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ABSTRACT

Optical forces offer a powerful tool for migmlating single cells noninvasively.
Integration of optical functions within microfluidic devices provides a new freedom for
manipulating and studying biological samplesha&micro scale. In the pursuit to realise
such microfluidic devices with integet optical components, Ultrafast Laser
Inscription (ULI) fabrication technology shows great potential. The uniqueness and
versatility of the technique in rapid prototyping of 3D complex microfluidic and optical
elements as well as the ability to performeostep integration of these elements
provides exciting opportunities in fabricating novel devices for biophotonics
applications. The work described in this thesis details the development of three
dimensional optofluidic devices that can be used for bigghes applications, in

particular for performing cell manipulation and particle separation.

Firstly, the potential of optical forces to manipulate cells and particles in ULI
microfluidic channels is investigated. The ability to controllably displace gesti
within a ULI microchannel using a waveguide positioned orthogonal to it is explored in
detail. We then prototype a more complex 3D device with multiple functionalities in
which a 3D optofluidic device containing a complex microchannel network and
wavegguides was used for further investigations into optical manipulation and particle
separation. The microfluidic channel network and the waveguides within the device
possess the capability to manipulate the injected sample fluid through hydrodynamic
focusingand optically manipulate the individual particles, respectively. This geometry
provided a more efficient way of investigating optical manipulation within the device.
Finally, work towards developing a fully optimised 3D cell separator device is
presentedinitial functional validation was performed by investigating the capability of
the device to route particles through different outlet channels using optical forces. A
proof of concept study demonstrates the potential of the device to use for cell saparati
based on the size of the cells. It was shown that both passive and active cell separation

is possible using this device.
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Chapter 1
| hroducti onani(pputlidepatlo hM und

Devi ces

1.1 Introduction

Cells are the fundamental unit of all living organisms, capable of proliferating,
differentiating and interacting with their micro environment or with other cells. Being
the building tocks of life, the study of different structures and functions of cells is
considered to be one of the most important areas of biological research. Cell based
studies provide deep biological insight into understanding complex systems including
tissues, orgns and even complete organisms that are composed of cells. For a long
time, it was assumed that no variability exists between individual cells of a particular
type and was considered to be O6identical
biologicalexamination is performed on group of cells and the analysis is made taking an
averaged response from the whole group of cell. However, evidences from the studies
on behaviour of single cells, it has become clear that this assumption is incorrect and
variallity exists between individual cells of even same kind. Thus population based
biological analysis could lead to misleading information as a consequence of the cell to
cell variation[1]. This has pugreat attentioron the studyof individual cellsthat offers

to overcome the fundamental limitations inherent in measurement of bulk cell
population.An accurate and #epth understanding of the cellular behaviour at single
cell level provides scientific basis for cell biology, drug development and disease

diagnostics.

Single cell based studies are of great importance in both eukaryotic and prokaryotic
cellular researchgpecially in cancer research, stem cell biology, marine microbiology
and microbial biotechnology. Furthermore, single cell analysis is crucial for uncovering
the biotechnological applications of marine microorganismarine microorganism
exists in huge mabers and presents an almost untapsdurce for biotechnological
application. However scientific knowledge on marine microbial diversity is limited

because vast majority of these microorganisms are unidentified and are considered as

1



0 un c ul [2luOneadd theendain reasons for the low rate of identification is the lack
of efficient isolation techniques for isolag microorganisms. Conventional tools and
methods for direct isolation of single cells are, on the whole, laibtemsive, time
consuming and puts high demand on skills of the operator. Today, one of the main
challenges faced by microbiologist is to deyektrategies to isolate and cultivate the
uncultured majority of microorganisms. There is thus a great demand for technologies
that offers high througput, enhance the speed, and accuracy of cell isolation. The
greater demand for new and efficient ismatcan only be expected to be met by tools
that work at the same scale as cells, i.e. by using micromanipulation technologies.
Single cell studies remains as a O006hot
given for developing robust and high thropat technigues allowing single cell based

studies.

1.2 Micro manipulation of cellsin optofluidic devices

Manipulation of biological particles in small volumes of the order of micro and
nanolitre has paramount importance in cell biology to better understgnidiing
systems. One of the main challenges in celHbkged biological studies is to move,
separate or perform the analysis on single cells without losing the viability and
biological functionality of cellsTo address these challengmsd to have a detiled
understanding of cell biologgeveral miop-scale manipulation techniquéms been

developed3].

The understanding of cellular structure and the path to observe smaller worlds was
made possibléy the invation of microscope. Iwas Robert Hookea Fhysicist and
microscopist firsicoined the term cell® 1665 for describing the units in plants tissue

as it appearedinder themicroscope. The initial finding by Robert Hooke was then
followed by other obserations that provided more clear definitignthat cell is the
structural and functional unit of lifaVith improved microscopic techniques by early
19006s, scientists were able to Atxheract
earlier stage Itraviolet microscopes and phase contrast microscopes aexeoped

and used foobserving transparent biological particeslthese microscopeserelater

commercialised The advanced microscopic techniquesnd improved staining

t



techniquesthen offered more detailed analysis of cellular and intercellufaocesses

and componentsat real time[4]. An examplefor this isfluorescence microscophat

has been widelysed in the field of biologyor studying the dynamic cellular events
[5]. Sophisticated methods are still being developedhe field of microscopy for
subcellular and cellular level studied.ight possess a passivele in these imaging
techniquesprovidinginvaluable information about the cellular processes at nuops

scale Light has not only influenceiiinaging technigas, but alsas usedto manipulate
objects at submicron scale by exerting controllable force on the objexrtpeculations
about the concept of light exertingpaessurewas madeby the famous astronomer
Johannes Kepler, in T7century[6]. He observed that the tail af cometis pushed
away from sunat all the time and he attributed thiepulsionto some sort of @ar
pressure Scientific developments over several yedfsen proved that transfer of
momentum from light to matteresults in physical motion, giving theoretical
confirmation toK e p | ebsedvationson radiation pressureThese key observations
opened p new possibilities for development optical manipulation technology based

on the concept that force exerted by light on particle can be used to manipulate the
particle. The invention of lasers by the mid of*26entury stimulated the research in the
field of optical manipulation technology allowing the riomasive manipulation of
microscopic particles. The pioneering work in the field of laser based optical
manipulation was by Arthur Ashkin who demonstrated that a weakly focused laser
beam is sufficiento move particle along the beam axis, and through the beam centre
[7]. Later on, in 1987 Ashkin and his-emrkers, demonstrated a single beam gradient
force optical trap al(03)¢8 andemploged this id a widei c a |
range of expementsincluding manipilation of cold atomsyiruses and bacteridhese
fundamental studiegesulted in a rapid and consistent growth in the field of optical
manipulationwith a great impact iphysics chemistry andiology with its greatest use

in biophysics.

In recent yearsefforts have been focused on performing biological experiments with
very small volume of sampled the order of microlitersfor acheving high sensitiny,
resolutionand a better understanding of cellular proces§ke emergete of a new
field, Microfluidicsin 1 9 8 Offered the potentiaio deal withmicroliter volumesof
samples The need for new instrumentation for performing analyte analysis at micron

scal e l evel attracted bi ol o-pased teseérch. at t e
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Microfluidic systems possess several advantages such as low sample volume usage
(reducing the consumption empl@, short processing time, low cost and flexibility in
design. In addition, several microfluidic systems can be processed in pasliking

in high throughput and allows implementation of several functions on the same
platform. The early stage applications of microfluidic systems weremwiecular
analysis, biodefengemolecular biology and microelectronif8]. With the advance in
fabrication technology, it became possible to fabricate microfluidic prototype devices
capable of testing new ideas in shomeiscales and offered possibilities for the study

of chemical, biological and physical cellular and molecular process. Various cell
manipulation techniques can now be incorporated within microfluidic systems which
has gained significant attention ¢ell biology studies, clinical research and biomedical
engineering.The cell manipulation techniques that have been developed are based on
applying forces to particles or cells in the microfluidic channels. These forces include
optical, magnetic, electric and ofenical forces, possess the ability to precisely control
and manipulate cells and analyse the information at single cell[#vel

Among the different manipulation techniques, optitated methods enable precise
control and manipulation of particles noninvasively without causing any contamination
and thus they find wide use in manipulating biologicaécsps. Because of these
advantages there is an increasing interest in applying optical forces for
micromanipulation of small particles and cells in microfluidic devices. OT serves as a
delicate optical tool for manipulating biological particles. Being awegréul
micromanipulation tool, OT have been used for handling objects in microfluidic
systemsWith a great impact in biotechnological reseatbis has paved a way ftine
realisation ofmicrofluidic cell sorterd10] and flow cytometerg11]. In spite of the
advantages of OT, however, the use of OT with microfluidic systems presents some
criticalities because of the bulk optical setup and complicated optical alignments. In
addition to this, it requires labour intensive and time consuming guoedo localise
individual cells. An immediate solution for overcoming these limitations is to combine
the optical and microfluidic circuits with a fully integrated approach to develop
optofluidic systems. 600pt of | siseddy syrer@etia e f e
integration of optical and fluidic components into a single substrate. The term
00Optofluidicsd was introduced in 2004, t

supported by the U.S Department of Defefid. Since then, optofluidics has emerged
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as a rapidly growing field of research. A good understanding of fluid behaviour at the
micron scale level and the compatibilitywsing fluids with optical devices has enabled
the r e s e a rta dererat® snew optofluidic devices that offers high efficiency,
accuracy and improved sensitivity in measureme@igtofluidics has evolved
substantially in last few years with growing int&trén inter disciplinary research and
application of photonic devices to the life sciengEs 13]. With an increasing interest

in single cell studies, piofluidics offers a unique platform for rapid, high thrbpgt,
noncontact single cell analysis undercantrolled cellular microenvironmenihe
integration capability of optofluidic devices allows thealisation of compact
multifunctional optofluidic systems as illustrated in figurel.1
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Figure 1.1 Optofluidic techniques for singleell analysis. a) Single

cell manipulation, treatment and detection performed in different

devices b) Microfluidic platforms integrate the single cell treatment

or detection scheme aft single cell manipulationc) Microfluidic

platforms capable of systematically performing single cell

manipulation, treatment, and detectidiaken from14].
The figure 1la representdhree different optofluidicsystem for performing cell
treatment, manipulation and detection. The figure 1.1b represents an integrated system
capable ofperforming multiple functions such as manipulation and treatment or
manipulation and detection in single system. Finally the éguarlc illustrates
optofluidic platform with all the functionalities integrated in to ifThe ability to

precisely controand manipulateells in conjunction with optical manipulation allows
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performing cellular assays at single cell level. Thus optafisiderves as a powerful

tool for optical manipulation of biological particles.
1.3 Microfabrication of optofluidic devices

Optofluidic devices are commonly fabricated using microfluidic fabrication technology
into which photonic components are embedded. f@oclgical advances in device
fabrication have made it possible to build miniaturised devices or chips with integrated
multifunctional components in it. A wide variety of microfabrication techniques have
been developed in past few decades, for improving fthictionalities, efficiencies and

reducing the cost of production.

Early microfluidics systems were fabricated in glass and silicon using lithography.
These techniques were derived from silicon microelectronics, which were well
established in semicondioc industry. By early 1990s lithographic techniques were
well developed, enabling fabrication of micron sized channel networks on the surface of
silicon [15]. An efficient evolution in silicorbased fabrication techniqudfered the
ability to fabricate monolithically integrated microsystentéowever, some of the
drawbacks such as@ptically opacity of deviceshigh cost of material and the
requirement of clean room facilities preclude it from research requiring fast giowth
prototyping and for use in biological or medical applications where optical
interrogations are needed. In subsequent years a broad range of optofluidic device
fabrication techniques have been developed, involving variety of process steps and
materials.There has been a recent thrust in manufacturing microfluidic systems using
polymeric materials, which can overcome the shortcomings of traditional
microfabrication technology. Polymer material includes polydimethylsiloxane (PDMS),
polymethylmethacrylate (RMA), polycarbonate (PC) and polystyrene (PS). Amongst
these, PDMS is the most widely used polymer material for fabricating microfluidic and
optofluidic devices since PDMS can be cast against a suitaduliel with high fidelity.

In addition, they are optat transparent, the biocompatible material is inexpensive and
the fabrication procedure is simglEg]. Development of soft lithography in PDMS was
one of the most important contributions towards microfabrication technology. The
technique has the capability for fabricating prototypes in a short period of time at low
cost of fabrication[17]. Soft lithography technique has been increasingly used with

PDMS for fabricating biochips because of these advantages and the simplicity. The
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technique has been demonstrated to usdaflmrcating complex microstructures and
opticd components[18]. However, some of the drawbacks in devices containing
microstructures and optical components include solubility amyncommon solvents,
material damage upon tightly focussed irradiation and auto fluorescence at certain
wavelengths. These drawbacks limit the use of polymeric materials for optofluidic
applications[19]. Several ther microfabrication techniques including migngection
moulding, hot embossing and UV laser ablation with mask patterning have been
explored over the past years in response to the demand to enhance the functionalities of
the microfluidic device$20]. These above mentioned techniques have been used on a
wide range of materials, including semiconductors, polymers, glass and more recently
paper [16], allowing production of complex microfluidic and optofluidic devices.
However all of these techniques enable only fabrication of microstructures on the
surface of the substrate and thus a subsequent bonding step is required to isolate the
device features from theenvironment. The additional bonding step can cause
imperfections that lead to leakage of liquid samples and clogging of the microchannel.
Bonding issues become more severe when fabricating complex three dimensional (3D)
structures, which involves stackiagd bonding of multiple layers, since failure in one

of thebonding layelaffects the performance of whole device.

Over the past decade, a new fabrication technology has been developed based on the
nonlinear interaction of femtosecond laser pulses widnsparent material. The
technique is referred to as Ultrafast Laser Inscription (ULI), which is capable of directly
forming 3D microstructures and optical components within glass sulsstidte
involves irradiation of femtosecond laser pulses of therordb0 fs to 500 fs within the

bulk transparent material that result in localised modification of the material. The
technique possesses the ability to alter the local refractive index of the material
allowing fabrication of optical waveguid¢21] and other photuics components[22,

23]. The process also has the ability to selectively enhance the local chemical etching
rate of the laser modified region, enabling the formation of 3D microfluidic structures
[24]. In the recent past ULI has been widely used for fabricationiriedration of
optical and fluidic components into a single substrate. Femtosecond laser fabrication
technology has proven to be a poWwl tool for multifunctional integration in

monolithic substrate for fabricating various optofluidic devices, in a single irradiation



step with subsequent chemical etchi2®, 26]. The salientadvantages of ULbver

other established microfabrication techniques for fabricating optofluidic devices are;
direct and easy integration of multifunctional components, enables rapid prototyping,
provides higher accuracy, does not require clean room facilities for fabnic#tis a

3D direct writing technique and the technique offers great freedom of device design
allowing realisation of novel geometries. These advantages have opened up new areas
of research for fabricating optofluidic devices using ULI for biologicabiomedical
applications. The use of ULI for fabricating optofluidic devices has already proven to be

successful in several bjghotonics applications, especially for single cell detection and
analysig27].

1.4 Femtosecond laser fabricated devices for manipulating cells

Conventional techniques for handling and sorting cells includes use of optical tweezers
and FACS machine®ptical tweezers allows precise control and transportation of cells
andFACS machines are widely used in biological research labs for high throughput cell
sorting. Despite the advantages, these machines are bulky and need skilled operators to
use them, limiting their use for several applicatiofiBe emergence of microfluidic
research and the advent of cost effective fabrication techniques has allowed the
realisation of microfluidic platforms with integrated functionalities capable of handling
and sorting cells.The unique ability of femtosecond laser writing along witlectle
chemical etching to simultaneously create fluidic and optical functions into one single
substrate has been utilized by several grd@8s30], and in this thesis, to fabricate
various optofluidic devices foworking with biological samples. This thesis presents
different geometries of integrated optofluidic systems fabricated using ULI for
manipulating particles and cells and presents a@fluidic devicewhich is capable

of routing cells into required det when subjected to optical forces. The device
presented promises to isolate cells with the precision of optical tweezers but with a
higher throughput than tweezers. In addition, it allows us to work with smaller volumes
of samples which is not possibhth FACS machines. Thi®llowing section discusses
some examples of applications of ULI fabricated optofluidic devices used for single cell

studies.



A simple example of monolithic integration of waveguides and a fluidic channel using
ULI is a cell strether, fabricated in fused silica to use for optical trapping and stretching
of single cells[29], as shown in figure 1.2ZT'he device consistef a ULI-fabricated
microfluidic channel with square cross section and optical wadeguthat are
positionedopposite to each other, orthogonal to the microfluidic channel. Waveguide
writing and preetching irradiation was done in a single irradiatioapstensuring
precise positioning of waveguides with respect to the channel. The monolithic chip is
connected to the external fluidic circuit through capillary tubes and inscribed

waveguides are coupled to a laser source using optical fibres.
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Figure 1.2 a) Picture of the fabricated microchannel after chemical
etching b) 3D rendering of the monolithic optical stretcher fabricated
by femtosecond laser micromachining. The cells flowing in the
microchannel are trapped antteschedusing thedual beam trap
created by the optical waveguides. Connections to capillaries and
opticalfibresare also showrTraken fron{29].



The device functionality was experimentally tested by trapping and stretching red blood
cells (RBCs) and was monitored using a transmission microscope. Optical trapping and
stretching of RBCs are obtained by means of two counter propagating beiauing) c

from two integrated optical waveguides orthogonal to the microfluidic channel, as
shown in figure 1.2 b.Trapping and stretching were successfully achieved, with an
increase in size up to 20% of its initial size. However, the curvature and rougtiness

the cells resulted in a limitation in the accurate analysis of cells.

Another effective application of optofluidic system is its use as cell sorter. A glass
substrate based optofluidic device was successfully demonstrated to detect RBCs via
two detedbn approachef27]. The femtosecond laser processingtiisedto fabricate
circular channels with a tapering cross section, with diameter tapering from ~100 pum at
the entrance/exit portend ~10 um at the flow nkcas can be seen in figure 1The
tapering cross section of the channel ensures a uniform detection configuration for all
cells. Transverse arldngitudinal optical waveguides that are both parallel and normal

to the top surfee of the glass substrate are integrated in to the device, orthogonal to the

microfluidic channel.

The optical detection of RBCs are performed via two methods, the first approach is a
passive optic detection which involves sensing the intensity changewaiveguide
delivered HéNe laser light (632.8 nm) induced by the refractive index difference
caused by a cell flowing in the channel. The second approach is based on fluorescent
emission detection, which involves detection of fluorescence emission frdyeda

RBC excited by Ar laser light (488 nm) delivered by the optical waveguide. The
fabricated optofluidic system was able to detect up to 23 particles per second, whereas
commercial flow cytometers allows counting up to 1000 particles per second. Even
though the operation range of this device is lower than commercial flow cytometers, it
offers the potential to extend the range of counting efficiency by incorporating unique

geometries, tuning of detection electric circuit and by particle speed calibration.
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Figurel.3 a) Schematic illustration of cell detection experiment using
transmission intensity change and b) using fluorescence emission, c)
an integrated optofluidic cevi

Optical transmission image of

fabricated for detecting single cellBaken from[27].

A fully integrated fluorescence activated cell sorter fabricated usSuig
microfabricationtechnology, which is capable of sag single cells with optical forces,
on the basis of their fluorescence has been demonsf@8edThis device consists of
two input channels merging at a central section, w/llee fluorescence investigations

and sorting are performed, two output chanretsl waveguides positioned orthogonal

to the centrasection, as shown in figure 1.4

11



IN1 SWG ouT1

Figurel.4 a) Schematic diagram tifie cell sorting working principle.

Green patrticles represent fluorescent praesired particles represent

non fluorescent oe  F WG 0fluorescence wavegui

the fluorescence of the flowing cell s

to apply theoptical force during the sorting process, b) Microscope

image of the femtosecond laser irradiation pattern to form the

integrated optical sorteand ¢) Same structure shown by) @fter 5 h

of chemical etching in 20% aqueous solution &f Flaken fron{2§] .
The fluorescent marked cells flowing through the channel are excited using a
fluorescent waveguides (FWG). The fluorescence signal is then used as a trigger to
switch on an eternal laser source coupled to the sorting waveguide (SWG), so as to
push the target cell in to the other half of the channel for colleclioa.fluorescence
activated cell sorting capability of this device was used for sorting a cell sample
constituted © human transformed fibroblast transfected with plasmid encoding the

enhanced green fluorescent protein.

Most recently, femtosecond laser processing was exploited to fabricate complicated 3D
microfluidic networks within a fused silica substrate. An example this is the

fabrication of a monolithic cell counter capable of 3D hydrodyndogasingand high
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efficiency cell counting [31]. The hydrodynamic focusing function of the device is
implemented with the aid of a sheath flow@ confine the sample flow in to narrow

strean as shown in figure 1ab

Figurel.5 a) Schematic representation of 3D hydrodynamic focusing.

Blue and red coloured channels represkeatsheath and samglaids

flowing through the respective channels) Top and d) side

microscope images of the fabricated devigeTop ande) side views

of the flow confinement in the horizontal and vertical directions

achieved with a ratio between sample and sheath pesssfi 0.55

Taken from[31].
The hydrodynamic focusing of sample flow in both vertical and horizontal plane was
validated, and is as shown in figure 1.5c¢ andhe confined flow is visualised using
blue coloured dye as tharaple and distilled water as sheath flow. The minimum width
of 10 um for the confined flow was achieved in both horizontal and vertical directions,
at a sample/sheath flow pressure ratio of 0.55. By further integration of optical
waveguides into the system monolithic cell counter is constructed which is capable of
counting up to 5000 particles per secofithe combination of improved particle
confinement in the detection region and integrated optical waveguides are highly
desirable for single particle dgais, microfluidic flow cytometers and fluorescent

activated cell sorting applications.
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1.5 Thesis outline

The development of miniaturisethree dimensional optofluidic devices for achieving
high efficiency manipulation of cells, thereby allowing to isqglatparate or sort cells

at single cell resolutioserves as the motivation of the work described in this thesis. The
work presented in the thesis explores the versatilitylof fabrication technologyto
develop novel optofluidic devices for fulfilling ¢hgoal of the work which could
potentially be used in biological laboratori€hapter 2 introduces the ULI fabrication
technology. The materials and methods involved in fabricating and validating the
optofluidic devices are detailed in chaptelCBapter4 and 5 explain the progression in
the development process towards the realisation of the high throughput optofluidic

system.The chapters of this thesis are outlined as follows.

Chapter 2 gives an introduction to technology oltrafast laser inscriptiofULI). The
underlying nonlinear mechanism of ULI and consequent modification regimes are
discussed.The fabrication capability of ULI along with different inscription parameters

for achieving high quality fabrication results are discussed in this chapter.

Chapter 3 presents the materials and methods used for the experiments described in
this thesis. The femtosecond laser inscription setup used for the fabrication of
optofluidic devices in the subsequent chapters is detdileel parameter consideration

for achieving optimised values for writing waveguides and enhancing selective etching
is detailed.The chapter also discusses the experimental setup used for performing
different experiments with the optofluidic deviceShe chapter also detailthe
biological cellsand other particles used as samples for the different experiments in this
study.

Chapter 4 gives an introduction on using optical force as a manipulation tool. Particle
and cellmanipulation inoptofluidic device is investigated with detailed alission on

the device fabrication and validation procedshe first half of the chapter details the
investigations on the potential of using optical scattering force to control and manipulate
particles using simple optofluidic geometry. The second hathefchapterdetails a

more complex 3D optofluidic device for particle manipulatioiovel geometric
features of the device allows to hydrodynamically focus the particles and cells in to
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narrow stream and optically manipulate the particle passing threnaghanipulation

region within the device.

Chapter 5 presents the work done toward developirgfaoptofluidic devicehat can

be used for separating, sorting and isolating celigploring the versatility of ULI
technology The devicedesign along withthe fabrication and validation details is
presented in this chaptdrhe potential of the device to route cells to required outlets by
combining the hydrodynamic flow focussing and optical manipulation technique shows

the capability of the proposed geonyets use as cell sorter.

Chapter 6 discusses the conclusions achieved from the work presented in the thesis and

thefuture scope of the work presented in this thesis
1.6 Summary

Optofluidic systems create a powerful tool for manipulating and analysing siei¢ge

The salient characteristics of ULl technology have proven it to be a powerful
microfabrication technology for fabricating optofluidic devices enabling straightforward
integration of fluidic and optical components. The work presented in this thgd@es

the capabilities of ULI microfabrication technique to develop novel optofluidic devices
for biophotonics applications, in particular for controllably manipulating particles and
biological cells within these devices. The development of optofludévices
incorporating different levels of complexity and demonstration of their functional
validation form the main body of the work that will be described in this thesis.
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Chapter 2

Ul t radsaesnt ILnscriptio

2.1 Introduction

The invention of the laser is marked as one of the greatest innovation aerQry.
Sincethe demonstratioof a working laser by Theodore Maim§d2] over 50 years

ago, lasers have been widelsed for scientific investigations as well as for industrial
applications. The use of lasers for these applications is directly linked to the exceptional
properties of laser light, whiancludeshigh spatial coherence, low divergence, variable
interactiontime defined by laser pulse duration and the availability of variety of laser
operating at different wavelengthThe combination of all these properties makes laser
an invaluable tool in a versatile range of different applications including laser material

processing, optical communication and medical research.

The interaction of light with matter before the invention of laser was considered to be
linear, with the optical properties of the material system remaining consistent in the
presence of light. Thevention of lasers however, enabled researchers to study the
behaviour of light in optical material at higher irradiances. The observations have
clearly demonstrated that the optical properties of material systems depend on the
strength of the optical fié in a nonlinear manner, giving rise to the field of nonlinear
optics. The rapid development in the field of laser technology has led to the studies on
different nonlinear phenomena of light matter interaction, many of which are eminently
useful. Ultrafas Laser Inscription (ULI) is a technique that relies on such nonlinear
phenomena of light matter interactiddne of the most impressive capabilities of ULI is
that the nonlinear nature of interaction can lead to material modification, providing a
new appoach forlocal modification of transparent dielectrics through nonlinear optical

processes

Daviset al [2]], in 1996,demonstrated that pcusingfemtosecond pulses within the

bulk of transparent glass, refractive index change can be induced beneath tleecfurfac
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the substrate. Initial application of ULI was mainly focussed on fabricating devices for
optical communication. A number of waveguide based devices including sgl&8grs
Bragg waveguideg22] and couplerd23] have been fabricated using ULI. The new
opportunities in microstructuring transparent material using ULl was later presented by
Marcinkeviciuset al [24] by demonstrating the fabrication of microfluidic channel
within fused silica by fenatsecond laser irradiation followed by etching in hydrofluoric
acid. This has broadened the scope of using ULI to fabricate three dimensional
photonics devices. In particular, the potential of ULI to integrate optical and fluidic
components within same suize, in a single irradiation step, created new
opportunities in the field obptofluidics for the realisation of new functionalities. The
technique has now evolved as a powerful tool for fabricating photonics devices offering
wide range of applicationsThis chapter introduces the ULI fabrication technology,
including its underlying nonlinear energy transfer mechanism and different structural
modification regimes. The fabrication capability of ULI and different inscription
parameters for achieving high ajity fabrication results are also discussed in this

chapter.
2.2 Energy absorption mechanism in transparent media

In nonmetallic material, at absolute zero, the highest occupied energy level (i.e. valence
band) is separated by energy gBp from the lowestoccupied energy level (i.e.
conduction band). If a single photon of light is to promote an electron from valence
band to conduction band, the incident photon energy must exceed the band gap energy,
Ey. However, the band gaps for most dielectric transpanaerials are typically much

larger than the energy of single photon from an infrared or visible sdureesfore the
incident energy from a single photon is not sufficient to promote an electron from the
valence band to the conduction band. In this ,caealinear absorption processes are
required to allow the interband transition of valence electnwhgh is the key property

of ULI. The underlying physical phenomena of ULI can be understood by analysing the

absorption process of an intense laser poyseielectric transparent material.
To perform ULI, the substrate material and incident laser wavelength is chosen such
that the photon energy is insufficient to promote valence electron to conduction band.

Under these circumstances, laser radiationlavétavel through the material without
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being absorbed. If, however, laser irradiation is sufficiently high, nonlinear absorption
of incident photons occurs that in turn leads to material ionisation. The peak irradiance
to cause such a nonlinear excitatmocess can be readily achievedfbgusinglaser
pulses withultrashort pulse durationThese nonlinear excitation mechanisnoecur

through,nonlinearphotoiongation and avalanche iaaition[34, 35].

In nonlinear photoionisation, bound electrons are directly excited to the conduction
band by nonlinear absorption of incident photons. Photoionisation can occur through
two pathways depending on the laser frequency and intensity; multiphoton ionisation
and/or tunnding ionisation. Multiphoton lonisation (MPI) occurs when multiple
photons from the incident laser field are absorbed simultaneously by a single electron in
the valence bandas shown in thdéigure 2.1a In orderto promoteelectrons from
valence band toonductionband byMPI, the totalenergy absorbed bglectrons fromée

photans must exceed the bandgapergyO i.e.

guf O (2.1)

wheretii s P an k 0 stistlerireqtieacy of lasen BIPI is dominant athag
laser frequency and low laser irradiance. The transition to the tunnelling ionisation
regime takes place at high irradian¢8§]. lonisationin this case isdetermined by the
electric field strengtland isindependent of laser radiatidrequency.

Conduction Band T
>
A
L+~ Valence Band ®

(a) (b) (©)

Figure2.1 Nonlinear Excitation mechanism a) Multiphoton ionisation,
b)Tunnelling lonisationg) Free carrier absorption followed by Impact
lonisation[37].
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The strong field distorts the band structure, reducing the potential barrier between the
conduction and valence band, resulting in direct transition of electrons from the valence
band to conduction band through quantum tunnelling, as depicteguire 2.1b. The
theoretical outline for the probabilities of occurrence of multiphoton ionisation and
tunnelling ionisation was provided in 1965 by Keldy86]. The transition between the

processes was described in terms of Keldysh peteinggiven by

IS

(2.2)

wherewis the laser frequencfis the fundamental electron charge,is the effective
electron mass is the speed of light¢ is the linear refractive indek, is the

permittivity of free spacegGs the laseirradianceat the focusand Eq is the bandgap
energy The photoionisation is a multiphoton processgorp & and tunnelling process
for g p®8Forg p®, an intermediate regime exists which is a combination of

multiphoton and tunnelling ionisation.

Depending on the incident laser frequency and irradiance, valence electrons are initially
excited to the conduction band through photoionisatidn higher irradiances an
electron already present in the conduction band bBbsphotos linearly, moving to
higher energy states in the conduction band, as shoWgure 2.1c. After subsequent
absorption of photons until the energy exceeds the conduction band minimum by more
than the band gap energy, the electron can then ooliiby ionise another bound
electron in the valence band. The collisional ionisatiars results in two electrons in

the conduction band minimum as shown infilgere 2.1c.These two electrons can then
undergo free carrier absorption and impact ionisaitd the processan repeatausing

the increase in eléon density in conduction bandnder the presence of laser diel

This process is referred &savalanche ionisatiohe initial seed electrons required for
triggering the avalanche ionisatioropess are provided by thermally excited impurities

or defect states, or by direct photoionisati8f]. When the density of electrons in the
conduction band reaches abouf®1? through avalanche ionisation, thectrons

behave as plasma with a frequency that is resonant with the laser léaditngng
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absorption of incident photori88]. At this critical density theoptical breakdown is
assumed to occum the material

2.3 Energy Transfer and DamageMechanism

Following the initial generation of free electrotagma through nonlinear absorption,
the deposited energy is transferred to the lattice through electron phonon coupling,
leading to permanent modification of the focal volume of the material. The mechanism
that leads to the structural change in the mdtknigely depends on the pulse duration

of the incident laser. The material damage caused by femtosésdaser pulsess
different from that caused by pulses of picosecond dpstion[38]. For longer laser
pulses with pulse duratismmanging from picosecon(ps) to nanosecondns), energy
transfe from electrons to the latticeccurson the time scale of the pulse duration.
Thermal effects beconmmaorepredominant at this time scale agnkergy igransferred to

the latticethrough thermal diffusionThe peakirradiance forlonger laser pulses too

low to allow multiphoton ionisation/tunnelling ionisation. The avalanche ionisation
process ighusseeded by impurities and defect states present in the focal volume of the
laser. A small fluctuation in the number of seed electrons present at thevdhoake
strongly affects the breakdown proc¢85]. This dependence of defects antpurities

makes the ps laser pulse interaction with the dielectrmnadeterministic process

On the other handof shorter pudes of fs timescale, the nonlinear absorption takes
placeon a time scale shorter than time taken to transfer enenipe toaterial lattice via
electron phonon coupling4]. For fs laser pulsethe peakirradiancesare much higher

and multiphoton/tunnelling ionisation becomes significant. Whenirtbident laser
irradianceexceeds a given threshold, some free electrons are generated in the focal
volume by these mechanisms. These electrons act as a seed, for the avalanche ionisation
process,resulting in an increasef electron density untilthe plasma frequency
appoaches the laser frequency, at which point the matee@dmes strongly absorbing

The breakdown process in this case is less dependent on the defect in the material,
resulting in a deterministic breakdovpmocesg[35]. It is therefore clear thdts laser
processing allows depitisn of energy in a very controlled and deterministic way in the
bulk of a material allowing high quality microfabrication.
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2.4 Fundamental morphology of modification

In 1996Daviset al [21] demonstated the ability to induce refractive index changes in
glass by focussed femtosecond laser, which opeeadpossibility of usingULI for

writing three dimensional optical circuits in bulk glasdester, several studies showed

that morphologicathange an be inducedn thetransparent materidy femtosecond

laser pulses followed by nonlinear absorption and energy transfer to the lattice. The
physical mechanispafter energy transfer leadintp structural change of the material is

not fully understoodThe resulting morphological changes may depend on exposure
parameters and material properties. Different expgsamr@meters includpulse energy,

pulse duration, repetition rate and wavelength of the incideser, and material
properties include bandgaand thermal conductivity of the materidlhe three regimes

of laser inducednodification are shown ifigure 2.2
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Figure 2.2 Plot of pulse energy versus pulse duration defining three
regimesof modification using aNA = 0.65 microscopeobjective.
Regime 1 producessotropic modification, Regime 2 nanogdnags
(SEM insert) and Regimé Iomplexdisruptedregion interconnected
with nanocracks in the top portion of thmeodified region (SEM
insert) Taken fron39].
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Three different kinds of structural changes have been induced in the bulk of material as
a result of femtosecond laser material interaction: a) a homogenous modification
resulting in refractive index chang@l, 40], b) formation of nanogratingtl, 42], c) a
disruptive modification resulting in the formation of voif43]. For fused silicathe

most interesting material for optofluidic applications, these three modifications can be
observed by simply changing the inciddaser energy44]. The three regimes of
modification produced in fused silica when interacting with focused femtosecond laser

pulses idiscussed in the next section

2.4.1 Regime lisotropicrefractive ndex change

At pulse energies slightly above the modification threshofdthe material a
homogeneous modification in the structure is observed, which is characterised by a
similar variationin the refractive index of the material across the modified region. This
regime of modification is particularly suitable for waveguide fabrication. The physical
origin of such laser induced homogeneous structural changes in the material is not fully
undersood, however several arguments explaining the underlying mechanism have

beenproposed over years.

A first possible mechanism for causing an isotropic change in refractive index is
thermally induced material densificatip4b]. In fused silica, density increasehen the
material is rapidly cooled from high temperatufd§]. Therefore increase in density
and change in refractive index at the focal volume is attribtotéae local heatingtthe
focal spot followed by quick quenchingnother possible mechanism for laser induced
refractive index change ithrough the formationof colour centres[47]. Several
spectroscopicanalyseshave been performedto study the changes in the molecular
structure and formation of colour centres within femtosecond laser irradiatedsregion
Although the formation of colour centres have been observed in glasses withi
femtosecond laser irradiated region, there is no experimevitidnce to show strong
correlationbetween colour cerdrformation and the induced refractive index change
[48]. A third possible mechaniseading to the change in refractive index is through
dired photo structural change induced by the femtosecond laser pulsgkich case

the density at the focal volume increase due toréa@rangement ofhe network of

chemical bond$45]. The cantribution from the three mechanisms discussed above for
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inducingsmoothchange of refractive index varies with depending on the composition
of glassand the femtosecond laser egpee condition$49], which add cmplexities to
the existing postulates Therefore a complete understanding of refractive inde

modificationis not yetachieved
2.4.2 Regime 2:Formation of nanogratings

At a moderate value of laser pulse energy, higher than the value for creating smooth
refradive index modification, periodic and sealfganised nanograting structures are
observed 42]. The first indications of the existence of birefringent refractive index in
glass was from the observations on the anisotropic light scattering in femtosecond laser
irradiated Gedoped silica glass as reported Kgzanskyet al. [50]. In the same year
Sudrieet al.[41] reported thapermanent anisotropic changes of refractive index ean b
inscribed in fused silica irradiating with femtosecond lasEne occurrence of
birefringence was attributed to the formatioh sel-organised periodimanograting
structures The formation of these nanogratings were initially interpreted in terms of
interference between the incident light field and the electric field of the electron plasma
wave. This interference leads to periodic modulation of electron plasma concentration
and the structural changes in glg$d]. In 2006, Tayloret al. [52] reported that these
periodic nanostructures are found to orient in direction perpendicular to the writing laser
polarisation and are separated_big e, wherea-is the wavelength of incident laser and

n is the refractive index of the mediurkigure 2.3 shows the images to show the

evidence of selbrganised periodic nanostructures.

Figure 23 SEM images of selbrganized periodic nanapoies

A) Transverse writing direction, k is light propagation direction and s
is the writing direction B) Electric field, E is pardlel to writing
direction, S. C)E is perpendicular to S. Nominal sepanatiof the
grating planes is 250 nntaken from{39].
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The relative constant spacing between the nanostructures implies-repsiediting
phenomenon underlying the nanostructure formation. The orientation of tleliperi
nanostructures can be optically controlled by changing the angle between electric field

vector of the linearly polarised laser beam and the wrdiregtion.

A second postulate explains tfeemation andorientation of nanostructures terms of

local field enhancements. When femtosecond laser pulses of peak irradiances are
focussed inside the bulk material, it leads to plasma formation through
multiphotoionisation. Any inhomogeneity in the plasma formation will lead to local
field enhancements, rding in the formation of nanoplasma. The nanoplasmas then
lead to the structural changes that are embossed in the m@&tialhe physical
mechanism underlyinganoplasma formation isased on the transient nanoplasmonic

model Figure 2.4 represents the formation of s@i§ned nanoplanes.

b .

T

J—
0,0

Figure 2.4 Pictorial representatiorof the evolution of nanoplasmas
into nanoplanes explaining the formation of nanoplanes aligned
perpendicular to the writing directiomaken from39].

After irradiation with ultrashort pulses, hot spots as showfigure 2.4, are produced

at the focal volume due to the localised inhomogeneous nonlinedipoton
absorption process. These hot spots can evolve in to spherically shaped nanoplasmas, as
depicted infigure 2.0 over several laser pulses due to a memory eftefit The

existence of memorin the material could arise from defects present in the material or
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colour centres. This memory effect can lead to lowering of the bandgap energy which
helps to ionise the material on next laser pulse. An asymmetric growth of spherically
shaped plasma ocauin a direction perpendicular to the laser polarisation due to the
field enhancement at the boundary of plasma, leading to the formation of ellipsoidal
shaped plasma as shownfigure 2.&, and finally grows in to nanoplanes as shown in
figure 2.41.

As mentioned above, it was shown that orientation of these periodic hanopéembs
controlled optically by changing thangle between the electric fielvector of the
incident laser beam and writing direction. Preferential hydrofluoric (HF) etching was
obsrved across these laser written track&en polarization is perpendicular to the
writing direction[54]. This is because nanogratings are formed parallel to the writing
directions allowing the HF acid to diffuse easily into the trddie nanogramgs formed

in the femtosecond laser modified zone in fused silica exhibits high etching selectivity
compared to the unmodified region, which is a key parameter determining the potential
to fabricate high aspect ratio microchannels for optofluidic appitst

2.4.3 Regime 3: Formation of voids

When the incident laser energy is even higher than that needed for formation of
nanograting, disruptive modification occurs resulting in creation of voids. The likely
mechanism for creation of voids is attributed temexplosions that occur inside the
material. Energy from the incident femtosecond laser transfers to the material though
nonlinear photoionisation. At peak irradiances, the energy deposition creates high
temperature and pressure at the focal volume Igadiejection of material from centre

and forced into the surroundings. This results in the formation of structures consisting
of voids[55]. Such voids can be served as 3D optical memories as shownfiguiee

2.5 aml photonics crystal structurgsg].
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Figure 2.5 Binary data pattern sted inside fused silica with 2m bit
spacing, photographed with an optical microscope using transmitted
light. Taken fron55].

2.5 Control parameters of ULI process

The preceding sections discussed in this chapter highlight the potential of ULI in
fabricating photonic and fluidic components by inducing a variety of structural
modifications inside a transparent material. Optimal fabrication of these components
can ke achieved by control of a variety of inscription parameters associated with the
inscription laser as well as exposure conditiofsdesired higkquality laser micro
processing result for specific materials can be achieved by choosing the correct laser
opeaating parameters. A brief explanation of the key parameters that must be considered

throughout the fabrication process is discussed in the following section.
2.5.1 Laser parameters

Different laser parameters associated with femtosecond laser processingsitate
pulse wavelength, laser energy, pulse repetition rate, translation speed, pulse duration,
andfocusingoptics.
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PulseWavelength

The pulse wavelength of the inscription laskterminesthe order of multiphoton
processn femtosecond laser pros@sg The number of photons required to overcome
the bandgap of the substrate material for efficient energy deposiiena direct

dependence on the laser wavelength for each target substrate.

Pulse Energy

The incident laser pulse energy is another kesel parameter, as it directly determines
the amount of energy deposited at the focal volume. A detailed discussion of different
modification regimes in fused silica formed with varying the energy of the incident fs
laser pulses was discussed in sectigh Zontrol of the incident laser pulse energy

enables the desired material modification.

Pulse Repetition Rate

The pulse repetition rate of the incident laser has direct influence on the heat
accumulation process and thus is one of the most important pasameters. For
relatively low laser repetition rate, each pulse interacts with cold material. In this
regime, the spatial distribution of the modified region is mostly defined by the spatial
distribution of plasma induced by each pulse and the effdeaifdissipation out of the

focal volume is negligible. For higher repetition ratest accumulation and dissipation
plays a key role in defining the spatial distribution of the modified reah In this
regime, the second pulse is incident before heat absorbed from the first pulse diffuses
away, resulting in accumulan of heat at the focal volume. The material undergoes
melting as long as the pulses arrive. Once the series of pulses have left the focal volume,
heat diffuses out of the focal region equally in all directions. This causes an increase in
the size of themodified region, with a more symmetric cross section. Therefore heat
accumulation andiffusion plays a crucial rolen determining the cross section of the
modified region5§].

Pulse duration
The pulse duratioof the incident laser beam also influences the material modification
in femtosecond laser processing. A detailed discussion on effect of pulse duration on

material modification is given in section 2.3. The pulse duration directly determines the
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coupling d electron energyatthe surrounding latticd.he selection of pulse duration of

the inscription laser depends on the nonlinearity of the material. For materials with
nonlinear refractive indexzrnvalue similar to fused silica, ultrashort laser pulses of
width ~hundred fs are optimal for inducing homogenous refractive index and
nanogratings. In contrast to this, in highly nonlinear material that exhibit nonlinear
effects such as selbcusing and filamentation, it is shown that laser pulses above ~1ps
areneeded for inducing refractive index charng6]. The use of longer pulses helps in
reducing the peak power for a given pulse energy, thereby agaéin detrimental

nonlinear affects that cause degradation in energy deposition.

2.5.2 Other Exposure Parameters

SubstrateTranslation Velocity

The velocity at which the substratetranslated isised to alter the laseunce falling

on the substrate, whileeeping the pulse energy the samg.increasing the translation
speed, the amount of pulse energy deposited at the focal volume decreases, thereby
affecting theinduced modification In the single pulse regime, the laseducel
refractive index changesan be controlled via the pulse energy and translation speed.
However at high repetition rates, it gatore complex due to thermal accumulation and
diffusion effect§60, 61].

Writing Geometry

The direction oftranslation of substrate plays a key role in femtosecond laser
processing. The substrate can be translated either along or transverse to the direction of
propagation of the writing laser, known as longitudinal and transverse writing
geometries respectivelyas shown ini§ure 26. The longitudinal writing geometry
(LWG), allows writing structures and waveguides with symmetric cross section
inherently circular due to the transverse symmetry of the Gaussian beam profile. But the
maximum length of the struces and waveguides that can be inscribed with LWG is

limited by the working distance of the focusing lens.
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Figure 2.6 Writing geometries used for femtosecond laser writajg.

Longitudinal writing geomey (LWG), where substrate is translated

alongthe incident femtosecond ladgy Transverse writing geometry,

where the substrate is translated perpendicular to the indent laser

beam.
It has been recently reported that LWG can be improved by the applicht®essel
beam instead of Gaussian beam, which can be achieved by incorporating an axicon lens
[62]. In contrast withL WG, transverse writing geometry (TWG) enable the inscription
of structures without any restriction in length as in LWG, as the sample can be
translated over any allowed distance by the translation stage. However, TWG results in

highly asymmetric cross sgons for any structures inscribed, due to the elongation of
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the focal spot in the direction of the incident laser be&everal beam shaping
techniqueg63, 64] [65] and use of multiscan approad6] havebeen demonstrated to

overcomethis problem.

Focusing Optics

Thefocusingoptics in femtosecond micromachining setup isfdoeisingobjective that
determines the spatial extend of modification at the focal volume. For LWG, cross
section of the inscribed structure is directly relatethe focused beam waist diameter

and for TWG, the cross section depends on both confocal parameter and beam waist

diameter, given by Equations 2.4 and 2.5, respectively.
o — (2.4)

0 ¢ S (2.5)

where,b is the confocal parameten,is the refractive index of themedium,a-is the
wavelength of the incident lasdp, and n are the focussed beam waist diameter and

radius respectively andAis the numerical aperture of tfecusingobjective.

2.6 Fabrication capabilities of femtosecond laser processing

The versatilityof ULI process to alter the optical and chemical properties of glass
material provides the possibility of fabricating optical and fluidic components all on a
single substrate enabling use for a wide range of applications. The ability to locally
enhance theefractive index of the material enables optical waveguides to be written
within the material, and the ability to locally enhance the chemical etch rate enables the
inscription of 3D hollow structures. These structures can be directly inscribed in the
volume of the material by translating the substrate through the laser focus along the
desired path. Such waveguides and hollow structures constitute the main building block
for constructing miniaturised photonic devices. The following section describes
femtosecond laser assisted optical waveguide writing and selective etching for

formation of hollow structures.
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2.6.1 Femtosecond laser assistegtical waveguide writing

Optical waveguides can be directly inscribed within transparent material using ULI, by
suitably selecting the irradiation conditions, to create refractive index modification at
the focal volume. This induced modification can be extended along any 3D path by
simply translating the sample, using an xyz translation stage, through the focus. The
underlyng physical mechanism involving the formation of homogenous refractive
index change, the regime well suited to fabricating waveguides was discussed in section
2.4.1 Over the years femtosecond laser processing has been utilised to fabricate buried
waveguies in various transparent materials including g[&3%, crystalline materials

[68, 69 and polymer[70]. However, waveguides written in fused silica have gained
more attraction for optofluidic applications. The reason for thidés ability of the
fabrication technique to integrate optical and fluidic functions in same substrate with a

single exposure.

The careful optimisation of the inscription parameters such as the substrate translation
velocity, the pulse energy, the pulseration, the numerical aperture of tfecusing
objective and the pulse repetition rate has to be done for fabricating low loss
waveguides to use in optofluidic applicationSnother key parameter of optical
waveguide is the mode profile, which reflects théensity distribution in a plane
perpendicular to the translation direction, when using the transverse writing geometry.
The asymmetric cross section of waveguides makes it difficult to achieve single mode
propagation of lighfor optofluidic applicatios Several beam shaping methods have
been demonstrated to address this ismetuding astigmaticfocusing slit beam
shaping use of deformableirror/spatial light modulatoanda multiscan techniquen

the first three techniquethe incident beam isompressed in one direction before it
enters thdocusinglens so that tighfocusingoccurs only along the axis of the elliptical
incident beam resulting in a symmetric circular cross sectiopnthe multiscan
technique, the desired cross section of wawkgis created by scanning the substrate

multiple times through beam focus. These methods are described in more detail below.
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Astigmatic beam shaping technique

The first technique that was developed for controlling the waveguide cross section is
based a astigmatic shaping of the writing be§64]. This is achieved by introducing a
cylindrical telescope between the fs laser beam andothesingoptics as shown in
figure 2.7. The glass sample is placed in anptane, with sample translation along x

axis and beanpropagation direction in-axis The astigmatism that causes different
focusing condition in x and y planes can be tuned to ensurefdigidingin x-z plane

that in turn minimises the asymmetry and allows to achieve near symmetric circular
crosssectionwaveguides. Furthermouistance between the two cylindrical lenses can

befinely tunedto control the astigmatidifference for achieving desired cross section of

waveguide.
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Figure2.7 Experimental setup for astigmatic beam shaping technique.
Takenfrom [64].

Slit beam shaping technique

Slit beam technique utilises a slit aperture inserted befordothesing objective to
control the aspect ratio of énfocussed beam. The technique was demonsttated
fabricatemicrofluidic channed with symmetric cross sectipril] as well as for shaping

the cross section afaveguide[63]. This approach is based on the idea that in TWG,
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the beam waist along x and y axis depends on the NA dbtusingobjective in the
respective axis. Assumirthat sample translation is along x axis, a slit aperture place
along this axisreduces the NA ofocusingin the plane perpendicular to the x axis.
Therefore bycalibrationof slit it is possible tacontrol the shape of focal volume and
hence the waveguide symmetBue to experimental simplicity this technique has been
utilised widely, however the technique is limited in applications were inscribed structure

requires bends to be written.

Waveguide shaping usindeformable mirrorand SLM

Instead of using a cylindrical telescope or a slit for shaping the beam, recenity act
optical elements such as deformable mirrors or Spatial light modulators (SLM) are used
for shaping the writing bearnthe use of two dimensional deformable mirror allows the
spatial profile of the laser beam to be shaped, enabling the asymmetry abske c
section of the inscribed waveguide to be controlléd]. Deformable mirrors are
intended to intate the function of the slit in slit beam shaping, but with the advantage
of using it in inscription of curved structures by adjusting the deformable mirror. Other
active optic element that have been explored to use for shaping the writing beam is
SLM [72]. The computer controlled SLM placed before fheusingobjective can be

used to induce astigmatism in the laser wave front and therebyoltiogt the

waveguide cross section.

Multiscan technique

The other alternative technique used for controlling the cross section of the structure
and waveguides is a multiscan technique. In the multiscan technique the desired cross
section of the structaris constructed by scanning the sample multiple times each with
an incremental relative to the previous scan, through the laser focus as shown in figure
2.8. Each scan is separated with an offset in the direction perpendicular to both beam
and translatiordirections. The dimension of the waveguide orthogonal to the direction

of beam propagation is thus determined by number of scans and separation between
each of them. As it defines the cross section of the waveguide, it is considered as a

fabrication paramter and has to be investigated when using different materials.
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Figure2.8 a) Pictorial illustration ohow multiscan techniquean be
used to construct desired cross sectibwaveguideb) Cross seain
image of the waveguide written using multiscan techniqteken

from [66].

In contrast with the conventional beam shaping methods, the multiscan technique allows
control of thecross section and enables fabrication of microstructures with arbitrary
shape without involving any complex optics. The microchannel structures and optical
waveguides of all the optofluidic devices described in this thesis are written using

multiscan techigue.

2.6.2 Femtosecond laser assisteelsctive chemical etching

The other peculiar characteristic of ULI is the ability to locally alter chemical properties
through nonlinear optical effects induced at the foé&tsa moderate fluence of the

incident laser bem, formation of selordered nanograting occurs, that are characterised

34



by high etching selectivity. The mechanism of nanograting formation with respect to
fused silica is discussed in section 2.4.2. During the etching process the nanograting
structures ds as a channel for theckant to diffuse deeply through fused silica,
allowing selective removal of the modified region. Femtosecond laser irradiation of
fused silica with subsequent selective chemical etching enables the fabrication of
desired three diensional microchannel structures within the bulk of the matetral.

2001 Marcinkeviciuset al [24] demonstated the3D fabrication of hollow structures
inside fused silicain a twoste process: 1) Direct writing of desired pattern in fused
silica by femtosecond laser irradiation, 2) selective etching of the modified region using
5% aqueous solution of hydrofluoric acid (HF). The choice of a suitable etchant for
removing the modifiedagion depends on the chemistry of the substrate. Etching of
silica based glasses using HF and¢diataining aqueous solution has been studied and
demonstrated over the yedS]. The chemical reaction that takes place during etching

of fused silica with HF is given as,

Y'Q0 TO'® "Y'Q'Oc0U (2.9

The possibility for fabricating high aspect ratio microchannels and tunnels of arbitrary
shape and dimension in fused silica based on the two previously mentioned steps was
later demonstrated Hy'4]. HF etching of the irradiated structures written using various
laser parameters has been investigated confirmingitfrerate for etching. The reason

for increased etch rate was attributed to the decrease@rSEbond angle induced by

the internal stress created in the femtosecond laser irradiated [fégjion

A second mechanism responsible for high etching selectivity was later proposed by
Hnatovskyet al [54] . The highly differential etching of the fs laser modified region
was attributed to the formatioof polarisation dependent selfdered nanostructures,
which enables the etchant to diffuse easily in to the modified region. The dependence of
laser polarisation on etch rate was studied in fused silica, which showed a change in the
etch rate up to 2 ders of magnitude. The cause for the observed polarisation sensitivity
is due to the formation of periodic nanograting structures inside the fs irradiated region.
The etch rate is controlled by changing the argleetween the electric vector of the fs

laser beam and the writing direction, as shown in figurg 75pP
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Figure 2.9 (ac) Orientaion of selfordered nanostructures formed
along the writing direction fodifferent q, where g is the angle
between the electric field vector of the incident laser beam and writing
direction at pulse energy,E 300 nJ, a)Nanograting orientation for

q = 90°, b) Nanograting orientation foq = 45, c) Nanograting
orientation forq = 0°, and d) Nanogratings written with, E 900 nJ

and orientation for = 90°. The structures were revealed after etching
for 20 min in a 0.5 % aqueous solution of.HRaken fom [75].

Figure 2.10 Etch rate of femtosecordsermodified zones as a
function of pule energy for three differepblarisationsof the writing
beam Taken fron{75].
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