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Abstract

The recent advances in nanotechnology and nanofabrication motivate the drive to achieve
a tighter focusing of light; this requires a high numerical aperture (NA) optical system.
The need for high optical resolution has led scientists to discover the use of optical
microlens for improving the performance of high numerical aperture (NA) optical
systems. By focusing the laser beam through a microlens, the width of the beam can be
reduced according to the needs of the application. In this work, the laser beam was
focused by a microspherical lens (NA=0.7) into 150 nm or by tapered fibre into 4 um
diameter spots. The measurements indicate the strong influence of tightly focused beams.
This thesis comprises of three parts; the first results chapter investigates the choice of
material by considering the material properties and feasibility of fabrication (chapter 2).
It has been shown in previous studies that the glass transition temperature of the polymer
is an important factor in determining the laser ablation rate. High glass transition
temperatures make it a good material candidate for optical waveguides. Polycarbonate
(PC), polymethylmethacrylate (PMMA), negative photoresist SU-8, and chitosan have
been characterised to choose suitable material as a substrate for soft nanolithography
(chapter 3). The choice of material due to the glass transition temperature of the material
(from literature), material optical properties are investigated experimentally at the range
of wavelength from 190 nm to 1000 nm. Laser ablation experiments on PC, PMMA, SU-
8 and chitosan using a 193 nm ArF laser over a fluence range of 10 mJcm2-1000 mJcm 2.
The ablation threshold at 193nm was found to be 24, 110, 40, and 95 mJ.cm™ for PC,
PMMA, SU-8, and chitosan respectively. The photoresist SU-8 and chitosan were chosen
as both materials are biocompatible, and have a high glass transition temperature. Optical
properties measured for these materials found that both materials have much higher
absorption coefficients (asu-s ~ 4.2x10°m™ and achitosan ~3.3x10°m™) compared with PC
and PMMA (arc =1x10°m™ and opmma=2x105m* )at 193 nm.

The second part of this thesis reports experimental and computational results of an
irradiated laser microsphere supported on biocompatible materials; SU-8 photoresist and
chitosan (chapter 3). An ArF excimer laser (193 nm wavelength) was used with 11.5 ns
pulse width to modify the underlying substrate, producing a single concave dimple.
Atomic force microscopy and scanning electron microscope measurements have been
used to quantify the shape and size of laser inscribed dimple. The dimple has a diameter
of 150 + 10 nm FWHM and a depth of 190 + 10nm on SU-8 compared to 180 + 10 nm
FWHM and a depth of 350 + 10nm on chitosan due to the optical properties of the



materials. Finite-difference time-domain (FDTD) simulations were carried out to
simulate the propagation of 193 nm laser radiation, focussed by a 1 um diameter silica
sphere. Finite Element Method (FEM) simulations were carried out to calculate laser-
induced temperature rise of the both SU-8 and Chitosan layer beneath the microsphere.
The SiO2 microsphere acts as a small ball lens tightly focussing the laser radiation.
Delivery of the focussed laser radiation locally heats the substrate beneath the
microsphere. As a consequence, mass transport takes place, forming a nano dimple.

The third part of this thesis presents the use of a CO: laser (10.6 pum wavelength) for
producing microlenses at the end of silica optical fibre (chapter 4). By focused CO> laser
beam, silica optical fiber is irradiated and heated to the softening points (1800 K) of the
silica material. Surface tension and the parameters of the fabrication system shape the
melted material into a spherical micro-lens or tapered fiber that remains joined to the
optical fiber. Different core diameters (125, 400, 600, 1000, and 1500 um) of multimode
fibres have been used for this fabrication. The roughness of the microlens was reduced to
less than 20 = 1 nm roughness by polishing the surface with a CO> laser at low power (1-
2 W). Throughout this work, different microlenses (ball/parabolic) and tapered fibres
were fabricated at the end of silica optical fibre. The minimum spot diameter at FWHM
was close to 160 pum and 110 pum for microball and parabolic lenses, respectively. While
the tapers had the minimum waist diameters down to 4 pm and maximum taper length of
~ 3.5 mm using silica multi-mode fibre. Finally, the knife-edge technique and He-Ne laser
beam (632.8 nm wavelength) were coupled into a fibre to investigate the properties of the
microlenses which produced a minimum spot size of 5 +1 um at FWHM in the focal

region of the tapered fibre lenses of 125, 400 and 600 pm core diameter of the fibre.

As aresult, Chitosan and SU-8 have been used as substrate materials for recording tightly
focussed focal regions, 193nm ArF laser has been used to realise extremely small, 150nm
diameter, Photonic Nano Jets (PNJ’s). FDTD optical simulations accurately predict the
spatial properties of microsphere PNJ’s emitting at 193. CO> laser (10.6 um) radiation
has been used to form tapers and spherical lenses on the distal end of optical fibres. Finally,
tight focusing using microspheres and lensed optical fibres could be integrated on lab-on-
chip platforms for applications such as optical trapping and cell membrane modifications.
An important application related to the results of this study is that focusing laser light
produces a force that can be used to remove or trap selected cells or large tissue areas
from living cell culture down to a resolution of individual single cells and subcellular

components similar to organelles or chromosomes, respectively.
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The nanostructures fabricated in this chapter can be refined to achieve specific
dimensions in; diameter, depth, shape, and periodicity so they can be used as
antireflective surfaces for solar-cell applications [1].or could be used in drug delivery [2].
While laser microbeams are frequently used for measurement or imaging of biological
parameters as well as using the optical tweezer system for trapping or moving of cells,
the future medical applications will be focused on micromanipulation or microdissection
methods for delivering molecules or nano drugs into a cell [3]. Delivering such nano-
drugs into cancer cells requires overcoming the cell membrane by focusing the laser. This
phenomenon is named photoporation which is based on the generation of localized
transient pores in the cell membrane using the photonic nano jet [4].
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Chapter 1 Introduction

1.1 Thesis overview

This thesis is primarily concerned with tightly focusing laser radiation in laser processing.
Tightly focused laser beams are attractive targets for applications in alignment,
measurement, super-resolution imaging, laser machining precise delivery of energy, and
optical communications. Firstly, we investigate the ablation characteristics of polymeric
materials, namely, SU-8, Polycarbonate (PC), Chitosan, and PMMA and the work is
discussed in Chapter 2. In Chapter 3, we carry out computer simulations to complement
the experimental work. The Finite Element Method (FEM) was used to simulate the
temperature rise in the substrate and the results used to investigate the interaction process.
Similarly, Finite Difference Time Domain (FDTD) simulations were effectively carried
out to calculate the electric field and intensity of laser radiation focused by a microsphere.

The second experimental study is discussed in Chapter 3, where we investigate the focal
properties of silica spherical microspheres irradiated at 193 nm. Small sub-wavelength
features were realised in SU-8 photoresist and chitosan. The last experimental chapter
(Chapter 4) presents the laser processing of optical fibres using a pulsed RF CO: laser.
Infrared laser radiation was delivered to heat the distal end of optical fibres to form tapers
and ball-type lenses. The knife-edge scanning method and surface roughness
measurements were used to characterise the focusing properties. Finally, focusing of light
could provide important applications in nano-optics using a nanohole array or
microlensed fibre. For example, these results can be used for drug delivery, which is

explained clearly at the end of this chapter.

1.2 Introduction

The area of ‘nanotechnology and materials in physics’ is based upon basic sciences for
example material science, optics, life science, information technology, and mathematics.
Nanoscience deals with phenomena occurring at the nanoscale (1 nm = 1 x10°m) [5].
Many basic technologies, for the modification and improvement of various devices and
components applications, measurements, manufacturing details, and simulations based
structured nanoscience are used [6], [7]. The resulting devices also play vital roles in other
fields such as environmental, energy, and its renewable formation, medical and health
care, social infrastructures, information communication, and electronics [7], [8]. Due to

the unique and different properties of nanostructures and their fabrication methods, this
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field took a highly active part in the research field for both industry and academia, which
cannot be done on a macroscopic scale [9]. The rapid progress in nanoelectronics,
nanophotonics, and biomedical devices has been characterised by combining material
composition and structure geometry, which has led to novel applications in
nanostructured materials [6,10]. Over the last few decades, much attention has been paid
to the production, characterisation, and application of nanomaterials. For example, in the
present day, laser applications are important in daily life, especially in the material
processing industry [11,12].

Lasers are useful tools for patterning the surface and near-surface of a material [7,13],
[14] It is possible, with the correct choice of optical components, to pattern material with
high precision. Lasers are particularly useful and offer many advantages over other
processing systems: high spatial resolution and localisation of energy that shows control
of the heat-affected zone (HAZ). Pulsed lasers are a unique and novel tool for
nanofabrication [15]. Absorption of pulsed laser energy, where the pulse duration is
typically nanoseconds and shorter, results in huge peak powers delivered to the sample
or component. Laser energy can be delivered to the sample by focusing, sometimes
referred to as a direct-write process, or imaging an object aperture and moving the
workpiece relative to the laser beam. The latter is referred to as mask dragging. In the
former, when light is focused on the surface of solid material, pulsed laser radiation
causes different effects, including heating, melting, sublimation, and vaporisation and
finally leading to ablation of the target [16]. These effects depend on the specific
application and can be selected by choosing the relevant parameter reference [17] for

examples of various applications.

Temporal and spatial coherent energy is provided by a laser. The correlation between
waves at different points in space, either lateral or longitudinal is described by the spatial
coherence, the correlation between waves observed at different moments in time is
described by temporal coherence [18]. Understanding these features is required to
process materials at the micro and nanoscale [19]. Significant variation can occur to the

photon generation emission wavelengths depending on the mechanism used.

The types of lasers that usually work at the UV wavelengths are metal vapour lasers (e.g.,

HeCd lasers) and excimer lasers (e.g., F2, ArF, KrF, KrCl, and XeF lasers) [20]. However,
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there are various types of lasers, mainly categorised as solid-state lasers like Nd: YAG
laser [21], function and operate differently, ranging from UV to infrared. A good example

to illustrate this is CO: lasers, which operate at infrared wavelengths [22].

Lasers can be operated in either continuous wave or pulsed modes [23]. In continuous
wave mode, the energy output is constant over time (the average and peak power are the
same). In a pulsed laser beam, for a certain rectangle pulsed energy, a shorter duration
gives out higher peak power, and the ratio between average and peak output is called the
duty cycle. The laser energy specifically points to the output of a pulsed laser and is
related to the power output, where the energy (E) is the laser’s peak power multiplied by

the laser pulse duration [24].

The application of lasers for material processing dates back to the birth of the laser itself
[17]. This application led to the discovery of various other laser types, which subsequently
led to other novel applications. To enhance laser-material interaction studies and to
optimise many laser-material processing applications, homogenisation techniques and
laser beam shaping have attracted substantial focus. The provision of the process-adapted
laser beam shaping involves diffractive optical elements which have an important role in
this respect [25].

Lasers and laser-based processes are preferred for applications that need precise
structures and surface functionalisation. This is due to these processes having a low heat
input, high flexibility, and high lateral resolution, such that they can be focused down to
a few nanometres [26]. The laser is arguably the most important optical device developed
in the last 60 years. Since its arrival, it has made optics one of the most rapidly growing
fields in science and technology to date [27]. Processing materials with a laser have
benefited various applications such as cutting and welding of materials, drilling/
micromachining, repairing expensive components, joining plastics, surface modification,
etc [28]. In many cases, the feature size and the resolution of machining are above 1 um
because of an optical system resolution reaches a fundamental maximum due to the

diffraction limit of laser in the far-field [7].

The fabrication resolution can be improved when different approaches in series have been

considered with the use of high numerical aperture optics and shorter wavelength of light



sources, deep ultra-violet (DUV) laser source an example of a short wavelength that
includes the Krf (248 nm) the ArF (193 nm) and Hg (198nm) [29]. The short wavelength,
the resultant high resolution [30], and the higher spatial resolution of materials processing
are all unique benefits offered by the UV lasers for processing a wide range of materials
[31]. Having said that, the spatial resolution represents half of the laser spot diameter. For
a smaller spot size, a shorter wavelength, and a higher numerical aperture NA objective
are used [32]. NA is defined as the ability of a lens to collect light and resolve image
details at a fixed object distance The requirement of conventional photolithography is an
expensive unchangeable photomask, high vacuum facility, corrosive chemicals, and
complicated over-lay steps to create nanostructures [33]. In recent years, researchers have
been fabricating micro/ nano-scale metallic structures without a harsh vacuum
environment, triggered by the development of alternative maskless, high resolution, and
direct writing technique [11].

Using of nano/microspheres for optical nanolithography is a consolidated method for
realizing subwavelength structures using a cost-effective approach; this method exploits
the capability of the beads to focus electromagnetic waves into subwavelength beams
called photonic nanojets, [34]. Photonics studies the behaviour of light on the nanometre
scale and the interaction of nanometre-scale objects accompanied by highly intensive
electromagnetic beams that are light and narrow. The latter spread either in the free-space
or in material from the bottom surface of a lossless dielectric microsphere. Another
characteristic is illumination on the top side of the microsphere by a plane wave [35].
Photonic nanojet is the near-field optical focusing of light when the illuminating
wavelength similar to or larger than the sphere [36]. Photonic nanojets is a branch of
electrical engineering and nanotechnology, optics, and optical engineering. The nano jet
width defines at the full width at half maximum (FWHM) of the intensity profile at the
focal plane [36].

1.3 Theory of focusing

This section introduces functions that will be used throughout this thesis. Lasers have
become the primary energy source for an ever-growing number of applications in science,
medicine, and various industries. This is because they deliver light energy in an
exceedingly useful range of ways. Characterization and analysis of both the laser and

laser systems are much more than the measurement of output power and pulse energy.



Other aspects to consider are spatial intensity profile, the beam spot size in the focal
region and the surface temperature rise during/after laser irradiation [37].

Often, a specific criterion is crucial, and the parameters used can define success or failure.
Therefore, the control, sensitivity, and optimisation of the system are critical. Classical
light confinement techniques are limited due to the limit of the focus of the laser beam.
Reducing the diameter of a focal spot means that high spatial resolution fluorescent
microscopy can be achieved [38]. One of the potential elements is apodizing apertures;
these make the divergence of the output near to the diffraction limit [39].

An apodization function (also called a tapering function or window function), in optics,
the initial stage is used to remove Airy disks which are caused by diffraction around an
intensity peak, improving the focus. The efficiency of the aperture under the influence of
defocusing and the primary spherical wave aberrations greatly depend on the values of
the numerical aperture of width and the shading parameter [40]. Patterns of theoretical
diffraction for light passing through an apodizing aperture are an easy method to analyses
the apodizing capability of the aperture [39]. Due to the applications mentioned
previously, several techniques have been developed to characterise the structure of focal
regions. These include knife-edge measurements, the Z-scan method, translation of small

slits and pinhole, and single molecular fluorescent measurements [41- 45].

The first part of this chapter concentrates on focusing the laser beam by high NA then
introduces important basic functions (Debye & Richards-Wolf Integrals) for describing
the propagation of light through the focusing system that will be used throughout this
thesis. The next section describes the theory of laser ablation by using an excimer laser
(ArF) and light-matter interaction. Finally, the theory of melting silica optical fibre (OF) by

laser irradiation to fabricate a microlens on the end of an OF is explained.

1.3.1 Focusing light by using high numerical aperture lenses.

Many processes depend on tightly focusing light for which the shape and size of the spot
must be known to achieve the desired outcome [46,47]. The minimal spot of light that
can be focused by a lens with a circular aperture is the Airy disc, which is described as
the diffraction limit. The focal pattern may have a deviation from the circular shape of
the Airy disc with tightly focused conditions due to the paraxial approximation, which is

no longer accurate under tight focusing [48]. To achieve a nano-scale resolution by



indirect laser fabrication of surface structures, several approaches have been considered,
including shorter wavelength light sources and high NA optics. For example, deep ultra-
violet (DUV, ArF 193 nm) laser sources have been used in producing nanoholes of sub-
micron lithography [29, 49]. One of the probabilities to achieve an even good sense of
the singular beam microscopy process is by increasing the NA of the optical system,
which causes tighter focusing of a scanning singular beam [50]. It is derived by a

mathematical formula,
NA =nsin @ (1.2)

Where n is the refractive index of the medium and 6o is the half-angle subtended by the
exit pupil at the focal point (see Figure 1-1). From this figure, the higher NA objective
has a much larger light cone, larger internal lens elements, and light gathering ability from
the specimen for more than the objective having a lower NA [51]. Figure 1-1 shows the
influence of the refractive index of the medium and the material of the ball lens is critical
in getting high NA. It can be seen that the lens focal length and angle 6, increase because
of the reduction of light scattering brought about by the air-to-cover-glass interface when
an immersion medium is used (see Figure 1-1.A). Furthermore, by using a highly
refractive index lens material, the focal length decreases and the optical cone extends

(angle 6, increases) ( see Figure 1-1.B).
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Figure 1-1 The refractive index effect of the medium (A) and the material of ball lens (B) on the ray
collection angle 6o [51].

Research in the field of laser science was pioneered by a series of individuals; this began
with V. S. Ignatowsky who investigated the diffraction properties of light passing through
an arbitrary aperture [52, 53]. The diffraction problem was later rederived by Richards
and Wolf [54] and later extended by Wolf [55], the latter work involved the integral
equations referred to as the Debye Kirchoff integrals [56].

In present-day applied optics, tightly focused light is regulated by the availability of high
NA objective lenses (OL). When combined with different laser beam modes and optical
masks, the spot size can be reduced to the nanoscale [56]. Focused spots with small size
are used in a great many applications, laser scanning optical micro and nanoscopy,
material processing, photolithography, and super-resolved imaging, as well as numerous
other applications mentioned previously [57]. The continuous development of these
techniques has given rise to the need for controlling not only the approximate size of the
focal spot but also finer details, such as control of the amplitude, phase, polarization,
orbital momentum, absorption, reflectance, and emissivity of light with high spatial
resolution. This has led research groups to reconsider various traditional applications in

optics with a different perspective [58].

1.3.2 Debye and Richards-Wolf Integrals

Current developments in nanotechnology and nanofabrication drive the requisite for
tighter focusing of specially structured wavefronts with optical systems of high [59] .
Wolf [60] and Wolf' and Richards [54] theoretically settled a vectorial diffraction theory
for systems with high numerical aperture. An integral representation has been shown for
the electromagnetic field in the image space of an optical system, which made it
possible to find the complete structure of the image in systems of low as well as high
angular aperture [60]. They successfully found that the focus of a linearly polarized
beam is asymmetrically deformed. This asymmetry is an effect of the vector character

of the electric field and was explained in detail by Stamnes [61].

The structure of the electromagnetic field near the focus of an aplanatic system which

images a point source is investigated. Initially, expressions are derived for the electric

after magnetic vectors in the image space and the case of a linearly polarized incident

field is examined [54]. Then, the Seidel aberrations at the exit pupil at the focusing optical
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system were realized after related expressions were derived for Gaussian beam amplitude
distribution at the entrance pupil [62]. The term, Seidel aberrations," is the generic name
of the third-order aberrations, the Seidel aberrations of a system in monochromatic light
are called spherical aberration, coma, astigmatism, Petzval curvature, and distortion. It
occurs for a monochromatic but non-paraxial electron beam [55]. Smaller two-
dimensional focal spot sizes for many applications have been used to improve the
performance of an optical system. The major part is to know the third dimension of the
focal field distribution in the case of confocal microscopy [63].

1.3.3 Depolarisation

Annular illumination influences both focal intensity distribution and the structure of the
electric field in focus. From electromagnetic focusing theory [54], [61], when focusing
linearly (x-polarized) light at high apertures, there exhibits significant perpendicular and
longitudinal components Ey and Ez in the focal field. The depolarization is because of
the curvature of the spherical wavefront of the focused field which is predicted to be
stronger for higher apertures [64], in agreement with the intuitive expectation that larger

focusing angles of the marginal rays produce a stronger bending of the field vector.

Depolarization can be made more pronounced with annular apertures as they generate
only marginal rays. This is clear by the fact that annular illumination or detection is used
for resolution increase where high apertures are required [64]. Differential transmission
and phase shift bring to spatial polarization changes in the exit pupil plane called
“‘polarization aberrations’’ [65]. The polarization aberrations are the differences of
amplitude, phase, polarization, and retardance related to light transmission through an
optical system. It causes undesirable polarization components, “depolarization”, that

reduce the extinction in the image plane [66].

1.3.4 Vector diffraction theory —Debye approximation

According to the Debye approximation, the electromagnetic field is symmetrical about
the focal plane for a fixed focal distance [37]. In the scalar case, it was noted that for a
fixed focal distance, the Debye approximation gets better as the angular aperture
increases, and for a fixed angular aperture, it gets better as the focal distance increases

[67]. However, the Debye theory is valid when the focal point is located many
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wavelengths away from the aperture along with a sufficiently large angular aperture [68].
The requirement for a high numerical aperture system is the vector diffraction theory,
which affects because of the vector character of the electric field which becomes
important. A plane wave incident on a focusing system is transformed into a converging
spherical wave. This approach initiates with expanding the spherical wave into an angular
spectrum of plane waves [60, 63].

The incident optical wave when entering the pupil of a focusing aplanatic optical system
is represented with rays parallel to the optical axis, required by the Richards-Wolf
method. Phase variations in the plane of the entrance pupil are contradicted by this
requirement when entering the plane of pupil [62]. Furthermore, the assumption is made
that only a small fraction of the energy in the incident field is contained in regions where
non-negligible phase variations happen, especially at the boundaries between neighboring
segments. The use of the principle of superposition to determine the field in the focal
region as a linear superposition of the contributions which are obtained from each
constant-phase segment of the incident field under these conditions is possible. There is
no assumption for the incident optical field amplitude or polarization[69]. In many
applications, high NA lenses are used for tight focusing. Focusing across an interface that
has different refractive indices causes a change in polarization. Tight focusing results in
electric field components being transformed. We can represent the beam propagation
using a converging wave. By using the Richards—Wolf vectorial diffraction method, the

focusing property of highly focused polarized beams can be analysed numerically.

B. Richards and E. Wolf's study was undertaken of the electromagnetic field structure
close to the focus of a high numerical aperture system which imaged a point source [54].
An incident field (linearly polarized) is examined, and the equations below are used to
calculate the electric vector in the image space. These equations are not suitable for
systems of low numerical aperture. The results cover values that are specific for the
angular semi aperture o on the image side, in the whole range 0 < o < 90°. The condition
a reaches to zero is examined in detail, the field is then completely characterized by a
single, generally complex, scalar function. This is identical to the classical scalar theory
of Airy [70], Lommel, and Struve, who investigated aberration-free focusing by a
uniformly illuminated ideal lens and approached the problem using the theory of paraxial
scalar diffraction [71]. The equations below represent the analytic solution for the

component’s vectors of the field at a point P in the image region. It is reported that the



field at any point P (spherical polar coordinates (Rp, &y, ¢p) in terms of the three integrals
lo, 11 and I [54]:

E,(r,.0,.4,)=—iA(1,+1,c0524, ) (1.2)
E,(r,.0,.4,)=—iAl,sin2g, (1.3)
E,(r,.6,.4,)=-iAllcosg, (1.4)

Where
1 .
|0 = |0(krp,9p,a'):joacos§ Gsin0(1+0059).]0(krp singsinHp)elkrpcosecosepde
1 .
= Il(krp’gp’a) =I: cos2 gsin’ 6?\]l(krp sin@sin Hp)e'““"sgws‘%dg

1 .
|2 = |2 (kl’p,@p,a)z J‘OU‘COSE 93in9(1—c059)J2 (krp Singsingp)elkrpcosﬁcosepdg

(1.5)
and Jo, J1 and J; are the Bessel functions, « is the angular semi-aperture on the image
side, for example, 2« is the angle which the diameter of the exit pupil subtends at the

geometrical focus, and A is the constant:

A=K _ ”;'0 (L.6)

where the peak amplitude at the pupil plane is lo. These equations are widely known as
“Richards-Wolf equations” for the investigation of an electric field of focusing regions.
A cylindrical vector (CV) beam with a planar wavefront is generalized over the pupil by
the illumination. Aspherical wave converging to the focal point is produced by an
aplanatic objective lens [72]. E:, E; and E4 are the amplitudes of the three orthogonal
components, which can be derived as:

gmax

E,(r.¢,2)=2Acos g, J P(8)sin&cos@J, (krsin9)e™“*’de (1.7)
0

gmax

E, (r,4,2) =2iAcos ¢, J' P(0)sin*6J,(krsing)e***’de (1.8)

o

EQ,

ax

E,(r.¢,2)=2Asing, | P(6)sin6J, (krsing)e'**’de (1.9)

O ey
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where 6 max 1S the maximal angle corresponding to the NA of the objective lens, P(0) is
the pupil apodization function that strongly depends on the objective lens design as shown
below: P©)= P(f sinf), In(X) is the Bessel function of the first kind with order n, and

wavenumber, k.

1.4 Light-matter interaction

Absorption is one type of laser light-matter interaction. In metals, free electrons are
excited to electronic or vibrational states, thereby reducing energy from the optical field
[73]. To fully understand the effect the laser beam has on the irradiated material, the
electronic and lattice dynamics must be considered. To induce an effect of sufficient
magnitude on the material, the incident laser light must be coupled into the material via
absorption. It also becomes apparent that, although driven by the incident light beam, the
source can be time-varying depending on the electrons and lattice responses within the
material [18]. The two systems must be considered as separate entities for small pulse

duration ~10*s. For pulse durations longer than the electronic relaxation time, a single

temperature model can be used. This is because, on timescales of the order of the electron
relaxation time, it can be assumed that the electronic and the lattice temperature are in
equilibrium. In general, the interactions between laser light and condensed matter include,
but are not limited to the following processes: (i) radiation coupling and absorption within
the target material. (ii) Following this, there will be heat transfer in the target due to
thermal diffusion within the sample. (iii) For sufficiently high fluence there will be
evaporation, vaporisation and condensation located on the surface of the material; (iv)

and finally, the behaviour of the vapor and the ambient gas (if present) [74].

Many complex processes need to be accounted for when dealing with pulsed laser
irradiation of materials. All the parameters should be optimised to prevent maximum
localized damage. When designing a fabrication method utilising a laser, it is prudent to
start the design by selecting the wavelength of the laser, because each material has its
unique refractive index and extinction coefficient. Both of these terms are strong
functions of wavelength. One should aim to minimise the reflection of the beam and
maximise the absorption coefficient. Thereby coupling the laser radiation into the
material much more efficiently. Other key parameters include the spot size of the incident
beam, the pulse duration of the laser pulse, its spatial and temporal pulse shapes, the

repetition rate, and duty cycle. These are all laser parameters that influence the choice of
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laser to be used to optimise efficiency [75]. These optimal factors depend on the material
and laser type. Absorption leads to the conversion of the energy into heat, which is a
photothermal mechanism, whereas a chemical reaction which is induced after excitation
is known as a photochemical mechanism. When material is removed from the bulk, the
term "laser ablation" is utilised, regardless of the process which causes the material to be
removed [76].

It has been proven that for fluences below the breakdown threshold of a material, that
heat deposition can potentially cause changes of state in materials. One example is the
photocoagulation of tissue in retinal surgery, where the laser-induced denaturation of
tissue is due to the structural transitions of the proteins within the ocular region. Another
example is the laser deposition of heat, causing vaporisation. This is utilised as explosive
vaporization [73]. The laser ablation process is a thermal process if the irradiated time is
much longer than the thermal relaxation time of a material (t) [77]. The heating caused
by these thermal processes causes the material to evaporate after the first melting if the
level of temperature reaches a sufficiently high level to drive the transition. In addition,
if the chemical structure is sufficiently heated, that results in the breaking of weak bonds.
In polymers, it is observed that evaporation can occur without reaching the solid-liquid
transition point. The processes of photothermal laser ablation have been investigated for
various polymers [78]. A key result was that the breadth of the ablated layer (Ah) per
pulse is strongly dependent on thermal penetration and optical penetration. The

relationship between the parameters above of the thickness is defined as [24]:
Ah = Max(l;,1,) (1.10)

where |, is the value of optical penetration of the material, that is; the reciprocal of the
absorption coefficient; Lt=2(Dz)"? is the thermal penetration depth where D is the
thermal diffusivity and z is the thermal relaxation time. It is also of high importance to
describe the distribution of the velocities of removed materials; this can be determined as
[24]:

v :voe(ATsE] (1.11)
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Here, AE, is the energy required to break the chemical bonds within the material, and Ts
is the surface temperature of the material, respectively.

The light intensity when incident on the material is explained by the Lambert-Beer
equation [79].

-ad)

1, = le! (1.12)
The absorption coefficient can be find by function below [168]:
1-R)* +4/(1-R)" +(2RT)’
=2l 6P J-R)'+(2RT) w13

2T

Where R is the reflectivity of the material surface, T is the material transmittance and d is
the material thickness. In general terms, the absorption coefficient of materials is
determined by the wavelength and material of the absorbed light. The absorbance of the
material increases proportionally with increasing film thickness, as per Beer’s law [80].

The absorption coefficient of a thin film is calculated from the formula [81],

2.303A
o =

- (1.14)

where a, A and d, represent the absorption coefficient, the absorbance and the film
thickness, respectively. o for all the biocompatible materials in this study was calculated

by using the last equation.

1.5 Theory of laser ablation

Laser ablation, as the process of removing material from the substrate surface by focusing
the high-powered laser beam onto a targeted workpiece, melting and vaporizing the
materials to clean a surface, texturing, and manufacturing enhancement [12]. The
fabrication of microstructures by pulsed excimer lasers has attracted significant interest
over the past 30 years [73— 77]. The laser ablation of polymers has been studied using

specifically designed materials to evaluate both the ablation mechanism and the role of
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photochemical active groups in the ablation process. Hence the possible applications of
laser ablation and designed polymers can be evaluated [87]. The fundamental parameters
within laser processing are wavelength, pulse duration, fluence (i.e., the laser energy
delivered per unit surface area of the irradiated material), repetition rate (i.e., the time
interval elapsing between subsequent pulses), and several deposition pulses [59]. The
fundamental parameter which describes the process of ablation is referred to as the
ablation rate, d (F). The ablation rate describes the rate of removal of material from the
bulk per pulse. There are several other key elemental factors within this parameter, such
as the ablation threshold fluence (Fw). The threshold fluence is defined as the minimum
amount of energy (optical energy per area per pulse) required to observe the ablative
process [88]. Another important parameter is the coefficient of effective absorption, aefr,
which yields information on how strongly the incident radiation field is being coupled
into the material. It is an important parameter because the effective absorption coefficient
often becomes larger than the linear absorption coefficient at high irradiances [89]
because of linear absorption coefficient is constant and depends on the laser wavelength
and the extinction coefficient while the effective absorption coefficient is proportional to
laser fluence. The effective absorption coefficient can be determined as the slope of the
semi-logarithmic plots of averaged ablation rates vs maximal fluence. An important
parameter for laser ablation is the pulse duration. A long pulse duration (nanosecond) can
generate a heat-affected zone around the irradiation site extending hundreds of
nanometres, depending on the thermal diffusivity. Therefore using a laser with a
nanosecond pulse duration is suitable for removing materials via ablation [90]. When
dealing with nanosecond duration laser pulses, it is typically assumed that most of the
absorption is due to single-photon interactions. [91]. Excimer laser gained attraction
because most polymers exhibit a high absorption coefficient at excimer wavelengths and
the ease of making a small portion of laser to attack into the work surface using an
aperture[76, 83, 84].

Laser pulse ablation processing is defined by three mechanisms: thermal, photophysical,
and photochemical mechanisms [18, 85]. Biopolymer materials can also have a fourth
photoacoustic mechanism. For thermal processing, the main function is the absorption of
light by the electrons of the material itself, causing local melting and evaporation of the
material, as the energy is transferred to the atomic lattice [91]. In the non-thermal process,
photochemical ablation results due to the electronic excitation during the process of direct

bond breakage [95]. Figure 1-2 shows that interaction processes between a material and

14



a laser beam are accompanied by thermal effects [96]. These effects range from processes
directly due to irradiation by the laser such as photo-thermal, melting, and gasification,
to other effects such as the generation of plasma, chemical reactions in the condensed
phase and gaseous phase, laser-supported detonation (LSD) and laser supported
combustion (LSC). The observation of these phenomena depends directly on incident

irradiance and material characteristics.

distribution of

laser beam
r
LSCor LSD
laser beam 1 1 l 1
laser plasma
gaseous gasification
phase

chemical reaction
surface «—— photothermal effect,

- photochemiscty
Solid phase

photoacoustic and
shock wave

Figure 1-2.The interaction of ablation mechanisms, including photoacoustic, photothermal and
photochemical mechanisms [96].

1.5.1 Nanosecond laser ablation mechanisms

There are various models to analyse Nanosecond laser ablation. It depends on initial
activation, we can recognize the difference of photo-thermal ablation, photochemical
ablation and a combination of both processes (Photo-physical) [59]. There is always a
single dominant mechanism for the description of ablation for all these models. Due to
this reason, each of these models allows the analyses of experimental results for particular
material only within a limited range of parameters. Several types of research have focused
on explaining the mechanisms present at the laser-material interaction area by assuming
one mechanism dominates and then simulating the dominant process [97]. In this work,
the photo-thermal effect is the most dominant in laser-material interactions. For a more
general description, simultaneous consideration of different interaction mechanisms and
coupling between them is required [13]. Using the block diagram shown in Figure 1-3,

further discussion in detail is as follows:

These processes, which are involved in photo-thermal ablation, are started with single or

multi-photon excitation of the irradiated material surface. If instantly excitation energy is
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transformed into heat, it causes a rise in temperature at the surface that increases the
surface temperature [98]. This coupling among thermal field and optical properties as
shown in the figure above is indicated by a double-headed arrow (see Figure 1-3). The
rise in temperature results in (thermal) material ablation (vaporization) with or without
melting of the surface. Another possibility is that the raised temperature induces stress
which can results in explosive-type ablation, also with thin films on a thick substrate,

material pop-off has been observed [99].

These stresses can bring changes to the optical properties as well as can influence the
temperature rising. Another feedback can be observed with the relation of thermally
induced defects. Irrespective of the importance of thermally induced stresses or defects,
we can refer to this overall process as thermal ablation [12]. With the shorter excitation
time as compared to the required time to heat the material, to bring the temperature to its
boiling point, non-thermal, photochemical ablation can appear. In photochemical
ablation, the sufficiently high amount of photon energy laser excitation can lead to direct
bond breaking [88]. Consequently, single atoms, molecules, clusters or fragments absorb
from the surface. Besides this direct channel, there is again an indirect channel (dashed
arrows). Mechanical ablation can be produced when light-induced defects, for example,
photo-chemically dissociated bonds, build up stresses. Both the ways mentioned above,
applicable in principle without changing the temperature in the surface. Due to this, we

name this process as photochemical ablation [90].

In the photo-physical ablation case, process, thermal and non-thermal mechanisms
contribute to rate ablation [59]. An example would be like a system, in which the lifetime
of electronically excited species or broken bonds kept for a long time that species desorbs
from the surface before the total excitation energy is dissipated into heat. The process of
desorption is enhanced when the temperature increases. The overall process of photo-
physical ablation is being influenced by thermal or non-thermal defects, stress, and
volume change. Thermal ablation and photochemical ablation can be considered as
limiting cases of photo-physical mechanism [95]. Above mentioned possible mechanisms
are not completed, due to additional development of plasma emission, especially
electrons and ions. Due to these processes, additional electric fields can cause, it may

change the activation energy for thermal desorption or direct bond breaking [1].
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Figure 1-3 Reflects various interaction and feedback mechanisms in pulsed laser ablation. Ablation can be
based on thermal mechanism only (left path), on processes that break chemical bonds in the molecule
(photochemical ablation; right path), or on a combination of both (photophysical ablation; intermediate
regime)[13].

1.5.2 Ablation threshold

The ablation threshold is the minimum incident fluence required to generate material
ablation [59]. There are various mechanisms by which ablative effects can occur, such as
ablation via photolytic or pyrolytic processes. In studies of laser interactions with various
materials, it is found that the magnitude of the ablation processes becomes substantially
above the ablation threshold range. The threshold varies awarding to the type of polymer
depending on various material-dependent factors [100]. Some of them include molecular
properties, such as how strong the intermolecular forces are in the given polymer and the
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strength of the bond between each monomer. Other factors depend on the laser
wavelength as each polymer possesses different complex refractive indices and respond
differently, dependent on the incident wavelength. The ablation rate is described by the
equation below [101].

d(f):im(fiJ (1.15)

et th

where d(f) is the ablation rate (ablation depth per laser pulse), aet is the coefficient of the
absorption effectiveness, f is the fluence of irradiation, and fw is the threshold fluence
laser evaporation by nanosecond laser pulses. The ablation rate is described as the mass
removed per pulse from the radiated sample [59], [88][102]. For thermal ablation
mechanisms such as melting, with the increase in absorption coefficient o, the ablation
threshold decreases [77]. This is due to the small material volume which is excited with
the laser energy. This is because the material is strongly absorbing at that wavelength,
and so has a small optical penetration depth. Various methods of measurement can yield
different ablation rates. The ablation process does not always begin with the first pulse
[59]. This could be due to the fact the depth of the ablation crater being too small to
measure, or because the ablation process starts after successive pulses. This regime is
referred to as the incubation effect, as the chemical or physical material is modified by
successive pulses of the laser, rather than each pulse being considered as an individual
event [98].

1.6 Micro and nanosphere laser lithography

Nanostructures fabrication by laser micro/nanosphere lithography for both micro and
nanoscale devices is used for super-high-resolution imaging and the microchip industry
[11]. Lithography is currently the most widely used microfabrication technology [103].
Lithography refers to the fabrication of one- and two-dimensional structures in which at
least one of the lateral dimensions is in the nanometer range. Lithography replicates
patterns (positive and negative masks) into underlying substrates (see Figure 1-4) [104]—
[106]. Photolithography can be further subdivided into near-UV (350-450 nm), mid-UV
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(300-350 nm), and deep-UV (< 300 nm) technologies, depending on the wavelength of
the exposure [107]. The resolution is proportional to the exposing wavelength and
inversely proportional to the numerical aperture (NA) of the lens [57]. Advantages and
disadvantages of each process depending on what it is you want to fabricate. Some
lithography techniques have the disadvantage of being much slower than
photolithography. The photolithography technique uses a single beam of UV light and
does not require any additional materials [6], [108]. UV light has a wavelength < 450 nm,
giving a limiting feature size, set by diffraction effects (\/2NA) [17], [109]. These make
photolithography to less expensive and highly efficient in fabricating extremely small
incisions on a substrate. The fabrication of exact shape and size of any substrate can be
controlled by using photolithography [106]. Along with the advantages, Photolithography
has several disadvantages, it requires a completely flat substrate in order to produce
effective patterns, it is not efficient at producing objects that are not flat and the process
of photolithography requires extremely clean conditions that are void of all contaminants,
liquids, and environmental hazards. Photolithography has many applications to fabricate
integrated circuits, microcircuits, MEMs, NEMs, organic memory devices, medical
devices, etc [6, 31, 108, 110]. Consequently, some other microfabrication ways are being
explored as alternatives. Laser processing has also been explored as a microfabrication
method for the self-assembly of structures as well as for the micro/nano machining of

materials [111]. The fabrication process is schematically shown in Figure 1-4.

The need for manufacturing at the nanoscale indicates not only from the need for
increasingly sophisticated devices and structures with novel properties but also with the
rapid decrease in component sizes, material usages, and the energy consumption of end
products [32]. To meet the requirements for product miniaturization and novel
functionalities, there has been an achievement of nano-precision and resolution through
the development and implementation of nanofabrication technologies. Lithography is
based upon to provide higher resolution with large process latitudes. In order to meet
supply and demand quotas, the lithography industry, on the whole, has decreased its

exposure and the wavelength used and increased the size of projection optics [71].
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Figure 1-4 A schematic diagram of the fabrication process of periodic nanostructures: (a) photoresist spin-
coated on a substrate, (b) microspheres silica or polystyrene coated on top of the photoresist film, (¢c) UV
light exposure the monolayer of hexagonal-close-packed microspheres which covered the photoresist.
Three-Dimensional FDTD simulated the two-dimensional intensity of the UV light in the photoresist plane
(right-middle), (d) nanoholes patterns have gotten on photoresist film after cleaning the sample. On the
right-bottom, an AFM image of a developed photoresist is presented [104].

Nanolithography, nanoimprinting, and micro/nano printing are some frequently used
patterning techniques. Nanolithography uses lights, charged ions, or electron beams. To
chemically etch the transferred pattern onto the target material, a series of post-treatments
is used via the technique [8]. Laser nanolithography shows the potential for improving
nanomaterials for optoelectronic components. The advantages of these techniques are that
large quantities of the one-dimensional nanostructure can be prepared, using varied

materials, which are available [112].

Some groups refer to Interferometric Lithography (IL) as both Interference Lithography
and Holographic Lithography. Various techniques and self-assembly approaches (such as
surface plasmon lithography and nanosphere lithography) are encapsulated by IL, e.g.,
advanced optical lithography and nano-printing. Chou et al [113] in 1995 were the first
to introduce a simpler, low-cost, and high throughput Nanoimprint Lithography (NIL) as
an alternative to micro and nano-fabrication. NIL has been successfully viable in
fabricating nanoscale photodetectors, silicon quantum dots, quantum wire, and ring

transistors. As far as the inherent features of various two- and three-dimensional
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structures are concerned, their sizes range from several micrometers to below 50 nm [114].

High throughput and parallel nanofabrication techniques are under increasing demand.

To produce highly uniform arrays of nano-pillars and nanoholes, there is a demand for a
low-cost efficient process. These patterns cover a wide range of applications in many
devices such as solar cells, fuel cells, memory devices, photodetectors, surface plasmonic,
photonic crystals, nanofiltration, and artificial kidneys [115]. As for manufacturing, there
are commercially available and widely implemented conventional techniques for
nanofabrication. Some drawbacks and limitations to these conventional approaches are
high cost and the difficulty in accessing the facilities to use them. The two dominant
methods for photolithography are ion beam and conventional lithography [116]. The
desired resolution can be obtained using novel techniques like x-ray, electron-beam,
focused ion beam, and NIL. However, these are considered slow and no cost-effective for

fabrication for large areas.

A demanding technique to produce a periodic structure array, that initially used as a tool
for nanopatterning have the term “natural lithography”, which is the self-assembly of
monodispersed micro/nanospheres on a planar surface [17], It is reported that 500 nm
polystyrene (PS) nanospheres are spin-coated on a silicon wafer forming a hexagonal
array. After that, a lift-off mask for metal evaporation is made using the assembled

nanospheres. The term nanosphere lithography (NSL) was adopted [3].

NSL uses planar ordered arrays of micro-nanospheres as a lithography mask to generate
ordered arrays on a substrate [117]. Various nanostructures and well-ordered two-
dimensional nanoparticle assemblies are yielded using NSL which is a simple, effective,
and relatively inexpensive parallel nanofabrication technique [17]. A variety of materials
are suitable for NSL. The investigation of their size-dependent optical, magnetic,
electrochemical, thermodynamic, catalytic, and other properties is used in the production

of nanoparticles and nanostructures involved in such investigation [18].

Noticeably, the fabrication of nanoparticles and nanostructures from refractory materials
is largely obtained using lasers in this method. However, there are drawbacks to this
method. Firstly, the layer called monolayer in spheres always contains defects resulting
in agglomerations of clusters/particles after metallic evaporation and prevents successful
lift-off. Secondly, the coupling of size and spacing of the holes; which cannot be

controlled independently [5].
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Finally, NSL requires spheres to be formed and deposited directly on to the surface of the
substrate, not the bulk, though this is not possible for many materials. Based on the
particle size and wavelength of the laser source, an enhancement in the optical field can
be produced which is due to a lens focusing effect or Mie scattering by the spherical
dielectric particles [118]. A considerable amount of research has been made on the
‘photonic nanojet’ (PNJ) effect due to its multiple potential applications, including
detecting and manipulating nanoscale objective, cavitation assisted drug delivery,
nanolithography, super-resolution white-light nanoscope, Raman spectroscopy, optical
nanopatterning, etc.[119, 120]. A brief review of early research in photonic nanojets can
be found in Zhu et al. [121]. Light nanojets by microsphere focusing can perform a low-
cost and offers high subwavelength resolution technique [34]. Photonic nanojet gave the
motivation to research in many related fields including optical waveguide, microscopy,
sensing...etc [35,120].

Many researchers have used different wavelengths and microlens for nanostructuring
surfaces, some of them related to the present work and explained in the following
paragraphs. In 2001, Mosbacher et al. [122] reported electric field enhancement produced
as the light was focused by polystyrene 1.7 um diameter microspheres. Light at
wavelengths of 800 nm and 400 nm produced holes in a Si substrate. Interference of light
between the microsphere (n = 1.51) and substrate (n=3.69) causes a complex focal region
and the concomitant asymmetric hole in the substrate. In 2015, the possibility to create
arrays of nanostructures with hole diameter close to 169 + 23 nm and the depth 11.5 £+
2.8nm was demonstrated by Afanasiev et al. [123], using the same wavelength but with

small microsphere polyester (D=0.45 um ) on a PMMA substrate.

Simple and efficient techniques to fabricate micro/nano-structures on a glass surface by
a femtosecond (FS) laser were investigated by Wang et al. in 2008 [124]. They fabricated
a two um diameter hole on a glass surface (fused silica) by using an FS laser (800 nm
wavelength) that was focused by using a 5 um silica sphere. The possibility of surface
patterning by contact microsphere lens arrays, using a focused laser beam at an incident
angle normal to the substrate surface was explored by Sedao and co-workers [15]. A
picosecond laser system (wavelength of 515 nm) was used to irradiate silica particles, 1.3

um diameter, producing nanoholes 380-400 nm diameter and depths of about 140 nm.

A Schwarzschild objective was demonstrated by Karstens and others in the method of

the parallel fabrication of periodic hole arrays with a sub-micron pitch and holes with
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diameters below 300 nm by using a 193 nm-ablation by phase mask imaging [125]. A
weak function of sphere size can be presented by a pattern of this size, which means that
the monodisperse array can be constructed. Pattern formation can be in both conventional
negative and positive photoresists. The illumination of spherical particles on the surface
of substrates by a laser has been widely investigated using this method of rapid and
rigorous nanofabrication[126]. In 2007, Wei et al. [127] reported their work using micro-
silica spheres (0.97 um diameter ) with a UV source (400 nm wavelength) to make a hole

size 250 nm.

In 2010, Ana et al. [128] investigated the direct writing of micro/nano-holes structures
(1000 nm diameters) by using a diode-pumped Nd: YVO4 laser (532 nm wavelength)
that irradiated a silica microsphere (5 pm diameter) on single-crystalline silicon (Si)
substrate. In 2016, Brodoceanu et al. [129] reported the fabrication of arrays of silicon
nanowires (170-200 nm diameter) by irradiating with a single pulse laser (355 nm
wavelength) through a polystyrene microsphere (0.5 um diameter). In 2003, Denk et al
[130], used a silica microsphere (3 um diameter) to focus a UV laser (A=248 nm) to
produce nanoholes on PI substrate; the hole diameter was 400-500 nm and depth between
75 and 250 nm.

Furthermore, silica (SiO2) particles with 0.97 um diameter were imprinted on Si substrate
by single pulse laser (A=248 nm) at fluences ranging from 0.35 to 1.7 J.cm? to create
hemispherical cavities with diameters from 410 to 750 nm. These results were
investigated by Li et al. [131], reporting the sizes of the cavities as a function of the laser
fluence. In 2017, Hidetoshi et al. [132], reported the creation of micro swelling structures
size 1.3um diameter and 1.3um height were created on a silicon rubber substrate by
focusing 193 nm ArF laser through silica particles of 2.6 um diameter which coated on
the substrate before irradiation. Around 300 nm is the smallest diameter of dimple

fabricated by using 1 um silica that is illuminated at 193nm wavelength [133]

Finally, in 2019, Cao et al. [134], presented that a nanohole-structured dielectric
microsphere can be used for deep subwavelength-scale light focusing and strong light
confinement, well below the diffraction limit. Table 1-1 below shows the minimum hole
diameter that a large array of different research groups has reported for microspherical

particles at different laser wavelengths.
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Table 1-1 lists some of the fabricated nanoholes related to this work at different wavelengths using both
SiO. and PS microparticles.

Wavelength (nm) | Material Sphere diameter (um) Hole diameter (nm) Reference
400 SiO; 0.97 250 [135]
532 SiO; 5 1000 [128]
355 PS 0.5 170 [129]
515 SiO; 1.3 340 [118]
800 SiO; 5 2000 [124]
515 SiO; 1.3 400 [15]
248 SiO; 3 400-500 [130]
800 SiO; 1.7 400 [136]
248 PS 1 350 [122]
248 SiO; 0.97 400 [131]
400 PS 0.3 200 [137]
800 PS 1.7 400 [137]
532 SiO; 0.8 300 [111]
800 PS 0.45 150-190 [123]
193 SiO; 4.6 1000 [126]
193 SiO; 25 1300 [132]
193 SiO; 25 1000 [138]
193 SiO; 1 300 [133]
PS — Polystyrene

SiO; — Silica

Two types of an excimer laser, ArF and KrF, are widely used in high-resolution
photolithography machines, such as materials surface modification, due to the ability to
modify the surface morphology and the electrical conductivity of polymers with spatial
resolution on a nanometre scale [80], [139]. The 193 nm and 248 nm excimer lasers are
commonly used for these applications. More specifically, Photons for 193 nm ArF and
248 nm KrF excimer lasers have the ability to make the ejection of materials from solid

surface viable and transfer their high energy into bulk materials [24].

There are two mechanisms to explain the one-step material removal process; firstly, the

occurrence of photochemical ablation at the stage when the laser photon energy is
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absorbed, and chemical bonds are broken; leading to the removal of materials without
thermal effect. Secondly, photothermal ablation where the material surface is heated and
the conversion of the laser energy is reached by having a lattice vibration energy in the
form of melting and vaporisation [140].

Ideally, the size of microstructures that can be used with a KrF laser is approximately
0.25 nm. ArF lasers have higher photon energy at 193 nm (6.4 eV) [59], compared to KrF,
which has a photon energy of 5 eV at 248 nm [141]. Therefore, smaller structures of 0.20
nm can be used with an ArF laser. Hence, the direct disintegration of the material can
occur at the molecular level with minimal thermal effect. Finer structures can be obtained

due to the minimal thermal effect generation via this process.

Most importantly, better processing of soft materials such as polymers is made
particularly feasible with an ArF excimer laser and a decrease of the wavelength used in
lithography improves the resolution [31, 73]. Due to these features, ArF (193 nm
wavelength) was chosen in our study. Today, advanced lithography is implemented using
excimer lasers, having a wavelength of 193 nm, despite the prediction that extreme
ultraviolet lithography will be the lithography source of the future (EUV with a
wavelength of 13.5 nm) [17, 142]. EUV is still under development to address the current
challenges, therefore, it will be some time before EUV takes over. Since it was first
proposed in 1988, EUV lithography has been the subject of numerous intensive studies.
Thus far, many technological challenges have been overcome, but many improvements
are needed for practical application [143]. There are still three issues to be solved before
this technique can be applied in mass production: a light power source resists, and mask
infrastructure. Among these issues, to make such a lithography tool, economical
production capacity and producing a stable light source are the most difficult issues to be
solved [144].

1.7 Laser Structuring of optical fibres
The basic structure of a lensed optical fibre (LOF) for an optical probe is shown in Figure
1-5. It can be seen the input beam from SMF is expanded before being focused by the

lens, to provide an effective light-gathering power to the fibre lens.
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Figure 1-5 Schematic diagram of a lensed optical fibre structure and images of the micro-lensed optical
fibre [145].

Optical fibres (OFs) are a waveguide for light, operating on the principle known as total
internal reflection [146]. The core is an important component of OFs which is usually
prepared from glass and surrounded by another glass or plastic layer, called cladding.
Traveling through the core by repeatedly bouncing off the cladding is what distinguishes
the light behaviour in a fibre-optic cable [42]. Low loss OFs were first proposed in the
1960s, following a growing demand for fibre in response to the progress in related
technologies and calls for great efforts to push forward fibre-based technology [42]. Due
to the excellent properties of optical fibre devices, which include compact structure, low
loss, wide bandwidth, and immunity to electromagnetic interference, optical fibre devices
have been intensively exploited in many fields, for instance, enhancing related technology,
such as the sensitivity of optical sensing, the resolution of optical imaging and many
others [44]. Typically, a more powerful optical fibre is yielded by having better
confinement. [147]. OFs are biocompatible, mechanically resistant, and cheap various
strategies have been applied in an attempt to compare and determine the best strategy to
achieve efficient coupling of an optical fibre with a light [148]. If the fibre-core area is
smaller than the source emitting area, then high efficient coupling can be achieved, this
is known as the law of brightness. However, if the fibre-core area larger than the emitting

area of the source, low coupling efficiency can be produced [149].

There has been a strong motivation in recent years for the miniaturisation of optical traps.
One example is the ability to use lab-on-a-chip setups. Miniaturised optical traps do not

feature large microscope objectives; instead, they utilise OFs [150]. Efforts to obtain more
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efficient coupling of light from a laser continue for various applications, such as links for
optical fibre communication systems. Ball lenses are one of the physically simplest and
most economical micro-optic elements to fabricate and mount [151]. These systems
utilise lenses, in both single and multielement assemblies. Such devices have been
actioned to perform coupling tasks economically, efficiently, compactly, and without

alignment complexity.

Micro-lenses grafted to the end of an optical fibre was first envisioned for improving the
coupling between light sources and OFs. As the cost of low loss OFs decreases, the
potential applications have been ever increasing. In addition to optical communication,
other possibilities include power transmission, medical endoscopy, optical fibre sensors
and the measurement of the current [152]. For decades, optical fibre processing relied on
conventional heating methods such as filaments or electrodes [153]. Laser heating was a
known alternative since the first industrial application that used carbon dioxide (CO3)
laser to cut materials in 1971[154]. Since then, carbon dioxide laser (CO>) laser sources

have sparked commercial interest in the optical fibre processing.

A COz is the optimal heating source for fibre lens manufacturing due to its cleanliness,
lower maintenance, and long term consistency [155]. Different parameters including laser
power, frequency, duty cycle, irradiation time and rotation speed of optical fibre can be
chosen for different materials to obtain an optical fibre microlens [156].
Photolithographic techniques have been used to fabricate microlenses onto the end of
single fibres. Cohen [157] first reported the idea of using a microlens to significantly
improve the efficiency of coupling a laser diode to an optical fibre. Cohen's fabrication
process is more precise than Bear's [158] for controlling the size of the lens geometry;
however, Bear's is much simpler. Bear has shown that his process can produce a microlens
using the light of 632.8 nm or 775-nm wavelengths without going through the

development process.

In 1975, the first fabrication of microlensed fibre was reported by Paek and Weaver
[159] ; they described the feasibility of using a CO- laser to form a hemispherical lens on
the end of a fibre. The process includes a novel two-stage fabrication method utilising a
CO:- laser source operating within continuous wave mode. During the first step, the fibre

is heated with the laser and subsequently elongated until the fibre splits. In the second
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step, the micro-lens (120 um diameter) is fabricated by melting the fibre (250 um core
diameter) tip with the laser while it is being rotated. Using this CO> laser melting method,
rod microlenses can be fabricated, as reported by Calixto et al. [22]. They used
microlenses to form images, not to feed light into the fibre or to focus it.

Grellier et al, in 1998, reported a model of heat transfer within an optical fibre which
incorporates the above effect and also the temperature dependence of the several
parameters of fibre [160]. In 2015, the technologies for design, fabrication, and
application of lensed fibres of many different types were investigated by Zheng [52]. Ball
lens (679 pum diameter) was fabricated by heating single mode fibre (80 um core diameter)
which is also referred to as an axicon shaped fibre lens (10 um diameter) from 125 pm

diameter of single mode optical fibre.

In order to increase sensing performance, research based on a combination of fibre taper
techniques has been reported in the literature. This involves modifying fibre ends into
various forms. Examples of such are spherical [159] or sharp tapering of the fibre end
[155, 161]. For the case of the taper optical fibre (TOF), the mechanical alignment must
incorporate greater precision as the coupling efficiency becomes more intense as a
function of the spatial alignment. Alignment tolerances are higher for other types of
lensing systems. During taper fabrication, the heat source used is usually a flame or a

carbon dioxide (CO,) laser, which produces radiation at 10.6 um [58].

The propagation of light through the OF core can be made to interact with the medium
surrounding it, by removing the cladding, using the method of either etching or tapering
the fibre. in 2007 Chandani et al.[162] reported a sensor in which the fibre cross-section
has been etched to a D-shaped profile. Kieu et al. in 2006 [163] describe a biconical fibre
taper sensor. In a biconical fibre taper, the diameter of single-mode fibre (SMF) reduces
over a short distance to form a tapered waist then the fibre diameter increases back to its
original diameter after the waist. Shabaneh et al. in 2015 investigated the tapered optical
multi-mode fibre tip coated with carbon nanotube (CNT), which is drop-casted and

annealed at 70 °C to enhance the binding of the nanomaterial to the silica fibre tip [164].
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The TOF is created by heating the end of the fibre to its melting point, rather than
stretching. There is an advantage of tapering the fibre in comparison to etching because
it is easy to manage the interaction of the transmitted light with the surrounding medium.
With the propagation of light on the fibre within the non-tapered region, the energy is
confined within the fibre core. However, once the light reaches on the diameter taper
waist where it is smaller, the evanescent field of the propagating mode extends into the
surrounding environment for a distance [52] of approximately 0.5 um and is no longer
confined.

A wide range of applications in telecommunications, medicine, and biochemical sensing
[58] have been attributed to the tapered OF properties of small size, low-cost, no
interference with electromagnetic radiation, high sensitivity, and ability in designing
distributed sensing systems. The feature of sensitivity to the local optical properties
outside the fibre, or the tapered section of the optical fibre, forms the basis for the use of
a fibre taper as an optical sensor [62], using either a CO> laser, which produces radiation

at 10.6 um or a flame as the heat source employed during taper fabrication [63].

Fibre optics has many beneficial applications due to its resistance to electromagnetic
fields (electromagnetic interference), and slight and sometimes no power loss. On the one
hand, standard optical fibres are primarily used in telecommunications, sensing, imaging,
and other fields. Tapered optical fibres, on the other hand, maintain properties that
standard fibres may not suit when it comes to some applications [47]. A novel and
emerging platform for exploring fibre-optic technology on the micro/nanoscale are the
Optical microfibres and nanofibres (MNFs). In recent years [56] active devices such as
lasers, optical sensors, passive micro-couplers and resonators have been reported as
variable technological applications. Consequently, large evanescent fields for high
sensitivity, high Q-factors for low detection limits, and corresponding small resonant

bandwidths for good wavelength selectivity are provided by optical fibre tapers [75].

There are several significant properties and opportunities offered by the micro /nano
optical fibre (MNF) when compared with conventional optical fibres. Below are some

interesting characteristics:
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MNFs have the potential for compact circuits and devices with smaller
footprints, faster response, and lower power consumption as a result of the
tight optical confinement, small allowable bending radius, and small mode
area [44].

The ability of the MNFs makes them highly favorable for optical sensing due
to the strong evanescent field offering strong near-field interaction and
surrounding environment [64].

MNF has higher sensitivity to change the momentum of photon guided
through mechanical vibration or displacement due to its small mass or weight.
Hence, the MNF has the potential for realising compact optomechanical
components/devices and for triggering evident photon-photon coupling or

conversion in these tiny fibres [65].

Different types of lensed fibre have been fabricated by using CO: laser, and a few

examples that are related to the present work are investigated and illustrated in the table

below (see

Table 1-2).

Table 1-2 shows different types of micro lensed fibre fabricated by micromachining technique
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Wavelength Fiber Microlens type Microlens Spot Reference
(um) Diameter(um) diameter(um) diameter(pum)

10.6 125 Taper 25 [165]
10.6 125 Sphere 116 [166]
10.6 400 Sphere 1000,750 [167]
10.6 400 Taper 20 [167]
10.6 250 Sphere 120 [168]
10.6 330 Taper 5 [169]
10.6 80,125 Sphere, taper 679,8 137,24 [155]
10.6 300 ball 1008 201 [155]
10.6 125 sphere 150 20 [155]
10.6 125 sphere 26 4.4 [170]
10.6 125-200 sphere 150-300 [171]

Several methods have been reported for the fabrication of microstructured fibres. The
advantages and disadvantages of each fabrication method can be dependent on the factors
including, the type of lens it can fabricate, cost-effectiveness; throughput, reproducibility,
and ease of implementation determine the advantages and disadvantages of each
fabrication method. None of the single fabrication methods is versatile enough to achieve
all the different types of required structures for several applications. It is therefore
essential to select the suitable fabrication technique to fabricate the structures that are
required for each specific application. A one to one comparison of these techniques would
not be reasonable, because the fabrication techniques were developed for a different

application. Some of these techniques are shown below:

1.7.1 Arc discharge technique

A widely used technique for fibre splicing is Arc discharge. Microlensed fibres fabricated,
on the other end of coreless silica fibre (CSF), use this method in a commercial fibre
fusion splicer (see Figure 1-6) [172]. Holistically, the tip of the optical fibre melts during
fusion arc discharge as a result of the thermal. The cause of the melted portion to become
a rounded hemisphere is surface tension and diameter is determined by the distribution of
heat along with the amount of material above the glass melting temperature. The

advantage of this technique is that long working distance microlens can be fabricated,
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suitable for high-peak-power pulsed laser applications that are easy to use and
inexpensive. However, the drawback is that it is unsuitable for batch fabrication,
manipulation is more difficult when a smaller silica rod is used and low reproducibility
and low fabrication efficiency can be observed as well [17,174].

SMF CSF
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Figure 1-6 Schematic diagram for fabricating lensed fibre. A piece of coreless silica fibre (CSF) is fusion
spliced to a single-mode fibre (SMF), and a lens is fabricated on the other end of the CSF using the electric
arc discharge of a conventional fusion splicer [172].

1.7.2 Polishing technique

Polishing is another technique to approach and fabricate a microlensed fibre and is usually
combined with techniques such as chemical etching and fusing in order to obtain the
desired structures [175]. Manual polishing is appropriate for certain micro-structured
fibre tips that are characterised with simple shapes, e.g. a wedge. In most cases to achieve
fibre tips with complex microstructures, a fibre polisher or beveled is used (Figure 1-7).
Having single-step fabrication, axion wedge and polygon pyramid tipped fibre are
advantages of this technique. Noticeably, lens fabrication does not depend on the nature
of the fibre that is purely a physical process. Other benefits involve smooth surface, fast
fabrication speed, and high reproducibility. An observed drawback it’s difficulty in
fabricating traditional spherical surface and complex-shaped lenses, as they require

computer-assisted control and a fibre beveled [173].
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Figure 1-7 Schematic diagram of the polishing technique. Insert, enlargement of the contact zone, the
optical fibre tip, fixed onto a motorized beveller was pressed against an abrasive disk to fabricate a
microlensed at the end of an OF [173].

1.7.3 Chemical etching technique

For the purpose of processing dielectric materials, chemical etching has been widely used
utilising buffered hydrofluoric (HF) acid. This is an easy and low-cost chemical method
to produce taper fibres. Cladding is removed by etching with an HF solution and then the
fibre core diameter is reduced using a low concentration of HF. The following three
categories are the main divisions of the fabrication method: chemical etching selectively,
the protection layer method along with tube etching. In chemical etching, as a common
and useful method to fabricate such probes, the schematic of the etched fibre includes two
parts as shown in Figure 1-8, which illustrates part A, immersed into coverage liquid
(oleic acid) and part B immersed in etching solution (HF acid). The vapour of HF acid
diffuses into the oleic acid forming a concentration gradient. Here lower concentration
gives out a lower etching rate. Therefore, part A is comparatively faster than part B in
terms of the etching rate. The result yields that part B is etched to a filament and part A
is detached to a trapezoid [176].

Some other merits of this technique are that it is suitable for fabrication in batch along
with a process that is self-terminating involving the protection layer, using multi-step
etching sharp probes (with nm radius curvature) and properties that can be tailored and

fabricated. Multicore fibres can be etched to make multiple microlenses. However, there
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are also drawbacks. Though a microlens is self-aligned, flexible, and inexpensive, the
etching time and the control of the shape of the fibre during the etching is a difficult task
[173]. It is not possible to fabricate a traditional spherical surface due to the involvement
of complex etching procedures for multistep etching. The process is sensitive to
temperature; rough surface , which is produced by protection layer etching, and the
etchant is highly dangerous etchant [176].

Part A
Part B

Figure 1-8 Principle of an optical fibre tip formation by chemical etching of. The conical shape is obtained
by the regular reduction of the meniscus height related to a decrease of the tip diameter (B) and the reduced
fibre (B) [176].

1.7.4 Focused ion beam milling method

Focused ion beam (FIB) milling is purely a physical process in which ions collide with
the specimen and effectively become the reason for the removal of the material at the sub-
micrometer level (see Figure 1-9). Hence, a micro-structure can be sculptured by
effectively scanning FIB with specific energy illuminating a substrate with a pre-designed
route using specific dwell time at each point. milling directly on the substrate, therefore
no other preparation is required [177]. However there are some drawbacks; it is not
suitable for batch fabrication, is an expensive method, and requires complicated non-
linear modeling [173,177].
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Figure 1-9 Experimental setup of the FIB machining process: (A) the fabrication of the Fabry—Perot cavity
by side machining of the fibre; the incident ion beam is perpendicular to the fibre length direction; (B)
fabrication of the 45° reflective mirror on the fibre end face; the ion beam is incident along the fibre axis
[178].

1.7.5 Laser micro-machining technique

Reportedly two types of laser micromachining techniques, in which a CO2 laser is
involved are one in which laser is utilised as a source of heating adopting a heating-pulling
scheme [173]. Here fibre can be either pulled apart or it is cleaved at a required point
prior to melting the tip to form a lens. This method gives sharp tips that are widely used
as scanning probes for scanning near-field microscopy [167]. Second in which, a pulsed
CO: laser is focused on the tip of a spinning fibre (Figure 1-10). The beam ablates the
fibre tip by cutting and heating simultaneously. The shape of the lens is controllable by
using the relative position and movement of the fibre and focus of laser. Using this type
of laser micro-machining has several advantages when compared with the other
techniques. It has high repeatability and predictability compared with other techniques
[179]. To increase coupling efficiency, hyperbolic shaped micro-lens can effectively be
fabricated. It is a long-established industrial application that is commonly used to process
several materials because CO: laser systems are robust and cost-efficient. However, it is

unsuitable for batch fabrication, has low reproducibility and low flexibility [179, 180].
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Figure 1-10 Schematic drawing of the fabrication of hyperbolic shape microlens on the tip of an optical
fibre using a pulsed CO laser [173].

The details of various microlensed fibre fabrication methods were discussed above. When
selecting a suitable and workable method of microlens fabrication for specific
applications, several factors should be considered including operating wavelength, output
beam profile, optical breakdown threshold, fabrication cost, instrumentation, and
throughput. The functionality of the lenses made at the end of a fibre can be characterised
by studying the numerical aperture (NA), focus length, spot size, beam diverging angle,
and propagation direction [155]. Due to the versatility of microlensed fibres, they can be

designed for many different applications.

There is no best fabrication technique as each fabrication method has its own merits.
Having said that, some specific requirements of each method depend on the field of
application. Even though the field of microlensed fabrication has seen a lot of
technological advancements over the past decade, there is still room for optimising these
techniques in terms of reproducibility, flexibility, and throughput so that they would be
commercially viable for various applications. Such commercially viable techniques
would greatly aid fields like bio-medical optics in realising miniaturised fibre-based

probes for endoscopic or handheld imaging and microscopy [173].

For laser glass processing, there is a limited choice of laser sources. In the UV regime, F,
lasers operate at 157 nm and excimer lasers operate at 193 (ArF) and 248 nm (KrF),
Through irradiation by these lasers, point lattice are produces and defects in the glass
that cause strong absorption bands in UV regions [181]. Coupling energy into the glass
via defects or near-band edge states, providing one approach for micro-machining glass

or driving refractive index change on nanosecond or longer time scales [61]. In the IR
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regime, there is only the CO- laser source that is working at 10.6 pm wavelength band.
CO:- lasers can be operated in both continuous and pulsed modes [23]. The use of a CO>
laser has several advantages over a flame: first, it provides controllable heated-zone
properties in a repeatable fashion. Second, it avoids the air turbulence production that is
present when using a flame, which can influence the shape and uniform of the diameter
of the lensed fibre region [54]. There are three fundamental aspects that one can engineer
to develop a specialty fibre: glass composition, waveguide design, and coatings [182].
There are three most important components of optical fibers such as the core which is
usually prepared from the glass. The core is surrounded by another glass or plastic layer
called cladding which is characterized by a lower refractive index material compared to
the core material [183].Glass optical fiber preform can be made from three mechanisms:
modified chemical vapor deposition (MCVD), outside vapor deposition(OVD), and vapor
axial deposition (VAD) [184].

The laser’s interaction with the optical fibre material depends on several parameters
related to the laser source (its wavelength and emission regime) and also the
characteristics of the material itself [8]. On contact with silica glass, for example, that
used in optical fibre fabrication, the 10.6 um radiation of the CO2 laser is absorbed in the
fibre surface [153]. Then two effects occur: (i) glass at the surface is raised above its
melting temperature and (ii) heat is conducted into the bulk of the fibre. Pulses of longer
duration and lower intensity will simply melt the glass, an effect that has been used to
round the end of the fibre or to splice the fibre [185].

In this study, the laser micro-machining technique was chosen to fabricate lensed fibre.
The COz laser is chosen as a heat source for the optical fibres to provide a higher degree
of flexibility than other methods. Using a CO- laser also to avoid probable contamination
from the gases present in techniques that use open flames as a heat source [186]. A
uniform CO2 laser beam is incident onto the fibre end face for a controlled duration. As
soon as the fiber starts to melt, the laser beam is removed. This causes a melting of the
fiber surface, which solidifies upon removal of the laser. The exposure energy and
duration are key in producing an ideal surface [156]. In CO2 glass processing applications,
using fibre which is generally made from fused silica. Fused silica is silica glass having
a non-crystalline (amorphous) structure and it is created by melting high purity naturally
occurring quartz crystals (silica sand). CO2 laser heating of fibre tips results in more
consistent lens curvature over other techniques [185]. All of these optical-fibre-based

trapping and manipulation methods provide many new possibilities, as well as new
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insights for biomedical applications of biophotonics [187]. Recently, optical fibre
tweezers have involved important attention in the optical trapping field because of their
flexible manipulation, compact structure, and easy fabrication [188]. Different single and
a multiple-cell can be trapped only by optical gradient force which provides a higher
trapping efficiency to other methods [189].

1.8 Applications

Fields such as optics, electronics, photocatalysis, chemical sensing, photoelectron-
chemistry, conversion of solar energy, biomedical detection and therapy, and
environmental protection have seen the emergence of new applications owing to the
unique optical and dynamic properties of nanomaterials [13]. For example, nanomedicine
is a developing branch of nanotechnology that is mostly used for the targeted delivery of
drugs for many types of cancer cells [190]. Fabricating micro/nanostructures by a laser
have a wide range of applications in photonics, surface plasmon resonance (SPR),
optoelectronics, biochemistry fields, micro/nanofluidics, biomedical applications, and

associated fields [6].

The subwavelength focusing of light could provide numerous applications in nano-optics
using a nanohole array. For example, by scanning the object under investigation across
the focal spot, a single hot spot appropriately isolated by a mask may be used as a light
pen for subwavelength imaging [81]. A sub-wavelength and high-intensity focus spot
with a long effective length often characterises the generated photonic nanojet. Several
optical and photonic applications utilise the photonic nanojet, including super-resolution
white-light nanoscopy, low loss waveguides, optical nano-patterning, optical data storage,
optical forces, optical tweezers, high-resolution optical microscopy, and laser surgery. As
well as the photonic nanojet, there are enhancements of backscattering of light, Raman
scattering signals, and photon fluorescence. Other applications include the detection of

single nanoparticles and biomolecules.

In future biosensing applications, the employment of biocompatible microspheres can
useful. Optoporation has been advanced as a promising alternative method, offering
unique benefits over other methods of drug delivery [4]. In its standard form, nano-pores
are created in the cell membrane by laser pulses that are focused by microlenses through

the cell membrane.
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An important application related to the results of this study is that focusing laser light
produces a force that can be used to remove or trap selected cells or large tissue areas
from living cell culture down to a resolution of individual single cells and subcellular
components similar to organelles or chromosomes, respectively [3]. A current treatment
issue is that drugs are not specifically targeted to cancer cells, so only a low amount of
chemotherapy drugs penetrate tumour tissue and its cancer cells [191]. To reach all viable
cells in the tumour, anticancer drugs must be delivered efficiently through the tumour
vasculature, cross the cell membrane to kill cancer cells or prevent them from dividing.
Therefore, the fabrication of nanojet which creates nanobubbles and nanoholes also
lensed optical fibre which produces nanobeam laser opens the door to improve the

efficiency of drug delivery systems and treatment of diseases, like cancer [190], [192].

An example of the application of this work in the future, is to use the nanojet that will be
fabricated by micro silica particles and excimer laser (Chapter 3) to obtain sufficient laser
energy density for the generation of membrane nanopores and thus improve the efficiency
of drug delivery to inside cancer cells. Figure 1-11 shows the schematic diagram of
controlled drug delivery by using nanojet. Figure 1-11.A and B shows nano-particles
produce a nanojet incident on the cancer cell membrane to make nano-holes which enable
direct delivery of the drug materials across the cell membrane into the cytoplasm. Figure
1-11.C shows how the nanonjet produces nanobubbles. Strong pressure distributions can
be created by nanobubbles on the membrane surface of the cancer cell, pushing the drug

into the cell.
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Figure 1-11. Nanojet drug delivery by creating nanoholes on the cancer cell membrane (top and midle).
Nanobubbles deliver the drug by generating pressure on the membrane surface of the cancer cell (bottom).

Other applications of micro-lensed an optical fibre include ball and tapered fibre lenses

that have been fabricated in this work (Chapter 4) are explained below:

An emergent field follows the concept of “lab-on-fibre.” Some examples of the “lab-on-

fibre” achievement is a phase gradient plasmonic metasurface on the fibre tip and the
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nanosphere lithography of the optical fibre end facet [77]. Another potential example can
be found in works from Cusano and co-workers. A lot of potential of OF in textile fields
such as decoration, fashion, and design, safety, therapy, etc. could be developed in terms

of microlensed OF applications [53]. Below are some examples:

i- Key components in high-speed optical switches, MEMS system for optical
networks, and high-power fibre laser systems for a touchless connection.
Photonic resonances produced by Nonconducting materials can effectively be
combined in order to design structures at a nanometric scale known as hybrid
structures [61].

ii- Widely used in fibre laser systems is a ball-shaped end-cap to reduce the fibre
facet damage threshold and the back reflection. End-caps can be of different
types [155].

iii- Fibre and Laser Diode Coupling [193].

Many different sensing applications have used tapered optical fibres. Some examples are
label-free DNA detection in real-time; Raman spectroscopic sensing; gas sensors
magnetic field sensor, etc. [194,195]. To couple light to a microsphere, tapers have also
been used, for environmental sensing systems [196]. The optical tapers used in the
mentioned systems usually have diameters for the waist that is less than 25 pum and the
overall lengths that are used are usually from 2 mm to 25 mm [195]. The biconical
nonadiabatic tapered optical fibre has many favorable properties for optical sensing.
These can be used in a biological setting for cell, protein, and DNA sensors. These types
of biosensors are low cost, highly sensitive, and provide label-free detection [197]. Figure
1-12 A, B, and C show an important application of three types of micro-lens fibre

fabricated in this work which can be used in the future as an efficient drug delivery device
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Figure 1-12 Drug delivery through membrane cancer cell by using three types of micro-lens fibre: (A)
parallel photonic nanojet array generated by coating microlenses to the end face of an optical fibre, (B)

micro ball lensed optical fibre, (C) tapered optical fibre.
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Chapter 2 Laser ablation of substrate materials and their thermo-
physical properties.

2.1 Introduction

In this chapter, polycarbonate (PC), polymethylmethacrylate (PMMA), negative
photoresist SU-8, and chitosan are characterized in order to choose a suitable material as
a substrate for soft nanolithography (Chapter 3). Polymers are large molecules, or
macromolecules, which occur naturally in living things and can also be produced by
chemical processes in the industry. Since a huge number of materials come under the
name of polymers, several applications can be seen within the biological industry in
which these materials can be used [198]. The choice of material depends on the glass
transition temperature of the material (from literature), material optical properties, and
ablation threshold with ArF laser (193 nm wavelength), which are investigated

experimentally in this chapter.

2.2 Excimer lasers.

The word “excimer” is derived from two words: excited and dimer. In an excimer laser,
the lasing medium is formed of diatomic molecules. When a diatomic molecule is in its
excited state, it is stable, however, when the molecule resides in the ground state, it is
unstable. [199]. This causes only a few dimer molecules to reside in the ground state, and
therefore direct excitation from the ground state is not possible. Laser radiation is,
therefore, achieved through varied indirect excitations by electrical discharge. A common
excimer laser consists of a mix of argon and fluorine. When the mixture of fluorine and

argon is excited in electrical discharge, the following happens [23]:
Electron attachment: e + Fo —» F~ + F 2.

Excited molecule creation: Ar " + F~ — (ArF)*

Separation of excited molecule: (4rF)* — Ar + F + Photon (193 nm)

Due to the electron attachment of the fluorine, (ArF)* can form through excited molecule
creation. The molecule now, resides in the excited state, as the molecule relaxes down to

its ground state, a photon is emitted. The molecule is unstable in the ground state, causing

43



the atoms to repel one another. Since the ground state is inherently unstable, the ground
state population remains low therefore, population inversion is easier to achieve. Typical
characteristics of excimer lasers include average power in the range of 200 W and pulse
energy up to 2 J per pulse. Other types of excimer lasers include KrF, and XeCl [23].
Figure 2-1Error! Reference source not found. illustrates the graph for energy (eV)
versus the atomic distance (nm). Here the lower curve displays the ground state and the

upper curve displays the excited state.
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Figure 2-1. Energy scheme of the ground and the excited electronic states in an excimer laser [93].

2.3 Characterisation of ArF laser beam.

There is a growing interest in the importance of excimer laser beams characterisation and
beam delivery optics. The ability to have high stability and accurate control over their
characteristics allows them to be used in several applications. Figure 2-2 shows the near field
for an ArF excimer laser (193 nm Novaline, lambda Physik). The dimensional energy density
distribution in the near field can be used efficiently in the evaluation of beam parameters. The
profile along the vertically aligned long axis displays a top-hat profile, whereas, at the
horizontally aligned short axis, the energy distribution has a near-Gaussian shape [200].

A flat-top beam allows for a very uniform distribution of the energy across a given area.
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The temporal pulse shape of 193 nm ArF laser (Lambda Physik LPF 202) is 11.5nm at
FWHM as shown in Figure 2-2.
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Figure 2-2 Near-field profile of an ArF laser (193 nm) recorded simultaneously with a camera-based
measurement system. The evaluated second-moment beam width in horizontal and vertical directions are
indicated. The pulse shape of ArF laser (A=193 nm). A fast photodiode (Hamamatsu, S7911) was used to
investigate the data, pulse duration, t=11.5ns.

2.4 Materials

There are emerging new processes that use polymers as functional and structural materials.
Recently, polymers have become more popular as a substrate material in the field of
micro/nanostructuring materials because they are low cost and, in general, compatible
with chemical and biological applications [24, 201]. A wide range of polymer materials
has been evaluated for the fabrication of optical devices. Because of their good plasticity,
high optical transmission, and mechanical properties, polymer-based optical materials are
commonly used in the fabrication of optical waveguides, polymer fibres, and micro-nano
optics [90]. The development of different processes and protocols to control polymer-
based MEMS and properties such as mechanical, optical, magnetic, and electrical has
been driven by the growing interest in polymer-based MEMS. Also, intense studies have

focused on the surface chemistry, the resolution attainable throughout optical lithography,
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and the topographic features [202]. Common examples of polymers that are processed by
the so-called ‘soft lithography’ fabrication scheme and are the most commonly used
polymers include polymethylmethacrylate (PMMA), polycarbonate (PC), a photoresist
(SU-8), PI (polyimide) plastic resin, chitosan, and poly dimethyl siloxane (PDMS). The
choice of material is guided by the material properties and feasibility of fabrication [203].

2.4.1 Polymethyl methacrylate (PMMA)

PMMA has been used as a polymer host because of its high transparency in the visible
region as a favored solid electrolyte in the electrochromic window. The chemical notation
for this material is [CH2=C(CH3) COOCH3] as shown in Figure 2-3. It is written in this
format, rather than the more common chemical notation [C5H802], to show the double
bond (=) between the two carbon atoms in the middle. In micro and nanofabrication,
PMMA is widely used as a very high resolution electron beam resist,[204] and
extensively used for both electron beam lithography and x-ray lithography, however, it is
not used as a photoresist due to its insensitivity to incident light of wavelengths of 280
nm and longer [205]. PMMA is inexpensive, non-toxic, widely available, easily
processed, and different molecular weights can be obtained [206]. It also has high
sensitivity, exceptionally high resolution, and moderate resistance to wet and dry etch
environments. Another advantage of PMMA as a resist is that it has high optical

transparency (it is somewhat more transparent than even ordinary soda-lime glass) [204].

Figure 2-3 Chemical structure of PMMA [207]
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2.4.2 Polycarbonate (PC)

The General PC is polymerized from bisphenol-A with carbonyl or diphenyl ether. PC is
similar to styrene in terms of its optical properties such as; transmission, refractive index,
and dispersion. PC, however, has a much broader operating temperature band of -137°C
to 120°C. For this reason, PC is the “flint” material of choice for systems that are required
to withstand severe thermal conditions [208]. The chemical structure unit of
polycarbonate is illustrated in Figure 2-4. It contains 14 atoms of hydrogen, 16 of carbon,
and 3 of oxygen [29]. Due to their unique physical properties, the PC substrates have a
variety of applications in industries [30]. PC is often used in the fabrication of
microfluidic devices, as it is highly durable, strong, temperature resistant, have low
density, and carries good optical properties [32]. Other benefits of PC are its high impact
resistance, lightweight, low absorption of moisture, good machining properties, high glass
transition temperature (Tg =145 °C), a high melting temperature of 314 °C, and excellent

optical transparency.

PC is classified as a thermoplastic (as opposite to thermoset), due to the way the plastic
responds to heat. Thermoplastic materials become liquid at their melting point (155 °C
for PC) [209]. A major trait of thermoplastics is that they can be melted, cooled, and
reheated again without significant degradation in the physicochemical structure. Instead
of burning, thermoplastics like PC turn to a liquid, which allows them to be easily injected

into moulds and hence recycled [210].

In contrast, thermoset plastics can only be heated once (typically during the injection
moulding process). After a thermoset material has been heated, the chemical structure
changes, and cannot be reversed. This causes the material to burn when it goes through
the heating process a second time. Thermoset materials are, therefore, poor candidates
for recycling. When PC is exposed to UV light the material gradually changes from
transparent to yellow it, therefore, requires a UV-resistant coating. In contrast, PMMA is
inherently stable towards UV light. Another drawback of PC, therefore, its poor resistance

to certain organic solvents, which it wash off the UV-resistant coating [211].

Co/ 0
B Y2aas

Figure 2-4 Chemical structure unit of polycarbonate [212]
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2.4.3 Photoresist SU-8(GM1060, Gersteltec Sarl.)

The photoresist SU-8 was invented by IBM, due to the continuous development in
lithography and micromachining [213]. It is high contrast, epoxy-based photoresist. It
was designed for micromachining and other microelectronic applications in which a
thermally stable image is desired. It has high chemical and thermal stability, as well as
good mechanical properties. SU-8 is very well suited for imaging near-vertical sidewalls
in very thick films because it has a very high optical transparency above 360 nm [214].
Therefore, it is an ideal candidate for applications where the material will be permanently
installed [215]. The first publication using SU-8 as a material for microfabrication was
published in 1997 [216], highlighting the potential of the said negative photoresist in
respect of the near-UV structures of the thick layers and the production of components of
high aspect-ratio. SU-8 quickly became a cheap alternative to X-ray LIGA for
applications where there is no requirement of the extreme aspect ratios and precision. The
early adoption of SU-8 in the industry was due to its wide range of applications made
possible by the possibility to pattern easily multi-level structures of SU8. SU-8
demonstrates a much higher absorption coefficient with shorter wavelengths. Therefore,
in lithography, a light source with broad bandwidth tends to result in overexposure at the

surface of the resist layer and underexposure at the bottom of the resist layer [106].

In all application areas of micro-technology, a wide range of components have been
manufactured using SU-8 and the interest in SU-8 has not decreased in the last 15 years,
especially in the MEMS community [216]. The micro-fabrication community has paid a
lot of attention to the epoxy-based negative-tone resist SU-8 right from its introduction.
This material has been chosen due to several reasons: SU-8 shows stable mechanical,
thermal, and chemical characteristics, it can be coated in thicknesses greater than 1 mm,
and can be patterned to make tall microstructures with high aspect ratios. In conventional
photoresists, these are unprecedented characteristics. Applications including
microcantilever in scanning force microscopy, optical waveguide, microfluidic channel,
and neural probe [108], to name a few, have used the unique characteristics of cross-
linked SU-8 as a sacrificial micro-mould for electroplating as well as final microstructures.
It is used in many lithography techniques, including the conventional ultraviolet (UV)
lithography. The chemical structure of SU-8 is a single molecule that contains eight epoxy

groups in a bisphenol, as is illustrated in Figure 2-5.
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Figure 2-5 SU-8 chemical structure [217]

2.4.4 Chitosan

Chitosan is found in nature as chitin. Several natural products to obtain chitin have
varying amounts of chitin for each, for example, the concentration of chitin in bio-
creatures are crab 85%, shrimp 58%, mosquito 20%, butterfly 60% [218]. Hoofs and feet
of animals also contain chitin. While Chitosan is a derivative of Chitin in the form of
Deacetylation Degree (DD) [219], the degree of acetylation varies between users. The
molecule is insoluble; however, by moving enough acetyl groups (CH3-CO), the molecule
can be dissolved using the most diluted acids. This process is termed deacetylation, it’s
this process that transforms chitin to Chitosan, using the deacetylation degree over 60%

[220] The degree of deacetylation is calculated as [221]:

_100ng,

2.7
nGI + r]Gn ( )

where ng represents the average number of units of D-glucosamine and ngn gives the
average units of N-acetylglucosamine. Chitosan is a copolymer derived from D-
glucosamine and N-acetylglucosamine [222]. Therefore, referring to equation (2.7), the
DD is a ratio between the units of N-acetylglucosamine and D-glucosamine. Figure 2-6

illustrates the structure of chitosan, showing a semi-crystalline polymer in the solid-state.
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Figure 2-6. Chemical structure of Chitosan [223]

Chitosan contains NH. functional groups, which allow it to be used for applications in
medicine and pharmaceuticals, as shown in Figure 2-6. Chitosan is suitable for many
biomedical applications, as it is biodegradable, biocompatible, and non-toxic [224].
Chitosan also benefits from a linear polyamine, reactive amino groups, and reactive

hydroxyl groups available in many transitional metal ions.

Structural degradation has different mechanisms; hydrolytic, oxidative, thermal, and
ultrasonic, all of which are receptive to chitosan [225]. Chitosan provides an active
surface for photochemical reactions. Chitosan’s surface has positive amino groups, which
are important for photochemical reactions. The special properties of chitosan films are
due to the amino groups allowing chitosan to be suitable for various reactions, which

include biological reactions occurring on the chitosan surface [226].

Nanolithography requires excessive heat and a chemical etchant, which could damage
sensitive substrates during device fabrication. Soft lithography processes include: i) the
process of microfabrication in which a soft polymer is cast onto a mould containing a
microfabricated pattern; ii) polymers, i.e. Pl, PMMA, PC, etc; iii) materials for Mold;
SU-8, thick film positive photoresist. The advantages of soft lithography include: 1. It
has the capacity for rapid prototyping; 2. easy fabrication without the need for expensive
equipment; 3. tolerant process parameters. Both PC and PMMA have similar advantages.
The choice of the material depends on the application, as well as the feasibility of
fabrication [206]. SU-8 is one example of polymers that are usually processed by the so-

called ‘soft lithography’ fabrication scheme and is the most used polymer.

When choosing a photoresist, it must meet several demanding requirements: high

sensitivity, effective adhesion, high contrast, easy processing, workable etching

50



resistance (wet or dry etching), effective resolution, high purity index, longer shelf life,
minimal use of solvent, cost-effective, and high glass transition temperature, Tg.

In general, negative photoresist helps pattern structures with higher aspect ratio whereas
positive photoresist gives a good resolution, Zn. However, the use of the correct resist
depends on many application-specific factors.

As previously described, laser ablation encompasses both photothermal and
photochemical processes that depend on the nature of polymers and the experimental
conditions, such as fluence of laser, wavelength, and pulse duration. From previous
studies, the glass transition temperature of the polymer is an important factor in
determining the rate of laser ablation. High glass transition temperature makes a polymer
a good candidate for optical waveguides [227]. The glass transition temperature Tg is the
temperature where glass transitions from hard and relatively brittle to a soft and rubbery
state. Amorphous polymers with high Tg can be considered for a range of applications.
Polymers at temperatures above and below Tg, exhibit very different physical properties.
Therefore, the location of this thermal transition is critical to many applications [210].
High glass transition temperature polymers are useful for several high-temperature
applications. Due to the significantly higher Tg, both SU-8 and chitosan are
biocompatible and can be used in imprinting techniques for producing free-standing films
comprising of micro and nanostructures. SU-8 can effectively be used as a negative tone
photoresist, especially in multiple-photon interference lithography, as the periodic
structure scales down to deep sub-micron to photonic crystals. Lithography techniques
developed for SU-8 lead to several unprecedented capabilities for the creation of

distinctive micro- and nanostructures [108].

Micro- and/or nanostructures can be used for sensing applications in biological
components. However, one of the main challenges of using these systems for sensors is
the assimilation of biological components [228]. These kinds of microdevices typically
and effectively need to be functionalized alongside biomolecules such as DNA, enzymes,
or antibodies, in order to operate with sufficient specificity and sensitivity. Chitosan has
claimed its importance as one of the most promising candidates for interfacing biology
with microdevices, and it is the choice of this chapter because the unique film-forming
and chemical properties of chitosan allow coatings to be grown onto the substrate using
the thickness of tens to hundreds of nanometres. This makes it attractive for many

industrial and biomedical applications, making it possible to functionalize the basis of
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their integrated optical functional structures. Owing to the fact that the physicochemical
properties of chitosan considerably depend on the ionic form and the degree of
deacetylation [229], the characteristics of biopolymer chitosan allow the use of this
auspicious material as a resist for submicron electronic lithography and it has contains
the ability to produce planar and three-dimensional heterogeneous structures. It also can
be co-deposited with other polymers or nanoparticles. The major practical interest is the
changing of the mechanical properties of a polymer around Tg. Polymer molecular
mobility rises exponentially at a temperature above Tg and its viscosity decreases
affecting several physical properties. Table 2-1 presents the important properties of PC,
PMMA, SU-8 and chitosan. These properties are taken into account to choose the suitable

material that can be used in the next chapter as a substrate for soft lithography.

Table 2-1 Properties of Materials PC, PMMA, SU-8 and chitosan

Material | Coefficient of thermal Tg | Thermal conductivity | Refractive Absorption
expansion (CTE), K* oc | at293K(W.m*K") | indexat coefficient
193nm m
PMMA | 55x10% 65 0.12 1.65 2x10°
PC 70.2x108 145 | 0.2 1.49 1x107
Chitosan | -2.5x10 202 | 0.39 1.7 3.3x10°
SU-8 50-52x10 >200 | 0.3 1.8 4.2x10°

2.5 Experimental set-up of ablation.

Figure 2-7 illustrates the experimental setup for the beam delivery system used in this
work. It includes a 193 nm ArF laser (Lambda Physik LPF 202) having a maximum
output energy of ~285 mJ at a charging voltage of 25 kV. The pulse duration of I1.5 ns
full width at half-maximum, and with a power average 5.7 W at the maximum repetition
rate of 20 Hz. The charging voltage of the laser may be varied between 19 kV and 25 kV,
and this allowed the laser energy and hence, laser fluence at the target to be controlled.
The polymer samples were held on a motorised nano-stage (Aerotech), which was capable
of movements in the x-y-z directions that has an electrical resolution ~10nm increments.
In these experiments the beam delivery system includes construction rails, by Thorlabs.

There are two vertical rails, which are 750 mm long and 95 mm wide, and a 2000 mm
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long horizontal rail which is 66 mm wide. There are three high energy excimer, designed
to be used at 193 nm. The mirrors with an angle of 45° and a diameter of 25 mm. The two
mirrors attached to the horizontal rail were purchased from Edmund co. and the third
mirror was purchased from CVI co. A fused silica lens in plano-convex configuration
(Newport Co.) was also used with a diameter of 25.4 mm (focal length of 81.8 mm at 193
nm). Photomask was used to select a quasi-uniform section of the beam which is imaged
onto the target. The laser fluence can be increased by arranging the imaging system at
different magnifications. The output beam of the laser is directed through the attenuator
onto the sample, which is positioned on the motion control stage. A long beam path
(approximately 2180 mm) facilitates large magnifications. The output energy of the laser
was measured by using a Molectron Joule meter and Hewlett Packard oscilloscope (hp,
HEWLETT PACKARD). Laser fluence was determined by using the energy output
measurements obtained by irradiating an area of the sample. For ablation measurements,
White light interferometry (WLI, Wyko NT1100) permitted high-resolution 3D surface
measurements.

The vertical resolution is ~ 1nm in the verticle direction and typically 500nm in the lateral
direction. The interferometer consists of a turret that secures the objective lenses(2.5x,
10x%, and 50x%). The field-of-view lenses permit further magnification of 0.5x, 1.0x, and
2.0x, Vertical Measurement Range 0.1 nm to 1 mm. The ablation depths were measured
using both WLI and Dektak XT (Bruker) instruments. An optical microscope (LEICA
DMLM) was also used for optical characterisation. The high-resolution morphology of
samples was measured by using SEM (Zeiss, EVO60). The optical properties of the
experimental material were measured by using both for Horiba FluoroMax® four spectro-
meters and a UV-visible spectrophotometer (EVOLUTION 220).
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Optical table

Figure 2-7. Set up of the laser ablation system, B. Schematic diagram of the ArF laser (A=193nm)
nano/micro ablation workstation.

2.5.1 Methodology

There are four identical 15x15 mm samples, first one was cut from 2 mm thick
(polycarbonate PC (Sigma-Aldrich) and the second sample was cut from 2mm
Polymethylmethacrylate (PMMA, Goodfellow), and the third one was SU-8 film (5 pum

thickness) prepared as described below:

A solving cleaning process was used to clean the Soda-lime glass using ionized water,
acetone, and isopropanol respectively to eliminate the influence of oxidation on the
substrate surface, each of them sonicating for 10 min using an ultrasonic bath (UW ultra-
wave mode QS5, ultrasonic cleaner). It removes the adsorbed solvent on the substrate
surface. SU-8-negative tone photo-epoxy (GM1060, Gersteltec Sarl.) was spin-coated
(SUSS Micro-Tec Lithography, GmbH, Type DELTA 10TT). The time taken for spin
coating was 30 seconds at 5000rpm. It produced 5 pm film thickness when cooled down.

Below are the steps further for the sample left at room temperature for approximately 40
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minutes then placed on a hot plate at 65°C for 5 minutes then increase the temperature to
95°C and heat the sample for another 5 minutes. The coated substrate was then cured by
exposure to UV lamp of 10mW cm2 intensity at 365nm. The sample was left for 10
minutes at room temperature. Figure 2-8. A shows Film thickness calibration vs spin
speed (rpm),

The last sample was a chitosan film, prepared as described below:

The chitosan used in this work was ordered from Sigma-Aldrich (Chitosan-448869, 0.1M
acetic acid). 2% concentration of chitosan solution was prepared by mixing chitosan
powder as much as 0.2 g ina 10 mL of acetic acid. Chitosan films were prepared by
spreading the chitosan solution on soda-lime glass microscope slides (Thermo Scientific)
using a spin coating method. A calibration curve was obtained to compare the spin speed
for samples with thicknesses ranging 300 nm to 2 um (see Figure 2-8.B. The samples
were allowed to dry at room temperature about 12 hours before irradiating by ArF laser.

For PC, PMMA, Chitosan, and SU-8 films, 5 absorption/ transmission measurements
were taken using UV-VIS spectrophotometer (Thermo Scientific, Evolution 220). Figure
2-9 illustrates the features of the spectrophotometer used. The wavelengths which are
selected range from 190nm and 1100 nm. The setup includes two plates and cuvette
holders. The interval in the data and integration time can be changed as required, with the

data interval usually set at 1 nm. The data is exported as a CSV file.
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Figure 2-8. Film thickness calibration vs spin speed (rpm), (A) SU-8 film and (B) chitosan film.
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Figure 2-9 Evolution™ 201/220 UV-Visible Spectrophotometers UV-VIS spectrophotometer.

2.6 Results and discussion

2.6.1 UV spectrum

Transmission and absorption for PC and PMMA samples were measured with a UV-VIS
spectrophotometer at wavelengths between 190 and 1000 nm (see Figure 2-10). Both
samples show high transmission beyond the 400 nm wavelength, which is expected as
PMMA and PC find wide applications as optically transparent window materials. The
high absorption below 400 nm is due to the electronic excitation within the cabonyl
chromophores (C=0) present in the chemical structure of PMMA. As can be seen in
Figure 2-10. A below, polycarbonate is quite effective in the UV (less than 400nm). It
becomes opaque almost exactly where the visible range ends and UV starts. Light
transmission is lower for polycarbonate (90%) when compared to PMMA (95%).
Otherwise, the absorption of PC is higher than the absorption of PMMA below 400 nm
wavelength (see Figure 2-10. B).
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Figure 2-10. The optical spectrum of PC and PMMA in the visible regime. The transmission and absorption
spectra of a flat 2 mm thick PC (A) and PMMA (B) were measured with a spectrophotometer. In the visible
regime (380—780 nm), the transmission is almost constant, with a value of ~90 %, as indicated by the thin

solid line.

Absorption of SU-8 film starts increasing sharply below 400nm, as can be observed from
Figure 2-11. A, while Figure 2-11. B shows the optical absorption of chitosan film
increases rapidly around 220nm. Absorbance peaks around 200 nm for the chitosan film

whereas it peaks around 300nm for the SU-8 film (see Figure 2-11. B). Then the SU-8
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film also shows a little lower absorbance than the chitosan film. In the case of the chitosan
film, this difference in the absorption peak and enhanced absorption may be attributed to
a structural rearrangement most probably the formation of conjugation in the structure
because of relatively longer heating of the film at a higher temperature and the removal
of dangling bonds. Beyond 400nm, from both spectra, it can be observed that absorption

is very low and continues to decrease with higher wavelengths.
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Figure 2-11. The optical spectrum of SU-8 and chitosan in the visible regime. The transmission and
absorption spectra of a flat 2 pm film thickness of SU-8 (A) and chitosan(B) were measured with a
spectrophotometer. In the visible regime, the transmission is almost constant, with a value of ~95 %, as
indicated by the thin solid line.

Over a broad range of the visible spectrum, both SU-8 and chitosan films exhibit excellent

optical transparency as indicated by the spectra. This makes both materials an excellent
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polymer material for a variety of optical applications. These measurements show the
average absorption coefficients of SU-8 and chitosan are 4.2x10° m?, 3.2x10° m'
respectively, at film thickness 5um. The thermal damage must be minimised during laser
processing in many applications. This is achieved by using a low laser fluence.

2.6.2 Ablation threshold

The ablation threshold indicates how effective a specific technique is at etching a material.
That is because to remove material from a substrate; minimal laser energy is required, as
indicated by low threshold fluence. There are two ways to define the ablation rate: the
linear fit for the plot of the ablation depth versus the pulse number for a given fluence, or
the depth of the ablation crater giving one pulse at a given fluence. As previously
described, the method used to measure the ablation threshold can dramatically change the
result, depending on whether the material begins to ablate after the first pulse or after
multiple pulses, or when the ablation crater is too small to measure after the first pulse.
Incubation is the process that arises if ablation does not start with the application of the
first laser pulse. The phenomenon is related to physical or chemical changes in the
material due to the first few laser pulses, often resulting in an increase in the absorption
at the irradiation wavelength. To determine the laser ablation threshold, the etch rate per
pulse has been found. This was used for all materials: PC, PMMA, SU-8, and chitosan
materials at the 193 nm irradiation wavelength. The depth for each sample was
investigated by measuring the ablation craters depth using the white light interferometer
(WLI), WYKO NT 1100, see Figure 2-12. Etch depths were measured at several

distinctive locations of the sample for every fluence of the laser.
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Figure 2-12 White light interferometry (WLI, WYKO NT 1100) setup.

The used laser fluence ranged from 10 mJ cm™2 to a maximum of 200 mJ cm2 for PC,
from 80 mJ cm2 to a maximum of 2.5 J cm™2 for PMMA (see Figure 2-13, from 20 mJ
cm 2 to a maximum of 300 mJ cm~2 for SU-8 and from 60 mJ cm™2 to a maximum of

3.5J cm2 for chitosan (see Figure 2-14).

As shown in the figures below, the illustrated plots describe the feature depth machined
against the required natural log of the laser fluence. The plot has been fitted using a linear
trend that has been extended to the value to predict the natural log of the minimum laser
fluence required to etch the material as per the standard method. Figure 2-13 shows the
ablation thresholds of PC (A) and PMMA (B) are 25 mJ.cm, 110 mJ.cm, respectively.
The geometry of ablation is strongly dependent on the distribution of the temperature
governed by the absorption profile of the laser and the heat diffusion length, which
produces the heat-affected zone (HAZ) around the spot of ablation. The etch rate of
ablation close to the ablation threshold shows a relatively low trend at a nanometre per
pulse level for all materials. At the higher fluence of the incident laser, the etch rates were
started to plateau. This is due to several effects: photon shielding by ablation products
and surface re-structuring, causing the effective surface area to rise. For SU-8, as
compared to chitosan, lower ablation rates, and lower threshold fluences were detected
as shown in Figure 2-14 A, B. It is clear that the ablation threshold of chitosan at 193 nm
is 95 mJ.cm2, much higher than the ablation threshold of SU-8 40mJ.cm and the etch
rate depth is greater too because the absorption coefficient of chitosan is lower compared

to SU-8 at 193 nm wavelength and the difference in their optical properties. At relatively
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high-power range density the ablation rate can be increased; however, the advantage of

the small thermal effect in SU-8 is seen as shown in Figure 2-14.
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Figure 2-13. Ablation threshold vs laser fluence of PC (A) and PMMA (B). It shows that ablation thresholds
at 193 nm wavelength are 25 mJ.cm? and 110 mJ.cm for PC and PMMA respectively.
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Figure 2-14 A. The ablation threshold of SU-8 film in a thickness of 5 um, it shows that the ablation
threshold is 40mJ.cm at 193 nm wavelength. B. Ablation threshold of chitosan film in thickness 2 pm, it
shows that the ablation threshold is 95 mJ.cm at 193 nm wavelength.

Figure 2-15 shows WLI images of craters ablated on SU-8 surface by 10 laser pulses of
excimer laser (A=193 nm) using different laser fluences (50, 70, and 100 mJ cm2, 10
pulses and a repetition rate of 1 Hz. It is clear from the images that the depth of ablation
depends on laser fluence while the diameters of holes are the same. Figure 2-16 shows
the WLI images of craters ablated on chitosan surface by using the same laser parameter

except for the laser fluence which is larger than fluences that used to ablate SU-8 (see

63



Figure 2-15.C), different laser fluences were used (120, 180, and 330 mJ cm™2) as shown
in Figure 2-16.C.

-0.1 —— 50 mJ.cm™
P ——— 75 mJ.cm”

—— 100 mJ.cm™

Depth (pm)
=

S
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Figure 2-15 WLI images of Su-8 ablation (A) 50mJ.cm2 10 pulse, (B) 75 mJ.cm 10 pulse, (C) 100mJ.cm’
210 pulse and (D) 2D cross section of each hole.

As a result, it can be seen the depth of craters ablated on chitosan film (~300 nm at 100
mJ.cm?) less than the depth of craters ablated on SU-8 film ~650 nm at 100 mJ.cm? )
due to the optical properties of both surfaces. Furthermore, the mechanism of ablation
for chitosan is different from others because of the growth of the effective surface area as
laser-driven acoustic wave influences tensile stresses and the bubbles nucleate, changing
the surface topology. Laser ablation has also caused the bubble formation and foaming
on the surface of the irradiated area. The photoacoustic mechanism plays a significant role

in laser ablation, particularly in biocompatible materials.
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Figure 2-16 WLI images of chitosan ablation (A) 100mJ.cm 10 pulse, (B) 180 mJ.cm™ 10 pulse, (C) 330
mJ.cm 10 pulse and (D) 2D cross section of each hole.

2.7 Conclusion

Laser material processing of polymer is an important field that has attracted attention in
various applications related to academic research. It may be possible to identify biological
applications by modifying the surface of polymeric materials which may improve the
biomimetic and biocompatible properties. The work reported in this chapter investigated
the absorption and transmission of PC, PMMA, SU-8, and chitosan at a range of
wavelengths 190 nm -1000nm. A suitable wavelength to ablate material can be
determined by measuring the absorption spectrum of the material needed to ablate and
choosing the wavelength where maximum absorption occurs. Laser ablation processing,
which employs a pulsed laser of ArF (193 nm wavelength) to remove materials from a
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substrate over a fluence range from 10 mJcm 2 to 1000 mJcm 2, As a result, the ablation
thresholds 25, 110, 40 and 95 mJ.cm™ were measured for PC, PMMA, SU-8, and
chitosan respectively. The biocompatible materials photoresist SU-8 and chitosan were
chosen because both materials are biocompatible, and they have high glass transition
temperature and other properties mentioned previously. Optical properties that measured
for these materials show that both materials have much higher absorption coefficients
(asu-s =4.2x10°m™and achitosan=3.3x10°m™1) at 193nm wavelength which used in next
chapter. Finally, it should be underlined that the quality of the ablation of craters made in
different materials is powerfully dependent on several parameters which include not only
the width of the laser pulse but also repetition rate, wavelength, fluence, beam profile,

number of pulses, focusing objective, and the ablation environment.
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Chapter 3 The realisation of Sub-wavelength features in SU-8 and
chitosan

3.1 Introduction

Using lenses to focus light is a huge scientific area. In many systems there is sufficient
space to use almost any size of lens. However, there are many systems that have restricted
space and novel beam delivery systems are required. This is especially true in the area of
micro and nano-fluidics, so-called Lab-on-Chip. It is the latter from which we have an
application interest. Lab-on-Chip systems are typically a few centimetres in size and
therefore a lens of a similar dimension is difficult to incorporate. Ball lenses on the other
hand can be quite small. It is not unusual to have 1Imm diameter ball lenses. Frequently
ball lenses are used along with optical cables and this combination provide a compact
optical delivery system. However, one can push towards smaller dimensions and use
spherical particles to focus light. The work in this chapter uses spherical particles of 1 um
diameter and we investigate their focal properties. Many optical physicists and engineers
strive to confine light to smaller and smaller spot sizes in small systems that gave so-
called small foot-print architectures. We note the optical system can be one that focus
light or a lens that is being used to receive light. For example, in microscopy and
photoluminescence where one might like to probe the emission of light from a small
emission volume. In microscopy high spatial resolution is sought after when probing
fluorescent molecules and similar light-emitting structures [230]. In contrast, direct-write
laser processing, data recording or as in this work, laser surface modifications, light is
focussed onto a substrate material for applications such as laser: annealing, ablation,
cutting, patterning etcetera. A good example of two applications using high and low in
put powers at the lens are: high power laser welding and laser tweezing. Although the
latter utilises power on the milliwatt scale the laser beam is tightly focussed and very
large irradiances can be realised. As a result very large electric field gradients can be set

up and light can be sued to trap molecules and particles [231-233].

In this chapter we report experimental and computational results of microsphere
lithography carried out at a wavelength of 193 nm. Much of previous work has been
carried out at longer wavelengths with limited work below 200nm [234]. As spot sizes
scale with wavelength, as is shown in this chapter, impressive sub-wavelength patterning

can be achieved using so-called photonic nano-jets. To complement the experimental
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work we have carried out FDTD simulations using the software, Lumrical. Optical
simulations are extremely useful for visualising and quantifying the electric field and
intensity of light and in particular light propagating through focussing elements. The
system in our case consist of a SiO, microsphere that is supported on an underlying
substrate. An interesting question might be, what is the size and distribution of the electric
field in the focal region? The spot size (focal region) is dependent on diffraction,
wavelength of light used, laser beam divergence, optical aberrations and scattering of
light. Hence it is useful to compare experimental results with that of optical simulations.

In this chapter, an experiment using a 193 nm Argon Fluoride excimer laser has been used
to realise a sub-micron sized dimples in materials SU-8 photoresist and chitosan. UV laser
radiation is focussed by a small spherical particle that acts to all intense and purposes as
a ball lens. Optical enhancement is achieved by tightly focussing light into a small focal
volume. A 1 pm diameter SiO2 microsphere is located on the surface of two materials,
SU-8 and chitosan in two separate experiments. The microsphere is illuminated with light
from a 193 nm wavelength ArF laser. The spatial location of the focal region can be
estimated using equations 3. However, these equations are for ideal cases and they do not
take into account optical aberrations and effects of depolarisation of the electric field in
the focal region. To quantify theses effects, finite difference time domain (FDTD) was
used. More detailed information is given later in this chapter. It is also of interest to
estimate the surface temperature of the underlying substrate. This we have done using a
Finite Element Method (FEM) for both materials SU-8 and chitosan. Temperature
information assists in understanding material modification and in this work it is useful to

analyse the microsphere ejection mechanisms.

The magnitude of temperature increase and concomitant substrate acceleration, therefore,
depends on optical and physical properties of the sphere and substrate system. We report
computational simulations of the temperature change induced by the laser of the
illuminated microsphere supported on a photoresist, SU-8 and on chitosan. Theoretically,
computational, and experimentally are demonstrated in this chapter. Experimental and
computational results of an irradiated laser microsphere supported on biocompatible SU-
8 photoresist and chitosan. A single pulse from an ArF excimer laser (A= 193 nm) was
used to modify the underlying substrate producing a single concave dimple.(FDTD)
simulations were carried out to simulate the propagation of 193 nm laser radiation
focussed through a 1 um diameter silica sphere. Numerical simulation results are in good

agreement with not only the analytical solution but also the experimental data. The
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photonic nanojets properties, such as FWHM, effective length, focal distance, and light
intensity, can be controlled for further experimental study. A novel kind of microsphere-
based optical lithography technique using photonic nanojets have proved that the high
subwavelength resolution of nanoholes or nanopillars can be easily fabricated using UV
light source. Atomic force microscopy (AFM) and scanning electron microscope (SEM)
measurements have been used to quantify the shape and size of laser inscribed
dimple. SEM and AFM are powerful characterisation tools in material science, capable
of revealing surface structures. In this work we aim to provide an overview of the various
computational approaches to understand not only the architecture of photonic nanojet, but

also the mechanism of their formation.

3.2 Theory

3.2.1 Focal proprties of spherical lenses

Ball lensesare a special form of optical lenses with a spherical shape which
produces spherical aberration. An optical aberration is a distortion in the image formed
by an optical system compared to the original. Rays passing through the lens close to its
center are focused farther away than rays passing through a circular zone near its rim

[235]. Figure 3-1shows a cross-section of the geometry of a ball lens.

(]

Figure 3-1. Schematic of ball lens illuminated by a incident plane-wave [235].
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The effective focal length (EFL) and the back focal length (BFL) serve as useful
descriptors to quantify lens properties. For an ideal lens the EFL and BFL can be

expressed in terms of the refractive index, n of the lens and the lens radius R [236].

EFL =™
2(n-1) (3.1)
BFL=EFL-R (32)

The two parameters above are illustrated in Figure 3-1, the BFL can be calculated from

refracted angles using Snell’s law [235].

d =r[cos(6,—a)+sin(6,—a)cota —1] (3.3)

where @ =20,~0, . The minimal size of the laser spot (2w0) is defined by the

4L\ f
2075 84

where A is the wavelength, f and D are lens focal length and the diameter of the input

diffraction limit as:

pupil of the lens respectively. Depth-of-focus (DOF) is also important in many optical
systems especially optical lithography. It is often used as a catch all for any focus effect
in optical lithography [237]. Generally, DOF decreases linearly with wavelength and as

the square of numerical aperture.

DOF = (871}[%}2 (3.5)
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Equation 3.5 serves well for typical macroscopic lenses. However, in the case of small
micro-spheres the short focal length and refractive index play an important role in
focusing. In the case of microspheres, the position of a focal point can lie inside instead
of outside the sphere. We note the position of the focal point is dependent on the refractive
index contrast, that is the focal position also depends on refractive index of the medium
surrounding the microsphere. Optical aberrations are inherent in one form or another in
optical systems and in some optical systems a great deal of time and effort has gone into
reducing the aberrations as in general they are detrimental to the system or process. One
of the main aberrations of ball lenses is spherical aberration (SA). A ball lens can be
described as a double convex lens that has equal radii. Spherical lenses, commonly called
a ball-lenses, are a good example of an imperfect lens as they are subject to SA. Shown
below are expressions for different aberrations, Coma aberration (CA) results when
refraction differences are produced due to the light rays, which passes through various
lenses zones, as the incidence angle increases and derives name from comet shape
aberrated image. Astigmatic aberration (AA) is opposite to spherical aberration and coma
in production, it results when the focus of single lens zone fails to produce image of an

off-axis point at a single point [238].

[n(n-3)+1]y’

SA=
2n°R? (3.6)

[n(n-3)+1]y%u,

CA= 5
2n°R (3.7)

[n(n-3)+1]yu?
2n’ (3.8)

where y is the ray height at the first surface, and up is the half-field angle. These

expressions can be used when carrying out ray analysis of aberrated lenses.

There is a wide amount of published work describing optical field enhancement [17, 18,
107]. A particular good application of enhanced resolution using microspheres can be
found in reference [239] and references within. Some published works have demonstrated

that using silica microspheres as a lens in optical microscopy that the diffraction limit can
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be surpassed. Turning our attention back to focussing light It has been shown that micron
sized dielectric spheres illuminated by a plane wave, can produce a narrow, high-intensity,
sub-diffraction beam waist can be produced is referred to as a photonic nanojet, (PNJ ).
that propagates into the background medium from the shadow-side surface [240].
Formation of the PNJ as a result of focused near-field diffraction [241]. At high
numerical aperture of microsphere lens, its resolutions can be improved. The
improvement in resolution is due to an increase in the effective numerical aperture of the
micro-sphere lens. PNJ’s have emerged as a useful aid in high resolution imaging and
spectroscopy applications due to their ability to confine electromagnetic waves in sub
wavelength scale dimension [119] .

3.2.2 Optical field enhancement

A function of a lens when used for focusing is to increase the light intensity. Confining
light in this way when using a large Numerical Aperture (NA) lens is sometimes referred
to as tight focusing [50]. In such systems light is focused to a small spot size, w. One can

express the spot size in terms of the Radius R and the refractive index n [242]

w=R Z
27n (3.9

And noting that the value of n is is wavelength dependent, in this work 193 nm (6.7 eV).
A simple way of quantifying any field enhancement is to consider the ratio between the

intensity of the incident beam, lo to that of the intensity in the focal region I,

|, a*  27n*

—=—~r— for 3.10
IO W2 (4 _ n2 )3 n< \/E ( )
I 27n* n?

I—t = for n>+2 (3.11)

However, these simplified expressions do not take into account Fabry-Perot type

reflections between the sphere and the underlying substrate. It is interesting to note that
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the focal spot can be located either inside or outside of the sphere depending on the value
of the refractive index and the size of the sphere. Therefore, the lens material and size can

select to engineer the spatial location and electric filed enhancement factor.

3.2.3 Temperature calculations of the substrate beneath the
microsphere.

Information about the mechanism of dimple formation can be gathered from temperature
calculations. Electric field enhancement at the sphere-substrate interface manifests in an
increased temperature of the SU-8 film. The magnitude of the temperature increase
provides useful information that can be used to explain possible mass transport
mechanisms in the vicinity of the dimple [139, 242]. For analysis purposes, we estimate
the temperature rise in the SU-8 layer by assuming a Gaussian temporal intensity profile.
An intensity distribution of the laser pulse was defined as [242]:

Io(t)=%exp{—'ﬂ (3.12)

I,2

]F(z,tl) (3.13)

t X (_ 2
r°+4t
T(r,z,t):So%jdtllo(t—tl) : Zztl
si”s 0 +
;

Where, t, =0-409t.,,,,, where trwrm is the pulse duration at the FWHM, and @ is the

incident fluence of laser on the silica sphere, Sois the intensity enhancement factor, ro is
the width of corresponding Gaussian, r is the radial coordinate, « is the absorption
coefficient, Cs is the specific heat capacity, ps is the thermal conductivity, Ao is the

absorptivity, y is the thermal diffusivity of the substrate,

X=— (3.14)

and the F(z,t) is the following function as shown below [242]:
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3.2.4 Sphere-substrate adhesion and detachment mechanism

Silica spheres, diluted in water, were placed on the surface of the SU-8 and chitosan films.
The film layer is mildly compliant; therefore, due to adhesive force between the spherical
particle and substrate (film), the contact area increases ever so slightly as the sphere
embeds into the film. There is an associated surface roughness of both the sphere and the
substrate, which modifies the adhesion force. Although work on PNJ’s is primarily
concerned with the optical effects, we give some consideration in this work to the
adhesion and detachment forces.

After laser irradiation has taken place, there are three main scenarios to consider; the
sphere may eject from the substrate, the sphere may appear undamaged and remain on
the substrate, or the particle may become damaged. The laser fluence for each of these
scenarios can be found by quantifying the magnitude of the adhesion force and hence
calculating the laser fluence for particle ejection. This is especially relevant if the
particulates are in the form of debris. In such cases, we can approach the system from a
laser cleaning perspective [243]. Adhesive forces of small microspheres and particulates
to a surface can be calculated using VVan der Waals force equations. Although in this work
we are primarily interested in optical field enhancement, it is informative to consider the
fate of laser-illuminated particles and microspheres and identify upper limits of laser

fluence for microsphere removal.

In this work, it can be assumed that the SiO2 microsphere is optically transparent. This is
supported by the low transmission loss over a path length of one micron. Taking into
consideration reflection losses at both interfaces the transmission loss corresponds to
~10%. Laser heating of the particle is assumed negligible and energy from the laser pulse
is deposited into the underlying substrate. Subsequently, detachment is primarily
associated with substrate expansion caused by absorption of energy over the short 12 ns
duration of the laser pulse at FWHM. Interaction of short nanosecond pulses from
excimer lasers result in rapid temperature changes of typically 10° Ks™. Consequently,

rapid heating can manifest in rapid substrate acceleration.
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The magnitude of temperature increase and concomitant substrate acceleration, therefore,
depends on optical and physical properties of the sphere and substrate system. Front side
reflectivity of SiO; is typically 5% at a wavelength of 193 nm which slightly reduces the
laser fluence passing through the microsphere. However, the small loss of energy is offset
by an increase in laser fluence due to the refractive focusing of the microsphere. As
mentioned, particle ejection may occur by several mechanisms depending on the
magnitude and the degree to which energy is absorbed by the substrate. If the laser fluence
beneath the microsphere is sufficiently high substrate melting and boiling points may be
exceeded such that ablation and evaporation contribute to mass transfer of substrate
material. Evaporating and ablative species will generate forces in the region beneath the
microsphere. Plume expansion and gas dynamics may play a significant role in sphere
displacement. Substrate acceleration due to an increase in temperature and plume
expansion may not be totally independent and both mechanisms may play a role in
particle ejection. Therefore, optical focusing, energy confinement and substrate response
to pulsed laser energy may play important roles in modifications to the substrate. This
work, therefore, uses FEM methods to estimate the substrate temperature beneath the

microsphere during the absorption of a laser pulse.

In these experiments, a SiO> microsphere is supported on spun coated SU-8 and chitosan.
Adhesion is primarily associated with Van der Waals forces between the sphere and
substrate. From Equation (3.16) one observes a reduced sphere-substrate spatial

separation, z, results in an increased force [244, 245].

hr

F =
' 8xz?

(3.16)

Where r and h are the microsphere radius and material-dependent Liftshitz-Van der Waals
constant respectively. Due to the adhesion force and compliance of the substrate surface
roughness is reduced from its spun state and the contact area of the microsphere increases.

For a compliant system the force is given by

B hs?
8rz®

F, (3.17)

where o is the contact area radius, addition of these terms gives an estimate of the total

force of adhesion.

75



_hr ho?
87z 8rnz’

K (3.18)
Observation of Equation (3.18) one observes the importance of accurately quantifying the
microsphere-interface separation distance, z. The latter magnitude this contact distance
plays a significant contribution to the interfacial force. Using equation (3.18) the
calculated adhesion force corresponds to Fr~ 280 nN and Fr ~170 nN for a sphere - SU-
8 and sphere-Chitosan respectively. For a 1um diameter microsphere the gravitational
force acting on the particle, Fg corresponds to a force of Fg~130 pN. Hence, there is a
relatively strong adhesion force between a small microspheres sphere and substrate.

Returning to the microsphere removal mechanism, if the laser fluence beneath the
microsphere exceeds the laser ablation threshold of the substrate the temperature may
exceed both the melting and boiling point [246]. Ablation plume dynamics is a subject in
its own right and to avoid the risk of oversimplifying the mechanism which direct readers
to. The normal expansion H of the surface due to the above temperature rise is given by
[243],

H = 0{(1— RS)%} (3.19)
where « is the coefficient of thermal expansion. Inserting the corresponding numerical
values (see Table 3-1) and using a fluence underneath the particle, F = 1.045 Jcm™, we
calculate a particle displacement H~280 nm for SU-8 and H=100 nm for chitosan.
However, if this expansion is realised over a duration of 7= 12 ns, and using equation
(3.18),

a_H
72

(3.20)
An acceleration, a = 2.146x10 m.sec for SU-8 substrate and a= 0.7x10° m.sec? for
chitosan substrate. Thus, the acceleration is larger than gravitational acceleration (g)

(a>>g). For a time-dependent absorption of energy as is the case for an excimer laser

pulse, one can calculate the substrate displacement of the substrate [242].
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where S is the optical enhancement factor, ro= (% Yo)*? is the width of corresponding

Gaussian beam, r is the radial coordinate, aa is the absorption coefficient, Cs is the specific
heat capacity, ps is the thermal conductivity, Ag is the absorptivity, ¥ = k,/C.p is the
thermal diffusivity of the SU-8 substrate, and the F(z, t) is defined in equation (3.22).

z

1 - YA
F(z,t)==e*"{eerfc t+——— |+e “erfc t———— 3.22
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By using Equation (3.21) if the value of the optical field enhancement, So=40, the SU-8
substrate displacement calculated Zs is close to 280 nm, while chitosan substrate

displacement calculated around 100 nm.

Most of the pulse energy is absorbed by the substrate (transparent particles) resulting in
a rapid rise in the substrate temperature. Due to the physical coupling between the particle
and substrate momentum is transferred to the particle [3]. Microsphere ejection occurs
due to the rapid pulsed laser heating. It was noted that micron sized microspheres can be
ejected from the surface of a substrate at extremely low input laser fluence of ~ 45 mJ.cm”
2, Obviously, this low input laser fluence is due to optical filed enhancement caused by
focussing. The sudden expansion of the substrate surface explains a significant
microsphere ejection mechanism. Plume expansion dynamics will no doubt contribute to
microsphere ejection but for the present work the ejection due to acceleration of the
substrate only has considered. The timescale for this expansion is also very short (in the
order of nanoseconds). The expansion amplitude can be very small, which results in
strong acceleration. To quantify this acceleration, consider a free-solid surface that is
completely irradiated by a uniform laser pulse of fluence, F, and pulse duration, t. This
acceleration would be much larger than gravitational acceleration. As a result, this is huge

substrate acceleration that ejects the particles from substrate surface.

Sphere adhesion force was calculated by using Equations (3.16), and Table 3-1, it was

found to be 280 nN, the gravitational force Fq is close to 130 pN. Most of the energy from
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the laser is absorbed by the substrate causing the surface to vibrate, a quick thermal
extension of the substrate will then appear [243]. The vibration substrate results in a force

that moves the particles and is then launched out from the surface.

Table 3-1 Physical properties of SU-8 [82] and chitosan [247] .

Parameters SU-8 film Chitosan film
Coefficient of thermal expansion (K?) | 52X 10°® 0.05Xx 10
Reflectivity 0.05 0.04

Material density, p (g. cm®) 1.2 1.3

Specific heat capacity, C (J.g'K™) 15 3.9

Sphere adhesion force Fr (pN) 280 170
Gravitational force Fg (pN) 0.013 0.013

The normal expansion, H (nm) 280 100
Acceleration, a (m. sec?) 2.14x10% 0.7x10°

From Equation (3.17), we can estimate that H~280 nm between the silica particle and
SU-8 substrate, compared to H~=100 nm between the silica particle and chitosan substrate.
However, if this expansion is achieved in the laser pulse duration of 12 ns, and by using
equation (3.20), the acceleration of the SU-8 and chitosan substrates due to increasing
temperature, asus = 2.146x10" m.sec?, acn = 0.7x10° m.sec? respectively. These
accelerations for both SU-8 and chitosan substrates are about much larger than
gravitational acceleration. So the substrate vibration results in momentum transfer to the

particles that accelerate then eject from the substrate.

Depending on the magnitude of laser energy absorbed, other mechanisms may contribute
to particle detachment. If the laser fluence beneath the microsphere exceeds the laser
ablation threshold, the substrate may exceed the melting and boiling point. In such cases,

the evaporating gaseous species will impart forces in the region beneath the microsphere.

These two mechanisms are not independent, and both mechanisms play a role in the
particle becoming detached. However, we have not made an attempt to deconvolve these
two mechanisms. The increase in temperature, and hence boiling and physical expansion
of the substrate is dependent on the degree to which the laser beam has been focussed by

the microsphere.
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Since the development of near-field optical microscopy and their use in characterising
nanostructures. Many numerical methods have been used and developed to simulate the
interaction between fabrications of nanomaterials and the electromagnetic field [248].
Two common numerical methods are used for calculating irradiation temperature and
electromagnetic problems of nanostructuring materials by laser; The finite-element
method (FE) and the finite-difference-time-domain (FDTD) method [249]. In this chapter,
an FE model using the Finite Element Method (COMSOL®, version 5.3) simulations were
also carried out to calculate the laser induced temperature rise of SU-8 and chitosan in
the region beneath the microsphere. In addition, Finite Difference Time Domain (FDTD,
LUMERICAL™, version 8) simulations were carried out to visualise the propagation of
193 nm radiation through a microsphere to quantify the electric field enhancement.
Simulations indicate the presence of a nanojet penetrating the underlying substrate.

3.3 Laser induced temperature rise simulation using COMSOL
Multi-Physics.

Development and research in the areas of heat transfer, heat exchangers and their related
technologies have witnessed a prolific increase over the past few decades. The laser is
usually seen as a very special and intense heat source, and only its thermal effects are to
be considered [18][97]. It is important that we are capable of using the rate equations that
calculate the energy amount being transferred per unit time and that we know the physical

mechanisms that cause the modes of heat transfer.

3.3.1 Heat Transfer

Thermal energy is related to the matter temperature. The higher the temperature, the
greater the thermal energy for a given material and mass. The study of the thermal energy
exchange inside a material or between materials happens when there is a temperature
variance [250]. Table 4.1 shows the standard international system (Sl )and English units

used for heat and heat transfer rates, including the conversion factors [251].

Table 3-2 Units and conversion factors for heat measurements

Sl units English units
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Thermal energy 1] 9.478x10* Btu

Heat transfer rate 1J.stor1w 3.412 Btu.h!

Heat flux 1W.m?2 0.317 Btu.hL.ft2

3.3.2 Mechanisms of heat transfer

Heat can be transferred from one body to another in three mechanisms conduction,
convection, and radiation mode. One of these or a combination of them is responsible for
any energy exchange between bodies. While conduction is the heat transfer through solids
or stationary fluids and occurs via direct contact, convection uses the mass movement of
fluid to transfer heat; the fluid can be a liquid or a gas. In general, the terms natural or
free convection is used if the flow is induced by heat transfer [140]. The electromagnetic
radiation emitted by an object for exchanging is the heat radiation mode [252] and hence
does not require a medium for heat transfer. So, heat transfer as a result of the emission

of the electromagnetic waves is known as thermal radiation.

Consequently, there is a net heat transfer from a matter of high temperature to matter of
lower temperature. The laser heating nature is to change the internal microstructure of
material by absorption of energy. The material absorptivity of laser light is a serious factor
that affects the deformation process. The temperature rises with the absorbed energy and
the constant of heat transfer [253]. In general, there are three types of heat transfer by (a)

conduction, (b) convection and (c) radiation.

Figure 3-2 shows the schematic diagram of the laser-material interaction process. When
the laser beam is irradiated on the top surface of the target, a series of complicated
physical and chemical phenomena happen in the laser interaction process and irradiated
material, which contains two phases: the first phase is the absorptivity and reflectivity
of the material’s surface to the incident laser and the second phase is the heat transfer

modes
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Laser beam

Radiation Convection

Figure 3-2. Modes of heat transfer

3.3.3 Finite element method

The standard numerical calculation scheme for the computer simulation of physical
systems has become the finite element (FE) method, for example, the heat equation or
integral equations with a numerical approximation [254]. The matter of interest is,
therefore divided in a finite number of elements. In these elements, functions are applied
to find approximate solutions in combination with the starting and the boundary
conditions [140]. For the discretisation of both structures, 2D and 3D, the finite element
(FE) approach is superior. Due to the implicit or iterative form or the mass matrix
formulation, for example, most of the Finite element -based time-domain methods
informed so far suffer from limitations. Therefore, its simulation speed is much slower
than the FDTD method. A very resource-intensive numerical technique is the time

domain analysis of electromagnetic [255].

Dividing the region of interest into sub-regions, or elements, which consist of nodal points
and defining the type of “shape” at each an element end is the first step. A quadratic
element has a third node placed at the element midpoint; a cubic element contains four
nodes, spread out at intervals. FE mesh is the term used for the collection of elements and
nodal points. The shape functions typically used in the procedure is directly linked to the
type of mesh chosen [256].
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3.3.4 COMSOL™

Computer programs like COMSOL ™ Metaphysics can be applied to solve the numerical
problem. COMSOL ™ Multiphysics is a cross-platform finite element analysis, solver
and multiphysics simulation software. There are different modules available, to provide
software solutions for multiphysics problems are available in the software package. The
individuality of COMSOL ™ Multiphysics, over other FEA software packages, is its
capability to solve coupled phenomena [257]. These are phenomena for which the
solution of each physical problem cannot be achieved independently of the others.

Numerous engineering and physics-based problems can be easily solved by these
modules. Other than the designed modules, it also offers partial differential equations
(PDEs) based modelling which can be entered directly. PDEs describe many phenomena
in nature. While these equations can be simplified and solved theoretically for simple
problems, it is not possible to find the answer analytically for complicated structures,
which exist in the real world, to solve this issue, numerical methods and simulation
software like COMSOL™ Multiphysics® is used.

One can easily access all the functionality and get an overview of a built-in model builder

in a powerful integrated desktop environment provided by the software.

Finite element method (FEM) is used by COMSOL ™ Multiphysics to solve equations.
It is possible to identify material and physical properties and define parameters [88], [139]
using the built-in physics interfaces. The COMSOL ™ 5 3 interface is divided into several

sections, which are described as;

1- Parameters: In this section, the non-variable parameters are defined, which stay
constant during the simulation. These include pulse energy, laser spot radius, laser fluence,

reflectivity, absorption coefficient, and the laser pulse duration.

2- Variables: the variables of the simulation are defined. Variables are defined as anything
which varies with the dependents of the simulation, in this lattice temperature (T) and
time (t).

3- Geometry: Here, the geometry of the simulation is defined. In this case, two rectangles

are created, representing the film and substrate.
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4- Materials: The material parameters are defined in this section, for both the film and
substrate. This includes the thermal conductivity, heat capacity at constant pressure, and
the density.

5- Heat Transfer Module: The 2-D heat equation is solved concerning the parameters and
variables defined.

6- Mesh: The mesh of the geometry is defined. The mesh was set as a free triangular mesh,

and the size of the mesh set to 5 nm.

7- Study Sequence: The model sequence is generated. The time step variables are set,
typically starting at 0 ns, to 2000 ns, in 1 ns steps.

3.3.5 Modelling the temperature rise of irradiated laser SU-8

The Electric field enhancement under the microsphere causes an increase in temperature
under the microsphere (inside the substrate). Knowledge of the localised SU8 substrate
temperature is a useful quantity for understanding the mechanism of hole formation.
Simulations of temperature were carried out using COMSOL® Multiphysics 5.3 software.
A one dimensional, 1D, model was set up by scaling the incident laser fluence by the field
enhancement due to the focusing effect of the microsphere. Numerical simulation based
on the finite element method makes it possible to address problems related to applications

of physics and engineering, particularly coupled phenomena and multiphysics [257].

When a laser irradiates a solid material, its temperature rises, and it will eventually
undergo a phase transition. This transition can be either via a liquid phase or directly to a
gas phase. The ability to precisely control material heating, penetration depth, and
removal rate can be achieved by manipulating laser beam parameters such as the pulse
duration, wavelength, and fluence (or intensity) [91]. It is assumed that the process occurs
due to material evaporation caused by heating from nanosecond pulses. Boundary
conditions were used to simulate the heat increase due to the ablation of the material.
When it reaches its ablation temperature, it changes to the gaseous state and is removed
from the modelling domain. Therefore, the solid material cannot become hotter than its
ablation temperature, and when the material reaches this temperature, there is a loss of
mass from the surface (SU-8). This is governed by the material density and the heat of

the simulation. The solids module of the software simulates heat conduction by
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calculating heating and cooling rates in a substrate due to conduction, convection and
radiation. For solid materials over short time durations, heat conduction is the dominant
mechanism. Temperature gradients in the material drive conduction. The diffusion of heat

in a substrate due to conduction can be calculated using the heat equation (3.23)

pC, S+ P VT +V-q=Q+Qu (3.23)

This module takes the material density (p), material temperature (T), thermal conductivity
(k), and specific heat capacity (C,) as inputs. The user defines the heat source (Q); for
laser heating models, Qd the thermoelastic damping, the source has a top-hat spatial
distribution and pulses periodically over time. Typically, k and C, are dependent on
temperature and are recalculated at each iteration of the solver.

An important condition for solving the heat equation is the description of boundary
conditions. The boundary conditions might be defined as constant values or variables as
functions of different parameters. There are three different boundary conditions specified
below [258]. Figure 3-3 illustrates the Schematic diagram of boundary conditions for heat

diffusion equation at the surface (x=0).
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Figure 3-3. Schematic diagram of boundary conditions for heat diffusion equation at the surface (x=0 and
x=L)

Where T, is the convection boundary condition. Heat-diffusion coefficient is an
important property of all materials, it is the thermal conductivity divided by both density

and specific heat capacity at constant pressure as shown in equation (3.24) [102].

D=— (3.24)

To model this element, the default solver settings are used for heat transfer studies, except
the time step, which was set to strict’. This forces the solver to recalculate at each of the
manually defined individual time steps, as well as any necessary intermediate steps. A
triangular mesh was chosen for all simulations. Two-layer geometry was implemented,
consisting of air at the front surface of the solid SU-8. Both conduction and convection at
the surface were used in the simulation, and radiation losses were assumed to be
negligible. To represent the gas state, when the material temperature exceeds its boiling
point, it is assumed that the material evaporates, and elements of the part would be

removed.
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Figure 3-4. A and B shows the temperature distribution of a SU-8 material during one
laser shot compared with the analytical solution. When the temperature of a part exceeds
the boiling point of ~500 K, the portion is removed and its property changes to a gas
phase. The temperature calculations correspond to laser fluences of 1045 mJ.cm™ at 193
nm wavelength and 11.5 ns pulse duration. The optical penetration depth of the laser is
reciprocal to the absorption coefficient. It becomes high in the UV range because photo-
resist material (5 pm film thickness) has a high absorption coefficient of around 3.9x10°
cm™ at 193 nm wavelength. Therefore, the ablation efficiency is affected more by the
absorption coefficient value rather than the surface reflectivity. Simulations were
performed as a function of time and distance moreover, simulation results produce an
overestimated ablated zone radius compared to the measurements made using an SEM
(250 nm simulated instead of 150 nm experimental for a laser fluence of 1045 mJ.cm™).
This difference can be explained by the fact that the changing of the optical properties of
the sample surface through irradiation were not taken into account in this simulation. The
parameter study is performed to see the most effective condition of the ablation process.
It is notable that the optimal ablation condition depends on the type of material,
wavelength of the laser and laser fluence, and so forth. However, it is expected that the
simulation results recognised in this study may contribute to the improvement of the

ablation process using the nanosecond pulsed laser.
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Figure 3-4. A and B show the temperature profile modelling by COMSOL (Numerical) and analytical by
using equation (4.1) as a function of time and depth, respectively. The results show temperature inside the
SU-8 substrates under the microlens (silica particles) of 1um diameter within 193 nm laser radiation using
an incident laser fluence of 45 mJ. cm, in the temporal domain (A) and the spatial domain (B). The initial
temperature of the substrates was 295.15 K in both (A) and (B).
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3.3.6 The temperature rise of laser irradiated chitosan

Laser-irradiated chitosan was simulated, again with a triangular mesh. A two-layer
geometry of solid Chitosan was created to an air interface. Radiation losses were assumed
to be negligible, and both conduction and convection at the surface were used in the
simulation. FE model is used to predict temperature rise and quantify the thermal dose
resulting from laser irradiation of excited chitosan film sample. The laser pulse duration
used in the simulations is 11.5 ns at FWHM. The computations were carried out using
COMSOL™ Multiphysics 5.3 software to calculate the temperature rise of chitosan due
to pulsed laser irradiation at fluence of 45 mJ.cm underneath the microparticle.

The results for the temporary and spatial temperature compared with the analytical
solution. are shown in Figure 3-5. The curve has been calculated using the corresponding
laser fluence to ablate the chitosan material due to rising temperature less than
degradation temperature of chitosan (490 K). The point reached the peak temperature of
460 K at 11.5 ns after the laser began to heat the surface. The temperature of the target
mostly depended on the effect of the laser heating and the thermal diffusion in a three-
layer geometry which consists of air, chitosan film that was coated on a soda-lime glass
substrate. The results show temperature inside the chitosan substrates underneath the
silica particle of 1um diameter within 193 nm laser radiation using an incident laser
fluence of 45 mJ.cm?, in the temporal domain (Figure 3-5. A) and the spatial domain

(Figure 3-5 B). The initial temperature of the substrates was 295.15 K.
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Figure 3-5. A and B show the temperature profile modelling by COMSOL (Numerical) and analytical by
using equation (4.1) as a function of time and depth, respectively. The results show temperature inside the
chitosan substrates under the microlens (silica particles) of 1um diameter within 193 nm laser radiation
using an incident laser fluence of 45 mJ.cm, in the temporal domain (A) and the spatial domain (B). The
initial temperature of the substrates was 295.15 K in both (A) and (B).
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3.4 Electric field modelling

Much attention has been given to the Near-field patterning of a substrate surface,
produced by irradiation of the laser, at a spatial resolution under the diffraction limit. This
technique has been used in the fields of medical diagnostics, non-linear optics,
biophotonics, optical data storage systems, solar cell and plasmonics nanostructure [118].
Using an AFM tip in scanning tunnelling microscopy mode and illuminated by a laser is
one typical method for near field nanofabrication. Between the tip and substrate surface,
field-enhancement and thermal-induced mechanical contact are provoked, causing
nanopatterns to be written [259]. Optically controlled nanolithography and
nanofabrication, due to photothermal energy and optical force generated by a tightly
focused laser beam [260]. lluminating of spherical particles on substrates by a laser has
also been widely investigated [107], [111], [119], [134], [235] regarding high throughput
nanofabrication. Problems arising in nanophotonics are often investigated using the
finite-difference-time-domain (FDTD) numerical electromagnetic method. In the FDTD
method, the electromagnetic field is defined for a finite number of discrete spatial
positions and calculated at consecutive discrete time intervals using an explicit

leapfrogging algorithm [261].

3.4.1 Finite-difference time-domain method

The Finite Difference Time Domain (FDTD) method is a multipurpose technique and a
powerful tool that can allow for the efficient and accurate simulation of electromagnetic
phenomena which are governed by Maxwell's equations over the last decade since Yee
[262] proposed it in 1966. It has been applied to numerous problems of propagation,
radiation, and scattering of electromagnetic waves. It is a numerical technique based on
the finite-difference concept used to solve Maxwell’s equations for electric and magnetic
field distributions in the time and space provided that an accurate analytical law of
dispersion is used, FDTD is well adapted for studies of spectroscopic. Full-spectrum
results can be found in a single run of the program [263] and are offered by this method.
The majority of the FE-based time-domain methods stated so far suffer from limitations
because of the implicit or iterative form or the mass matrix formulation, for instance, the
FE approach is superior for the discretisation of both 2D and 3D structures. Thus, the

simulation speed of FE is much slower than the FDTD method.
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Time-domain analysis of electromagnetism is a very resource-intensive numerical
technique. The FE based methods are not as common as the FDTD method [255] due to
the slow performance. The equations with second-order accuracy can be discretised by
FDTD methods which store different field components located at different points in a unit
cell (grid). This discretization is known as a Yee lattice. All calculated results are done
locally to each Yee’s lattice, the only memory it occupies is the memories for electric and
magnetic field components and the material properties for each cell in the computational
domain. Compared to methods forming global matrices, the method’s memory

requirement is very low [264].

3.4.2 LUMERICAL Finite-difference time-domain

Using a commercial 3D Maxwell solver called Lumerical FDTD, analyses the interaction
of IR —UV radiation with complicated structures employing subwavelength scale features.
The Numerical FDTD was performed using this program. The software employs an
FDTD method in the form of a 3D Maxwell solver [118]. To better understand the near-
field underneath the micro-particles, we carried out three-dimensional (3D) FDTD
simulations, using a commercial software package (Lumerical Solutions). Optical
simulations are useful for visualising field enhancement and near field effects. The
particular choice of software is often dictated by the scale size of the optical system. For
example, for a microsphere of one micron in diameter, we chose to adopt the software

package Lumerical™ version 8.19.1522.

3.4.3 Results of finite difference time domain simulations.

Figure 3-6. (A-C, top)and (A-C,down) shows the electric field distribution in the xz plane
calculated by FDTD for 193 nm laser propagation through 1um sapphire (n=1.92 at 193
nm wavelength) microsphere and 1um diamond (n= 2.93 at 193 nm wavelength)
microsphere respectively, The incident light is the plane wave in the z-direction and it is
linearly polarized along x-direction , the substrate is a flat SU-8 (n=1.8 at 193 nm
wavelength) surface (left) and chitosan (n=1.75 at 193 nm wavelength) surface (right).
Figure 3-6. A. presents the cross-section of the electric field distribution below the
microsphere at the centre of the nanojet along the x-axis. Figure 3-6.C. shows the cross-
section of the electric field distribution along the beam propagation direction in the z-

direction.
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Figure 3-7. (A-C, top)and (A-C, down) explains the peak intensity distribution in xz
plane calculated by FDTD for 193 nm laser propagation through 1um sapphire
microsphere and 1um diamond microsphere respectively, the incident light is the plane
wave in the z-direction and it is linearly polarized along x-direction , the substrate is a flat
SU-8 surface (left) and chitosan surface (right). Figure 3-7. A. shows the ross-section of
the peak intensity distribution below the microsphere at the centre of the nanojet along
the x-axis. Figure.C. illustrates the Cross-section of the peak intensity distribution along
the beam propagation direction in the z-direction. From both figures below it can be seen
that the particle nanojet is produced near to the centre of the diamond micro particle while
it is near to the bottom of the sapphire micro particle because of the refractive index of
the diamond material higher than the refractive index of the sapphire material at 193 nm
wavelength. However, the spot diameter at FWHM is inversely proportional with
refractive index of microparticle. As a result, the spot diameter of the laser beam in focal

region of the sapphire and diamond microlenses are ~ 68 nm and ~ 45 nm respectively.
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Figure 3-6. (A-C, top) and (A-C, down) The electric field distribution in xz plane calculated by FDTD for
193 nm laser propagation through 1um sapphire microsphere and 1pum diamond microsphere respectively.
The incident light is the plane wave in the z-direction and it is linearly polarized along x-direction, the
substrate is a flat SU-8 surface (left) and chitosan surface (right). (A) Cross-section of the electric field
distribution below the microsphere at the centre of the nanojet along the x-axis. (C) Cross-section of the
electric field distribution along the beam propagation direction in the z-direction.
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Figure 3-7. (A-C, top)and (A-C, down) The peak intensity distribution in xz plane calculated by FDTD
for 193 nm laser propagation through 1um sapphire microsphere and 1um diamond microsphere
respectively, The incident light is the plane wave in the z-direction and it is linearly polarized along x-
direction , the substrate is a flat SU-8 surface (left) and chitosan surface (right). (A) Cross-section of the
peak intensity distribution below the microsphere at the centre of the nanojet along the x-axis. (C) Cross-
section of the peak intensity distribution along the beam propagation direction in the z-direction.
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Due to sub-micro dimple needs to be simulated on flat substrate, two systems were
simulated by using silica microsphere which has refractive index (1.56 at 193 nm
wavelength) lower than refractive index of substrate. The first computational domain
simulates a one-micron diameter silica (SiO.) spherical focusing element in the air. The
other a microsphere located on a 1um thick SU8 and chitosan substrates. The optical
system was illuminated with linearly polarised light in the x-direction using 193 nm EM
radiation. The software employs a finite-difference-time-domain (FDTD) method in the

form of a 3D full numerical solution of Maxwell’s equations [15].
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Figure 3-8. FDTD modelling of the laser propagation through a silica microsphere (1 um diameter) and air.
(A) |E| distribution in xz-plane underneath the microsphere, (B) and (C) is the beam profile of absolute
intensity in x and z-direction respectively. (D) 3D surface plot of the optical intensity at the focal length
~10 nm under the microparticle silica.

Figure 3-8 show FDTD modelling of the laser propagation through a silica microsphere
(1 um diameter) and air (no substrate). Figure 3-8.A. shows electric field distribution in
xz-plane underneath the microsphere, Figure 3-8 .B and C present the beam profile of
absolute intensity in x and z-direction respectively. Figure 3-8 .D. shows the 3D surface

plot of the optical intensity at the focal length ~10 nm under the microparticle silica.
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Figure 3-9.A. shows |intensity distribution in xz-plane underneath the microsphere, while
(B) and (C) show the beam profile of absolute intensity in x and z-direction respectively.
Finally (D) shows the 3D surface plot of the optical intensity at the focal length, ~10nm

under the microparticle silica.
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Figure 3-9: FDTD modelling of the laser propagation through a silica microsphere (1 um diameter) and air.
(A) |E[ distribution in xz-plane underneath the microsphere, (B) and (C) show the beam profile of absolute
intensity in x and z-direction respectively. (D) 3D surface plot of the optical intensity at the focal length,
~10nm under the microparticle silica.

It can be seen, the diameter of the electric field profile in the x-direction is 106 nm and
close to 400 nm in the z-direction (see Figure 3-8) .while the shape of intensity profile
produced the diameter of intensity shape about 80 nm in the x-direction and about 300nm

in as shown in in the z-direction Figure 3-9.

3.4.4 The electric field of SU-8 (GLM2060) and micro-silica (SiO>)

The refractive index used in the simulations were n = 1.56 at 193 nm wavelength for the
SiO2 microsphere [24]. For the SU-8 (GM1060) substrate, we set the thickness to be 1
um and a complex refractive index of n= 1.8 + 0.006i at a wavelength of 193 nm [25]. In

the calculations, we used a 2 nm grid spacing in each direction. The boundary conditions
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were implemented by introducing a stretched coordinate perfect matching layer around
the structure. Calculations were terminated when the field decayed to 107 of its original
value. The aims of the simulations are to find the spatial shape of the intense field region,
to identify the location of the focal region along the beam propagation direction and to
investigate the lateral spot size. This information can then be used to predict the
temperature of the underlying SU-8 substrate and to compare the focal region with the

physical hole in the SU-8 substrate.

Figure 3-10 shows the shape of the electric field enhancements is elliptical, with an about
95 nm diameter in the x-direction and a 500 nm diameter in the z-direction at FWHM.

Most of the laser energy is absorbed inside the SU-8 substrate normally beneath the

particle.
10
B 8
6
=l
2
X (nm)
=500 =250 0 250 500
C
1000 -
500 4
]
/g 4
0 =1
e
N
-500 4
-10004
W oy =
E|

Figure 3-10 FDTD simulation of the Electric Field for 193 nm laser propagation through a silica
microsphere (Lum diameter in the focal region (A), cross-section of the peak electric field along the x-plane
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(B), cross-section of the peak electric field along the beam propagation direction in the z-plane (C) and 3D
surface plot of the electric field in the focal region under the microparticle silica (z=130nm) (D).

Figure 3-11 shows the distribution of the intensity, or |E[?,(the diameter of intensity profile
70 nm at FWHM) under a single microsphere in the presence of the SU-8 substrate. The
laser propagation direction is indicated by z-direction, and the electric field and Intensity
is calculated in both xz-plane. It can be seen that a very small area in the substrate
underneath the microsphere absorbed the laser energy. The profile of the intensity
approximates a Gaussian distribution; the electric field intensity is the highest in the focal
point (130nm) of microparticle (lens) inside the substrate. The intensity distribution (|E[?)
also changes at a later stage when SU-8 ablation starts, by the time of which the initial

setup for the simulation is violated
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Figure 3-11 FDTD simulation of the intensity for 193 nm laser propagation through a silica microsphere
(Lum diameter in the focal region (A), cross-section intensity of the peak intensity along the x-plane (B)
and in the z-plane (C) and 3D surface plot of the intensity in the focal region under the microparticle silica
(z=130nm) (D).
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3.4.5 The electric field of chitosan and micro-silica (SiO-)

The same parameters of simulation that done above were repeated only the substrate was
changed by using chitosan film with a complex refractive index of n= 1.7 + 0.0046i as a
substrate and the modelling results as shown below in

Figure 3-12 and 13. Electric field profile underneath the particle investigated (see

Figure 3-12) which signifies the electric filed diameter 102 nm in the x-direction and
about 600 nm in the z-direction at FWHM, while the intensity is represented in Figure
3-13 which shows the diameter of the intensity profile 76 nm at FWHM too.
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Figure 3-12 FDTD modelling of the laser propagation through a silica microsphere (1 um diameter). (A)
|E| distribution in xz-plane inside the microsphere and chitosan substrate, (B) and (C) are the beam profile
of absolute electric field in x and z-direction respectively. (D) 3D surface plot of the optical electric field
at the focal length under the microparticle silica (z=130 nm).
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Figure 3-13 FDTD simulation of the laser propagation through a silica microsphere (1 um diameter in the
focal region (A) Absolute intensity in xz-plane inside the microsphere and chitosan substrate, (B) and (C)
are the beam profile of absolute intensity in x and z-direction respectively. (D) 3D surface plot of the
optical intensity at the focal length, ~140 nm under the microparticle silica.

Table 3-3 FDTD results for both silica:SU-8 and silica:chitosan

Material System |Focal length Electric field Intensity Spot diameter at FWHM
(nm) [E|,V.m? |[E 2, W.m? | |E|profile, (nm)

Silica: Air 10 10.5 110 110

Silica:SU-8 130 7.5 55 91

Silica: Chitosan 140 8 60 102
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3.5 Methodology

3.5.1 SU-8 and silica particle film preparation

The substrate consisted of standard soda lime glass microscope slides were sonicated
using Deionized water, Acetone and Isopropanol for 10 min, respectively (UW ultra-
wave mode QS5, ultrasonic cleaner). The substrate was blown dry using nitrogen gas for
two minutes to remove residual solvent. After a short period the substrates were left to
cool back down to ambient temperature. SU-8-negative tone photo-epoxy (GM1060,
Gersteltec Sarl.) was spin coated (SUSS Micro Tec Lithography, GmbH, Type DELTA
10TT) at 5000 rpm for 30 seconds producing a 5 um thick film. The sample was left to
relax for 40 minutes before placing on a hot plate. SU8 substrates were heated in a two-
stage heating process, 65 °C for 5 min then 95 °C for 5 min and cured using a UV lamp,
emitting at a wavelength of 365 nm, Irradiance 10 mW.cm. Silica microparticles (Kisker
Biotech), 1.0 um diameter suspended in water were dropped on the SU8 surface substrate
fixed on the spin coater. The microparticle-substrate was exposed to a single pulse from
a Lambda Physik LPX 202 ArF excimer laser emitting at a wavelength A =193 nm. The
pulse width was measured as t = 11.5 ns (FWHM) at a charging voltage of 26 kV
(photodiode, Hamamatsu, S7911 measured with an oscilloscope, (Infinium, 500 MHz, 2
GB samples s™1). A mask projection optical technique consisting of a stainless-steel
projection mask, 2 mm diameter aperture was used to select a near-uniform laser fluence
on the sample. The laser beam was steered using dielectric mirrors, which were optimised
for reflection at 45°, see Figure 3-14). A plano-convex silica lens, focal length of 81.8
mm at 193 nm was used to image the projection mask aperture using a 1/10 magnification.
The laser energy was measured after the lens to account for optical losses along with the
beam delivery system. A variable angle dual plate beam attenuator (ML2110-Metrolux-
Germany) reduced the laser fluence to 45 mJ.cm™ measured with Joulemeter (Molectron).
The sample, (see Figure 3-15), was irradiated using a single laser pulse in the air with a
vacuum fume extractor in close proximity. A solving cleaning process was used to clean
the Soda lime glass. Using lonized water, Acetone and Isopropanol respectively, each of
them sonicating forl0 min using ultrasonic bath (UW ultra-wave mode QS5, ultrasonic
cleaner) to clean the substrates. The substrates were cleaned using lonized water to
eliminate the influence of the oxidation on the substrate surface. The substrate was then
dried by using nitrogen gas for two minutes to remove adsorbed solvent from the substrate

surface. SU-8-negative tone photo-epoxy (GM1060, Gersteltec Sarl.) was spin coated
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(SUSS Micro Tec Lithography, GmbH, Type DELTA 10TT) at 5000 rpm for 30 seconds
to produce 5 um film thickness, after cooling down the substrate. The sample was placed
on a hot plate (65 °C) for five minutes, the temperature was increased to 95 °C and the
sample was left for another five minutes. The coated substrate was then exposed to a UV
lamp of 365 nm, (10mW.cm™ intensity) to be cured. The sample was left at room
temperature for ten minutes and finally coated in silica microparticles, suspended in
ionized water (1.0 pm particle diameter, 2.0g.cm™ density, Kisker Biotech). The
microparticles of silica array were exposed to a single shot of a Lambda Physik LPX 202
ArF excimer laser. The excimer laser beam was focused into a smaller area (400 pm spot
diameter) by a fused silica plano-convex lens (focal length is 81.8 mm at 193 nm) and
normally irradiated the microparticle-substrate structure. The laser fluence was fixed at
45 mJ .cm. The sample was irradiated with a single pulse (t = 11.5 ns). During the laser
irradiation, the silica particles focussed the laser beam into SU-8 substrates and
hemispherical cavities were produced on the SU-8 substrate surface. After the laser
irradiation, the sample surface was by characterised by Scanning Electron Microscopy,
SEM (Zeiss EVO60 ) and Atomic Force Microscope AFM(Bruker edge).

Optical table

Figure 3-14. Schematic illustration of the 193 nm laser system and beam delivery
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Figure 3-15. Schematic of a silica particle 1um diameter in near contact with SU8 layer of thickness 5 um

3.5.2 Chitosan and silica particle film preparation

A soda-lime microscope slide (Thermo Scientific) was used to support a chitosan film.
The microscope slide was sonicated in deionized water, acetone and isopropanol for 10
minutes respectively using an ultrasound cleaner (UW ultra-wave QS5). The substrate
was blown dry with nitrogen gas for two minutes to remove residual solvent. Substrates
were left in the air to cool back down to ambient temperature. The Chitosan and its
solution used in these experiments were purchased from (Sigma-Aldrich, Chitosan-
448869, 0.1 M acetic acid). To achieve a 2% concentration, the chitosan solution was
prepared by dissolving 0.2 mg chitosan in 10 mL acetic acid. Chitosan film was spin-
coated (SUSS Micro Tec Lithography, DELTA 10TT) at a speed of 1000 rpm for 30
seconds which produced a film thickness of 2 um. A calibration curve can be found in
chapter 2 to identify the spin speed for samples having thicknesses in the range 300 nm
to 10 um. Before carrying out the laser ablation experiments, the samples were left to dry
for one day. The substrate was coated again by a silica microparticles suspended in
ionized water (1.0 um particle diameter, 2.0 g.cm™ density, Kisker Biotech). The micro-
particles of silica array was exposed to a single shot of the same laser parameters used
above with SU-8 sample (see the setup in Figure 3-14). The laser fluence was fixed at 45
mJ. cm too and a single pulse irradiated the sample. The silica particles focussed the
laser beam into the chitosan substrate during the laser irradiation. Hemispherical cavities
were shaped on the chitosan substrate surface. The irradiated sample was characterized
by AFM and SEM.
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3.6 . Results and discussion
3.6.1 Submicron hole dimple in SU8
Nano-holes fabrication starts with the convective assembly of 1 pm silica microspheres

coated SU-8 substrate (5 um thickness). A ns-laser pulse generated by ArF laser (A=193
nm, T =12 ns) is focused into 250 um -sized spot on the sample that moves on a nano

XYZ translation stage (Figure 3-14). The silica spheres work as micro-lenses for a single
laser pulse that generates an ordered array of well-defined holes into the SU-8 and
chitosan layers, respectively. Figure 3-16. (A) Shows scanning electron microscopy
(SEM) image of a microflowers of silica microspheres with 1 um diameter formed by
self-assembly method. The SEM image presented in Figure 3-16. (B) Shows a surfaced
SU-8 substrate after a single laser shot, at a laser pulse fluence of 45 mJ.cm™. The
focusing of the laser beam underneath the particles produced 150 nm diameter of holes
on the surface of the substrate. From the literature (Chapterl),it was noted that the
fabricated cavities become bigger as the laser fluence is increased. Therefore, a laser
fluence of 45 mJ.cm, above the ablation threshold of SU-8 ,40 mJ.cm™(chapter 2) at a
wavelength of 193 nm, was determined to be the optimum fluence for nanofabrication by
laser irradiation of 1 um particles of silica. Figure 3-16. B. shows rims and some
nanometer-sized particles at the edges of the holes. These are thought to be formed as a
result of redeposition of laser-ablated species. SEM image of the nano-holes structure
(150 nm diameter) fabricated underneath the microsphere of diameter (1.0 um) on the
SU-8 substrate.
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200 nm

200 nm

Figure 3-16. The SEM images of 1.0 um silica microspheres on a (5 um) SU-8 substrate before laser
irradiation. B is the SEM images of the nanohole structures (150 nm diameter) formed on SU-8 by single-
shot ArF (A=193 nm) laser radiation of the silica microspheres with a laser fluence of 45 mJ cm™2. laser
fluence underneath the microsphere of 1.045 J cm™.

Figure 3-17. A and B shows the SEM images of silica microparticles of 1.0 um diameter
and the sub-microholes produced on SU-8 substrate by focusing the laser beam

underneath the microparticles which are operated as a microlens.|It can be seen from

Figure 3-17.B, the spacing between nanoholes centres was close to the diameter of the
microspheres. These results indicate that further enhancement of intensity underneath the

particles produced nanostructures surface.
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Figure 3-17. A. Electron microscopy micrograph of the surface morphology of silica sphere arrays (1.0 um
diameter) prepared by spin coating on SU-8 substrate. B. The sub-microholes produced on the substrate by
focusing the laser beam underneath the microparticles which are operated as a microlens. The distance
between the holes around 1.0 pm.

AFM was used to characterize the surface morphology of the patterned SU-8 substrate

samples.

Figure 3-18 shows typical 3D AFM images of the surface topology after illumination of
the cavities formed on SU-8 substrates underneath the 1 um silica particles by a single

laser pulse of ArF laser.

Figure 3-18. A depicts the surface profile after laser irradiation and illustrates the spacing
between individual nanoholes is 0.9 um, corresponding to the microsphere diameter. The

nanoholes are slightly elongated along the laser scanning direction.

Figure 3-18. C shows the 2D line profile shows the diameter of this nanohole which is
approximately 150 nm at FWHM and the depth of the nanoholes measures approximately
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180 nm. The microspheres at the centre of the laser-material interaction zone were
removed during irradiation. Due to laser ablation and material removal and high value of
acceleration one may assume that the accelerating substrate provides the driving force for
ejection of the microsphere as discussed previously. The surface level underneath the
microspheres recedes, and a nanometre-sized hole is formed. An air gap forms between
the microsphere and the bottom of the nanohole being drilled into the substrate. The
diameter of this nanohole is approximately 150 nm at FWHM (experimentally), which
compares favourably with the estimation of a maximum diameter of 91 nm made in the
electric field intensity simulation by FDTD (LUMERICAL) in the first section of this
chapter. Beneath the microsphere the incident laser fluence is considerably higher at 1045
mJ.cm~2which is considerably higher than the laser ablation threshold of SU-8. After the
end of the laser pulse, 12 ns FWHM, the temperature of the dimple wall remains
momentarily higher than the boiling point (T=480 K) of SU-8 further contributing to mass
transport and growth of the dimple feature. Lower and (higher) laser incident laser fluence
could be used to realise more subtle and (deeper) surface relief features. In both
computational and experimental results, the FWHM of the nanojet (FDTD) nanodimple
(experimental) are smaller than the diffraction limit, thus allowing for the fabrication of

structures at the nano dimensions.
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Figure 3-18. A and B is the 3D AFM images of the nanostructures holes (150 nm diameter) formed on SU-
8 by single-shot ArF laser radiation of the silica microspheres with a laser fluence of 45 mJ cm2, C is the
2 D section profile for nancholes.
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3.6.2 Sub-micron hole - Dimple in chitosan

The same parameters of the optical system used above (silica and SU-8 substrate) have
been used again to fabricate the nanohole structure, but with a chitosan substrate. The
chitosan film (2 um thickness) was prepared and used as a substrate for this experiment.
Both SEM and AFM are used to characterise the morphology of the Chitosan
nanostructure. SEM image of a hexagonal array produced structures produced on chitosan
substrate by ArF laser irradiation at a laser fluence of 1045 mJ cm™2. Hole array with a
period of 1 pum in all directions. Figure 3-19. A shows SEM images of top view for a
chitosan template self-assembled from SiO. spheres with diameters of 1 um which
enhance the intensity underneath the particles by focusing the laser beam to fabricated
nanohole at 180 nm diameter. It is noted that in Figure 3-19. B the rims also appear at the
edge of the holes, but they are much pronounced compared to rims on SU-8 nanostructure
(see

Figure 3-17 and 18), this could be due to the negative thermal expansion coefficient of
chitosan. This can be explained by the fact that less ablation on SU-8 substrate and hence
less redeposition is occurring due to substrate properties. The coefficient of thermal
expansion is an important mechanical property for thin film materials. There are some
problems that arise from effect of the thermal expansion; for example, the mismatch of
thermal expansion between the thin films and the underlying substrate may lead to
residual stresses in the thin films. Instead, the thermal expansion effect can be exploited
to guide nanostructures. The substrate reaches its maximum acceleration value due to the
substrate thermal expansion during the irradiation of the short-pulsed laser until the peak
fluence of the beam is reached. The magnitude of substrate acceleration is proportional
to the level of fluence due to linearity assumption of thermoelastic effects and is inversely
proportional to the duration of the laser pulse squared. In addition, Material properties,
the thermal stability, the glass transition behavior and the mechanical properties above

glass transition should take into account to understand the behavior upon laser irradiation.
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Figure 3-19.A. SEM images of a hexagonal monolayer of silica spheres (1 um diameter) formed by the
self-assembling process, B SEM image of a hexagonal array produced structures produced on chitosan
substrate by ArF laser irradiation at a laser fluence of 1045 mJ cm2. Hole array with a period of 1 um in
all directions.

A different self-assembly structure of spherical microparticles formed on chitosan
substrate after coating is shown in Figure 3-20.A. The nanoholes array produced
underneath these self-assembly particles are a result of the focused laser beam to sub-
micro dimensions during irradiation (see Figure 3-20.B). The distance between the nano

holes is approximately the diameter of the silica particles.
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Figure 3-20. A is the SEM images of self-assembly micro-particles silica of 1.0 um diameter on a (2 um)
chitosan substrate before laser irradiation. B is the SEM of four nanoholes structure (180 nm diameters)
produced on chitosan by single-shot ArF laser radiation of the silica microspheres with a laser fluence of
1045 mJ cm™. A period between any two holes about 1.0 pm.

The morphologies and the depth of the nanohole on chitosan substrate were investigated
again by AFM as shown in Figure 3-21.A, the AFM image of the hole arrays in chitosan
film with a period of 1.0 um Figure 3-21. B shows the nanohole was found to have a
diameter of 180 nm at FWHM, this agrees with the SEM measurements. Figure 3-21.C

specifies the 2D profile of nanohole close to 300 nm depth.

Compared with results above, it can be seen the depth of nanohole an chitosan film is
deeper than the hole on SU-8 film. This is due to the Chitosan substrate having a higher
thermal conductivity, therefore, producing a larger nanohole for given laser power and
other system parameters [265]. Once within the material, absorption causes the light
intensity to decay with depth at a rate determined by absorption coefficient (o) of the
material. In general, it is a function of wavelength and temperature, but for constant

intensity, | decline exponentially with depth z according to the Beer-Lambert law
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Figure 3-21. A is the AFM images of the nanostructure’s holes (180 nm diameter) formed on chitosan by
single-shot ArF laser radiation of the silica microspheres with a laser fluence of 10 45 mJ cm™. B is the 2d
profile

Figure 3-22. A and B shows the intensity profiles that are investigated by LUMERICAL
(FDTD) and analytical (Richard-Wolf integrals) for both SU-8 and chitosan substrates.

These results are compared with the 2D profile of nanoholes that are fabricated on both
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substrates and measured by AFM. Table 3-4 shows the nanoholes diameter and depth for
both SU-8 and chitosan substrates demonstrates the nanoholes diameter at FWHM and

the depth, for both substrates.
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Figure 3-22 Analytical, numerical and experimental data of intensity profile underneath the silica micro
sphere through (A) SU-8 substrate and (B) chitosan substrate.
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Table 3-4 shows the nanoholes diameter and depth for both SU-8 and chitosan substrates

The diameter of nanohole at FWHM SU-8 substrate Chitosan substrate
Experimentally (nm). 150 180

Numerically (FDTD), (nm) 91 100

Theoretically (nm) 86 95

3.7 Conclusion

laser processing method have demonstrated to create small sub-wavelength, 150 nm, 180
nm at FWHM sized cavities in SU-8 and chitosan substrates respectively using an ArF
laser emitting at a wavelength of 193 nm and 1045 mJ.cm™ fluence . The spherical
microsphere acts as a small ball lens and tightly focuses laser radiation. Delivery of laser
energy takes place within 11.5 ns, and consequently, the microsphere is removed in a
single laser pulse due to a rapid change in temperature of the substrate and a concomitant
rapid acceleration of the supporting layer. Several mechanisms can contribute to the
ejection of a particle from a substrate. When the laser fluence beneath the microsphere is
sufficiently high, melting and boiling points may be exceeded, this may result in ablation
and evaporation of substrate species which in turn contribute to the transfer of momentum
to the microsphere. In addition, laser ablation and material removal and high value of
acceleration one may assume that the accelerating substrate provides the driving force for
the ejection of the microsphere. Using the refractive index of the microsphere at 193 nm
and field enhancement of S0=40 was estimated. Experimental data resulting in minimum
focal diameter for both SU-8 and chitosan are an in close agreement with computational
results FDTD simulations and theory calculations as shown in Table 3-4. Computational
results FE simulations produce an overestimated ablated zone radius compared to the
measurements made using an SEM (250 nm simulated instead of 150 nm experimental
for a laser fluence of 1045 mJ.cm) on SU-8 while (300 nm simulated instead of 180 nm
experimental for a laser fluence of 1045 mJ.cm™) on chitosan. As well the depth of
nanodimple on chitosan (~300 nm) deeper the dimple depth on SU-8 (~180 nm) due to

material properties.

In summary, laser processing of SU-8 and chitosan films using a PNJ emitting at a
wavelength of 193 nm to realise small sub-wavelength dimple shaped cavity. The dimple
measures 150 nm (SU-8) and 180 nm (chitosan) in size at the FWHM point. The SiO2
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microsphere acts as a small ball lens that tightly focuses laser radiation. As a consequence,
193 nm laser radiation locally heats substrate above its boiling point in the region beneath
the microsphere. FDTD simulations provide a useful information about PNJ’s spatial
extent and as such the simulations can be used to engineer the position and geometry of
a PNJ. We note that PNJs can be realised from other refracting elements that are not
necessarily spherical and work in this area is ongoing. Similarly, surface modification
need not be restricted to planar surfaces. Work is presently underway to couple laser
radiation into microspheres and nanospheres in contact with biological cells. Utilization
of subwavelength photonic PNJs may open up novel opportunities within the biomedical
field to controllably disrupt cell membranes for drug delivery and transfection studies.
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Chapter 4 CO; laser shaping of silica optical fibres

4.1 Introduction

Among the focusing head and laser source, fibre optics or reflective optics can be used to
deliver industrial laser beams [266]. The type of the laser and the power, which is
involved in different applications, are dependent on the delivery method, the delivery
method can be comprised of two methods of characterization of either laser system or the
application used [267]. In comparison with the free space, the use of fibre beam transport
has many advantages. The most important advantage that can be observed is the flexibility
in use of the laser at different places; however, the beam properties remain same [268].
Fibre optic laser cables are more reliable to deliver laser power having high beam quality
and more brightness. The loss is negligibly small when the light rays travel long distances
with no emission of light outside the cable [269]. It is important to choose the appropriate
type of fibre due to the output beam characteristics which can increase or decrease the
utility of optical fibre delivered beam for many applications [183]. However, there are
many advantages of single-mode optical fibre with respect to bandwidth and to transmit
to long distances, on the other hand, the design of multi-mode optical fibre is used for
short distance transmission. The multimode fibre cost more than single mode which is of
550m. There are many new opportunities for Micro/nanofibers (MNF) in vast region
ranging from nanophotonic, nonlinear optics to quantum optics, as it is very interesting
field for optical sensing using micro and nanometre scale. It brings better platform by
merging nanotechnology and fibre optics. Now a days, the demand of better Nano sensors

or microsensors is increasing from scientific research world [270].

The ability to structure surfaces on a submicron scale is becoming increasingly important
for a broad range of technical and biological applications [271]. The first reason is the
possibility the unique properties of nanostructures will result in novel applications and
devices. Another reason for the great popularity of this field is that phenomena occurring
on sub micro scale are of interest to physicists, chemists, biologists, electrical and
mechanical engineers, and computer scientists. An incentive in nanoscience is also to try
to understand behave of materials when sample sizes are close to atomic dimensions.

There is also the opportunity to use nanostructures for technology [272].

The size of the spot is limited by numerical aperture which sets the maximum achievable

spatial frequency (NA/A). The laser beam can be focused into a very small spot size,
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which can then be used effectively to fabricate the microstructures and functional
components with fine microstructure by micro-additive fabrication via laser heating [273].

Optical fibres (OF) are in general circular symmetric and come in a range of core
diameters. The ends of OF are cleaved flat to facilitate both launching light efficiently
into and out of the fibre. As the light exits the fibre the beam diverges. This beam
divergence is not desirable in most applications. A more desirable beam profile is one
that is either focussed or collimated. The use of micro-lenses is just one solution [155].
However, due to precise polishing requirements, fabrication of such micro-optic
components is technically challenging. Components also need proper housings to hold
both the fibre and micro-optic components. This would make the overall size of the device
at least one order of magnitude larger, compared to the diameter of the actual optical fibre.
An alternative approach is to fabricate microlens structures at the tip of an optical fibre,
thus not significantly increasing the total size of the device [173, 274].

Different lenses, for example, spherical (ball) and tapered fibre micro lenses can be
contrived as fibre micro components. These optical elements are valuable for controlling
the beam direction and focussed spot size. Lenses spliced to fibres reduce Fresnel
reflection coupling losses, they are robust, the splicing technique minimises potential
failure mechanisms and in many cases it is a cheaper form of fibre termination [182].
There are many applications where microlenses are adopted for low-and high-power
lasers [156]. As will be discussed the position of focussed 10.6 um radiation onto the
fibre and concomitant laser operating parameters effects fibre re-shaping. The fabrication
of aspheric shapes is achieved by the ability of laser micro-machining to modify the fibre
tip. Otherwise, this would be difficult to achieve small feature size because of the long
wavelength [23]. Better reproducibility is achieved by more consistent lens curvature in

CO: laser heating fabrication than the arc discharge technique.

This chapter first describes the principle operation of the carbon dioxide (CO>) laser. Then
discusses the interaction between silica optical fibres and electromagnetic radiation from
a COz laser. Moreover, the realisation of micro lensed optical fibres such as ball, tapered
optical fibre micolens fabricated using 10.6 um radiation are discussed. Finally, the
experimental results are presented as two sections, firstly characterisation of the surface
roughness of the reformed glass for a range of fibre rotation speeds, irradiation time and

irradiated power. Secondly the knife-edge technique was used to characterize the beam
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profile as light, at a wavelength of 632.8 nm, from a HeNe laser exits micro structured
optical fibres. Laser processed fibres were investigated optically using an Optical
Microscope (LEICA DMLM) and scanning electron microscope, SEM (Zeiss, EVOG60).
In this study, a laser micro-machining technique was chosen to modify the tips of OFs. A
CO2 laser was chosen as a heat source as the emission wavelength couples strongly with
the vibrational modes.

Fibres that are used for CO> glass reforming applications are generally made of glass
(fused silica), glass protected with a polymers jacket, or all polymer (plastic optical
fibres). Fused silica (fused quartz) is silica glass having amorphous (non-crystalline)
structure, and it is produced by fusing (melting) high purity silica sand. An advantage of
using fused silica optical fibres is that the optical transmission is higher than that in glass
optical fibres at ultra-violet wavelengths. It has been reported that CO> laser heating of
fibre tips results in more consistent lens curvature than the other techniques used in
microlens fabrication [185]. There has been lots of interest using a CO. laser for the
surface treatment of silica. The COz laser used in this work is a sealed unit and essentially
this type of laser can be used as a simple trouble-free turn-key laser source. CO. laser
relatively low cost, have a wide range of output powers, and silica glasses have a high

absorption coefficient ( ~5x10°m™) at CO- laser wavelength (10.6 pm) [275].

Some examples of applications of CO- laser processing are: laser polishing [89], [153],
[276], improving low loss fibre core with arbitrarily long lengths, to meltand recrystallize
the core of silicon OF, CO; laser is scanned along the fibre’s length. The process can
make single-crystal silicon cores over the length of the scanned region to precisely control
the temperature and the cooling, hence greatly decreasing the optical transmission losses
[277], thermal treatment of interfaces of fibre optics and as in this work, micro-structuring
glass materials [274]. Surface smoothing and polishing occurs by raising the glass

temperature to reduce its viscosity to controllably reflow the near-surface [5].

Fibres can be either pulled to neck-down the diameter and subsequently split the fibre
into two or be cleaved at a required position before melting the tip to form a lens. Using
this method, very sharp tips can be obtained, and they have been widely used as scanning
probes in the field of scanning near-field microscopy [167] and used as nano-pipettes in
cell biology [279] Silica (SiO>) is the main ingredient of most glasses and has a tetrahedral
structure. This consists of four oxygen (O) atoms surrounding the silicon (Si) atom at the

centre as shown in Figure 4-1.
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Figure 4-1. lllustration of Silicon Dioxide (SiO,) lattice structure

4.1.1 Operation of the carbon dioxide (CO>) lasers

The carbon dioxide laser is a molecular gas laser. It was invented by Indian born
American scientist Prof, Kumar Patel at Bell Labs (1964) [280]. It produces a beam of
electromagnetic Infra-red (IR) radiation which has a relatively long laser wavelength
(10.6 um). Carbon dioxide laser gas mixtures contain CO2, Nitrogen, and Helium. All
these gases are mixed to produce the gain medium which is created by transitions between
different vibrational energy levels in the carbon dioxide molecule. The nitrogen
molecules help to excite CO> to the upper laser level. Firstly, a high voltage direct current
is used to excite nitrogen molecules to the first vibrational energy state. This first energy
level of nitrogen has almost the same energy as the upper level of CO,. Secondly, transfer
of vibrational energy from N2 to CO- is achieved through collisions between the two
molecules. Carbon dioxide molecules are excited by vibrating nitrogen molecules to the
point where the gain medium becomes an effective optical amplifier [23, 281]. Helium
gas is added to the gas mixture to help CO2 molecules to relax and increase efficiency of
lasing. The output power increases by adding helium which help CO2 molecules to move
from the lower laser level to the ground state, thus maintaining the population inversion
needed for operation. Atoms of helium collide with molecules of CO; and vibrational
energy is transferred from CO2 molecules to the helium atoms. Consequently, higher laser

powers can be produced [281]. These processes are illustrated in the Figure 4-2 below.
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Figure 4-2. CO; laser energy level diagram [281].

Heating of silica glass by CO- laser radiation is used in various scientific and industrial
applications, for example, micromachining to produce lensed optical fibre, processing of
optical fibres, polishing of micro-optical components, production of free form optics, and
generation of holographic structures. All these applications take advantage of the high
power available for carbon dioxide laser and the high absorption coefficient of silica at
the corresponding laser wavelength [282]. Using CO; laser as a heat source for post-
processing of optical fibres are proven to be the most responsive heating source that offers
the flexibility and resolution needed for the fabrication of these optical components [186].
It is, therefore, possible to realise tapers and micro-ball lenses using CO> lasers easily

compared with electrical filaments, open flames and arc discharge [153].

4.1.2 Interaction between silica optical fibre and CO: laser
irradiation.

When a beam of Laser radiation incidence on silica fibre, following effects can be
observed: reflection, absorption, scattering and transmission [283]. The interaction
between laser radiation and materials in general, depends on parameters that are linked
with the laser source (wavelength and absorption coefficient)) and also on the materials
thermophysical properties [179]. Through laser interaction with solids, a variety of

physical processes occur such as sublimation, melting and vaporization [284]. Pure silica
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has a high-melting temperature (Tm ~1700 °C), The drawing temperature of conventional
silica glass is close to 2000 °C and it has a very high viscosity, and this property allows
the glass to be formed, cooled and annealed without crystallizing [285]. Since the
viscosity of fused silica cannot be significantly reduced by simply increasing the
temperature, this glass is very difficult to produce by conventional glass-melting
techniques. Through laser irradiation, and depending on the mentioned laser parameters,
the main physical mechanisms can be divided in two types, thermal and non-thermal
[286]. These physical processes are used to fabricate different optical lensed fibre as it
will be explained in the following sections. As the temperature of the fibre increases, the
glass materials begins to melt and application of opposing forces permits stretching of a
fibre, referred to as fibre pulling [287]. Heat affected area, and mechanical stresses are
very important for lensed fibre fabrication. So, it is required to understand the optical and
thermo-mechanical interactions of 10.6 um CO> radiation with fused silica [288]. The
high absorption coefficient of silica at this wavelength causes the temperature of the glass
surface to be increased above its vaporisation temperature and begins to evaporate. Heat
is conducted into the fibre bulk permitting fibre reconstruction. Conservation of energy
and momentum and the presence of coupling mechanisms are required for effective
energy transfer from laser radiation into a material [289]. Researchers have shown,
through theoretical analysis, that the amount of material removed during laser irradiation
can be controlled by using intense short laser pulses. This causes ablation of the surface
with minimal melting of the underlying material, preserving the fibre structure [23]. This

has been used to round fibre ends and to splice fibres together [185].

4.1.3 Absorption of 10.6 um radiation in silica

OFs are essentially optical waveguides shaped like long, thin, cylindrical rods. Light
propagating in free space behaves very differently to light propagating in optical fibres.
This is because the optical field is now confined within the fibre and guided in a manner
determined by the material or materials and the geometry of the fibre. There are also
restrictions on the frequencies (wavelengths) allowed to propagate within the fibre.
Common OFs are composed of many different types of materials; generally, glass
materials or polymeric materials. In general, an optically transparent material can

potentially be utilised as an optical fibre [290].
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The choice of material and geometry of the fibre depends very strongly on the optical
fibre application. These range from low-loss optical transmission for telecommunication
(1550 nm region), illumination or imaging purposes, laser beam delivery systems
amongst many other applications [287]. More specifically, active Erbium-doped fibres
are used to boost telecommunication signals at predetermined positions in systems that
cover large distances [261].

Plastic fibres are mainly used for lightning, light-decoration and short length systems and

devices. In more sophisticated applications, glass is the most common material. Silica-
based glasses have low transmission within in the short wavelength region of the spectrum
typically less than 200 nm by absorption of the electronic origin of intrinsic defects (see
Figure 4-3. A), above, typically 2 um, the absorption coefficient increases as shown in
Figure 4-3. B, increased absorption is primarily associated with complex phenomena such
as the generation of phonons. Within this range of the spectrum, the material can be
considered to be transparent. CO. lasers have peak emission wavelengths in the far IR
and are operated at a wavelength of 9.2 or 10.6 um. In silica glasses, strong absorption
peaks are observed between 8.5 — 13 um. The observed peaks are related to vibrational
modes within the material. The peaks are also due to additional vibrational modes of
impurities or dopants present within the fibre [262]. Figure 4-3. B, illustrates the
absorption spectra of silica, here it can be seen that there is strong optical absorption
between ~8-12 um. There is also a small peak close to the emission wavelength of the
CO: laser.
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Figure 4-3 A. Transmission of silica at wavelength range (190 nm -1000 nm). B. The absorption coefficient
of fused Silica at IR wavelengths [261].

Figure 4-4 (A) shows how the reflectivity as a function of angle of incidence for silica at
10.6pum wavelength. Figure 4-4 shows the transmittance spectrum through the silica as a
function of a wavelength. It can be seen the minimum values of reflectivity and

transmittance at incident angle 0° and wavelength 10.6 um respectively.
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Figure 4-4. A. Reflectivity R against light incident angle and B. Transmittance T against wavelength at
silica surface [291].

4.1.4 Multimode optical fibres

Within our society, optical fibres have become a major conduit for communication. Not
only are optical fibres used for telecommunications, but also more importantly as fibre
optic sensors, medical applications, and defense sector for vehicle navigation [292]. They
are also used in mechanical and chemical sensors for remote sensing applications[179,
270], as well as delivering high power laser beams for applications such as laser cutting.
Bio-medical optics is another emerging area where fibre optics plays a major role.
Following the process after years and assuming group works, Multi-Mode Fibre (MMF)

optic has a large diameter core that enables different optical modes to propagate [183].
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Along these lines, the number of light reflections is created as the light goes through the
core making capacity for more information to go through at a given time [270]. MMFs
have more advantages than SMFs in comparison. The larger core radii of MMFs make it
easy to deliver optical power in the fibre and to get the emitted or reflected light from
sample [293]. MMFs are chiefly utilized in short-range transmissions because of their
larger numerical aperture (NA) and core radius [271]. Transmission capacity single-mode
fibre (SMF) holds preferences and a larger range of distances, MMF effectively supports
most distances required for enterprise and systems of the data centre network, at an
expense essentially not exactly single-mode [273]. A rich and complex mix of spatial and
temporal nonlinear phenomena support by MMFs [294]. An advantage of a fibre having
a large core diameter, MMFs make it simpler to deliver optical radiation into the fibre
and to gather light emitted or reflected from an objective [293]. When the requirement
for each photon matters, the benefits of large core (greater than 200 microns) multimode
fibres are taking the top. As the name infers, multimode fibre is intended to convey
numerous beams of light or modes. There are two sorts of multimode strands: graded
index and step index [270]. In this chapter, large-core step-index MMFs have been chosen
for lensed fibre fabrication (Technology Enhanced Clad Silica (TECS) multimode fibres,
Thorlabs). The fibres of TECS multimode are perfect for applications, including
spectroscopy, ontogenetic, and therapeutic diagnostics [155]. The structure of the fibre is
commonly a pure silica core with a cladding of a thin hard polymer material and an outer

jacket. Table 4-1 below shows the important parameters of the OF that used in this work.

Table 4-1 Pure silica OF properties

Core Clad Coating | Refractive | Numerical | The glass Reflectance | Absorption
Diameter | Diameter | Diameter | index(n) aperture transition Coefficient
pm pm pm at 10.6 temperature cmt
pm

50 125 250 2.1248 0.22 1200°C 0.13428 2755.1

400 425 730 2.1248 0.39 1200°C 0.13428 2755.1

600 630 1040 2.1248 0.39 1200°C 0.13428 2755.1
1000 1035 1400 2.1248 0.39 1200°C 0.13428 2755.1
1500 1550 2000 2.1248 0.39 1200°C 0.13428 2755.1
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As the fibres have high core-to-clad proportion and the cladding remains same during
termination. The fibre coating does not have any optical properties that might affect the
light propagation within the fibre-optic cable [295] . During the installation process, this
coating is stripped away from the cladding to allow proper termination to an optical
transmission system. Fibre can be cut and connected in field conditions, also works
incredible for military purposes, mining and oilfield detecting application. For medical
field, the mechanical, optical and auxiliary properties of fibre are very helpful in the
applications of laser conveyance, endoscopic and biosensing systems [270].

For better coupling, high core —to — clad proportions are used. It increases the capability
of receiving higher energy density and decrease the losses due to bending or flexibility
conditions [296]. For medical purposes, the requirements are scope of geometries, clad-
core proportions and numeric aperture (NA) of step — index multimode fibre, these all
rely on the condition of using it as for Laser medical procedure, brightening or detecting.
The fibre core geometries range from 100 um to 1000 pum and clad — core proportions
can extend this range from 1.05 to 1.20. According to rule, the more the NA accessibility
the smaller the clad — core proportion will be. Similarly, the fibre cone is proportional to
NA. Smaller core and clad — core proportions bring less material cost and increasing
adaptable filaments [297].

4.2 Surface deformations induced by laser melting

From this study, micromaching fabrication technique can be developed. It is used for
production of micro lensed fibre with optimization. These micro lensed fibres have been
designed and been fabricated for optimal use. In general, micro lenses are fabricated by
irradiating the fibre down to a point and melting the end. The shape and size of the
resultant lenses are like ball, hemispherical and tapered fibre lenses. Following are the
basic steps in sequence of deformation using laser melting; first the material melts, the
molten layer of material is allowed to flow and for final step it again solidifies with
irradiation, which makes the deformation permanently. The deformation mechanism
depends upon the material composition as well as the fluency of absorption. It has been
observed that the silica fibre at surface temperature can bring melting at irradiance values
near to ablation threshold irradiance [298]. The corresponding irradiances are important
parameters unique to the material and are often referred to as the melting and boiling

irradiance thresholds [259]. Now, it is prudent to consider the situation in which the
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surface temperature of the material exceeds the melting temperature after being irradiated
with laser radiation [261]. In this case, it becomes important to analyse the temporal
evolution of depth of melting during laser irradiation.

4.2.1 Fabrication mechanism of microlensed fibre

The surface tension, y, is a valuable property of glass as it is an essential factor on the
working states of glass production and its uses. This surface tension is an acute factor for
glass manufacturing and formulating [299]. Surface tension is an essential parameter for
the controlled fabrication and tapering of micro-lensed fibres. The weight of an OF end
underneath the irradiated area are required to effectively control the inner structure can
be found, as the surface tension manages the level of microstructure breakdown or
development [300]. Moreover, the lens of convex and ball lens can be formed at the end
of an optical fibre by heating the fibre tip until the fibre reaches its softening point and
surface tension reshapes the fibre tip [301].

Surface tension can be legitimately estimated by utilizing optical fibre material with
radius, r. With keeping the balance between the downforce, Fw, hanging underneath a
heated volume of optical fibre with mass, m, fibre and the upward force from the surface
tension Fs (Figure 4-5). At the point when the downwards force is bigger than the
upwards force from the surface tension, the fibre will taper. Whereas, when the upwards
force is greater, the length of the fibre below the heated volume will restructure and a

semi-spherical volume will be produced.
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Figure 4-5. (A) An OF of length L and density p below the length of irradiated fibre Ly (close to to the
beam of CO; laser with diameter D), is liable to the force Fs up because of the surface tension, and the
force of F,, down because of the fibre weight underneath the irradiated area. (B) If Fs>> F,, the fibre will
rise a length L upwards after At seconds, fabricating a sphere bulb as the heated fibre moves towards a
shape that limits the surface tension (C) If F, >F;the fibre will taper, increasing the length by L after t
seconds.

When the two forces are in the equilibrium, the following expression can be inferred

[302], for the surface tension (y):

y=9 (4.1)
wr
fo =2y (4.2)
f,=xr’plg (4.3)

Figure 4-6 below, shows the analytical results by using Equations (4.1), (4.2) and (4.3).
These calculations shows the fabrication mechanism of ball end fibre (at Fu<Fs) or
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tapered fibre(at Fw>Fs) depends on the values of downward force (Fw) ,upward force (Fs)
which is constant (62.5 uN) and the effect of adding weight (6 g) that is fixed to the end
of OF below the irradiated site. As a result of using 6 mg weight minimized the waist of
OF (taper length) from 20 mm to 1.5 mm.
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Figure 4-6. Microlensed fibre mechanism to fabricate both micro ball end and tapered OF.

To soften the material, the fibre end is heated, in general, it will become spherical because
of surface tension forces [271, 285]. The spherical lens operating single fibre is the
simplest one. By feeding the stripped fibre into a heat zone which is irradiated by high
power CO:> laser, the end of silica fibre melts and forms a ball shape due to heat source
from laser beam and surface tension forces. A schematic of the experimental set-up is

shown in Figure 4-7.
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Figure 4-7 Spherical lense prepared with single fibre by pulling fibre to heat zone with constant revolution
and pre-set speed. The encouraging length is determined to focus on the desired size of the ball lens. The
size of the ball can be measure during the process increasingly, and the power of the laser in the ongoing
capacity of the size of the ball.

Pushed-trapper construction is an example of a process for tapered -end fiber microlens.
Whereas, for the endcaps in the fibre laser system, the up-tapered lens is frequently
required. Figure 4-8 demonstrates the general process of fabricating such fibre lenses. As
shown in Figure 4-7, the change in temperature when heated irradiated area of OF using
a CO2 laser depends strongly on the optical absorption coefficient and the incident laser
power. Therefore, the ideal configuration, which is the best location of the CO; laser beam
is shown as in Figure 4-8. It can be founded that irradiating silica at low power and
irradiating silica fibre at acute angles can be used to polish silica surfaces. Therefore, the

machining process must be carefully optimized to minimize roughness.
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Figure 4-8 A schematic of the tapered fibre techniques, illustration of taper lens processing with both of
transition fibre and lens-fibre till breaking fibre , then tapered fibre continue rotating about 20 sec to reduce

surface roughness of lens.

4.2.2 Calculating the CO> laser beam spot size.

The Gaussian beam output of a laser is frequently characterised using the well-known

ABCD matrix technique [303]. The output beam waist at the focal length is expressed by:
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1/2
n | A%+ a?B?

Dy = || = | ———— (4.4)
n, ) AD-BC

Where, n1 and n; are the refractive indices of the OF core and air, respectively. The terms
A to D are the elements of the ray matrix, derived from the input and output planes
obtained from.

1 0
A B 1 L 1 L
=M;M My, My, = “1, My = n-n ni M,= f (4.5)
C D 0 1 — 0 1
nR n,

L. is the length of the microlens fibre, R is the radius of curvature of the lens, L¢ is the

focal location relative to distance between the surface of the lens and the final beam waist.

The matrix should satisfy: AC —a?BD =0 in which & = A/(nzw;). Where, 1 is the

wavelength, and wo is a beam waist of the end face of the OF referred to as the core

diameter. The beam radius at point z is given by,

o (2)=ay {1+ [(Z - L )ﬂ/(ima)gl)}z}m (4.6)

Equations 4.4 to 4.6 are used later when discussing the mechanism of fibre re-shaping.

4.2.3 CO: laser polishing of microlensed optical fibre end surface

In micro lensed optical fibres, to fabricate transmission loss, the required condition is to
identify the mechanism of all losses which helps to avoid in composition of given glass
[153]. The light propagation in material begins at its surface and the transmittance T is
the factor responsible for the entrance of light, it is related to surface reflectance R
represented as T = 1- R, where R is the reflectivity derived from refractive index of

material, angle of incidence and surrounding media [289].

The scattering mechanism is mainly due to forward scattering (Mie scattering), this
mechanism is appear because of material inhomogeneities at longer wavelengths [276].
For low scatter loss in these components, laser melting treatment (polishing) is introduced

to reduce the roughness of surface to 10nm without changing the initial surface shape
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(laser - machined shape) significantly [298]. Also, better polishing of core/cladding
regions can decrease the overall losses by decreasing the end surface scattering losses.

The surface roughness of a lens strongly influences its properties and functions, such as;
optical properties of the OF. Surface roughness reduction is important when it comes to
coupling and propagation of electromagnetic radiation in optical fibres and optical
components [284]. OFs are passive waveguides that may require additional active and
passive devices [304]. Integrating these devices may introduce additional optical losses
at the adjoining interfaces. For example, if coupling lenses and collimators are introduced
in the optical fibre system. Interfaces may become damaged especially if the power
delivered down the fibre is high. Surface smoothing is often required to reduce losses,
which can be achieved through various techniques [156]. The most promising technique
to resolve these issues is to integrate components by permanently splicing them in fibre
system. Hence polishing surfaces at the input or distal end of the fibre serves to reduce

optical transmission losses.

Therefore, in industrial manufacturing polishing techniques are widely used to reduce the
roughness of surfaces [305]. This can be accomplished by various heat sources, such as:
heating the ends of the fibres to be joined with a flame torch, by a spark discharge,
filament heater, or a CO> laser. Heating elements can introduce contaminants into the
melted fibre end face, thus lowering the damage threshold. Spark discharge can lead to
arcing onto the fibre connector and can present an electrical hazard therefore, laser
heating is the preferred method of melting the fibre end face [306, 307]. CO: lasers at
10.6 um are an excellent choice for fused silica fibre. CO. laser polishing promises a non-
contact approach with fast preparation times and high quality surface finishes for silica
glass fibres [308].

Nowadays, CO> lasers have been widely used for micro-patterning of various materials
[89] and micro-lens formation inside transparent materials . The polishing process with
laser radiation can significantly reduce the surface roughness from not polished glass
material. Although mechanical polishing can decrease the roughness of the end faces of
optical fibres, CO, laser-assisted polishing can reduce the roughness of the OFs
significantly, and the technique is simpler compared to traditional mechanical polishing
[309]. A decrease in the roughness from 2.5 um average to less than one hundred
nanometres was achieved. The microstructure of the surfaces has been measured using
White Light Interferometry (WLI).
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4.3 Calculation of silica fibre melt temperature

Splicing and shaping of OFs via lasers has several significant advantages over other
electric heating methods which include nichrome wire resistance heating and electric arc
heating. The output power of the laser beam can be more easily controlled, and it can be
directed accurately to the butted fibre ends by using laser optics [156]. The main
advantage is that heating through absorption is characteristically different compared to
other electrical surface-heating methods. Due to absorption, the heating process can be
directed to exactly the places that are decisive for the process. Directed heating not only
improves the quality of available OF components, but allows unique fabrication of fibre
shapes and designs [310] . The feasibility of using a CO laser to make micro-spherical
ball lenses on the end of the fibres was also investigated. Inclusion of micro-lenses present
significant promise in the drive to create fibres for high-efficiency coupling and
transmission of light [149].

Microspheres integrated into optical fibre devices have been at the forefront of research
over the last two decades. Microspheres created on top of OFs were explored for the
possibility of exciting whispering gallery modes. They opened new paths in different
fields of research. In addition, such kind of structures can also be produced for
interferometric cavities [311].In this study, heat conduction within optical fibres during

CO:2 laser splicing is calculated .

Radio frequency excited CO> laser beams have a Gaussian irradiance distribution when
operating on the TEMOO fundamental mode. Within the study, various operational
parameters were varied to determine the optimal conditions for the fabrication of spliced
fibres. The examined parameters include beam fluence, duty cycle, the standoff height of
the fibres, translational speed of the piezo stage, and finally the assist gas pressure. This
investigation will allow for the optimisation of the parameters [153]. In the following text,
the temperature as a function of time and position is obtained from first principles. It is
then applied in the specific case of absorption of a Gaussian beam by thermally optical
fibre.

The surface temperature of a heated OF can be found theoretically by considering the heat
generated by a CO- laser fluence incident on the OF by utilising the heat equation. The

heat losses through conduction, convection, and radiation as a function of time and axial
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position are also considered like this giving a more realistic model. The heat equation
utilised within the study is given by the equation below [160].

SRR .
ox* kot Kd (47)

Where H is the conductance of the material surface. The terms within this equation are
detailed in Table 4-2.

T(xt) Xp —vt'—X—J (4.8)

= e
7d*Cp(kt)” ( 4kt
Where P is the quantity of heat liberated by the instantaneous point source, and

_4H

V=—-
Cpd

(4.9)

The analytical solution for temperature is derived as a function of time, position, and
beam radius, all equations parameters are reported in Table 4-2. Figure 4-9 shows the
temperature (T) calculated as a function of the ratio of the distance from junction point to
fibre diameter (w/d). It can be seen the gradient of temperature is very sharp at a small
value of w. At a distance equal to the fibre diameter (w = d) is estimated to be 82% of
that at w = 0. The minimum required laser power P, against fibre diameter is calculated
by using Equation 4.10 [312]. As shown in Figure 4-10 the minimum required power is

proportional to the fibre diameter.

Tm

(1-R)

P, = zd¥? (KH )"’ (4.10)
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Table 4-2 Values of optical and physical parameters

Term Value Units

A 10.6 pm

C 7.7x10° JkgtK?

H 418.68 W.m?2 K1

K 0.015 dimensionless
K 1.1-14 W mtK?

N 2.0-2.2 dimensionless,
W 100 um

Tair 293 K

Tm 1800-2000 K

P 2.2x10° kg m3

R 0.15 dimensionless

4.4  Methodology

Experiments to re-shape SiO. OF fibres were carried out using a CO. laser
(OEM10ix(PP), Rofin, maximum average output power 115W, wavelength 10.6 um, the
maximum pulse repetition rate of 130 kHz at duty cycle 60% and the pulse width range
of the CO> laser beam 2-400 ps beam diameter 8.0 mm + 0.2 mm at laser output optic
(aperture). The laser assembly consists of a laser tube, integrated RF power supply,
oscilloscope (Keysight, DS) X2002A,70 MHz), and TTL controller unit (Rs422) to drive
the laser. The laser output passes through the manual attenuator (C-MA, ULO Optics), it
uses for two purposes firstly, it allows the user to externally control the transmitted power
of CO- laser beams, secondly for stopping unwanted back-reflections from reaching the
laser. The operation principle is founded on the ‘Brewster angle’. It provides much

adjustable control of the transmitted beam from 6% to 100 %.

The CO> laser beam was focused using a zinc selenide lens (clear aperture: 10 mm, and
a focal length of 1200 mm). The laser was water-cooled although at the low powers used
the chiller unit was not put under much load. Silica multi-mode optical fibre was selected
with samples having core/clad diameters of 50um/125 pm, 400um/425um,
600um/630pum, 1000 um/1035 pm, and 1500pum/1550pum. The core and cladding
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refractive indexes were 1.46 and 1.40 respectively at 436 nm wavelength. The attenuation
ranged from 12 dB/km to 18 dB/km at 808 nm (Thorlabs). The optical fibres were
supported using a collet chuck and rotated using a Nema hollow shaft stepper motor (rated
current: 0.67 Amps having a holding torque of 0.08 N.m. The motor spindle and hence
fibres were oriented in the vertical position. Motion control x-y-z-stages (Aerotech,
ANT130-v) having a resolution of 1 nm in the X, y, and z directions (see Figure 4-111. A).
The rotation speed of the motor was controlled by Arduino software (see appendix), and
the code was written and uploaded to the board (ARDUINO UNO REV3, A000066].
Figure 4-11. B shows the schematic diagram of the setup that used to fabricate lensed
fibre on the tip of an OF using a pulsed CO> laser. The optical fibre is suspended vertically
and laser radiation is focussed onto the fibre in a horizontal orientation. The relative
position and movement between the fibre and laser focus control the shape of the lens.
The optical fibre is controlled by computer-controlled motion control stages. This permits

precise positioning of the fibre with respect to the laser beam.

A CO; laser-assisted reshaping technique was used to fabricate micro-lensed fibres of
various shapes, as mentioned earlier. Spherical, tapered, and cone-shaped fibre tips were
included by varying the laser energy, core diameter, irradiation time and motor rotation
speed. The shape profile of the fabricated lens must be controlled accurately. With the
laser micromachining method, the shape of the fabricated lens is determined by the
command sequence controlling the movement of the fibre through the beam once the
beam parameters (pulse length, power, and period) are fixed. By simply changing this
sequence of commands, lenses of different profiles can be formed. The applicability and
flexibility of this unique micro-lens manufacturing procedure are expected to be enhanced

by this feature.
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Figure 4-11. Experimental setup used to fabricate micro-lens end fibre (A) and schematic diagram of the
setup which used to fabricate the spherical/ hyperbolic shape microlens on the tip of an optical fibre using
a pulsed CO; laser (B).

All the lensed fibres were investigated by using the microscope (LEICA DMLM). The
knife-edge technique was used to characterise the beam profile in the focal region of the
microlensed fibre fabricated. While looking at the transmitted light on a screen, a knife-
edge is mounted on the xyz-nano stage (Aerotech, ANT130-v) and moved across the
beam. A helium-neon laser (632.8 nm wavelength) was used for testing the lensed OF.
This technique can provide very high spatial resolution, depending on the physical limits
of the aperture and the accuracy of the translation stage. It is therefore well suited for
measurement of focused spots fibre-optic outputs. From simple geometric optics, if the
knife-edge is before the focus, the shadow on the screen will be on the opposite side and
will move in the opposite direction of the knife-edge. Similarly, the shadow on the screen
will be on the same side and will move in the same direction as the knife-edge if the knife-
edge is behind the focus. The transmitted beam will tend to blink on and off, with no
discernible shadow motion (dependent, of course, on the waist radius and translation

resolution) at the focus.
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4.5 Results and discussion

4.5.1 Calibration of parameters

To convert the plane surface of the flat face OF to a spherical shape, a CO- laser beam of
average power 5 W was focused on the end of the horizontally positioned silica MMF.
Due to the exposure of the laser beam for approximately 10 mins, the end face of the
optical fibre was melted and consequently reshaped to the spherical shape (micro-lensed
fibre), the optical microscope image of which is depicted as shown in figures below. The
calibration and optimization were done for different parameters (irradiation time,
irradiation fluence, rotation speed, and irradiated distance from the end of fibre). If the
laser beam diameter doesn’t cover all OF the diameters, it will be difficult to fabricate the
spherical shape, therefore all samples that are fabricated placed out the off-focal region
of the optical system lens (focal length (100 mm) + 10 mm). Figure 4-12. (A) Optical
microscope image OF end (1500 um core diameter) which placed in the focal length
(f=100 mm) of ZnSe lens) then irradiated by CO2 laser (irradiated power 5 W, irradiation
time 10 sec and fibre rotating speed=20 rpm).

A

500 pm

Figure 4-12. (A) Optical microscope image OF end (1500 um core diameter) which placed in the focal
length (f=100 mm) of ZnSe lens) then irradiated by CO; laser (irradiated power 5 W, irradiation time 10
sec and fibre rotating speed=20 rpm). (B) optical microscope image of the same OF was placed out of the
focus, f £ 10mm and irradiated by CO, laser with the same parameters.

Figure 4-12. B shows the optical microscope image of 1500 um core diameter of silica
OF when it was placed in the lens focal length £10mm (out of focus) because the laser
beam diameter out of focus has diverged and it was covered most of the irradiated area
of OF therefore the shape is spherical compared with the fabricated OF that was placed

in the focus point of the lens (see Figure 4-12 A).
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Surface roughness measurements of optical fibres are necessary after laser processing in
order to gauge surface quality. The lensed fibre end-face roughness after laser melting or
cutting has a significant influence on the transmission quality of light signals. If the fibre
end-face roughness is small, the efficiency of fibre optic coupling is higher. Therefore,
measuring a surface profile and surface roughness of a lensed fibre end-face is an
important issue. The roughness (Ra) was measured by WLI for all samples as shown in
Figure 4-13.A, B, C, and D, all calibration is done for silica optical fibre with a core
diameter of 400 um as shown below. It can be seen that the minimum roughness is
produced at a laser intensity of 32 MW.m, as shown in Figure 4-13. A. At this intensity,
the roughness was proportional to the rotation speed of OF especially if the speed is more
or less than 20 rpm (see Figure 4-13. B). Furthermore, Figure 4-13. C shows that the Ra
decreased sharply when the irradiation time increased from 3 min to 5 min then Ra
decreased gradually until 10 min which produced to the minimum roughness (~10 nm).
After 10 min, Ra increased significantly with increasing the irradiation time. Finally, the
diameter of the micro-ball lens at 32 MW.m-2 is increased with increasing the distance
of irradiation from the fibre edge until 1.5 mm away from the edge (see Figure 4-13. D).
The surface quality of the lens was found to have a surface roughness of <A/10. Accurate
characterisation of nanoscale surface roughness is important in many applications, and
several techniques exist for this purpose. One of these techniques is polishing by CO>
laser at low power because, without thermal treatment, the different stresses in the glass

can lead to optical distortions.

Using laser radiation for polishing, a thin surface layer of the silica OF is heated up just
less than evaporation temperature due to the interaction of silica material and laser
radiation. It is expected that temperature is the essential determining factor for the hole
smoothing process. Viscosity, stock removal, and material tensions are influenced by this
value. With increasing temperature, the reduced viscosity in the surface layer leads to the
reduction of the roughness due to thesurface tension. Hence, a
contactless polishing method can be realized nearly without any loss of material or need

of a polishing agent.
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Figure 4-13 Measurements: (A) Surface Roughness vs incident laser intensity when irradiation time 10
min and the fibre rotation speed is 20 rpm (B) Roughness vs rotation speed of optical fibre when the
incident laser intensity 32 MW.m2 and irradiation time 10 min, (C) Roughness vs irradiation time when
the incident laser intensity 32 MW.m and the fibre rotation speed is 20 rpm. (D) Roughness vs the
irradiation distance when the incident laser intensity 32 MW.m2, irradiation time 10 min and the fibre
rotation speed is 20 rpm.

An experimental setup is shown inFigure 4-11 was used to fabricate microsphere lenses
when the average laser power is set to 5 W, the intensity was around 32 MW.m2, the fibre
is mounted vertically on the 3D translation stage, and rotated by hollow shaft motor at
different rotation speed 10-50 rpm, after removing the coating layer at the end of the silica
MMEF. Silica strongly absorbs the emitted light at 10.6 um, causing the fibre to soften at
approximately 1800 K, forming a sphere due to surface tension which was discussed
previously. The high viscosity of Silica result in spherical structures with low
eccentricities of 1% or less, and low intrinsic roughness (root mean squared roughness of
the order of 10 nm) results from the high viscosity of Silica. Figures below show the
microscope image of silica microspheres fabricated in this manner. It can be seen that

various micro-lensed optical fibre samples were placed on the stage of an optical
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microscope to examine the structure of the fibre tips. The end shapes of OF depended on
fibre rotation speed, the time of irradiation and the laser power (see the calibration

measurement in Figure 4-13).

The mechanism of the end shape fabrication of lensed fibre due to irradiation heat reaches
the thin-layered OF cladding immediately, the cladding melts and breaks when the laser
beam is incident on the OF surface. Then, the heat passes to the thick-layered OF core,
and the core melts gradually and finally forms different end shapes due to surface tension,
irradiation time, laser power, and rotation speed. When the rotation speed is fixed between
10 to 20 rpm and the time of irradiation 10 mins, the more symmetric lens could be
fabricated. All experiments performed within £ 10 mm away from the focal length of
ZnSi lens that used to focus the beam of CO; laser to cover 400 um core diameter of OF
by a laser beam. The knife-edge technique is a beam profiling method that allows for
quick, inexpensive, and accurate determination of beam parameters. The HeNe laser
beam is focused on a lensed fibre and in the focal point (not correspond with the focal
point in the case geometrical optic) the beam waist is located. In this technique, a knife-
edge moves perpendicular to the direction of propagation of the laser beam, and the total
transmitted power is measured as a function of the knife-edge position. The shift of blade
in the x-axis from the position where it fully blocks the laser beam to the position where
the beam is not blocked and therefore it fully incidents on the photodiode. The obtained
transversal profile of the laser beam should be similar to the curve shown in the figures

below.

4.5.2 Fabrication of microlens optical fibre using a pulsed CO: laser.

By using the setup shown in Figure 4-11, a significant role in OF end shape is played by
the parameters mentioned above. Through the laser irradiating (5 W) process, rotation
speed (20 rpm), 8 min irradiation time, and the irradiated area are 0.5 mm from the end

face of OF, micro end lens was fabricated as shown in

Figure 4-14. A. It can be seen the shape of microlens at is not ball lens, but half ball lens.
When the rotation speed is fixed at 20 rpm, time of irradiation 8 min and laser power
changed to 5.5W, the absorption energy is enough to melt OF and form spherical end
shape (Figure 4-14. B), then the irradiated area is increased to 1 mm from the end and

irradiation time increased to be 10 min, consequently the OF end shape is close to a ball
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lens as shown in Figure 4-14. C. Finally, only the irradiated area increased to 1.25 mm;
the shape of the end lens is close to ellipse (see Figure 4-14. D).

In conclusion, if there is sufficient heating, the bubble expands at a faster rate, as the glass
wall becomes thinner. The expansion of the bubble then suddenly stops due to the rate of
heat losses at the bubble surface exceeding the heating rate from the laser. The resulting
bubble (see Figure 4-14. A) an irradiated area and incident power are not enough to make

a more symmetrical bubble; the heating of the bubble is stopped before it rapidly expands.

Figure 4-14 Optical microscope images of a micro-sphere lenses on the end face of silica fibre (400 um
core diameter) at different parameters fibre rotation speed (S), incident laser power (P), irradiation time (T)
and irradiated area from the OF end (L) : (A) S= 10 rpm, P=5 W, T=8 min and L= 0.5 mm, (B) S= 20
rpm. P=5.5W, T=8 min. (C) S= 20 rpm, P=5.5W T= 10 min and L=1mm. D) 20 rpm, P=5.5W, T=10
min and L= 1.25 mm.
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During this process, the sphere is filling with air which is carefully monitored and the
laser is manually controlled so that the expansion does not accelerate. Polishing of the
fibre tip-sample (Figure 4-14.C) several times using a CO> laser beam with low laser
power (1-2 W at a rotation speed of 50 rpm), the roughness was reduced from around 100
nm before polishing to about 15 nm after polishing the microfiber lens (see Figure 4-14.
A and B), the roughness was measured by WLI and its lower than roughness in the sample
above (Figure 4-14.C) due to polishing mechanism by CO:> laser at low power. Finally,
the knife-edge method was used to characterise the intensity profile of HeNe laser (A
632.8 nm) in the focal region of the lensed fibre which focused the HeNe laser beam as
shown in Figure 4-15.C. the spot diameter at FWHM close to 160 pum.

When the CO: laser is used again to polish the sample (Figure 4-14. D) at low laser power
(2 W) and fibre rotation speed (20 rpm) the shape of the lensed fibre is spherical/parabolic
as shown in Figure 4-16.A. Its roughness reduced to 10% of the roughness before the
polishing. Figure 4-16. B shows the SEM image of the spherical/parabolic lens. The beam
profile of intensity behind this microlens was investigated by the Knife-edge method and
produced a spot diameter of 110 um at FWHM (see Figure 4-16. C), this microlens
produced a lower spot diameter than the ball microlens (see Figure 4-15). The spherical-
shaped microlenses have a stronger optical intensity and a larger elliptical field than the

ball microlenses.
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Figure 4-15 (A) Optical microscope image of micro-ball lensed fibre (400um core diameter) after polishing
the sample shown in

Figure 4-14.D by using CO; laser beam with low laser energy (1W) and fibre rotation speed of 20 rpm).

(B) SEM image of the lens end face. (C). Normalised intensity profile of HeNe laser (A=632.8 nm) in the
focal region of the micro- ball lens, spot diameter at FWHM is 160 pum.
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Figure 4-16. (A). Optical microscope image of the fabricated spherical-shaped microlenses lens on 400 um
core diameter of the fibre by CO, laser (Laser power 5.5 W, spinning fibre at 20 rpm and irradiation time
is 10 min). (B) SEM image of the lens end face.(B) Normalised intensity profile of HeNe laser (A=632.8
nm) in the focal region of the spherical-shaped microlenses, spot diameter is 110 um at FWHM.
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Figure 4-17.A. shows the optical microscope image of the spherical/parabolic lens on
1000 um core diameter of the silica fibre. Figure 4-17. B SEM image of the lens end face
the micro parabolic lens, incident laser power of 6.5 W, spinning fibre at 20 rpm and
irradiation time is 10 min was used. Figure 4-17. C. presents the normalised intensity
profile in the focal region of the spherical-shaped microlenses by knife-edge technique to
focus HeNe laser, this lens produced a spot diameter in the focal region of about 150 um
at FWHM.

Figure 4-18, shows optical microscope image (A) and SEM image (B) of the micro
hyperbolic lens that is fabricated on the end of silica OF (1000 um core diameter) that
uses an increased power of 7 W, all the other parameters were fixed the same as the
sample in Figure 4-17 above. The spot size of intensity profile after this microlens was
measured by knife-edge method and the proceed spot size of the beam was around 110
um which is less than the sample above (Figure 4-17) because the latter has a higher

spherical radius of the lens.
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Figure 4-17. Optical microscope images of the spherical/parabolic lens on 1000 pm core diameter of the
silica fibre. Laser power 6 W, spinning fibre at 20 rpm and irradiation time is 10 min. B. Normalised
intensity profile of HeNe laser (A=632.8 nm) in the focal region of the hyperbolic-shaped micro-lenses, spot
diameter is 150 pm at FWHM.
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Figure 4-18.A. Optical microscope image of the fabricated spherical lens on 1000um core diameter of the
silica fibre which irradiated by CO; laser (incident laser power 7 W, spinning fibre at 20 rpm and irradiation
time is 10 min.), B. Normalised intensity profile of HeNe laser (A=632.8 nm) in the focal region of the
spherical/hyperbolic -shaped microlenses, spot diameter is 110 um at FWHM.

Figure 4-19. A shows optical microscope images of the spherical/parabolic —shaped lens
on 1500 um core diameter of the silica fibre was fabricated at incident CO> laser power 8
W, spinning fibre at 20 rpm and irradiation time of 15 min. while Figure 4-19.B. presents
a normalised intensity profile of HeNe laser in the focal region of the spherical//parabolic
parabolic-shaped microlenses that were investigated by the knife-edge method, spot size

was found to have a diameter of 220 um at FWHM.
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Figure 4-19. A. Optical microscope images of the parabolic lens on 1500um core diameter of the silica
fibre. Laser power 8 W, spinning fibre at 20 rpm and irradiation time is 15 min. B. Normalised intensity
profile of HeNe laser (A=632.8 nm) in the focal region of the parabolic-shaped micro-lenses, spot diameter
is 220 pum at FWHM.

Results above from Figure 4-14 to Figure 4-19 show a comparison of the typical structure
of a micromachined lens in the end of OF at different parameters. The technique for
achieving a given desired end face radius is quite different from one to another due to the
core diameter of OF and the setup parameter. The result, after this process is finished, is
a fibre with parabolic-shaped microlenses and ball-end microlenses due to fibre diameter.
As the tip is melted, surface tension causes the melted portion to become rounded with
the diameter of the rounded tip determined by the heat distribution and by the amount of
material raised above the glass melting temperature. Variations in heating and weight of
the load on the fibre end can cause wide variations in the end face radius of the microlens
formed since the amount of material melted is determined by the tapering angle as well

as the heat distribution. The fibre tip is not chemically etched in the laser micromachining
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technique. The end of the fibre is stripped and then inserted into the precision glass ferrule.
The fibre is spun within the ferrule, and the shaping is achieved by directing the spinning
fibre to pass through the laser beam. The fibre absorbed sufficient heat with the pulse
lengths used to smooth the cut region as it is being cut. This smoothing action forms the
tapered fibre. Thus cutting away excess material and formation of the microlens occurs
in a single multistep pass through the beam. Tapered fibre fabrication using direct CO>

laser irradiation.

4.5.3 Fabrication of tapered optical fibre using a pulsed CO>

Schematic diagram of the fabrication of tapered OF using a pulsed CO: laser (see Figure
4-20). During the splicing process, fibre is heated up to its melting point, whereas the
temperature of the fibre reaches its softening point in the tapering process. Irradiation
heating with a CO> laser can allow the minimum taper diameter to be completely
controlled via the optical intensity incident on the fibre, the rotation and nano precision
movement that is available in CO; laser system, made flat face fibres to be tapered fibres

and also capable of shaping fibres in the range between 4 um — 10 pum.

Optical table

Figure 4-20. Schematic diagram of the fabrication of tapered optical fibre using a pulsed CO. laser.

The silica MMF (400 pum core diameter) which placed in focal length of a ZnSe lens used
to focus the CO- laser beam on the end of the fibre. Tapering of 400 pm fibre to 5 um is
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shown in Figure 4-21. The fibre absorbed light resulting in temperature rise and under the
influence of the weight, the glass softens and gradually turns into a tapered fibre. When
the waist diameter of the tapered fibre reaches around 5 pum the OF is no longer being
heated. Microscope images of the final taper produced can be seen in Figure 4-21. A
where the irradiation time taken for the tapering process to reach equilibrium varied from
50 sec for CO; laser powers fixed at 5.5 W and weight 10 g, to less than 10 sec for those
fabricated at 6.5 W and the weight is 10 g (see Figure 4-21. B), due to significantly higher
viscosity, surface tension and the incident power that is fixed on the optical fibre. In
addition the length of tapered fibre (~ 3.5mm) in (A) is much longer than the tapered fibre
in (B), the fabricated taper had an aspect ratio of 1:1000 (A) and 1:40 (B ) while the taper
diameter of ~5 pm in both A and B. So an aspect ratio of the taper is the most important
issue to be addressed for apertured near-field scanning optical microscopy. The beam spot
size of HeNe laser in the focal region of the tapered fibre (see Figure 4-21. C), was
investigated by the knife-edge method and it focussedthe laser beam to be 5+1 pum at
FWHM. Figure 4-22. A and B show microscope images of tapered silica fibre (125 um
core diameter) irradiated with a fixed CO- laser spot diameter of 180 um, incident laser
power 5 W and irradiation time 4 sec, fibre spinning 20 rpm and the weight is 10 g taper
diameter 4 um at (A) 50x and at (B) 100 X, an aspect ratio of tapered fibre of 1:20,. Figure
4-22.C presents the normalised intensity profile of a HeNe laser in the focal region of the
tapered fibre by using knife edge method, and the spot diameter is approximately 4.5 £1
pm at FWHM. The fibre taper region is smooth and x — y diameters of the tapered fibre
are equal as shown in figures below. Thanks to the rotation control (Arduino software )
and nano-precision movement (nanostage) that is available in CO2 laser system, this
system able to taper fibres also capable of shaping tapered fibres in the range between

4pum - 10 pm.
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Figure 4-21. Microscope image of tapered fibres irradiated with a fixed CO- laser spot diameter of 180 pm
for increasing the laser power. (A) 400 um fibre core diameter was irradiated with 5.5 W for 10 sec before
reaching equilibrium and the weight was 10 g, an aspect ratio of 1:1000. (B) SEM image of 400 um fibre
core diameter was irradiated with 6.5 W for 5 sec and the weight is 10 g, aspect ratio of 1:40. (C).
Normalised intensity profile of HeNe (A=632.8 nm) laser in the focal region of the hyperbolic-shaped
microlenses, spot diameter is 5 +1 um at FWHM.
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Figure 4-22. Microscope images of tapered fibres (125 um core diameter) irradiated with a fixed CO laser
spot diameter of 180 pm, incident laser power 5 W and irradiation time 10 sec, fibre spinning 20 rpm and
the weight is 10 g taper diameter 4 um, an aspect ratio of tapered fibre of 1:20 (A) at 50x and (B) at 500,
(C) Normalised intensity profile of HeNe laser (A= 632.8 nm) in the focal region of the tapered fibre, spot
diameter is 4+1 pm at FWHM.
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Figure 4-23.A. Shows microscope image of tapered fibres (600 um core diameter)
irradiated with a fixed CO- laser power at 6 W and irradiation time 10 sec, fibre spinning
20 rpm and weight of 20 g, the diameter of tapered fibre is approximately 5um at (A) 50x
and at (B) 100 x, and an aspect ratio of the tapered fibre of 1:40. (C) shows the normalised
intensity profile of HeNe laser in the focal region of the tapered fibre which focuses the
laser beam to be around 5 pm at FWHM.

Microscope images of the final tapered fibre (1500 pm core diameter) can be seen in
Figure 4-24, where the time taken for the tapering process to reach equilibrium varied
from a few milliseconds for CO: laser powers greater than 7 watts, to 10 times for those
fabricated at around 5.5 watts, due to higher incident power. Moreover, the length of taper
(400 pm length) at high incident power, 7.5 watts (Figure 4-24. B) is shorter than the
taper (850 um length) at low incident laser power, 5.5 watts (Figure 4-24. A). While the
taper diameter in both cases is equal to 10 um. Moreover, an aspect ratio of tapered fibre
0f1:85 and 1:40 for (A) and (B) respectively.

The HeNe laser beam was focused behind the tapered fibre lens (Figure 4-24. B) in the
focal region by knife-edge method and it produced approximately 9+1 pm spot size
diameter at FWHM ( see Figure 4-24. C) From the tapered fibre results, the taper diameter
for different core diameters of OF (125, 400, 600 and 1500 um) are limited between 4
pum for the 125 pm core diameter OF and 10 um for the 1500 pum core diameter OF, The
tapered fibre was investigated by the knife-edge method and produced a spot size of HeNe
laser beam (A=63..8 nm) in the focal region of these microlenses of approximately from

4.5 umto 9 pum.
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Figure 4-23 microscope image of tapered fibres (600 um core diameter) irradiated with a fixed CO; laser
power 6 W and irradiation time 10 sec, fibre spinning 20 rpm and the weight is 10 g, the diameter of tapered
fibreis 5 pum. (C) Normalised intensity profile of HeNe laser(A=632.8 nm) in the focal region of the tapered
fibre, spot diameter is 5+1 pm at FWHM.
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Figure 4-24 Microscope images of optical fibres (1500 pm core diameter) was irradiated with a fixed CO,
laser spot diameter 180 um and the OF rotated at 20 rpm, for increasing laser power going from A to B, (A)
Was irradiated with 5.5 W for 100 sec before reaching equilibrium and (B) at 7.5 W for 10 sec. Taper
diameter 10 um for both cases. C) Normalised intensity profile of HeNe laser (A=632.8 nm) in the focal
region of the tapered fibre (B), spot diameter is 9+1 pm at FWHM.
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A typical fibre tip structure using the micromachine method, the fibre tip was produced
by firstly removing the fibre (400 um core diameter) jacket. The fibre was on the nano
stage in the focal length of the lens of the CO- laser system (see Figure 4-20). The weight
which connects to the end face of OF is 20 g and the incident laser power fixed at 5.5 W,
the fibre was spinning at 20 rpm. The Tapered fibre shape was produced first then the
incident laser power was reduced gradually to 2 W to reduce the surface roughness, the
fibre spinning speed was kept constant at 20 rpm. After 8 sec, the tapered hyperbolic fibre
microlens was fabricated at 10 pum radius of curvature (see Figure 4-25. A). Again, the
knife-edge method was used to characterize this microlens fibre and by focusing HeNe
laser the spot diameter of the laser beam behind the microlens lens (in focal region)

approximately 5 £1 um as shown in Figure 4-25. B.

Finally, an optical fibre, (600 um core diameter) was irradiated by CO- laser at 7 W, 10
sec time of irradiation, and weight is 20g, thus fabricate the best exicon fibre with low
radius curvature as shown in Figure 4-26. A. Then the He Ne laser beam was shined into
this fibre and the knife-edge setup was used to characterise the spot of the laser beam in
focal region of the optical fibre tip (see Figure 4-26. B). It can be seen the spot size
diameter of this lens 51 um at FWHM.
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Figure 4-25. (A). Microscope image of tapered fibres (400 um core diameter) irradiated with a fixed CO-
laser power 5 W and irradiation time 8 sec, fibre spinning 20 rpm and the weight is 20 g, the diameter of
tapered fibre is 10 um. (B) Normalised intensity profile of HeNe laser (A=632.8 nm) in the focal region of
the tapered fibre, spot diameter is 5+1 um at FWHM.
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Figure 4-26. (A) SEM image of tapered fibres (600 um core diameter) irradiated with fixed CO- laser power,

7 W and irradiation time 10 sec, fibre spinning 20 rpm and the weight is 20 g. (B) Normalised intensity
profile of HeNe laser (A=632.8 nm) in the focal region of the tapered fibre, spot diameter is about 5 +1 um

pm at FWHM
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4.6 Conclusion

In summary, the fabrication and characterization of lensed fibres and properties of the
output beam have been discussed in detail. Various kinds of micro-lensed fibre tips have
been realised including, hemispherical, hyperbolic, taper shapes using a radio frequency
excited CO. laser. Their ability to focus light from a Helium Neon laser has been
characterized using a knife-edge method. The lensed optical fibres have demonstrated the
ability to tightly focus light. The use of micro lensed OF plays a vital role in the new class
of microendoscopes based on individual MMFs which have been recently identified as
reliable optical elements for both light delivery and detection in imaging applications. A
hemispherical and hyperbolic shaped microlens was fabricated on the end of different
core diameters of silica optical fibres that were heated with a CO. laser. The image
analysis indicated that: (i) the amount of incident laser power, (ii) fibre rotation
speed, (iii)irradiation time and (iv) OF diameter influence the OF end shape significantly.
Excessive heat would most probably create a ball lens and increase the project area of the
OF end, but the lens axis might shift from the OF axis, which will affect the optical
properties. Insufficient heat could form a polynomial of the OF end and increase the
project area slightly. Meanwhile the rotation speed also influences the end shapes, the
faster the rotation speed, the larger the end area, and the ball lens is inclined to obtain. As
a result, the minimum spot size of the laser beam was investigated behind the microlenses
by the knife-edge method. A hyperbolic lens produced smaller spot diameter compared
with the hemispherical lens. Hyperbolic shaped microlenses are preferred over
hemispherical shaped ones for the purpose of increasing the coupling efficiency due to
phase matching between the Gaussian type laser source and the fibre mode. In addition
to the wave front matching between the propagating laser beam and the fibre mode, the
spot-size matching of the Gaussian field distribution is a major reason for improving the
coupling efficiency of the hyperbolic-shaped microlenses. These microlenses have a
stronger optical intensity and a larger extent of an elliptical field compared to the

hemispherical end microlenses.

A simple technique for tapering MMOF using active pressurization and direct CO> laser
irradiation was developed and tested, fabricating different tapers of MMOF at various
core diameters. Throughout this work, different tapered fibres were fabricated. These
tapers had minimum waist diameters down to 4 um and maximum taper length of ~ 3.5

mm using silica multi-mode fibre. Using the knife-edge technique produced spot
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diameters of HeNe laser beam in focal region of lensed fibre are close to 5 +1 pm at
FWHM.

Fibre lensing technology is reviewed in different areas including theory, application,
fabrication, and production equipment. Using a CO- laser as a fibre processing platform
has resulted in many new products being successfully developed, with many still under
development. Lensed fibres offer many advantages and cost savings compared to discrete
lenses: (i) Lensed fibres are easier to align as no longer need to align a discrete lens into
an OF; (ii) The back reflection is reduced for Lensed fibres as they do not have polished
angled facets which is typically required at the end of an OF; (iii) lensed fibres have a
single anti-reflective coated surface, compared to OFs with discrete lenses which have
three anti-reflective coated surfaces; (iv) Lensed fibres have a small insertion loss and

return loss penalty as they can be passively aligned.
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Chapter 5 Conclusions

The choice of material is guided by its properties and the feasibility of using
nanolithography to fabricate substrates of silica microparticles. The first experiment was
to determine the spectral properties of the PC, PMMA, SU-8 and chitosan through
absorption and transmission spectra. The optical spectrum determines the light-matter
interaction and is used to find out exactly how far the wavelength infiltrates a material
before the light is absorbed. The glass transition temperature of the polymer is an
important factor in determining the laser ablation rate. High glass transition temperature
makes it a good material candidate for optical waveguides.

Laser ablation employs a pulsed laser of ArF (193 nm wavelength) to remove materials
from a substrate over a fluence range from 10 mJecm™2 to 1000 mJcm 2. Ablation
thresholds measurements for PC, PMMA, SU-8 and chitosan are 25, 110, 40 and 95
mJ.cm2respectively, The photoresist SU-8 and chitosan were chosen as both materials
are biocompatible and have a high glass transition temperature as well as other properties
that were mentioned previously. Both SU-8 and chitosan materials were found to have
much higher absorption coefficients (asus =4.2x10°m™2and  achiwen=3.3%x105m™)
compared with PC and PMMA (arc =1%10°m™? and apuma=2%10°m™) at 193 nm

wavelength.

Experimental and computational results were obtained for an irradiated laser microsphere
supported on biocompatible SU-8 photoresist and chitosan. A single pulse from an ArF
excimer laser (4 = 193 nm) was used to modify the underlying substrate, producing a
single concave dimple. Atomic force microscopy and scanning electron microscope
measurements were used to quantify the shape and size of the laser-inscribed dimple. The
dimple had a diameter of 140 + 10 nm FWHM and a depth of 190 + 10nm on SU-8, and
180 + 10 nm FWHM and a depth of 280 + 10nm on chitosan. Both samples were irradiated
at the same laser fluence (45 mJ.cm) before a microlens (silica particles) and at a fluence
of 1045 mJcm underneath the microlens. The difference in depth and width of the
dimples in the two substrates are due to the optical properties of the substrate materials.
Finite-difference time-domain (FDTD) simulations were carried outo simulate. of the
propagation of 193 nm laser radiation a 1 um diameter silica sphere which is coated on
both SU-8 and chitosan substrates. From the results of the simulations, we deduced that

the peak intensity along the z-direction is located at a position 130 + 10 nm away from
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the underside of the microsphere. The experimentally measured cross-sectional data has
an FWHM diameter larger than both simulated and calculated results. This is believed to
be caused by the absorption of 193 nm radiation causing the SU-8/chitosan layer to
undergo a relatively high temperature rise. Finite Element Method (FEM) simulations
were carried out to calculate the laser- induced temperature rise of both the SU-8 and
chitosan layers beneath the microsphere. Both conduction and convection at the surface
were used in the simulation, and radiation losses were assumed to be negligible. Although
the incident laser fluence was relatively low (45 mJcm?), the peak laser fluence was
increased due to the focusing effect and a concomitant and significant temperature rise
resulted. The temperature calculations correspond to absorbed laser fluences of 1045
mJ.cm at 193 nm. Temporal and spatial temperature calculations of SU-8 numerically
and analytically are 775 and 780 K, respectively, which are higher than the boiling point
of SU-8 (480K).

The temporal and spatial temperature calculations of chitosan numerically and
analytically are 460K and 462 K, respectively; these temperatures are less than the
thermal degradation point of chitosan (490K). Due to the higher fluence, the temperature
rise is higher than the glass transition of chitosan. Using an average fluence enhancement

factor of SO, the absorbed laser fluence was calculated as 30, which was an average

The last part of this thesis presents the use of a CO:laser (10.6 pum wavelength) for
producing microlenses at the end of silica optical fibre (Chapter 4). Silica optical fibre is
irradiated by a focused CO; laser beam and heated to the softening point (1800 K) of the
silica material. Surface tension and the parameters of the fabrication system shaped the
melted material into a spherical microlens or tapered fibre that remained joined to the
optical fibre. Different core diameters (125, 400, 600, 1000 and 1500 pum) of multimode
fibres were used for this fabrication. The roughness of the microlens was reduced to less
than 20 £1 nm by polishing the surface with a CO> laser at low power (1 W). The
minimum diameter at which the tapered fibre was fabricated was 5 + 1 um. The best ball
microlenses were fabricated at the end of 400 um core diameter due to the fibre diameter
being close to the irradiated laser beam diameter, while the hyperbolic lens was fabricated
at the end of a larger fibre core diameter of 600, 1000 and 1500 um. Finally, the knife-
edge technique and He-Ne laser beam (632.8 nm wavelength) were coupled into a fibre
to investigate the properties of the microlenses which produced a minimum spot size 5
+1 um at FWHM in the focal region of the tapered fibre and axicon lenses of 125, 400

and 600 pum core diameter of the fibre.
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In conclusion, Tight focussing using microspheres and lensed optical fibres could be
integrated on lab-on-chip platforms for applications such as optical trapping and cell

membrane modifications.
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Chapter 6 Future work

Currently and in future, the application of micro and nanojets in medicine requires the
development of nanobubbles for drug delivery. Materials of nanoscale size exhibit
properties that macroscopic materials often do not have. Nanobubbles offer a promising
strategy for non-invasive drug delivery. Nanobubbles can be used for pretreatment of the
cell for optoporation, which is a technique that perforates the cell membrane, generating
a nanobubble in the liquid around micro/nanoparticles after irradiation by a laser. The
micro and nanoparticles in the liquid absorb the optical energy from the laser, heating the
surrounding liquid, which, in turn, induces vapour bubbles around the particles. However,
the incident optical fluence must exceed a specific threshold for the nanobubbles to form.
Controlling the bubble generation is important, and laser radiation through microlenses
provides suitable and efficient control of their growth. This technique could benefit drug
delivery into cancer cells, allowing the effectiveness of the treatment to be improved.

Assembling and binding microlenses on an optical fibre probe can create parallel photonic
nano jet arrays. These can be used to trap and detect nanoparticles and subwavelength
cells with high-throughput, high selectivity and single-nanoparticle resolution.
Waveguides of submicron dimensions that operate at visible wavelengths can be
employed as integrated waveguides in photonic biosensors. However, these waveguides
are often not compact and cost-effective. Therefore, devices which are cheap to produce
are of interest. Vertically stacked taper with a larger input area could meet this need.
Microlens optical fibres fabricated with a tapered hyperbolic end can be used for efficient
coupling between a laser diode and optical fibre. Future research will also focus on

empowering tapered-structured optical fibres as a tool for tailored light-delivery.
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Appendix : Arduino software codes for controling fibre rotating
speed.

#include <AFMotor.h>

AF_Stepper motor1(200, 1);

int PIN = 14;

int exposures=18; // This is the number of AREA TO IRRADIATE

int npulses=20; // This is the NUMBER OF PULSES FOR EACH AREA
int rotation=200*(360/exposures); // 18 exposures per sample means 20 degrees rotation

void setup() {
pinMode(PIN, OUTPUT); /I sets the digital pin 13 as output

motorl.setSpeed(50); // 20 rpm
motorl.release();

Serial.begin(9600);
delay(100);

Serial.printin("INIZIO™);
for (int n=1;n<=exposures;n++){
Burst(npulses);

/I ReadSynch; // Read Trigger

motorl.step(rotation, BACKWARD, MICROSTEP);
delay(550);

}
Serial.printin("END OF THE PROCESS");

}
void loop() {}//KEEP LOOP EMPTY!//}
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void Burst(int npulses)
{
for (int i=1;i<=npulses;i++) {
digitalWrite(PIN, 0);//Write O part of the burst

delay(1000);

digitalWrite(PIN, 1);//Write 1 part of the burst
delay(1000);

digitalWrite(PIN, 0);//Write O part of the burst
delay(1000);
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