pyrex glass 20 nm Cr sputtering

of gold nanoparticles.

It should be stressed that EBL requires the substrate to be conductive, which
can be achieved by either coating conductive ITO film directly on the glass or by
depositing a thin sacrificial chromium layer on top of the photoresist before EBL.
The chromium layer is removed after EBL by immersing the sample in chromium
etchant 1020 (Transene Company Inc.) for 30 seconds. It should be noted that,
the lateral geometries of the fabricated structures are defined and controlled by the
pattern design and exposure dose while the vertical height is controlled only by the
thickness of the deposited metal. In the latter chapters of this thesis, the fabrication
parameters are different depending on the types of substrates used. The substrates
and the conductive treatment method used in later chapters are summarized in Table
2.2.
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2.2.2 Dose calibration

The resolution of an optical lithography system is generally limited by the optical
wavelength due to diffraction. The diffraction of electrons in an EBL system is not a
problem as the electrons exhibit very short wavelengths (0.2 - 0.5 A). The resolution
of EBL is mainly limited by electron-optic abberations and, more importantly, the
scattering of electrons in the photoresist and substrate. Due to the scattering, the
electron beam exposed in one spot will spread into an area. As a result, an object
written in one area can be significantly affected by the exposure of objects located
in its proximity and deviates from the intended size. This effect is referred to as the
proximity effect. For example, in fabricating a periodic array of gold nanodisks with
different lattice constants, as shown in Figure 2.9, the beam exposure dose is set to
be the same on each individual object and the only difference is in the density of
the nanodisks. However, due to proximity effects, the denser pattern gives obviously
larger nanodisks, because the object in a denser pattern collects more electrons from
its neighboring objects.

In order to study the periodic array effects, the average size of gold nanopar-
ticles in each array should be kept nearly unchanged for different lattice constants.
Therefore, the exposure dose on each array has to be calibrated to compensate the
proximity effects. Taking gold nanodisks as an example, for a given lattice constant
configuration, the pattern is written in multiple times with gradually increasing ex-
posure dose. After fabrication, SEM images were acquired from each pattern. By
image analyses, the statistics of the average size and standard deviation are obtained.
For example, the SEM image of Figure 2.9(a) is processed by ImageJ software, and
the recognized particle pattern is plotted in Figure 2.10. From these analysis, the
dependence of the size of nanodisks in terms of numbers of pixels vs. the exposure
dose for each lattice configuration is determined and fitted into linear equations. The
experimental data for different lattice configurations are plotted together in Figure
2.11. With these relations, the exposure dose required for fabricating a certain size

of nanodisk can be determined for each lattice constant.

2.2.3 Formation of gold nanocrescents and gold nanorings

In section 6.2, a procedure of formation of the gold nanocrescents is demonstrated.

In section 7.2.1, a procedure of formation of the gold nanorings is described. It
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200nm EHT = 2.00 kV Signal A = SE2 Date :26 Sep 2011
Mag = 30.00 KX |—| WD= 7mm Photo No. = 8403 Time :10:45:20
(a) Pattern with lattice constant 400nm

200nm EHT = 2.00 kV Signal A = SE2
Mag = 30.00 K X |_| WD= 7mm Photo No. = 8453 Time :11:56:52

Date :26 Sep 2011

(b) Pattern with lattice constant 650nm

Figure 2.9: SEM images to illustrate proximity effects. Fabricated periodic array of
gold nanodisks with lattice constant equal to (a) 400nm and (b) 650nm. These two
arrays were fabricated using the same exposure dose on individual object. Due to
the proximity effects, the gold nanoparticles in the denser pattern are larger.
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Figure 2.10: The image processing results of the SEM image in Figure 2.9(a). The
original SEM image is processed by ImageJ software which generates the outlines of
recognized gold nanoparticles. The size of each particle is calculated from the
number of pixels enclosed in each outlined circle.
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Figure 2.11: The size of fabricated nanodisks vs. the given dose for each lattice
configuration determined from dose calibration procedures. Each data point
represents the average size of fabricated nanoparticles, in terms of number of pixels,
and the error bar is given by the standard deviation of the size statistics.
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should be noted that, whether gold nanocrescents or gold nanorings will be formed is
depending on the exposure dose. More specifically, nanocrescents are produced from
high exposure dose and nanorings from low exposure dose.

It is worthwhile to briefly demonstrate these differences in this section. The
schematic of the formation of gold nanocrescents is shown in Figure 6.1 in section
6.2. A designed pattern consisted of periodic arrays of circular lines (diameter 220
nm, periodicities 330 nm) are written by EBL onto 200 nm thick photoresist on I'TO-
coated glass. The exposure dose used in that case is 0.7 nC/cm. Because of the high
exposure dose, the center post in the hole has a very small contact area with the
substrate and collapses towards random orientation onto the edge of the hole leaving
a crescent shape opening.

With the very same designed pattern and substrate, if the exposure dose is
reduced to 0.4 nC/cm, the center post is sufficiently robust and will not collapse.
The result is the formation of gold nanorings. This procedure is shown in Figure
2.12.

2.3 Measurement of the extinction spectrum

2.3.1 Normal transmission measurement

In Chapter 5, 6, 7 and 8, the sensor devices are measured by the normal transmission
of broadband light focused onto the sensor device. The experimental setup is shown in
Figure 2.13. A light source with a halogen lamp emits light covering a spectrum range
of 360 nm - 2000 nm. The light is coupled into a multi-mode fiber 9, and collimated
into a parallel light beam. The beam first propagates through an iris and then
modified by long-pass filter 6. chopper 7 and polarizer 8. The configurations of these

components are determined by the targeted application. The beam is then deflected

5. Multi-mode fibers from Ocean Optics, working wavelength 400 nm to 2000 nm.

6. Long-pass filters from Thorlabs Inc., cut-off wavelength of 715 nm or 1000 nm is used,
depending on the structures to be measured.

7. Chopper from Terahertz Technologies Inc., operating frequency is 400 Hz.

8. Linear polarizer from Thorlabs Inc., working wavelength 650 nm to 2000 nm and ex-
tinction ratio 1000:1. The polarization direction is set to be parallel to one of the directions
of periodicity.
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Side View A
Substrate Substrate Substrate \

Top View

()

Figure 2.12: Formation of the gold nanorings. (a) SEM figure of the pattern right

after metal deposition, demonstrating the ring-shaped openings on the photoresist.

(b) SEM figure of the fabricated gold nanorings, after lift-off process. (c¢) Schematic
of the formation of the gold nanorings.
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Figure 2.13: The diagram of the setup to measure the extinction spectrum in
normal transmission.

by a broadband mirror into the upward direction and focused by an microscope
objective lens onto the surface of the sensor device. The transmitted light is collected
into a spectroscopic microscope lens and divided by a beam splitter into two paths:
the transmitted light is collected by a camera which records the microscope image of
the sensor device and the reflected light is collected by a spectrometer which measures
the intensity spectrum I(\).

A photo of core components of the measurement setup in reality is given in
Figure 2.14. In order to achieve accurate alignment of the optical components, com-
prehensive tilting and translation controls are provided on the optical mounts.

The sensor device probed in normal transmission is consisted of multiple ele-
ments arranged in an array fabricated on top of the substrate. Each element occupies

an area smaller than 120 gm x 120 pum. This size is limited by the size of the writing
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Figure 2.14: The photo of the measurement setup corresponding to the diagram of
Figure 2.13.

field of EBL 9. As demonstrated in Figure 2.15, these sensor elements are compactly
integrated into a sub-millimeter area. Each element is an independent nanoplasmonic
structure consisted of periodic array of gold nanoparticles. With the iris and focuser
objective lens, the light beam is focused into a spot smaller than 40 ym x 40 pm.
Therefore, only one sensor element is measured at a time and it is completely iso-
lated from other sensor elements. To measure an extinction spectrum, a transmission
spectrum I,.. ¢ (A) is first measured from a location without any structure and then a
second transmission spectrum I, (\) is measured through the sensor element. The

measured extinction spectrum Ext(\) is then given in either linear scale as

Lgey(A)
Ext(\) =1 - % 24
() T OV (2.4)
or in logarithmic scale as
Idev(/\)
Ext(\) = —In——F= 2.5
( ) Iref()‘) ( )

9. All the patterns presented in this thesis, were written in an EBL system using a
magnification of 600X, which gives a maximum writing field size of 148 um x 148 pm. To
avoid the edge effects in the EBL, at least 10 um margin should be left blank from each
bound of the writing field. Therefore, the structure in one EBL writing is usually smaller
than 120 pm x 120 pm.
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60 microns

Figure 2.15: Microscope image of the sensor elements on one device recorded by the
camera. Each sensor element occupies a very small area and multiple elements are
arranged into a sensor array.

The gold nanodisks, gold nanorings and gold nanocrescents, investigated in this
thesis have LSPR peaks in different spectrum ranges. Therefore, the measurement
set up is configured according to the structure being studied. Table 2.3 summarizes

the parameters used for these different nanoplasmonic structures.

2.3.2 Quantification of the peak shift

As previously mentioned in Section 1.2.1, the limit of detection of an LSPR sensor
is determined by the sensitivity and the minimum detectable change of signal. The
latter is related to the detection uncertainty A\, in determining the resonance peak.
Therefore, the peak shift has to be quantified with high accuracy to achieve a better
limit of detection. In the biosensor based on gold nanodisks presented in Chapter 5,
a method reported by Dahlin et al. is used to quantify the peak shift [28]. In this
method, the peak shift is quantified from the shift of centroid peak A, which is the
mass center of an extinction spectrum as defined in Equation 2.7. This is different
from the peak shift quantified from the extinction peak maximum A);,. According to
Dahlin et al., AA. can be quantified with much higher accuracy, <5x 10~% nm, with
a S/N ratio ~ 2000 [28].

From the biosensor based on the periodic array of gold nanodisks, a measured

extinction spectrum data eeyp(A) is obtained from the device with a = 550 nm. The
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measured curve is plotted as crosses in top panel of Figure 2.18. The measured
spectrum is first fitted into a nth order polynomial e ¢;;(A), given in Equation 2.6. In
this case, 10th order polynomial is used with relative fitting error < 7 x 10~%. The
fitted polynomial curve is given as the red line in the same figure. In the following,
a spectrum range [A1, Ao| has to be determined first for calculating the mass center.
Two wavelengths \; and Ao with a span S, i.e. A\g— )\ = 5, are solved from the fitted
curve, satisfying er;1(A1) — ei;(A2) = 0, and the extinction at the solved wavelength
is eit(A1) = epit(A2) = epgge- It should be pointed out that, the choice of S depends
on the linewidth fwhm I" of the spectrum. Different S values have been experimented
and S =T — 20 gives the best results. The distance S is determined to be 80 nm in
this case. In the following, the mass center A\, of the fitted extinction spectrum from
A1 to A9 is calculated using Equation 2.7. The uncertainty in determining A in this
case is <0.012 nm. It should be noted that, the uncertainty obtained from extinction

peak maximum in a Lorentzian curve fitting strategy is at least three times larger.

n
epi(N) =Y PN (2.6)
i=0

A o .
_ JiZ Mepit(A) = epase) dA B Z;”‘:O[%w;? NIT2)) - Chgae ()2 32)

P,

AC —
)\ i . .
f)\lz (efitO‘) — €hase) AN Z?:O[ Z‘lel ()‘ZQ—H - >‘21+1)] — €pase(A2 — A1)

2.4 Surface functionalization

For biosensor applications, the surface functionalization of receptors onto the sensor
surface is of great importance. The quality of the surface chemistry has direct impact
on the sensor’s limit of detection, reproducibility and robustness.

In this thesis, organic molecules containing the thiol group are used to func-
tionalize the surface of gold nanoparticles. The thiol group, also called 'mercapto’,
consists of sulfur and hydrogen bond, given as -SH’. Due to the strong binding energy
between sulfur in the thiol group and the gold, these molecules are immobilized on the
surface of gold and form into a well-organized self-assembled monolayer [29-31]. The
structure of the molecules consists of thiol group at one end, alkyl chain (C;,Hoj,41) as
the backbone of the molecule, and the functional group at the other end, as depicted

in Figure 2.16. Different types of frequently used functional groups are also plotted in
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the same figure. The choice of the functional groups depends on the applications. Hy-
droxyl group is generally used to make the sensor surface hydrophilic, which can help
prevent non-specific binding of biomolecules [31]. Carboxylic group and amine group
are generally used to conjugate to the protein through peptide bonds. Biotin group
is used to bind streptavidin biomolecules onto the surface due to the exceptionally
high affinity between biotin and streptavidin [31]. To avoid the steric hindrance, the
SAM molecules used in the surface functionalization are often a mixture of two thiol
molecules of heterogeneous lengths. One molecule has hydroxyl functional group and
a short backbone, and serves as spacer to prevent non-specific binding. The other
molecule has carboxylic, amine or biotin functional group and a longer backbone, and
serves as linker for receptors.

Two types of methods have been used in this thesis to immobilize the strepta-
vidin (a protein) onto the sensor surface. In the first method, SAM layer containing
biotin functional group is used and streptavidin directly bind to the biotin group on
the SAM. This method will be shown in Section 2.5. Another method is to imple-
ment SAM layer containing carboxylic group and link the streptavidin to the SAM
molecule through peptide bond formed between the carboxylic group on the SAM
and the amine group in the streptavidin molecule. To form the peptide bond, the
carboxylic groups on the SAM surface have to be activated first. A general procedure
is the EDC/NHS chemistry 10 "as depicted in Figure 2.17. This is the surface func-
tionalization procedure used in Chapter 5 and Chapter 8. After immobilization of the
SAM layer, the surface of gold is covered by a mixture of SAM molecules containing
the hydroxyl group and the carboxylic group, respectively. The EDC in water solu-
tion is then introduced onto the sensor surface and reacts with the carboxylic group
to form an unstable structure. NHS solution is then introduced, and NHS replaces
unstable EDC and forms an succinimide ester which is very reactive to amine group.
After this stage, the carboxylic group is already activated and ready to react with
proteins. It should be noted that the NHS reaction is reversible, meaning that after
the activation of carboxylic group, proteins should be introduced immediately. The
amine group in the streptavidin molecule then reacts with the succinimide esters and
forms a peptide bond with the carboxylic group. It should be noted that, EDC is

not stable in water and only freshly prepared EDC solution should be used in each

10. EDC stands for 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and NHS stands for
N-hydroxysuccinimide
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Figure 2.16: Schematic of the structures of the SAM molecules.

experiment.

2.5 Example in sensing biotin-streptavidin

interactions

As a proof-of-concept, the sensor based on periodic array of gold nanodisks is shown
in this section to detect the binding of streptavidins and biotins. Streptavidin is
a protein and biotin is a vitamin. These two biomolecules have exceptionally high
affinity (association constant K 4 ~ 101401 [32, 33].

After the sensor being thoroughly cleaned, the sensor is immersed in an ethanol
solution consisting of 0.45 mM 11-Mercapto-1-undecanol and 0.05 mM thiol-PEG-
biotin molecules to form a well-organized SAM layer. The chemical formulas of these
two types of molecules are shown in 2.19(a). After being immersed for 12 hours, the
sensor is throughly rinsed with deionized water and ethanol, attached to the flow cell,
and loaded into the measurement system described in section 2.3.1. On the sensor
surface, as shown in Figure 2.19(a), the biotin-terminated molecules are the receptors
used to capture targeted biomolecules and the hydroxyl-group-terminated molecules
are spacers used to prevent non-specific binding [29, 31].

Extinction spectra are recorded in real-time with an interval of 11 seconds. \.
of each spectrum is calculated using the aformentioned method with the same order
of polynomial fitting. The spectrum range used to calculate the mass center varies,
but the spectrum span S is kept constant. The calculated centroid peak is plotted vs.
time in Figure 2.19(b). In the beginning, a phosphate-buffered saline (PBS) solution,
with pH = 7.4, is used to rinse the sensor and a stabilized baseline is acquired. Then
streptavidin (analytes) in the concentration of 1.1 pM in PBS solution is injected onto

the sensor at a constant flow rate of 5 yL./min. The flow rate is controlled by a syringe
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Figure 2.18: Data fitting of measured extinction spectrum into polynomial.

pump. The sensor response A, displays a red-shift signal caused by the streptavidin
binding to the biotin. This step is called association stage. After about 2000, the
red-shift saturates, meaning that the analytes and the receptors have reached an
equilibrium. This is called the steady state. At the time around 4000, PBS solution
is injected to rinse the sensor and non-specifically physisorbed streptavidin is rinsed
out from the surface. It should be noted that, due to the exceptional high affinity
between biotin and streptavidin, there is no dissociation observed from the signal in
this experiment. For common binding pairs with much lower affinity, in the step of
rinsing, the analytes will begin to dissociate from the receptors. This step is called
dissociation stage.

The kinetics of association stage, steady state and dissociation stage have been
well studied by many researchers. Like the equations described by Oshannessy et al.
[34], the kinetic equations for this LSPR sensor can be similarly derived.

The binding of the analytes in the solution with the receptors immobilized on the
sensor surface is a dynamic and reversible process. Assume the surface concentration
of the receptors is [R] and the analyte concentration is [A], the surface concentration
of the formed complexes is [RA].

The process of interactions between receptors (R) and analytes (A) can be
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Figure 2.19: Response of biorecognition of streptavidin onto biotin. (a) diagram of
surface functionalization and (b) the sensor response in real-time. The chemical
formulas of the compounds used in SAM layer formation are given in (a).
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described as
R+AS RA (2.8)

where the association and dissociation happen at the same time, with different rates.
The rate of association is given as kq[R][A], where k, is the association rate
constant with the unit M ~1s~1 while the rate of dissociation is given as kq[RA],
where k; is the dissociation rate constant with the unit s~L. Therefore, the rate of
formation of complexes at a given time ¢ is given in Equation 2.9.
dRA
AL — ka4~ kalRA (2.9
The concentrations of the already formed complexes and remaining receptors
are related as [R] = [R]g — [RA], where [R]g is the concentration of receptors before
introducing the analytes. Thus, the following Equation 2.10 can be obtained.

d[RA]

T2 = KalAN(R)y - [RA) — kg[RA (2.10)

In the experiment, the analyte is continuously flown over the surface, therefore,
the concentration [A] is a constant value, letting [A] = C4. The sensor signal, i.e.

the centroid peak shift, A, is linearly dependent on the formation of complexes as

where m is a sensitivity coefficient. Considering when the maximum sensor response
occurs, meaning that all the receptors have bonded to the analytes, [RA] = [R]g, the
corresponding signal is given as AXpqz. Thus, [R]g = Admaz/Mme-

The Equation 2.10 can now be written into a form expressed in Equation 2.12.

dA M.
dt

The integration form can accordingly be obtained as Equation 2.13.

_ CAkaAAma,x[]. — e_(CAka'i‘kd)(t—tO)]
Al = O + g (2.13)

Therefore, when the analytes are introduced into the sensor surface, the sig-

nal red-shifts exponentially and then saturates into a value determined by the ana-
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CAkaA)\max
“Cakatky
the steady state, the association and dissociation reaches equilibrium, meaning that

ko[ R|[A] = k4[RA]. Thus, at steady state, one obtains

lyte concentration C'y. Ast — oo, AN, = reaches a steady state. At

[RA] kg 1

ke — K4 = —
A Kp

AA] kg (2.14)

where K 4 is named as the association constant and K is named as the dissociation
constant. K 4 and Kp should be differentiated from the association rate constant kg,
and the dissociation rate constant k;. This is known as Langmuir isotherm.

When rinsing the sensor with only the buffer solution, the analyte concentration
suddenly drops to zero, and there is only dissociation. The rate of dissociation of the

RA complexes is
d[RA]
dt

and the sensor response in the dissociation stage can be accordingly written as

— —kg[RA] (2.15)

Ade(t) = Age Falt=to) (2.16)

where A, is the signal at t = ¢y when the rinsing begins.

It has to be pointed out that, the dissociation of streptavidin and biotin is
very slow. The dissociation rate constant kg is around 2.4 x 10765~1 [35], meaning
that it takes [n(0.99)/kg ~ 4187 seconds to dissociate one percent of RA complexes.
The very slight signal drop in Figure 2.19(b), in the rinsing step, is caused by the
slight difference in background refractive index and the removal of non-specifically
bound streptavidin, weakly physisorbed to the sensor surface. Generally speaking,
the binding pairs of streptavidin and biotin can be considered as permanent binding.
Thus the biotin-avidin complex has been used as a very versatile mediator in a wide

variety of bioanalytical applications [32].

2.6 Summary

The fundamental research methods, including simulation approaches, fabrication
techniques, measurement setups and surface chemistry procedures have been intro-

duced in this chapter. In each following chapter, the work will be presented in the
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article format and may not cover full details of the research methods being used.

Those details shall be found either from this chapter or from the appendices.
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Chapter 3

3-D FDTD Analysis of
Gold-Nanoparticle-based Photonic
Crystal on Slab Waveguide'

3.1 Introduction

Metallic nanoparticles, particularly gold nanoparticles, have received a lot of atten-
tion due to their Localized Surface Plasmon Resonance (LSPR) properties. For a
single gold nanoparticle, LSPR depends on the particle size, shape, and surrounding
dielectric environment. For an ensemble of gold nanoparticles, LSPR is additionally
influenced by the interactions of individual nanoparticles [1]. By patterning the gold
nanoparticles into a periodic array, interesting effects arise due to the interaction of
the gold nanoparticles with the Photonic Crystal (PC) lattice. Such an interaction
can result in unique optical properties useful for manipulating light at the nanoscale
regime or strong local field enhancements. Lamprecht et al. [1] first experimentally
demonstrated the significant variations in plasmon resonance of this periodic struc-
ture with a lattice constant due to in-phase superposition of scattered light. Linden
et al. [2, 3] experimentally presented the selective suppression of the extinction of
periodic array of gold nanoparticles using an Indium Tin Oxide (ITO) layer as a
waveguide. In their work, the light is illuminated from free space and the energy

coupled to waveguide modes is counted as part of the extinction.

1. A version of this chapter has been published. H. Jiang, J. Sabarinathan, T. Manifar
and S. Mittler, published in Journal of Lightwave Technology, 27 (13), pp. 2264-2270,
2009. Reprinted (adapted) with permission from (H. Jiang, J. Sabarinathan, T. Manifar
and S. Mittler, ’3-D FDTD Analysis of Gold-Nanoparticle-based Photonic Crystal on Slab
Waveguide’, Journal of Lightwave Technology, 27 (13), pp. 2264-2270, 2009). (©2009 IEEE.
(see Appendix A for copyright permission)
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Figure 3.1: Schematic of periodic array of gold nanoparticles on top of slab
waveguide.

Most existing work [1-4] is focused on illuminating light from the top of the
gold nanoparticles and measuring the transmission of light through the structures.
However, the waveguide-excited LSPR of the periodic gold nanoparticles in which
the gold nanoparticles are coupled to the evanescent field of a slab waveguide has not
been well studied. In our investigation, light propagating along a slab waveguide (ITO
slab on glass substrate) excites the gold nanoparticles which are patterned into a 2-D
periodic array (Figure 3.1). This configuration is important for studying the potential
for integrated planar sensors based on the interactions between gold nanoparticles and
slab waveguides.

In this paper, the 3-D FDTD simulation method with a non-uniform mesh
will be presented and validated first. Based on simulations, the effects of the lattice
constants on the absorption of the gold nanoparticles, the effects of the slab thick-
ness on the extinction of the waveguide mode, and the effects of the local dielectric

environment will be discussed subsequently.

3.2 3-D FDTD simulation with non-uniform mesh

FDTD simulation techniques were used as they have the advantage in being able to
simulate any arbitrary geometry of nanostructures. In our study, full 3-D simulations
are used instead of 2-D simulations because the gold nanoparticles in our investigation
are coupled to the evanescent field of a slab waveguide mode. 2-D simulations cannot

really describe the periodic array of gold nanoparticles on top of a slab waveguide and
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thus cannot simulate the coupling between the gold nanoparticles and the evanescent
field of the slab’s waveguide mode. In addition, the scattering of light out of the
slab waveguide due to the gold nanoparticles cannot be captured by 2-D simulations.
We have compared both 2-D and 3-D simulation results to experimental results as
discussed later in this section, and we found that 2-D simulation results did not match
the experimental data. For these reasons, full 3-D FDTD simulations must be used,
although they are more computationally intensive.

A drawback of the FDTD technique is the requirement of an ultra-fine mesh
for simulating plasmonic structures such as gold nanostructures to achieve convergent
results. Using the conventional uniform mesh in 3-D generates a large number of cells
for these types of structures. However, by using a non-uniform mesh, the number
of cells required is significantly reduced while still maintaining the same accuracy.
Liu et al. has presented a triangular-mesh-based FDTD technique for simulating
periodic plasmonic structures which improved the efficiency and accuracy of their 2-
D simulations [5]. In our study, we implemented full 3-D FDTD simulation techniques
based on rectangular non-uniform mesh. Based on this technique, the grid size used
to mesh gold nanoparticles was set at 4 nm while the grid size used to mesh other
regions (away from the PC) was set at around 15 nm. In this way, the accuracy
and convergence of the simulations are both guaranteed while the requirements on
computational resources are reasonable enough to run. Typically, a 3-D simulation
with the non-uniform mesh requires 2.8 GB memory while a 3-D simulation with
the conventional uniform mesh requires more than 6.0 GB for the same accuracy.
It should be noted that if we further refine the mesh, the memory required for the
non-uniform mesh goes up slightly while it drastically increases for the uniform mesh.

The dispersion of gold in the spectrum range from 400 nm to 750 nm can be
well described by a Drude-Lorentz model [6, 7]. The complex relative permittivity of

gold as a function of angular frequency is given by

2 2
“p ELW

(3.1)

er(w) = €0 —
r(w) = €oo w? +iTpw w%—z’TLw—cﬂ
where w is the plasma frequency for Drude term, wy is the pole resonance for Lorentz
term, €, is weighting coefficient for Lorentz term, Tp and 77, are damping coefficients.
These parameters used in our simulations are determined based on the experimen-
tal data of Johnson and Christy [8], with €xo=7.0765, €1,=2.3231, w,=9.1522 eV,
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wp=3.0501 eV, Tp=9.2848x107? ¢V and 77=1.2197 eV.

In order to validate our simulation techniques, we simulated the periodic gold
nanoparticles under normal incidence of linearly polarized light which has already
been experimentally studied by other groups [1-4]. We compared our simulated
results as shown in Figure 3.2 with experimental results obtained by Linden et al.
[2]. There is an excellent agreement of the data to each other taking fabrication
uncertainty into account. Due to the elliptical shape of the gold nanoparticles, two
different extinction peaks associated with the two polarizations [2] are clearly obtained
in our simulation. Since the nanoparticles are longer in the X axis (120nm) than in the
Y axis (100nm), the LSPR peak excited by the X polarization has a smaller photon
energy than that by the Y polarization [2]. In addition, we have also implemented the
same mesh configuration for a similar configuration of gold nanostructures on top of
a glass waveguide. The simulation results matched the experimental measurements
closely.

With our simulations now doubly validated by two separate experimental tech-
niques, the simulation configuration investigated in this paper is shown in Figure
3.3. The slab waveguide consists of an ITO (n = 1.90) thin film on top of a glass
substrate (n = 1.51). Other types of slab waveguides, such as polymer waveguides
or glass waveguides, can also be simulated using this configuration. a; and ay are
the lattice constants along X and Y direction respectively and ¢ is the thickness of
the ITO slab. The waveguide was designed to hold only the TEy mode and the TMy
mode propagating in the X direction in the spectral range from 400 nm to 750 nm.
Periodic boundaries are used in the Y direction (perpendicular to the source injec-
tion direction) to simulate a unit cell. Since the X direction is the same direction
as the source injection, periodic boundaries can not be applied to this direction. In-
stead, absorbing boundaries in this direction with a finite number of columns of gold
nanoparticles are used. According to our convergence study, 6 columns are enough
to simulate the properties of a periodic array which is infinitely extended in the X
direction. Therefore, in the works presented in this paper, only 6 columns of gold
nanoparticles in the X direction are simulated.

The absorption spectrum of the gold nanoparticles is calculated by measuring

the net power flowing into an enclosed surface surrounding the gold nanoparticles.
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Figure 3.2: Simulation of the extinction spectra of periodic gold nanoparticles on
140 nm thick ITO film coated glass substrate under normal incidence (from Z
direction) of linearly polarized light. The nanoparticles are in elliptical shape with
diameters equal to 120 nm and 100 nm along X and Y axis respectively and
arranged into square array with lattice constant equal to 300 nm, as shown in the
inset. Spectra for polarization along X and Y directions were both given.

The extinction spectrum is calculated as

Pout()\)

Extinction(\) = _ln(Pi—(A))

(3.2)
where P;,(\) is the input transmission spectrum measured in front of the first column
of gold particles and Py,¢(\) is the output transmission spectrum measured at the
output end. Light scattered away from the waveguide region due to the presence of
the gold nanoparticles does not transmit through the output end of the waveguide,
so the scattering loss of light by the gold nanoparticles is included in the extinction
spectrum calculation. The spectral resolution is better than 1 nm in all spectral plots

shown in this paper.
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mode source

3.3 Localized surface plasmon resonance of single

gold nanoparticle

Since we are interested in the interactions of a periodic array of gold nanoparticles,
the size and shape of particles are kept constant (the radius r=100nm and the height
h=100nm). This size is somewhat large for a gold nanoparticle, however, it helps
to increase the accuracy of simulation and the dielectric function of gold need not
to be modified according to electron scattering as is necessary for nanostructures
smaller than the electron free path. In addition, gold nanoparticles in this size can
be easily fabricated by electron beam lithography techniques for comparison. The
plasmon absorption of a single gold nanoparticle is simulated by applying absorbing
boundaries in all directions. The absorption spectrum normalized with respect to the
maximum absorption value for the TEj mode and TMy mode are shown in Figure
3.4(a). For the TE(y mode (main field components are Ey, H;, H), there is only one
absorption peak at 690 nm because the electric field of the TEqy mode is polarized only
in the Y direction and thus excites only one LSPR mode in the gold nanoparticle,
as indicated in Figure 3.4(b). However, for the TMy mode (main field components
are Ey, I,, Hy), two peaks exist because TMy polarization excites particle plasmon
resonances in both the X and Z directions, as indicated in Figure 3.4(b). There is a
peak around 690 nm for both TEqy and TMy mode because the circular shape of gold
nanoparticle supports degenerate modes.

In the following sections, the LSPR of the periodic array of gold nanoparticles

excited by the evanescent field of waveguide mode will be presented. Our study is
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Figure 3.4: (a) Normalized absorption spectra of a single gold nanoparticle on top of
an ITO slab waveguide for TEg mode and TM mode. (b) Schematic of the
polarization of TEy mode and TMy mode with respect to the axes of a single gold
nanoparticle.

aimed at tuning the LSPR peak for sensor applications, where the LSPR peak shifts
with changing dielectric environment. For this purpose, TEg mode is better than TM|,
mode because TEqy mode excites only one LSPR peak so that the shift of this LSPR
peak can be clearly determined without being possibly mixed together with other
LSPR peaks. TMgy mode, which excites two different LSPR peaks, would increase
the complexity in understanding the trends of the shift of the two LSPR peaks.

Therefore, in the following discussions, we focused on the TEqy mode excitation.
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3.4 Effects of lattice constants

In order to investigate the periodic effects on the LSPR of the gold nanoparticles, the
absorption spectra were simulated for different lattice constants. For comparison, the
reference structure is chosen to be a; = ay = 450 nm, ¢t = 200 nm. We first studied
the effects of changing the lattice constant in the X direction, by increasing a, from
300nm to 500nm with 50nm steps and leaving ay constant (termed as Set A). The
absorption spectra shown in Figure 3.5(a) are very different compared to that of a
single nanoparticle. The absorption peak of the periodic array of nanoparticles shifts
in the range from 667nm to 689nm due to the quadrupolar interactions of periodic
gold nanoparticles.

We also carried out simulations of varying lattice constants in both the X and
Y directions with the relationship a; = ay = a, changing from 300 nm to 500 nm
with 50 nm steps (termed as Set B). The absorption spectra obtained are shown
in Figure 3.5(b). The absorption peak changes over a wider range (672 nm ~ 707
nm) than in the previous case potentially because the spacing among nanoparticles
is more affected by changing overall periodicities together. Selective enhancement or
suppression of the LSPR of the gold nanoparticles are observed by comparing the
spectrum for @ = 400 nm and a = 450 nm. The peak around 670nm for a = 400 nm
corresponds to the valley for a = 450 nm.

In order to understand the complex trends in the shift of absorption peaks vs.
the lattice constants, another type of sample was also simulated with configuration
of ay=350nm and increasing a; from 300 nm to 500 nm with 50 nm steps (termed as
Set C). The absorption peak wavelength of Set A and Set C are plotted together in
Figure 3.6 for comparison. The data shown has better sampling resolution of lattice
constant for the range of 350 nm < a, < 450 nm to allow us to study this region
more closely. The shift of the plasmon resonance in periodic array is due to the
in-phase additions of the periodic gold nanoparticles through the emerging radiating
grating order at the grazing angles (in the plane of the periodic gold nanoparticles)
with critical grating constant ac [1, 4]. With increasing az, in the range a; < ac, the
resonance peak redshifts; in the range a; > a., the resonance peak blueshifts [1, 4].

In our case, light is propagating in the waveguide mode so we can assume
that the light is incident at the grazing angle from a dielectric medium with the

index approximately equal to the effective index of the waveguide mode, n,ss. For



65

0.65

0.60
| — aX:300nm

0.55
—— aX:350nm

0.50

—h— aX:400nm
—p— aX:450nm
—- aX:SOOnm

Absorption
o
5

T T T T T T T T T T T T T
580 600 620 640 660 680 700 720

Wavelength (nm)
(a)
0.70 -
0.65-
0.60 1 —azgggnm
{ =—e—a=350nm
0557 o a=400nm
S 0.507 —y— a=450nm
B 0457 _@—a=500nm
5 040
O 035
< 030
0.25
0.20
0.15
0.10
005+—7——F——7———7T T T T 71—
580 600 620 640 660 680 700 720 740
Wavelength (nm)
(b)

Figure 3.5: Absorption spectra of (a) changing ay, in Set A and (b) changing a,
where a = ay = ay, in Set B.
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a grating order at the grazing angle, it can either be propagating in the forward or
backward direction. For the grating order propagating forward, no critical grating
constant condition could be applied. However, for the mth grating order propagating

backward at the grazing angle, the critical grating constant can be given by
Ae = m)\/(neff + n/) (3.3)

where \ is the wavelength, n/ can be equal to n, #f or the index of air, depending
on the radiating grating order is carried by waveguide or by air. The condition of
critical grating constant ac = A/ngpp (m = 2, n' = n.pp =~ 1.672) is plotted as a
dashed line in Figure 3.6. The trends of the absorption peaks match the theoretical
prediction very well in both Set A and C. The absorption peak first redshifts with
increasing a, until it reaches a.. When a; is larger than a., the absorption peak
starts to blueshift. There is also a slight redshift for even larger a,, which could be
due to the emergence of the second grating order radiating in air (m = 2, n’ = 1).
This indicates that the modification of LSPR vs. changing a, in our case is mainly
through the second grating order propagating backward at the grazing angle carried
by the waveguide. Since the waveguide mode is a well confined mode, the interaction

is enhanced compared to the grating order radiating in the air.

3.5 Effect of slab thickness

In order to investigate the coupling between the evanescent field of the waveguide
mode and the periodic gold nanoparticles, we further investigated the extinction of
the waveguide mode which is composed of both the absorption of gold nanoparticles
and the scattering loss in free space. In this section, a; = ay = 450 nm are kept
constant but the slab thickness ¢ is changed from 100 nm to 375 nm with 25 nm steps
(termed as Set D), and the extinction spectra are simulated for varying thickness ¢.
As shown in Figure 3.7(a), the extinction peak redshifts with increasing ¢ and appears
in a wide spectral range from 650 nm to 705 nm. This indicates that changing slab
thickness can be potentially another effective method in tuning the interactions of
the gold nanoparticles or has to be taken into consideration in the design.

The dependence of the extinction peak on the slab thickness can be understood

from the waveguide dispersion and the in-phase addition of gold nanoparticles. For
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Figure 3.6: Absorption peak wavelength vs. a;, with a, = 350 nm (Set C, black line
with open squares) and ay = 450 nm (Set A, red line with open circles) respectively.
The dashed line represents the condition of critical grating constant: ac = A/ngy .

a given slab thickness ¢, the waveguide dispersion relation is noted as A\¢(k), where k
is the wavevector of the waveguide mode. The LSPR of the array appears when the
LSPR of the individual particles excited by the waveguide mode are added in-phase
to each other. At a given slab thickness ¢ = t(, the wavevector corresponding to the
in-phase addition is given by kg, which is calculated from the LSPR peak wavelength
and the waveguide dispersion relation Ay, (k).

When t is changed, the waveguide dispersion is changed, however, the lattice
constants of the gold nanoparticles remain the same. Therefore, the wavevector for
in-phase addition can be approximated as ky. The LSPR peak A\;gpp for the array
with slab thickness ¢ can thus be given by

ALspr = At(ko) (3.4)

The peaks predicted by Equation 3.4 show the resonance peak redshifts from 622 nm
to 715 nm when ¢t is increasing from 100 nm to 375 nm, which matched the trend
of the simulated peaks shown in Figure 3.7(b) qualitatively. This match provides

strong evidence that the interactions of the periodic array of gold nanoparticles are
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strongly affected by the dispersion of the waveguide. However, there is fairly good
quantitative match only in the slab thickness range from 175 nm to 325 nm, because
the wave-vector is well approximated as the in-phase addition condition only in the
range around t=ty. In other ranges, the condition needs to be modified to include
the LSPR of a single gold nanoparticle.

The amplitude of extinction also depends on the coupling of gold nanoparticle
array to the evanescent field of the waveguide mode. As the slab thickness increases,
the penetration depth of the evanescent field decreases and the proportion of power
carried by the evanescent field with respect to the total power also decreases. There-
fore, the coupling of the gold nanoparticle array to the waveguide decreases resulting

in a reduction in the amplitude of extinction.

3.6 Effect of the local dielectric environment

An important application of the plasmon resonance is the detection of bio/chemical
materials with high sensitivity. However, most of the existing devices involve prism
based structures which prohibits their applications as on-chip devices. Although pre-
vious published works [9-13] have demonstrated integrated sensors based on metallic
thin films on top of waveguides and have presented sensor devices based on LSPR of
metallic nanostructures [14, 15], integrated sensor devices based on gold nanoparticles
on top of optical waveguide have not been well investigated.

In the design of a bio-affinity sensor to detect protein or DNA hybridization [15],
the extinction peaks should be sensitive to the change of the dielectric environment
very close to the surface of gold nanoparticles. In order to study the potential of
using periodic array of gold nanoparticles on top of a slab waveguide as an integrated
sensor, we simulated the effects of the coating thickness of a dielectric material (n =
1.5) surrounding gold nanoparticles of the reference structure dipped into water (n
= 1.33). The coating thickness is changed from 5 nm to 40 nm. As shown in Figure
3.8, the extinction peak redshifts with increasing the coating thickness. The spectral
shift of the extinction peak is more sensitive for thinner coating films due to the
stronger field near the surfaces of gold nanoparticles. According to the simulation,
a wavelength shift of 13 nm in the extinction peak can be obtained when the gold

nanoparticles are surrounded by 40 nm thick layer. Since the interaction of gold
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t. (b) extinction peak vs. t.
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nanoparticles can be tuned by lattice constants and slab thickness, the sensitivity of

this device can potentially be increased.

3.7 Conclusions

Based on our 3-D FDTD simulation studies, the plasmon absorption peak of the
gold nanoparticle excited by the evanescent field of TE(y slab waveguide mode was
shown to be tunable by changing lattice constants due to the second grating order
propagating backward at the grazing angle. The particle-induced extinction peak of
the TEq waveguide mode redshifts with increasing slab thickness which is determined
by the waveguide dispersion. These gold nanoparticles were shown to be sensitive
to the local dielectric environment surrounding the gold nanoparticles and can be
potentially used towards integrated sensor devices.

Although we have focused our discussions in this paper on TEqy mode excitation,
it should be pointed out that for TM( excitation we observed similar trends of the
shift of the two LSPR peaks associated with X and Z polarizations of the electric
field of TMy mode. There are additional distinct features for the TMy mode which
show additional absorption peaks with longer wavelengths than the LSPR peaks. We
attribute these additional peaks to grating-induced modes which have already been
experimentally studied by Felidj et al. [4], in which work the gold nanoparticle array
was excited by plane waves. The properties of these grating-induced modes excited by
the evanescent field of the TM( mode are not fully understood yet and are currently

being studied in our group.
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Chapter 4
Periodic Arrays of Gold Nanodisks

Coupled with Evanescent Spectroscopy '

4.1 Introduction

The extensive research interest in nanometer-dimension metallic nanoparticles has
been mainly driven by their broad impact on the emerging disciplines of nanoengi-
neering and nano-optics. Gold nanoparticles, in particular, have been the focus of
numerous investigations in recent years because of the promises offered by their opti-
cal, electronic, and chemical properties [1-4]. The unique optical property is due to
the localized surface plasmon resonance (LSPR) of the gold nanoparticles, which is
a collective oscillation of the free electron gas confined in a nanoscale volume. The
LSPR provides a remarkable enhancement in the evanescent electromagnetic field at
the surface of the nanoparticles, which have found important applications in surface
enhanced Raman spectroscopy [5, 6] and LSPR sensing [7-12].

By patterning the gold nanoparticles into a periodic array, additional effects
arise due to the interaction of the gold nanoparticles with the photonic crystal (PC)
lattice [13]. Such an interaction can result in unique optical properties useful for ma-
nipulating light at the nanoscale and leads to strong local field enhancements. Meier
et al. have theoretically studied the dipolar interactions of periodic arrays of nanopar-
ticles, and predicted the array effects on the plasmon peak and the radiative damping
[14]. Lamprecht et al. [15] first experimentally demonstrated the significant varia-
tions in the plasmon resonances of these periodic structures with lattice constants
due to the in-phase superposition of scattered light. Linden et al. [16, 17] experi-

mentally presented the selective suppression of the extinction of a periodic array of

1. A version of this chapter is in preparation for publication. H. Jiang, T. Manifar, A.
Bakhtazad, H. Hojjati, J. Sabarinathan and S. Mittler, 'Periodic array of gold nanodisks
coupled with evanescent spectroscopy’.
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gold particles on an indium tin oxide waveguide. The sharp grating-induced plasmon
mode of the periodic array of metal nanoparticles has been studied theoretically and
experimentally [18-21].

Waveguide evanescent spectroscopy is based on the concept of exciting the
micro/nano-objects using the evanescent field of the waveguide and collecting the
transmitted light [22]. Combining the gold nanoparticles with a waveguide can couple
the LSPR with the evanescent field, providing interesting nano-optical phenomenon,
such as enhanced cross-talk [23, 24]. The biosensing approach based on gold nanopar-
ticles immobilized on the surface of waveguide has been studied [25, 26]. In previous
work, we have theoretically studied the gold-nanoparticle-based photonic crystal on
top of a slab waveguide for sensing applications [26].

In this study, light is propagating as a TEg or TMy waveguide mode in a
channel waveguide. The fabricated waveguide channel is tapered to a 100 yum width
in the region overlapping with the gold nanoparticle arrays. Therefore, the waveguide
beneath the gold nanoparticle arrays can be approximated as a slab waveguide. The
pattern of the chosen gold nanodisks is a square lattice 2-D periodic array as depicted
schematically in Figure 4.1. The LSPR is probed by the evanescent field of the
waveguide mode. The unique property of this configuration is that the wave-vector
of the light is in the same plane as the periodicities, which is the frequently used
configuration in studying the 2-D dielectric photonic crystal structures [13]. We have
chosen ion-exchanged glass waveguides as the substrate [27, 28], but this approach can
be easily translated to other types of waveguides, especially to step index waveguides

fabricated out of polymers or inorganic dielectrics.

4.2 Sample fabrication

The channel waveguides were fabricated using ion-exchange technique on metal-
masked Schott BK7 glass (Hellma Optics). Prior to ion-exchange, titanium fiducial
marks were first fabricated on top of the BK7 glass using photolithography, metal de-
position and lift-off. In the later steps, the waveguide channels and the gold nanodisk
arrays will both be aligned relative to the same fiducial marks. The complete process
of ion-exchange is schematically described in Figure 4.2. The glass was first thor-
oughly cleaned using nanostrip (Cyantek Inc.) and coated with 5 nm chromium and

100 nm gold by evaporation deposition. Then the sample was coated with positive
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Waveguide mode

Figure 4.1: Diagram of the the structure configuration. A 2-D periodic array of
elliptical gold nanodisks are patterned on top of a waveguide. The LSPR is excited
by the evanescent field of the waveguide mode. The polarization directions of the
TE and the TM waveguide mode are shown with respect to the nanodisk geometry.
The ellipticity of the nanodisk has been exaggerated to show the difference.

photoresist (S1805, Shipley, USA) and a photolithography using 405 nm wavelength
(Karl Suss MA6 mask aligner) exposed the waveguide pattern from the hard mask
onto the photoresist. It should be noted that, prior to the exposure, the waveguide
channels were first aligned to the aforementioned fiducial marks. After being de-
veloped, the photoresist became a pattern with waveguide openings. Wet chemical
etching was used to etch gold and chromium sequentially, which transfered the pattern
from the photoresist into the metal film. Gold was etched by a gold etchant (TFA,
Transene Company Inc.) for 60 seconds and chromium was etched by a chromium
etchant (Cr etchant 1020, Transene Company Inc.) for 30 seconds. Then the photore-
sist was removed by N-methyl-2-pyrrolidone solvent and the sample was thoroughly
cleaned again using nanostrip (Cyantek Inc.). After this step, the sample with the
patterned metal mask was ready for ion-exchange. The sample was then immersed
into the molten salt consisting of a mixture of NaNOg and AgNO3 (molar ratio 9:1),
following the procedures described by Weisser et al. [27]. The temperature was con-
trolled to be 360 °C, and the Ag™ in the molten salt exchanged with the Na™ in
the top surface layer of glass for 45 min. Since Ag™’ ions have a larger polarizability

than Na™ ions, the refractive index of the glass material with exchanged ions is in-
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creased. Since the ion-exchange can only take place within a few microns from the
surface of the substrate, and only through the openings in the metal mask, a high
refractive index region was thus formed and surrounded by low refractive index re-
gions, yielding an optical channel waveguide. After the ion-exchange step, the metal
mask was removed using the gold etchant and chromium etchant. In the following,
the end-surfaces of the sample were polished using diamond lapping films (Buehler
Canada).

The waveguide pattern was designed into a double-S bend configuration. The
bends implemented here can remove higher order waveguide modes and substrate
modes. In the region where nanoplasmonic structures were expected to be fabricated,
the waveguides were tapered to 100 pm width. Therefore, this active region of the
waveguide can be assumed as a slab waveguide. The refractive index profile of the slab
waveguide region is plotted in Figure 4.3. It should be noted that this refractive index
profile was obtained by the ion-exchange under the same condition on a blank BK7
glass substrate without a metal mask, which is a true slab waveguide. We assume
the vertical index profile of this true slab waveguide to be very close to that in the
wide opening region of the channel waveguides. The index profile was calculated
from the effective indices of different waveguide modes, characterized by a waveguide
coupling angle measurement using a 632.8 nm laser [29]. The diffusion depth of the
ion-exchange was found to be around 3.2 pm.

The gold nanodisk arrays in square lattice were fabricated on top of the ion-
exchanged waveguides by electron beam lithography (EBL) technique [30]. The fabri-
cation process is schematically outlined in Figure 4.4. After the waveguide substrate
was thoroughly cleaned using nanostrip (Cyantek Inc.), 300 nm thick photoresist
(ZEP520A, ZEON Corporation) was first spin-coated on top. A 20 nm thick sacri-
ficial chromium layer was sputter deposited on top of the photoresist to make the
substrate conductive. Before EBL exposure, an alignment software was implemented
to align the pattern relative to the fiducial marks located besides the waveguides.
In this way, the pattern of the gold nanoparticles can be written on top of the
waveguide with sufficient accuracy in positioning. Pattern of nanodisk arrays, pre-
cisely controlled by the EBL system, were then exposed onto the photoresist. After
EBL, the chromium layer was first removed by the chromium etchant (Cr etchant
1020, Transene Company Inc) followed by developing the photoresist in amyl acetate
(Sigma-Aldrich) for 180 seconds. After developing the photoresist, 2 nm chromium
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Figure 4.2: Scheme of fabrication of the waveguides in BK7 glass using ion-exchange
technique.
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Figure 4.3: Refractive index profile of the BK7 glass ion-exchanged waveguide (45
min), characterized by waveguide coupling angle measurements. The measurement
was carried out by coupling the waveguide modes using a prism. The effective
indices of the modes were directly related to the coupling angles.
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Figure 4.4: Scheme of the fabrication of the periodic array of elliptical gold
nanodisks.

and 50 nm gold were sequentially deposited on the patterned photoresist by electron
beam evaporation deposition. Finally a lift-off process of the sample immersed into
N-methyl-2-pyrrolidone solvent removed the photoresist together with the metal on
its top, leaving the periodic array of gold nanodisks on the BK7 substrate. It should
be noted, that, during the evaporation deposition of the sacrificial chromium layer,
the photoresist was exposed to the high-temperature vapors. The EBL exposure dose
thus has to be calibrated to compensate this background exposure.

The atomic force microscope (AFM) images of fabricated nanodisk arrays are
presented in Figure 4.5. The lattice constants of the fabricated arrays are 500 nm,
550 nm and 600 nm, respectively and the fabricated nanodisks are about 50 nm in
height and in slightly elliptical shape with average diameters equal to 190 nm and 215
nm, respectively. A microscope image of the fabricated device is presented in Figure
4.6. The fabricated gold nanodisk array overlapped with the fabricated waveguide

very well.

4.3 Waveguide transmission measurement

The extinction spectra of the fabricated devices were measured by a waveguide trans-
mission setup [22]. The scheme of the setup is shown in Figure 4.7(a). Broad-band
light (360 nm - 2000 nm) from the light source (HL-2000, Ocean Optics, USA) is first
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Figure 4.5: AFM images of fabricated nanodisk arrays for different lattice constants.
The images are the height profile acquired using the tapping mode.
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Figure 4.6: Microscope image of the fabricated gold nanoparticles array, waveguide
and the registration marks. The red dotted lines serve as guide for eyes to find the
boundaries of the tapered waveguide.

coupled into a fiber (Ocean Optics, USA) and collimated into a parallel beam. The
beam is then focused by an objective lens into a 40 pum spot onto the entrance of
the waveguide end-surface. The transmitted light is collected by another objective
lens and coupled into a spectrometer (HR2000, Ocean Optics, USA) measuring an
intensity spectrum. Alignment stages are used for finely adjusting the positions of
the focused beam spot to optimize the coupling efficiency of light into the waveguide.
A polarizer is used to selectively excite the TE or TM waveguide modes. To measure
the extinction spectrum of a sensor channel, a reference intensity spectrum I,.. ()
is first measured from an empty waveguide channel and then the intensity spectrum
from a waveguide channel with gold nanoparticles on top I, () is measured under
the same condition. The extinction spectrum for the corresponding device is given
by

Ext(\) = —loglo% (4.1)

4.4 Experimental results

A simple fluidic chamber was built on top of the waveguides using a silicone isolator

and a piece of microscope slide (Sigma-Aldrich). Water was introduced into the cham-
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Figure 4.7: Scheme of the waveguide transmission setup.

ber so that each nanoplasmonic structure was measured under water background. The
TE and TM mode correspond to different polarization directions relative to the geom-
etry of the gold nanodisks, as shown in Figure 4.1. For the TE mode polarization, the
electric field is oscillating along the longer axis of the ellipse while for the TM mode
polarization, the electric field is oscillating along the shorter axis and the vertical axis
of the ellipse. It should be noted, that, the double-S bends were implemented into
the waveguide pattern design so that higher order waveguide modes were expected to
be effectively filtered out. Therefore, the waveguide modes interacting with the gold
nanodisks were predominantly fundamental TEg and TMg modes.

The measured extinction spectra for the TE and TM modes are presented in
Figure 4.8(a) and Figure 4.8(b), respectively. It could be observed that, the TE and
TM mode excite distinctively different LSPR peaks. A single peak appears for the TE
mode and as the lattice constant increases, this peak red-shifts. For the TM mode,
there exist multiple peaks, corresponding to the two polarization directions present in
the TM mode indicated in Figure 4.1. Due to the silver colloids produced during the
ion-exchange process, the optical loss of the waveguide is very high, leading to a very
low signal-to-noise ratio. The measured extinction spectra were thus quite noisy. We
attempted to change the refractive index of the dielectric environment surrounding
the gold nanoparticles and measured the extinction spectra, but the peak-shifts were
found to be very difficult to quantify accurately due to the noise. Sensing applications

using this structure require further improvements in the quality of the waveguides.
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4.5 FDTD simulation

We carried out 3-D finite difference time domain (FDTD) simulations to further
study the periodic arrays of gold nanodisks coupled with the evanescent field of an
optical waveguide. The configuration of the simulation is given in Figure 4.9, which
is a similar configuration used in our previous work [26]. The structures of interest
are 2-D periodic arrays of gold nanodisks located on top of the waveguide with the
periodic lattice in the X-Y plane. The gold nanodisks have an elliptical shape with
the same geometries as the fabricated structures. Periodic boundaries are applied in
the Y directions, and the length of simulation region in the Y direction is equal to ay
of the periodic array. This configuration is equivalent to simulating a periodic array
infinitely extended in the Y direction. Since the waveguide mode propagates from left
into right, periodic boundaries could not be applied in the X directions, due to the
phase difference along the propagation path of the wave. In stead, perfectly matched
layers (PMLs) are used as boundaries and 8 columns of gold nanoparticles are used
in the X direction to simulate the effects of periodicity in this direction.

Initially, we attempted to simulate the waveguide configuration exactly follow-
ing the refractive index profile shown in Figure 4.2(b). However, since the diffusion
depth is a few microns, the simulation with such a thick layer was found to be too
computationally intensive. Alternatively, we can make reasonable approximations
towards the glass waveguides. The gold nanodisks are excited by the evanescent field
which is basically determined by the effective refractive index of the waveguide mode
nefp and the cover refractive index nc. In the simulation presented in this paper, we
approximated the glass waveguide using a step-index waveguide with substrate re-
fractive index ng,; = 1.55, the slab refractive index ng = 1.65 and the slab thickness
is equal to 300 nm. The cover refractive index was chosen to be n. = 1.33, i.e. water,
identical to the experiments. This slab waveguide configuration leads to a n, s ¢ of the
fundamental TEy mode between 1.55 and 1.56 in the wavelength range from 930 nm
to 700 nm, which is very close to the n,ss characterized from the fundamental TE
mode of the fabricated slab waveguide. Using such an approximation, the waveguide

layer in the simulation is sufficiently thin enough, making it possible to be computed.



85

periodic boundaries elliptical gold nanodisk,
\ d,=215nm, d =190 nm
|
l Y
a
-0 0.0 6—0-0 ¢ ©, .
Top view
ad —_ — — — —_ — —_
/' > '\ n/
f
PMLs| /. /
Side view
mode source  substrate, n2,,;=1.55 slab, n,=1.65, 300nm thick
TE or TM

Figure 4.9: 3-D FDTD simulation configuration. Both top view and side view of the
simulation configuration are presented. Periodic boundaries are applied in Y
directions. PMLs boundaries applied in X and Z directions. 8 columns of gold
nanodisks are created along X direction to simulate the effects of periodicity in the
X direction.

4.6 Simulation results

The TE and TM mode correspond to different polarization directions. The TE mode
has only one direction of polarization. For the sake of brevity, only TEy mode is
simulated for the nanodisk arrays of different lattice constants. The simulation results
are presented in Figure 4.10. The simulated spectra of the changing lattice constant a
are shown in Figure 4.10(a). To understand these spectra in more detail, the spectrum
for the structure of @ = 500 nm is additionally plotted as black line in Figure 4.10(b).
Also plotted is the simulated spectrum (red line) for a coating of a 4 nm dielectric
shell with a refractive index of 1.44 encapsulating the gold nanodisks, mimicking
the biomolecules binding to the surface of the gold in LSPR sensing applications.
For convenience of discussion, the spectral features were attributed into quadrupolar
peak, dipolar peak, sharp extinction peak, extinction dip #1 and extinction dip #2,
which are all marked separately in Figure 4.10(b). The behavior of quadrupolar
peaks is consistent with our previous finding [26]. Upon coating, the peak red-shifts
by more than 6 nm for the structure a = 500 nm. As the lattice constant increases,
the dipolar peak red-shifts and the peak linewidth narrows, which is consistent with
the experimental findings. However, the spectral positions of simulated peaks do

not match well with the measured ones owing to the essentially different waveguide
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configurations. Upon coating, the dipolar peak of the structure a = 500 nm red-shifts
by around 5 nm. These indicated that the quadrupolar peak and the dipolar peak
demonstrate similar sensing characteristics.

The most interesting features in the simulated spectra are the sharp extinction
peaks and dips, located very close to each other in the spectrum. In order to under-
stand the origins of these features, the sharp extinction peaks and the dips are plotted
vs. lattice constant in Figure 4.11. The solid line is defined as A = a X n, s s, which
indicates the relation of these features with the waveguide mode. In order to examine
these features closely, the mode profiles of the extinction peak and the extinction
dip#1 for the structure a = 500 nm were simulated and are plotted in Figure 4.13
and Figure 4.14 respectively. It should be noted that the color bars used in these two
figures are in different scales. It was found, that, at the extinction peaks, the mode
profile indicates very strong enhancement of electromagnetic fields of the quadrupolar
mode in the periodic array. However, at the extinction dip, the plasmon resonance of
the gold nanodisks is suppressed, without obvious quadrupolar mode features. The
primary difference is that for the extinction peak, the nodes of the electromagnetic
field are under the gold nanodisks while for the extinction dip, the nodes are between
the nanodisks.

According to the relationship depicted in Figure 4.11, the extinction peak wave-
length and dip wavelength follow the solid line closely. This indicates the effects
related to the photonic band gap. This can be explained by considering the 2-D pe-
riodic array as a superposition of a 1-D photonic crystal in the X direction and a 1-D
photonic crystal in Y direction. The Bragg reflection wavelength of a 1-D photonic
crystal structure is given by A, = 2a X ng¢¢/m, where m is the grating order. In this
case, since the lattice configuration is square, ay = ay = a, the second order Bragg
reflection wavelength is given as A, = a X n,y. This wavelength actually corresponds
to the second photonic band gap in the 1-D photonic crystal [13]. For waves with
wavelengths close to )\, the waves propagating in opposite directions interfere with
each other and the result is the formation of standing waves of two types of arrange-
ment: one with the nodes under gold nanodisks which manifests itself in a sharp
extinction peak and the other with the nodes between the gold nanodisks which leads
to a strong extinction dip. This extinction dip is similar to the selective suppression
reported from normal transmission of periodic array of gold nanoparticles on top of

waveguides [16, 17] and the sharp extinction peak is similar to the grating-induced
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Figure 4.10: FDTD simulation results of a periodic array (square lattice) of gold
nanodisks on top of a waveguide. (a) Simulated extinction spectra with changing
lattice constant of a square lattice coupled to the TEy mode. Lattice constant a of
each curve are given in the legend. (b) The peak features associated with the
structure with lattice constant a = 500 nm. The black line is the spectrum of the
bare nanodisks while the red line is the spectrum of the nanodisks coated with a 4
nm shell. The important spectral features are marked on the spectrum. With the
coating, the quadrupolar peak and dipolar peak red-shift, but the sharp extinction
peak and dips do not shift significantly.
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modes reported from normal transmission of gold nanoparticles [21].

We also found from the simulations, that, the simulated extinction peaks and
dips are more affected by the lattice constant in Y directions. As shown in Figure
4.12, by simulating the periodic arrays with unequal a; and ay, one can see that
the locations of the sharp peak and dip are basically dependent on ay only. In
an additional simulation, we simulated the structure with only one column of gold
nanodisks in the X direction, i.e., a one dimensional array with a periodicity only in
the Y direction. The sharp extinction peak and dip still exist, but the amplitudes are
much weaker. According to this comparison, the locations of the extinction peak and
dip are strongly affected by the periodicity in the Y direction while the periodicity
in the X direction only affects the amplitudes. We believe that a; and ay in reality
should work equally. However, due to the simulation methods being used here, only
finite number of gold nanoparticles could be simulated in X direction, which is very
likely not sufficient to reveal the strong influence of a,. In the Y direction, the
equivalent simulated structure is an infinitely extended periodic array, which gives
stronger couplings of the array. A similar phenomenon that the scattering line-shapes
depending on the number of coupling nanoparticles can also be found from the discrete
dipole approximation (DDA) calculations reported by Hicks et al. [20].

It should be pointed out, the sharp extinction peaks reported here are of
quadrupolar nature, which are different from the grating-induced modes caused by
dipolar interactions reported by Felidj et al. [21]. Specifically, a dipolar resonator
with polarization in the Y direction, scatters light mainly along the X-Z plane, and
the grating-induced modes are thus more affected by a,. For a quadrupolar resonator,
light is scattered in more directions and the interactions of the periodic array are af-
fected by periodicities in both directions. Due to the limited number of nanodisks
in the X direction in our study, the grating-induced mode in this case is basically
determined by ay. It can be expected that with larger number of periodicities in the
X direction, a dependence of the grating-induced mode on both periodicities should
be seen.

The sharp extinction peak and dip are located very close to each other, which
might offer control of light in unique ways. However, the sharp extinction peak and
the dip were found to be not sensitive to the surface bound layer as shown in Figure
4.10(b), meaning that these interesting features are, unfortunately, not appropriate

for sensing applications.
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Figure 4.13: The simulated mode profile at the wavelength of the sharp extinction
peak for the device a = 500 nm. The X-Y cut is the horizontal cut crossing the
center of the nanodisks and the X-Z cut is the vertical cut crossing the center of the
nanodisks.
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Figure 4.14: The simulated mode profile at the wavelength of the extinction dip for
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nanodisks and the X-Z cut is the vertical cut crossing the center of the nanodisks.
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4.7 Conclusion

In this paper, we have first carried out experiments to study the periodic array of
gold nanodisks coupled with the evanescent field of waveguide modes. The LSPRs of
the structure were found to depend on lattice constants and the mode polarizations.
However, due to the low quality of the waveguide, sensing applications using the
fabricated sensor was not yet successful.

To understand the interactions of the periodic array in more detail and to
investigate the overlap between photonic band gap and the LSPR peak, we carried
out the 3-D FDTD simulations. The quadrupolar peak and the dipolar peak were
both discussed in detail, and they were both appropriate for sensing applications.
We found in the simulation, a strong extinction dip and a sharp extinction peak,
very close to in each other in the spectrum, which were not found experimentally
due to the high noise level. A closer study revealed that the strong dip is due to the
suppressed plasmon resonance by the photonic band gap while the sharp extinction
peak is a grating-induced quadrupolar mode. The unique properties of these modes
were discussed in detail, but these features were not sensitive to changes in the surface-

bound layer.
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Chapter 5
A Biosensor based on Periodic Arrays of

Gold Nanodisks under Normal

Transmission !

5.1 Introduction

Noble metal nanoparticles have been widely investigated in label-free biological sensor
applications due to the localized surface plasmon resonance (LSPR), which is a co-
herent oscillation of the free electron gas in metal nanoparticles excited by electro-
magnetic radiation. When molecules bind to the surface of nanoparticles, a shift in
the resonance peak position can be detected in absorption spectroscopy [1-8]. Sen-
sors based on LSPR are highly sensitive and label-free, i.e. functioning without tags.
LSPR sensors are therefore very useful in studying biomolecular interactions and
provide real-time information on binding kinetics and concentrations of the target
biomolecules. This information is valuable for applications in medical diagnostics,
such as the detection of virus [9] and in cancer diagnostics [10]. The optical detection
system used for LSPR sensors can be achieved using common laboratory optical and
mechanical components, making the equipment more cost-effective than the conven-
tional surface plasmon resonance sensor.

Improving the limit of detection of the LSPR sensor is the main focus of this
field and the essential target is to increase the sensitivity and to reduce the uncertainty
in determining the resonance position [11, 12]. The sensitivity of metal nanoparti-

cles is highly dependent on the resonance wavelength [13, 14], especially when the

1. A version of this chapter is in preparation for publication: H. Jiang, E. Ertorer, J.
Sabarinathan and S. Mittler, ’A biosensor based on periodic array of gold nanodisks under
normal transmission’.
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nanoparticles are embedded in a homogeneous medium [13]. For the metal nanopar-
ticles immobilized on a substrate, the sensitivity is found to be significantly affected
by the spatial overlap between the resonance mode and the substrate [15-19]. Other
plasmon characteristics, such as the field decay length and field confinement, also
strongly affect the sensitivity [11]. The detection uncertainty is determined by the
measurement system, signal-to-noise (S/N) ratio of the spectrum and the spectral
linewidth [11, 12]. Among these factors, the spectral linewidth is a directly inherent
property of the metal nanoparticles being used. To reduce the detection uncertainty;,
a sharp spectral line shape (defined by full width at half maximum (fwhm)) is favored.

Considering the spectral linewidth, single nanoparticles [4, 6, 18, 20] are more
advantageous than a randomly-interacting ensemble with inhomogeneous broadening
effects. For coherently-interacting nanoparticle arrays, however, the linewidth can
be significantly reduced owing to the coherent interactions of the nanoparticles in
a periodic array, suggesting that a periodic array can perform better than single
nanoparticles in LSPR sensing [21]. Another significant advantage of using periodic
arrays is that, metal nanoparticles can be closely-packed into a very high density
without broadening the extinction peak lineshape, which can increase the strength
of the extinction or scattering signal and thus improve the sensor’s S/N ratio. In
addition, the periodic array can tune the resonance over a wide range of wavelengths,
very convenient for optimizing the sensor performance. Different periodic arrays with
well separated LSPR spectrum ranges may open new routes towards multiplexed
detections.

In this work, we demonstrate a biosensor based on periodic arrays of gold nan-
odisks. The sensor is schematically depicted in Figure 5.1. The array of gold nan-
odisks is patterned into a 2-D square lattice periodic array on top of a BK7 glass
substrate. The diameter of the nanodisk d is around 230 nm, the height & is around
50 nm and the lattice constant a (also called periodicities, center-to-center particle
spacings) varies from 400 nm to 650 nm with incremental steps of 50 nm. The ex-
tinction peak of the sensor is measured by a transmission setup 2. In this paper, first
the sensing characteristics will be presented and discussed. Then an application in

detecting an antibody-antigen recognition will be demonstrated.

2. The setup is described in section 2.3.1.
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Figure 5.1: Scheme of the sensor configuration. The geometrical parameters are
defined and summarized in the plot.

5.2 Experiment

5.2.1 Sample fabrication and measurement

The gold nanodisk arrays in square lattice were fabricated on BK7 glass substrates
(Fisher Scientific Inc.) by electron beam lithography (EBL) technique [21]. The
fabrication process is schematically depicted in Figure 5.2. After the BK7 substrate
was thoroughly cleaned using nanostrip (Cyantek Inc.), 300 nm thick photoresist
(ZEP520A, ZEON Corporation) was first spin-coated on top. A 2 nm thick sacrificial
chromium layer was then evaporated on top of the photoresist to make the substrate
sufficiently conductive. Pattern of nanodisk arrays, accurately controlled by the EBL
system, were then exposed into the photoresist. After EBL, the chromium layer was
first removed by a chromium etchant (Cr etchant 1020, Transene Company Inc.) fol-
lowed by developing the photoresist in amyl acetate (Sigma-Aldrich) for 180 seconds.
After developing the photoresist, 2 nm chromium and 50 nm gold were sequentially
deposited on the patterned photoresist by electron beam evaporation deposition. Fi-
nally a lift-off process of the sample immersed into N-methyl-2-pyrrolidone solvent
removed the photoresist together with metal on its top, leaving the periodic array of
gold nanodisks on the BK7 substrate. The fabricated gold nanodisks are in circular
shape with diameters equal to 230 nm and a hight of 50 nm.

The fabricated sensor device was integrated with a transparent flow cell for
conveniently introducing chemical solutions into the device. The flow cell was con-

structed by sealing the sensor device with a cover glass (soda-lime microscope slide)
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on top, in a similar configuration described by Weisser et al. [22]. As demonstrated
in Figure 5.3, glasses were used on both sides for their excellent optical quality in
terms of transmission in the near-infrared spectral regime. In comparison, the widely
used PDMS fluidic channels are not flat enough which produces a severe interference
pattern in the measured extinction spectra. The sensor device and the cover glass
were sealed by a 500 pm thick silicone isolator film between them. The soft silicone
film, with predefined fluidic channel pattern, seals the two glasses by applying a mild
mechanical pressure. Ports were mechanically drilled through the cover glass as inlets
and outlets for the fluids. In order to seal each port, one piece of PDMS film was
permanently bonded to the cover glass at an elevated temperature following an UV
ozone treatment. The steel injection tubes were then inserted through the PDMS,
through the ports and into the fluidic channel. This method provides a tightly sealed
fluidic channel for the sensor device, with great optical transparency in the near-
infrared. In addition, since no glue was involved in the construction of the flow cell,
the possibility of the diffused glue compounds contaminating the sensor surface was
completely avoided.

The extinction spectra of the sensor were measured by the transmission of lin-
early polarized (in the direction along an axis of periodicity) broadband light focused
by a 10X objective (NA = 0.25) onto the device surface positioned perpendicular to
the beam. The beam size to interrogate the device is around 40 pm x 40 pm, which
is sufficiently smaller than the size of the fabricated array in order to eliminate edge
effects. The transmitted light was collected by a 20X objective (NA = 0.2, working
distance = 20 mm), coupled into a spectrometer (HR2000, Ocean Optics, 2048 pix-
els). The extinction spectrum was calculated as Ext(A) =1 — Ige,(A)/ I (), With
ey (N) being light transmitted through nanoparticles and I, r(A) being the reference

spectrum.

5.3 Sensing characteristics

The measured spectra of the devices immersed in water are plotted in Figure 5.4.
The measured spectra show the dipolar resonance of the gold nanodisks is strongly
dependent on the lattice constant. The LSPR peak wavelength A\; ¢ppr and linewidth
fwhm are plotted against the lattice constant in Figure 5.5(a) and (b). Also plotted
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Figure 5.2: Fabrication scheme for periodic arrays of gold nanodisks.
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Figure 5.3: Construction of transparent flow cell for transmission measurements.
The construction follows the idea reported by Weisser et al. [22].
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are the results from 3-D finite difference time domain (FDTD) simulations using the
configuration described elsewhere [21, 23] 3.

The dependence of the plasmon peak of the periodic array on the lattice con-
stants has been investigated by many researchers. Meier et al. have theoretically
studied the dipolar interactions of periodic arrays of nanoparticles and predicted ar-
ray effects on the plasmon peak and the radiative damping [24], which have been
observed in many experiments on 2-D periodic array of metal nanoparticles [25-28].
The trend of the peak wavelength and linewidth changes is determined by the cou-
pling of the periodic gold nanoparticles array through the grating order at a grazing
angle [24, 25]. At a given wavelength A, the condition for the emergence of the radia-
tive grating order is described by the critical grating constant a., meaning that for
a < a. the grating order is evanescent and for a > a. the grating order is radiative
[24, 25]. For the 1st grating order propagating in the substrate at a grazing angle,
A = Ngyp X a¢, where ng,;, = 1.515, the refractive index of the glass substrate. This
relation is plotted as the solid line in Figure 5.5(a) to help determining whether the
substrate grating order is evanescent or radiative. For the range of lattice constants
studied in this work, a is always smaller than a, meaning that the grating order is
always of evanescent nature.

As the lattice constant increases, the LSPR peak red-shifts and the linewidth
narrows significantly. In the experiments, as the a increases from 400 nm into 650
nm, the LSPR peak shifts from 801 nm into 1011 nm while the fwhm decreases from
270 nm to 72 nm. The bulk refractive index sensitivity mp is defined as mp =
dALspRr/Onpg where np is the background refractive index of the solvent. In order to
measure mp, water and isopropanol (IPA) mixtures in different ratios were injected
onto the sensor to induce a change of ng. The extinction peak of each solvent
refractive index was measured and the sensitivity was determined from the slope of
the linear fit of A\ gppr vs. np. The bulk refractive index sensing figure of merit is
defined as FOM p=mpg/fwhm and calculated from the measured mpg and fwhm. In
this work, we use the wavelength unit to calculate the figure of merit. The figure of
merit calculated in energy units or wavelength units are approximately equivalent [29].
The measured FOMp are plotted against the lattice constant in Figure 5.5(c). The

bulk refractive index figure of merit can increase from 0.9 into 3.8: an enhancement

3. The similar FDTD configuration as described in section 2.1.4
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Figure 5.4: Measured extinction spectra of devices with different lattice constants
immersed in water. The lattice constant changes from 400 nm to 650 nm,
incremental steps of 50 nm.

of nearly half an order of magnitude. This improvement is mainly obtained from the
sharpened extinction peak due to the coherent interactions in the periodic array [21].

In order to track the the peak-shift with high resolution, we followed the method
described by Dahlin et al. [30] to calculate the centroid peak, A, of each spectrum
4. The detection uncertainty Ay, in quantifying the peak location for each array
was estimated from the statistical standard deviation of A. recorded over 10 minutes
and plotted as the blue triangles in the bottom panel of Figure 5.6. The refractive
index (RI) resolution is defined as Anpg = 3A\;,/mp and plotted together with
the detection uncertainty. This definition is related to the desired confidence level in
determining the peak shift [31]. It can be seen that, as the lattice constant increases,
the RI resolution first decreases and then increases. The best RI resolution is <
1.5x 1074 refractive index unit (RIU), which is obtained from the lattice configuration
of a = 550 nm. The corresponding detection uncertainty is 0.011 nm.

The RI resolution in this case is mainly governed by the detection uncertainty,
because the change in the sensitivity is much less significant. It should be noted
that the detection resolution is actually determined by the nanoplasmonic structure

and the detection system together. The aformentioned figure of merit is a value to

4. This method is explained in detail in section 2.3.2
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Figure 5.5: Sensing characteristics of the extinction peaks for different lattice
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Figure of merit FOMp vs. a. The black squares are the measured data while the
red circles represent the simulation results.
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describe the inherent sensing ability of a nanoplasmonic structure but the sensor’s
resolution in reality is additionally affected by the signal-to-noise (S/N) ratio. For
the convenience of discussion, the figure of merit and the S/N ratio are both plotted
in the top panel of Figure 5.6. Due to the configuration of the light source, the optics
in the detection system and the responsive range of the spectrometer, the S/N ratio
is a wavelength-dependent value. In this experiment, the S/N ratio is given by the
S(A)/a(A), where S(A) is the intensity spectrum and o () is the statistical standard
deviation in the intensity spectrum recorded over 30 minutes. The measured S/N
ratio is plotted in Figure 5.7. The S/N ratio for each lattice constant is given by the
S/N ratio of the corresponding extinction peak wavelength. With increasing lattice
constant, although the figure of merit of the nanoplasmonic structure increases, the
S/N ratio of the detection system decreases. These two independent factors are taking
opposite effects and the overall effect is the optimized RI resolution for the lattice
constant in the medium range. This implies that to improve the RI resolution of
an LSPR sensor equipment, the nanoplasmonic structure with high figure of merit
should be equipped with a matched detection system providing high S/N ratio in the
corresponding spectral range. The spectrum tunability of the periodic arrays offers

the flexibility to achieve this match.
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5.4 Antibody-antigen recognition

For sensing applications, we chose the lattice configuration with the best RI resolution,
i.e. a =550 nm. We implemented this sensor to detect the binding of an antigen onto
the antibody immobilized on the sensor surface. The chosen antibody is anti-human
IgG (Sigma Aldrich) and the antigen is human IgG (Sigma Aldrich). Such a study
provides a proof of concept for applying this sensor in medical diagnostics, such as
early detection of leukemia and lung cancer.

We first implemented the biotin-streptavidin interaction to immobilize the an-
tibody on the surface of gold. The basic strategy is to first immobilize streptavidin on
the surface of gold and then introduce the biotinylated antibody which bind to strep-
tavidin. To immobilize streptavidin, we follow the procedures described by Choi et al.
[32]. The procedures are schematically shown in Figure 5.8(a) and the corresponding
sensor response for the entire surface functionalization procedures is given in Figure
5.8(b). The extinction spectrum was acquired every 15 seconds. After the sample (a
= 550 nm) was thoroughly cleaned using nanostrip (Cyantek Inc.) and mounted with
the flow cell, a mixture of 3-mercaptopropanol (3-MPOH) and 11-mercaptoundecanoic
acid (11-MUA) in absolute ethanol was continuously flown on the sensor surface at 1
pL/min for 18 hours to form a well organized self-assembled monolayer (SAM) with
carboxylic and hydroxyl terminal groups on the surface of gold nanodisks. The flow

rate was controlled by a syringe pump (Braintree Scientific, Inc.). The molar ratio of
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3-MPOH and 11-MUA is 10:1, and the total concentration is 10 mM. Then ethanol
followed by deionized water was flown at 1 mL/min for 30 minutes to thoroughly
rinse the surface. A 1:1 mixture of 0.2 M 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide (EDC) and 0.4 M N-hydroxysuccinimide (NHS) solutions was then flown onto
the sensor at 10 pL/min for 3 hours to activate the terminal carboxylic groups into
amine-reactive succinimide esters. Then streptavidin (200 pg/mL) (Sigma-Aldrich)
in PBS buffer (pH = 7.4) (Sigma-Aldrich) was injected at a rate of 10 pL/min for 25
minutes and bonded to the activated carboxylic terminal groups of the mixed SAM.
This procedure was repeated to enhance the immobilization. After rinsing the sensor
with PBS buffer, 10 ug/mL bovine serum albumin (BSA) (Sigma-Aldrich) in PBS
buffer was flown at 10 pL/min for 30 minutes, in order to block the non-reacted sites.
As observed in Figure 5.8(b), the peak red-shifts due to the binding of the streptavidin
and BSA to the surface of gold nanodisks. In the following, biotinylated anti-human
IgG (10 pg/mL) in PBS buffer is flown onto the sensor at 10 pL/min for more than
one hour. The biotinylated antibody binds to streptavidin and a saturated red-shift
of around 0.7 nm was acquired in the end. This procedure was repeated to enhance
the immobilization. Then the sensor was throughly rinsed with PBS solution and a
stable baseline signal was acquired.

To sense biomolecular recognition, human IgG of different concentrations (1
ng/mL ~ 100 pug/mL) were sequentially tested in an order of increasing concentra-
tion. Each concentration of human IgG was continuously flown onto the sensor at
10 pL/min for 15 minutes. The human IgG biomolecules bind to the anti-human
IgG and gradually reached equilibrium. Then PBS was injected to rinse off the non-
specific bound molecules and the sensor signal corresponding to each concentration
was reported from the spectra acquired 1 minute after rinsing. After the sensor was
rinsed for 15 minutes, a higher concentration of human IgG was injected and the same
detection scheme was carried out repeatedly. The sensor response vs. concentration
was plotted in Figure 5.9. The peak shift above the red line can be trusted to be real
detectable shift. It can be determined from this graph that the limit of detection is
better than 1 ng/mL.
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Figure 5.9: Dose response of human IgG binding to anti-human IgG immobilized on
the gold surface. The black horizontal line is the base line signal while the green line
marks the detection uncertainty. The red line is the decision making threshold
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5.5 Discussion

Although the sensor can basically function, the peak shift is not as large as expected.
A simple simulation showed that, upon full coverage of the biomolecules, at least 3 nm
peak shift should be obtained. In our experiment, the maximum peak shift is less than
1 nm. The reasons for this were the low quality of the implemented surface chemistry,
which could not reveal the sensor’s full potential. In addition, the SAM layer on the
surface of gold nanodisks is not robust enough, which can be easily destroyed when
a strong basic condition was introduced for the purpose of dissociating the antibody-
antigen binding. Improvement on the surface chemistry is necessary, and a possible
approach might be an implementation of a polyethylene glycol (PEG) based SAM
layer [33].

The sensor based on a random ensemble of nanodisks reported by Chen et al.
[10] can reach a detection uncertainty of 9.9 x 107 nm and a limit of detection of 8.1
pg/mL in detecting bBSA, which are much better than the values obtained in this
work. It should be pointed out, that, the differences are due to the detection sys-

tem and surface chemistry rather than the inherent properties of the nanoplasmonic
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structure. The achieved figure of merit of the periodic array is around 3.8, which is an
excellent number compared to other gold nanoparticle devices summarized by Mayer
et al. [34]. The periodic array has narrow extinction peak linewidths while providing
large extinction cross-sections due to the densely packed periodic array. It can be
reasonably expected that our sensor based on periodic arrays of gold nanodisks, if
equipped with high quality surface chemistry and high S/N ratio detection system,

could potentially reach comparable limit of detection.

5.6 Conclusion

In this paper, we described a biosensor based on the periodic array of gold nanodisks.
The sensor structures with varying lattice constant were fabricated and studied exper-
imentally and in simulations. The important sensing characteristics, including LSPR
peak wavelength, peak linewidth fwhm, figure of merit, detection uncertainty and
refractive index resolution, were investigated in detail. The effects of signal-to-noise
on the sensor’s performance were also studied. The highest obtained figure of merit is
around 3.8 from the structure with a = 650 nm. The best refractive index resolution
< 1.5 x 10~* RIU was obtained from the structure with @ = 550 nm. The structure
with @ = 550 nm was used in the biosensing application to detect the binding of
human IgG to the anti-human IgG antibody. The sensor was able to reach a limit of
detection better than 1 ng/mL.
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Chapter 6
Near-infrared optical response of thin film
pH-sensitive hydrogel coated on a gold

nanocrescent arrayl

6.1 Introduction

Localized Surface Plasmon Resonance (LSPR) of noble metal nanoparticles has been
proven to be very important in chemical and biological sensor applications [1, 2].
Due to the strong field confinement effects and large extinction cross-section, metal
nanoparticles are very sensitive to the dielectric environment close to the surface,
with the field decay length in the nanometer scale. They have already been widely
investigated in detecting the shift of the LSPR peak owing to the change in the re-
fractive index of a surface bound layer, such as binding of target biomolecules to
receptors immobilized on the surface [3]. The LSPR of metal nanoparticles depends
on the geometry, composition, dielectric environment and the interactions among
particles. Among metal nanoparticles of different materials, gold nanoparticles were
chosen due to their resistance to surface oxidation to guarantee stable sensor perfor-
mance over a long period. Gold nanoparticles of specially engineered geometries have
shown near-infrared LSPR which is more sensitive than their visible counterparts [4].
Gold nanoparticles with symmetric shapes, such as gold nanoshells [5] and nanorings
[6], have been previously demonstrated with tunable LSPR. A type of asymmetric
shaped gold nanoparticles, named gold nanoscrescent, has been demonstrated with
highly tunable near-infrared resonances and strong field confinement at the tips [7-9].

Hydrogels are polymeric networks produced by the reaction of one or more

monomers which are able to retain water within their structure without dissolution.

1. A version of this chapter has been published. H. Jiang, J. Markowski and J. Sabari-
nathan, published in Optics Express, 17 (24), pp. 21802-21807, 2009. (see Appendix B for
copyright permission)
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Hydrogels are used in a wide range of applications including drug delivery systems,
absorbents, soil water retainers, contact lenses, and membrane materials [10]. Over
the past decade, hydrogels have also been demonstrated to show promise in the realm
of sensing [11-14]. They swell or contract upon hydration due to the hydrophilic na-
ture of the polymer chains, and their swelling is limited by the degree of cross-linking
of the polymer network. Due to its aqueous environment, hydrogels are biocompatible
by nature. This biocompatible property is highly attractive for biosensing applica-
tions, which may involve the immobilization of biological recognition elements such
as enzymes [11], antibodies, nucleic acids, etc.

Combining LSPR spectroscopy with hydrogel thin films open new possibilities
for LSPR sensor applications, because the hydrogel can be engineered to change their
swelling properties in response to a wide variety of chemical and physical stimuli
such as pH, ionic strength, solvent composition, buffer composition, temperature,
pressure, electromagnetic radiation, and photoelectric stimulus [15]. Towards this
goal, the optical response of the hydrogel thin film on LSPR transducers must be
well studied. Mack et al. have demonstrated a pH sensor based on a hydrogel-
coated gold plasmonic structure [16]. The swelling or shrinking of the hydrogel,
when exposed to different pH solutions, is transduced into a change of the integrated
transmitted intensity. Here we report the fabrication (by electron beam lithography)
of a close-packed periodic array of gold nanocrescent structures (Figure 6.1(a)) and
its demonstration as a transducer for very sensitive detection of the swelling of a
pH-sensitive hydrogel thin film. Both the wavelength-shift sensing and integrated
transmission sensing in the near-infrared regime due to the refractive index change

of hydrogel thin film have been demonstrated.

6.2 Fabrication of the sensor device

Electron beam lithography is used to fabricate gold nanocrescents with sharp tips
and the fabrication process is schematically demonstrated in Figure 6.1(c). A glass
slide is used as the substrate, which has its surface pretreated with a 25 nm coating of
indium tin oxide in order to make the surface conductive. Electron beam lithography
is used to expose periodic circular lines on a 200 nm thick layer of photoresist (ZEP
520A, ZEON corporation) coated on the substrate. The lattice constant is 330 nm
and the diameter of the circle is 220 nm. When developing the photoresist, the thin
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film turns into a pattern of circular posts centered inside the periodic array of circular
holes. Due to the proximity effects in electron beam exposure and the undercutting
sidewall profile of ZEP, each post has a very narrow base in contact with the substrate.
From the surface tension during the drying of the sample, each post collapses as a
consequence onto one edge of the hole which yields a crescent-shape opening, as can
be clearly observed in Figure 6.1(b). A 2 nm layer of titanium and a 50 nm layer of
gold are sequentially deposited by physical vapor deposition followed by metal lift-off
in solution. The geometries of the fabricated nanocrescents are easily controlled by
electron beam exposure dose on the photoresist. The fabricated gold nanocrescents
shown in Figure 6.1(a) have an average outer diameter of 260 nm, tip-to-tip distance
of 150 nm and wall thickness of approximately 80 nm. The fabricated tips have sub-
15nm sharp features, which is very difficult to achieve by directly exposing the crescent
shape pattern onto the photoresist. Our method can precisely control both the shapes
and the locations of each gold nanocrescent which makes it possible to study the array
effects, either in square or hexagonal lattice. The major drawback of our method is
that the surface-tension-induced orientation of the fabricated nanocrescent cannot
yet be controlled. In comparison, the gold nanocrescents fabricated via nanosphere
lithography (NSL) are controlled by sizes and locations of the nanospheres and the
tilted deposition angle [7-9]. Recently, Retsh et al. have demonstrated a low cost
process for fabricating the large area ordered gold nanocrescent array using a shadow
mask prepared by reducing sizes of hexagonally close-packed colloidal nanospheres
[17].

A pH-sensitive hydrogel based on poly(hydroxyethyl methacrylate-co-methacrylic
acid) was developed as the sensing layer for the gold nanocrescent structure. Prior
to coating the poly(HEMA-co-MAA) onto the surface, the devices were treated with
3-(trimethoxysilyl)propyl methacrylate to promote bonding to the surface using a pre-
viously described silanization method [18]. Hydroxyethyl methacrylate (HEMA) was
mixed with 8 mol% ethylene glycol dimethacrylate (EDMA) and 6 mol% methacrylic
acid (MAA) and prepared in an equal volume of isopropanol as the solvent. The MAA
monomers allow the hydrogel to change its volume reversibly by swelling or shrink-
ing as a function of the pH of the buffering medium that is used to bathe the gel.
2% w/v of 2,2-Dimethoxy-2-phenylacetophenone (DMPA) photoinitiator was added
and slowly mixed into the solution. In order to grow the polymer, the solution was

mixed, degassed in a stream of nitrogen, and exposed to UV for 30 seconds to initiate
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Figure 6.1: Fabrication of the gold nanocrescent array. (a) SEM micrograph of the
fabricated gold nanocrescent array structure. (b) SEM micrograph at a tilted angle
of the developed photoresist thin film coated with gold. (¢) Schematic of the
fabrication process of the gold nanocrescents.
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the free radical reaction at room temperature. This pre-polymerization process was
repeated once more. The grown polymeric solution was then spin-coated on the gold
nanocrescent structure at 4000 rpm for 30 seconds to produce a gel of thickness ca.
150 nm. The device was subsequently placed into a chamber, purged with nitrogen to
produce an oxygen-free environment, and was finally cured by UV light for 10 minutes
at room temperature. The fabricated hydrogel thin film has been demonstrated to
be very robust, as it was effectively studied to show good results even after 30 days

of storage.

6.3 Measurement and simulation of the LSPR

The LSPR of the gold nanocrescent array was measured by normal transmission of
focused, unpolarized, near-infrared broadband light (1200 nm ~ 2000 nm), analyzed
by a 0.8 m high-resolution spectrograph and InGaAs detector. Unpolarized light
was used because of the random orientations of the fabricated nanocrescents. The

extinction spectrum Fzt(A) and the transmission spectrum 7'(\) are given by:
Ext(A) = =In(T(A) = —In(I(X) /L (N)) (6.1)

where I()) is the transmitted light intensity spectrum through the gold nanocrescent
and I..¢(A) is the reference spectrum.

Before coating the hydrogel, two extinction peaks were acquired from the bare
device in the near-infrared spectral range, one located at 1310 nm (peak "Wq’), the
other at 1672 nm (peak 'Cy’), as shown in Figure 6.2. After coating the xerogel (de-
hydrated hydrogel) on the surface of the device, a change of refractive index around
0.47 is induced. As shown in the dotted line in Figure 6.2, the peak C; red-shifts
to 1828 nm, which roughly corresponds to a bulk refractive index sensitivity of 332
nm/RIU. This is lower than other gold nanocrescents with similar size [7]. We at-
tribute this reduction in sensitivity to the smooth rounded profile of the top edges
of the fabricated nanocrescents in our method and the substrate with relatively high
index due to ITO. It should be noted that after coating, the peak W also red-shifts
by a smaller amount but becomes significantly lower in magnitude and another weak
peak "Wy’ appears around 1600 nm. In addition, the slope of another strong peak

Uy’ at shorter wavelength begins to enter the detection range.
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Figure 6.2: Measured and simulated extinction spectra of the fabricated device. The
black line represents measurement on the bare device without coating and the red
line represents measurement on the device coated with xerogel. The blue line
represents simulation of the bare device.

To understand these peaks, the LSPR of a single gold nanocrescent is simulated
by three-dimensional FDTD simulations incorporating a non-uniform mesh [19]. The
simulated spectra are plotted together with the measured spectra in Figure 6.2. Ac-
cording to the simulations, peak Cj is excited by the light polarized parallel to the
long axis of the nanocrescent (longitudinal resonance). When the light is polarized
parallel to the short axis of the nanocrescent (transverse resonance), one strong peak
is obtrained at 947 nm, which should correspond to peak U;. However, the existence
of the W and Wy cannot be resolved in FDTD simulations. The origin of these peaks
is probably the interactions between the gold nanocrescents. Due to the random ori-
entation of gold nanocrescents, the tips of some neighboring gold nancrescents can
be very close with a distance comparable to the field decay length, leading to strong
near-field couplings. Such an effect could explain the broad feature of the LSPR peak
and the existence of Wy and W1 peaks.
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6.4 Sensor response vs. pH

We used the C; peak to detect the response of the coated hydrogel thin film. Buffer
solutions titrated to various pH levels were introduced onto the device through a
fluidic channel built on top of the device. For measurements of each specific pH
solution, we waited 15 minutes for the device to reach equilibrium state. We began
with pH = 3.08, and progressively increased the pH, which causes the hydrogel to
swell.

When the solution is first introduced, the xerogel swells as it absorbs the water,
effectively reducing the refractive index of the sensing layer because water has a lower
refractive index (n = 1.33) than our hydrogel (n ~1.47). As the pH is gradually
increased from 3.08 to 9.08, the hydrogel swells under electrostatic repulsion due to
the ionization of carboxylic groups. Swelling occurs when the pH of the swelling
medium rises above the pK, of the moiety, which has been studied to be 4.50 [14],
causing the hydrogel to become more hydrophilic and absorb more water, which
decreases the refractive index.

This decrease in refractive index is transduced into a change in the measured
extinction spectrum, as shown in Figure 6.3(a). As the pH increases, the longitudinal
extinction peak wavelength \j,q. decreases, and the extinction amplitude decreases
as well. The latter is equivalent to increasing transmission 7'(A). Therefore, the
swelling behavior of the hydrogel under increasing pH can be transduced into two
characteristic responses, one is Apqz, the other is the transmission 7T'(A) integrated
from 1700 nm to 1840 nm. This spectral range is selected for optimum signal noise
ratio which is strongly affected by near-infrared water absorption. Both responses
are plotted in Figure 6.3(b) and the details of the trends show that they are very
consistent with each other.

The two responses were fitted into titration curves using the Henderson-Hasselbalch

equation (Equation 6.2) for the cross-linked polymers [20, 21]:

11—«

pH = pKy — nplog (6.2)

«

pK is the apparent dissociation constant of the cross-linked polymer, ny, is the cor-
rection for the distribution of the MAA groups in the polymer and « is the degree of
polymer dissociation which is assumed to be linearly related to the sensor responses.

The best fit of the titration curves for both responses are plotted as the solid lines in
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Sensitivity of transmission (1/pH)

Figure 6.3: Sensor response of the gold nanocrescent array structure coated with
hydrogel thin film. (a) Measured extinction spectra of the device for detecting
buffered solutions of increasing pH. (b) Response of A\jqz (black squares) and the
integrated transmission (blue triangles) obtained from the measured extinction
spectra. The solid lines are the titration curves fitted into the experimental data.
(¢) Sensitivity for shift of A\jqe (black curve) and sensitivity for transmission (blue

curve) vs. pH calculated from the fitted response curves.
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Figure 6.3(b), which yields the fit parameters of pK, = 5.45, nj, = 1.25. These values
are consistent with previous studies of poly(HEMA-co-MAA) polymers [14, 21].
The sensitivities calculated from the fitted response curves are plotted in Figure
6.3(c). The most sensitive detection range of our hydrogel lies in the pH range centered
at the point of pH=pK, which is the inflection point of the titration response curves.
At pH = pK, the sensitivity of the extinction peak shift is 11.1 nm/pH unit while the
sensitivity of the transmission is 1.16 /pH unit. The sensitive range is thus determined
to be 4.5~6.4 with the boundaries where the sensitivity decreases by half. As the
hydrogel swells in this range, Aj,qz blue-shifts from 1772 nm into 1755 nm, and the
integrated transmission response increases from 56.8 into 58.6. It should be noted
that when pH is increased beyond 8.0, no further significant shift is acquired because

all ionizable groups have been ionized.

6.5 Discussions

Due to the random orientations of gold nanocrescents, the LSPR peak is significantly
broadened by near-field effects. The Figure of Merit (FOM, peak-shift per refractive
index unit divided by peak width calculated in eV) is around 0.4. Future implemen-
tations are expected to provide control for the orientations of gold nanocrescent and
the optimum design of the lattice constants leading to an improved FOM. The un-
certainty in determining the peak-shift is estimated from the experiment to be better
than 0.5 nm, which yields detection accuracy around 0.045 pH unit. It should be
emphasized that, the LSPR spectroscopy can reach a detection resolution ~ 10~%
nm range. Combining the hydrogel thin film and LSPR spectroscopy can potentially
achieve higher resolution than existing hydrogel sensors. The performance can also
be further optimized in terms of sensitivity by modifying the ratios of the constituent
monomers [14]. Tt should be mentioned that the sensor shows repeatable results even
after 30 days of storage. The chemiresponsive nature of pH-sensitive hydrogels may
be exploited for biosensing purposes, such as to monitor the concentration of HT

produced in the biocatalytic reaction of organophosphorus compound [12].
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Chapter 7
Effects of Coherent Interactions on the
Sensing Characteristics of Near-Infrared

Gold Nanorings !

7.1 Introduction

Noble metal nanoparticles have been widely investigated in label-free biological /chemical
sensor applications due to the localized surface plasmon resonance (LSPR), which is
a coherent oscillation of conduction electrons in metal nanoparticles excited by elec-
tromagnetic radiation. When biomolecules bind to the surface of particles or when a
change in the refractive index of a surface bound layer is induced by chemical stim-
uli, a shift in the resonance peak can be detected in the LSPR spectroscopy [1-7].
Pushing the performance of LSPR sensors towards single molecule detection range is
currently the focus of intensive research. Recently, the factors to evaluate the LSPR
sensor performance have been summarized and discussed by Unger et al. [8] and by
Nusz et al. [9]. In order to improve the performance, the essential target is to increase
the sensitivity and to reduce the uncertainty in determining the resonance position
8, 9].

The sensitivity of metal nanoparticles is highly dependent on the resonance
wavelength [10, 11], especially when the nanoparticles are embedded in a homogeneous
medium [10]. For the metal nanoparticles immobilized on a substrate, the sensitivity is

found to be significantly affected by the spatial overlap between the resonance mode

1. A version of this chapter has been published. H. Jiang, J. Sabarinathan and S. Mittler,
published in Journal of Physical Chemistry C, 114 (36), pp 15243-15250, 2010. Reprinted
(adapted) with permission from (H. Jiang, J. Sabarinathan and S. Mittler "Effects of Coher-
ent Interactions on the Sensing Characteristics of Near-Infrared Gold Nanorings’, Journal
of Physical Chemistry C, 114 (36), pp 15243-15250, 2010). (©2010 American Chemical
Society. (see Appendix C for copyright permission)
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and the substrate [12-16]. Other plasmon characteristics, such as the field decay
length and field confinement, also strongly affect the sensitivity [8]. The detection
uncertainty is determined by the measurement system, signal noise ratio (SNR) of
the spectrum and the spectral linewidth [8, 9]. Among these factors, the spectral
linewidth is a directly inherent property of the metal nanoparticles being used. To
reduce the detection uncertainty, a sharp spectral line shape (defined by full width
at half maximum (fwhm)) is favored.

Considering the spectral linewidth, single nanoparticles [4, 6, 15, 17] are more
advantageous than a randomly-interacting ensemble with inhomogeneous broadening
effects. For coherently-interacting nanoparticle array, however, the linewidth can be
significantly reduced owing to the coherent interactions of nanoparticles in a periodic
array. This implies that a higher sensing figure of merit (FOM) can be potentially
achieved from the periodic array of nanoparticles than the single nanoparticle or
random ensembles. In addition, the periodic array also provides advantages such
as spectral tunability, array-type integration and densely-packed nanoparticles for
large extinction cross section. The advancement in nanofabrication technologies has
allowed for large-scale and low-cost fabrication of such nanostructures, such as those
fabricated by nanosphere lithography (NSL) [5, 18] and by nanoimprint lithography
(NIL) [19].

The dependence of the plasmon peak of the periodic array on the lattice con-
stants (particle spacings) has been investigated by many researchers. Meier et al.
have theoretically studied the dipolar interactions of periodic array of nanoparticles
and predicted the array effects on the plasmon peak and radiative damping [20],
which have been observed in many experiments on 2D periodic array of gold and
silver nanoparticles [21-24]. Narrow extinction peaks have been reported from the
periodic array of gold nanoparticles on optical waveguide [25, 26]. The sharp plasmon
peak due to coherent interactions of disordered silver nanoparticles array has been
demonstrated [27]. The sharp grating-induced plasmon mode of periodic array of
metal nanoparticles has been studied theoretically and experimentally [28-31].

To our best knowledge, the effects of coherent interactions on the sensing char-
acteristics of the periodic array have yet to be fully investigated. In this paper,
we present sensing characteristics of 2D periodic array of gold nanorings in square
lattice. Specifically, we tuned the lattice constant and studied the sensitivity and

figure of merit. The gold nanorings were chosen due to their near-infrared resonance
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wavelength demonstrated with high sensitivity [10, 13, 19, 32, 33]. In addition, the
sensing device with near-infrared wavelength can be easily integrated into the silicon
photonic platform. We believe the results and insights obtained through this sys-
tematic study are important in designing LSPR sensors based on a periodic array of

metal nanoparticles.

7.2 Experiment

7.2.1 Sample fabrication and measurement

The periodic arrays of gold nanorings with 2D square lattices were fabricated on
glass substrate coated with 25 nm conductive Indium Tin Oxide (ITO) layer. Elec-
tron beam lithography (EBL) technique was implemented for its ability to precisely
control the geometry and position of each nanoparticle at the same time. Patterns
of periodic nanorings were exposed onto a 150 nm layer of photoresist (ZEP 520A,
ZEON corporation) spin-coated on the substrate. Each device has a different lattice
constant a which was varied from 350 nm to 1000 nm with a step of 50 nm. To
calibrate the proximity effects, the exposure dose was varied from 0.35 nC/cm to 0.45
nC/cm for different lattice configurations. The area of each device is 60 pm x 60 pm.
After developing the photoresist, a 2 nm layer of titanium and a 50 nm layer of gold
were sequentially deposited by physical vapor deposition, followed by UV exposure
to decompose the photoresist. Then a lift-off process of the sample immersed into
N-methyl-2-pyrrolidone solvent yielded the periodic array of gold nanorings on the
substrate.

The extinction spectrum of each device was measured by the transmission of
linearly polarized near-infrared broadband light (900 nm - 1600 nm) focused by a
10X objective (NA=0.25) onto the device surface positioned perpendicular to the
beam. The beam size to interrogate the device is around 80 pum x 80 pum. The
transmitted light was collected by a 50X objective (NA=0.8), coupled into a 0.8 m
spectrograph and analyzed by an InGaAs detector. The extinction spectrum was
calculated by Ext(A) = 1 — Lo, (A)/Lef(A), with Ige, () being light transmitted

through nanoparticles and I, ¢(A) being the reference spectrum.
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7.2.2 Experimental results

The fabricated periodic nanostructures were characterized by scanning electron mi-
croscope (SEM). Examples of the fabricated nanorings with a=400 nm, 600 nm, 800
nm and 1000 nm are given in Figure 7.1. The fabricated nanoring has an average
center diameter around 220 nm and average wall thickness of 33 nm. The variation
in the wall thickness is estimated to be 5 nm. The extinction spectra measured on
the bare devices with different lattice constants are plotted in Figure 7.1(e). The po-
larization direction of incident light is given by the arrow drawn relative to the inset
image. The gold nanoring arrays demonstrate near-infrared LSPR peaks of dipolar
modes in the spectral range from 1150 nm to 1300 nm.

As observed in the measured spectra, the dipolar resonance of gold nanorings is
strongly dependent on the lattice constant. The LSPR peak wavelength A\;¢pp and
linewidth fwhm are plotted against the lattice constant in Figure 7.2(a). The LSPR
peaks for the bare devices in air (black solid squares) and the devices coated with a 300
nm layer of PMMA polymer (red solid circles) are both given. By coating the PMMA
polymer on the devices, a change in the the bulk refractive index npg of the sensing
region was introduced (ng = 1 for bare devices in air and ng ~ 1.478 for coated
devices in PMMA). The trend of the peak wavelength and linewidth is determined by
the coupling of the periodic gold nanoparticles through the grating order at a grazing
angle [20, 21]. At a given wavelength A, the condition for the emergence of the
radiative grating order is described by the critical grating constant a., meaning that
for a < a. the grating order is evanescent and for a > a. the grating order is radiative
[20, 21]. For the 1st grating order propagating in the substrate at a grazing angle,
A=ng,p X ac, Where ng,;,=1.56 is the refractive index of the glass substrate. This
relation is plotted as the solid line in Figure 7.2(a) to assist in determining that for a
given LSPR peak at the corresponding lattice constant, whether the substrate grating
order is evanescent or radiative. For either the bare devices in air or devices coated by
PMMA, the LSPR peak red-shifts with increasing lattice constant and begins to blue-
shift when the A\;gppr curve crosses the critical grating constant line. The crossing
point is defined as resonant lattice constant ayes (sometimes denoted as de res [21] or
Derit [22]), which approximately gives the lattice constant for the maxima red-shift.
For a < ayes, the LSPR peaks are above the critical grating constant line and the
substrate grating order is evanescent because a < Apgpr/Nsyp- For a > ares, the

LSPR peaks are below the critical grating constant line and the substrate grating



131

T T T T T T T T T T
900 1000 1100 1200 1300 1400
Wavelength (nm)

Figure 7.1: The fabricated nanorings and measured extinction spectra. SEM
micrographs of fabricated periodic array of gold nanorings with lattice constant
equal to (a) 400 nm (b) 600 nm (c) 800 nm and (d) 1000 nm. (e) The selected

measured extinction spectra for bare devices of gold nanorings, with a from 400 nm
to 1000 nm, in a step of 100 nm.
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order is radiative because a > A5 gppr/Neyp- 1t should be stressed that the resonant
lattice constant a,es is dependent on the dielectric environment around the nanorings.
For bare nanorings in air, % ~ 822 nm; for devices coated by PMMA, afe]y MA
1000 nm (the superscript indicates the dielectric environment). The resonant lattice
constant of the coated device is larger than the bare device because the coated device
has longer LSPR wavelength so that the LSPR curve crosses the critical grating
constant line at a larger lattice constant.

For the different lattice constants investigated, the LSPR peaks of the bare
nanorings can be tuned in the range 1180 nm ~ 1295 nm. Certain discontinuities in
the A\; gpp curves are due to fabrication uncertainties. In the fabrication process, the
exposure dose is increased for larger lattice constants to calibrate for the proximity
effects. These discontinuity points in the A\;gppr curves correspond to the lattice
constants for which the dose begins to increase. As the lattice constant increases,
the LSPR peak wavelength and linewidth are both significantly affected when the
substrate grating order is changed from an evanescent nature into a radiative nature.
The linewidth fwhm of the bare device in air is plotted as open triangles in Figure
7.2(a). With increasing lattice constant, the linewidth significantly narrows in the

air

v, where the grating order is evanescent; in the range a > af%, the

range a < a res:

grating order is radiative and the linewidth significantly broadens due to radiative
damping. The minimum linewidth appears for lattice constant about 70 nm smaller
than a%. By changing the lattice constant, the linewidth of the gold nanorings
can be reduced from 0.33 eV to 0.11 eV. These trends of LSPR peak and linewidth
are consistent with what have been demonstrated for dipolar interactions of periodic
array of metal nanoparticles [20, 21, 31].

The LSPR peak wavelength shift AA\;gppr of the gold nanorings from bare
device to PMMA-coated device is plotted against lattice constant a as solid squares
in Figure 7.2(b). In the range a < a%" AXrgpp decreases with increasing a. The
decrease relative to the maximum wavelength shift is about 30%. The reason of the
decrease in sensitivity is due to decreased field confinment which will be investigated
in detail with the assistance of the numerical calculations later in this article in the

air

discussions section. In the range a > af'lk,

AX;spp significantly increases with
PMM A' The

increasing a and begins to decrease when a further increases beyond a;..

increase in the wavelength shift can be understood from the curve of A\fgppr. The

maximum red-shift for PMMA-coated device occurs at al MM 4 which is larger than
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a%”  As a increases in the range a2 < a < alMMA the LSPR peak of bare device
blue-shifts (radiative grating order range) but the LSPR peak of the coated device
still red-shifts (evanescent grating order range). As a result, AAjgpp is significantly
increased in this range. In the range a > aﬁy MA the blue-shift of the coated device
is more significant than the bare device and leads to the decreased wavelength shift.
This indicates that the sensitivity of the periodic array is significantly affected by the
coherent interactions. The shift of LSPR peak in response to the change of dielectric
environment is strongly enhanced in the radiative grating order range. The same
effects can also be observed from the published experimental studies by Sung et al.
on two dimensional periodic array of V-shaped silver nanoparticles, if we consider the
peak shift from the device in nitrogen to the device immersed in benzene [22].

The bulk index sensitivity is defined as mg = 0 Prgpr/dnpg, with Pr¢pp being
the LSPR resonance peak either in wavelength unit as A\j,gpr or in energy unit as
wr,spr- The bulk index sensing figure of merit is defined as FOMpg=mpg/fwhm,
with both mp and fwhm in energy units [15]. It should be noted that the figure
of merit calculated in energy units or wavelength units are approximately equivalent
[34]. In our case, we use the LSPR peak shift from bare device to PMMA-coated
device to estimate the bulk index sensitivity for the bare device. The FOMp is
shown as open triangles in Figure 7.2(b). Despite the change in sensitivity with
lattice constant, the bulk sensing figure of merit is more heavily dependent on the

linewidth. When a < %%, the FOMp increases with increasing a due to the peak

air

sharpening effects, even though the peak shift decreases in this range. When a > ag%,

FOM p decreases with increasing a, due to the broadened line shape regardless of the
enhanced wavelength shift in this range. The maximum FOMpg occurs at the lattice
constant close to the resonant lattice constant. By changing the lattice constant, the
FOMp can be tuned from 0.73 to 1.43 for gold nanorings. This indicates that for a
specific type of metal nanoparticles, the bulk sensing figure of merit of the periodic

array is significantly affected by the lattice constant due to coherent interactions.

7.3 Numerical calculations

In order to better investigate the sensing characteristics and to compare the periodic
array to a single isolated nanoparticle, we carried out 3D Finite Difference Time Do-

main (FDTD) simulations incorporating a rectangular non-uniform mesh [35], using
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Figure 7.2: The measured spectral and sensing characteristics of periodic array of
gold nanorings vs. lattice constant a. (a) The LSPR peaks of bare device (black
solid squares), PMMA-coated device (red solid circles) and linewidths of bare device
(blue open triangles). The solid line gives the condition for the emergence of the
radiative substrate grating order. The vertical dashed lines mark the resonant
lattice constant for bare device and coated device respectively. (b) The LSPR peak

wavelength shift from bare device to coated device and bulk figure of merit.
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a grid size of 4 nm to mesh the gold nanorings region. To simulate a periodic array
of nanorings, periodic boundaries were applied in the directions of periodicities, with
the lateral size of simulation region equal to the corresponding lattice constant, and
Perfectly Matched Layers (PML) were applied to other directions. To simulate a
single nanoparticle, PML boundaries were applied to all simulation boundaries.

To find the bulk index sensitivity of gold nanorings array, two bulk refractive
indices ng = 1 and ng = 1.33 were first simulated, which correspond to the situation
of the bare device in air and the device immersed in water respectively. Figure 7.3(a)
demonstrates the LSPR peaks (black solid squares for ng = 1 and red solid triangles
for ng = 1.33) and linewidth fwhm (yellow open circles for np = 1 and blue open
diamonds for ng = 1.33). The effects of the coherent interactions on the LSPR peaks
and the linewidth are consistent with the experimental results. The resonant lattice
constant for maxima red-shift is a%% = 850 nm for bare device in air and aX%e" =
1000 nm for device in water, respectively. Compared to experimental results, nanor-
ings in the simulations are different in two aspects. Firstly, in simulations, when
a is close to or larger than a,es, grating-induced modes are observed in the extinc-
tion spectra, appearing as a relatively narrow shoulder on the LSPR peak (Figure
7.3(b)). The peaks of grating induced-modes are plotted as crosses in Figure 7.3(a)
and they closely follow the line A = ng,;, X a. Such grating-induced modes have been
experimentally demonstrated for visible nanoparticle arrays [30, 31]. However, the
grating-induced modes were not observed in our experiments. Unlike the simulated
nanorings in perfect infinite arrays, the nanorings in experiments are in semi-infinite
arrays with lattice imperfections and size distributions of nanoparticles. Due to the
electromagnetic coupling between the inner and outer nanoring walls, the plasmon
resonance of individual nanoring is very sensitive to the size of the nanorings [32]. The
ITO coating on the surface of the glass used in experiments is frequency dependent
and absorptive for infrared spectrum and may reduce the strength of the coherent
interactions as well. It should also be noted that in the published experimental stud-
ies related to the grating-induced peak [30, 31, 36], the peak is strong and sharp
mostly under the index matching condition, which is not the same configuration in
our experiments. These effects can possibly prevent the grating-induced modes from
being clearly observed in our experiments. It should be noted that the strength of
the grating-induced mode is strongly affected by the spectral spacing between LSPR

peak and the grating-induced peak [31]. When a is very close to ares, such as for a
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= 900 nm and ng = 1 (Figure 7.3(b)), the grating-induced mode dominates in the
simulated extinction spectrum. When a is comparatively larger than a,¢s, such as for
a =950 nm and ng = 1 (Figure 7.3(b)), the grating-induced mode is much weaker.
The LSPR peak in this case dominates in the extinction spectrum. Secondly, the
nanorings in simulations are more sensitive to the change of the bulk refractive index.
This is mainly due to the structural differences between fabricated and simulated
nanorings. The nanorings in simulations have sharp corners both on the top and bot-
tom edges while in the fabricated nanorings, the edges not in contact with substrate
are rounded. In addition, the 25 nm thick conductive I'TO coating on the substrate
used in experiments is absorptive for near-infrared spectrum and has high refractive
index, which may possibly reduce the sensitivity [37]. In order to avoid the possible
waveguide effects owing to the layered substrate and to guarantee the generality of
the conclusions from numerical simulations, the ITO layer in simulations is treated
as a 25nm layer of slightly absorbing material with the real part of refractive index
equal to the rest of the glass substrate.

To find the bulk index sensitivity around ng = 1.0, simulations were carried
out for ng from 1.00 to 1.04. The bulk sensitivity mp was then obtained from the
slope of the linear regression fits. Similarly, to find the sensitivity around ng =
1.33, simulations were carried out for ng from 1.33 to 1.37. In addition, to provide
more physical insights into the sensitivity dependence, ng= 1.1, 1.2 and 1.3 were
also simulated. The simulated response of extinction peaks vs. npg for each periodic
array as well as a single gold nanoring are plotted together in Figure 7.4. In Figure
7.4(a), for a < 800 nm, no grating-induced mode exists. The response of the array is
very linear and similar to that of the single nanoring (the bulk sensing characteristics
of a single nanoring is summarized in Table 7.1), except for the slightly decreasing
slope with increasing lattice constant. In Figure 7.4(b), for a = 850, 900 nm and
npg around 1.0, the grating-induced modes are dominating in the extinction spectra.
The bulk sensitivity is very low in this situation because the grating-induced mode
is mainly determined by the refractive index of the substrate, approximately given
by ngp X a [31]. This situation suggests that when a dominating grating-induced
mode corresponding to the substrate grating order is excited, the sensitivity of the
extinction peak will be substantially suppressed. Given sufficiently large np, the
LSPR peak dominates again and behaves similarly to those shown in Figure 7.4(a).

In Figure 7.4(c), for a = 950, 1000 nm and npg around 1.0, the grating-induced mode
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Figure 7.3: Simulation results for ng = 1.0 and ng = 1.33. (a) The extinction
peaks and the fwhm for ng = 1.0 and ng = 1.33. The solid symbols are LSPR
peaks, the crosses are grating-induced mode peaks and the open symbols are
linewidth fwhm. (b) Examples of simulated extinction spectra.
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Figure 7.4: The extinction peaks vs. bulk refractive index of (a) the single nanoring
and arrays with a = 400, 500, 600, 700, 800 nm, (b) arrays with a = 850, 900 nm
and (c) arrays with a = 950, 1000 nm.

is weak and the extinction peak exhibits very high sensitivity within a small range of
np, which is consistent with the experimental finding of enhanced peak shift in the
radiative grating order range.

The calculated bulk sensitivity and bulk figure of merit are shown as solid
symbols in Figure 7.5(a) and (b) (open symbols are the cases where grating-induced
modes dominate in the extinction spectra). Both the trends are consistent with
experimental findings except the strong dip due to the substrate grating-induced
mode. Excluding the effects of grating-induced modes, we consider only the sensing

characteristics for the points plotted as solid symbols in Figure 7.5(a) and (b). As a



139

8000 | TLVT LTT | TLGE0 | €LE9 | €28C°0 | 6'L8€ | LLSS'0 | 8'96ET | €T
6£100 | T€GY 62T | 09660 | 108V | 090€°0 | 9°92€ | ISTO'L | 0'STZT | T
(/1) | (ww/ww) | (ARG/T) | ADE/AS | ATg/wa | A9 | ww | A9 | wm

SINod | Sw dINOd qw g Hd51q qu

9JeIISqNS U0 SULIOURU P[OS J[SUIS ® JO SOIISLIdJORIRYD JUISUOS pur [RI}dds pojenuaig :1-), d[qr],




140

increases in the evanescent grating order range (a < a%' for bare device, a < a¥%¢"

for device in water), the bulk sensitivity for ng = 1.0 decreases from 503 nm/RIU
into 415 nm/RIU and the sensitivity for ng = 1.33 decreases from 603 nm/RIU into
417 nm/RIU. On the contrary, the bulk sensing figure of merit increases due to the
narrowing line shape. These are the same trends observed in the experiments for
the evanescent grating order range. As a enters the radiative grating order range
(a > a®" for bare device, a > a¥%€" for device in water), the bulk sensitivity is
higher than the evanescent grating order range. However, the figure of merit in the
radiative grating order range is only comparable to that in the evanescent grating
order range, due to the significantly broadened line shape in radiative grating order
range. It should be emphasized that, the maximum FOM g achieved for the array is
more than three times higher than the single nanoring.

In addition to the sensing characteristics for the bulk index sensing, we also
studied the ability of the periodic array to detect the binding of molecules to the
surface of gold nanorings. We calculated the surface sensitivity by simulating a very
thin dielectric layer with refractive index ng = 1.45 uniformly coated on the surface
of gold nanorings. The surface sensitivity is given by mg = dA;gpr/ddg, where dg
is the thickness of the coated film on the surface of gold nanoparticles. We simulated
dg = 0 nm, 5 nm, 10 nm and 20 nm and mg was obtained from the slope of linear
regression fits. Two different background refractive indices ng = 1.0 and ng = 1.33
were simulated to compare the two most common situations of measuring the dried
device in air or measuring the device immersed in solution. The surface sensing figure
of merit is expressed as FOMg = mg/fwhm, with both mg and fwhm in wavelength
units for convenience [34]. It can be observed that the surface sensing sensitivity
and figure of merit follow the same trends as that of the bulk sensing. This finding
is further corroborated by the fact that the field decay length calculated from the
simulated mode profile shows only small variations with lattice constant. The surface
sensitivity and figure of merit for the device in air are more than 3 times higher
than in water because the former case provides much larger refractive index contrast
between the adsorbate material and the background dielectric environment. The
highest surface figure of merit of the periodic array is around 2.5 times higher than
the single nanoring given in Table 7.1.

It can be observed that the highest figure of merit of the lattice constant in the

evanescent or radiative grating order range are comparable to each other. However,
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the lattice constant in the radiative grating order range has several other disadvan-
tages for LSPR sensing applications. Firstly, the extinction spectrum in the radiative
grating order range strongly deviates from the Lorentzian curve which will bring ad-
ditional uncertainties into fitting the data. Secondly, the extinction signal is low due
to low density of particles with large particle spacings and will reduce the signal noise
ratio. Thirdly, the high sensitivity in radiative grating order range is only available
in a small dynamic range when the LSPR peaks are well below the critical grating
constant line. Therefore, for the periodic array of metal nanoparticles under coherent
interactions through the substrate grating order, the optimum lattice constant for
LSPR sensing should be chosen from the highest figure of merit point in the evanes-
cent grating order range. It should be stressed that the optimum lattice constant also
depends on the bulk dielectric environment, for example, 750 nm - 800 nm for the

bare device in air and 900 nm - 950 nm for the device immersed in water.

7.4 Discussions

Both the simulations and experiments showed that the sensitivity decreases with
increasing a in the evanescent grating order range (a < apes). However, such a
phenomenon is quite different than expected, considering that a larger a in this range
gives stronger coherent interactions and a longer resonance wavelength. It can be
argued that under the stronger coherent interactions, the almost in-phase additions
of scattered light enhances the optical field [21] and should increase the sensitivity.
In addition, if we consider the array as a resonant structure on the same substrate,
the sensitivity should increase with a longer resonance wavelength [10, 11]. Our
hypothesis is that, although the devices are arrays of same nanoparticles located
on the same substrate, the optical field confinement and substrate effects for each
array are modified by the coherent interactions controlled by the lattice constant.
In our case, the substrate effects cannot be evaluated from the contact areas or
geometrical relations between nanoparticles and substrates, since this is the same
for all configurations. Unger et al. have suggested a confinement factor C' to evaluate

how strong the electrical field is localized to the sensing region[8]. In our case, the



142

e S 6———————————————————————
o | |
S ® m, around n_=1.0 ) 1 ] JD‘ = FOM,ain=10 LA
= - i | = 54 - | | T
%1000 A m,around n =133 : : z A FOM_atn=133 N !
(= T air 47: :4, water «o - A \
= W T B 34 i A 1
< 800 | | 1 & A g
= | A T 3 Aw boA
?EGOO'AAAAAAAAAA+A ! AT g A:' ! ! A
n En i | i [] i LA i
5400- i L . 1 £2 o ! "
= | : 4 4 o !
2004 , A . X191 a 8 , | b
Bg 14 & o -ar
T O l o I
0 ) ; 0 !

350 450 550 650 750 850 950 1050 1150 350 450 550 650 750 850 950 1050 1150
L attice Constant a (nm) L attice Constant a (nm)

(a) (b)

T T T T T | T H T T 004 T T T T T | T H T T
121 Poom 1 < m FOMwithn=10| _ : 1
n i = | | . N .
1o m, with n,=1.0 al an” £ A FOM_withn =133 b
£77| 4 mywithn=133 . 1 7 <" 0034 ! ! 4
IS 1 | 1 |
= I | o [ ] | i
= 84 : : 1 = . g :
€ ' . T n i |
2 | i £ 0.02- - | n E
s 6 ' ' - Y— air i | water
2 | | 5 = a - a
= n res res
2 LI | ; e n ! !
g 4 L B 1 1 2 - ; 1
Q ' w % 0.01- u A A A .
3 : ! 3 " ast :
;2"AAAAAAAAAE 1 1 € AAA‘ X 4 A
rAL aa 3 AAA lg 1aa
O T T T T T i T A é T 0()0 T T T T T : T + T T
350 450 550 650 750 850 950 1050 1150 350 450 550 650 750 850 950 1050 1150
Lattice Constant a (nm) Lattice Constant a (nm)

(c) (d)

Figure 7.5: The simulated sensing characteristics as a function of lattice constant:
(a) bulk sensitivity, (b) bulk sensing figure of merit, (c) surface sensitivity and (d)
surface sensing figure of merit. The solid symbols are for the situation where LSPR
resonances dominate in the extinction spectra and open symbols for the situation
where grating-induced modes dominate. The vertical dashed lines mark the
resonant lattice constant for bare device in air and device in water respectively.
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confinement factor C' can be given by

Jv, n2IE? dvV
Jv, eofi| E|2 v + [y, n? [E2dV + [y, n?|E[2dV

sub

(7.1)

where V7 is the sensing region (the region above the substrate where the analyte
occupies), Vj is the volume of gold and V,;, is the substrate region. The integration
is performed on the electric field mode profile of a unit cell of the simulation. In order
to calculate the near-field effects, only electric field with enhancement larger than 2
is taken into the integral and the radiating field is neglected [8].

The confinement factor given in Equation 7.1 can also be interpreted as elec-
tromagnetic field energy in the sensing region divided by the energy in all space.
Referring to the electromagnetic energy density in a dispersive and absorptive mate-
rial with complex refractive index n/(w) + ir(w) [38], the effective dielectric constant

€eff In our calculation is given as

2wn’k
Le

€off = n'? + (7.2)
where I'¢ is the damping coefficient in the Drude model (I'e = 0.0257 eV, as deter-
mined by fitting material optical constants into the Drude model).

The calculated confinement factor C' for np = 1.0 and ng = 1.33 are shown
in Figure 7.6. Compared to the sensitivity curve in Figure 7.5(a) and (c), in the
evanescent grating order range (a < a%% for bare device, a < a’¢" for device in
water), confinement factor follows the smoothly decreasing trend of sensitivity except
the strongly suppressed sensitivity owing to the substrate grating-induced modes. As
a increases, the confinement factor indicates the proportion of electromagnetic energy
confined in the sensing region decreases, caused by the coherent interactions of the
periodic array. As a increases in this range, the optical field within the substrate is
greatly enhanced due to the almost in-phase additions of scattered light carried by
the substrate grating order. In comparison, the optical field in the sensing region
is not as much affected. The overall effect is significantly reduced field confinement
factor which indicates enhanced substrate effects. Therefore, as the lattice constant
increases in the evanescent grating order range, the growing coherent interactions

lead to decreased sensitivity. It should be stressed that the confinement factor is
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Figure 7.6: The calculated confinement factor vs. lattice constant a. The vertical
dashed lines mark the resonant lattice constant for bare device in air and device in
water respectively.

only strictly defined for a small perturbation of the sensing region [8]. Therefore, it
can only provide qualitative analysis of the sensitivity in our study. The enhanced
sensitivity in the radiative grating order range (a > a% for bare device, a > a%er
for device in water) cannot be observed from the curves of C' because the calculation
considered only near-field and neglected the radiating field. The physical origins for
this enhanced sensitivity are probably related to the radiative nature of the grating
order and require further investigations.

Compared to other experimental studies, Larsson et al. [13] have studied the
LSPR sensor based on randomly distributed ensemble of gold nanorings with bulk
figure of merit ~ 2 and bulk sensitivity up to 880 nm/RIU. In our experiments on gold
nanorings, the highest bulk figure of merit is 1.43, which is lower than the reported
value. It should be noted that the estimated bulk sensitivity of our nanoring is
less than 300 nm/RIU which is much lower than the reported sensitivity. This low
sensitivity is not due to the array effects but rather due to the structural features
(smooth rounded profile on the top edges) of our fabricated nanorings and the high
refractive index I'TO conductive coating on the glass substrate. The importance of our
experimental results is that a good figure of merit can be achieved from an optimized
periodic array consisted of nanoparticles of medium sensitivity. The simulation has
predicted a bulk sensing figure of merit at least 3 times higher than the single nanoring

and surface sensing figure of merit around 2.5 times higher than the single nanoring.
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It should be pointed out that, besides the dipolar mode of the gold nanorings,
we have also studied the multipolar mode of split gold nanorings. According to our
study in experiments and simulations, we found that the multipolar resonance of split
nanorings follows the same trend as the dipolar resonance of gold nanorings. In com-
parison, the split nanorings demonstrate better sensing characteristics than closed
nanorings. This implies that the theories of the periodic effects on the dipolar inter-
actions of metal nanoparticles can be extended to higher order plasmon resonances

as long as the interactions are coherent in nature.

7.5 Conclusions

According to our study, patterning the gold nanoparticles into a periodic array is an
effective strategy to improve the sensing figure of merit. The improvement is mainly
obtained from the controllable narrow spectral linewidth due to coherent interactions
of the periodic array. The optimum lattice configuration as discussed, is the lattice
constant with the highest figure of merit in the evanescent grating order range. The
simulation shows the bulk sensing figure of merit of the array can be three times
higher than the single nanoring and the surface sensing figure of merit can be 2.5
times higher than the single nanoring.

In the evanescent grating order range, as the lattice constant increases, the figure
of merit increases due to significantly reduced linewidth. The sensitivity decreases
with increasing lattice constant because the coherent interactions cause the optical
field confinement in the sensing region to decrease. In the radiative grating order
range, as lattice constant increases, the figure of merit decreases due to the radiative
damping. In this range, the device has very high sensitivity but it has been discussed
to be disadvantageous for LSPR sensor applications.

The grating-induced modes, corresponding to the substrate grating order, were
observed in simulations but not in experiments. Since the grating-induced peaks are
mainly determined by the refractive index of the substrate, its sensitivity is very low.
The consequence is strongly suppressed sensitivity and very low figure of merit when

this grating-induced mode dominates in the extinction spectra.
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Chapter 8
A Nanoplasmonic Sensor based on Gold

Nanoring Arrays Operating in the Optical

Communication Window !

8.1 Introduction

Gold nanorings have been demonstrated with unique nano-optical properties [1]. Due
to the strong electromagnetic coupling between inner and outer ring walls, the local-
ized surface plasmon resonance (LSPR) of gold nanorings can be tuned into the
infrared spectral range by changing the ratio of ring thickness to its radius, providing
an effective platform for studying the strong electromagnetic field confinement and
enhancement in the near-infrared range. Compared to other near-infrared candidates
such as gold nanoshells [2], gold nanorings are advantageous as being vacant in the
"hot spot’ surrounded by the inner walls, thus accessible by the analytes of interest.
These features make gold nanorings promising candidates in several fast developing
research areas, including highly sensitive nanoplasmonic sensing [3-6] and surface
enhanced near-infrared Raman spectroscopy [7].

Towards plasmonic sensing applications, in order to reach a better limit of de-
tection, the essential target is to increase the sensitivity and to reduce the uncertainty
in determining the resonance position [8, 9]. The sensitivity is affected by nanoparticle
compositions, sizes, geometries, and substrate effects [3, 10-13]. The uncertainty is
related to the signal noise ratio of the instruments and the extinction peak linewidth,
the latter of which could be effectively reduced by coherent interactions in a periodic
array [14-18].

1. A version of this chapter has been submitted for publication. H. Jiang, J. Sabar-
inathan, T. Li, J. Yang and S. Mittler submitted to Journal of Physical Chemistry C,
10/05/2011



153

In our previous theoretical studies of periodic array of gold nanorings [6], we
found that as the lattice constant increases in the evanescent grating order range,
the LSPR peak significantly sharpens and the sensing figure of merit of the array is
greatly improved. The highest figure of merit of the periodic array could be three
times higher than the single nanoring. In addition, the LSPR peak wavelength was
found to be tunable over a large spectral range and the sensitivity was found to
decrease abnormally when the grating-induced modes begin to take effect. All these
tendencies make it possible to produce a nanoplasmonic sensor based on periodic
array functioning in desired spectral range with high figure of merit.

From engineering point of view, in order to reduce the signal to noise ratio in
the detection setup, a functioning spectral window has to be first determined with
appropriate light source, passive optical components, photodetectors. Due to the
mature technologies developed for the fiber-optic communication, the spectral range
falling in the optical communication window is advantageous. In addition, the water
shows several strong absorption peaks in the near-infrared range at 1200 nm, 1450 nm
and 1950 nm. These wavelength should be avoided to minimize the effect of water
absorption in detection. We proposed a detection scheme based on tunable laser
functioning in the range 1460 nm - 1610 nm and InGaAs photodetectors. Compared
to the broadband light source, the laser has stable output with coherent and high
intensity light which could be directly coupled into the single mode fiber designed
for optical communication. The tunable laser also makes it possible to acquire a
very high resolution spectrum in seconds which is required for studying the binding
kinetics of biomolecules. In addition, various high performance passive and active
optical components are also commercially available in this range.

In the following, we carried out experiments and simulations to study the pe-
riodic array of gold nanorings lithographically patterned on pyrex substrate. The
dependence of the extinction peak, peak linewidth, sensitivity and figure of merit
on the lattice constant denoted as 'a’ will be investigated in detail to optimize the
sensor performance for the proposed spectral range 1460 nm - 1610 nm. A biosensing

application with the optimized sensor configuration has also been demonstrated.
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8.2 Research methods

8.2.1 Sample fabrication and measurement

The gold nanorings arrays in square lattice were fabricated on pyrex substrates by
electron beam lithography (EBL) technique for its ability to precisely control the
geometry and position of each nanoring at the same time. The challenge is that
the non-conductive glass substrate has to be made conductive for EBL purpose. In
our previous study [6], we introduced a 25 nm thick indium tin oxide (ITO) conduc-
tive layer on top of the glass, however, this layer was found to decrease the sensor
sensitivity by more than 30%, probably due to its lossy nature in the near-infrared
spectral range. In this study, the problem was overcomed by depositing a chromium
sacrificial layer on top of the photoresist prior to the EBL. The detailed fabrication
procedures were schematically described in Figure 8.1(a). After the pyrex substrate
was thoroughly cleaned, 300 nm thick photoresist (ZEP520A, ZEON Corporation)
was first spin-coated on top. A 20 nm thick chromium was then deposited on top of
the photoresist by sputtering deposition technique to make the substrate conductive.
Patterns of nanorings arrays, accurately controlled by the EBL system, were then
exposed onto the photoresist. After EBL, the chromium layer was first removed by
chromium etchant (Cr etchant 1020, Transene Company Inc) followed by developing
the photoresist in amyl acetate for 180 seconds. After developing the photoresist,
2 nm chromium and 50 nm gold were sequentially deposited on the patterned pho-
toresist by electron beam evaporation deposition. Finally a lift-off process of the
sample immersed into N-methyl-2-pyrrolidone solvent yielded the periodic array of
gold nanorings on the pyrex substrate. It should be noted that, the photoresist is
very sensitive to the high-temperature plasmons generated in the sputtering deposi-
tion, even for a short deposition time. As a result, the EBL exposure dose has to be
well calibrated by considering both the proximity effects which are different for each
unique lattice configuration and the background exposure from sputtering deposition.
Through dose tests, the exposure line dose was determined to be exponentially in-
creasing from 0.11 nC/cm into 0.12 nC/cm for the lattice constant varying from 600
nm to 1100 nm.

The scanning electron microscope (SEM) images of the fabricated structures are
presented in Figure 8.1(b). The geometries of the fabricated nanorings were acquired

from each images by using an image processing program. The center diameters of fab-



155

ricated nanorings were measured to be approximately 235 nm and the wall thickness
were found to be around 59 nm with a standard deviation around 2.5 nm.

The fabricated device was integrated with a transparent flow cell for conve-
niently introducing chemical solutions into the device. The flow cell was constructed
by sealing the sensor device (on pyrex substrate) with a cover glass (soda-lime mi-
croscope slide) on top (Figure Figure 8.2). Glasses were used on both sides for their
great optical quality in terms of transmission in the near-infrared spectral range. In
comparison, the widely used PDMS fluidic channels suffer from strong optical absorp-
tion in this range and were therefore not feasible for this work. The sensor device
and the cover glass were sealed by a 500 um thick silicone isolator film between them.
The soft silicone film, with predefined fluidic channel patterns, seals the two glasses
by applying a mild mechanical pressure. Ports were mechanically drilled through
the cover glass as inlets and outlets for the fluids. In order to seal each port, one
small piece of transparent PDMS film was permanently bonded to the cover glass at
an elevated temperature following an UV ozone treatment. The steel injection tubes
were then inserted through the PDMS, through the ports and into the fluidic channel.
This method provides a tightly sealed fluidic channel for the sensor device, with great
optical transparency in the near-infrared spectral range. In addition, since no glue
was involved in the construction of the flow cell, the possibility of the diffused glue
contaminating the sensor surface was completely avoided.

The extinction spectra of each device were measured by the transmission of
linearly polarized near-infrared broadband light (1100 nm - 1700 nm) focused by a
10X objective (NA=0.25) onto the device surface positioned perpendicular to the
beam. The beam size to interrogate the device is around 40 pm x 40 pm, which is
much smaller than the device in order to eliminate edge effects. The transmitted light
was collected by a 20X objective (NA=0.2, working distance=20 mm), coupled into
a 0.8 m spectrograph and analyzed by an InGaAs detector. The extinction spectrum
was calculated by Ext(\) = 1—Ige,(A)/Lpep(A), with Ige, (M) being light transmitted

through nanoparticles and I, ¢(\) being the reference spectrum.

8.2.2 Numerical simulations

3-D Finite Difference Time Domain (FDTD) simulations were carried out to simulate

the nanorings arrays. Periodic boundaries were applied in the directions of period-
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Figure 8.1: Fabrication of the gold nanorings on pyrex substrate. (a) schematic of
the fabrication process, (b) SEM images of the fabricated nanorings with lattice

constant from 600 nm to 1100 nm, after the sample being coated by a 3 nm

Osmium for imaging purpose.
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Figure 8.2: Construction of transparent flow cell for near-infrared transmission
measurement.

icities, with the lateral size of simulation region equal to the corresponding lattice
constant, and Perfectly Matched Layers (PML) were applied onto other directions.
A non-uniform mesh configuration was implemented with a grid size of 4nm to mesh
the gold nanorings [19]. A plane wave source was excited and propagated perpendic-
ular to the plane of periodicity. The transmitted power through the nanorings was
recorded by the power monitor. d It should be emphasized that the FDTD model
with periodic boundaries actually simulates a perfectly infinite-sized periodic array of
exactly identical nanorings. In comparison, the fabricated structures were finite-sized
periodic array, with inevitable minor lattice dislocations and variations of individual
nanoring. To simulate the real fabricated structures in FDTD would become im-
practical as the computational intensity will abruptly increase with the number of

nanorings in the simulation region.

8.3 Results and discussions

The measured and simulated extinction spectra of the periodic array in water were
plotted in Figure 8.3 for lattice constant from 600 nm to 1100 nm. The measured

spectra matched well with the simulated ones. The characteristics of the extinction
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peaks, including peak wavelength A\;¢ppr and peak linewidth fwhm (full width half
maximum), were acquired from the extinction spectra and plotted in Figure 8.4. As
the lattice constant increases, the peak significantly red-shifts and narrows, due to
the coherent interactions of the periodic array through substrate grating order. This
trend is consistent with previous studies [6, 14, 15] for the lattice constant in the
evanescent grating order range, i.e. a < areg, Where apeg is the lattice constant for
the maximal red-shift, approximately determined from the crossing point of the curve
Arspr(a) and the critical grating constant line defined by A(a) = ng,, X a, where
Ngyp 15 the refractive index of the substrate.

According to our previous study [6], the radiative grating order range, a >
ares, is not appropriate for the sensor applications due to the complicated extinction
spectral shape and nonlinear response vs. refractive index. In addition, the optimized
lattice constant should lie in the range smaller than and close to ay¢s [6]. Therefore, in
the experiment, only the lattice constant from 600 nm to 1100 nm was investigated for
optimizing the sensor in the desired spectral range. By comparing the simulation and
experiment results, it can be clearly seen that the measured extinction peak is broader
and the measured extinction amplitude is smaller, than the simulated one. This is
due to the uncertainty in the fabrication, which leads to the imperfect geometry of
the fabricated nanorings and reduces the strength of the coherent interactions. This
phenomenon has also been reported by Hicks et al. [20] for the one dimensional
periodic array of silver nanoparticles.

In the experimental results, the peak red-shifts from 1310 nm into 1600 nm
and the peak linewidth fwhm decreases from 384 nm into 78 nm. This wide range
tuning capability made the nanorings array it possible for the nanoring to operate
within the proposed spectral range, given an appropriate lattice constant. For the
wavelength-shift interrogation, at least the portion of the extinction spectra above
half-maximum should be interrogated, in order to determine the extinction peak
wavelength by fitting the spectrum into a Lorentz curve. This interrogation spectral
range can be defined as A\ gpp — fwhm/2 < A < Apgpr + fwhm/2, for a given
lattice constant. The curve of measured extinction peak A\jsppr, ALspr — fwhm/2
and A\pgpr + fwhm/2 as a function of lattice constant are plotted in Figure 8.5 as
solid black, blue and red lines, respectively. For wavelength-shift interrogation, the
detection system should cover at least the spectral range given between the blue and

red lines, for each given lattice constant. The proposed spectral range 1460 nm - 1610
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Figure 8.3: The extinction spectra of the structures of different lattice constants in
water: (a) experimental results, (b) simulation results.
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nm was marked as a gray shadow region in Figure 8.5. It can be determined that
the lattice constants 1000 nm < a < 1060 nm, marked as the green shadow region,
can satisfy the aforementioned requirements to interrogate the wavelength-shift of the
sensor in the proposed spectral range.

Since the function of the label-free nanoplasmonic sensor is based on detecting
the change of the refractive index very close to the surface of the nanoparticles, it
is important to find the bulk index sensitivity, defined as mp = dApgppr/dnpg, with
np being the bulk refractive index. The relevant bulk index sensing figure of merit is
defined as FOM p=mp/fwhm. It should be noted that the figure of merit calculated
in energy units or wavelength units are approximately equivalent [21]. For the sake
of brevity, wavelength units are used in this work. In order to measure the bulk
index sensitivity, water and IPA mixtures in different ratios were injected into the
sensor to induce a change of np. The extinction peak of each refractive index was
measured and the sensitivity was determined from the slope of linear fit of A\ gppr
vs. npg. Similarly, in FDTD simulations, ng = 1.33, 1.35, 1.37 were simulated for
each structure to find the sensitivity of nanorings array in a water background.

The measured and simulated bulk index sensitivity and figure of merit were
presented in Figure 8.6. There are errors in the measured sensitivity because the
refractive index of the water/IPA mixtures were only able to be calibrated at 589 nm
wavelength, which is not very accurate for the near-infrared spectral range of interest.
The measured sensitivity curve matched well with simulated one in the range a < 900
nm. However, for ¢ > 900 nm, as a increases, the measured sensitivity decreases by a
much smaller amount than the simulated ones. According to our previous theoretical
studies [6], the abnormal decrease of the sensitivity is due to the strong coherent
interaction of the periodic array. For a close to ayeg, this coherent interaction greatly
enhanced the electromagnetic field within the substrate, leading to a decreased field
confinement within the sensing region. Therefore, it could be reasoned that this
decrease of sensitivity in experiment would not be as obvious because the fabricated
nanorings were not exactly identical, which reduces the coherency of the interaction
of the array.

Despite the change in sensitivity with lattice constant, the bulk sensing figure
of merit is more heavily dependent on the linewidth. As a increases, the FOMp
increases, primarily due to the peak sharpening effects. By changing the lattice con-

stant, the measured FOMp can be tuned from 1.4 into 5.1. The differences between
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Figure 8.4: The characteristics of the extinction peaks of measured and simulated

spectra under water background: (a) extinction peak wavelength A\;¢pp, (b)

extinction peak linewidth fwhm.
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Figure 8.5: The interrogation spectral range for each lattice constant determined by
the extinction peak wavelength and linewidth. The gray shadow region covers the
proposed spectral range; the green shadow region covers the lattice constants
satisfying the requirements.

simulated and measured figure of merit result from the aforementioned discrepancies
in peak linewidth and bulk sensitivity together.

It should be emphasized that, for the lattice constants 1000 nm < a < 1060 nm,
functioning within the proposed spectral range, the figure of merit is high. Therefore,
1000 nm < a < 1060 nm is the optimized lattice constant range for wavelength-shift
interrogation by considering the peak wavelength, peak linewidth and bulk sensing
figure of merit together. Out of this range, we chose the device a = 1000 nm as the best
lattice configuration by additionally considering the possibility of using 1550 nm laser
intensity interrogation in the future because the 1550 nm interrogation wavelength
is longer than the extinction peak wavelength and locates on the fast decaying slope
of the extinction spectrum which gives large sensitivity in intensity change. For a
= 1000 nm, the obtained bulk index sensitivity is around 457 nm/RIU and the bulk
index figure of merit is around 4.2. Compared to other experimental studies, Larsson
et al. [3] have studied the LSPR sensor based on randomly distributed ensemble of
gold nanorings on pyrex substrate with bulk sensitivity up to 880 nm/RIU and bulk
index figure of merit ~ 2. This indicates that the periodic array effects can greatly

improve the figure of merit of the sensor compared to randomly distributed nanorings.
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8.4 Biosensor applications

To explore the biosensor applications of the nanoring arrays, we carried out experi-
ments to detect binding of biotins to the streptavidins immobilized onto the surface
of the gold nanorings. The molecular pair of streptavidins and biotins have extraor-
dinary high affinity, with a dissociation constant on the order of 10~ M. It should
be noted that biotin molecules are very small molecules with molecular weight of 244
Dalton. The capability of the sensor to detect such small molecules provide important
information on the sensor performance.

To immobilize the streptavidins, we followed the procedures described by Choi
et al. [22]. The procedures are shown in Figure 8.7(a). After the sample (a =
1000 nm) was thoroughly cleaned and mounted onto the flow cell, a mixture of 3-
mercaptopropanol (3-MPOH) and 11-mercaptoundecanoic acid (11-MUA) in absolute
ethanol was continuously flowed on the sensor surface at 1 pL/min for 18 hours to
form a well organized self-assembled monolayer (SAM) with carboxylic and hydroxyl
terminal groups on the surface of gold nanorings. The molar ratio of 3-MPOH and
11-MUA is 10:1, and the total concentration is 10 mM. Then ethanol followed by
deionized water was flowed at 1mL/min for 30 minutes to throughly rinse the surface.
A 1:1 mixture of 0.2 M 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and
0.4 M N-hydroxysuccinimide (NHS) solutions was flowed into the sensor at 10 pL/min
for 3 hours to activate the terminal carboxylic groups into amine-reactive succinimide
esters. Then streptavidins (360 pg/mL) in PBS buffer (pH = 7.4) was injected at
a rate of 10 puL/min. The sensor was incubated for 1 hour and the streptavidin
biomolecules were covalently linked to the carboxylic terminal groups of the mixed
SAM. After rinsing the sensor with PBS buffer, 10 pug/mL bovine serum albumin
(BSA) in PBS buffer was flowed at 10 gL /min for 30 minutes, in order to block the
non-reacted sites. As observed in Figure 8.7(b), the peak red-shift due to the binding
of streptavidins and BSA to the surface of gold. Biotins in PBS buffer with increasing
concentrations from 1 pg/mL to 1mg/mL were sequentially injected into the sensor.
For each concentration, the solution was continuously flowed at 10 pL/min for 10
minutes to reach equilibrium. Then PBS buffer was injected to rinse the sensor for
5 minutes to rinse out weakly adsorbed biotins, and the extinction spectrum is then
recorded.

The amount of peak shift due to the binding of biotins to the streptavidins
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was plotted against the concentration of biotins in Figure 8.7(c). The peak shift is
linearly dependent on the logarithmic of the analyte concentration. The uncertainty
in determining the peak is around 0.03 nm, and the limit of detection (LOD) is
estimated to be better than 50 ng/mL or equally 200 nM. Our sensor is comparable
to the plasmonic nanorod metamaterials with a LOD of 300nM [23]. Compared to
the conventional SPR thin film sensor with a LOD of > 100 uM (reported in [23]),

our sensor is more than two orders of magnitude better.

8.5 Conclusions

We have successfully produced a near-infrared nanoplasmonic sensor based on pe-
riodic array of gold nanorings fabricated on pyrex. The dependence of the sensing
characteristics on the lattice constant was studied in experiments and matched quali-
tatively with FDTD simulations. The differences in quantities were mainly due to the
different magnitudes of coherent interactions between experiments and simulations.
We have proposed a near-infrared sensing scheme to interrogate the wavelength-shift
within the spectral window 1460 nm - 1610 nm, to benefit from the technologies de-
veloped for fiber-optic communication. It should be noted that this proposed range
is rather narrow for wavelength-shift interrogation of random or single near-infrared
nanoparticles, which generally have much larger linewidth. The periodic array, with
significantly reduced linewidth, makes it practical to function within this narrow spec-
tral range. To function in the proposed range, the optimized sensor satisfied all the
required conditions in terms of the peak wavelength and peak lindewidth, and, at the
same time, achieved a figure of merit larger than 4. In detecting the small molecules
such as biotins, the sensor can reach a limit of detection around 200 nM, better than

the conventional SPR sensor.
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Chapter 9

Summary and Further Development

9.1 Summary

In the scope of this thesis, four types of nanoplasmonic sensor configurations based
on periodic array of gold nanoparticles have been investigated. They are summarized

below in the following sections.

9.1.1 Periodic arrays of gold nanodisks coupled with the

evanescent field of a waveguide

Using 3-D FDTD method, the periodic array of gold nanodisks coupled with the
evanescent field of a waveguide mode can be accurately simulated. In the work pre-
sented in Chapter 3, quadrupolar plasmon resonance peaks of large nanodisks were
studied with different lattice constants and varying waveguide slab thicknesses. The
nanodisks in the array were found to interact with each other through the light carried
by second back-scattered grating order and the LSPR peak red-shifts with increas-
ing waveguide slab thickness. The sensing applications of the structure were also
proven by simulations. These theoretical investigations provide a basis for tuning the
resonance of the waveguide-excited LSPR of the periodic array of gold nanoparticles.

In the work presented in Chapter 4, dipolar resonance of the periodic array
of nanodisks coupled with the waveguide was investigated both in experiments and
in simulations. The waveguides in experiments were fabricated in BK7 glass via
thermal Ag™ - Na™ ion-exchange. A lithographically patterned metal mask was used
to define S-bend waveguides. Periodic arrays of gold nanodisks were fabricated on
top of the waveguides and the extinction spectra were measured by a waveguide
transmission setup. The LSPR peak was found to red-shift with increasing lattice
constant, indicating the interactions of the gold nanodisks coupled with the waveguide

mode. However, due to the silver colloids produced during the ion-exchange process,
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the waveguides was too lossy, leading to a very low S/N ratio. As a result, the
measured spectra were very noisy and the peak shift could not be calculated with
sufficiently high accuracy. Sensing applications based on these waveguides require
further improvements on the quality of the waveguides. A proposed approach based
on KT - Na' ion-exchange will be presented in section 9.2.1. To understand the
interactions of the periodic array in more detail and to investigate the overlap between
photonic band gap and the LSPR peak, 3-D FDTD simulations were carried out. The
quadrupolar peak and the dipolar peak were both discussed in detail, and they were
both appropriate for sensing applications. Sharp extinction dips and sharp extinction
peaks were found from the simulated extinction spectra. A closer study revealed
that the sharp dip are due to the suppressed plasmon resonance by the photonic
band gap while the sharp extinction peaks are a quadrupolar grating-induced mode.
The unique properties of these modes were discussed in detail, but these features
were not sensitive to the change in a surface-bound layer, meaning that they are not
appropriate for LSPR sensing applications.

The optical properties of the periodic arrays of gold nanoparticles have only been
studied by other researchers from normal transmission, mainly focused on dipolar
resonance modes. From this study, it was found that, the same physics of coherent
interactions is still the mechanism in the waveguide transmission and for quadrupolar
resonance modes. However, the difference in the waveguide transmission is that, the
interaction is through the grating order carried by the waveguide mode. Such a study

is an extension of the existing knowledge of the periodic array.

9.1.2 Biosensor based on periodic array of gold nanodisks

under normal transmission

In Chapter 5, the biosensing application of the periodic array of gold nanodisks was
successfully investigated under normal transmission, owing to sufficient S/N ratio
~ 300 of such measurement setup. The structures were fabricated on top of BK7
glass substrates and integrated with a transparent glass-based flow cell. The extinc-
tion spectra of the sensor structure were measured from the normal transmission of
a broad-band light beam. The sensor’s detection uncertainty was characterized in
experiments and its relation to the lattice constants and S/N ratio was discussed

in detail. The best refractive index resolution achieved is < 1.5 x 10~4 RIU, when
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the lattice constant is equal to 550 nm. Through surface chemistry procedures, bi-
otinylated antibody (anti-human IgG) was immobilized on the sensor surface and the
sensor response was recorded in real-time. Human IgG with increasing concentrations
were sequentially injected onto the sensor and the response for each concentration was
recorded. The sensor is able to reach a limit of detection <1 ng/mL, i.e. better than
a concentration of 8 pM.

An important conclusion for this study is that, the S/N ratio and figure of merit
are equally important in determining the limit of detection of an LSPR sensor. A
high performance LSPR sensor system should be configured with two aspects: high

figure of merit of the nanostructure and high S/N ratio of the detection system.

9.1.3 Chemical sensor based on pH sensitive hydrogel thin

film coated on the gold nanocrescent array

Closely-packed gold nanocrescents array with random orientations were fabricated on
ITO-coated glass substrate via electron beam lithography. A pH-sensitive hydrogel
thin film based on poly(hydroxyethyl methacrylate-co-methacrylic acid) was coated
on top of the gold nanocrescent structure. After coating, the extinction peak around
1828 nm was attributed to the 'C{’ mode of the nanocrescent and the bulk refractive
index sensitivity was estimated to be 332 nm/RIU. Chemical solutions with increasing
pH values were introduced onto the sensor and the change of the pH made the hydrogel
swell or shrink which lead to the shift of the extinction peak. The sensor response
was interrogated both from the peak shift and from the transmitted intensity. At
the point of pH = pK,, which is the inflection point of the fitted titration response
curves, the sensitivity of the extinction peak shift is 11.1 nm/pH while the sensitivity
of the transmission is 1.16 /pH. The detection pH range was determined to be 4.5
~ 6.4 with the boundaries where the sensitivity decreases by half. As the hydrogel
swells in this range, the water content increases in the hydrogel film which decreases
the refractive index. The extinction peak thus blue-shifts, from 1772 nm into 1755
nm, and the integrated transmission response increases from 56.8 into 58.6.

The detection resolution achieved from this sensor is estimated to be around
0.045 pH. It should be noted, that, there is still a lot of room to improve the detection
resolution. Due to the random orientations of the gold nanocrescents, the figure of

merit of this device is low, around 0.4. If such a hydrogel chemical sensor uses a
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nanostructure of high figure of merit loaded in a high S/N ratio detection system, the

detection resolution can be expected to be significantly improved.

9.1.4 LSPR sensor based on gold nanoring arrays

In the work presented in Chapter 7, the effects of coherent interactions on the sensing
characteristics of periodic arrays of the gold nanorings were studied in detail using
3-D FDTD simulations. Patterning the gold nanoparticles into a periodic array was
proved to be an effective strategy to improve the sensing figure of merit: the bulk
refractive index sensing figure of merit of the array can be 3 times higher than the
single nanoring and the surface sensing figure of merit can be 2.5 times higher than the
single nanoring. The improvement was mainly obtained from the controllable narrow
spectral linewidth due to coherent interactions of the periodic array. The optimum
configuration for sensing applications using the periodic array is the lattice constant
with the highest figure of merit, in the evanescent grating order range. In this range,
as the lattice constant increases, the figure of merit increases due to significantly
reduced linewidth, and the sensitivity decreases because the coherent interactions
reduce the field confinement in the sensing region. In the radiative grating order range,
as the lattice constant increases, the figure of merit decreases due to the radiative
damping. Although the device in this range has very high sensitivity, it was found
to be inappropriate for LSPR sensor applications due to the nonlinear response and
the complicated peak shape which makes it difficult to quantify the amount of peak
shift. The grating-induced modes, corresponding to the substrate grating order, were
observed in simulations but not in experiments. Since the grating-induced peaks are
mainly determined by the refractive index of the substrate, when the grating-induced
mode dominates in the extinction spectra, the sensitivity and figure of merit are very
low. These trends provide a design rule on how to engineer the particle spacing of a
periodic array of metal nanoparticles to achieve the highest figure of merit for LSPR
sensing.

In the work presented in Chapter 8, the trends discovered in Chapter 7 were
applied in the design of a nanoplasmonic sensor based on periodic array of gold
nanorings operating within the fiber-optic communication window. The dependence
of the sensing characteristics on the lattice constant was studied in experiments. The

experimental results matched with FDTD simulations qualitatively. The differences
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in quantities were mainly due to the different magnitudes of coherent interactions
between experiments and simulations. The highest achieved figure of merit from
the experiment is 5.1. Compared to other gold nanoparticles listed in Table 1.1,
the achieved figure of merit is among the highest. A sensing scheme was proposed
to interrogate the wavelength-shift within the spectral window 1460 nm - 1610 nm,
to benefit from the technologies developed for fiber-optic communication. Using the
significantly reduced linewidth of the periodic array, the sensor with optimized lattice
constant can function within this narrow spectral range, and, at the same time,
achieve a figure of merit ~ 4.2. The bulk refractive index sensitivity of the optimized
configuration is 457 nm/RIU. As a proof of concept, the sensor was implemented in
detecting biotins (small molecules with molecular weight ~ 244 Dalton), the sensor
can reach a limit of detection around 200 nM, better than the conventional SPR

Sensor.

9.2 Further development

9.2.1 Waveguide fabrication

The major problem in the waveguide-excited LSPR sensor is the high optical loss
caused by the silver colloids produced during Ag™ - Na™ ion-exchange process. This
could be overcome by an alternative technique using K™ - Na™ ion-exchange. Due
to the small polarizability of potassium ions, the potassium ion-exchange can only
produce an index difference an order lower than the silver ion-exchange. However,
high quality single mode waveguides can be obtained. According to the study by
Weiss et al. [1], ion-exchange of BK7 glass in KNO3 at 375 °C using a 3 gum opening
in aluminum mask can produce a channel waveguide of 9.2 ym wide and 3.4 pum deep,
and the index contrast on the surface An ~ 0.008. Such a waveguide was simulated
using beam propagation method (BPM), and the results are shown in Figure 9.1.
The channel waveguide is single mode in the range from 600 nm to 1100 nm, very
appropriate for the proposed sensor. Due to the small index contrast, the waveguide
mode can match the fiber mode very closely, which is an advantage for fiber coupling.
Figure 9.1(c) presents the power coupled into the waveguide mode from a 5 pm wide
Gaussian beam mimicking the output of an optical fiber. The coupling efficiency is
better than 80%.
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Waveguide-LSPR sensor based on the K™ - Na™ ion-exchange waveguide can
very likely exhibit high S/N ratio which can provide basis for the sensing applications

using the integrated waveguides scheme shown in Figure 1.4.

9.2.2 Integration with PDMS fluidic channels for

multiplexed detections

One advantage of the nanoplasmonic sensors based on the gold nanoparticles is the
small scale of each sensor element. Multiple sensor elements can be integrated into the
same sensor chip to achieve multiplexed detections. Specifically, each sensor element
can be independently addressed by a fluidic channel and be measured without interfer-
ence from other sensors. The key to achieve the multiplexed detection is a microfluidic
channel device which can be integrated onto the sensor device. Polydimethylsiloxane
(PDMS) microfluidic channel device has been designed and fabricated for this pur-
pose. First an SU8 photoresist was spin-coated on the silicon wafer and patterned by
photolithography to form a solid mold. A photo of the fabricated mold is presented
in Figure 9.2(a). Monomers of PDMS were then casted on the mold and thermally
polymerized. A degassing process by loading the coated mold in vacuum was applied
before the thermal treatment to remove air bubbles inside casted PDMS film. After
full polymerization, the PDMS film was peeled off from the mold and cut into in-
dividual devices. The bonding side of the PDMS device was exposed to UV for 30
min and bonded to the surface of the glass substrate. In the following, a thermal
treatment created chemical bonds and made the bonding between the microfluidic
device and the sensor device permanent.

A scheme on how to use the PDMS microfluidic device for multiplexed detec-
tion is shown in Figure 9.2(b). With the assistance of a microscope and alignment
stage, the fluidic channels can be easily aligned with a waveguide sensor device. A
microscope image of the fluidic channel aligned with the waveguide channel is shown
in Figure 9.2(c). Fiducial marks on the PDMS and the fiducial marks on the sensor
device are matched sufficiently close to each other. However, there are still certain
challenges in using PDMS microfluidic devices. First, the PDMS has to be made very
flat to avoid the effects of the optical interference at the interfaces. Such interference
can add a periodic 'wave’ on the measured extinction spectra, generating problems

for quantification of the peak location. Second, the PDMS has strong absorption
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in the near-infrared spectrum range, which reduce the intensity of transmitted light
(Figure 9.2(d)). Fortunately, there exist two windows with relatively low absorption,
1200 nm ~ 1370 nm and 1440 nm ~ 1650 nm. The optimized gold nanorings array

presented in Chapter 8 can work within the second window.

9.2.3 Other development

Besides the aforementioned waveguide fabrication scheme and the integration with
microfluidic devices, the nanoplasmonic sensors presented in this thesis need further
development in surface chemistry, fabrication consistency and robustness. Alternative
techniques to solve these issues may be poly(ethylene glycol) chemistry [2], nanosphere

lithography|3], nanoimprint lithography [4, 5], etc.
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nanoplasmonic sensors. (a) Photo of fabricated mold consisted of SU8 patterned on
silicon wafer. Multiple microfluidic devices are integrated on the same mold. (b)
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spectrum of 2 mm thick PDMS.



1]

180

References

M. N. Weiss and R. Srivastava, “Determination of ion-exchanged channel wave-
guide profile parameters by mode-index measurements,” Appl. Opt., vol. 34, no. 3,
pp. 455-458, 1995.

J. M. Harris, Poly(ethylene glycol) Chemistry: biotechnical and biomedical appli-
cations. Plenum Press, New York, 1992.

W. Li, W. Zhao, and P. Sun, “Fabrication of highly ordered metallic arrays and
silicon pillars with controllable size using nanosphere lithography,” Physica E:
Low-dimensional Systems and Nanostructures, vol. 41, no. 8, pp. 1600 — 1603,
2009.

S. Y. Chou, P. R. Krauss, and P. J. Renstrom, “Imprint of sub-25 nm vias and
trenches in polymers,” Applied Physis Letters, vol. 67, pp. 3114-3116, 1995.

S. Kim, J.-M. Jung, D.-G. Choi, H.-T. Jung, and S.-M. Yang, “Patterned arrays
of au rings for localized surface plasmon resonance,” Langmuir, vol. 22, pp. 7109—

7112, 2006.



181

Appendix A
Copyright Permission for Material
Contained in Chapter 3



182

Cnp_\‘right Welcome ‘ Login | Cart (0) | Manage | Feedback | Help | Live
Clearance Account Help
Center

| GET PERM LICENSE YOUR CONTENT | PRODUCTS AND SOLUTIONS ARTNER! I?-j | ABOUT
Get Permission / Find Title

joumal of lightwave technology m

Advanced Search O ptions

Journal of lightwave technology : a joint IEEE/OSA publication

ISSN: 0733-8724 Language: English
Publication year(s): 1983 - present Country of publication: United States of America
Author/Editor: INSTITUTE OF
ELECTRICAL AND
ELECTRONICS
ENGINEERS.
Publication type: Journal
Publisher: TIEEE
Rightsholder: IEEE - INST OF ELECTRICAL AND ELECTRONICS ENGRS

Permission type selected: Republish or display content
Type of use selected: reuse in a thesis/dissertation
Select different permission
Article title: 3-D FDTD Analysis of Gold-Nanoparticle-Based Photonic Crystal on
Slab Waveguide
Author(s): Hao Jiang
DOI: 10.1109/]LT.2008.2006577

Date: Jul 1, 2009
Volume: 27
Issue: 13

Select different article

Thesis / Dissertaion Reuse

We are happy to grant this permission. Our only requirement is that the requester provides a full
credit notice to the original source (author, paper, publication), followed by the IEEE copyright notice.

Get Permission | License Your Content | Products & Solutions | Partners | null | About CCC
Privacy Policy | Terms & Conditions

Copyright 2011 Copyright Clearance Center



183

Appendix B
Copyright Permission for Material
Contained in Chapter 5



Dear Dr. Jiang,
This is our official permissions statement:

OSA considers your requested use of its copyrighted materials to be permissible within the
author rights granted in the Copyright Transfer Agreement submitted by the requester on
acceptance for publication of his/her manuscript.

The author rights referred to above are as follows:

“OSA grants to the Author(s) (or their employers, in the case of works made for hire) the
following rights. The Author(s) agree that all copies of the Work made under any of these
following rights shall include notice of the OSA copyright.

(a) The right, after publication by OSA, to use all or part of the Work without revision or
modification, including the OSA-formatted version, in personal compilations or other
publications consisting solely of the Author(s’) own works, including the Author(s’) personal web
home page, and to make copies of all or part of the Work for the Author(s’) use for lecture or
classroom purposes;

(b) The right to post and update his or her Work on any internet site (other than the Author(s’)
personal web home page) provided that all of the following conditions are met: (i) files prepared
and/or formatted by OSA or its vendors are not used; (ii) access to the server does not depend
on payment for access, subscription or membership fees; and (i) any such posting made or
updated after acceptance of the Work for publication includes and prominently displays the
correct bibliographic data and an OSA copyright notice (e.g. "© 2001 Optical Society of America,
Inc.").

(c) All proprietary rights other than copyright, such as patent rights; and

(d) If the Work has been prepared by an employee within the scope of his or her employment or
as a work made for hire, the right to make copies of the Work for the employer's internal use.”

I hope that this will be sufficient. Please let me know if you have any questions.
Best,

Hannah

Hannah Bembia

October 17, 2011
Authorized Agent, The Optical Society

184



185

Appendix C
Copyright Permission for Material
Contained in Chapter 6



186

Copyright e
Qearane =3 £

D Cenrer
ACS Publications Title: Effects of Coherent Interactions |YserID
wality, H act on the Sensing Characteristics
of Near-Infrared Gold Nanorings »
Author: Hao Jiang et al. Passwor
Publication: The Journal of Physical
Chemistry C

) R R D Enable Auto Login
Publisher: American Chemical Society
Date:  Sep 1,2010 | ___oon |
Forgot Password/User 1D?
If you're a copyright.com
luser, you can login to
Rightslink using your
lcopyright.com credentials.
IAlready a Rightslink user or
[want to learn more?

Copyright © 2010, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms & Conditions, is sent to you
because no fee is being charged for your order. Please note the following:

= Permission is granted for your request in both print and electronic formats.

= Iffigures and/or tables were requested, they may be adapted or used in part.

Please print this page for your records and send a copy of it to your publisher/graduate school.

= Appropriate credit for the requested material should be given as follows: "Reprinted (adapted)
with permission from (COMPLETE REFERENCE CITATION). Copyright (YEAR) American
Chemical Society." Insert appropriate information in place of the capitalized words.

= One-time permission is granted only for the use specified in your request. No additional uses are
granted (such as derivative works or other editions). For any other uses, please submit a new
request.

ECTE T

Copyright © 2011 Copyright Clearance Center, Inc. All Rights Reserved. Privacy statement.
Comments? We would like to hear from you. E-mail us at customercare @copyright.com




Name:
Place of birth:
Year of birth:

Post-secondary
Education and
Degrees:

Post-secondary
Education and
Degrees:

Post-secondary
Education and
Degrees:

Publications:

187

Curriculum Vitae

Hao Jiang
Heilongjiang, China
1983

2007-2011 Ph.D

Electrical & Computer Engineering
The University of Western Ontario
London, Ontario, Canada

2005-2007 Master

Electrical & Computer Engineering
The University of Western Ontario
London, Ontario, Canada

2001-2005 Bachelor

Electronics

Peking University (Beijing University)
Beijing, China

[1] H. Jiang, J. Sabarinathan, T. Manifar and S. Mittler, ’3-D FDTD analysis of
gold-nanoparticle-based photonic crystal on slab waveguide’, Journal of Light-
wave Technology, 27 (13), pp. 2264-2270, 2009.

[2] H. Jiang, J. Markowski and J. Sabarinathan, 'Near-infrared optical response
of thin film pH-sensitive hydrogel coated on a gold nanocrescent array’, Optics
Ezpress, 17 (24), pp. 21802-21807, 2009.

[3] H. Jiang, J. Sabarinathan and S. Mittler, 'Effects of coherent interactions on
the sensing characteristics of near-infrared gold nanorings’, Journal of Physical
Chemistry C, 114 (36), pp 15243-15250, 2010.



	Nanoplasmonic Sensors based on Periodic Arrays of Gold Nanoparticles
	Recommended Citation

	Certificate of Examination
	Abstract
	Acknowledgements
	Co-authorship Statement
	Table of Contents
	List of Tables
	List of Figures
	Acronyms
	Introduction
	Nanoplasmonic sensors
	LSPR sensor based on gold nanoparticles
	LSPR of gold nanoparticles
	Main performance characteristics

	Motivations and objectives
	Periodic array of gold nanoparticles
	Waveguide-excited LSPR
	Biosensor applications
	Chemical sensor applications

	Overview of the thesis

	Numerical and Experimental Techniques
	Finite difference time domain
	3-D FDTD with non-uniform mesh
	Simulation boundaries in 3-D FDTD
	Simulation configuration for simulating gold nanoparticles under normal transmission
	Simulation examples

	Fabrication of gold nanoparticle arrays by electron beam lithography
	Fabrication procedures
	Dose calibration
	Formation of gold nanocrescents and gold nanorings

	Measurement of the extinction spectrum
	Normal transmission measurement
	Quantification of the peak shift

	Surface functionalization
	Example in sensing biotin-streptavidin interactions
	Summary

	3-D FDTD Analysis of Gold-Nanoparticle-based Photonic Crystal on Slab Waveguide
	Introduction
	3-D FDTD simulation with non-uniform mesh
	Localized surface plasmon resonance of single gold nanoparticle
	Effects of lattice constants
	Effect of slab thickness
	Effect of the local dielectric environment
	Conclusions
	Acknowledgements

	Periodic Arrays of Gold Nanodisks Coupled with Evanescent Spectroscopy
	Introduction
	Sample fabrication
	Waveguide transmission measurement
	Experimental results
	FDTD simulation
	Simulation results
	Conclusion
	Acknowledgements

	A Biosensor based on Periodic Arrays of Gold Nanodisks under Normal Transmission
	Introduction
	Experiment
	Sample fabrication and measurement

	Sensing characteristics
	Antibody-antigen recognition
	Discussion
	Conclusion
	Acknowledgements

	Near-Infrared Optical Response of Thin Film pH-sensitive Hydrogel Coated on a Gold Nanocrescent Array
	Introduction
	Fabrication of the sensor device
	Measurement and simulation of the LSPR
	Sensor response vs. pH
	Discussions
	Acknowledgements

	Effects of Coherent Interactions on the Sensing Characteristics of Near-Infrared Gold Nanorings
	Introduction
	Experiment
	Sample fabrication and measurement
	Experimental results

	Numerical calculations
	Discussions
	Conclusions
	Acknowledgements

	A Nanoplasmonic Sensor based on Gold Nanoring Arrays Operating in the Optical Communication Window
	Introduction
	Research methods
	Sample fabrication and measurement
	Numerical simulations

	Results and discussions
	Biosensor applications
	Conclusions
	Acknowledgements

	Summary and Further Development
	Summary
	Periodic arrays of gold nanodisks coupled with the evanescent field of a waveguide
	Biosensor based on periodic array of gold nanodisks under normal transmission
	Chemical sensor based on pH sensitive hydrogel thin film coated on the gold nanocrescent array
	LSPR sensor based on gold nanoring arrays

	Further development
	Waveguide fabrication
	Integration with PDMS fluidic channels for multiplexed detections
	Other development


	Copyright Permission for Material Contained in Chapter 3
	Copyright Permission for Material Contained in Chapter 5
	Copyright Permission for Material Contained in Chapter 6
	Curriculum Vitae

