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Abstract

This dissertation explores advanced novel techniques in optical trapping and Ra-
man spectroscopy, focusing on the utilization of double-nanohole (DNH) apertures.
We investigate polarization selective reflection mode optical trapping, which enhances
the precision and efficiency of nanoparticle manipulation compared to conventional
transmission mode optical trapping. These studies investigated Raman spectroscopy
with DNH trapping, demonstrating significant Raman signal enhancement due to the
intense electric fields generated within the DNH gaps. This enhancement is quantified
through Raman signal enhancement by using DNHs and providing insights into the
mechanisms driving this phenomenon.

Additionally, we present methodologies for observing trapping in real-time using
the camera in optical tweezer systems, enabling direct visualization and analysis of
the trapping event.

Complementary to the experimental work, DNH simulations are conducted to
model the optical and plasmonic properties of the DNH structures. These simulations
offered a theoretical framework that supports and explains the experimental findings.

The integration of these techniques not only advances the field of optical trap-
ping and Raman spectroscopy but also creates new opportunities for applications in

nanotechnology and materials science.
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Chapter 1

Introduction

This work focuses on the investigation of nano-particles and their Raman emission
spectrum. The nano-aperture assisted optical trapping of nano-particles is the basis
of this study. Particle detection and identification are major research interests with
applications in biomedical [1], environmental [2] and quantum fields [3]. The ability
to isolate and investigate a single nano-particle can be helpful in studying its char-
acteristic properties. It has been shown that optical trapping is an effective method
for this purpose [4,5]. By collecting the scattered light from the trapped particle, re-
searchers can analyze the particle’s properties, such as its size, shape, and refractive
index.

Raman spectroscopy is a widely used analytical technique for detecting and identi-
fying materials, as well as characterizing complex solutions [6]. This method involves
shining laser light onto a sample and measuring the scattered light by a spectrometer
to obtain a unique spectral data. These data provide detailed information about the
molecular composition, structure, and interactions within the sample. Due to its high
sensitivity and specificity, Raman spectroscopy is employed in various fields, includ-

ing chemistry [7], materials science [8], biology [9], and medicine [10]. It is used to



analyze different materials such as pharmaceuticals [11] and nanomaterials [12].

1.1 Reflection Mode Optical Trapping

Optical trapping is a technique that has been used for years to control and monitor
small particles at micro or nanoscale [13]. In this method, a focused laser beam will
create a strong electromagnetic field on a spot. When laser photons hit a particle,
their momentum will change. This change will create a force on the particle that will
push it towards the center of the focused laser beam. This will position the particle
at the desired location and create conditions for the particle to scatter light. Since
the particle is in the focused beam area, the scattered light from the particle can be
collected. This way we can have an isolated particle and its scattering characteristics.

A challenge in using the focused laser is that by using a microscope objective,
the beam spot diameter depends on the objective that is used. Also, the diffraction
limit can affect the particle’s interaction with the light and our ability to measure
the particle’s emissions. As the target particle gets smaller compared to the laser
wavelength, the measurement will become harder, until it becomes impossible to
observe any scattering from the particle. At this point, aperture assisted optical
trapping can be useful [14].

Subwavelength apertures, when combined with surface plasmons, can significantly
enhance the electromagnetic field at the nanoscale [15]. This field enhancement is
crucial for optical trapping, where nanoparticles can be precisely manipulated and
held in place. The interaction between the focused light and the surface plasmons
can be more profound at these apertures due to the highly localized field, enabling
more efficient trapping and study of nanoparticles [16]. The use of subwavelength

apertures and surface plasmons opens up new possibilities in optical trapping because



of their ability to enhance and localize the light in nanoscale dimensions [15].

After using a nano-aperture such as a DNH and trapping a nanoparticle, the
transmitted light can be collected. This light that passed through the aperture and
the particle, has information about the particle and its dynamics. Rayleigh and
Raman scatterings can be detected with this method to gain information from the
particle [17]. Various light interactions by quantum dots [18] and nanocrystals [19]
and characteristics of bio-molecules [20] can be measured.

This light collection has limitations that will hinder its applications in some areas.
The use of two closely spaced microscope objectives, positioned on either side of the
sample, makes it difficult to implement more complex experiments. Every component
of the sample should be confined in a thin layer and its placement takes time and
precision. To mitigate these issues, we can remove the collection objective lens and
only use one objective lens on the sample. This objective lens will focus the laser
and collect the scattered light from the sample. This will increase the efficiency of
detection and makes the optical setup simpler.

To improve the reflection light collection, we used a polarization separation tech-
nique. When the incident and reflected lights on the sample are in the same path and
have different polarizations, a polarizing beam splitter can be used to separate the
reflected light from the incident laser beam. When the incident laser on a DNH is
linearly polarized and the laser polarization angle is at 45° compared to the long axis
of the DNH, the reflected light polarization will be different than the laser and it is
at 90° in comparison to the laser polarization. Using a polarizing beam-splitter one
can direct these two beams in different paths and the reflected light can be measured
accurately.

This proposed method enables highly accurate measurements of nanoparticle

characteristics while eliminating the scattered light from the particle’s surrounding



medium. Not only will the utilization of the optical setup be easier, but the accuracy
will also improve. This will enable faster experiments and make previously impossible

measurements possible.

1.2 Raman Spectroscopy

Raman spectroscopy is widely used for the characterization of nanoparticles [21-23].
This method allows identifying materials by measuring the emitted light from the
material while its molecular resonances are being excited by a laser. Conventional
Raman spectroscopy employs a spectrometer to detect peaks in the emission spectrum
at wavelengths longer than the incident laser.

In addition to conventional Raman spectroscopy, advanced techniques such as
Surface-Enhanced Raman Spectroscopy (SERS) [24] and Tip-Enhanced Raman Spec-
troscopy (TERS) [25] have been developed. These techniques significantly enhance
the Raman signal, allowing for the detection of nanoparticles and single molecules
and providing detailed information about the chemical composition, structure, and
interactions of nanoparticles.

SERS utilizes metallic nanostructures to create a strong electric field and amplify
the Raman scattering signal, making it highly sensitive and suitable for detecting low
concentrations of nanoparticles. TERS, on the other hand, combines the principles of
Raman spectroscopy with scanning probe microscopy, offering high spatial resolution
and the ability to study nanoscale features.

These advancements and techniques in Raman spectroscopy have made it an es-
sential tool in nanomaterials science, enabling researchers to explore the properties
and behaviors of nanoparticles with unprecedented detail and accuracy.

The challenge of measuring Raman spectrum from individual nanoparticles is that



it requires isolating the nanoparticle and enhancing its signal. A single nanoparticle
has a small scattering cross section and its emission is too weak for reliable detection.
Past works have used optical trapping with nanoapertures in metal films to enhance
and measure the Raman spectra of individual nanoparticles [17,26]. In those works,
custom optical tweezer systems had been used to detect the transmission signal from
the aperture to verify the trapping events. Most nanoaperture fabrications used in
previous studies employed top-down nanofabrication techniques, which contribute
significantly to the overall expense of the measurements.

In this work, Titania nanoparticles were trapped in a commercial Raman system
using DNHs and their spectra were measured while the particle is trapped in the aper-
ture. The microscope camera allowed for observing the trapping event in reflection
mode, and simultaneously its Raman spectrum was recorded.

Here, the DNHs were fabricated using a colloidal lithography technique, which is
cheaper and has high throughput. The DNHs were identified on the gold surface by
using a scanning electron microscope, and could be observed on the Raman system
camera.

This approach creates a simple way of characterizing individual nanoparticles
in a solution using their Raman signal using existing commercial Raman systems.
This method can be used for material characterization with low concentrations of
nanoparticles in a solution. The recorded Raman signal was comparable in intensity

with past work that used a million times larger particles and no DNHs were used [27].

1.3 Contributions

This dissertation demonstrates novel and significant contributions to research on

nanoparticle trapping, Raman enhancement, and spectroscopy. The growing need



for molecule-level experiments has created a demand for advanced techniques capable
of precise analysis and manipulation of various nanoparticles.

In this work, I have developed an innovative method for optical trapping of
nanoparticles, which allows for stable trapping and characterization of particles at
the nanoscale. Using a polarization selective setup that detects the reflected light
from the aperture and the trapped particle, we can accurately measure the changes
in reflection from the particle, which provides insights into the particle’s dynamics
within the optical trap. This technique can have many applications in various fields,
including biophysics and nanotechnology.

Furthermore, I have explored the enhancement of Raman signals by DNHs through
SERS. By utilizing subwavelength DNHs, I have achieved significant amplification of
Raman signals, enabling the detection of nanoparticles and providing accurate particle
fingerprints such as Stokes shifts. This method opens new possibilities for sensitive
and specific chemical analysis with simple instruments.

The combination of optical trapping and Raman spectroscopy offers a powerful
tool for studying the interactions and dynamics of molecules in real-time. This in-
tegrated approach not only enhances the sensitivity and resolution of spectroscopic
measurements but also provides new insights into molecular behavior at the nanoscale.

Overall, the contributions presented in this dissertation address critical challenges
in nanoparticle manipulation and molecular spectroscopy, paving the way for future

research and applications in nanoscience and nanotechnology.

1.3.1 Reflection Mode Optical Trapping Using Polarization

Symmetry Breaking from Tilted Double Nanoholes [28]

Behnam Khosravi was responsible for sample fabrication, optical setup preparation,

measurements, data analysis and writing the manuscript. Reuven Gordon conceptu-



alized the experiments, offered advice on data analysis, and contributed to writing

the manuscript.

1.3.2 Accessible Double Nanohole Raman Tweezer Analysis

of Single Nanoparticles [29]

Behnam Khosravi was responsible for sample fabrication, operating the Raman sys-
tem, data acquisition, data analysis and writing the manuscript. Reuven Gordon
conceptualized the experiments, offered advice on data analysis, and contributed to

writing the manuscript.

1.3.3 Polarization Selective Reflection Geometry Trapping

of Nanoparticles [30]

Reuven Gordon conceptualized the idea. Behnam Khosravi was responsible for ex-

periments.



Chapter 2

Theory and Previous Work

The field of plasmonics has emerged as a way to confine light in sub-wavelength
structures to increase light-matter interaction. This will create an opportunity for
this field to be used in a wide range of applications. Surface plasmons can be used in
communication and sensor applications such as Raman spectroscopy [31], resonance
sensors [32,33], light emitters [34,35] and amplifiers [36,37], modulators [38,39], etc.
Their ability to confine light in a small area makes them advantageous compared to
conventional dielectric lenses. This will create higher spatial resolution for imaging
the electromagnetic wave.

Arrays of holes in metal films have been used extensively to study electromagnetic
wave transmission through apertures with diameters smaller that their wavelength.
Plasmonic oscillations dominated the transmission of light through small apertures.
Unlike Bethe theory [40] which predicted less transmission by shrinking the hole sizes,
theoretical and experimental studies show that transmission intensities can increase
through specific sized holes forming an array [41].

Surface plasmons are propagating electrical waves on the surface of a metal. In

order to confine these waves and achieve high field intensities on the metal, plasmon



oscillations should be limited to sub-wavelength structures. These structures can
be arrays of sub-wavelength spheres, rods or more complex geometries and the goal
is to achieve the highest efficiency by increasing field intensity and reducing losses
in electron oscillations. One of the main advantages of these nano-structures is the
correspondence between their resonance frequency and their size. It will allow the fab-
rication of structures that can interact with specific light frequencies and will resonate
in the desired wavelength. By changing the geometry of these nano-structures, high
electron density areas can be excited in a certain wavelength and the peak absorption
in their spectrum can be manipulated as desired.

The concept of using focused optical waves to create forces that can manipulate
nano-particles, was introduced in 1986 [42]. It was used to detect and manipulate
small particles that could not be done by conventional chemical and physical meth-
ods [43]. A conventional optical tweezer will use a focused laser beam to attract
particles to the focus point. The focus point is usually a few hundred nano-meters in
diameter, hence the particles need to be larger than 100 nano-meters to have a stable
and measurable effect on the laser beam.

Localized surface plasmons can be used to enhance previously reliable methods
of light manipulation and detection. One of the interesting applications of localized
surface plasmons is to use them in conjunction with optical tweezers. The enhanced
field in a plasmonic nano-aperture can increase the performance of optical tweezers

and make them more reliable and useful for trapping smaller particles [44].

2.1 Plasmonics

Plasmonics is a rapidly evolving field that bridges the gap between optics and nan-

otechnology. At its core, plasmonics involves the study of surface plasmons, which



10

are coherent oscillations of electrons at the interface between a metal and a dielectric.
These oscillations are excited by light and are capable of confining electromagnetic
energy to dimensions much smaller than the wavelength of light, leading to a host of
novel applications and phenomena.

Light-matter interactions can create excitations on different material interfaces.
These interfaces can be dielectric to dielectric, dielectric to semiconductor, semicon-
ductor to metal and dielectric to metal. Surface plasmons are oscillations of free
electrons at the metal-dielectric interface. They can propagate on the surface of the
metal and slowly attenuate as they travel. These propagating waves of electric field,
can have a smaller wavelength than the wave exciting them. These traveling dipoles
are called surface plasmon polaritons (SPP) [45]. These waves will decay exponen-
tially along the direction of travel as they travel on the metal surface.

At optical frequencies, the permittivity of the dielectric is positive and the permit-
tivity of the metal is negative, thus surface plasmons will propagate on the surface of
the metal and create SPPs. These SPPs can propagate through gaps or corrugations
of the metal surface if the density of the charges is high [46].

Subwavelength apertures and structures can also enhance SPP intensity and their
propagation length [47]. In order to achieve this enhancement, the size of the aperture
or periods of the corrugations should be much smaller than the wavelength of the
incident beam. Figure 2.1 shows two modes of SPPs and their associated electric field
on a corrugated surface. It can be seen that in one mode the field has a minimum
between the two structures and has a maximum in the other one. Both of these
modes will be excited simultaneously with their intensities adjustable by altering the
structure’s geometry. In a DNH, mode (A) is similar to the wedge plasmon and mode
(B) is similar to the gap plasmon [16].

The unique properties of surface plasmons have led to a wide range of applications
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Figure 2.1: Two modes of propagation for surface plasmons on a corrugated surface.
Mode (A) is excited due to the sharp edge of the wedge and mode (B) is excited due
to the periodic wedge structure.
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across multiple fields. Some of the most notable applications include:

e Sensing and Detection: Plasmonic sensors based on surface plasmon resonances
(SPR), are highly sensitive to changes on their surface [48]. This makes them
useful for detecting biochemical interactions, environmental monitoring, and
medical diagnostics. SPR sensors can detect small changes in refractive index.

This allows real-time, label-free detection of molecular binding events [49].

e Nanophotonics: Plasmonics enable the manipulation of light at the nanoscale.
This leads to the development of compact and efficient optical components.
Waveguides, modulators, and switches can be made using plasmonic structures
and use them in photonic circuits [50]. This will make high-speed and high-
density communication and data processing circuits. Confining light to sub-

wavelength dimensions enables high-resolution imaging and lithography.

e Energy Harvesting: Plasmonic nanostructures enhance the absorption of light,
making them useful for solar energy harvesting. Concentrating light into small

volumes, can increase the efficiency of photovoltaic cells [51] and light sensors.

e Medical Applications: Plasmonic nanoparticles can generate heat when illumi-
nated by light. They can be used in photothermal therapies [52]. In these thera-
pies, they target cancer cells with plasmonic nanoparticles and excite them with
light, causing localized heating that destroys the cancer cells without harming
surrounding healthy tissue. Plasmonic nanoparticles can also enhance medical

imaging techniques.

Noble metals like gold and silver are used extensively in plasmonics. They can
support strong surface plasmon resonances. These metals have a high density of free
electrons, which is essential for the excitation of surface plasmons. These free elec-

trons can oscillate collectively when interacting with incident light, creating localized
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surface plasmon resonances (LSPRs). This results in strong electromagnetic fields at
the metal surface.

Moreover, noble metals exhibit relatively low intrinsic electronic losses at optical
frequencies, especially compared to other metals [53]. This means that they can
support surface plasmon resonances with low energy dissipation, which is important
for maintaining strong plasmonic fields and less heat generation.

One of the most important features of noble metals like gold is their chemically
inert nature. This makes them the best candidate for use with various chemicals
because of their durability. They resist oxidation and corrosion by the sample. This
stability helps maintain the performance of the plasmonic nanostructures over time
and have consistent measurement results. They can be used in various environmental
conditions and applications.

The permittivity of noble metals is such that they exhibit a negative real part
and a small positive imaginary part in the visible and near-infrared regions of the
spectrum. This makes them suitable for achieving significant field enhancements at
these wavelengths especially for Raman spectroscopy. The relative permittivity values
of gold for different frequencies are shown in Figure 2.2. Visible frequencies are in
the region where real part of permittivity is negative.

The relatively easy fabrication process for noble metals for nanostructures using
established nanofabrication techniques such as electron beam lithography, focused
ion beam milling, and chemical vapor deposition, helps achieving consistent samples.
Gold and silver, in particular, have been shown to produce very strong and sharp
plasmonic resonances, which are essential for applications like SERS, biosensing, and
nanophotonics [55]. These strong resonances lead to enhanced electromagnetic fields,

which significantly improve the sensitivity and efficiency of plasmonic devices.
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Figure 2.2: Relative permittivity for gold. These values have been calculated using

equation 2.1 and data from [54].
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2.1.1 Surface Plasmon Excitation

Surface plasmons can be divided into two main types: propagating SPPs and localized

surface plasmons (LSPs).

e SPPs are waves that travel along the metal-dielectric interface. Their electro-
magnetic fields decay exponentially perpendicular to the interface. The con-
finement of these waves to the surface allows for strong field enhancement at

the nanoscale.

e Localized surface plasmons, are confined to metallic nanostructures, such as
nanoparticles or nanoholes. These localized modes result in strong electro-
magnetic fields around the nanostructures, leading to enhanced light-matter
interactions. The resonant frequency of LSPs depends on the size, shape, and

material properties of the nanostructures, leading to tunable characteristics.

SPPs result from the interaction of light with free electrons at a metal-dielectric
interface. These electromagnetic waves propagate along the surface of metals, with
their energy confined to the interface, decaying exponentially perpendicular to it.
This behavior is particularly interesting due to the sub-wavelength confinement of
these waves.

Dielectric constant in a metal depends on the frequency of the incident light and
can be determined by equation 2.1. This equation shows the Drude model for relative

permittivity of a metal including losses [56].

2
U.)p

- 2.1
w? + iyw (21)

€ =1

In this equation €, equals 1, it is representing the metal permittivity as the

frequency approaches infinity. w, is the plasma frequency and for metals, it is in
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the ultra-violet region. At this frequency, the oscillation of electrons on the metal
surface are in resonance with the incident light. Any light below this frequency will
be reflected unless a sub-wavelength structure creates a different resonance frequency
for the light to couple with. To model losses in the plasmonic oscillations, ~ is added
to the expression as the imaginary part of the relative permittivity. These losses will
damp the oscillations of electrons. Part of these losses are caused by scattering of
electrons with other electrons or with the metal lattice that creates phonons [57].
Plasma frequency can be determined by equation 2.2:
ne?

=4/ — 2.2
Wp P (2.2)

where n is the electron density, e is the electron charge, ¢ is the vacuum permit-
tivity, and m is the effective mass of the electron.

These surface plasmons will create an electric field on the surface of the dielectric
and the metal. This field will decay rapidly through the material. This means a
near field non-radiating wave will be formed by the surface plasmons. Figure 2.3
shows the amplitude of the surface plasmon fields and their exponentially decaying
characteristic.

To calculate the momentum of the excited surface plasmons we can use the dis-

persion relation [58] and it can be seen in equation 2.3:

€d€m
€4+ €m

ksp = ko (2.3)

in which, kgsp is the surface plasmons wave vector, kg is the free space photon
wave vector of the incident beam and ¢; and ¢, are the permittivities of the dielectric
and the metal, respectively. Because the permittivity of the dielectric is positive and

for the metal is negative and has an imaginary part in certain frequencies, kgp will
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dielectric

metal

Figure 2.3: The electric field intensity inside the metal and dielectric where surface
plasmons are excited. The field decays faster in the metal away from the surface.
These surface plasmon polaritons will propagate on the surface away from the light
incident point.
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Figure 2.4: Real part of surface plasmons wave vector in different frequencies for gold
in contact with air and water. Light line can be seen for reference. The values are
divided by the plasmon frequency of gold. Data used from [59].

be greater than ky and hence the surface plasmons will be excited. Figure 2.4 shows
the dispersion curve for gold interface with air and water compared to the light line.

The momentum of the surface plasmon is greater than the exciting light. To
create the extra momentum required to excite surface plasmons, three methods are
available. The first method is to use a prism to couple the incident light to the surface
plasmons. The two configurations of light coupling are called Kretschmann [60] and
Otto configurations [61]. The second method to add momentum is to use subwave-
length defects on the surface like nano-antennas or nano-holes to scatter the light and
create local surface plasmons. The third method is to use periodic corrugations on
the metal surface which have sub-wavelength features [45].

Despite the promising applications, there are several challenges in the practical
implementation of SPP-based devices. One of the primary issues is the inherent loss
associated with SPP propagation. Metals, while supporting SPPs, have significant

absorptions, leading to energy dissipation. Aperture structures can reduce these
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losses.

Another challenge is the fabrication of plasmonic nanostructures with precise con-
trol over their size, shape, and arrangement. Advances in nanofabrication techniques,
such as electron beam lithography and self-assembly, are improving fabrication preci-

sion. A colloidal lithography method used in this work is a solution to this challenge.

2.2 Plasmonic Structures

Subwavelength apertures can create localized plasmonic fields with significantly en-
hanced intensities. When the size of these apertures is much smaller than the wave-
length of the incident light, they can support localized surface plasmons (LSPs). This
enhancement is particularly strong when the aperture dimensions will cause resonance
with the incident light, leading to enhanced field intensity and confinement.

There are several types of plasmonic structures, each with unique properties and

applications. Some of the most common structures include:

e Nanoparticles: Metallic nanoparticles, such as gold and silver, can support lo-
calized surface plasmon resonances (LSPRs) [62]. These resonances result in
strong field enhancement and are highly sensitive to a change in the surround-
ing dielectric environment. Nanoparticles are widely used in sensing and medical

applications [63].

e Nanowires and Nanorods: These elongated structures can support both LSPRs
and propagating SPPs. Their shape and aspect ratio allow for tunable plas-
monic properties, making them useful in waveguides [64] and optical communi-

cations [65].

e Nanoholes and Nanoslits: Arrays of Subwavelength nanoholes or nanoslits in

a metallic film can create plasmonic modes that enhance light transmission
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through the apertures. These structures are employed in applications like en-

hanced spectroscopy [66] and light modulation [67].

e Metasurfaces: These are two-dimensional arrays of plasmonic nanostructures
that can manipulate light in ways not possible with natural materials [68]. By
designing the shape and arrangement of the nanostructures, we can control light

propagation, reflection, and refraction.
Factors that can influence the plasmonic properties of these structures include:

e Material Choice: Noble metals like gold and silver are popular choices due to
their favorable plasmonic properties [53]. However, other materials like alu-
minum, copper, and transition metal nitrides are also explored for specific ap-

plications [53,69, 70].

e Geometry and Size: The shape, size, and aspect ratio of plasmonic nanostruc-
tures determine their resonance frequency and field enhancement factor. For
instance, smaller nanoparticles have higher resonance frequencies [71], while

longer structures like nanorods can support multiple resonant modes [72].

e Adjacent dielectric: The surrounding dielectric material impacts the resonance
frequency of plasmonic structures [58]. Changes in the refractive index near the
metal surface can shift the plasmonic resonance. This makes these structures

highly sensitive to the changes in their surrounding medium [73,74].

2.2.1 Applications

The main feature of plasmonic structures is their ability to concentrate electromag-
netic fields into small volumes. This concentration of light results in enhanced light-

matter interaction, enabling many applications.
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This unique property of nano-scale plasmonic structures improves the performance
of many devices across various fields. Some of the most prominent fields of applica-

tions include:

Sensing and Detection:

Plasmonic structures are highly sensitive to changes in their surrounding medium.
This makes them good candidates for sensing applications. Surface plasmon resonance
(SPR) sensors rely on the excitation of surface plasmons at a metal-dielectric interface
and can detect small changes in refractive index of the dielectric. They can be used for
the detection of biomolecular interactions [49]. Localized surface plasmon resonance
(LSPR) sensors use nanoparticles and can achieve high sensitivity. The strong field

enhancement around the nanoparticles amplifies the signals from molecules [75].

Imaging and Spectroscopy:

The strong field enhancement in subwavelength plasmonic structures can be used for
imaging and spectroscopy. Techniques like SERS benefit from the amplified electro-
magnetic field around plasmonic structures [76]. It will increase their signal intensity
and improve their detection sensitivity. In imaging applications, plasmonic structures
can be used to achieve high resolution images beyond the diffraction limit. Techniques
like plasmonic nanoscopy use the confinement of light by plasmonic nanostructures

to achieve high resolution images of small samples [77].

Photothermal Therapy:

Plasmonic nanoparticles can convert absorbed light into heat, a property that can be
used in photothermal therapy (PTT) for cancer treatment. By loading cancer cells

with plasmonic nanoparticles and using near-infrared light to excite LSPs, localized
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heating leads to the destruction of cancer cells [52].

Energy Harvesting:

Plasmonic structures can increase the absorption of light in photovoltaic devices and
improve their efficiency. These nanostructures can increase the generation of charge

carriers, leading to higher current density [51].

Communications:

Plasmonic waveguides and circuits enable the manipulation and transmission of light
at the nanoscale, enabling high-speed and high-density optical communication sys-
tems. Plasmonic devices, such as modulators and switches, can operate at faster

speeds compared to conventional electronic devices [38,39].

2.2.2 Challenges

Despite great promises of subwavelength plasmonic structures, there are several chal-
lenges in realizing their potential.

Metals used in plasmonic structures exhibit significant absorption losses, which
can limit the efficiency and propagation length of surface plasmons. Exploring al-
ternative materials with lower losses, such as transition metal nitrides, and hybrid
metal-dielectric structures might help mitigating this issue.

Precise fabrication of plasmonic nanostructures is challenging. Inaccuracies in
their dimensions and arrangements affect their performance. Advances in nanofabri-
cation techniques, such as electron beam lithography, focused ion beam milling, and
self-assembly, are making it easier to achieve high-quality plasmonic structures.

Plasmonic nano-devices are usually fixed in place and cannot be changed after

fabrication. Developing active plasmonic devices that can be dynamically controlled
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using external stimuli, such as electrical, thermal, or optical fields is useful for many

applications. These devices would enable reconfigurable plasmonic components.

2.2.3 Conclusion

Plasmonic nano-structures are advancing and have the potential to change various
technologies. By utilizing localized surface plasmons, improvements in sensing, imag-
ing, therapy, energy harvesting, and communications can be achieved. As fabrication
techniques improve and new materials are employed, application of plasmonic nano-

structures will expand and drive progress in science and engineering.

2.3 Double-Nanohole Structure

As stated before, one way to excite surface plasmons is to use defects on the metal
surface. One type of defect is to create sub-wavelength apertures. In this work DNHs
where used as the plasmonic structure. This structure consists of two touching holes
in a metal. DNHs have been extensively used for plasmon excitations [16,49,78,79].
The nano-scale gap between the holes in a DNH will create a plasmonic resonance
that enhances the electrical field induced by the laser. This enhancement can be used
to trap and amplify the characteristics of materials.

DNHs are an interesting type of plasmonic nanostructures that consist of two
closely spaced nanoscale apertures in a metallic film. These structures have attracted
significant attention due to their ability to confine light to extremely small volumes,
leading to enhanced light-matter interactions. This section delves into the principles,
fabrication, and applications of DNHs.

DNHs utilize the phenomenon of LSPRs to achieve sub-wavelength confinement

of light. When light interacts with the metallic film with DNHs, it excites LSPPs
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confined around the aperture and along the metal-dielectric interface. The presence
of the two nanoholes creates a localized electromagnetic field enhancement in the gap
between the holes, resulting in strong field enhancement.

The field enhancement is influenced by several factors, including the size and spac-
ing of the nanoholes, the orientation of the holes compared to the light polarization,
the material properties of the metal, and the wavelength of the incident light. By
carefully tailoring these parameters, we can achieve significant field enhancements,

making DNHs ideal for applications requiring high sensitivity and resolution.

2.3.1 Fabrication Methods

The fabrication of DNHs involves advanced nanofabrication techniques to achieve
precise control over the size, shape, and spacing of the apertures. Some common
methods are as follows.

Electron Beam Lithography (EBL) is a high-resolution lithography technique
that uses a focused beam of electrons to pattern the metallic film [80,81]. This method
allows for the creation of nanoholes with sub-10 nm precision. In this method, two
holes are created on the metal in close proximity. This will create a DNH with a gap
in the middle.

Focused Ion Beam (FIB) Milling uses a focused beam of ions to etch the
metallic film, creating nanoholes with high accuracy [41]. This technique is particu-
larly useful for creating complex nanostructures. In this method one aperture is made
at a time and consecutive ones are slightly different than each other.

Nanoimprint Lithography (NIL) is a cost-effective and high-throughput tech-
nique that uses a mold to imprint the nanohole pattern onto the metallic film [82,83].
This method is suitable for large-scale production of DNHs.

Colloidal Lithography which was used in this work is a cost effective and fast
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fabrication method for mass production of DNHs [84]. In this method, polystyrene
DNHs will be used to create holes on the metal film and produce arrays of DNHs on

each sample.

2.3.2 Double-Nanohole Simulations

A DNH in a metal film will create plasmonic resonances when an electromagnetic
wave hits the surface. The frequency of these resonances can be seen in the trans-
mission spectrum and it depends on the size and shape of the holes and the gap
between them. By tailoring its dimensions, the resonance frequencies and peaks in
transmission spectrum can be shifted towards the desired frequencies.

These peaks correspond to the wedge and gap plasmonic resonances in the struc-
ture [85]. The wedge resonance is created by the sharp point of the metal on each
side of the gap and the gap resonance is due to the gap between the two wedges. If
a DNH is going to be used in an optical trapping setup for trapping particles, we
should have the maximum change in transmission when a particle is being trapped.
To achieve this, the laser wavelength should be at an inflection point near the tip of
the resonance peak in the transmission spectrum of the DNH. This way, an increase
or decrease in the transmission can easily be observed and measured when the particle
is trapped.

To investigate the characteristics of DNHs and their light interactions, a series of
simulations have been done using Lumerical FDTD. To create the simulation struc-
ture, DNHs were created on a gold film between a glass layer and the liquid containing
nano-particles. The incident laser beam goes through the glass layer towards the gold
layer, creating the Kretschmann configuration to excite plasmonic resonances around
the DNHs. Monitors placed on both sides of the DNH to measure the transmission,

reflection and electric field profile on the gold.
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Figure 2.5: Schematic diagram of the simulated DNH structure in Lumerical FDTD.
The hole diameter is 400 nm and gap size is 50 nm. The gold layer is 70 nm thick
and its between water and air with refractive indices from [86]. The incident beam
is in the z direction and its polarization is linear and in the y direction. The yellow
rectangle is the incident beam area and the orange rectangle is the FDTD box.

Figure 2.5 shows the simulation structure for a DNH with hole diameter of 400 nm
and a gap size of 50 nm. The incident beam is traveling in the z direction and its
polarization is linear and in the y direction.

The simulated transmission spectrum for different hole diameters is shown in
figure 2.6. The gap for these DNHs was 50 nm. In these simulations, there are peaks
in the transmission spectrum that represent resonances between the gaps and along
the holes. Because these diameters are large compared to the gap size, resonances
along the holes are dominant and resonances along the gaps have smaller peaks. It
can be seen that the gap resonances shift slightly by changing the hole diameters.

These simulations show that the diameter of the nanoholes can significantly shift the

dominant resonance frequency. By choosing a diameter that will have a slope at the
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Figure 2.6: Transmission spectrum for three different hole diameters with a fixed gap
size of 50 nm. The transmissions are normalized to their respective incident wave
intensity.

laser frequency, the change in reflection intensity after trapping, can be larger.

The simulated transmission spectrum for different gap sizes with a fixed hole
diameter is shown in figure 2.7. If the hole diameter is larger than 200 nm, the gap
size will have a small effect on the resonance peaks. The change in hole plasmon
resonance frequency is due to the change in the shape of the holes when the gap is
being altered. The hole diameter was 300 nm in these simulations. It can be seen that
as the gap size is getting smaller, the transmission intensity at resonance increases.

By changing the geometry of the DNH, the resonance frequency can be close to
the desired laser wavelength. Hence, the LSPP can be excited to create high intensity
electric fields. The reflection from the DNH can be calculated as 1 minus the trans-

mission due to negligible losses in the simulations. The reflection and transmission
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Figure 2.7: Transmission spectrum for three different gap sizes with a fixed hole
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Figure 2.8: Reflection and transmission intensities for a DNH with hole diameter of
400 nm and gap size of 50 nm.
intensities for a DNH are shown in figure 2.8.

This enhanced field from the resonance, will induce a force to trap nano-particles
in the gap between the two holes. The reflected laser beam from the DNH can be
collected and directed to an Avalanche Photodiode for detection and observation of

a change in the plasmonic resonance frequency of the gap in the DNH [28].

2.3.3 Applications of Double Nanoholes

DNHs have a wide range of applications in various fields due to their unique plasmonic
properties. In sensing and detection, DNHs are highly sensitive to changes in their
local dielectric environment. This makes them ideal for biosensing applications [78].
Sensors based on DNHs can detect biomolecular interactions with high precision and

sensitivity [49].
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In the field of fluorescence enhancement, the strong electromagnetic fields gener-
ated by DNHs can enhance the fluorescence of nearby molecules [16]. This property
can be used in fluorescence spectroscopy to achieve high signal-to-noise ratio and
improve detection sensitivity.

For optical trapping, DNHs can be used to trap nanoparticles and biological
molecules using optical tweezers [87,88]. The enhanced field intensity allows for
the trapping of particles and studying single-molecule dynamics and interactions [49,

89,90).

2.4 Optical Tweezers and Optical Trapping

Optical tweezers, also known as single-beam gradient force traps, are scientific in-
struments that use a highly focused laser beam to apply force to particles, such as
molecules, nanoparticles, and biological cells, without physical contact. This technol-
ogy, pioneered by Arthur Ashkin [42], has impacted biophysics, nanotechnology, and
materials science.

Optical tweezers are systems that hold a particle in place using optical forces in-
duced on the particle. When a photon hits a particle, it will scatter an its momentum
will be affected by the particle. This change in momentum is due to an exchange
between the photon and the atoms in the particles. this momentum will create forces
that applies to the particle. The main components of these forces are scattering force
and gradient force. The gradient force will move the particle in the direction of high
photon concentration. By using a microscope objective and focusing a laser beam on
a small area, the particles will move toward the focusing point. This phenomenon

can be used to manipulate and sense nano-particles [91].
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Gradient Force

This is the dominant force in optical tweezers, responsible for trapping the parti-
cle [91]. The gradient force arises due to the spatial variation in the intensity of the
laser beam. A particle in the beam experiences a force that pushes it towards the
region of highest intensity, which is typically at the focal point of the laser. This force

can be described by equation 2.4.

1
Fgrad = —50&V‘E|2 (24)

where « is the polarizability of the particle, V is the gradient operator, and |E \2

is the intensity of the electric field.

Scattering Force

This force results from the scattering of photons by the particle. It acts in the direc-
tion of the laser beam’s propagation and tends to push the particle out of the trap.
The scattering force can be counteracted by adjusting the laser intensity and focal

parameters to maintain a stable trap. The scattering force is given by equation 2.5.

P
Fuat = 260 (2.5)
C

where n is the refractive index of the surrounding medium, P is the power of the
laser beam, c is the speed of light, a is the unit vector in the direction of the beam
propagation and () is the scattering efficiency, which depends on the size, shape, and
refractive index of the particle, as well as the wavelength of the light.

Figure 2.9 shows the forces that are applied to a particle under focused laser
influence. It can be seen that the equilibrium point for forces is near the focus point

of the laser and the particle will be held in that location.
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around the focus point of the laser. From [91] with modification. Copyright (©)
University of Victoria
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2.4.1 Experimental Setup for Optical Tweezers

An optical tweezer setup typically consists of a laser source to emit a continuous-wave,
often with near-infrared wavelengths. It is used to provide sufficient trapping power
without damaging heat sensitive samples.

An objective lens with a high numerical aperture (NA) is employed to tightly focus
the laser beam, creating the necessary intensity gradient for trapping. Objectives with
NA values greater than 1.0 are commonly used.

An inverted microscope is typically used for the observation of trapped particles
and collect the signal. The sample is typically placed on a glass slide and positioned
between the two microscope lenses using precision stages.

An avalanche photodiode (APD) is used to monitor the trapped particle by de-
tecting changes in the transmitted laser light. The scattered light and vibrations of

the particle can be measured with high accuracy.

2.4.2 Applications of Optical Tweezers

Optical tweezers can be used in many research fields including:

Biological Research

Optical tweezers have become significant tools in biological research. They are used
to manipulate and study single molecules, such as DNA [92], RNA, and proteins [88],

providing insights into their mechanical properties and interactions.

Cell Manipulation

In cellular biology, optical tweezers are used to trap and manipulate individual cells [93].
This enables the study of cell mechanics, cell interactions, and the effects of external

forces on cellular processes.
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Nanotechnology

In nanotechnology, optical tweezers are used to assemble and manipulate nanoparti-
cles, nanowires, and other nanostructures. For instance, they can be used to fabricate

nanowire networks and study their electrical properties [94].

Medical Diagnostics

Optical tweezers are employed in medical diagnostics to isolate and analyze individual
cells or particles from biological samples [89]. This technique can be used to improve

diagnostic accuracy and sensitivity.

2.4.3 Challenges for Using Optical Tweezers

Despite many advantages of optical tweezers, they have a few challenges. The most
important challenge especially for bio-molecule applications is thermal damage. The
intense laser light used in optical tweezers can cause thermal damage to biological
samples. This limits their use in sensitive applications [80]. Minimizing this damage
by using lower laser powers and optimizing trapping conditions can be helpful to
mitigate this issue. Instrumentation complexity in traditional optical tweezer setups
is another challenge. They require multiple microscope objective lenses and complex
optical setups. It makes them less accessible for routine use. The proposed methods

in this work will help in this regard.

2.4.4 Plasmonic Structures for Trapping

Plasmonic-assisted optical trapping uses the unique properties of plasmonic nanos-
tructures to enhance the trapping efficiency of optical tweezers. By utilizing the

strong electromagnetic fields generated at the surface of metallic nanostructures, the
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trapping setup can confine particles to nanometer-scale regions, making it a power-
ful tool for manipulating nanoparticles and biological molecules. Localized surface
plasmons have high intensities and improve the trapping stability.

The trapping efficiency of plasmonic-assisted optical tweezers is influenced by
several factors, including the size and shape of the metallic nanostructures, the wave-
length of the incident laser light, and the refractive index of the surrounding medium.
By optimizing these parameters, we can achieve enhanced trapping forces and im-
proved spatial resolution.

In an effort to reduce the loss and heat generation in the plasmonic resonators,
aperture-assisted trapping has been used [80,95]. In this approach, high intensity
fields that are enough for trapping, are localized in small areas reducing the required
laser power. Also the high intensity field areas are in contact with the rest of the metal
layer and their generated heat will be transferred away from the trapping area. This
will reduce the temperature of the trapping area and hence heat sensitive materials
can be trapped. It allows the use of organic substances in the proximity of plasmonic
resonators with the least amount of degradation. DNHs are a good example of these
structures.

According to Bethe theory [40], transmission through an aperture is inversely

proportional to the fourth power of light wavelength.

If the refractive index of the material within the aperture changes, the wavelength
of the light passing through it will also change, which in turn affects the transmission

intensity [91].
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Figure 2.10: Adding a particle with a higher refractive index than the solution in the
aperture, will increase the light transmission through the aperture.

Therefore, a small change in the refractive index can lead to a significant alteration
in transmission. This modification can be achieved by introducing a nanoparticle into
the aperture. This will be done by optical trapping and transmission measurement.
The change in transmission can be seen in Figure 2.10.

To confine the electromagnetic waves in a sub-wavelength area, certain structures
have been designed to enhance the field in an efficient way including DNH, bowtie

aperture, circular nanohole array, c-shaped aperture and slit-groove aperture [96].
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2.4.5 Summary of Past Works on Trapping in Double-Nanoholes

In recent years optical trapping using nanoholes created an opportunity to study
nano-particles and single molecules. Having a strong field gradient over a small area
on metal will create enough force to keep a nano-particle in place. This force pushes
the particles from the area around and above the aperture towards the substrate where
the aperture is formed. This force has minimal effect on the particle composition and
does not need labeling for the particle. Thus, unlabeled particles can be characterized
using this method.

Bio-molecules are mostly sensitive and can be damaged easily during many types of
measurements. Some non-invasive measurements require high amounts of the particle
in a solution and their detection sensitivity is low. On the other hand, optical trapping
has the advantage of high sensitivity and requires less concentrations to be able to
detect a particle in a solution.

The field enhancements in a DNH depend on wedge and gap plasmonic reso-
nances [85]. The frequency of these resonances can be tuned by changing the dimen-
sions of DNHs [97].

The tip separation in a DNH can determine the amount of transmission change
in a trapping event. The field intensity and the amount of liquid between the tips
will define the beam characteristics through the DNH. To maximize the increase in
transmission when a particle is trapped, the tip separation should be a few nano-
meters bigger than the particle diameter. Figure 2.11 shows the transmission change
when a 20 nm polystyrene bead is trapped for different tip separations. It shows that
there is an optimum distance can be achieved by tuning the geometry of DNHs.

The movements of the particle trapped in a DNH, can be used to measure the
stiffness of the trap. These Brownian movements can be monitored by measuring the

transmission through the hole. Two common methods to analyze the transmission
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Figure 2.11: Transmission change for different tip separations in DNHs when a 20 nm

polystyrene bead is trapped. Reprinted with permission from [98]. Copyright (C) 2011
American Chemical Society
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Figure 2.12: Autocorrelation function for trapping data of an egg white protein.
Reprinted with permission from [88]. Copyright (C) 2018 American Chemical Society
data are autocorrelation [4] and power spectrum density [5]. These two measures
are related by Fourier transform. Figure 2.12 shows the autocorrelation function for
transmission data from trapping of an egg white protein. The curve for trapped state
was fitted with a two exponent function.

Another way to determine how stable the trap is and how much force is needed
to release the particle is to create a flow of liquid across the DNH. This had been
investigated in a previous study [87] by measuring the flow rate required to release
the particle. It was observed that by increasing the trapping laser power, more flow
rate is required to get the particle out of the trap. Figure 2.13 shows the results of
that experiment. It can be seen that by fitting a linear function to the data, the
minimum power to keep the particle in trap with no flow can be determined and it
agrees with experimental data.

By using the flow mechanism, it is possible to add different particles to the trap-
ping location and see their interaction. In a study, bovine serum albumin (BSA) and

anti-BSA were used to trap in a DNH and record the interaction data [79]. Another
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Figure 2.13: Critical flow rate for different incident laser powers for 20 nm polystyrene
spheres. Reprinted with permission from [87]. Copyright (C) 2012 Springer Nature



41

(b)

voltage (V)
-

—
o
T

| :‘_'i;

#&f Streptavidin

|

500 600 700 800 900
time (s)

20 nm biotin-coated PS particle

Figure 2.14: Trapping of biotin-coated polystyrene nano-particles and binding strep-
tavidin to the trapped particle. From [49] Copyright (©) 2013 Optica Publishing
Group

study used 20 nm biotin-coated polystyrene nano-particles and streptavidin [49]. The
results are shown in figure 2.14. The binding of streptavidin to a trapped polystyrene
particle changed the transmission signal which is different from the two particles
trapping signal.

The folding and unfolding of BSA proteins have also been studied by changing
the pH level of the flowing solution [99].

By using the transmission signal of a trapped particle, their size can be determined.
Different weight and size determining methods have been used on proteins [78]. Other
than sizing, Raman spectroscopy can be used to identify the trapped nano-particle [17,
100]. Figure 2.15 shows a Raman shift plot for a polystyrene nano-particle compared

to a bulk polystyrene.
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Figure 2.15: Raman spectrum of a) a trapped 20 nm polystyrene particle and b) bulk
polystyrene particles. Single particle measurement is average of 5 spectra with an
acquisition time of 5 minutes each, and the Savitzky-Golay filter is applied to the
data. From [17] Copyright (©) 2015 IOP Publishing
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2.5 Raman Spectroscopy

Raman spectroscopy is a method for the analysis of nanoparticles. It provides valu-
able information on molecular structures and their size variations [21-23,101-106].
It can be used to study a single nanoparticle, for example, to explore their het-
erogeneity, finding trace materials or observing molecular reactions [105, 107-109].
Optical trapping can be used to isolate single nanoparticles. Optical trapping of sin-
gle nanoparticles has been achieved using an intensely focused (NA = 1.25) Raman
microscope objective and 120 mW of laser power, achieving 13 counts/second Raman
signal for polystyrene beads with 40 nm diameter [110].

To achieve trapping for small particles and higher Raman signals, trapping with
gap plasmons has been done in this work. Gap structures have been shown to be
effective in enhancing Raman signal [111-122]. One approach to make gap plasmons
around the particle is to trap metal nanoparticles. This will provide a gap enhance-
ment between trapped metal nanoparticles [123-126]. Nanopores can also be used for
trapping nanoparticles in solutions [92,127,128]. To perform Raman measurements
of non-metallic particles, field enhancement from metallic aperture can be used. This
enhancement has been achieved with rectangular and DNH apertures [17,100]. Previ-
ous works required top-down nanofabrication methods for the apertures and a custom
optical tweezer setup to verify the trapping by measuring the transmission [17]. Over-
all, shaped nanoapertures have been widely used for trapping nanoparticles, including
quantum dots and single proteins [44,129-134].

There has been extensive research on single molecule and nanoparticle SERS mea-
surements. Some examples are works on proteins [135], DNA [136, 137], extracellular
vesicles [89], viruses [138], and other particles [139].

In this work, both custom and commercial optical trapping systems were used

in reflection mode to observe the particle trapping on the Raman system with the
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built-in camera. The camera is used both to identify DNHs for trapping and also
observing the trapping event. To fabricate DNHs, a colloidal lithography method was
used [84]. By using a commercial Raman system and bottom up fabrication method,
this approach is highly accessible to a wide range of researchers. The DNHs enhance
the trapping efficiency, and enhance the Raman signal, resulting in 400 counts/second

with 14 mW of laser power for 21 nm diameter Titania nanoparticles.

2.5.1 Raman Shift Principles

Raman spectroscopy is a non-destructive analytical technique that provides detailed
information about the molecular composition, structure, and interactions of a sam-
ple [140]. This technique is based on the inelastic scattering of light, usually from
a laser, by the molecules in the sample. When the light hits the molecule, most of
the scattered light is scattered elastically also known as Rayleigh scattering. In this
case, the scattered light will have the same energy as the incident light. On the other
hand, a small fraction of the light is inelastically scattered. It will result in a shift in
the energy of the scattered photons by the amount of vibrational energy deposited or
gained from the molecule. This type of scattering is known as the Raman scattering
and the shift in energy is called Raman shift [91].

The Raman shift corresponds to the energy levels of the vibrations of the molecules
in the sample or phonons. By measuring the frequency and intensity of the Raman
scattered light, we can obtain a Raman spectrum that provides a unique fingerprint
of the sample’s molecular structure.

The Raman scattering mechanism can be explained by energy level transitions in
a particle. When a photon from the laser interacts with a molecule, it can excite
the electrons to a virtual energy state. The electron then relaxes back to a lower

vibrational energy level, emitting a photon with a different energy than the incident
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photon. This energy difference is the Raman shift and is the characteristic of the
specific vibrational modes of the molecule.
The Raman shift is typically measured in wavenumbers (cm™!) and is given by

equation 2.8:

107 107

)\laser )\scattered

RamanShift(em™")

where Ajgeer and Ageqttered are i nm.

Raman scattering consists of two types of scattering:

e Stokes Scattering: This occurs when the scattered photon has lower energy
than the incident photon, resulting in a positive Raman shift. It means that
the scattered light has longer wavelength compared to the laser wavelength.

Stokes scattering is the most common type observed in Raman spectroscopy.

e Anti-Stokes Scattering: This occurs when the scattered photon has a higher
energy than the incident photon, resulting in a negative Raman shift. Anti-
Stokes scattering is less common and typically weaker than Stokes scattering,
because at ambient temperatures the population of molecules across vibrational
states favor the vibrational ground state. Anti-Stokes Raman scattering requires

the molecule to be in a vibrationally excited state.

Figure 2.16 shows the energy level transitions for Stokes and anti-Stokes scattering.
It can be seen that Stokes scattering emits lower energy photons and has longer

wavelength in the Raman shift spectrum.

2.5.2 Swurface-Enhanced Raman Spectroscopy

Due to the weak nature of Raman signal intensity, having reliable measurements from

small particles is challenging. Increasing the laser power can be helpful for enhancing



46

——mmmmmmmmmm———=m====-  \/jrtual Electronic
—===—========d-=k---=-  Energy States

2 Vibrational
L Energy
0 Y States
Stokes Anti-Stokes

Figure 2.16: Stokes and anti-Stokes transitions. Black arrows are absorption. Red
arrow is Stokes scattering and blue arrow is anti-Stokes scattering.
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the Raman scattering but it has the potential to damage the sample. There are a few
techniques that can overcome these challenges. In this work SERS has been studied
and experiments were done using this method.

The fundamental principles of SERS can be broken down to these aspects:

Electromagnetic Enhancement

The primary mechanism behind SERS is the electromagnetic enhancement result-
ing from LSPRs [141,142]. When light interacts with a patterned metal surface or
nanostructure, it induces surface plasmons. These plasmons generate intense local-
ized electromagnetic fields, particularly at the metal surface. Molecules near these
surfaces experience high intensity electromagnetic fields. It increases the Raman

scattered signal intensity.

Chemical Enhancement

A weaker mechanism, known as chemical enhancement, involves the interaction be-
tween the molecules stuck on the metal surface and the metal [142]. This interaction
can result in charge transfer between the molecule and the metal. It changes the
electronic state of the molecule and enhances the Raman scattering signal. This

mechanism is weaker than the electromagnetic enhancement.

Substrate Design

The choice of substrate is critical in SERS. Commonly used substrates include nanos-
tructured metals like gold, silver, and copper. These materials are chosen for their
ability to support strong plasmon resonances in the visible and near-infrared regions
of the spectrum. Substrate patterns such as nanoparticles, nanowires, and roughened

metal surfaces can be optimized to maximize the enhancement effect [24].
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These structured surfaces have regions of intense electromagnetic fields. They
are typically located at the junctions of nanostructures [143] or sharp features on
the metal surface [85]. These hot spots are responsible for the enhancement of the
Raman signal and can enhance the detection sensitivity down to the single-molecule
level [144].

The Raman shift observed in SERS, provides a fingerprint of the molecular vi-
brations and can be used to identify and characterize the molecules on the substrate.
The enhancement provided by SERS allows for the detection of nanoparticles at low
concentrations.

DNHs are used in this work as both the trapping medium and the SERS substrate
for Raman enhancement. These apertures has multiple modes of LSPRs in their gap

region which will provide extensive Raman enhancement.

2.5.3 Raman Enhancement in Double-Nanoholes

To calculate the Raman enhancement factor, we need the maximum electric field
intensity relative to the laser intensity within the DNH. These fields are measured at
both the laser wavelength and the scattering wavelength. The scattering wavelength
is the wavelength that corresponds to one the peaks in the Raman spectrum. The

Raman enhancement factor can be calculated [111] using equation 2.9

|Elocal (wex) |2 |Elocal (wscat) ‘2

EF
|Elaser (we:v) ‘2 |Elaser (wscat) |2

(2.9)

If the strongest peak is close to the laser wavelength, the excitation wavelength
and scattering wavelength would be similar. It can be observed that the Raman signal
is enhanced by approximately the fourth power of the field intensity, which itself is
an enhancement compared to the laser field.

In a DNH, if the maximum field intensity is occurring in gap region, the field



intensity will increase by reducing the gap size.
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Chapter 3

The New Approaches and

Solutions

This chapter introduces a summary of the research work and contributions during my
PhD program. First a new approach to optical trapping is proposed. This method will
simplify and improve the current optical trapping systems that use nano-apertures.
In this method, the trapping signal will be acquired by measuring the reflection beam
from the aperture in the metal surface.

Next, an improved Raman spectroscopy method using a commercial Raman sys-
tem is demonstrated. In this method, nano-apertures were used to trap nano-particles
and amplify their Raman emission. It can be used as a SERS system to study nano-
particle characteristics. The observation and verification of trapping is shown to be
an effective approach to measure the aperture variation effects on the spectroscopy.

Next, a series of simulations on DNHs had been presented. The simulations were
done on DNHs with different sizes to find the optimum size for a specific laser wave-
length and how it reflects light. Also, the field enhancement profile and the maximum

values for different frequencies have been determined. These simulations give valuable
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insights about the required geometries for optimum trapping and Raman enhance-

ments.

3.1 Reflection Mode Trapping

In a conventional optical trapping setup which works in transmission mode, the parti-
cle containing liquid will be placed between two objective lenses. One objective has a
high magnification and will focus the laser beam on a small area on the sample. The
other objective acts as a collector and will collimate the light to reach the detector.
This transmitted light through the sample will be absorbed by a detector which is
an avalanche photodiode (APD). In this method, most of the signal received by the
APD is the transmission through the holes on the sample. If the aperture used for
trapping is a DNH, the particle will be trapped in the gap region between the holes
and will alter a portion of the transmitted light through the aperture. This transmit-
ted laser beam can be used as the signal from the particle and the trapping event will
be indicated by an increase in the APD output voltage and the increased amplitude
of the voltage oscillations.

As seen in Figure 3.1 a conventional transmission trapping setup uses two objec-
tives, the collector objective has a small numerical aperture and and low magnifica-
tion, so it will collect a small portion of the focused beam. Due to the magnification
mismatch between the two objectives, a big portion of the signal will be lost. If the
collector objective was replaced by a high magnification one, the available space for
the sample will be limited and not enough for proper placement of the liquid chamber.

On the other hand, if the reflected beam from the sample was collected and mea-
sured by one objective, most of the signal can be collected by that objective with a

large numerical aperture and very small changes in the reflected light can be detected.
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Figure 3.1: Laser beam focused between two objective lenses with overlapping focal
points. The bottom objective focuses the laser beam and the top one collects the
beam.

This small signal can be used to study the trapped particle.
The beam spot diameter can be found by equation 3.1 [145,146]
A

D=122-" 1
N (3.1)

in which, X\ is the laser wavelength and NA is the numerical aperture of the
microscope objective. By calculating the diameter of the beam spot on the sample,
for different microscope objectives and laser wavelengths, we can determine suitable
aperture sizes for the corresponding setup.

Figure 3.2 shows the Airy diameters compared to DNHs for two trapping setups

with different objectives and laser wavelengths. It can be seen that minimizing the
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Figure 3.2: The beam spot on two DNHs for different setups. Hole diameters are
470 nm. The beam spot diameter on the left is 680 nm and on the right is 950 nm.
beam spot and maximizing the hole diameters, will cause the laser to only affect
the gap separation on the DNH. Therefore, the reflection will result from the area
in which the particle is trapped. This will eliminate the unwanted signal from the
particle’s surroundings.

The Airy diameter calculations for the two setups mentioned are shown in equa-

tions 3.2 and 3.3.

Dy = 1.22 x 21 6ot 1 (3.2)
Dy =1.22 % 9i027gm = 956.5nm (3.3)

3.1.1 Sample Orientation

There are three methods to place a sample in an optical trapping setup. They are
shown in Figure 3.3. The main difference between these methods is that the laser
beam can either go through the liquid or through the glass to reach the gold layer.

This will result in different plasmonic resonance frequencies that will form on the
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Figure 3.3: A) Laser beam in liquid. B) Laser beam on glass. C) Laser beam on glass
with open chamber.

metal-dielectric interface because of the change in the dielectric layer. The dielectric
layer is either water or glass. In this work, the glass was coated with Indium Tin
oxide (ITO) before sputtering gold, to help with the adhesion of the gold and the
glass. The ITO layer is very thin, transparent and conductive but its resistivity is
higher than gold. Therefore, a significant portion of the plasmonic resonances will
occur in the gold layer.

Most optical trapping setups use a closed chamber for keeping the liquid in place
and the laser beam goes through the liquid to reach the aperture. If the sample is
flipped, so that the liquid can be placed on top of the gold film, there is no need for a
closed chamber as shown in Figure 3.3 (C). The simplicity of this method will allow
the measurement of multiple sample solutions on one gold chip and it will accelerate

the measurement process.

3.1.2 Optical Setup

In order to collect the trapping signal from the reflected beam off the apertures, a
polarizing beam splitter was used. This beam splitter was placed in the laser path

before the microscope objective. It was used to separate the two polarizations of
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the reflected beam. The laser polarization was linear and able to pass through the
beam splitter but the perpendicular linear polarization would be reflected towards
another direction. This method can separate the orthogonal polarization from the
laser polarization. The reflected beam with orthogonal polarization can then be
collected and detected by an APD. The detected trapping signal can be used to
determine the characteristics of the holes and particles.

A schematic of the reflection trapping setup is depicted in Figure 3.4 (C). The
laser wavelength was 785 nm (z-laser Z80M18S3) and it was linearly polarized. It
goes through a polarizing beam splitter (PBS). The beam splitter transmits the laser
beam which has its polarization in the X direction. If the beam polarization is in the
Y direction, it will be reflected. After the beam splitter, the input laser goes through
a microscope objective lens (100 x 1.40 NA) to be focused on the sample. The power
of the laser beam was measured before the objective lens and it was 10 mW. The
DNH on the sample was at 45° compared to the laser linear polarization direction.
Therefore, the reflected beam from the DNH has two orthogonal polarizations and
it goes through the polarizing beam splitter. The polarization that is perpendicular
to the laser polarization will be reflected by the beam splitter and goes into the
measurement path to be detected by an APD.

Figure 3.5 shows the sample as seen on the CMOS camera. In order to see the
DNHs on the sample, an infrared LED was placed behind the it and the infrared light
is transmitted through the apertures on the gold film. The infrared wavelength was
940 nm and it was visible on the CMOS camera. A polarizer was in front of the LED
to polarize its light in the perpendicular direction compared to the polarizing beam
splitter. Therefore, only the converted polarization will reach the camera. This will
highlight the location of the DNHs that have a 45° angle to the LED light polarization,

as shown in Figure 3.5 (A). In Figure 3.5 (B) we can see all apertures without the
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Figure 3.4: A) SEM image of a DNH on the gold film. Laser polarization is along
X and reflected polarization is along Y axis. B) Sample structure. C) Schematic of
the optical setup. LP: linear polarizer. PBS: polarizing beam splitter. From [2§]
Copyright (©) 2023 Optica Publishing Group.
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Figure 3.5: CMOS camera images. A) With polarizer in front of the LED. B) Without
polarizer for LED. From [28] Copyright (©) 2023 Optica Publishing Group.

polarizer in front of the LED. If the solution is opaque, The LED can be placed
before the beam splitter on the other side of the sample by using a dichroic mirror
in the laser path and illuminate the sample with the same objective lens as the laser.
Using this method will free up one side of the sample; but for simplicity and ease of

polarization manipulation, it was placed behind the sample as seen in Figure 3.4 (C).

3.1.3 FDTD Simulations of Polarization Manipulation

To have a better understanding and determine the polarization-dependent reflection
from tilted DNHs, simulations using Ansys Lumerical (FDTD) has been done. In
these simulations, a structure similar to the experimental setup was used, and all
possible orientations of laser polarization relative to the DNHs were simulated. The
simulation results consisted of the electric field intensity around the DNHs and near
the gold surface. The reflection and transmission intensities in the frequency domain
were also monitored. After doing all simulations, degree of polarization was calculated
using the simulation results. This parameter is used to determine the optimum value
for the polarization orientations and to see how these orientations can affect the

quality of trapping and resulting signals.
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Simulations Setup

For the source, a ’total field scattered field’ source was used with dimensions of 700 nm
x 700 nm x 100 nm, encompassing the DNH and the 70 nm thick gold film. This
source is used to simulate plane-wave excitation and avoid aperturing effects. In the
experiments, a focused beam was used and it does not have a constant intensity on the
focus plane, but in the simulations, the excitation wave was constant on the incident
surface.

The mesh type used in the simulations was ’auto non-uniform’. This type of mesh
will create elements with varying dimensions. The size of each element is smaller in
areas with more complex geometries or higher refractive index contrasts. Thus, the
simulation accuracy will remain high while the performance improves. Its accuracy
was set to 5 and mesh refinement was set to 'staircase’.

For the gold material properties, data from Johnson and Christy [147] was used.
For glass and water we used data from Palik [86]. The boundary conditions were set
to " Perfectly Matched Layer” and its dimensions were 1.2 ym x 1.2 ym X 2 pm to
ensure no wave reflection from the boundaries.

Two monitors were placed near the gold layer to measure the electrical field inten-
sity, transmission and reflection of the incident wave. Figure 3.6 shows the reflection
spectrum from the DNH in frequency domain. The electric field intensity around the
DNH is shown in Figure 3.7. It can be seen that a high intensity electric field is
formed in the gap and in the two holes. To measure a small change in the reflection
beam that was caused by a trapped nanoparticle in the gap, we should selectively

collect the cross polarized reflected light from the DNH.
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Figure 3.6: Simulated reflection spectrum of a DNH with the laser shown at 785 nm.
The hole diameter is 420 nm and the gap size is 55 nm.
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Figure 3.7: Electric field intensity around a DNH with the laser polarization along y
axis. From [28] Copyright (©) 2023 Optica Publishing Group.
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Degree of Polarization

To have a measure of how polarized the reflected light is, we can use degree of po-
larization. By calculating this parameter, we can see how much of the light changed
polarization after reflecting from a DNH. To find this, a series of simulations had been
done by varying the incident light polarization on a DNH. Then, the reflected light
polarization was measured and it created a polarization ellipse shown in figure 3.8.
It can be seen that most of the light is reflected with the same polarization that it
had. A small portion of light will reflect at an orthogonal polarization.

To show the cross polarized scattering from a DNH, polarization ellipse for re-
flected light has been plotted using FDTD simulations. The polarization ellipse shown
in figure 3.8 is for the reflected light from a DNH. The incident light has an S po-
larization and the long axis of the DNH is at 45° with respect to the incident light
polarization.

To calculate the degree of polarization, the reflected light intensity was monitored
and the intensity at two orthogonal polarizations was used as the maximum and the
minimum intensity for the degree of polarization. The calculated degree of polariza-
tion for different polarization angles of the incident light from simulation results is

shown in figure 3.9. Degree of polarization is defined in Eq. 3.4.

Imax - ]min
V=———7-— 3.4
-[max + Imin ( )

where [, and I,;, are the light intensities corresponding to the maximum and
minimum polarizations, respectively. The maximum follows the incident laser polar-
ization and minimum is the orthogonal reflection polarization.

To have a better representation of the DNH polarization manipulation capabilities,

1 — V was calculated and plotted in figure 3.9. It shows the plot for 1 minus degree
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Figure 3.8: Simulated polarization ellipse for a DNH with an incident light with a
polarization at 45° with respect to the long axis of the DNH.

of polarization for different polarization angles of the incident beam. The DNH
orientation is constant in these simulations.

From Figure 3.9, we can see that 8.1% of the incident light is reflected with an
orthogonal polarization compared to the incident polarization. This is the case when
the incident beam polarization is at 45° with respect to the long axis of the DNH. 1—-V
values tell us how much the DNH will scatter the incident light into the orthogonal

polarization.

3.2 Raman Spectroscopy of Nanoparticles

In this section, a new method for using a Raman system for nanoparticles is proposed.
By utilizing DNHs, single nanoparticles can be trapped by the Raman system’s laser
and their spectrum can be measured at the same time. In this method, there is no

need for two different lasers for trapping and spectroscopy. It can be used by any
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Figure 3.9: 1 minus the degree of polarization for different polarization angles of the
laser light with respect to the long axis of the DNH from simulation results fitted
with a sinusoidal function. From [28] Copyright (C) 2023 Optica Publishing Group.
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conventional Raman system and there is no need for custom optical tweezer setups.
The convenience of Raman spectroscopy combined with the capabilities of DNHs can
be used to detect nano-scale particles in solutions with low concentrations.

Using DNHs in Raman spectroscopy has two main advantages. One is the optical
trapping capability. Being able to trap a nanoparticle and isolate it from other sub-
stances, means that we can have a strong and precise Raman scattering collection.
This will make the measurement more reliable and also make it possible to measure
small particles that are not concentrated enough to be measured by conventional
Raman spectroscopy.

The second advantage is the Raman enhancement. Many SERS methods have
been in use to increase the intensity of Raman scattering. Some of these methods
require a solution with high concentrations to cover the surface and make it possible
to have an acceptable level of signal-to-noise ratio. But by using DNHs, the Raman
laser will create a resonant surface plasmon around the aperture. This leads to a
strong electric field on the gold surface around the holes. After trapping a particle
in the aperture, it will be in proximity to the enhanced field, thereby amplifying its

Raman scattering.

3.2.1 Double Nanohole Mapping

The colloidal lithography method used to fabrication DNHs, results in holes on the
gold surface with different shapes. The holes can be single, double, or more clumped
in some locations. The goal is to find DNHs on the sample. These DNHs are spread
randomly on the sample and they have different orientations. In order to locate
them and determine their orientation, scanning electron microscopy (SEM) can be
used [148].

With careful fabrication to ensure a hole distribution that avoids clumping, it is
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possible to use the camera image on the Raman system to differentiate double and
single nanoholes on the sample. Also, the orientation of DNHs can be estimated with
a high accuracy. On figure 3.10 SEM images and camera images are shown side by
side to imply the method used to locate DNHs. It can be seen that double nanoles
can be identified for trapping on the Raman system without the need to use SEM
beforehand. In other words, finding DNHs does not require an SEM.

The camera image uses white light to illuminate the sample. The difference be-
tween double and single nanoholes can be seen in Figures 3.10(B) and (D). For confir-
mation, SEM images were taken after the measurements to show that the holes that
were used were DNHs as shown in Figures 3.10(A) and (C). In the case that a hole
was in fact two holes close to each other, the camera image cannot show that but
the observation of weak Raman enhancement will show that it is not a DNH. This is

another method to confirm the shape of the aperture.
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Figure 3.10: A) SEM image of the sample with DNHs circled. B) Camera image of
the same area of the sample on the Raman system with the same DNHs circled. C)
SEM image of single and DNHs. D) Camera image of single and DNHs. DNHs are
indicated by arrows. Reprinted with permission from [29]. Copyright 2024 American
Chemical Society.
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Chapter 4

Experiments and Results

4.1 Sample Fabrication

The first step for aperture assisted optical trapping is to make the apertures. Aper-
tures used in this work are double-nanoholes on gold. There are few methods to
fabricate double-nanoholes [80]. Most of these methods are costly and require com-
plicated procedures and expensive equipment. A widely available technique for aper-
ture fabrication is to use colloidal lithography [66,149]. By drop-coating nano-spheres
on a surface and expecting the desired pattern to form, we can have apertures with
different orientations and shapes. Another benefit of this approach is that in one
fabrication run, multiple apertures will be formed. Thus the chances of having hun-
dreds of intended structures is possible. In this way, by going through one fabrication
process, hundreds of different apertures will be created and can be used in multiple
experiments with different requirements.

In this work, to make DNHs, a colloidal lithography method was used to create
randomly distributed DNHs in a 70 nm thick gold film [148]. The fabrication starts

by picking a glass slide with a 5 nm layer of indium tin oxide (ITO). Polystyrene
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nanospheres with diameter of 800 nm in water and surfactant solution with 0.01%
w/w concentration were drop coated on the ITO layer on the glass slides. In this
process, the nanospheres will be randomly distributed on the surface and will form
different orientations and structures. There will be a few single holes, double holes
and more. By adjusting the concentration of the polystyrene solution, the probability
of forming these apertures will change. The concentration used in this study created
mostly single and DNHs. Knowing this we can use the camera on the optical setup to
see the holes and by comparing the brightness of these apertures, singles and doubles
can be differentiated.

After the drop coating step, nanosphere sizes should be modified to make the
desired hole sizes. For this purpose, a plasma etching machine was used to reduce
the size of the spheres. Using larger nanospheres and etching them to smaller diam-
eters, creates smaller gap sizes compared to starting with smaller nanospheres. The
polystyrene nanospheres on the I'TO surface were placed in an oxygen plasma ma-
chine (Harrick, PDC-002) to be etched for 230 seconds at 30 W power to reduce their
size. When the size of polystyrenes are decreased, the gap formed between double-
nanoholes will also decrease. It is possible to make any hole size and gap size using
this method, by changing the initial nanosphere size and the etching times [84].

After the etching step, the result will be nanospheres with smaller diameters than
the original 800 nm. Therefore the resulting aperture size and cusp separation will
be determined prior to sputtering the gold layer. The gold film was sputtered on the
ITO layer with the nanospheres on it. The thickness of the gold film is 70 nm and
it is measured by the quartz crystal microbalance (QCM) in the sputtering machine.
After depositing the gold, the nanospheres should be removed to create holes in
the gold film. For removing the nanospheres two methods can be used. The less

destructive method is to use an adhesive tape to remove the beads [148] and the
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aggressive but more effective method is to sonicate the sample in an ethanol bath
for 2 to 5 minutes [84]. Both methods will successfully remove the beads to form
nano apertures in the gold film. Both methods were used in this work. The resulting
DNH is shown in Figure 3.4 (A) with hole diameter of 420 nm and cusp separation

of 55 nm. This DNH and a few other sizes were used in the following experiments.

4.2 Reflection Mode Trapping

4.2.1 Solution Preparation

Three nanoparticle solutions were used in this work.

e Polystyrene particles with average diameter of 20 nm were in water with con-

centration of 0.02% w/v.

e Bovine Serum Albumin (BSA) was used with the concentration of 150 uM in

phosphate buffered saline.

e Hexagonal boron nitride (hBN) nanoflakes were also trapped with average thick-
ness of 3 to 4 layers and width of 50-100 nm with concentration of 5.4 ugmL~!

in a solution of water and ethanol [150].

These solutions were placed in a micro-well between the gold layer and a micro-
scope cover slide. The laser comes through an aperture in the gold layer to reach the
solution, traps a particle and reflects back. The laser was focused by an oil immersion

100x objective lens as shown in Figure 3.4 (B).

4.2.2 Trapping Experiments

When the focused laser traps a particle in the aperture, the reflection amplitude will

increase. This reflection is from the gap region of the DNH because the polarizing
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beam splitter separates this signal from the rest. The increase is caused by the shift
in the LSP resonance frequency, which results from the addition of the particle in
the gap. This value was measured by the APD and digitized by a Data Acquisition
Device (Labjack U3-HV). This data was plotted in time domain to show the trapping
event.

The trapping signals for polystyrene nanospheres and BSA can be seen in Fig-
ure 4.1. Figure 4.1 (A) shows a polystyrene particle already trapped, and then the
laser beam had been blocked at 0.2 s to release the particle, followed by unblocking of
the laser at 1 s. After about one second, a 1.84% change in the signal at 2 s indicates
the trapping of the polystyrene nanosphere.

Figure 4.1 (B) shows blocking of the laser beam at 1 s to release the trapped BSA
particle. Then by unblocking the laser at 1.8 s and waiting for about 1 s, the BSA
particle was trapped again at 3.2 s and showed an increase in the voltage by 2.9%.

For trapping hBN nanoflakes, the setup was different and it used a 60x objective
lens. Results are shown in figure 4.2. Figure 4.2 shows blocking of the laser beam
at 1.2 s while an hBN nanoflake is trapped. This will release the particle. Then by
unblocking the laser at 1.4 s and waiting for a while, an hBN nanoflake was trapped
again at 2.2 s and it causes an increase in the signal by 4.8%.

It is possible to add an APD on the other side of the sample and collect the trans-
mission signal. By measuring the transmitted light trough the DNH, we can compare
it with the reflection signal in a trapping event. Figure 4.3 shows a trapping event for
a 20 nm Polystyrene bead. To better show the trap data, a low-pass filter was applied
to the data to reduce the visible noise. It can be seen that the transmission data has
high amplitude noise that can cover the trapping signal and make it unnoticeable,
unless a low-pass filter is applied to the data to see the signal properly. On the other

hand, the reflection signal is more clear and has better signal-to-noise ratio for future
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Figure 4.1: Normalized APD voltage while trapping A) Polystyrene nanoparticles
and B) BSA. From [28] Copyright (C) 2023 Optica Publishing Group.
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Figure 4.2: Normalized APD voltage while trapping hBN nanoflakes. From [28§]
Copyright (©) 2023 Optica Publishing Group.
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Figure 4.3: Trapping event of a 20 nm Polystyrene bead in reflection and transmission.

analysis.

Figure 4.3 shows that the signal amplitude is not changed considerably after trap-
ping, but the noise amplitude has increased. The trapping event can be detected by
observing the noise amplitude. The measured reflection signal is from the orthogonal
part of the reflected beam and has a small increase in intensity after trapping similar

to the transmission signal.

4.2.3 Raman Spectroscopy of Polystyrene Nanosphere

By using the reflection setup, it is easier to implement Raman measurements. To do
Raman spectroscopy, a Raman probe was used to separate the laser beam and the

Raman signal. A dichroic mirror inside the Raman probe with cut-off frequency near
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Figure 4.4: Raman spectra for a 20 nm polystyrene nanosphere showing the peak at
3054 cm™. From [28] Copyright (C) 2023 Optica Publishing Group.

785 nm will direct the excitation laser to a fiber and the light with longer wavelength
to another fiber. In this way, one fiber will have the Stokes shift data. Connecting
this fiber to a spectrometer will show the Raman signal.

The data is shown here for the reflection setup detected with the spectrometer
(Ocean Optics QE65000). Improvements in the setup are required to obtain con-
vincing results. Figure 4.4 shows the Raman shift spectrum for a 20 nm polystyrene
nanosphere. The spectrometer integration time for this measurement was 3 minutes.
This long integration times require the particle to remain in the trap. Due to the
small size of the nanosphere and the weak Raman intensity of Polystyrene, a weak
Raman peak is expected.

To have a useful signal to noise ratio, the integration time was 3 minutes. This
will cause the spectrum to get saturated near the laser wavelength. This saturation
will inhibit the ability to measure smaller Stokes shifts. Polystyrene has Raman peaks
at different wavelengths and the most intense one is at 852 nm which corresponds to

a Raman shift of 1001 cm™ [17]. By using long integration times, this peak will fall
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into the saturated part of the spectrum. To mitigate this issue, it is possible to look
for peaks that are further away from the laser wavelength. The next Raman peak
for polystyrene is at 3054 cm™ which is far enough from the laser wavelength that
we can increase the integration time to a few minutes. The intensity of this peak is
lower than the main peak and in order to detect it, more accuracy in measurement
and longer integration times are required. Because this peak is not close to the laser
wavelength of 785 nm, the saturation of the spectrometer around laser peak will not

affect the measurement.

4.3 Raman Spectroscopy of Nano-particles

4.3.1 Sample Fabrication

In the Raman experiments DNHs were used and were made using the same top-down
method used before. Polystyrene nanospheres were used to create DNHs in the gold
layer with desired gap sizes [84]. First, a solution of 600 nm polystyrene nanospheres
from Alpha Nanotech with concentration of 0.3% w /v was prepared and drop coated
on a no. 1 glass slide.

To reduce the holes and gaps dimensions, plasma etching was used on polystyrene
beads. The duration of plasma etching was tuned to make the gaps formed by the
touching nanospheres from 150 nm to 20 nm. The plasma etching reduces the di-
ameter of the spheres so that they will be from 600 nm to 400 nm. These sizes
were fabricated on different glass slides to be used in multiple measurements. Similar
fabrications were done with different nanosphere sizes in previous works [84].

The resulting sizes for holes and gaps were observed experimentally. Calibration
curves are required to have the parameters to precisely determine the hole sizes. For

nano-hole fabrication, calibration curves are essential for ensuring that the dimensions
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and properties of the fabricated holes meet the specified tolerances. Accurate cali-
bration allows for the detection of any deviations in the fabrication process, enabling
adjustments to be made to maintain high-quality standards.

The plasma etching machine used in this work was Harrick PDC-002. Polystyrene
sizes were reduced in the etching process to create precise gap sizes between 20 nm and
60 nm [28]. In the process, the resulted nano-holes had a diameter of approximately
400 nm. After preparing the spheres with the desired sizes, the glass slides were coated
with 100 nm of gold in a Mantis sputtering machine. Mantis sputtering machine has
a quartz crystal microbalance (QCM) to measure the thickness of the sputtered gold.
After depositing the gold, polystyrene beads were removed by sonication in ethanol.
This makes the holes appear in the gold film.

The distribution of double nano-holes on the gold film depends on the concentra-
tion of polystyrene nanospheres in the solution. The optimum concentration will only
create single holes and DNHs with no clusters of more than two holes. This will make
is easier to identify DNHs on the camera on the setup. On the camera, DNHs are
brighter and can be differentiated from single holes. By having more than two holes
adjacent to each other on the sample other holes will be mistaken for DNHs [148].

The particles used is the experiment for Raman spectroscopy was Titania (TiO3).
A titania powder from Sigma-Aldrich (718467) with particle sizes of 21 nm was diluted
in water. This solution was dropped on a microwell on the gold film and covered by
a cover slip. The microwell was formed by stickers from Grace Bio-Labs SecureSeal
with thickness of 0.12 mm. The cover slip thickness was No. 1 (130 - 160 pm thick).
After sealing the titania solution on the sample, it was transferred to the Renishaw
InVia Raman system. The cover slip was facing the 50x 0.75 NA objective to expose
the solution to the Raman laser. Figure 4.5 shows the diagram and picture of the

sample under the objective and a double nano-hole on the gold.
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Figure 4.5: A) The gold sample with DNH and TiO; solution under Raman mi-
croscope objective. B) Scanning electron microscope image of a DNH in the gold
layer. C) Picture of the sample under the microscope objective of the Raman system.
Reprinted with permission from [29]. Copyright 2024 American Chemical Society.
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The trapping laser was the same as the Raman excitation laser. Its wavelength
was 785 nm and the signal for trapping and Raman scattering were measured in the
reflection from the sample. The Raman system had a long pass filter to prevent the

reflected laser beam from reaching the detector.

4.3.2 Camera Image Analysis

After finding a DNH on the sample using the camera on the Raman system, the laser
will be turned on and focused properly on the aperture. After a few minutes a particle
will be attracted to the trapping region and eventually be trapped in the DNH. This
trapping event can be observed on the camera by visible changes in the laser fringes.
This video can be recorded and analyzed [151].

An analysis of a trapping event is shown on figure 4.6. It shows a trapping event
on the Renishaw InVia Raman system. The camera is receiving the reflection from
the sample, so it sees a decrease in laser intensity. In conventional optical trapping
setups with a detector in the transmission path, the intensity of the signal will increase
when a particle in trapped in a DNH. To quantify the video data, a method similar
to a previous work [151] was implimented. A line of pixels through the center of the
beam spot in the video is chosen and its intensity is plotted over time in the shape
of a waveform. A distinct change in the signal can be seen at 93 seconds. If we track
only one pixel, for example pixel 794 of the line, it gives a typical optical trapping
signal in a DNH.

This camera field of view is 90 pm by 58 pm and its resolution is 750 by 480
pixels. The video was recorded with 15 frames per second. Each pixel corresponds
to a square with dimensions of 120 nm by 120 nm. Before the analysis, the video
was converted to mpeg and the resolution becomes 1280 by 720 and the analysis was

done on this file.
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Figure 4.6: Trapping signal of Titania nanoparticle shown as a 2D waveform and
1D signal of pixel intensities over time. A line of pixels through the center of the
beam spot is tracked over time. A) The change in camera image while trapping and
monitoring along the red line. B) The change in camera image while trapping and
monitoring a single pixel. C) Camera image showing the laser on the sample. D)
Change in Raman spectrum showing Raman features after trapping. Reprinted with
permission from [29]. Copyright 2024 American Chemical Society.
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4.3.3 Raman Signal Measurements

After trapping Titania nanoparticle on a DNH, the Stokes shifts will appear on the
spectrum. By comparing this data by the spectrum before the trap, Raman scattering
signal fro Titania can be observed.

An example of a trapped TiOy Raman spectrum can be seen in figure 4.7. There
are four strong peaks in the TiO, Raman spectrum and they are visible in this figure.
The Stokes shift lines correspond to the molecular vibrations of anatase Titania, as
reported here [152]. They correspond to these molecular vibrations: FEg1y, Bigwa),
Bigay, Ey4ws)- The integration time was 30 seconds for this measurement.

To determine how DNH sizes affect the Raman intensity, the intensity of the
Raman spectrum at 145 cm~* had been recorded for multiple samples with different
aperture sizes. The intensity of this peak which is the highest one in Titania spectrum,
for different DNHs with different cusp separations (gaps) are shown in Figure 4.8. As
shown in this figure, by decreasing the gap size in the DNH, the Raman signal intensity
will increase. This corresponds to a higher field intensity in the gap region due to
the small cusp separation. It can be seen that decreasing the gap size increases the
Raman intensity, and this is due to the plasmonic enhancement.

The values for Raman shifts like 145 cm™" are based on a past work [153]. In the

I compared to previous studies. The

experiments, the shifts were shifted by 2 cm™
Raman system had that error for the calibration silicon as well and the data here
were shifted accordingly to fix this issue.

As seen in the spectrum plot, the small peaks are visible at the expected locations,
but their signal to noise ratio (SNR) was not enough to quantify the Raman enhance-

ment. To improve these peaks, the integration time could be increased beyond the

30 seconds we used, but it would saturate the detector by the low wavenumber peak.
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Figure 4.7: The Raman spectrum for a trapped TiO, particle showing peaks at
145 cm™, 399 ecm™!, 516 cm™' and 640 cm~! [153]. This spectrum is obtained
by subtracting the Raman signals measured before and after trapping shown in fig-
ure 4.6 (D). Reprinted with permission from [29]. Copyright 2024 American Chemical
Society.
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Figure 4.8: The intensity of Raman signal at 145 cm~! for TiO; at different gap sizes
of DNHs. Vertical error bars are from the shot noise and horizontal error bars are
from the size measurement at SEM. Reprinted with permission from [29]. Copyright
2024 American Chemical Society.
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Chapter 5

Evaluation, Analysis and

Comparisons

5.1 Reflection Mode Trapping

The use of polarization symmetry breaking in the context of reflection-mode trap-
ping is an innovative in this field. We demonstrated that this technique enhances the
trapping forces, which is significant in its form. By tilting the DNHs and break the
symmetry, the effectiveness of trapping event increases. This opens up new possi-
bilities for more precise and efficient manipulation of nanoparticles, which can have
significant implications in fields like biophysics and nanotechnology.

The experimental results were collected precisely and they showed enhancement
and practicality in trapping particles compared to traditional methods. The experi-
mental data, supported by robust theoretical models, demonstrate a marked improve-
ment in trapping efficiency compared to traditional methods. The use of polarization
symmetry breaking is a distinctive and creative approach, setting this research apart

in the field of optical trapping.
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Some limitations of this approach should be noted. The specialized nature of the
experimental setup could pose challenges for replication by other researchers without
similar equipment.

The results of this study are promising and highlight a novel approach to optical
trapping. The combination of theoretical and experimental work sets a solid founda-
tion for future research. This technique can be adapted and integrated into practical

applications, and further advancements can be made.

5.2 Raman Spectroscopy

The approach presented here for Raman spectroscopy provides an accessible platform
for the investigation of single nanoparticles in solutions. The main features that make
this approach more accessible compared to other works are the use of a colloidal
nanofabrication method which does not require a top-down lithography. Also, it
is possible to identify DNHs and their orientations using the Raman system built
in camera. Moreover, we can observe the trapping event by through the camera in
reflection mode. Therefore, this approach is more accessible to researchers with access
to a commercial Raman system.

Additionally, this method provides enhanced Raman signal from the DNH gap
region, resulting in 400 counts/second with 14 mW of laser power and a 50x objective
lens for measuring 21 nm particles. These results can be compared to a past work
that obtained similar Raman signal intensities for Titania particles with a million
times larger volume and without using metal nano-apertures [27]. Other parameters
like laser wavelength, power and integration time were similar. Therefore, we show
that the DNH apertures provide Raman enhancements that benefit both trapping

and Raman signal for assessing the Raman spectra from individual nanoparticles.
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It is possible to reuse the samples with DNHs at least ten times before they
become contaminated and damaged. In order to reuse the samples, they were placed
in acetone overnight, washed with ethanol and dried with dry nitrogen gas.

To optimize the DNH samples for improved Raman enhancement we can tune the
size of the apertures and the gaps. In this work the focus was on 400 nm aperture
diameters and cusp sizes approximately the size of the nanoparticle that we wanted
to study. We also attempted using 200 nm apertures and they showed slightly higher
Raman enhancement but not reported here.

Using cross-polarized detection with DNHs for the Raman signal is possible. This
is impacted by the orientation of the DNH and their effect on polarization. If the
DNH is at 45 degrees compared to the laser polarization, cross polarization can be
used to minimize the elastic reflection of the incident laser [28].

It would be interesting to use this method to study heterogeneity of nanoparticles,
for example, biological nanoparticles [99] or different crystal structures of nanoparti-

cles.
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Chapter 6

Conclusions

Nanostructures including DNH have been extensively used in optical trapping appli-
cations. These apertures are capable of isolating and characterizing single molecules
and are able to give insight over the mechanics of nanoparticles. Investigating bio-
molecules have been a challenge in single molecule levels because of their sensitivity to
small modifications. But utilizing optical tweezers created the opportunity to isolate
and manipulate a single molecule.

Single particle manipulation and analysis is a powerful technique. It holds sig-
nificant potential for advancing research across various scientific disciplines by en-
abling the precise examination and control of individual particles. This method al-
lows researchers to gain deeper insights into the behaviors and properties of isolated
molecules. This can be particularly valuable in fields such as quantum technology,
biochemistry, and medicine, where understanding the interactions and dynamics at
the molecular level is crucial. The ability to manipulate single particles opens up new
possibilities for studying complex biological processes, developing new medication,
and improving the design of nanoparticles. As a result, single particle manipula-

tion and analysis is set to become a crucial tool for future scientific discoveries and
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innovations.

6.1 Reflection Mode Trapping

The reflection geometry enables a simpler optical setup compared to traditional sys-
tems. Because there is no need to have two collinear objectives on both sides of the
sample. The reflection setup uses the same objective for excitation and collection of
plasmonic resonances. This method will free up space on one side of the sample. It
will allow the manipulation of the sample and solution. For example it can be used to
add opaque solutions and microfluidics to the trapping site on the chip. Using only
one objective can reduce the cost of the trapping setup and simplify its maintenance.

There are numerous past works that have used reflection to monitor the trapped
particle, but they did not exploit the polarization effects of the nanoaperture to isolate
the reflected signal from the trapping area [154]. By using the polarization separation
of the reflected light, it is possible to achieve an improved signal to noise ratio and
more stable trapping.

With the utilization of the reflection measurement and its unique sample place-
ment, we can work with highly scattering or opaque samples. Because these types of
solutions do not transmit light efficiently, a conventional trapping setup is not able
to show the trapping event on the sample. A few examples of these solutions include
measuring asphaltene properties from crude oil [155] and blood serum analysis [156].

Addition of microfluidics equipment to the setup will be easier when we have more
free space on one side of the sample, because there will be more space for connecting
tubing and flow structures [87]. Several previous works have shown the benefits of
combining DNHs with nanopores [157,158] and those approaches can benefit from

the proposed reflection geometry.
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In future works on this subject, with the aim of improving the Raman spec-
troscopy, the poor quality fiber-probe Raman filter can be replaced by a free-space
short-pass or notch filter to block the laser light. Better Raman signals had been
achieved in similar setups in the past [17,100]. With this method and improvements,
we expect to measure a stronger reflected Raman signal, which will help us identify
the trapped nanoparticle. This can be a major break-through in identifying nanopar-

ticles such as proteins and antibodies.

6.2 Raman Spectroscopy

This dissertation demonstrates the use of DNH with a bottom-up fabrication process
for optical trapping and Raman spectroscopy of single nanoparticles on a commercial
Raman microscopy system in reflection mode. The ability to use these DNH for
Raman spectroscopy makes this approach accessible to a wide range of researchers.
Top-down nanofabrication or custom laser tweezer systems are not available to many
researchers.

The ability to locate the apertures, their orientation and detecting a trapped par-
ticle using the camera integrated in the Raman microscope system had been demon-
strated in this work. Based on these capabilities, it is believed that it will be an
attractive approach to analyze heterogeneity in nanoparticles. Some examples of this
analysis method are analyzing differences in crystal structure of solids or biological
properties of bio-molecules.

For extending this method by future researchers, it is possible to use the laser to
increase the sample temperature and possibly observe conformational changes in the
molecules or interactions between them in real time. Recent research on these appli-

cations implies that aperture trapping can be effective in studying various particles



and the temperature dependence of their characteristics. [129,137,159-163].
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