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Abstract

This thesis explores the optical trapping capabilities of silver (Ag) and gold (Au) nanostruc-
tures. Double nanohole (DNH) apertures with a gap size of ~ 32 nm were fabricated in each
nanostructure to trap 20 nm polystyrene (PS) nanospheres. The surfaces of each metal were
either modified using an aqueous solution of 5 mM monodisperse thiol polyethylene glycol
(mPEG) (the “experiment” group), or immersed in deionized (DI) water only (the “control”
group). A solution containing the PS nanospheres was then transferred and confined to a
chamber spacer attached to the modified surface (for the “experiment” group) or the unmod-
ified surface (for the “control” group). To evaluate the trapping performance of each group,
the trapped data was acquired as a function of time. The power spectrum density (PSD)
of the trapping signal was analyzed using the Brownian motion theory of trapped beads,
and the data was fitted with a Lorentzian function to extract the corner frequency and time
constant. The trap stiffness (force constant) of the optical trap was also determined.

The results indicated that increasing the trapping power led to higher trap stiffness for
silver DNHs compared to gold in the DI water environment, suggesting a stronger force
holding the nanoparticles in the trap. The surrounding medium significantly impacted the
trapping performance, with the mPEG-thiol monolayer reducing the trap stiffness for both
silver and gold DNHs. Additionally, a linear dependence of trap stiffness and time constant
on laser power was observed, confirming that increasing power enhances trapping strength
and reduces the time for the nanoparticle to fall into the trap. This research provides nuanced
insights into the comparative effectiveness of silver and gold nanostructures in optical trap-
ping and demonstrates the influence of the surrounding medium on trapping performance.

These results provide pathways for future advancements in aperture-based trapping.
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Chapter 1

Introduction

1.1 Principles of Optical Trapping

In 1967, Arthur Ashkin hypothesized that atoms and molecules could be accelerated and
trapped using laser light tuned to specific optical transitions. He demonstrated that micron-
sized particles could be accelerated and held in stable optical traps solely through the radi-
ation pressure from a continuous laser [1].

In subsequent experiments [2—4], Ashkin discovered that radiation pressure comprises two
fundamental force components affecting the particle. One is the longitudinal component,
known as the scattering force which acts along the direction of the beam, while the other
is the transverse component, called the gradient force, acts in the direction of the beam’s
intensity gradient.

Later, in 1986, Ashkin demonstrated for the first time the optical trapping of dielec-
tric particles using a single-beam gradient force trap [5]. This allowed the use of the new
traps extending the size range of macroscopic particles accessible to optical trapping and
manipulation well into the full spectrum of Mie and Rayleigh particles.

Figure 1.1 shows the radiation pressure acting on a colloidal particle in an electromagnetic

field resulting in gradient and scattering forces.
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Figure 1.1: (a) The gradient and scattering forces acting on a dielectric particle displaced
from the centre of a Gaussian laser beam. The curved lines at the top and bottom illustrate
the shape of the laser beam, while the Gaussian curve represents the intensity profile. Two
light rays from the laser beam, labeled a and b, show how the refraction of light by the
particle alters the photons’” momentum, leading to the forces F, and Fj. Reproduced from
reference [6]. (b) Conventional optical tweezers use a strong focused beam of light to trap
atoms or nanoparticles. The intensity gradient draws the particle toward the focus, whereas
the radiation pressure from the beam pushes the particle along the optical axis. The stronger
gradient forces compared to the scattering forces from radiation pressure lead to the creation
of a stable three-dimensional trap. Reproduced from reference [7].

This thesis focuses on Rayleigh particles. When the diameter of a trapped particle is
much smaller than the wavelength of light, the conditions for Rayleigh scattering (r < )
are met, and the particle can be approximated as a point dipole within an inhomogeneous

electromagnetic field [5,8]. The dipole moment is defined as [9]
p=caE (1.1)

where p is the dipole moment, E is the electric field, and « is the particle’s polarizability.
The force exerted on a single charge within an electromagnetic field is the Lorentz force.
dp

F = -AE+ — xB 1.2
(b AE+L <B, (12)



where F is the force, E is the electric field, B is the magnetic field, and p is the dipole
moment.
Assuming a spherical particle with radius r, refractive index n, and background medium

n,,. The polarizability o can be written as

2 _ .2
Ny, — Ny 2.3

= =™ 1.3

“ (ng—l—ann)nmr (13)

The gradient force Fg.q acting on a particle in the Rayleigh regime depends on its

polarizability as well as the gradient of the electromagnetic field intensity

1
Floa = §aAE2 (1.4)

where E? indicates the intensity of the photons from the laser, meaning that the strongest
force will be at the location of highest photon intensity, which is at the beam’s focal point.
Consequently, the particle is drawn toward the center of the beam.

Substitute for a in Equation 1.4,

3,.3 2
ny 9 nyre (n;, —1 9
Fopwg=——aAEF*=—"— | 22— | AE 1.5
grad 2 @ 2 (n%l—2) (15)

Therefore, the gradient force scales as the third power of the particles size
‘Fgrad‘ 8 7,,3 (16)

The scattering force Fi., arising from the dipole moment of the particle and acts in the
direction of the incident radiation. For a Rayleigh particle in a medium of index ny, the
scattering force in the direction of the incident power is

P,
Fscat - o bCat’ (17)
C

where Py, is the power scattered. The beam intensity is

I= %wy? (1.8)

The optical power scattered by the particle can be approximated by the radiation of an

electric dipole [10] by
16 e,
3 P

In terms of intensity Iy and effective index n,,, the scattering force can be re-written as

Pscat — (19)



Ip 1287576 /n2 —1)°
Pt = -2 m 1.10
EPREYY <n$n v2) ™ (1.10)

Hence, the scattering force scales directly as the ratio of the sixth power of the particles size

to the fourth power of the wavelength

7’6

’Fscat| X F (111)

For a Gaussian beam of focal spot size wy that occurs at an axial position z = ng/\/g/\,

R:

Fuea  3V3 n2 X
maa _ 3V3 1 > 1 (1.12)

Fiar 6475 (n2,-1Y) w2 —
n2 +2

where A is the wavelength in the medium. This condition applies only in the Rayleigh regime
where the particle diameter is less than the wavelength of light, 2r < X [5].
Ashkin was awarded a Noble Prize in Physics for his invention of “optical tweezers”

(2018) and its application to manipulate atoms, molecules, and biological cells.

1.2 Nanoaperture Optical Trapping

Particles suspended in fluid experience random Brownian motion, resulting in high thermal
kinetic energy of the particle [11]. To create a stable trap, the potential well of the trapping
force should be significantly stronger than the kinetic energy of the particle. The potential
energy is given by [12,13]

U > kgT (1.13)

where kg is the Boltzmann constant and 7' is the temperature. The trapping potential of a

dielectric sphere in an electromagnetic field is expressed as [14]

2
2N, 1> (:_i) —1
5 Iy (1.14)
c (:—i) +2

Equation 1.14 reveals a key limitation of using optical tweezers lies in the third power

U:—p~E:

dependence of the trapping potential. When the particle is one order of magnitude smaller,
the beam intensity must be increased by three orders of magnitudes. Hence, stable trapping

requires higher powers which could result in damaging particles and biological cells.



1.2.1 Bethe’s Theory

In 1944, Hans Bethe studied the diffraction of electromagnetic waves by a small hole in an
infinite conducting screen [15]. Figure 1.2 shows two cavities o and § coupled by a small
hole.

Figure 1.2: Two cavities a and [ coupled by a small hole

When light propagates through an aperture that is significantly smaller than its wave-
length, the light gets cut-off at the edges. The wave cannot meet the boundary condition
requiring the electric field to be zero at the aperture’s edges, resulting in diffraction of the
light.

Bethe used a quasi-static approximation of Maxwell’s equations. It involved a plane wave
striking a circular aperture with a diameter smaller than the wavelength, within an infinitely
thin, perfect electric conductor film. The plane wave strikes the film perpendicularly, with
its electric and magnetic fields aligned parallel to the film’s surface. The light that emerges
through the circular aperture is approximated as originating from a magnetic dipole. This
can be extended for nanoaperture trapping, where the light transmitted through a subwave-
length circular aperture can be approximated by emission from a magnetic dipole [10]. The

optical transmission is approximated as



1 [4Zy7? 8r3 26

where Zj is the free-space impedance, )\ is the wavelength in free-space, r is the radius of
the hole, and Hj is the magnetic field of the incident wave.

As shown in Figure 1.3, when normalizing based on the area of a circular aperture
(A = 7r?), the transmittance through a subwavelength circular aperture is inversely pro-

portional to the fourth power of the wavelength % x f\—i If the aperture is enclosed by a
dielectric medium with a refractive index n, the wavelength in the medium adjusts to A = ’\f

Consequently, for a given aperture size, a higher optical transmission is anticipated,

T X — X — (1.16)
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Figure 1.3: Optical transmission through subwavelength aperture: a) without a particle; b)
enhanced transmission due to the presence of a dielectric particle; c) if the particle exits the
aperture, the reduction in light momentum (AT') generates a force (F') that pulls the particle
back into the aperture, known as self-induced back action; (d) redshift in the transmission
curve caused by the particle entering the aperture, resulting in a change in transmission AT
Reproduced from reference [16].



1.2.2 Self-Induced Back-Action

Figure 1.3a illustrates the optical transmission through the circular aperture, which is primar-
ily characterized by light diffraction and exhibits low power. Figure 1.3b shows the situation
when a particle enters the trap. The particle has a higher refractive index compared to
the medium (water) inside the aperture. This causes dielectric loading (see Equation 1.16),
where a substantial increase in optical transmission attributable exclusively to the change in
refractive index within the same aperture.

Figure 1.3c presents the scenario where the particle attempts to escape from the aperture.
In this case, the transmission through the aperture decreases due to the shift in refractive
index. As per Newton’s third law, the net momentum of the light alters, leading to an equal
and opposite change in momentum. This creates an optical force that pulls the particle back
towards the aperture, effectively trapping it. This effect is referred to as the self-induced
back-action (SIBA).

1.3 Plasmonics

Plasmonics involves exciting surface plasmons (SPs), which are collective oscillations of free
electrons at the boundary between metals and dielectric materials [17]. This phenomenon
allows the confinement of electromagnetic fields at the metal’s surface, facilitating the ma-
nipulation of light beyond its diffraction limit (;—2)3, where n = /€ is the refractive index of
the surrounding medium [17,18].

Figure 1.4 shows a sketch of a homogeneous sphere placed into an electrostatic field.
The spherical particle with radius a is located at the origin in a uniform static electric field
E = Eyz. The surrounding medium is isotropic and non-absorbing with a dielectric constant
€m (e.g. air or water). The field lines are parallel to the z-direction. The dielectric response
of the sphere is characterized by the dielectric function of the metal e(w) which is frequency

dependent expressed by €(w) = €;(w) + iex(w).
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Figure 1.4: Sketch of a homogeneous sphere placed into an electrostatic field. Reproduced
from reference [18].

In this case, the particle is smaller than the wavelength of light a << A, and the phase
of the harmonically oscillating electromagnetic field is constant over the particle’s volume.
Using a simple quasi-static approximation of the Laplace equation (¢ = 0) and solving
E = —V¢, the electric field inside and outside the particle is given by [18§]

3€m

€+ 2¢, 0 ( )

By — By 20P) =P 1L (1.18)
out — 0 drege,, 13 '

p = dmepena’ £ m E, (1.19)

€+ 2¢,,
The applied field induced a dipole moment p inside the sphere of magnitude proportional
to |Eo|. The polarizability « defined via p = €€, aEy is,

€— €m
€+ 2¢,,

From Equation 1.20, it is evident that the polarizability reaches its maximum when the

o = 4na® (1.20)

denominator, |e + 2¢,,|, is minimized. Under these conditions, the particle undergoes field
enhancement, known as a localized surface plasmon resonance (LSPR). This phenomenon is
shown in Figure 1.5. Structures that support LSPRs exhibit a uniform £y when illuminated
by light due to their dimensions being significantly smaller than the wavelength of light.
In the case of small or slowly varying Imle] around the resonance simplifies to the Fréhlich

condition given by Equation 1.21 [18],
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Here, €(w) is the dielectric function of the metal, and €,, the dielectric constant of the
insulating host. Equation 1.21 defines the plasmon frequency wy, for a spherical nanoparti-
cle in a dielectric medium. At this frequency, surface plasmons are most effectively excited,
leading to significant field enhancement and resonance effects observed in LSPR. This con-
dition is essential for applications that utilize the enhanced local fields generated by surface

plasmons, such as in sensing, optical trapping and imaging technologies.
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Figure 1.5: Schematic of plasmon oscillation for a sphere, showing the displacement of the
conduction electron charge cloud relative to the nuclei. Reproduced from reference [19].

For LSPR, the quality factor @ is given by [20,21]

_ w(de' /dw)
Q=S

where € = Re(e) and €’ = Im(e). Thus, Q is larger when Im(e) is small which characterises

(1.22)

the strength (or damping) and width of the resonance.

1.4 Plasmonic Double Nanohole Optical Trapping

When electromagnetic radiation interacts with a sub-wavelength aperture in a real metal
film, it induces coherent, localized oscillations of electron charges, known as localized surface
plasmons (LSPs) [22]. This leads to a strong field gradient concentrated within the aperture
[23]. A pronounced field gradient within an area smaller than the diffraction limit is ideal for
trapping very small particles (< 100 nm), thereby minimizing the need for increased optical
power [24,25].

Previously, it has been observed that circular nanohole optical traps generate a larger
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optical force than perturbative optical traps [26,27]. Optical trapping with plasmonic double
nanohole (DNH) apertures offers more advantages, such as increased cut-off wavelength [28,
29], increased transmission [30], and local field enhancement [31-33].

Figure 1.6 shows the simulated Finite-Difference Time-Domain (FDTD) electric field
distribution at the gap of a DNH aperture.

800 -
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> 40nm
100 ‘@ 600 |—32nm

2
Q —23nm
50 102 g =
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©
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400 600 800 1000 1200 1400 1600 1800

x (nm)
wavelength (nm)

Figure 1.6: FDTD simulation results for electric field intensity: b) visualization of a DNH
with a 32 nm gap separation; b) electric field intensity for DNHs with gap separations of 22.7,
32, 40, and 45 nm, normalized to the incident intensity. Reproduced from reference [34].

In this thesis, I fabricated the DNH structure using colloidal lithography following on the
method of previous group members [35], and further discussed in Chapter 2.1. The DNH
structure is illustrated in Figure 1.7, which has two sharp tips separated by a tiny gap. The
geometry of the DNH is characterized by the metal thickness T, the diameter of the circular
apertures D, the center-to-center separation distance L, as well as the curvature C' and width
W of the gap.
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(a)

2.0kV 7.9mm x70.0k SE(M)

Figure 1.7: Structure of the double nanohole (DNH) for trapping: a) Schematic view of
the DNH structure in a metal film. Reproduced from reference [36]; b) Scanning electron
microscope (SEM) image of a DNH fabricated in this thesis with 7" = 70 nm, D = 206.8 nm,
W = 32.88 nm, and L = 239.68 nm.

1.5 Brownian Motion of Trapped Beads

The Einstein-Ornstein-Uhlenbeck theory outlines the Brownian motion of a spherical bead
trapped in a harmonic potential, using three uncoupled Langevin equations—one for each
Cartesian coordinate of the bead (x(t), y(t), z(t)) [37,38]. For the z-coordinate, the equation
is given by:

mi(t) + vox(t) + kx(t) = / 2ksT v n(t). (1.23)

Here, m is the bead’s mass, 7 is the friction coefficient given by Stokes’ law for a spherical

particle of diameter R
Yo = 6mpuvR (1.24)

where pv is the liquid’s shear viscosity, p is the liquid’s density, and v is the kinematic
viscosity. A correction to the Stokes drag using Faxén’s law is used to account for the close
proximity between the particle and the wall of the DNH [39,40]. For a motion parallel to
the wall, Equation 1.24 becomes,

y = 67 pr
-5 + 50 - B - 5

where p the is the dynamic viscosity of the medium which is water given by p = 1.0 x

(1.25)

1073 Ns/m2 at room temperature, r is the radius of the spherical particle, and h is the
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distance from the centre of the particle to the wall. In this work, the spherical particle is
a polystyrene (PS) nanosphere with diameter of 20 nm (hence, » = 10 nm). Assuming h is
15 nm, solving for v yields v = 3.045 x 107! Ns/m.

The term —kx(t) from Equation 1.23 denotes the harmonic force exerted by the trap,
where k is the force constant or the trap stiffness of the optical trap.

The random thermal forces from the surrounding liquid are modeled by the term v/2kgT, n(t),
where \/2kgTq is the amplitude of the white-noise random process 7(t) at absolute temper-
ature T and kg is the Boltzman constant. The stochastic Gaussian process 7(t) has a zero
mean and a delta function as its auto-correlation function (n(t)) = 0, (n(t)n(t')) = d(t —t').

The characteristic time for loss of kinetic energy through friction is tipery = m/vp, which
is shorter than the experimental time resolution at 100 kHz sampling rate. Consequently,

the inertial term in Equation 1.23 can be neglected, resulting in:
@(t) + 2r foa(t) = (2D)Y2(t). (1.26)

where f. = k/(27) is the corner frequency and D = kgT'/~, is the diffusion coefficient.
Acquiring a series of the bead position x(t) for a total duration of measurement T,

and performing a Fourier transform on z(t) and 7(t) gives:

Tmsr/2 .
Ty = / ety (1) dt, (1.27)

_Tmsr/Q

where f;, = TL and k is an integer.

The path as a function of noise is given by

(2D) 21

= 215 e

Ty
Since the power spectral density (PSD) in Equation 1.30 is a smooth function and does not
exhibit any spikes or sudden fluctuations, the leakage term z(¢) is negligible [37].

Given that the stochastic process n(t) has a zero mean, it follows that (1) = 0; (757) =
TwsrOks; {|76*) = 272, This uncorrelated Gaussian process 7n(t) has (Re 7j;)g=0,1,.. and
(Im 7k )k=0.1,.. as uncorrelated random variables with Gaussian distribution. Consequently,
(|77 |*)k=12,.. are uncorrelated non-negative random variables with exponential distribution.

Thus, the experimental values for the power spectrum across different frequencies in the
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Brownian motion for £ > 0 is given by

D /(2T sr|T1)?)

P = |7/ Tonsr = 1.29
el 2+ £ 12
where P denotes the experimental power spectral values.
The expected value is a Lorentzian given by:
D/(2m?)
P = (P = 2 1.30
= e )

Since P is exponentially distributed, the root-mean square-deviation is equal to its mean:
o(P™) = ((P™) — P12 = p, (1.31)

Therefore, two key values that define the dynamics of the laser tweezers, the corner
frequency (f.) and diffusion coefficient (D) which can be found by fitting a Lorentzian to
the power spectrum of the bead position z(¢). Once f. is known, one can substitute into
fe = k/(2m70) and solve for k to measure the trap stiffness. Additionally, the time constant 7
can be calculated from the corner frequency obtained from the PSD by the relation 7 = ﬁ
This time constant describes the duration it takes for the particle to fall into the potential
wall as opposed to the viscous drag. Section 3.1 will discuss the analysis of the trapped data

obtained from the optical tweezer setup.

1.6 Properties of Gold and Silver

Gold (Au) and silver (Ag) are among the most used metals for plasmonic studies, in the
visible and near-infrared (NIR) regions due to their unique optical and thermal properties
[18]. Both metals exhibit localized surface plasmon resonance (LSPR) because of their large
negative real dielectric constant and small imaginary dielectric constant.

Gold has been the most used for optical trapping because of its good chemical stability
and biocompatibility [41]. However, Ag offers better results in terms of sensitivity and
exhibits a stronger LSPR across the spectrum from 300 nm to 1200 nm [21,41]. As shown
in Figure 1.8, the quality factor of Ag is also the highest among all noble metals in this
range [21].
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Figure 1.8: The quality factor (Q) of the LSPR at a metal /air interface. A higher Q) indicates
lower damping and a more pronounced plasmon resonance. The shaded area denotes the
range of interest for many plasmonic applications. Reproduced from reference [21].

Interband transitions involving the excitation of electrons from the conduction band
to higher energy states, contribute to the damping of surface plasmon (SP) modes [21].
These transitions generally occur at frequencies well above those of localized surface plasmon
resonances (LSPRs), as observed with Ag. In contrast, for Au, these transitions restrict
LSPR excitation to wavelengths longer than 500 nm.

Figure 1.9 shows a plot of the real ¢, and imaginary ¢; part of the dielectric function for
Ag, Au, and silicon (Si) as a function of wavelength. It is apparent from the plot that Si has
large positive values for ¢€,, and Au is lossier and has a weaker plasmon than Ag because ¢;

is closer to zero in Ag.
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Figure 1.9: A plot showing (A) the real part, €., and (B) the imaginary part, €;, of the
dielectric function for Ag, Au, and Si across different wavelengths. Reproduced from refer-

ence [21].

Silver possesses the highest electrical and thermal conductivity of all metals, making it
an optimal choice for electrical interconnections [21]. However, when exposed to air, Ag
reacts with sulfur forming a silver sulfide film on its surface which is typically transparent to
visible light. A thin film of silver sulfide can form within a day and may grow to a thickness
of 60 A over the course of a month.

While Au is most commonly used for biosensing because of its oxide-free surface, Ag
is mainly used in plasmonic applications outside the human body, such as in plasmonic
antennas and circuits for light concentration and guidance [42—-45]. In these applications, Ag
nanostructures have consistently shown superior performance compared to those made from
Au. Previously, in our group we have only used Au for optical trapping [33,35,36,46,47]. This

thesis will investigate the optical trapping capabilities of both Au and Ag nanostructures.

1.7 Thiol-Based Self-Assembled Monolayers

Self-assembled monolayers (SAMs) are a class of organic molecules that spontaneously form
well-ordered, two-dimensional structures on a substrate [48]. Thiol-based SAMs were used
in this thesis because they are the most well studied SAMs to date [49,50]. The primary
driving force for the formation of SAMs is the chemical affinity between the adsorbates and
the substrate [48,51]. A SAM consists of a head group, tail and functional end group. The
SAM structure is shown in Figure 1.10.
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Figure 1.10: Structure of the self-assembled monolayers.

The structure of the adsorbate molecule in thiol-based SAMs is divided into three parts
[51]. The first part is the thiol moiety (-SH), also known as the head group. The attachment
of the head group to the substrate through chemisorption is the most important process in
monolayer formation. The second part is the alkyl chain, referred to as the methylene spacer.
Interactions between chains are caused by the van der Waals forces. Although weaker than
chemisorption, these forces provide a significant driving force for adsorbate organization. The
third part is the terminal function group, or tail group, which is exposed on the outmost
surface of the monolayers and exerts the most direct influence.

Prior to the trapping experiments, I formed a monolayer of monodisperse thiol polyethy-
lene glycol (mPEG-thiol) with the head group being the thiol on the surface of the Au or Ag.
In this thesis, I used m-dPEG4-thiol (CgH,0,4S) sourced from reference [52]. This com-
pound is described as a monodisperse PEGylation reagent designed to modify gold and silver
surfaces or biomolecules with contain free, surface-accessible thiols. The discrete-length PEG
(APEG) spacer has a single molecular weight of 224.32 g/mol, spans 14 atoms (15.8 A), and
features a methyl group at one end and a sulfhydryl group at the other. The sulfhydryl end
forms dative bonds with gold and disulfides with free thiols in non-reducing environment.
The procedure for preparing the mPEG thiol solution and forming the SAMs is given in
Section 2.1.
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1.8 Contribution of This Work

Gold nanostructures remain the most used in our group for their application because of
their good chemical stability and plasmonics compatibility. However, silver (Ag) offers higher
sensitivity and plasmonic resonance among all noble metals. In this thesis, I compare optical
trapping on gold (Au) and silver (Ag) nanostructures. Since silver is known to tarnish when
exposed to air, I treat the surfaces of both metals with thiol-based self-assembled monolayers
(SAMs) and compare these results with those obtained using deionized (DI) water as a
control. The objective is to compare and quantify the differences in optical trapping using
a double nanohole (DNH) structure in Au and Ag films to trap 20 nm polystyrene (PS)

nanospheres in a 32 nm DNH gab size. The remainder of the thesis is organized as follows:

e Chapter 2 describes the fabrication procedure of the DNHs, the scanning electron
microscopy (SEM) analysis of the DNH structures, the sample preparation for trapping,

the optical tweezer setup, and the data acquisition system.

e Chapter 3 presents the statistical methods, experimental results, analysis of the trap-

ping signal, comparisons, and discussion.

e Chapter 4 concludes the work, presents the limitations of the study, and offers sugges-

tions for future research.

The hypothesis of the study is that optical trapping can be achieved with Ag in a manner
similar to Au. Although the optical and chemical properties of Ag may offer advantages, its
higher reactivity could lead to increased surface interactions, which might impact trapping
performance. Additionally, in the absence of thiol-based SAMs, it is expected that Ag might
perform better than Au, potentially resulting in higher trapping force.
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Chapter 2

Experiments

2.1 Fabrication

The double nanoholes (DNHs) were fabricated using colloidal lithography following the work
of previous group members [35]. A schematic of the fabrication procedure is shown in Figure
2.1.

Polystyrene Beads

3(]01“\11 ~1 X(lnmI

1) Glass 2) Drop Coating 3) Plasma Etching

70nm Au or Ag=—b"
m O Double nanohole ~ Single nanohole
Tnm Ti s

Imm glass s

4) Deposition 5) Template Stripping Top View

Figure 2.1: Procedure for fabricating double nanoholes using colloidal lithography: 1) clean
1 mm microscopic glass slides, 2) drop-coat 300 nm diameter polystyrene spheres, 3) plasma
etching reduces the diameter and gap size of the double nanoholes, 4) deposit a 70 nm thick
gold or silver with a 7 nm titanium adhesion layer by sputtering over the slide with the
spheres, 5) remove the spheres by sonication to achieve template stripping. The top view
shows the fabrication results for both a single and double nanoholes.

The fabrication process began by covering a flat metal block with lens paper. A plain
microscope slide (Fisherbrand, 25 x 75 x 1 mm ) was placed on the lens paper, and the slide
was cut into 2.5 mm x 2.5 mm pieces using a diamond scribe. I inspected the slides for any
debris and gently blew them clean with nitrogen gas. The slides were then placed in a petri
dish and plasma-cleaned (Harrick PDC-002) for 15 minutes at high RF powers (45 W), as
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shown in Figure 2.2, followed by sonication (Branson 3510) in an ethanol bath for 8 minutes
at 40 kHz. After sonication, the slides were rinsed with fresh ethanol and dried with nitrogen
gas.

Next, 10 uL of 300 nm polystyrene (PS) beads (Sigma-Aldrich) in 1 ml ethanol were
placed in a microcentrifuge tube. Using a pipette, I drop-coated 10 uL of the PS solution
onto the glass slides and allowed the slides to rest overnight in a petri dish to let the ethanol
evaporate. The solution was applied in a zigzag pattern to prevent the formation of PS bead

colonies and ensure even distribution.
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Figure 2.2: Harrick (PDC-002) plasma cleaner used for sterilizing the samples as well as for
plasma etching.

The following day, I plasma-etched (Harrick PDC-002) at high RF powers. Plasma
etching reduces the diameter of the colloidal nanoparticles, allowing for control over the gap
size in the DNHs.

The sample was placed in a vacuum chamber, and plasma was generated by applying a
radio frequency (RF) electromagnetic field to the electrode. This created reactive plasma by
oscillating the electric field and ionizing gas molecules by displacing their electrons [53-56].
The ionized gas then interacted with the sample surface, where the materials on the surface
were either broken down and removed by the vacuum system (in the case of plasma cleaning)
or etched off the PS nanoparticles (in the case of plasma etching). As a result, exposing the
PS nanoparticles to isotropic oxygen plasma for up to 200 seconds reduced their average

diameter, leaving some of them connected by small bridges or gaps.
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Figure 2.3 shows the Mantis QUBE sputter deposition system used to deposit the metals
onto the surface of the glass slides. Sputter deposition is a physical vapor deposition (PVD)
technique for creating thin films [56]. Figure 2.4 illustrates this process ,in which ions
bombard a target material, ejecting atoms from it. These ejected atoms then travel through
the vacuum and are deposited onto a substrate to form a thin film. Argon ions are used to

form the plasma, while nitrogen gas is used to vent the chamber allowing the door to open.

o

Figure 2.3: Mantis QUBE sputter deposition system
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Figure 2.4: Illustration of the sputtering process
I placed six slides at a time inside the chamber (Figure 2.5) and sputtered a 7 nm titanium

(Ti) adhesive layer, followed by 70 nm of Au or Ag for the respective films. The Ti acts as
an adhesive, attaching either the Au or Ag to the glass slides.

Figure 2.5: Inside the chamber of the Mantis QUBE sputter deposition system.
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After sputtering, the samples were placed directly into a bath of ethanol and transported
back to the lab in a petri dish to limit exposure to air. The next step is template stripping,
where the PS beads (the template) are removed using sonication in a bath of ethanol for 8
minutes. After sonication, the samples are rinsed with fresh ethanol and dried with nitrogen
gas.

Following template stripping, I formed a monolayer of mPEG-thiol as described by Sec-
tion 1.7. I prepared a 5 mM aqueous solution of m-dPEG4-thiol (Sigma-Aldrich, QBD10792),
with the chemical formula CyHy04S and a molecular weight 224.32 g/mol. The mass re-

quired for molar solution is given by
Mass(g) = Concentration(mol /L) * Volume(L) * Molecular Weight(g/mol) (2.1)

To prepare the 5 mM solution, I used 89.729 mg of m-dPEG4-thiol and diluted it in 80 mL of
DI water. I then placed the fabricated samples in a petri dish filled with either the aqueous
solution of m-dPEG4-thiol (the “experiment” group), or with DI water only (the “control”
group). The samples were divided into the following groups: 3 samples of Au-Ti in mPEG
thiol, 3 samples of Au-Ti in DI water only, 3 samples of Ag-Ti in mPEG thiol, and 3 samples
of Ag-Ti in DI water only.

Each petri dish was flushed with nitrogen, sealed with parafilm, and left in a storage
container overnight at room temperature and atmospheric pressure. The samples were left
for at least one night to allow the mPEG-thiol monolayer to grow on the surface. The PEG
thiol attaches to the metal surface via the sulfur bond, forming a self-assembled monolayer
(SAM) [49,50]. This newly developed surface protects metals such as Ag from tarnishing.

Next day, I took one sample from each group to the scanning electron microscope (SEM)
to view the double DNHs and estimate the gap sizes. Prior to SEM imaging or optical
trapping, I rinsed the samples thoroughly with DI water and dried them with nitrogen gas

to remove any non-chemisorbed PEG thiol molecules.

2.2 Scanning Electron Microscopy

After the samples were fabricated and left overnight in either DI water or mPEG thiol, I
used the Hitachi S-4800 field emission scanning electron microscope (SEM) (Figure 2.6) to

locate the DNH apertures and estimate the gap sizes of the samples.
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Figure 2.6: Hitachi S-4800 field emission scanning electron microscope.

2.2.1 Principle

Figure 2.7 shows the operating principle of the SEM. The SEM is an instrument that utilizes
a finely converged electron beam to scan a sample surface in a vacuum, detecting the infor-
mation produced from the sample and presenting an image of the surface [57,58]. Irradiating
the sample with an electron beam in a vaccum generates secondary electrons, backscattered

electrons, characteristic X-rays, and other signals.

Backscattered Incident X-Ray
Electrons Electrons (EDS/WDS)

Auger
Electrons

Secondary
Electrons

Cathodoluminesence

Sample

Absorbed

Electrons

Transmitted
Electrons

Figure 2.7: Schematic drawing of a scanning electron microscope (SEM) illustrating the
various signals produced. Reproduced from reference [58].
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Secondary electrons (SE) are generated in proximity to the sample surface, and their
detection reflects the fine topographical structure of the sample [57, 58]. Backscattered
electrons (BSE) are reflected when they strike the atoms composing the sample. The number
of these electrons depends on the compositing of the sample (crystal orientation, average
atomic number, etc). The BSE image reflects the compositional distribution on the sample
surface. An X-ray detector is used for conducting elemental analysis to determine which
elements are present in the sample. Since we are primarily interested in obtaining the
topographical information of the sample, I used the secondary electrons detector (SE) when

imaging the metals and locating the DNHs.

2.2.2 Plasma Etching Experiment

Without plasma etching, the gap size between the DNHs was approximately 112 — 124 nm.
After etching for 170 seconds, the gap size was reduced to around 18 — 23 nm, and after 130
seconds of etching, the gap size measured about 30 — 35 nm. To effectively trap 20 nm PS
particles, I aimed for an average gap size of around 32 nm. This controlled reduction of the

gap size is crucial for optimizing the trapping capabilities of the nanoholes.

2.2.2.1 Plasma etching for 170 seconds

After 170 seconds of plasma etching, the gap sizes in the DNHs were measured to be 18 —
23 nm, as shown in Figure 2.8. These samples were subsequently fabricated and shipped to
the Nano Surfaces Division at Bruker in Berlin, Germany, for trapping pristine Boron Nitride
(BN) nanoflake solution, and to our collaborators at the Okinawa Institute of Science and

Technology in Okinawa, Japan, for trapping Bovine Serum Albumin (BSA).
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(a) DNH of gap size 21.7 nm and diameters of (b) DNH of gap size 18.5 nm and diameters 190—
182 — 189 nm. 192 nm.

2.0kV 7.6mm x10.0k SE(M) 2.0kV 7.6mm x7.00k SE(M)

(c) Single, double, triple nanoholes. (d) Another region showing various structures.

Figure 2.8: Plasma etching for 170 seconds in 7 nm Ti, 70 nm Au, 8 minutes sonication.

2.2.3 SEM of DNHs for Gold and Silver Used for the Optical Trapping Exper-

iments

Here, 1 present the results of the DNHs in gold and silver used for the optical trapping
experiments in this thesis. Section 2.2.3.1 shows the fabrication results for gold in DI water
(Figures 2.9, 2.10) and gold with the mPEG thiol monolayer (Figures 2.11, 2.12). Sec-
tion 2.2.3.2 presents the corresponding results for silver in DI water (Figures 2.13, 2.14)
and silver with the mPEG thiol monolayer (Figures 2.15, 2.16). These results confirm that
the fabrication of DNHs in both gold and silver was successful, with an average gap size of

approximately 32 nm.
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2.2.3.1 Gold

2.0kV 7.9mm x60.0k SE(M) 2.0kV 7.9mm x70.0k SE(M)

2.0kV 7.9mm x70.0k SE(M) 2.0kV 7.9mm x80.0k SE(M)

Figure 2.9: Double nanoholes in gold DI water with 130 seconds plasma etching.
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2.0kV 7.9mm x10.0k SE(M)

Figure 2.10: Various structures fabricated in gold DI water with 130 seconds plasma etching,

\

2.0kV 7.9mm x80.0k SE(M) 2.0kV 7.9mm x80.0k SE(M)

2.0kV 7.9mm x60.0k SE(M)

Figure 2.11: Double nanoholes in gold mPEG thiol with 130 seconds plasma etching.
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2.0kV 7.9mm x15.0k SE(M) 3.00um

Figure 2.12: Various structures fabricated in gold mPEG thiol with 130 seconds plasma
etching.
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2.2.3.2 Silver

2.0kV 7.9mm x80.0k SE(M) 2.0kV 7.9mm x80.0k SE(M)

2.0kV 7.9mm x90.0k SE(M) Y 2.0kV 7.9mm x80.0k SE(M)

]

2.0kV 7.8mm x100k SE(M) b 2.0kV 7.8mm x90.0k SE(M)

Figure 2.13: Double nanoholes in silver DI water with 130 seconds plasma etching.
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2.0kV 7.9mm x11.0k SE(M)

Figure 2.14: Various structures fabricated in silver DI water with 130 seconds plasma etching.
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2.0kV 8.0mm x80.0k SE(M) 2.0kV 8.0mm x80.0k SE(M)

2.0kV 8.0mm x80.0k SE(M)

Figure 2.15: Double nanoholes in silver mPEG thiol with 130 seconds plasma etching.
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2.0kV 8.0mm x8.00k SE(M) 2.0kV 8.0mm x9.00k SE(M)

i
3.00um

Figure 2.16: Various structures fabricated in silver mPEG thiol with 130 seconds plasma
etching.

2.3 Sample Preparation for Trapping

Prior to trapping, the 2.5 cm x 2.5 cm DNH samples were rinsed with DI water to wash off
the PEG thiol and dried with nitrogen gas. The samples were then cut into four quadrants,
each approximately the same size as the image spacer (1.25 cm x 1.25 ecm), to provide a flat
surface and ensure that the samples adhere well to the image spacer.

Figure 2.17 illustrates the procedure used to prepare the sample prior to trapping. The
trapping solution was prepared using a pipette by diluting 10 uL of 20 nm PS beads (Ther-
mokFisher Scientific, 3020A) into 0.5 ml of DI water.

A metal block with a flat surface was used to hold the DNH sample and a microscope
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Microscope coverslip

a b c d
. Immersion
Fip i
Image — — p é
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Front Back

Figure 2.17: Procedure for sample preparation for the optical trapping experiment: (a) the
microscope cover glass with the image spacer, (b) 10 pL of 20 nm polystyrene (PS) was
dropped and confined within the image spacer, (¢) mount the DNH sample onto the image
spacer, (d) flip the coverslip and apply immersion oil.

coverslip (Gold Seal, 24 x 60 mm, No. 1. #1419 — 10). A double-sided adhesive chamber
spacer (Grace Bio-Labs, 9 mm x 1.12 mm, GBL654008-100EA) was peeled and adhered to
the coverlip. Then, 10 pul. of trapping solution was confined to the spacer. The DNH
sample was mounted onto the spacer, sealing the solution and immersing the DNHs in the
PS solution.

Finally, the sample was flipped, and immersion oil was added to the centre of the image
spacer. The oil immersion allows the objective to achieve a high numerical aperture (NA),
maximizing light collection by the objective lens.

The sample is now ready for transfer to the optical tweezer setup, where it will be

positioned on the stage between the objective and condenser.

2.4 Optical Tweezer Setup

Figure 2.18 shows a schematic of the optical tweezer setup used for the trapping exper-
iment. The setup consists of a single-frequency distributed feedback (DFB) diode laser
(eagleyard, DFB-0852-00050-BFY02-0002) with a wavelength of 852 nm. The laser is colli-
mated (Thorlabs, PAF-X-7-B), polarized (Thorlabs, LPNIRE100-B), and expanded (Thor-
labs, ACN254-050-B and AC254-150-B). To protect the laser diode against optical feedback,
an optical isolator (OZ OPTICS LTD. #FOPI-11-11-850-5/125-S-40-3A3A-1-1-30) was in-
stalled to prevent disturbances to the emission spectrum.

The laser beam was steered using kinematic mirrors that are highly reflective and silver-
coated (Thorlabs, #PF10-03-P01) until it reached the objective. The sample is placed on
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a three-axis stage with piezoelectric actuators, which are controlled by the “APT System
Software” provided by Thorlabs. The 100x oil immersion Nikon objective lens, with a nu-
merical aperture of 1.25, focuses the laser beam to a spot size of 1.1 ym on the sample. The
transmitted light is collected from the sample using a Nikon 10X air condenser with a nu-
merical aperture of 0.25 and detected by an avalanche photodetector (Thorlabs, APD110A).
A half-wave plate (HWP) and a linear polarizer (LP) are installed to configure and fine-tune
the polarization of the beam on the DNH. Visible light from the LED source illuminates
the sample, and the resulting image is captured by a CCD camera with a 1280 x 1024 pixel
resolution (Thorlabs, DCU224C).

The camera allows for real-time observation of the DNHs on the sample. The piezoelectric
stage is used to align the target DNH to the location of the laser, and the half-wave plate is
rotated to align the polarization along the axis of the DNH gap for maximum transmission.
After confirming that the aperture is a DNH, I wait for the PS nanospheres to become

trapped in the gap.

LED

L1 ODNDF APD
852nm laser

10X condenser
||

CCD Isolator

Y Sample
100X L2
objective BE
D2 N
U

FiberPort Collimator

K1 K2 LP

Figure 2.18: Schematics of the 852 nm laser setup used for the trapping experiments showing
the various components: linear polarizer (LP), half-wave plate (HWP), kinematic mirrors
(K1-K5), beam expander (BE), dichroic mirrors (D1, D2), focusing lens (L1, L2), optical
density filter (OD), neutral density filter (NDF), avalanche photodetector (APD), and a
charge-coupled device (CCD).

Prior to trapping, the laser power at the objective was measured using a power meter
(Thorlabs, S132A) with an uncertainty of £5%. Figure 2.19 shows the measured laser power

at the objective, which is used for trapping.
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Laser Power (mW)

0 20 40 60 80 100 120
Laser Current (mA)

Figure 2.19: Trapping power as measured at the objective prior the trapping experiment.

Laser current (mA) | Laser power (mW)
0 0.01
10 0.01
20 0.01
30 0.03
40 0.48
20 0.94
60 1.41
70 1.90
30 241
90 2.96

100 3.51
110 4.09
120 4.66
130 5.32

Table 2.1: Trapping power for the 852 nm laser setup as measured at the objective. The
laser driver (Thorlabs, CLD 1015) had a current accuracy of £(0.1% + 500 pA), while the
optical power meter (Thorlabs, S132A) had an uncertainty of £5%.



36

2.5 Data Acquisition System

The transmission through the DNH was measured using an APD. An absorptive neutral
density filter (Thorlabs, NE10A-B) was placed in front of the APD to minimize surface
reflections within the 650 — 1050 nm range, thereby reducing the amount of stray light
present. And, an optical density filter (Thorlabs, NEOGA, 0.6) was used to limit the power
incident on the APD.

The signal was acquired using an Advantech USB-4711A-BE, 12-bit USB Multifunction
module with the frequency sampling rate set to 100 kHz and a single-ended 3 V mode was
configured prior to acquisition. The data was then exported from the Advantech DAQNavi
Datalogger software as a text (.txt) file to python for further analysis. Figure 2.20 illustrates

the data acquisition system.

APD — DAQ —
PC

cCh ——

Figure 2.20: The data acquisition system illustrating how the data was acquired for the
trapping setup. The trapping data is detected by an avalanche photodetector (APD) and
was acquired by a data acquisition (DAQ) device. The sample was imaged by the charge-
coupled device (CCD).

Steps:

1. Measure the laser power at the objective; this is the trapping power.
2. Place the sample on the piezoelectric stage.

3. Turn on the LED.

4. Find the DNH on the CCD camera.

5. Turn on the laser.



6. Align the DNH with the laser spot.
7. Wait for the nanoparticle to become trapped in the gap.
8. Record the trapping data from the APD.

9. Export and analysis the data.

37
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Chapter 3

Results and Discussion

In this study, polystyrene (PS) beads (Thermofisher, 3020A) with diameters of 20 nm were
used according to the method described in Section 2.3. Polystyrene was chosen due to its
dielectric properties, well-defined spherical shape, and small size, making it ideal for optical
trapping experiments [59,60]. The beads are low-cost, small enough to be studied, and serve
as a proof of concept for developing sensors that could later be adapted for trapping exotic

nanoparticles. Experiments in a given system were repeated at least five times, each time
with a different bead and a different DNH.

3.1 Statistical Methods

Experimentally, after acquiring the trapped data as a function of time, I estimate the power
spectrum density (PSD) using the Welch method. The experimentally obtained PSDs are
of the dimension V?/Hz. The PSD function describes how the signal’s average power is
distributed across various frequencies. Welch’s method employs the Fast Fourier Transform
(FFT) to estimate the PSD. It divides the data into overlapping segments, calculates a
modified periodogram for each segment, and averages these periodograms to produce the
final estimate [61].
Next, the PSD was fitted using a non-linear least squares approach with a Lorentzian
function of the form:
A4 (3.1)
fE+ 1
where the corner frequency (f.) was determined for each spectrum. The frequency cor-
responding to the maximum curvature of this curve is termed the corner frequency. The
sampling frequency f, is set at 100 kHz, and A is the experimental obtained diffusion con-

stant with dimensions of V2/s. Normally, the diffusion constant is measured in units of
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(length)? /time, however, experimentally it is determined as a function of voltage from the
PSD [62], compared to the units of (arb units)?/s given by reference [37].

From Section 1.5, the trap stiffness (force constant) was calculated as

k= 27T’}/0fc, (32)

where the friction coefficient v = 3.045 x 107! Ns/m. The trap stiffness, k, describes
the force field on the trapped particle as it attempts to move away or escape from the trap

centre, analogous to the spring constant. The time constant, 7, which describes the decay

of the trap was determined via the relation 7 = ﬁ

Data Analysis Steps:
1. Plot the full trapping signal against time.

2. Apply a low-pass filter (Savitzky-Golay) to the full signal to distinguish between the

laser signal and the trapped signal.
3. Select 5 seconds of the trapped data.

4. Set a frequency limit of 10 Hz and estimate the power spectral density (PSD) of the
trapped data using Welch’s method.

5. Fit a Lorentzian function to the PSD and extract the corner frequency.

6. Calculate the time constant and trap stiffness as a function of laser power.

Examples of Discarded Data:

e Low transmission (around 1 V) indicates a single nanohole.

e Very high transmission (over 2.5 V) indicates a cluster of nanoholes.
e Traps that do not last long (a few milliseconds).

e Erratic data at low trapping powers (approximately < 3 mW ).

e The laser beam is over-focused or under-focused (distance from sample to objective is

too short or too long).
e Excessive immersion oil causing samples to be sloppy, resulting in unstable signals.

e Construction noise on campus.
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3.2 Nanostructures in DI Water

3.2.1 Gold in DI Water

Polystyrene nanospheres with a diameter of 20 nm were used for the trapping experiments
using the optical tweezer setup described in Chapter 2.4. This subsection presents the
experimental results for the gold-titanium (Au-Ti) DNH in a DI water environment. A
DNH structure with an average gap size of around 33.7 nm was fabricated. The SEM images
of the DNHs in Au-Ti DI water are shown in Section 2.2.3.1, Figure 2.9.

Figure 3.1 shows the full trapping event in the Au-Ti DI water, where the laser was turned
on at t = 0's. The trapping power was held constant at 3.51 mW = 5%. The transmission
signal through the DNH is measured by using an avalanche photodetector (APD). At ¢t = 3 s,
the voltage signal indicates the presence of the trapped particle, which remains stable until
the laser is turned off at t = 23 s, when the particle is released from the trap. The trapped
signal shows an increase in the intensity fluctuation of the transmitted signal caused by the
Brownian motion of the nanosphere in the DNH optical trap.

Figure 3.2 details the analysis steps of the trapping signal. Figure 3.2a provides a close-up
view of the trapping signal from Figure 3.1, highlighting the region of interest. A Savitzky-
Golay filter is applied in Figure 3.2b to smooth the signal and identify noise components. A
5-second interval of trapping data is selected in Figure 3.2¢ for subsequent PSD analysis. The
PSD plot in Figure 3.2d displays the fitted Lorentzian curve, which enables the determination
of the corner frequency f. = 349.1 & 1.3 Hz, the time constant 7 = 0.000456 &= 1.71 x 1076 s,
and the experimental diffusion constant A = 0.2930 4 0.0017 V?/s.

2.00
175
1.50

APD Voltage (V)

o 5 10 15 20 25
Time (S)

Figure 3.1: Full trapping event in Au-Ti DI water. The laser was turned on at ¢t = 0 s and
turned off at t = 23 s.
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(c) Select 5-seconds of the trapped data. (d) PSD plot with a fitted Lorentzian curve.

Figure 3.2: Analysis of a trapping event for a 20 nm polystyrene bead in a double nanohole
(gap size ~ 33.7 nm) in an Au-Ti DI water sample. The laser current was constant at
100 mA (trapping power 3.51 mW =+ 5%).

Figure 3.3 presents histograms of the trapped signal, providing the mean and standard
deviation to show the distribution of the signal voltage around the mean position of the
trapped particle. A Gaussian probability density function is fitted to the histogram, sug-
gesting that the voltage distribution is slightly skewed from a perfect Gaussian shape.
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Figure 3.3: Histograms (blue) and Gaussian probability density function (black line) of
the trapped signal for Figure 3.2c. The mean is p = 1.88 V, and standard deviation is
oc=20.04V.

A second trapping event is shown in Figure 3.4, with a close-up view shown in Figure 3.4b
to emphasize the fluctuation in the trapped signal. These figures confirm the trapping
stability observed in the same DNH as Figure 3.1, demonstrating consistent optical trapping

performance.

Time (5) Time (5)

(a) Second trapping signal. (b) close-up view from Figure 3.4a.

Figure 3.4: Second trap in Au-Ti DI water on the same DNH as Figure 3.1.

I investigated the power dependence of the optical trap, as seen in Figure 3.5. The
experiment began with a laser current of 70 mA (corresponding to 1.90 mW =+ 5%) and
increased in 10 mA increments, reaching a maximum of 130 mA (5.23 mW £5%). Figure 3.6
indicates that a minimum trapping power of at least 3.51 mW =4 5% is required for stable
trapping.

The power-dependent PSD plots with Lorentzian fits, shown in Figure 3.7, demonstrate

how increasing power affects the trapping characteristics. The calculated trap stiffness, x,
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derived from these PSD plots, is plotted as a function of laser power in Figure 3.8. This
relationship indicates a linear increase in stiffness with power, improving the trap’s ability
to hold particles.

1 is plotted against laser power in Figure

Similarly, the inverse of the time constant, 7~
3.9, showing a linear dependence. This trend supports the conclusion that power influences
trapping stability and increases the trap stiffness. A summary of the results from trapping

in Au-Ti DI water at different laser powers is provided in Table 3.1.

g
o

APD Voltage (V)
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Figure 3.5: Trapping event at different incident trapping laser powers in Au-Ti DI water.
The laser was turned on at t = 0 s, with a current of 70 mA. The current was then increased
in increment of 10 mA during the trap. The laser was turned off at ¢t = 52 s.
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(a) Trapped signal at 80 mA (2.41 mW + 5%). (b) Trapped signal at 100 mA (3.51 mW =+ 5%).

Figure 3.6: Comparison of trapping stability at 80 mA and 100 mA in Au-Ti DI water,
demonstrating that a current of 100 mA results in a more stable trapping signal. For the
original trapping signal, refer to Figure 3.5.
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Figure 3.7: The PSD with fitted Lorentzian for different lasers powers in Au-Ti DI water.



45

o
w
o]

e Measured Stiffness °
—— Linear Fit (y = mx + b) i
] --- Residuals

Trap Stiffness (fN/nm)
=] o o 5]
= ¥ ] w
w (=] w o

o
-
o

o

=]

v ]
|

3.00 3.25 3.50 375 4.00 4.25 4.50
Trap Power (mW)

Figure 3.8: Trap stiffness as a function of laser power based on the power spectral density
in Au-Ti DI water. A plot of the trap stiffness (blue), linear fit (in red), and the residuals
(in green). The slope = 0.15793, R-squared = 0.90711, P-value = 0.04758, standard error
= 0.03574.
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Figure 3.9: Inverse of the time constant as a function of laser power based on the power
spectral density in Au-Ti DI water. A plot of the time constant (blue), linear fit (in red),
and the residuals (in green). The slope = 518.695, R-squared = 0.90711, P-value = 0.04758,
standard error = 117.369.
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Laser Current (mA) Trap Power (mW) f. (Hz) e 1/7(1/s) &k (fN/nm)

90 2.96 30.0  0.005308  188.384 0.057
100 3.51 54.4  0.002925  341.907 0.104
110 4.09 86.3  0.001843  542.515 0.165
120 4.66 175.4  0.000907 1101.980 0.336

Table 3.1: Summary of trapping results in Au-Ti DI water at varying laser powers.

3.2.2 Silver in DI Water

Trapping of 20 nm polystyrene beads was achieved in silver-titanium (Ag-Ti) DI water
samples fabricated with an average DNH gap size of 32.0 nm, as seen in the SEM images
shown in Section 2.2.3.2, Figure 2.13. The trapping signal obtained from a Ag-Ti DI water
sample at a constant trapping power of 3.51 mW = 5% is shown in Figure 3.10a. The laser
was turned on at ¢t = 0 s, and turned off at ¢ = 102 s. Detailed views of the trapping signal
at specific time points are provided in Figures 3.10b and 3.10c. The signal in Figure 3.10b
was excluded from further analysis since the trap lasted only &~ 1 second. Therefore, only
the signal in Figure 3.10c was analyzed.

Figure 3.11 shows the data analysis steps performed on the signal in Figure 3.10c. Starting
with Figure 3.11a, which provides a closer view of the data from Figure 3.10a at t = 53 s,
the analysis proceeds to Figure 3.11b, where a Savitzky-Golay filter is applied to smooth
the signal. Figure 3.11c selects a 5-second interval of the trapped data for PSD estimation.
The resulting PSD, with a fitted Lorentzian curve, is shown in Figure 3.11d. The fitted
parameters were determined to be f. = 107.1 & 0.6 Hz, 7 = 0.001486 + 8.77 x 1076 s,
A =0.0576 + 0.0005 V?/s.

Figure 3.12 displays histograms of the trapped signal and a fitted Gaussian probability
density function. The analysis yields a mean of © = 1.53 V, and a standard deviation of

o=0.03V.
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(a) Trapping signal in a Ag-Ti DI water sample. The laser was turned
on at t =0 s, and turned off at ¢t = 102 s.
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Figure 3.10: Trapping signal in Ag-Ti Di water at constant trapping power of 3.51 mW +5%
(a), and two zoomed-in views of the signal at two specific times, (b) t = 8 s, and (c) t = 53 s.
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Figure 3.11: Analysis of a trapping event for a 20 nm polystyrene bead in a double nanohole
(gap size &~ 32.0 nm) in a Ag-Ti DI water sample. The laser current was constant at 100 mA

(trapping power 3.51 mW =+ 5%).
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Figure 3.12: Histograms (blue) and Gaussian probability density function (black line) of
the trapped signal for Figure 3.11c. The mean is y = 1.53 V, and standard deviation is
oc=0.03V.

When investigating the power dependence of the trap in Figure 3.13, I was unable to trap
below 90 mA (or 2.96 mW =+ 5% trapping power). Therefore, I started the trap at 90 mA
at t = 482 s and increased the laser current in increments of 10 mA while the polystyrene
bead was trapped. The laser was then turned off at ¢ = 559 s, releasing the particle from
the trap. Figure 3.14 shows a zoomed-in section of the trapping signal at 90 mA and applies
the Savitzky-Golay filter.

The PSD plots with Lorentzian fits were estimated for each trapping power, as shown in
Figure 3.15. The trap stiffness x and the inverse of time constant 7! were derived from the
Lorentzian fits and plotted as functions of laser power in Figures 3.16, and 3.17, respectively.

A linear relationship was found, and the results are summarized in Table 3.2.
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Figure 3.13: Trapping event for different incident trapping laser powers in Ag-Ti DI water.
The laser was turned on at ¢t = 482 s, with a current 90 mA. The current was then increased

in increment of 10 mA during the trap. The laser was turned off at ¢ = 559 s.
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(a) Signal at 90 mA. (b) Savitzky-Golay filter.

Figure 3.14: Close-up view of the trapping signal at 90 mA (2.96 mW+5%) from Figure 3.13.
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Figure 3.15: The PSD with fitted Lorentzian for different lasers powers in Ag-Ti DI water.
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Figure 3.16: Trap stiffness as a function of laser power based on the power spectral density
in Ag-Ti DI water. A plot of the trap stiffness (blue), linear fit (in red), and the residuals

(in green). The slope = 0.27314, R-squared= 0.94297, P-value = 0.02893, standard error
= 0.04750.
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Figure 3.17: Inverse of the time constant as a function of laser power based on the power
spectral density in Ag-Ti DI water. A plot of the time constant (blue), linear fit (in red),

and the residuals (in green). The slope = 897.099, R-squared = 0.94297, P-value = 0.02893,
standard error = 155.996.
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Laser Current (mA) Trap Power (mW) f. (Hz) e 1/7(1/s) &k (fN/nm)

90 2.96 404.9  0.000393 2543.788 0.775
100 3.51 542.5  0.000293 3408.470 1.038
110 4.09 576.0  0.000276 3618.962 1.102
120 4.66 664.6  0.000239 4175.620 1.271

Table 3.2: Summary of trapping results in Ag-Ti DI water at varying laser powers.

3.2.3 Gold Versus Silver in DI Water

At a constant power (3.51 mW + 5%), the results for trapping a 20 nm PS bead in gold and

silver nanostructures in DI water are summarized in Table 3.3.

Parameter Au-Ti in DI water Ag-Ti in DI water
f. (Hz) 349.1 +1.3 107.1+0.6
T (8) 0.000456 +1.71 x 107%  0.001486 + 8.77 x 1075
A (V¥/s) 0.2930 + 0.0017 0.0576 &+ 0.0005

Table 3.3: Comparison of trapping parameters for Au-Ti and Ag-Ti in DI water at constant
power (3.51 mW + 5%).

Negative traps, characterized by an initial decrease in the signal before it rises, were ob-
served more frequently in silver DNHs compared to gold (see Figure 3.11b). This behaviour
may suggest transient release and recapture of particles or fluctuations in the trapping po-
tential.

In a separate experiment, the APD signal was measured while incrementally increasing
the laser intensity for a trapped PS bead. The corner frequency, f., was recorded at each
intensity step, and the summarized results are presented in Table 3.4.

For Au-Ti DI water, the corner frequency showed a significant increase with rising laser
power, ranging from f. = 30.0 Hz at 2.96 mW to f. = 175.4 Hz at 4.66 mW. The corre-
sponding trap stiffness (k) increased from x = 0.057 fN/nm to £ = 0.336 f{N/nm, while the
time constant (7) decreased from 7 = 0.005308 s to 0.000907 s .

In contrast, Ag-Ti DI water exhibited higher corner frequency values, increasing from
fe =404.9 Hz at 2.96 mW to f. = 664.6 Hz at 4.66 mW. The trap stiffness increased from
k= 0.775 fN/nm to £ = 1.271 {N/nm, while the time constant decreased from 7 = 0.000393 s
to 0.000239 s.
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Laser Current (mA) Trap Power (mW) Material and Environment  f. (Hz) 7 (s) £ (fN/nm)
90 9 96 Au-Ti DI water 30.0  0.005308 0.057
' Ag-Ti DI water 404.9  0.000393 0.775
100 351 Au-Ti DI water 54.4  0.002925 0.104
' Ag-Ti DI water 542.5  0.000293 1.038
110 4.09 Au-Ti DI water 86.3  0.001843 0.165
' Ag-Ti DI water 576.0  0.000276 1.102
120 4,66 Au-Ti DI water 175.4  0.000907 0.336
' Ag-Ti DI water 664.6  0.000239 1.271

Table 3.4: Comparison of trapping results for Au-Ti and Ag-Ti in DI water at varying laser
powers.

Trapping experiments with Au-Ti DI water demonstrated the capability to maintain a
trap with powers as low as 1.90 mW (70 mA). In contrast, the Ag-Ti DI water sample
required a minimum power of 2.96 mW (90 mA) for successful trapping. Additionally,
as illustrated in Figure 3.6 trapping with powers below 3.51 mW (100 mA) in Au-Ti DI
water resulted in an unstable trapping signal. This suggests that while Au-Ti DI water
nanostructures can sustain trapping at lower power levels compared to Ag-Ti DI water,

maintaining signal stability at these lower power levels is challenging.

3.3 Nanostructures in mPEG Thiol

3.3.1 Gold in mPEG Thiol

Successful trapping of 20 nm PS beads was achieved using Au-Ti nanostructures in mPEG
thiol within DNHs of an average gap size of 32.7 nm. SEM images of the Au-Ti mPEG thiol
DNHs are presented in Section 2.2.3.1, Figure 2.11. Figure 3.18 shows the full trapping signal
for Au-TI mPEG thiol, with the laser turned on at t = 0 s and turned off at t = 175 s. The
trapping laser power was constant at 3.51 mW =+ 5%. A detaieed analysis of this trapping
signal is shown in Figure 3.19. Specifically, Figure 3.19a provided a close-up view of the
signal from Figure 3.18, indicating the presence of the trapped particle occurs at t = 8 s.
The Savitzky-Golay filter is applied to the data in Figure 3.19b, aiding in noise reduction
and signal smoothing. The selected 5-second interval used for the PSD estimation is shown
in Figure 3.19¢, with a filtered version presented in Figure 3.19d.

When calculating the PSD and fitting a Lorentzian function, as seen in Figure 3.20, noise

contamination was observed near 102 Hz. This is due to mechanical noise in the system and
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was filtered out prior to fitting by applying a threshold on the y-axis to eliminate values
greater than 1075 Hz. Figure 3.20a presents the PSD before applying the threshold, yielding
parameters of f, = 184.4+1.3 Hz, 7 = 0.000863+6.11x107% s, and A = 0.0488+0.0005 V?/s.
After applying the noise filter, Figure 3.20b presents refined parameters of f. = 195.8+0.8 Hz,
7 =0.000813 4+ 3.44 x 1075 s, and A = 0.0482 + 0.0003 V?/s. This process illustrates the
importance of noise filtration for accurate parameter extraction in PSD analysis, which is
discussed in more detail in Section 3.4.

Figure 3.21 shows histograms of the trapped data and a fitted Gaussian probability
density function. The mean is 4 = 1.70 V, and standard deviation is ¢ = 0.02 V.
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Figure 3.18: Full trapping event in Au-Ti mPEG thiol. The laser was turned on at t = 0 s
and turned off at t = 175 s.
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(a) Close-up view from Figure 3.18.
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(d) Savitzky-Golay filter on the trapped data.

Figure 3.19: Trapping event of a 20 nm polystyrene bead in a double nanohole of an average
gap size of ~ 32.7 nm in Au-Ti mPEG thiol. The laser current was constant at 100 mA (and

trapping power 3.51 mW =+ 5%).
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Figure 3.20: Mechanical vibrations observed near ~ 10?> Hz when calculating the PSD and
fitting a Lorentzian function from Figure 3.19¢ in an Au-Ti mPEG thiol sample.
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Figure 3.21: Histograms (blue) and Gaussian probability density function (black line) of
the trapped signal for Figure 3.19c. The mean is p = 1.70 V, and standard deviation is
oc=0.02V.

A second trapping event is shown in Figure 3.22, with a close-up view in Figure 3.22b,
displaying the fluctuation in the trapped signal. This trap was achieved on the same DNH
as in Figure 3.18, with the laser turned off at t = 175 s and turned on again at ¢ = 182 s,

resulting in a subsequent trapping event.
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(a) Second trapping signal. (b) Savitzky-Golay filter.

Figure 3.22: Second trap occurred in Au-Ti mPEG thiol on the same DNH as Figure 3.18,
with the laser turned off at t = 175 s and turned on again at t = 182 s.

To further confirm the signature of the trapping signal in Au-Ti mPEG thiol. I achieve
another trap on a different DNH. Figure 3.23 shows the trapping signal when the laser was
turned on at t = 0 s, and turned off at t = 107 s releasing the particle from the trap.
Figure 3.24 shows a close-up view of the signal and the steps taken to analyze the trapped
data. Unlike the previous trap with the first DNH in Figure 3.20, when calculating the PSD
and fitting a Lorentzian in this second DNH, I did not observe a noise contamination near
~ 102H z. The PSD calculation and Lorentzian fitting from Figure 3.25 yielded the following
fitted parameters, f, = 210.240.8 Hz, 7 = 0.000757+2.90x107% s, A = 0.101940.0006 V?/s.
Figure 3.26 shows the histograms of the trapped data with a fitted Gaussian probability
density function. The mean is y = 1.84 V and standard deviation is ¢ = 0.03 V.
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Figure 3.23: Another trap on a second DNH in Au-Ti mPEG thiol. Laser was turned on at
t =0 s and then turned off at t = 107 s.
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(a) Close-up view from Figure 3.23.
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(c) Select 5-seconds of the trapped data. (d) Savitzky-Golay filter of the trapped data.
Figure 3.24: Trapping event of a 20 nm polystyrene bead in a second double nanohole of
an average gap size of ~ 32.7 nm in Au-Ti mPEG thiol. The laser current was constant at
100 mA (trapping power 3.51 mW =+ 5%).
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Figure 3.25: The PSD with a fitted Lorentzian for the trapped signal from Figure 3.24c¢ in
Au-Ti mPEG thiol.
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Figure 3.26: Histograms (blue) and Gaussian probability density function (black line) of
the trapped signal for Figure 3.24c. The mean is p = 1.84 V, and standard deviation is
oc=0.03V.

Similar to the trapping procedure in the first DNH, I achieved a second trap in the second
DNH, as shown in Figure 3.27. The laser was turned off at ¢t = 107 s to release the particle
and then turned on at ¢ = 115 s to re-trap it. This successful re-trapping further confirms
the trapping stability of DNHs in the Au-Ti mPEG thiol monolayer.
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(a) The laser was turned off at ¢ = 107 s to untrap the polystyrene
bead, and then turned on at ¢ = 115 s to trap it for the second time.
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(b) Close-up view of the trap. (c) Savitzky-Golay filter applied to the signal.

Figure 3.27: A second trap achieved on a second DNH, same as Figure 3.23, in an Au-Ti
mPEG thiol sample.

Figure 3.28 shows the trapping event for different incident trapping laser powers in an Au-
Ti mPEG thiol sample, demonstrating the power dependence of the trap. The experiment
started at time ¢ = 0 s with a laser current of 70 mA (1.90 mW =+ 5% and then incremented
the laser current in steps of 10 mA while the particle was getting trapped. The laser was
turned off at time t = 63 s, releasing the particle from the trap. Figure 3.29 compares the
trapping signal when the laser current is set to 70 mA (as shown in Figure 3.29a) and at
100 mA (as shown in Figure 3.29b). This comparison demonstrates that setting the laser
current to 100 mA provides a more stable trapping signal.

The PSD with fitted Lorentzian for each trapping power in Au-Ti mPEG thiol is given
in Figure 3.30. The trap stiffness as a function of trap power is shown in Figure 3.31,
while the inverse of the time constant as a function of trap power is shown in Figure 3.32.

A linear relationship is found, suggesting both the trap stiffness and the inverse of time
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constant increase with higher laser power, thereby improving the trap’s ability to hold the
polystyrene bead. The results of trapping in Au-Ti mPEG thiol at increasing laser powers

are summarized in Table 3.5.
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Figure 3.28: Trapping event at different incident trapping laser powers in Au-Ti mPEG
thiol. The laser was turned on at t = 0 s, with a current of 70 mA. The laser current was
then increased in increment of 10 mA during the trap. The laser was turned off at t = 63 s.
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(a) Trapped signal at 70 mA (1.90 mW £+ 5%). (b) Trapped signal at 100 mA (3.51 mW =+ 5%).

Figure 3.29: Comparison of trapping stability at 70 mA and 100 mA in Au-Ti mPEG thiol,
demonstrating that a current of 100 mA results is a more stable trapping signal. For the
original trapping signal, refer to Figure 3.28.
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thiol.
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Figure 3.31: Trap stiffness as a function of laser power based on the power spectral density
in Au-Ti mPEG thiol. A plot of the trap stiffness (blue), linear fit (in red), and the residuals
(in green). The slope = 0.01548, R-squared = 0.88242, P-value = 0.06063, standard error
= 0.00400.
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Figure 3.32: Inverse of the time constant as a function of laser power based on the power
spectral density in Au-Ti mPEG thiol. A plot of the time constant (blue), linear fit (in red),
and the residuals (in green). The slope = 50.8392, R-squared = 0.88242, P-value = 0.06063,
standard error = 13.1226.
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Laser Current (mA) Trap Power (mW) f. (Hz) 7 (s) 1/7(1/s) & (fN/nm)

90 2.96 120.9  0.001316  759.669 0.231
100 3.51 122.6  0.001298  770.309 0.235
110 4.09 126.0  0.001263  791.458 0.241
120 4.66 135.1  0.001178  848.673 0.258

Table 3.5: Summary of trapping results in Au-Ti mPEG thiol at varying laser powers.

3.3.2 Silver in mPEG Thiol

Trapping of a 20 nm polystyrene bead was successfully achieved in an Ag-Ti mPEG thiol
sample with a DNH of an average gap size of 33.9 nm. The SEM of the DNH structure
is shown in Section 2.2.3.2, Figure 2.15. The trapping signal at a constant laser power of
3.51 mW =+ 5% is presented in Figure 3.33, with Figure 3.34 illustrating the steps taken
to analysis the trapping signal. Figure 3.34a shows a close-up view of the signal, while
Figure 3.34b applies a Savitzky-Golay filter to smooth data and identify noise components.
Figure 3.34c show a selected 5-second time interval of the trapped data, used for subse-
quent PSD analysis. Figure 3.34d shows the same 5-second time interval after applying the
Savitzky-Golay filter. The resulting PSD with the fitted Lorentzian function is shown in
Figure 3.35 , with fitted parameters of f. = 34.0£0.1 Hz, 7 = 0.004680 £ 1.82 x 10~° s, and
A =0.0194£0.0001 V2/s. Figure 3.36 shows the histograms of the trapped data, with a fit-
ted Gaussian probability density function. The mean is p = 2.09 V, and standard deviation
is o =0.03 V.
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Figure 3.33: Full trapping event in Ag-Ti mPEG thiol. The laser was turned on at t = 0 s
and then turned off at ¢ = 53 s.
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Figure 3.34: Trapping event of a 20 nm polystyrene bead in a double nanohole of an average
gap size of &~ 33.9 nm in Ag-Ti mPEG thiol. The laser current was constant at 100 mA (and
trapping power 3.51 mW =+ 5%).
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Figure 3.35: The PSD with a fitted Lorentzian for the trapped signal from Figure 3.34c¢ in
Ag-Ti mPEG thiol.
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Figure 3.36: Histograms (blue) and Gaussian probability density function (black line) of
the trapped signal for Figure 3.34c. The mean is p = 2.09 V, and standard deviation is
oc=0.03V.

A second trapping event is shown in Figure 3.37, achieved using the same DNH as in
Figure 3.33. The laser was turned off at ¢ = 53 s to release the particle from the trap and
then turned on again at ¢t = 56.5 s, successfully re-trapping it. This confirm the ability of the
DNH in the Ag-Ti mPEG thiol monolayer to reliably to trap 20 nm polystyrene nanospheres.
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(a) Second trapping signal. (b) Close-up view with Savitzky-Golay filter.

Figure 3.37: Second trap occurred on the same DNH as Figure 3.33 when turning the laser
off at ¢ = 53 s and then turning it on shortly after at t = 56.5 s.

I investigated the power dependence of the trap, as seen in Figure 3.38. Unlike the case
with Ag-Ti DI water (Figure 3.13), trapping was achievable at laser currents below 90 mA
(2.96 mW =+ 5%) in the Ag-Ti mPEG thiol sample. The lowest possible trapping power was
taken when the laser current was at 80 mA (2.41 mW=+5%). As demonstrated in Figure 3.38,
the laser was turned on at t = 0 s with a laser current of 80 mA, which was incremented in
steps of 10 mA. The laser was turned off at ¢t = 77 s after reaching 120 mA, releasing the
particle from the trap. The PSD with a fitted Lorentzian for each trapping power is given in
Figure 3.39. For consistency, the PSD analysis was limited to data from 90 mA and above.
The trap stiffness and the inverse of the time constant as a function of power are plotted
in Figures 3.40 and 3.41, respectively. A linear relationship is found, and the results are

summarized in Table 3.6.
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Figure 3.38: Trapping event at different incident laser powers in Ag-Ti mPEG thiol. The
laser was turned on at t = 0 s, with a current of 80 mA (2.411 mW). the laser current was
then increased in increment of 10 mA. The laser was turned off at ¢t = 77 s.
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Figure 3.39: The PSD with fitted Lorentzian for different lasers powers in Ag-Ti mPEG
thiol.
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Figure 3.40: Trap stiffness as a function of laser power based on the power spectral density
in Ag-Ti mPEG thiol. A plot of the trap stiffness (blue), linear fit (in red), and the residuals
(in green). The slope = 0.026646, R-squared = 0.93616, P-value = 0.03245, standard error
= 0.00492.
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Figure 3.41: Inverse of the time constant as a function of laser power based on the power
spectral density in Ag-Ti mPEG thiol. A plot of the time constant (blue), linear fit (in
red), and the residuals (in green). The slope = 87.5136, R-squared = 0.9361560, P-value
= 0.03245, standard error = 16.1598.
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Laser Current (mA) Trap Power (mW) f. (Hz) e 1/7(1/s) &k (fN/nm)

90 2.958 96.1  0.001656  603.972 0.184
100 3.512 105.3  0.001511  661.627 0.201
110 4.087 107.9  0.001476  677.617 0.206
120 4.66 121.7  0.001308  764.365 0.233

Table 3.6: Summary of trapping results in Ag-Ti DI mPEG thiol at varying laser powers.

3.3.3 Gold Versus Silver in mPEG Thiol

The results for trapping a 20 nm polystyrene bead in gold and silver within the mPEG thiol

monolayer at a constant laser trapping power of 3.51 mW £+ 5% are summarized in Table 3.7.

Parameter  Au-Ti in mPEG thiol  Ag-Ti in mPEG thiol

f. (Hz) 210.2 £ 0.8 34.0+£0.1
7(s)  0.000757 £2.90 x 1075, 0.004680 £ 1.82 x 10~
A (V2/s) 0.1019 = 0.0006 0.0194 + 0.0001

Table 3.7: Comparison of trapping parameters for Au-Ti and Ag-Ti in mPEG thiol at
constant power (3.512 mW).

The trapping signal exhibited a step-like behavior in Au-Ti mPEG thiol, as seen in
Figures 3.19b, 3.22b, 3.24b. This behaviour could be attributed to interactions between the
trapped particle and the surface or the particle is becoming temporarily immobilized before
being released.

The power dependence of the trap was further investigated by incrementally increasing
the incident laser power while the nanoparticle remained trapped. The findings are summa-
rized in Table 3.8.

For Au-Ti mPEG thiol, the corner frequency increased from f. = 120.91 Hz at 2.985 mW
to f. = 135.07 Hz at 4.66 mW. The trap stiffness increased from £ = 0.23130 fN/nm at
2.985 mW to k = 0.25840 fN/nm at 4.66 mW, while the time constant decreased from
7 = 0.001316 s to 7 = 0.001178 s. Similarly, Ag-Ti mPEG thiol also showed an increase
in trap stiffness. The corner frequencies increased from f. = 96.13 Hz at 2.985 mW to
fe =121.65 Hz at 4.66 mW. Trap stiffness increased from x = 0.18389 {N/nm at 2.958 mW
to k = 0.23272 fN/nm at 4.66 mW, while the time constant decreased from x = 0.001656 s
to k = 0.001308 s. Although both systems showed a notable increase in trap stiffness with
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higher laser, the overall stiffness values were lower in Ag-Ti mPEG thiol compared to Au-Ti
mPEG thiol.

Unlike in Au-Ti mPEG thiol, where trapping was achievable at 70 mA (1.901 mW),
trapping in Ag-Ti mPEG thiol. was not possible below 80 mA (2.411 mW). However,
as shown in Figure 3.29, trapping at 100 mA (3.512 mW) produced a more stable signal
compared to 70 mA (1.90 mW) .

Laser Current (mA) Trap Power (mW) Material and Environment f. (Hz) T (8) k (fN/nm)

%0 2 96 Au-Ti mPEG thiol 120.9  0.001316 0.231
' Ag-Ti mPEG thiol 96.1 0.001656 0.184
100 451 Au-Ti mPEG thiol 122.6  0.001298 0.235
' Ag-Ti mPEG thiol 105.3  0.001511 0.201
110 4.09 Au-Ti mPEG thiol 126.0  0.001263 0.241
' Ag-Ti mPEG thiol 107.9  0.001476 0.206
120 166 Au-Ti mPEG thiol 135.1  0.001178 0.258
' Ag-Ti mPEG thiol 121.7  0.001308 0.233

Table 3.8: Comparison of trapping results for Au-Ti and Ag-Ti in mPEG thiol at varying
laser powers.

3.4 Comparisons

The primary objective of this thesis was to investigate the effectiveness of silver nanostruc-
tures in trapping nanoparticles compared to gold nanostructures. This section compares and
discusses the experimental results obtained for trapping 20 nm polystyrene (PS) beads in
DNH structures fabricated using colloidal lithography in four different environments: Au-Ti
DI water, Au-Ti mPEG thiol, Ag-Ti DI water, Ag-Ti mPEG thiol. The key findings include
the trapping dynamics, power dependence, and comparisons of trap characteristics across
these environments.

The transmission through the DNH aperture is related to the position of the nanoparticle
in the aperture, and the Brownian motion fluctuation of this transmission can be used to
calculate the trap stiffness. The values of trap stiffness were found using power spectrum
density analysis in this work. A linear dependence of the time decay and the trap stiffness as
a function of the laser powers was found due to the increase in the strength of the trapping

potential. This has been shown for conventional optical tweezers [63].
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Tables 3.4 and 3.8 compared the trapping results and the trap stiffness calculations for
the four environments. For 4.66 mW (120 mA) incident laser power, the Ag-Ti DI water
exhibited higher corner frequency values and consequently higher trap stiffness across all sys-
tems indicating stronger force. The trap stiffness was calculated to be around 1.271 fN/nm,
while the Au-Ti DI water was 0.336 N /nm for the same laser power. For Ag-Ti mPEG thiol,
the trap stiffness resulted in a lower trap stiffness value of 0.233 fN/nm, while the Au-Ti
mPEG thiol gave a value of 0.258 fN/nm.

Even though it is known that silver tarnishes when exposed to air, it was observed that
both Ag-Ti DI water and Ag-Ti mPEG thiol maintained their trapping capability for up to
7 days following fabrication. This finding supports the potential use of silver in long-term
experiments or applications where repeated use is necessary.

In Sections 3.2.3 and 3.3.3, I presented a comparison of the results from two separate
experiments. First, I trapped the PS bead in a DNH at a constant laser power. I obtained the
trapping signal, estimated the PSD, fitted a Lorentzian, and extracted the corner frequency.
In the second experiment with a different DNH, the signal was measured as the laser intensity
was incrementally increased for the trapped particle. This approach led to multiple trapping
events at each power. For each trapping laser power, the PSDs were estimated, Lorentzian
fits were applied, and the corner frequencies were extracted.

However, the two measurements gave different corner frequency values for the same sys-
tem. For instance, in Au-Ti DI water while increasing the laser power during the trap, I
obtained a value of f. = 54.4 Hz at 100 mA (3.51 mW). In contrast, at a constant power,
the value was f. = 349.1 Hz. This discrepancy could be attributed to experimental arti-
facts. The samples were fabricated on day 1, SEM images were taken on day 2, and then
the trapping experiments were conducted over the subsequent five days. The laser power
was measured only once, on day 2, before the trapping experiments as was shown in Sec-
tion 2.4, Figure 2.19. and Table 2.1. Additionally, environmental influences may have caused
misalignment in the optical tweezer setup.

Occasionally, large external noise, such as mechanical vibrations, was detected when
calculating the PSD. The noise appeared in all four systems and consistently manifested as
a peak near 100 Hz. This peak was filtered out prior to fitting a Lorentzian and extracting
the corner frequency. Similar mechanical noise have been reported in other works, including
those by [64] and [65], where the noise peak was also removed prior to fitting.

In comparison to the trap stiffness calculation for trapping 20 nm PS nanospheres using
a DNH optical tweezer, as found by previous group members [40], the authors measured the

dynamics of 20 nm PS nanoparticles in a DNH trap to determine the trap stiffness at various
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laser powers. The DNHs were fabricated using a focused ion beam (FIB) on commercially
available gold metal coated test slides (EMF Corp.) with a 5 nm Ti adhesion layer followed
by 100 nm gold layer. The DNHs had a gap of &= 28 nm. They used a modified Thorlabs
optical tweezer kit (OTKB) with a silicon avalanche photodiode (APD, bandwidth 50 MHz)
and 820 nm laser diode (Sacher Lasertechnik) to focus onto the DNH using a 100x oil
immersion objective (1.25 numerical aperture) with polarization aligned along the axis of
the DNH gap using a half-wave plate for maximum transmission through the DNH. Then, the
trapping data was analyzed using the autocorrelation analysis of Brownian fluctuations and
the trapping transient analysis. They found a trap stiffness value of around x ~ 0.2 fN/nm
for 2 mW of power with the stiffness increasing linearly with laser power.

In this thesis, I fabricated the DNHs using colloidal lithography as was shown in Sec-
tion 2.1. T sputtered 7 nm Ti followed by 70 nm gold or silver layer on a plain microscope
slide (Fisherbrand, 25x 75x 1 mm). The DNHs had a gap size average of 32 nm as was shown
in Section 2.2.3. Section 2.4 showed the optical tweezer setup. I used a modified Thorlabs
optical tweezer kit (OTKB) with a silicon avalanche photodetector (Thorlabs APD110A)
with similar bandwidth to reference [40]. However, the laser used in this thesis was 852 nm
laser diode (eagleyard) to focus on the DNH using the objective. I analyzed the data using
the power spectrum density theory of the Brownian motion. In the case of Au-TI DI water
environment, the trap stiffness value increased linearly with laser power from x = 0.057 to
0.336 fN/nm which is within range of the predicted values of reference [40].

Gold DNHs have only been previously used for optical trapping. In this work, I demon-
strated the feasibility of creating silver DNH substrates for trapping PS nanospheres. I
successfully trapped the nanoparticles and measured the trap stiffness up to 7 days post-
fabrication, thereby assessing their usefulness for plasmonic applications, such as plasmonic
antennas and circuits for concentrating and guiding light. Silver-based nanostructures have
consistently shown superior performance compared to Au-based counterparts in the litera-

ture as was discussed in Section 1.6.
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Chapter 4

Conclusion and Outlook

This thesis investigated the optical trapping capability of silver and gold nanostructures, for
trapping 20 nm polystyrene (PS) beads on double nanohole (DNH) apertures across different
environments: Au-Ti DI water, Au-Ti mPEG thiol, Ag-Ti DI water, and Ag-Ti mPEG thiol.
The primary objective was to assess the effectiveness of Ag nanostructures in comparison to
Au, evaluating parameters such as trap stiffness, corner frequency, and time constant under
varying laser powers.

I successfully fabricated the Au and Ag DNH apertures using colloidal lithography. SEM
imaging of the apertures showed an average gap size of ~ 32 nm. [ was able to trap
20 nm PS nanospheres in all tested materials and environments. The Ag-Ti DI water
environment exhibited a higher corner frequency value of 664.6 Hz and consequently trap
stiffness of 1.271 fN/nm at 4.66 mW =+ 5%, compared to 175.4 Hz and 0.336 fN/nm in
Au-Ti DI water. The surrounding medium might have influenced trapping performance,
with mPEG thiol environments resulting in lower trap stiffness for both gold and silver.
A linear relationship between trap stiffness and laser power was observed, indicating that
increasing power enhances trapping strength resulting in a large optical force holding the
particle in the trap. Silver provides a strong optical response and is low-cost. In this thesis,
I showed that trapping PS nanospheres on both Au and Ag DNHs was achievable up to 7
days post-fabrication, indicating the potential of using silver nanostructures for large-scale
applications.

There are limitations faced when conducting this study. The laser power was measured
only once on day 2 of the experiment. Environmental influences may have caused misalign-
ment in the optical tweezer setup, and mechanical vibrations were occasionally detected
when calculating the PSD. The data acquisition system used also had a limited frequency
resolution of 100 kHz. A faster sampling rate will improve the dynamic response of the

trapped signal. Frequent calibration of laser power, addressing vibration and environmental
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factors could likewise lead to a better understanding of the experimental outcomes.

Several future experiments could further improve the DNH optical tweezer system as a
tool for nanoparticles trapping. Integrating a spectrometer into the optical tweezer setup
would enable the measurement of the nanoparticle spectrum during trapping. Analyzing
recorded videos of nanoparticle movement within the DNH could help trace the movement
of the nanoparticle within the trap and quantify the motion dynamics. Using techniques such
as atomic force microscopy (AFM) to visualize and measure the thickness of the monolayer
formed on the surfaces of both Au and Ag, would also be valuable. Additionally, investi-
gating other materials with plasmonic properties, such as aluminum (Al), copper (Cu), or
magnesium (Mg) could reveal new opportunities for optimizing trapping performance and

exploring different plasmonic responses.
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