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ABSTRACT

A compact and cost-effective fiber-based probe was manufactured for the detection of chemicals
at low concentrations using Surface-Enhanced Raman Spectroscopy (SERS). Multi-mode optical
fiber was tapered with a dynamic etching process using Hydrofluoric (HF) acid. The desired
length, tip diameter, and cone angle of the tapered fiber were obtained by using this process. The
SERS substrate was prepared by depositing Gold Nanorods (GNRs) on the tapered fiber surface
by the phenomenon called Optical Tweezing (OT). The tapered fiber was characterized by using
a Scanning Electron Microscope (SEM) and Optical Microscope. Light from a a He-Ne laser was
coupled to the untapered end of the tapered fiber to study the distribution of GNRs using the
Optical Microscope. The effect of different tweezing wavelengths, and the tapered length on the
distribution of GNRs on the tapered fiber surface was investigated. It was observed that the
maximum surface area of tapered fiber was covered with GNRs when tweezed consecutively
with two different wavelengths (1064 nm and 632 nm). The application of the tapered fiber
covered with GNRs as a SERS substrate was investigated for a chemical and material,
Rhodamine 6G (R6G) and Graphite, respectively. Furthermore, we presented the tweezing of an
another compound Zn (OH), on the tapered fiber surface when mixed with GNRs solution using

two lasers consecutively.
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Chapter 1

Introduction

1.1 Optical Fiber

An optical fiber is a cylindrical dielectric waveguide that is designed to operate at optical
frequencies [1]. K.C Kao first proposed the concept of optical fiber in 1966 [2]. Figure 1 below
shows the structure of the optical fiber. The core of the fiber has a higher refractive index (n;)
compared to the cladding (ny), and the light transmitted along the fiber core follows "Total

Internal Reflection" (TIR).

Jacket

Cladding

Buffer
Coating

Figure 1.1: (a) Schematic diagram of a fiber showing the cross-sectional view with core,

cladding and outer coating (Jacket), (b) 3D view of a fiber.



The core material is generally glass, which is surrounded by a glass cladding. The outer
layer, known as the jacket or buffer coating, adds strength to make the fiber stronger and more
durable. Light launched into the optical fiber, which satisfies the total internal reflection
condition at the core-cladding interface, remains confined in the core and propagates along the

optical fiber's length.

n; —> Cladding
> Core

N2=> (ladding

Figure 1.2: Light propagation along an optical fiber [1].

Light rays incident on the core of the fiber from a medium with refractive index, n, at an
angle 6, which is less than equal to the acceptance angle and hits the core-cladding interface at an
angle ¢, will follow the total internal reflection. One can obtain the critical angle (¢.) of

incidence at the core-cladding interface to support total internal reflection [1]:

sin(g,) =2 (1)



The maximum incident angle, or the acceptance angle, ,,,, is [1]:

nSinf, ..=NAd=(n,—n,)= )

max

The parameter NA is called Numerical Aperture, which defines the light gathering capability of

the optical fiber.

The material used to manufacture an optical fiber can be either polymer or glass. Silica
(S10,) glass is most commonly used to prepare the core of the fiber. The refractive index of the
glass is approximately 1.46. To either increase or decrease the index of refraction of the glass

core, it can be doped with GeO; or B,0s, respectively [1].

Based on the number of modes supported, an optical fiber can be categorized into two types:

1. Multimode fiber (MMF)

2. Single-mode fiber (SMF)

Multimode fiber (MMF) is useful for short-distance communication systems. The core diameter
of MMF ranges from 50 — 200 um approximately, as shown in figure 1.3 (a). On the other hand,
Single-mode fiber (SMF) is better for long-distance communication systems, and the core
diameter of SMF ranges from 8 — 12 pm approximately, as shown in figure 1.3 (b) [1]. The

cladding diameter for both MMF and SMF is 125 pm (Figure 1.3).



\ cladding, n, A cladding, n,
) bn-f |
;gon () ) core, iy 125m 12|m$_ _() core,ty | 125¢m
/ cladding, n, V cladding, n, V

Figure 1.3: Diagrams illustrating the (a) MMF, and (b) SMF [1].

Single-mode fiber (SMF) is used in communication, and multimode fiber has applications in
sensing [1]. Passive optical devices based on optical fiber can be used as sensors to measure
pressure, strain and temperature in harsh environments. Sensors based on optical fiber are cost-

effective, compact, and highly sensitive [3].

1.2 Tapered Fiber

Tapered fiber can be manufactured by various methods, such as heating-pulling, polishing
and chemical etching of optical fiber [4-6]. Tapered optical fiber has many applications,
including: developing SERS (Surface-Enhanced Raman Spectroscopy) substrates [7;8], glucose
sensing [9], non-linear optics [10], and in trapping yeast cells [11]. Tapered optical fiber has an
advantage as the evanescent field can interact with the external medium [12]. As the diameter of
the core decreases, the power starts leaking outside the core along with the tapered length, and

the surrounding medium (air, water, etc.) act as cladding [13].



In this research, the tapered shape of an optical fiber was obtained using a dynamic etching
process. The schematic of a tapered fiber is shown in figure 1.4. The structure of a tapered fiber
shows how the radius of the fiber changes with its length [14]. We used the dynamic etching
process, where 1.5 ml of Hydrofluoric (HF) acid of 50% concentration was used to etch the fiber.
The length of the tapered region was such that the core of the fiber was exposed to the outer

(surrounding) medium, which acts as cladding for the tapered fiber [7].

Quter s
Jacket | um
SU70 5.0kV 14.4mm x70 SE(M)
(a) (b)

Figure 1.4: (a) Schematic illustration, and (b) SEM image of a tapered optical fiber
labelled with the length of the tapered fiber along with the outer jacket, cladding

diameter.

The process of tapering an optical fiber followed several steps. Firstly, before immersing the
fiber in the Hydrofluoric (HF) acid solution, the outer jacket (layer) of the fiber was removed
using a stripper and cleaned with ethanol to remove the debris. The second step was to cleave the

fiber with the help of a fiber cleaver and then studied the fiber under a microscope to ensure the



quality of the cleaved end, which should be flat. Finally, the fiber was mounted on a translation
stage to immerse in the Hydrofluoric acid. The fiber was withdrawn at a certain speed, which
gave the desired tapered length and cone-angle [7]. The length of the tapered fiber varies with
the withdrawal speed, and results for this are discussed later in Chapter 2. Also, during the
etching process, it is necessary to cover the HF solution with an organic solvent (e.g. isooctane)
to stop the evaporation of HF at room temperature [8]. In addition to that, the organic solvent
keeps the HF volume constant. Finally, the characteristics of the tapered fiber (e.g., length and

tip diameter) were examined using a Scanning Electron Microscope (SEM).

1.3 Weakly Guiding Approximation

To acquire more specific understanding of the power propagation mechanism in an optical

fiber, it is important to study Maxwell's equations. The four Maxwell's equations are as follows

[1]:

__98
VxE = o 3)
_ D
VxH = — 4)
V-D=0 (5)
V-B=0 (6)

where D = ¢E and B = pH, where ¢ is permittivity, and p is the permeability of the medium. We
can combine Maxwell's equations to obtain the wave equation. One needs to solve the wave

equation to get the optical fiber's characteristic parameters such as the number of modes, mode



field distributions and mode field diameter, which is a complex process. Though the weakly
guiding approximation can be used when the difference in refractive indices of the core and
cladding is small, i.e., A << 1, where A = (n12 - n22)/2n22. Under this condition, the vector wave
equation reduces to a scalar wave equation [1]. In the weakly guiding approximation, the
transverse component of the electric field is much higher than the longitudinal component and

modes are known as "Linearly Polarized" and represented by LP,y,.

1.4 Modes in Cylindrical Waveguide

The number of modes propagating along the fiber depends on the V-number, which is a

dimensionless quantity [1]:

_ I::lz._—:'z::I;
V =2ma — (7)

where a = core radius,
n; = core refractive index,
n, = cladding refractive index,

A = wavelength

Under the weakly guiding approximation when the difference in refractive indices of the core
and cladding is very small, i.e., less than 1%, an optical fiber with V < 2.405 supports only the
fundamental mode LPy; and the fiber is known as Single-Mode. For a tapered fiber in a sensing
application, the core is surrounded by an external medium, and the index difference is very high.

Therefore the weakly guiding approximation is not applicable. Figure 1.5 shows the fundamental



mode field distribution of the HE;; mode supported by the tapered fiber. The refractive indices of
the core and cladding were 1.46, and 1.33, respectively. The mode field distribution was

obtained by solving vector wave equations [14;15].

Normalized Electric Field (HE 1 1)

0.8

0.6

E-field

0.4

0.2

0

-1 0 1
Distance from the fiber center (um)

Figure 1.5: Electric field distribution of HE;; mode in the core and cladding [15].

In the experiment, the laser light was coupled at the untapered end of the tapered fiber and
propagated along the tapered length to the tip of tapered fiber. As the diameter of the fiber
decreases, the number of modes supported by the fiber also decreases. The field in the cladding,
known as the evanescent field, interacts with the surrounding medium. Further, the surrounding
medium behaves as the cladding, and it should have a lower refractive index than the core to
fulfill the TIR conditions. We have estimated the number of modes supported by the tapered
fiber at particular locations (diameter) on the tapered fiber by modifying the MATLAB codes
available from the MATLAB Optical Fiber Toolbox [15]. Figure 1.6 shows the number of modes
supported by a tapered fiber at three locations along the length calculated by using the modified

program.



Number of Modes

100 modes /
\ 64 modes

T~
T

1.
_—

/ 20 um

30 um \

Diameter

Figure 1.6: Diagram representing the section of a tapered fiber showing the number of

modes corresponding to the diameters.

An important point to note here is that if the incident angle of light at the untapered end
changed, the number of modes excited at a specific diameter also changes. Optimum coupling is
required to excite all modes supported by the fiber at a particular diameter. The fraction of
incident power in a mode depends on the total power launched into the fiber, and interference
between them in the surrounding medium is also affected. The losses in the fiber can be due to

misalignment and bending.



1.5 Mode Field Diameter

The mode field diameter (MFD) is an important characteristic parameter, which assists one
in calculating coupling efficiency and dispersion in a single-mode optical fiber. This parameter
can be calculated using the mode field distribution of the fundamental mode, where solving a
vector wave equation is required. Under the weakly guiding approximation, one can use a

Gaussian function (Figure 1.7) to estimate the MFD of the fundamental mode [14].
E(r) =E, exp(%) (8)

Where r is the radial distance, E is the field at r = 0, W is the mode field radius, E(r) is the field

of the fundamental mode (LPy; ) mode.

Mode
<—Fjeld —>

Diameter
2Wo

Figure 1.7: (a) Light distribution in a single-mode fiber (SMF); and (b) definition of

mode field diameter (MFD) from Gaussian distribution.
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1.6 Optical Tweezing (OT)

In 2018, Arthur Ashkin received a Nobel Prize for the discovery of trapping of dielectric
particles using a single laser beam and the phenomenon is known as Optical tweezing [16]. In
the experiment, a spatially filtered argon-laser (512.5 nm) was focused by a microscope objective
with a high numerical aperture (NA =1.25). The laser beam was used to trap a cell present in the
water solution. A microscope was used to see the trapped cells. The experiment also reported the
photo of a 10 um glass sphere trapped in water by using fluorescence to represent the path of the
incident and scattering light beams. In the experiment, the dielectric particle size was in the

range of 25 nm to 10 um, and the particles were placed in a water solution.

Further, in 1978, A. Ashkin proposed the stable trapping and manipulation of atoms by
resonance radiation pressure [17]. In the experiment, two highly intense laser beams from
opposite directions were focused on the atomic particles, which form a trap. To develop optical
tweezers (OTs), it became a powerful tool in physics as well as in biology. Using a focused laser
beam, also known as laser tweezers, metallic nanoparticles can be trapped and accelerated using
the forces by radiation pressure. The trapping of dielectric particle was explained using Ray
optics where transfer of momentum from refracted light gave rise to the gradient and scattering
forces. These two forces contributes in the trapping of either a dielectric particle or a metallic
particle. In case of metallic particles, the incident electric field induces the dipole moment which
cause particle to rotate or move. Thus, considering the case of plane wave, optical forces

disintegrated into two components, gradient and scattering force [18].

11



An optical trap for the manipulation of biological particles, for example, viruses and
bacteria, was reported by A. Ashkin et al. using Infrared (IR) light [19]. For the trap formation, a
1.06 um Nd: YAG (neodymium-doped yttrium aluminum garnet) laser was coupled to the water-
immersed microscope objective (NA = 1.25) connected with a focused lens and two beam
splitters. The sample cell is placed between the microscope objective and condensed lens (CL),
which was illuminated by a light source to provide a high-resolution view. This system has
applications in the development of a single beam trap for particles of various sizes and shapes.
The significant advantage of using the laser trap with IR light is that it causes less damage to the
living cell. Due to the damage-free trapping, the reproduction of Escherichia coli (E. coli) and
yeast cells were observed [19]. These techniques are proficient in manipulating cells, viruses,

bacteria etc. in microbiology.

Optical tweezing has been observed to trap nanoparticles or nanomaterials on the surface of
a tapered fiber, which has an application as a SERS substrate [20]. An evanescent wave was used
to trap the nanoparticles, and the layer of nanoparticles was coated on the fiber with a thickness
of 200 nm, which was confirmed by using a Scanning Electron Microscope (SEM). In another
article, a double-tapered fiber (DTF) coated with gold nanoparticles was preferred for SERS
applications over a flat end fiber (FTB) and a single tapered fiber (STF) since the DTF gives
greater sensitivity of 10° M and more light collection efficiency. In the experiment, the results

were compared to the Rhodamine 6G (R6G) [21].

In this tweezing phenomenon, a focused laser beam interacts with metallic particles, and they

experience two forces [22]:

(1) Gradient force
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(2) Scattering force

for stable trapping and to obtain optical tweezing, the magnitude of the gradient force should be
greater than that of the scattering force, which is in the direction of propagation of light [22]. The
gradient force arises when the electric field of incident light interacts with the induced dipoles in
the particle. However, the technique of tweezing metallic nanoparticles is new and gives
opportunities to develop a new plasmonic structure for research in nanophotonics [18]. The
question is how to trap metallic particles with the same techniques as used in the trapping of
dielectric particles. The metal surface reflects the incident light and produces large radiation
pressure, but the reflected light from the metallic surface does not produce a gradient force as it
does in the case of the dielectric particle [23]. It has already been established that metallic
nanomaterials can be trapped on a fiber surface [7;20]. In 1994, K. Svoboda ef al. experimentally
demonstrated that the gradient force is the major component of the optical force, which is
responsible for trapping metallic and dielectric particles. The condition for the successful
trapping of metallic particles is that the size of the particle should be smaller than the incident
wavelength. Moreover, the magnitude of gradient force depends on the intensity and
polarizability of the particle, whereas the scattering force depends on beam intensity and the

square of the polarizability [23].

Using the following expressions of optical forces, i.e. gradient and scattering forces
[equations (9) and (10)] [24]:
1 a
Fg = ERE[[I)?lEl' 9)

where, o = electric polarizability of the particle,
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€ = complex amplitude of the electric field.

F.=o¢ %s (10)

where, Gyt = extinction cross-section of the Rayleigh particle,

S = Poynting vector,

and n, = refractive index of the outer medium.
We calculated the magnitude of both the gradient and scattering forces for the modes LPy; and
LP;; in the range of 2.17 um - 4.17 pm diameter of the tapered fiber, using the modified
program of MATLAB toolbox [15]. The particle radius was 0.010 um, and the refractive index
was 0.27 (Re) for a spherical Gold particle. The outside medium refractive index was taken as
1.33 (considered water solution). Figures 1.8 and 1.9 show the estimated magnitudes of gradient

and scattering force for LPy; (HE;;) and LP;; (HE,,), respectively.
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Figure 1.8: The calculated magnitude of optical forces for the fundamental mode HE ;.
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Figure 1.9: The calculated magnitude of optical forces for mode HE ;.

The laser wavelength used for simulations was 1064 nm. It is important to note that we used

GNRs in our experiments instead of gold nanoparticles.

1.7 Gold Nanorods

Noble metallic nanoparticles, whose dimensions are smaller than the electron's mean free
path, have dielectric constants that are different from the bulk metal. Additionally, they have
unique optical properties that are dependent on the shape and size of the particles [25]. The
applications of shape-dependent metal nanoparticles as a catalyst has been studied [26]. The
different shape of the metallic nanoparticle yields a different Localized Surface Plasmon

Resonance frequency (LSPR) [27]. The condition of LSPR occurs when the incident
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electromagnetic wave and the conduction electrons in a metal oscillate in resonance [28]. In the
bulk metals, the free electron density is responsible for the plasma frequency. In figure 1.10, it is
clearly shown that free electrons are oscillating at a frequency as determined by the incident

electromagnetic wave.

Electric
Field

w i

Metal /

nanosphere

Electron
Cloud

Figure 1.10: Image illustrating the localized surface plasmon of a metallic nanosphere.

Figure 1.10 shows how the electric field from the incoming light wave is creating a dipole in
the metallic nanosphere by separating the charges within the particle. The dipole is aligned
according to the electric field direction, and to attain resonance condition, the frequencies of
incident light and dipole oscillation must be the same. This resonance condition leads to the more
absorption and thus enhancement of the electric field. As the LSPR induces field enhancement, it

has been investigated as the source of enhancement seen in Surface-Enhanced Raman
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Spectroscopy (SERS) [27;28]. SERS was first used to obtain the Raman spectra of pyridine by
adsorbing it on a silver electrode [29]. Moreover, V. Duyne et al. were successful in achieving
the exceptional sensitivity of Raman spectroscopy for the pyridine adsorbed on the silver (Ag)
substrate [30]. Overall, the SPR leads to an enhanced electric field near the metal layer and

provides a base to study the light-matter interactions.

Due to the symmetric shape of the nanosphere, it has a single LSPR wavelength, which was
observed around 520 nm wavelength when the diameter of the spherical particle was 20 nm [31].
The electric field enhancement factor around gold nanoparticles of various radii was theoretically
examined when excited by the light matching different LSPR frequencies [32]. But in the present
report, GNRs were being used to develop a SERS substrate on an optical fiber surface. The use
of GNRs is more advantageous because the anisotropic shape of GNRs allows two localized
plasmon resonance frequencies [33]. The dimensions of GNRs used to develop the SERS
substrate were of length = 64 nm and diameter = 10 nm with the aspect ratio = length/diameter =
6.4. Because of the shape of GNRs, the two resonance frequencies were transverse (along the
diameter) and longitudinal (along the length) of the nanorod, and the corresponding wavelengths
were 532 nm and 1064 nm, respectively as shown in figure 1.11 [33]. These two LSPRs can be

excited by two different laser wavelengths.
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Figure 1.11: Absorption spectra for 64 nm length and 10 nm diameter GNRs, and the

peaks are corresponding to their laser wavelengths [Nanopartz].

The longitudinal LSPR was stronger as the electron oscillation is along the longest axis
(along the length of the nanorod). In contrast, the transverse LSPR was weaker because of the
electron oscillations along the short axis (along the diameter of the nanorod) [33]. Further, the
most significant enhancement was obtained in the Raman signal when GNRs were excited at the
longitudinal excitation wavelength [34]. An important point to discuss is what happens when the
aspect ratio of the GNR 1is changed. In an experiment performed with three different aspect
ratios, i.e. 2.75, 3.1 and 3.31, it was observed that an increase in the aspect ratio of GNR leads to

a shift in the longitudinal LSPR towards a higher wavelength (redshift).
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Figure 1.12: Illustration of localized surface plasmon resonance of a gold nanorod

along the longitudinal direction.

In contrast, the transverse LSPR shows a slight change towards shorter wavelengths (blue
shift) [31]. Another interesting point was that the colloidal solution of GNRs showed a variation

in colour even when there was a small change in the aspect ratio [35].

In figure 1.12, the interaction of the electric field of incoming light and the metallic nanorod
is being observed, which represents the longitudinal LSPR excitation in GNRs. The synthesis of
GNRs can be done using various methods, and the major techniques are the template method,
electrochemical method and seeded growth method. In the seeded growth method, the synthesis
begins with the seed (i.e. gold nanosphere) as an initial step. Under the action of a surfactant
[Cetyl trimethylammonium bromide (CTAB)], the seed grows into a GNR with a specific aspect
ratio under certain conditions [36]. In 2001, Jana et al. first proposed the seeding growth method

for large scale synthesis of GNRs [37]. The high-resolution TEM images (Figure 1.13) of the
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GNRs with aspect ratio = 6.4 used in our research show the alignment and different facets of the

GNRs.

Figure 1.13: TEM image of GNR showing orientation along [110] direction.

In Reference [36], figure 4.1 show a TEM image of the Face Centered Cubic (FCC)
structure of the GNR along the [110] direction and shows that the growth occurs along the [001]
direction. Figure 1.13 is a replication of the above results from reference [36]. The properties of
other metallic nanoparticles with different shapes have been studied, such as triangular silver
(Ag) nanoparticles. Triangular Ag nanoparticles (also called Nano triangles) can be used in
biological and chemical sensing for the detection of a Picomolar analyte [38]. Other
morphologies of the nanoparticle include Nano stars, which can be used as a SERS substrate
[39]. The synthesis and applications of various morphologies such as Nanowires, Nanoshells and

Nano flowers have been discussed in detail [40-42].
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The interaction of monochromatic light with a material produces elastically and in-
elastically scattered photons. The Rayleigh scattering refers to the elastically scattered photons,
and Raman scattering (stokes and anti-stokes) refers to the inelastically scattered photons.
Raman and Krishnan first proposed the concept of elastically and in-elastically scattered photons
in 1928 [43]. In figure 1.14, the energy level diagram represents the Rayleigh, stokes and anti-

stokes scattering.

Energy level diagram

1 T 1 Virtual energy state

Rayleigh Stokes Anti- Stokes
Scattering, Scattering Scattering, hv=hve
hveo hv<hwo

Vibrational energy states

Figure 1.14: Energy level diagram representing 3 conditions: stokes (when energy is lost from
the photon), anti-stokes (when the photon gains energy), and Rayleigh scattering (no gain or

loss in energy by photon), where hv, is the incident photon energy, and hv is resultant energy.

Raman signal is weak in general, and to enhance the intensity of the Raman signal, a
roughened metallic substrate was used, and first reported in 1974 when a Raman signal of
pyridine adsorbed on an Ag surface was significantly enhanced [29]. The process is called

Surface-Enhanced Raman Scattering (SERS), and the substrate is known as a SERS substrate.
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Coinage metals such as Au, Ag, Cu are used to prepare SERS substrates as they produce strong
surface plasmon resonances (SPR) [44]. In Raman spectroscopy, the number of in-elastically
scattered photons are very low, and SERS drastically increases the Raman signal with an
enhancement factor of approximately 10'°, and has been capable of observing a single molecule
and proves the high sensitivity of the SERS technique [45]. SERS has been successfully used in
the detection of an explosive in both solution and vapour form to the femtomolar (10™°) and
nanomolar (10”°) range [46], rapid detection of environmental pollutants such as pesticides,
heavy metal ions and pathogens [47]. In healthcare, SERS contributes to the accurate and early
diagnosis of disease using silver nanoparticle (AgNP) based Nanosensors [48]. Another
implementation of SERS is in the food industry, as food safety is a primary concern. Tetracycline
(TET) is a contamination in milk, which affects the health of an individual, and 2 pl of milk
sample was tested on a AgNPs based sensor. The concentration of TET in milk was measured
using a Raman Spectrometer. The SERS substrate developed was cost-effective, and 100%
recyclable [49]. In this thesis, the SERS substrate was prepared on the tapered fiber surface with
gold nanorods (GNRs), and enhancement can be seen for the chemical and material such as
Rhodamine 6G (R6G) and Graphite, respectively. The optical fibre-based sensor, also known as
an optrodes, can be widely used for the detection of an analyte in liquids and to determine the
contamination of water [50]. In a recent publication by Wang J. et al., emphasis was given to the
importance of an optical fiber-based SERS substrates as they are reliable, cost-effective, quick
and efficient to detect toxic materials at low concentrations [51]. A plethora of reasons were

presented to show the significance of Raman Spectroscopy as a powerful optical technique.
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1.8 Organization of the Thesis

Chapter 1 gave an introduction to the optical fiber characteristics, advantages of tapered
optical fiber, and phenomena such as Optical Tweezing, LSPR, and SERS. A description of the

propagation of light in the fiber and modes has been discussed.

Chapter 2 describes the preparation of tapered fibers of different lengths using a dynamic
etching process, and presents the results of tweezing of GNRs on the tapered fiber surface using
single and double tweezing, and also presents the variation in GNRs distribution with the

different length of the tapered fiber.

Chapter 3 reports the application of the tapered fiber plasmonic structure developed using
single wavelength tweezing to detect the chemical and material such as R6G and Graphite,

respectively at very low concentrations.

Chapter 4 describes the tweezing of other metal in the form of a chemical compound such as

Zn(OH), on the tapered fiber surface, and future work.
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Chapter 2

Manipulation of GNRs distribution on the

tapered fiber surface using Optical tweezing

2.1 Introduction

The applications of the cylindrical optical fiber were discussed in various fields, such as
communications and sensing [1]. The etched cylindrical fiber known as tapered optical fiber has
various advantages in sensing, and also cells can be trapped at the fiber surface using a focused
laser beam [9;11]. In the tapered fiber, the core tapers down to a nanometer tip, and laser power
escapes as the diameter of the fiber decreases. Thus, the outer medium starts behaving as the
cladding, which allows the interaction between evanescent field waves and the external medium
(GNRs solution) [12]. As a result, the GNRs can be trapped along the tapered fiber surface, and
for successful tweezing, the magnitude of gradient force should be greater than the scattering
force [22]. In Chapter 1, it was discussed that metallic nanoparticles of different shapes and sizes
have unique optical properties [25;26]. The reason behind choosing GNRs for this application is
because of the two Localized Surface Plasmon Resonance (LSPR) frequencies [35]. Raman

Spectroscopy is a powerful technique and has been applied in numerous fields such as the
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detection of explosives [46], environmental pollutants [47], early disease diagnosis [48] and the
food industry [49] etc. In the experiments performed, we present the results from both single and
double tweezing conditions. Also, the GNR distribution along the fiber surface was explored
using either single or multiple tweezing. In this report, a Surface-Enhanced Raman Spectroscopy
(SERS) substrate was prepared to enhance the Raman signal for the detection of R6G and

Graphite.

2.2 Manufacturing Tapered Fiber

There are several techniques demonstrated to manufacture a tapered fiber [4-6]. As
discussed in Chapter 1, chemical etching is one of the methods used to obtain tapered optical
fiber using Hydrofluoric acid (-~ 50% concentration) [7]. The tapered fiber was manufactured by

using a multimode fiber with a core and cladding diameter of 110 um and 125 pm, respectively.

Figure 2.1: Experimental setup showing the etching process of a MMF using HF acid.

Figure 2.1 shows the experimental setup to manufacture the tapered fiber. The fiber holder
was connected to a computer-controlled (ThorLabs, APT Software) translation stage, which

facilitated control of the withdrawal speed of the fiber from the HF acid in the vial. A layer of
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organic solvent isooctane was used on the top of the HF acid to prevent evaporation [8]. The
ThorLabs APT software controlled the speed, acceleration and the position of the fiber. The
desired length and diameter of the tapered fiber was obtained by changing the speed and the
position of the fiber in the HF acid, Table 2.1 shows the experimental results performed by
immersing the optical fiber in the HF acid and then being withdrawn at different speeds. Figure
2.2 shows the linear trend between the length of the tapered fiber vs speed of the translational

stage.

speed (nm/s) length (um)
0.68 1710
0.58 1500
0.48 1210
0.38 1050
0.28 804
0.18 531

Table 2.1: Table representing the data of different tapered fiber lengths when

withdrawn at different speeds.
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Figure 2.2: Graph representing the length of the tapered fiber vs the withdrawal speed
of the fiber.

Figure 2.3 shows the tapered fiber of length 1.69 mm and a tip diameter 329 nm obtained at
a speed of 0.68 um/s. When manufacturing the plasmonic structure using GNRs, the length of

the tapered fiber used was 1.69 mm.

SU70 5.0kV 11.2mm x70 SE(M) 500um SU70 5.0kV 10.4mm x11.0k SE(M)

Figure 2.3: SEM images showing the length and a tip diameter of a tapered fiber
etched at speed 0.68 pm/s.

After the etching process, the next step was tweezing the GNRs onto the tapered fiber.

Figure 2.4 shows the experimental setup for tweezing. The laser light was coupled to the
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untapered flat end of the fiber, and the tapered end was then dipped in the GNR solution. The
tapered fiber was held by a fiber holder, which was mounted on the manual one-dimensional
translational stage. The tapered end of the fiber was lowered into the GNR solution using the

translation stage.

Figure 2.4: Experimental setup for tweezing GNRs using a laser.

The tapered fiber was investigated by a SEM, and the surface of the tapered fiber was found
to be rough, with depressions resembling potholes. For tweezing, 250 pl of the colloidal GNR
solution was placed on a microscope coverslip. The tapered fiber was then dipped into the
solution, and laser light was coupled at the untapered end of the fiber. During the tweezing
process, GNRs filled the potholes, and the rods were held in place by Van der Waals force [52].
Once the laser was turned off, the tapered fiber was removed from the fiber holder. When the
tapered fiber was put back into the solution for a second time for tweezing, it was expected that

some of the GNRs would go back to the solution, or the distribution of the GNRs would be
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disturbed. But the effect was not noticeable as the coupled laser also produced a gradient and
scattering forces. To further verify those results, the authors dipped a tapered fiber, after
tweezing, into the GNRs solution with no laser applied and left it for an hour. The SEM image
does not show any significant change in the distribution of the GNRs. Thus, the insertion of the
tapered fiber in the GNRs solution for double tweezing did not disturb the periodic structure of

the GNRs on the tapered fiber.

2.3 Single wavelength tweezing (1064 nm)

A number of experiments were performed to see the distribution of GNRs on the fiber
surface using single wavelength tweezing (either 632 nm or 1064 nm). Figure 2.5 shows the
tapered fiber covered with GNR rings when tweezed with a 1064 nm laser of 8.5 mW. It is very
clear from the image that GNRs are distributed in the form of rings along the tapered fiber within
a certain range with varying periodicity. Different GNR distributions were observed depending

on the laser wavelength used.

SU70 5.0kV 11.2mm x70 SE({M) 500um

Figure 2.5: SEM image representing the distribution and density of GNR rings in three
different segments (a) near the tip (~100 nm — 16 pm), (b) middle region (16 pm — 30 pm),
and (c¢) end region (30 pm — 45 pm) of the tapered fiber.
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When the laser was coupled at the untapered end of the tapered fiber, the EM wave
propagates through the fiber and reaches the tapered end. The evanescent wave interacts
with the GNRs and produces both scattering and gradient forces. The magnitude of the
forces depends on the strength of the electric fields due to the evanescent waves, which are
different at different diameters of the tapered fiber as the number of modes supported at a
particular diameter is different. Further, the optimum coupling of light at the untapered end
of the fiber is required as it determines the number of modes excited inside the fiber. Figure
2.6 shows the number of modes supported by the fiber vs. the diameter of the fiber at
different locations of the tapered fiber. Further, the number of modes supported by a fiber is
related to the V number, which is also related to the diameter of the fiber given in equation 7

in Chapter 1.
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Figure 2.6: Graph showing the number of modes supported by the fiber vs. the diameter
of the fiber at different locations of the tapered fiber.

The number of modes at a particular diameter and the interference of their fields in the

surrounding medium determines the resultant field and thus decides the magnitude of the
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gradient and scattering forces, which determines the distribution of GNRs (light or dense)

along the tapered region of an optical fiber as shown in the inset images of Figure 2.5.

Figure 2.7: SEM images showing the distribution of GNRs near the tip (tip region — 16 pm
approx. ), in the middle region (17 pm — 34 pm approx.), and at the end (35 pm — 58 pm
approx.) of the tapered fiber where GNRs are present along the tapered fiber.

Figure 2.7 shows the variation in the density of GNR rings in three different segments of the
tapered fiber. It was noticed that the density of GNR rings at both lower and higher diameters is
less compared to the middle region of the tapered fiber. The length of all three segments along

which GNR distribution is present depends on the coupling efficiency of the laser light.
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SU70 5.0kV 11.0mm x150 SE(M)
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(b)

Figure 2.8: SEM images showing the length of the tapered fiber along which GNR rings are
present.

Figure 2.8 (a) and (b) show two tapered fibers covered with GNRs. Although a 1064 nm
laser with 8.5 mW power was used, comparing the first and the second sample, the distribution
of GNRs are different. In the first sample, the distribution of the GNRs was observed up to a

diameter of 51.6 um, and the length of the tapered fiber covered with GNRs was 743 pm. The
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second sample had a GNR distribution up to a diameter of 33.7 um, and the length of the tapered
fiber covered was 558 um. This difference was due to the coupling efficiency of the laser at the

untapered end.

2.3.1 Distribution of GNRs near the tip of the tapered fiber ( ~ 16 pm)

It is important to discuss how the distribution of GNRs changes near the tip of the tapered
fiber, which is on the order of nanometers. From figure 2.9, it can be observed that at lower
diameters (~ 962 nm), the width of the GNR rings were large, and the distribution of GNRs was
low in density. However, as the diameter increased, the width of the GNR rings was reduced, and
the distribution of GNRs in the rings became more dense. Smaller diameters support very few
modes inside the core, and maximum power escapes in the surrounding medium, which results in

more scattering power and propels the GNRs away from the fiber surface.
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Figure 2.9: SEM images showing the variation of the width of GNR rings near the tip with

respect to the diameter of the tapered fiber.

Figure 2.9 (a) shows that the GNRs first appeared at a diameter of 962 nm, near the tip of
the tapered fiber, whereas the tip diameter was 153 nm. Now from Figure 2.9 (b), as the diameter
increased to 1.22 pum, the width of the GNRs ring had a width of 3.45 um where a very light
distribution of GNRs was observed. At higher diameters, the width of the rings decreased, such
as at a diameter of 2.16 pm, the width of the GNR ring was reduced to 3.02 um. After a certain
point, the width of the GNR rings decreased and became relatively constant (~ 1.21 pm in

width) and more dense compared to the tip of the fiber as shown in Figure 2.9 (d).
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2.3.2 Distribution of GNRs in the middle region of the tapered fiber (17 pm —
34 pm)

It was discussed previously that as the diameter of the tapered fiber increases, the
distribution of GNRs becomes more dense, and the width of the GNR rings become nearly
identical. After performing several experiments, it is roughly estimated that the consistency in
the GNR rings appeared at a diameter of 16 - 20 um approximately, as shown in Figure 2.10.

In figure 2.10, it is shown that consistent and dense rings are present in the middle region of
the tapered fiber. Also, it is seen in figure 2.11 that the separation between GNR rings increased
after a particular diameter (-~ 37.6 um), and the density of those rings was decreased. This above

phenomenon occurs because the number of modes varies with the diameter of the tapered fiber.

22 () -
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Figure 2.10: SEM images of 3 different samples showing the middle region of tapered fiber from

where the rings appear are more consistent and dense as compared to the rings near the tip.
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Figure 2.11: SEM image showing the distribution of GNR rings in the middle region 22.1 — 37.6

pm.

2.3.3 Distribution of GNRs in the end region of the tapered fiber (35 pm — 58
pm)

The GNR distribution in the middle region ends in the diameter range of 35 — 40 pum, as
shown in Figure 2.11. Again this not only depends on the laser wavelength or power, but also the
coupling of light, which plays an important role in getting the distribution of GNRs as the

number of modes excited varies accordingly.
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Figure 2.12: SEM image showing how the distribution and separation between two

GNR rings changes after a particular diameter (38.5 pm) of the tapered fiber.

As shown in Figure 2.12, fewer GNR rings with a lower density of GNRs and more
separation between them were observed in the diameter range of 38.5 pm and 47.6 um along the
tapered length of 153 pm. To justify the presence of fewer GNRs in the end region of the tapered
fiber, it is crucial to study the number of modes leaking out in that region of the tapered fiber. It
is clear from Figure 2.6 that at large diameters more modes are confined in the fiber core and do
not interact with the outer environment, and thus do not produce enough gradient force to
overcome the scattering force to trap GNRs on the fiber surface. Figure 2.13 shows that very

light GNR rings were present in the end region, along with randomly distributed GNRs.
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Figure 2.13: SEM image showing the particular diameter of the tapered fiber where
the last distribution of GNRs has been seen.
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It is evident from the SEM images that more consistent and dense GNR rings are present in
the middle region. Figure 2.14 shows the width and separation between two GNR rings in the
middle region. The average separation between two GNR rings in Figure 2.14 (a) and (b) is 2.57
um, and 2.50 pum, respectively and the average width of GNR rings is 1.45 pm and 1.42 um,

respectively.

566
2.98um 2.66um

—==

!1 39um

SU70 5.0kV 10.2mm x7.00k SE(M)

(2)

41



1.32um

% 2.91um
2.65um

1.59um 1.79um  1.39um 1.12um 1.46um

— €->t =

SU70 5.0kV 10.2mm x3.00k SE(M)

(b)

Figure 2.14: SEM image showing the width of GNR rings and separation between them
in the middle region of the tapered fiber.

2.4 Single wavelength tweezing with 632 nm laser

The Experiments were also performed to see the GNRs distribution when a 632 nm laser
with 10 mW power was used for tweezing. It was observed that GNR rings were absent, and the
random distribution of the GNRs was present along the tapered fiber length (figure 2.15). This
experimental result shows that even though the fiber supported more modes at 632 nm compared
to when excited with a 1064 nm laser, they were more confined in the core. In other words, the

evanescent field was much stronger in the case of a 1064 nm laser compared to a 632 nm laser.
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Figure 2.15: SEM images showing the random distribution of GNRs on the fiber
surface when tweezed with 632 nm laser (10mW).
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2.5 Double wavelength tweezing (1064 nm and 1064 nm)

It was a challenge to get the distribution of the GNRs close to the tip of the tapered fiber. To
manipulate the GNR distribution structure on the fiber surface, and to obtain distribution closer
to the tapered end, the tapered fiber was tweezed twice consecutively with a 1064 nm laser as
shown in figure 2.16. It was investigated that GNR rings with smaller periodicity are present
during double wavelength tweezing as compared to the single wavelength tweezing case. In

figure 2.16 (b), there were lighter GNR rings present between the two denser rings.
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SU70 5.0kV 9.9mm x10.0k SE(M) 5.00um

(b)

Figure 2.16: SEM images showing (a) the segment of the middle region (b) presence of
lighter rings between denser GNR rings of the tapered fiber when tweezed two times

with 1064 nm laser consecutively.

In figure 2.17, although more GNR distribution was observed in double tweezing, the
shape of the GNRs was destroyed in some places. Figure 2.17 (b) shows the distortion of the
GNRs shape. This is due to the excessive heat produced by the absorption of the 1064 nm laser
(Longitudinal LSPR wavelength for the GNRs at 1064 nm) by the GNRs deposited on the
tapered fiber after the first tweezing. A lower input laser power during the second tweezing
process can eliminate the damage. GNRs should be intact to take advantage of their excitation at

the LSPR wavelength for Raman spectroscopy.
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SUT0 5.0kV 10.9mm x50.0k SE(M) 1.00um

(b)

Figure 2.17: SEM images showing the destroyed shape of GNRs during double tweezing (1064

nm)
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2.6 Double wavelength tweezing (1064 nm and 632 nm)

Another experiment was conducted to see the results shown by the tweezing with two
different wavelengths, 1064 nm and 632 nm, consecutively. Then results were compared with the
distribution of GNRs when either the 1064 nm or 632 nm wavelength laser alone was used for
tweezing. The periodic structure was observed to begin at a smaller diameter (~ 4um) (figure
2.18), whereas in the case of single tweezing with a 1064 nm laser, consistent and dense rings
were observed to begin at a larger diameter («~ 16um) (figure 2.10). When tweezed with a 1064
nm laser, GNRs covered the tapered fiber, which then acted as a waveguide for the 632 nm light
to propagate without leaking and thus allowed more power to propagate through the fiber and
closer to the tip. Therefore, the modes at smaller diameters have enough power to produce a
gradient force and pull the GNRs onto the fiber surface.

Furthermore, the interference pattern at smaller diameters was different from that at larger
diameters, as the number of modes supported by the smaller-diameter fiber was lower compared
to the larger diameter. Thus, we obtained different periodicity in the distribution. Also, it is
noticeable that in the case of double tweezing, a random distribution of GNRs lies between the
denser GNR rings on the tapered fiber surface (figure 2.19). In this case of double, tweezing with
two different wavelengths (632 nm and 1064 nm), the maximum surface area of the fiber is
covered with GNRs, and GNRs shape are intact as well. As a larger portion of the tapered fiber is
covered with GNRs, it can act as an excellent substrate for Surface-Enhanced Raman scattering.
The separation between GNR rings and the width of those rings was investigated by SEM (figure
2.19). The average width and separation was 1.02 pm and 2.59 pm, respectively. Along with the

GNRs dense rings, there was a lighter distribution of GNRs between those rings, which makes
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the tapered fiber surface an efficient substrate for Surface-Enhanced Raman Spectroscopy

(SERS).

4°82um

SU70 20.0kV 10.8mm x8.00k SE(M)

g

s

SU70 20.0kV 10.8mm x30.0k SE(M) 1.00um

(b)

Figure 2.18: SEM images showing (a) the ring structure of GNRs even at the smaller

diameter and (b) the distribution of GNRs at the same location.
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Figure 2.19: SEM image showing the (a) width of the GNR rings and, (b) separation

between two rings when the fiber is tweezed with 1064 nm and 632 nm consecutively.
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2.7 Effect of cone angle and length on the distribution of GNRs on the fiber

surface

To investigate the effect of the tapered fiber length and cone angle on the distribution of
GNRs when tweezing with a single wavelength (1064 nm), two samples were prepared with
lengths 1.49 mm and 0.804 mm. In both cases, a periodic distribution of GNRs was obtained. As
can be seen in Figure 2.20, a segment of approximately 54 um has been studied for each fiber
length. This segment began at a diameter of 13 um (approximately) in each case to compare the
number of modes in that specific portion of the probe. Furthermore, in Figure 2.20 (a) (length =
1.49 mm), the number of modes supported by the fiber at the beginning (13 pm diameter) and
end (8.60 um diameter) of the 54 um region are 42 and 28, respectively. The number of modes
leaking out of the fiber along this section was thus 42-28 = 14. In Figure 2.19 (b), (length =
0.804 mm), the number of modes supported by the fiber at the beginning (13 um diameter) and
end (3.42 um diameter) of the 54 um region are 42 and 10, respectively. The number of modes
leaking out of the fiber along this section was thus 42-10 = 32. So, when the length of the tapered
fiber is short, and the cone angle is large, the number of modes leaking out of the fiber is quite
large (i.e. 32), which means high power is present in the surrounding medium (GNR solution),
which can destroy the shape of the GNRs. From experimental data, it has been observed that
GNRs were not destroyed when the length of tapered fiber was greater than 1.0 mm. Also, by
controlling the coupling of laser light at the untapered end, we can keep the GNR's shape intact.
In addition, it is experimentally observed that by decreasing the tapered length, GNR rings can
be found at diameters of less than 1 um, similar to the result seen when tweezing a longer tapered

fiber multiple times. Both of these different techniques fulfill the goal of covering the maximum
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area of tapered fiber with GNR rings, which minimizes the probability of signal leakage near the

tip and increases the surface area of the substrate for SERS application.

1 ' [
3. 8mm x800 SE(M) 50.0um
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9.Bmm x1.80k SE(M)

(b)

Figure 2.20: SEM images of two different samples with GNR distribution tweezed by a
1064 nm laser of 8.5 mW power for (a) Taper length = 1.49 mm (b) Taper length = 0.804

mim.
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The characteristics of the tapered fiber with different tweezing conditions were investigated
using SEM images. We also investigated the tapered fiber’s plasmonic structure optically. To
study the distribution of the GNRs on the tapered fiber a He-Ne laser (632 nm) was coupled to
the untapered end of the fiber. The tapered end was placed under microscope objective. Figure
2.21 (a) was taken using a camera placed at the eyepiece of the microscope, and the distribution
of GNRs is visible. The same fiber sample was tested with SEM, and the image confirms the

distribution of GNRs (figure 2.21 (b)).

(2)
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SU70 5.0kV 14.6mm x150 SE(M) 300um

(b)

Figure 2.21: Image was taken using (a) microscope and (b) SEM of the same

fiber sample when tweezed with a single wavelength (1064 nm) laser.

2.8 Conclusion

The method of preparing tapered fiber using HF acid was discussed in detail. An experiment
was performed to observe how the tapered length of the fiber changes with the speed of the
translational stage. The graph produced a linear trend. The experimental setup for tweezing
GNRs on the fiber surface was discussed. In the double tweezing case, the tapered fiber was
tweezed with two different wavelengths (1064 nm and 632 nm). Tweezing was performed
successfully with both wavelengths. When fiber was tweezed with 1064 nm, a grating like
structure was observed. While tweezing with 632 nm, a random distribution of GNRs along the
tapered fiber length was noticed. Next, to get the GNRs distribution near the tip of the tapered
fiber, the experiment was performed using double tweezing (either with the same wavelength or
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different wavelengths). The results obtained from double tweezing using the same wavelength
(1064 nm and 1064 nm) indicated that the maximum area of fiber was covered with GNRs, but
the shape of the GNRs was not intact.

On the other hand, when double tweezing was performed with different wavelengths (1064
nm and 632 nm), more GNRs were observed on the fiber, and the shape of the GNRs was intact.
Also, the width and separation between the GNRs rings were studied in both single and double
tweezing. Lastly, the experiment was performed to see the effect of the cone angle and tapered
length on the GNR distribution. It was concluded that when the length of the tapered fiber was
shorter than 1mm, the GNRs shape was destroyed. Also, it was observed that when the tapered
length is shorter, and the cone angle is larger, the maximum area was covered with GNRs near
the tip. It minimized the signal leakage near the tip and increased the efficiency of the SERS
substrate. Also, the characteristics of the tapered fiber plasmonic structure were observed
optically using a He-Ne laser, which shows that we do not need an expensive SEM to see the
GNR distribution. The plasmonic structure developed on the tapered optical fiber can be used in

applications such as to detecting chemicals at low concentrations.
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Chapter 3

Applications of the plasmonic structure as a
Surface-Enhanced Raman Spectroscopy (SERS)

substrate

3.1 Introduction

It has already been discussed that the intensity of the Raman signal can be enhanced by a
factor of 10" when using a Surface-Enhanced Raman Spectroscopy (SERS) substrate [45]. The
very first application of SERS was proposed in 1974 when the Raman signal was significantly
enhanced using a Silver (Ag) substrate [30;32]. The high adsorbtivity of Silver (Ag) makes the
system suitable for SERS. SERS has been used in various applications, for example, detection of
explosives at the nanomolar and femtomolar level, and in medical diagnosis [46;48]. In this
investigation, gold nanorods (GNRs) with aspect ratio = 6.4 were used to prepare a plasmonic
structure on a tapered optical fiber which can be used as a SERS substrate. The high sensitivity
and selectivity of the SERS technique allows for the detection of analytes at low concentration

adsorbed on a rough metallic substrate. The enhancement of the Raman scattered signal for
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chemical and material Rhodamine 6G (R6G) and Graphite, respectively, was explored based on

the developed plasmonic structure.
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Figure 3.1: Comparing the Raman Spectrum (collected with a Renishaw Raman
Spectrometer) produced by a 532 nm laser using (a) graphite powder (without
nanoprobe), and (b) with (black: 1 s exposure) and without GNRs on the surface of the
probe (Red: 5 s exposure).
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3.2 Raman Spectra of Graphite

To investigate the application of the plasmonic structure as a SERS substrate, we followed
two steps. In step one, a few milligrams of Graphite powder was placed on the sample holder
without a probe. The Raman Spectra was obtained from the sample (figure 3.1 (a)), which
matches with previously obtained results [53].

In step two, the graphite powder was sprinkled on the surface of the tapered fibers, both with
and without GNRs. The graphite powder is adsorbed on the surface. Figure 3.1 (b) shows the
spectra of Graphite powder in the presence and absence of GNRs. Two peaks were visible when
a fiber probe with a GNR distribution was used to obtain the Raman spectrum (Black Spectrum
in figure 3.1 (b)), whereas only one peak was visible when there was no GNRs present (Red
Spectrum in figure 3.1 (b)). In both cases, the amount of Graphite powder on the fiber probe was
extremely small.

Further, in Figure 3.1 (b), the black spectrum was obtained with 1 s exposure, whereas the
red spectrum was obtained with 5 s exposure. Thus, the presence of GNRs increased the intensity
of the Raman scattered light. In the above cases, to collect the Raman Spectrum, a 532 nm laser

was used as the excitation wavelength.

3.3 Raman Spectra of Rhodamine 6G (R6G)

R6G is a highly fluorescent dye. A mixture of 0.2550 mg of R6G and 230 pl of GNR
solution was prepared before tweezing with a 1064 nm laser. We took this approach to
investigate the applicability of the tweezing process for the analyte, which does not react with
GNRs. We were successful in tweezing R6G and GNRs. Figure 3.2 shows the SEM image of the
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distribution along the length of the tapered fiber when tweezed with the R6G and GNR solution
together with a 1064 nm laser. The length of tapered fiber with GNRs and R6G present was 884
um. Figure 3.3 shows an enlarged view of a GNRs and R6G band, as well as the presence of
GNRs on the flake-like structure of R6G. The average width of the GNR and R6G band was 5.68
um (figure 3.4 (a)), which was twice the width when tweezing was done with only GNRs. The
average separation between the two bands was 11.77 pum, as indicated in figure 3.4 (b). One can
reduce the concentration of R6G in the GNR solution to obtain the Lowest Detection (LOD)
limit. We believe that tweezing the analyte, which does not react with the GNR solutions, on the
surface of the tapered fiber for Raman spectroscopy is an excellent accomplishment of this

research.

884um
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SU70 5.0kV 9.9mm x130 SE(M)

Figure 3.2: SEM image showing the distribution of R6G and GNRs when tweezed
together with 1064 nm laser.
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SU70 5.0kV 9.9mm x30.0k SE(M) 1.00um

Figure 3.3 SEM image showing the enlarged view of GNRs on the top of R6G flakes.

4051um

5

SU70 5.0kV 9.9mm x1.00k SE(M)

(@)

59



A:1.9um

=
==

SU70 5.0kV 9.9mm x450 SE(M)

(b)

Figure 3.4: SEM images indicating (a) the width of GNRs and R6G band, and (b) the

separation between the two bands.

Figure 3.5 shows the Raman Spectra of R6G. Figure 3.5 (a) was obtained from a few
milligrams of Rhodamine 6G (R6G). Figure 3.5 (b) and (c) compare Raman spectra of R6G with
and without GNRs present on the tapered fiber probe, respectively. Figure 3.5 (b), was obtained
with R6G sprinkled on the bare tapered fiber. Figure 3.5 (c) was obtained with the plasmonic
structure prepared by tweezing R6G and GNRs together, as described in the above paragraph on
the tapered fiber. A significant enhancement was observed when GNRs were present as the
number of peaks observed when compared to the bare fiber with R6G is more numerous and
distinct. The observed peaks matched with previously obtained Raman spectra for R6G [54]. The

excitation wavelength was 532 nm.
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Figure 3.5: Raman Spectra (collected with a Renishaw Raman Spectrometer)
produced by a 532 nm laser using (a) R6G (without nanoprobe), (b) R6G +
Fiber and (¢) R6G + Fiber + GNRs (1s exposure).
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(b)

Figure 3.6: Image from Renishaw Spectrometer microscope (a) when the
tapered fiber was focused for excitation by 532 nm laser, (b) the enlarged image

of fiber surface where a few chunks of R6G are present.

Figure 3.6 shows an optical image of a tapered fiber with R6G present on it seen by the
Renishaw spectrometer. Figure 3.6 (b) shows a magnified view of the fiber where R6G and
GNRs are present, and by focusing the light at this location, the Raman spectra for a specific area
was obtained. The experimental results show that the presence of GNRs enhanced the Raman
signal for both Graphite and R6G. Thus, it can be concluded that the developed plasmonic

structure can be used as a SERS substrate.
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3.4 Conclusion

In conclusion, it was observed that a tapered fiber plasmonic structure with GNRs of aspect
ratio = 6.4 could be used as a SERS substrate to enhance a weak Raman signal. Figure 3.1 and
3.5 shows the Raman spectra for Graphite and R6G (chemicals adsorbed on the fiber surface
using single wavelength tweezing (1064 nm)) and, distinguishable peaks are visible with the
GNRs present on the fiber surface. The Raman spectra can be obtained by coupling the
excitation laser from the untapered end of the tapered fiber SERS substrate, and collecting the

Raman scattered light using a microscope objective.
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Chapter 4

Application of tweezing metal compound and

future work

4.1 Introduction

In Chapter 2, optical tweezing of GNRs on the tapered fiber surface was discussed in detail
and also, the characteristics of the plasmonic structure along the fiber length were studied
through SEM as well as using an optical microscope. It was also shown in Chapter 3 that a
combination of an analyte (R6G in this case) and the colloidal GNR solution can be tweezed
onto the tapered fiber surface. In this chapter, we present the results obtained by tweezing a
compound on the fiber surface. The experiment was performed by mixing Zinc Hydroxide (Zn

(OH),) with the colloidal GNR solution.
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4.2 Tweezing of Zinc Hydroxide (Zn (OH),)

We investigated the possibility of tweezing analytes which contain different metal ions and
produce a plasmonic structure on the tapered fiber for Raman Spectroscopy. We chose Zinc
Hydroxide as an analyte. The reason for choosing this analyte is that the E6 protein, which is
responsible for cervical cancer, contains a Zn atom in its structure [55]. This investigation will
lead to a pathway to separate the E6 protein from a solution optically. This method can also be
used to separate other metal ions. We report for the first time the experimental results based on
Zinc Hydroxide, which shows that we can tweeze other compound in addition to GNRs. This is

another accomplishment of the current investigation.

SU70 5.0kV 15.0mm x350 SE(M)

(a)
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Figure 4.1: SEM images showing (a) the orthorhombic crystal shape and, (b) the

magnified image indicating the orthorhombic shape of a single crystal of Zn (OH),.

To study the structure of Zn (OH),, one needs to examine the compound using SEM in a
laboratory setting. In our experiment, 0.5 mg of Zinc Hydroxide (Zn (OH),) was mixed with
1000 pl of GNR solution. The concentration of the resulting solution was 0.5 pg/ul. A drop of
the prepared solution was placed on the carbon tape of the SEM sample holder, and the solution
was left to dry under a lamp for two hours. The sample holder was then placed in the SEM, and
the voltage was set to 5 kV. The focus of the source of the electron beam was adjusted, and other
alignments were done so that an electron beam could hit directly on the prepared sample.

Figure 4.1 (a) and (b) show the clear picture of the Zn (OH), crystal. Further, the
orthorhombic shape of the Zn (OH), crystal is also visible. In Reference [56], a detailed study on

schematic crystal structure of Zn (OH); is given and we obtained the same results in figure 4.1
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(b). Other morphology of Zn (OH),, such as a flower-like structure, was also seen in the
experiment performed in addition to the orthorhombic shapes, as shown in Reference [57]. In
addition, Figure 4.2 is based on Energy-Dispersive X-Ray Spectroscopy (EDS), which confirms
the presence of Zinc and Oxygen in the Zn (OH), compound. Hydrogen (H) is missing in the

EDS results because the Is level in H is not in the X-ray regime.

Figure 4.2: EDS results confirming the presence of Zinc corresponds to figure 4.1 (a)

and (b), respectively.
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SU70 5.0kV 10.6mm x4.50k SE(M) 10.0um

Figure 4.3: SEM image of Zn (OH), showing the flower-like structure.

In Reference [56], the mechanism of deposition of ZnO and Zn (OH), on activated carbon
cloth by a chemical deposition method has been discussed. Additionally, different morphologies
such as rhombic structures and flower-like structure of Zn (OH), and ZnO, respectively are
shown. Figure 4.3 was obtained when Zn (OH), was mixed with GNR solution (0.4 pg/ul), and a
drop of this solution was placed and scanned on the carbon tape of the SEM sample holder.

In this thesis, we reported for the first time the tweezing of a Zn compound on a tapered
fiber probe. We also reported the SEM images and EDS spectrum to show the presence of Zinc
Hydroxide on the surface of the tapered fiber along with GNRs. The experiments were
performed using single and double tweezing, as described in Chapter 2. In the case of single
tweezing (1064 nm), when tapered fiber was tweezed with Zn (OH), and GNRs solution (conc. =
0.4 pg/ul), only GNRs were observed on the tapered fiber surface. We then performed double

tweezing with two different lasers, where 0.4 pg/ul concentration, Zinc Hydroxide and GNR
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solution was tweezed with two different laser wavelengths, i.e. 1064 nm (8.5 mW) and 632 nm
(3.5 mW), consecutively. Flake-like structures of Zn (OH), were seen at a diameter of 23.0 pm

of the tapered optical fiber, as shown in figure 4.4.

SU70 5.0kV 11.0mm x3.50k SE(M)

Figure 4.4: SEM image showing the presence of Zinc Hydroxide flower-like structure
on the fiber surface when tweezed along with GNR solution with 1064 nm and 632 nm

laser, consecutively.
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Figure 4.5: SEM image indicating the GNRs sitting on the flake-like structure of
Zn(OH); at 23 pm diameter (side view) of the tapered fiber after double tweezing.

SU70 5.0kV 11.0mm x15.0k SE(M) ' 3.00um

Figure 4.6: SEM image showing the flakes of Zn (OH), with GNRs (top view).
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Figure 4.5 shows an enlarged image (side view) of figure 4.4, where it shows flake-like
structures that have arranged themselves in a flower shape along with the fiber with the GNRs.
The top of this flower-like structure of Zn (OH), along with GNRs is shown in figure 4.6, where

it shows the alignment of Zn (OH), flakes.

4.3 Conclusion and future work

In conclusion, the above experimental results show that we can tweeze a compound with
Zinc ions once we mix it with GNRs. Also, different morphologies of Zn (OH), were observed
on the surface of the tapered fiber. It has been shown for the first time that Zinc Hydroxide can
be tweezed on the fiber surface.

The next step is to tweeze different shaped and sized nanoparticles of Zn to explore the
characteristic of the probe. Additionally, the optical tweezing of another metal ion such as lead
etc. will also be a major focus in the future as it will be useful for the detection of contamination

in water.
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