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Abstract

Amongst various techniques of bio-sensing, suchinggedance based,
electrochemical, surface based, mass based, opiceding of analytes [DNA,
Bacteria, viruses] from sample solutions basedicapsensing is found to be most
accurate, operating in full UV-VIS-IR range andarlemethod of sensing. It is
important that the sensing surface can be modiffegquired to suite the sensing
conditions of analytes. The optical signals emittdter the interaction between
analytes and reagents are very weak and need tabhentitted to the signal
processing system with signal conditioner circuitsbetween. As the sizes of the
analytes, diagnostic micro-chips is shrinking, #oeessibility of signal on chip to
the outer world is becoming a difficult problem dwethe standard sizes of SMP
connectors. The alignment of patterned opticalaigarrying waveguides with the
fiber connectors in all three directions is an imi@ot point of consideration, where
the loss in signal is inversely proportional to Hueiare of the distance between the
two waveguides. Optical fibers are most commonlgduwaveguides for carrying
signals into and out of the chip in Lab-on —chiplegations and communication
applications. The connections of fibers at spedd@ations on the microchips, is a
crucial task. It is definitely one of the importardasons, why the growth of
diagnostic chips, optically sensitive microchipsi@t as it was predicted to be. Itis
in this regard, the bonding of fibers to pattermeaveguides on chip and fiber to
fiber bonding was undertaken as a research obgecBesides bonding of fibers,
sensing strategy is also required to be incorpdratéhe scheme. Initial study had
shown coupling through chain of dielectric microsph) which was a less efficient
method, ring resonator coupling, microsphere ggaéind rib waveguide coupling,
fiber to waveguide coupling with a tapered fibeack of these methods required

extensive processing, alignment adjustments.

The study undertaken describes use of low povger lmachine for bonding
fiber to the substrate and a waveguide/ another.fipart from micro- structure
fabrication, ablation, lithography etc., lasersdfm lot of utility in various areas like
precision joining, device fabrication, local heatlidery for surface texturing and
local change of microstructure so on and so fdttls. pertinent to mention that the



significance of Laser processing comes owing to sheall spot size and fine

manoeuvrability of laser beam on various complepotogies at various length

scales. This makes such processing widely appécabl the fabrication of

standalone optical micro-devices like microsphenegyo-prisms, micro-scale ring

resonators, optical switches etc. There is a wid#y of such systems in chemical/
biochemical diagnostics and also communications revitee standalone optical
devices are heavily employed although printed amitemed structures are not well
explored. One of the reasons why chip based priofgatal waveguides are less
frequently used is the issue of joining such strreg with standalone single or
multimode optical fibres which otherwise form a cogte basis of the bulk

transmissibility of signals in opto-electronic ains. Diagnostics can become very
easy if chip based structures are explored momwmparison to standalone optical
components, owing to their high sensitivity and leslume of analytes.

In this study we have developed a strategy ofirjgirof standalone optical
fibres to each other and microchip based printetic®gdeveloped on SU8 (M/S
Microchem) through lithography) using a SU8 miciulr The materials explored
for the microdrop, required to be essentially biatemials, having good optical
properties, higher refractive index, patternabledhwgood weldability. SU8, a
transparent, negative photoresist material camasugppe best material for the job. A
thin film of a SU8 material formulating an extendedveguide contact has been
utilized for bonding with optical fibres by preciseat delivery of a CfOlasing
system. The laser heat transmitted is used to farstrong bond between the
patterned thin film and the optical fibre, with mall SU8 micro-droplet. A similar
strategy has been used by joining two optical §ben a hard substrate [Silicon
wafer / Glass] by using a SU8 micro-droplet. Optation of various dimensional
parameters of the bonded assembly has been achdsvadunction of laser power,
speed, cycle control, spot size so on so forth. dp@nization is performed with
Design of experiments (DOE) in which Response serfmmethodology (RSM)
based on central composite design (CCD) has beed us evaluate the
experimental parameters for the lasing systemtd=glement heat transfer model is
utilized for finding out the temperature distrimutiat the joint, the fibre end and the

SU8 structure end and further optimization is panfed by localizing the heating



zone to the joint area. Exclusive optical [RF] miidg has been performed to
estimate the transmissibility of the optical fibésnded to each other on a surface
with SU8 and a similar analysis is done for the fs¢anding waveguides patterned
in SU8. Our studies indicate the formation of a ¥ylering gallery modes [WGM]
across the micro-droplet leading to very high trassibility of the signal. It also
shows heavy dependence of the temperature scakbeojoint thickness. Finite
element software and photonic software are usedntterstand and control the
WGM effect on coupling, output signal & transmissiof the signal. Through this
work we have thus been able to develop a methodidfer stitching to each other
and also to printed optical structures in microshipith smaller confinement,
reduced power and lesser time for formulating thgsets. The study shows
impending advantages of such coupling through rdimp, viz. a) aligned and
misaligned separation can provide good couplingveen two waveguides; which is
not the case in other methods of coupling, wheignalent in elevation, lateral,
spatial is most important for controlling lossedransmission. b) The laser treated
bond provides a strong bond instantly like a taggedtitched pair of waveguides.
¢) The lasing action does not affect surroundingrostructures on the microchip. d)
The SU8 microdrop can be functionalized, micromiaetiand processed to suite
the bio —sensing / coupling requirements. GFP, Bf8étein antigen —antibody
binding is sensed, characterized and analysed thith coupler- sensor. Signal
sensing and coupling are two important aspectssyfséem, be it electrical, optical
or mechanical control signal. If both these funtsiare carried out effectively and
efficiently by a single component, then it will bensidered a multifunction unit.

This study describes successfully fabricated omeh scomponent called
Laser treated SU8 microdrop. It can be used aspicab signal coupler using
WGM effect. It can function as an optical signahs@r, sensing any activity or
coating on the functionalized SU8 surface. Intiémgly in future study it can be
explored as a signal modulator, which modulatepwusignal with the type of
binding, immobilization on the microdrop surfaceor@truction of the spheres is a
real problem and involves Laser irradiation of fibip followed by chemical etching
which is very low yield process. Micro-spheres ot free from vibrations and as

the change of wavelength if in ‘pm’ level it can iy sensitive to thermal noise or

Vi



any other noise. The whole body of the Micro-sphetech is around 100-150

microns in radius needs to be immersed in the én#hyus necessitating the analyte

volume to be high which is always very difficult tbtain. The solution that has

been developed through this work is as following:

. SU8 microdroplet on a silicon/ glass chip for conglof standalone optical
fiber and fiber/ waveguide.

. Process of application of droplet on microchip ighlly innovative and is
developed in laboratory.

. Extensive COMSOL Multiphysics simulations performied investigating
the WGM phenomenon on chip.

. Further WGM used in silicon/ glass chips to studpid GFP protein -G/
antibody binding kinetics.

The whole research work has involved interdisogaly activities, some of
the activities are:

. Analysis of problem statement on coupling betweptical fibers for high
transmission.

. Simulation of the problem using COMSOL Multi-physiand RSOFT
photonics platforms to arrive at a good estimat¢éhef micro-droplet shape
which will be used for actual transmission of ogkisower.

. Exposure of the SU8 micro-droplet which is on glassramic substrate to
CO, Laser to provide Laser welding.

. Modeling and experimental realization of whispergajlery modes [WGM]
inside the spherical & elliptical micro-droplet Wwialigned and misaligned
optical fibers or waveguides.

. Analysis of absorptivity of SU8 and calculation mwiicro-volume of SU8
through optical imaging techniques.

. Carrying out Design of Experiment [DOE] for optiraton of Laser
machine parameters for laser welding of SU8 Miootets.

. The SU8 microdrop bonded fiber-to-fiber couplingigensively optimized ,
so that it can be used as a sensitive biosens@emsing analytes in
proteolytic activity, BSA protein antigen immobégtion, GFP, antigen —

antibody binding.
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. Design and development of an experimental testiigdor analysis of optical

transmittance.

Whispering gallery modes were recognized for thst fime in 19" century
and described by Rayleigh for sound waves insidéasel of St. Paul Cathedral
dome. This technology was extended to study of Rasces inside cavity
resonators: torroidal, disk, spheroidal, ring uslgipt, based on the principle of
continuous total internal reflection. Light wavee aonfined to circular geometries
as the light after one roundtrip, returns at theegpoint, with same angle of
incidence and with the same phase, so that theyrfené constructively with
themselves forming waves similar to standing wanegle these circular structures.
The smaller the size of the cavity the higher i @-factor, higher is the power
density. We have been able to stitch fibers usatatively large sized microdroplets
and been able to tag the micro-droplet with lasec@ssing.

As the SU8 micro-droplet is top irradiated witkda, the heat transfer occurs
across the surface of the droplet through its bulthe substrate (Si or Glass) along
a small polar region of the droplet. Depending loa teat transfer coefficient of the
substrate if the heat is not conducted away bystiestrates it can result in more
localized heating although there is a chance of draplet to totally melt and
develop splashes. In this process the heat alas fiwross the embedded fibers thus
melting and partially dissolving the fiber in SU8 that on resolidification there is
strong adherence between the substrate surfacéharfiber. The softening of the
optical fiber takes place at a temperature of 16000 deg. C. DOE and number of
tests carried out on Si and glass substrate fer laased bonding lead to optimized
values of laser machine parameters. The strengtheofiber, weld after the laser
heat delivery and resolidification period, is gtaively judged and is accordingly
categorized. Optical fibre softening can be reacbedSi or glass surface by

controlling laser machine parameters.

Thermal direct bonding between the Silicon sulbsteand the optical fiber
(without using SU8) has also been attempted butbtived strength obtained was
poor due to an unnecessary spill over of the fibelt and hence this option was
ruled out. The fiber softening temperature couddestimated to be in the higher
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range [1600-171%C] as compared to SU8 so that there is no degmadafithe fiber
material or SU8. The machining parameters for Lasachining are optimized
using Design of Experiment [DOE].

The DOE performed has helped us to carry out syatie and planned
method of varying system parameters to get desudlut conditions, out of a set of
samples. Response surface methodology (RSM) basegérdral composite design
(CCD) used to evaluate the experimental paramdtershe lasing system. The
Software Design Expert 7.0, with analysis technicAOVA is used for the
parametric optimization of all machining parameteBoth Simulation and
experimental results supported the WGM theory, mctv the transmissibility of
aligned and misaligned fibers, at spatial, lateggaration of 650 um and 700 pm
was [% Tr] > 60%. Transmissibility was checkedhaaligned and misaligned cases
of optical fibers using SU8 microdroplet technologgd simulations performed
extensively were also validated through experimeatdata acquisition.

We have plans to apply this technology to the iHeasdetection of
biological analytes. Figure 4 shows a schematicridesg the analyte testing part
wherein the SU8 microdroplet was used to find du& Ibinding kinetics between
antigen and antibodies. We have been able to @ew wvery preliminary level
observations for changing the surface of SU8 intoicsurface which can adhere

well to BSA protein and also some micro-organisms.

In this work we have further initiated the abildy high intensity fluorescent
detection of micro- organisms using porous PDMSucttires infiltrated with
Acridine Orange which may result in sensitive dadecof biological agents.
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Chatper-1 Introduction

Chapter 1

Introduction

1.1 Motivation

Biochips and lab-on-chips are intensely developéml viable, multipurpose,
general purpose sensing platforms for bacteriagddiein, with precision control on
bio-chemical reactions, cell manipulation and depeient of techniques which are
low cost, robust, simple and specific to individ@walalytes. The incidences are
increasing where we come across contaminationad #nd water, personal threats
of infection with hospital and places of public sissecurity concerns at the national
levels. These devices are studied and developedhdady observed symptoms,
analytes, their detection with present and novehne&ues, identification of these
disease carrying or causing agents with availaddértologies and with a renewed
approach. Thus scientists working in this area aedulatory agencies are
continuosly on their toes, to provide improvemeintshe present techniques for
accurate analysis of the samples under cnsider@has it is important to develop a
sensing system for these microchips which is seasiallows direct access to the
sites of analyte conjugation, provides means ofyceg the signals to and from
these micro-locations. According to the trend ofiouss reviews and literature on
the detection of biological entities, more stressgiven on the techniques of
detection. Optical sensing is favoured becausésodiesirable properties of clean,
contactless methodology and number of ways of pnétation of the detected
optical signals. The methods proposed for signahdaing and detection; largely
deploy highly sophisticated, complex test setupiciwimakes it difficult to work

with smaller setups.

Motivation of this work is to provide a means tess optical signals using
novel optical inter-connects, from the high densiticrostructures on the chips and
enable to develop diverse sensing techniques arthegk connectors. Following
sections and chapters give elaborate details oh#tere of these connectors, the
material used, geometrical structure, optical prigge and applications of these
inter-connects. Present scenario where test andlsigonitoring relies on handling
of optical signals: It is observed that, theress of

1
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1. SMF /MMF connectors: standard in their sizes.
Microscopy.
3. Standalone optical micro devices like optical shés, microspheres, ring

resonators, microprisms.
4. Increasing number of parallel /array like high dgnsonnections, port lines:
With micro-dimensions & circuit complexity.
Multilevel PCBs, microchip designs, optical netwadnnections.
Precision fabrication steps and high precisionnaignt set ups.

It indicates that to make the optical sighal measient or sensing suitable
for small and medium system users, there is need of
1. Smaller fibre connectors, having lesser numberretipion parts, reduced
manufacturing cost and a new range of potentidicgipns.
Simpler, low cost fabrication steps and alignmequirements.
Smaller size, reliability of bond and lower losses.
Connectors having Biosensing feature with surfacedification /

functionalization possibility.

1.2  Aspects of the Optical Interconnect

1. The interconnect must provide connectibatween on-chip and off-chip
optical waveguides, between two waveguides.
The optical interconnect must be essentially lostceimple and robust.
Along with signal coupling, signal sensing featamest be incorporated.
The material used for such interconnects must beobpatible and possess
excellent optical properties

5. The material can be functionalized to suite immpdilon of biological
analytes.
6. Provide signal amplification to specific range ptioal wavelengths.

1.3 Enhanced Coupling and Biosensing

A sensorfransducer signal in a system is generally weakreeedl boosting,
particularly when it is the biological signal whigk being sensed. The optical
interconnect will be highly beneficial if it canlsetively enhance the microsignal.
Signal coupling is another issue, which takes fdinoe, alignments and adjustments
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to transmit signal with minimum losses across thetj The proposed interconnect
will be extremely valuable if it can help reduce tiask of waveguide alignment to
some extent and still grant enhanced coupling.

1.4  Scope of our Work

In a typical laboratory environment, where testd aignal monitoring relies
on handling of optical signals; use of SMF /MMF pentors, Microscopy or
standalone optical micro devices like optical skhés, microspheres, ring
resonators, microprisms; is most commonly obser@&dF/ MMF connectors are
standard in their sizes and most suitable, wheegugnt connections and
disconnections are needed and the dimensions ofvtrk platform housing all
optical circuits or networks, is not an importanensideration. With the advent of
technology, the scaling down feature is observedlnmost every field. The circuit
sizes are decreasing and the complexity of theitsréeads to increasing number of
parallel /array like high density connections, gdiores, making the signal handling
even more critical. In case of multilevel PCBs, moahip designs, optical network
connections, the size of connectors is a crucigigtbeconsideration. It is important
for such connectors to have low cost, low lossesease of operation. Optical fiber
outer diameter is 125um whereas the standard desizé for fiber connectors varies
between 1.25mm to 12.5mm. Therefore smaller fib@mnectors, having lesser
number of precision parts, may lead to reduced fiaahwring cost and provide with
a new range of potential applications.

Splicing is another method of joining two fibengere the fibers can be just
held together [mechanical splice] or permanentlggd [fusion splice] using heat.
Heat is provided by electric arcs, gas flames or Césers. Size of mechanical
splice is large and fusion splice needs proteatbe tfor the bare fiber joint. Both

types of splicing mechanisms use precision aligrtroéfibers in X-Y-Z plane.

Another area where the signal coupling becoméewlif is coupling optical
fiber to on chip waveguides of smaller feature .siae address these issues number
of signal coupling methods including use of prisrfiser gratings, vertical taper
structures, microspheres with tapered fibers arsidered. All these methods need
additional precision fabrication steps or high jmen alignment set ups.
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In our work we have conceptualized a simple metlodéccoupling two

waveguides [spaced and aligned suitably], using &lit8odroplet; strengthening

the bond using localized precision heat transnmssising CQ laser. Further the

microdroplet is used to sense biochemical act&ibiecurring in the evanescent field

zone of its functionalized surface. Thus this cowplmethod is a permanent

coupling method, with number of advantages likebifitg of bond, reliability of

connection, low cost, smallest size [droplet sikeliameter 200um], possibility of

connections of multiple fiber and fiber arrays igth density applications, lower

losses, less overheads of precision alignmentcldabde fiber bonded assembly for

flexibility of operation, ease of installation, potial use in number of biosensing

applications with proper surface modification scamrd so forth.

To outline the Specific objectives of this work:

1.

To develop a means for high efficiency opticalpling between optical
fibers and printed waveguides for effective trarssoin of optical signals.
To provide means to access optical signals usiogel optical inter-
connects, from the high density chip based optics.

To explore alternate polymer materials for bhiaterconnect and sensing.
To explore the development of small forces mgnBom biological systems
and biodiagnostics. (This is more a material exgtlon with ideas for future
directions).

Future Scope

To use elliptical microsleeves of different dimems, sizes, materials;
verify them with simulation software and experingenise these devices as
optical couplers, sensors of biological entities.

To get smaller (diameter < 350 microns) SU8 draptater the two fibers or
fiber-waveguide-fiber, may provide improved andimed solutions for
signal transmission and sensing of biological &stit

Contact angle of the droplet must be nearing 90getb a near spherical
droplet.

Both labelled and label free techniques may be wsetaser exposed and
UV exposed microdroplets.
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5. A range of porous PDMS - AO materials of differipgysical, chemical,
optical properties can be produced by varying cotraéons of curing agent
and Acridine Orange (AO) in polydimethyl Siloxar®OMS) gel.

6. Experimenting, usage of the Porous PDMS —AO madtasiavound dressing
strip, opto-biosensor, filter or as an implant.

7. To explore the change in the image contrastobking at the fluorescent
PDMS.
8. To study nanolevel locomotory motions of tihgamisms.

1.6  Organization of the Thesis

The nature of our work, as discussed In subsequdrdpters is
multidisciplinary. It involved tasks that need krledge and understanding of
diverse range of branches of Science and Engirgeehilong with modeling of the
problem, extensive experimental work of varied matand characterization was
carried out to achieve the goals. Starting withbfem formulation, some of the
major activities can be listed as photonic simatatof signal coupling, process of
laser heat transmission, simulation of temperatmeditions at the time of heat
transfer, optimization of process parameters, rtgstof optical signal, surface
modification for biosensing, experimental test petor sensing biological analytes,
fabrication of microstructures, micromachining, oé®iomaterials and characterization
using high end instrumentation. Thus it was necgsHaat each major task be
separately discussed in a chapter.

In chapter 2 we present the review on differentpding techniques used to
transmit optical signal between two optical wavelgsi Theoretical discussion on
Dielectric microspheres, whispering gallery modesGM] phenomenon inside a
curved surface is important to highlight applicascof microspheres as resonators,
biosensors, active and passive photonic devicesedBan the research problem, a
novel method of signal coupling between two optwalveguides using elliptical
microsleeve is presented. Two simulation softwat€3MSOL Multiphysics and
RSoft were used to model this bond and explorerpelyc materials suitable for the
waveguides and the microsleeve. Simulation resuiggported the possible efficient
coupling between optical fiber and polymer waveguidChapter 3 discusses
implementation aspects of the model conceptualeed simulated in chapter 2.
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Photoresist material SU8 with its excellent optipmbperties is selected as a
microdroplet material, to couple the signal anddltine waveguides to substrate and
eachother. A model based on laser heat transmissistiengthen the bond by first
melting SU8 and then resolidifying it, uses findlement method, COMSOL Solid
heat transfer module. Another model is based oitalpignal coupling between
these bonded waveguides, experiencing WGM insidestinved surface for specific
excitation wavelength. Laser machine parametersoatenized on the basis of
simulation results and Design of Experiment [DOHtnodology used for the same.
Experimental results indicated strength of the diagond and measure of optical
transmittance across the bond.

In chapter 4, we present review on interactionb@molecules, various
biological entities, with surfaces of a range dfetent substrate materials. Focus of
this study is on A. solid polymeric materials, treensitivity and specificity towards
select analytes. Surface modification and funclizaton techniques are discussed
to make these material surfaces suitable for tlematal- biochemical actions and
reactions required for interacting with the targealytes. As SU8 material is the
microdroplet bond material, as discussed in chaptamreview on surface modification
techniques of SU8 is presented. Next before imphtimg these techniques on a
small SU8 microdroplet, they were used to checKaser sensitivity of thin SU8
film to biomolecule protein BSA, with methods likaser exposure, UV exposure,
chemical treatment, acid treatment.

Based on the results UV exposure was selected simple and robust
method for SU8 microdroplets to immobilize BSA mias. Also SU8 microdroplet
bonding two optical fibers was surface treated fmotein immobilization.
Characterization of GFP tagged E-coli cells immebd on UV exposed SUS8
microdroplets and as SU8 microdroplet coupler, sem&s done using microscopy.

In chapter 4 B. a new bio material is presenteds b porous PDMS and
AOD material of reddish color and spongy appearasaitable in filters, band-aids,
sensors. Fabrication procedure involves soft lithphy technique. With variations
in the proportions of constituting materials, cdimtis of post treatment; a wide
range of materials with desired properties andiegiibns can be realized.

Each chapter is concluded with the results ofsihulation or experimental
work and references.
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Chapter 2
Software Simulation: Polymer Waveguide Coupling
using Elliptical Microsleeve

2.1 Introduction

Integrated Optics & photonics have intrigued resears, scientists and
application engineers equally for a long time, hseaof their excellent set of
properties and features, innumerable applicatiolt®mpassing the entire universe.
Both the terms broadly deal with quantum mecharnticabry, linear, non linear
optics, optical engineering, optical communicatiosimulation and application
softwares, branches of science and technologyndealith optics or optics related
applications. The operating range of optical freqies is wide enough to
accommodate Ultra violet-Visible —Infrared [UV-VI®] spectrum. Search is
always on, for technologies, designs for bettedifjueomponents, devices, circuits
and circuit solutions, providing integration cagighiscaled down features, tunability
and stable performances in applications rangingn frepacecraft engineering,
communication engineering, spectrometry, micronracgi and bio-sensing. Several
approaches are directed towards the developmenbramunication links of high
performance laser sources, high efficiency wavesgi@hd high sensitive detectors
along with anlog and digital signal conditioningmocessing functions. Integrated
optics besides compactness also help address isgulesses, cost, alignment,
handling of optical signals at various stages efsiistem under consideration. The
area of Integrated Optical Circuits [IOC] which deefurther exploration and cost
effective approach is signal coupling between ewkesignal carrying, off chip
optical fibers, fiber ribbons and on chip waveguilee structures. The large
disparity between dimensions of single mode fibansl the on-chip waveguide
micro-structures needs tobe handled with critical precise setup to minimise losses
and signal degradation. Thus chip level signalnatignt and coupling needs

sophisticated instruments and alignment equipments.

In this work of simulation using photonic softwsyesome of the important
points related to optical signal coupling are cdased:
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1. Tapered fibers can be used with the on-chip g@des using novel
elliptical microsleeve structures.

2. Single fiber, fiber ribbon or array of fibers ncabe connected to
corresponding waveguides

3. The coupling strategy though used for polymevegaide material, can be
extended and tested for variety of substrate anetgeade materials.

4. Optical fibers can become part of the IOC witbpger pretreatment and on
chip support provided by the microsleeve.

5. Simulation conditions cover boundary conditioliee perfect matched
layers, perfect conductors etc.

6. The resultant modal and electric field patteshew the coupling beween
two waveguides at desired frequency, occurrencevtopering gallery
modes at regular spectral intervals, effectiveaative indices, Q-factor,

eigen modes.

The photonic simulation softwares, RSOFT FullwBiElD [Finite difference
time domain] module and COMSOL Multiphysics softevawith RF module are
used to demonstrate elliptical microsleeve supgoctupling between an optical
fiber and waveguide in an IOC environment. The apeg frequency range is in
THz covering VIS —IR spectra. Also importance of isgering gallery mode
resonators [WGR] and WGR based devices in confimenoé light in smallest
volume, providing high power density has levitategs humble coupling concept
into a versatile WGM phenomenon.

2.2 Whispering Gallery Mode [WGM)]: Basic principle

A bent single mode waveguide, upto a certain llmeitomes multimodal; if
its core width is increased, same as a straighteqwade. Beyond that the inner
dielectric interface becomes irrelevant and thesodielectric interface guides the
bent mode, these are whispering gallery modes [WQdkis phenomenon occurs in
monolithic resonators with curved geometrical sisdpe cylinder, ring and sphere.
Conventional resonators used two or more mirrdistd recirculate optical power,
by way of reflection between the highly reflectiigw loss mirrors; to improve
resolution, pathlength or to maintain oscillatiomdthough high Q quality and
finesses were features of these resonators, thiégresii from low stability due to

8
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vibrations at the low operating frequencies, lasgee and difficulty in assembly,
overall complexity and extremely high costs. Aleere were hurdles in the process
of miniaturization of such devices. So the focu#tath to devices with curved,
polygonal surfaces supporting circulating light twibtal internal reflection. The
circular modes in these monolithic resonators, witgh index contrast at the
boundaries, low losses, high —Q, pathlength of ature in multiples of the
wavelengths, were called whispering gallery modesrface imperfections and
material dispersion once controlled, fabricatiorttadse high performance transparent
structures became simpler and cheaper. Due to #meall sizes and volume,
stability was good and on chip integration was fiss

Fig. 2.1 Whispering gallery modes (a) dome structar inside St.
Paul Cathedral (b) Schematic of the gallery (c) and(d)
whispering gallery modes represented by eigenmodedgdiles.

In 1912 Lord Rayleigh experienced the phenomerf@soond waves in the
form of small whispers, travelling in an oval shajmmed St.Paul Cathedral [ figure
2.1 (a)] to have reached a longer distance andlglpraard. Thus the term got the
name whispering gallery waves and the signal mamdled whispering gallery
modes. Figure 2.1 shows the St. Paul Cathedral digmstructure and the gallery
where this phenomenon was first observed. Optigab$ when inserted at a critical
angle inside a curved surface, it is completelypsuted by and propagated along
the curved wall of the structure by total intermaflection. Curved surfaces like
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micro-spheres support modes with radial, axial @odar fields which demand

complicated analysis. Further modifications in $ipderical structure like in case of
ellipsoidal, hemispherical structures the analys&zomes even more complex.
Inside the curved surface a resonance like comdib@curs when after one
roundtrip, the waves return with the same anglmacitience, at the same point and

with the same phase, to form a constructive interfee similar to standing waves.

The performance of WGM resonator is best analys#dthe following parameters:
1. Optical path length. = Ce™Neft ... 2.1
= 1:]* 7\4r

Cp=n3a+b,) - [10a.b, 4 3(a2 +12)

WhereCkg is circumference of ellipse with, b; as major and minor radii,

Nesi IS effective refractive index of waveguide materipls mode number of

the resonatof, is wavelength at resonance.

2. Free spectral range [FSR]......coi it ieeeeeee ettt vemee 2.2

VFSR = Ux - Ux+1 .......0x frequency of x mode

= C/(A1r* neff) Hz ...... C is speed of light

3. Finesse is a quantity which relates FSR with rascg linewidth or it can
be considered interms of sharpness of the resorcamee

F =1 (UFSR/S(D) ............................................................... 2.3
=2[1* Q(UFSR /(Dr)

4, Q-factor which is the ratio of time averaged enengythe cavity to the

energy loss per cycle.

Q = o, * (stored energy / power l0sS).. o, angular resonance
frequency
SO0 e ————————————— 2.4
TOF T T i T.characteristic decay time
=n*F

10
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=M * vesr) / OV ... ov is full width half max of spectrgsee

figure 2.2]
Intensity
1
FWHM
os FSR
%_
Waveleneth

Fig. 2.2 Free spectral range [FSR] and Full width &lf max
[FWHM] for a WGM for modes 1,2..n inside a resonato.

2.3 Simulation using Photonic Software

Any scientific or engineering problem however skenpr complicated is best
visualized with simulation. There are number of folmac softwares available for
dealing with various aspects of photonics, likeetidomain analysis, beam propagation
analysis, frequency domain analysis etc. SoftwhkesRSoft, Lumerical solutions
purely deal with photonics, whereas COMSOL MULTIRES simulation software
allows problem defining modeling, involving mulisdiplinary problems. It provides
coupled physics concept with effect of two or mphgsical conditions, strongly or
weakly coupled on the model under consideratior. Milodel Builder provides GUI
for integrated environment, flexibility in matersglection and improved functionality.
In this work COMSOLversion 4.3 RF module is used for solving the isefie
coupling between optical fibers and waveguides gigtliptical microsleeve of
polymer material. A condition of whispering gallergodes is observed for the
selected geometry and input signals. RSOFT fuleMa® TD software is integrated
CAD [computer aided design] tool and simulationtsafe which is based on finite
difference time domain [FDTD] technique. Within @en index structure and
known source of excitation, it can calculate tinmel &pace based electromagnetic
fields in a broad range of photonic structuresthis work, the simulation is based

on the ring resonator concept.

11
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2.4  Coupling Methods

As mentioned previously one of the most criticabect of design of
integrated optics circuits [IOC] is signal couplirgm off chips sources to on-chip
microstructures and off chip detectors. Opticagfare normally connected to the
test jigs of an optical setup using SMF [single mditber] or MMF [multimode
fiber] connectors. With ever decreasing featuressizhe space constraints on chip
designs make it impossible to use these connedtoranultiple input output
connections. The topic of signal coupling is alsac@l, from the point of view of
size disparity between fibers and waveguides op. dhigreat deal of work is done
to achieve high efficiency coupling between theefiland waveguide, by guided
means where the light is confined to the optida¢fs and waveguides or unguided
means where prisms, microlenses are used to coatefhight on the waveguide.
Silicon-on-insulator [SOI] devices are known for maéacturability with available
technologies, ultra compactness, strong confinenoérdight and transparency at
1550nm wavelength of optical communication. Higler contrast is important for
confinement of light and roughly it is defined & tratio of difference to sum of
highest and lowest refractive indices of the wawbgumaterials, tobe greater than
50%. Polymer materials as optical waveguides, thoagt having high index
contrast as per definition, are very much usedetemt cost effective fabrication
technologies, for visible operating ranges, chatematerials and flexibility of
designs. Tapered coupling with longer taper in@sasgficiency of coupling in case
of fiber to waveguide coupling. The taper can beedical taper converter or a
grayscale taper to match the dimensions of fibewaveguide. Inverse tapered
couplers, grating based couplers and prism couplersome of the other types of
coupling where sizes of waveguides are importateran. In all these techniques
high precision lithography technology or criticaljastments are involved. In 1990
permanent coupling of fibers to thin film wavegusdevas presented [12] by
cementing fibers to the etched Si-grooves and usiagescent wave coupling. This
method was reported tobe suitable for fiber arrayfferent waveguide materials
and for higher coupling efficiency. Anti-resonardgflective optical waveguide
[ARROW], chemically etched tapered fibers were udé& 14] to couple light with
dielectric microsphere resonators having whispegaltlery modes to achieve 98%
power efficiency. With dual coupling of fused [1%hicrosphere for WGM

12
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resonance, about 99.8% power coupling efficiencg vaistered. V-grooves and
nickel pins [16] were used in an I0C to self alignltiple waveguides.

25 Related Work

In a detailed review Righini et. al [1] have dissad WGM resonators and
emphasized the importance of confinement of opsggtal into smaller volumes,
be it for photoelectronic devices or photonic desitike fibers, lasers. A new trend
in dielectric WGM resonators was found to possasslities like smaller mode
volumes, narrow spectral linewidth and high powengity. Along with the linear
and spectral properties of WGM resonators [2,@irthpplications included passive
WGM based devices like filters and active WGM basedices like modulators,
oscillators, lasers. Mathematical analysis andydical approach for basic equations
of WGM, excitation, equations for eigenmodes, fieffuations of WGM [3,4,5,7]
resonators were reported along with experimentsililte® of study of modes in
dielectric resonators. For the study and analyfsigawe propagation in resonators, it
is important to provide conditions of perfectly mtad layers [PML], like [8] for
reduced reflections and increased absorption oflemt waves at the boundaries.
Implementation of COMSOL simulation for PML bounglarconditions of
axisymmetric resonators [9], photonic crystal fgodd0] was reported. In an
optofluidic biosensor of transmission type, fullMeasimulation was used to sense
shift in transmission spectrum [11] due to diffezerin refractive index of target
fluid and biomaterial. PML design considerationpioved performance parameters
of the sensing layers. Role of WGM resonators assas for chemicals and
biochemicals [17], was discussed in a review toherr emphasize the versatility of
the WGM resonators. Thus for the purpose of signaimunication across a fiber —
waveguide joint extremely precise x-y-z alignmeiffittloe two is required, with
stability of the fiber and size difference betwéka two taken into account. Overall,
the performance of the circuit mainly depends andhccess of these joints which
are exceedingly difficult to implement.

2.6 Optical Signal Coupling Using Polymer Elliptich Microsleeve:
SIMULATION
The skills and techniques involved in completinfjoer to waveguide joint
on a small chip can be listed as, 1.tapering odrfil2.fabrication of intermediate

13
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microstructure as an interface between the twdigBraent of all three to minimize

losses, 4.monitoring with high end equipment tieady of such a bond.

The design conceptualised in this work mainly miaes the work on
remaining three except the first where fiber tappiis essentially required. Single
mode fiber is tapered to its more than core and tean cladding dimensions,
aligned with the waveguide or structures on chimagisnicroscope, after using
fixing arrangements, a small, uniform, polymericcrosleeve like elliptical or
spherical, drop is dispensed on the waveguide, jtontcompletely cover it. Then the
whole assembly may be post processed for a lonigelf $fe. A novel WGM
phenomenon is explored inside the hemisphericaeoni-ellipsoidal drop, which
assists in transmitting the optical signal acréeskiond. Simulation of these designs
is carried out using RSoft and COMSOL Multiphysscdtware, to verify feasibility
of this concept. The designs are roughly based oimgaresonator, as shown in
figure 2.3 (a), which is a planner resonator, cimgpsignal from one waveguide to
other with the special arrangement of structures.

Figures 2.3(b) (c) (d) show the arrangement ofrfb with polymer
waveguides or with another fiber to couple the aligaicross the bond. It indicated
that a range of materials, along with the variationlimensions of the two binding
waveguides, gap [x-y or x-z] between the two carexigored. Whispering gallery
modes are known to exist at the inside surface otimed object when excited

appropriately.

- Folyser ¥G
Elliptieal  1-54
Microsleave

Elliptical
Microsleava
J

Fulyarr W0
L5
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Tibers

) ) o Sketch of test chip for (1)
L) Skotch ot bost chip tar 12} optical coupling
optical coupling

Optical
fiher 3

Fig. 2.3 Schematic diagram of (a) Ring resonator Jk(c) (d) designs of elliptical

microsleeve bond.
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The elliptical microsleeve is expected to supmighal coupling with the
WGM phenomenon. WGM is characterized for high —alugs and confinement of

circulating energy inside a cavity.

The light propagation through an optical fiberipgical microsleeve and

through a polymer waveguide is explored over aeafgptical signal wavelengths.

COMSOL simulation platform executed designs shawfigure 2.4 (b) (d)
with boundary conditions viz. electric field, perfemagnetic conductor [PMC],
perfect electric conductor [PEC] and domain coaditiperfect matching layers
[PML] to get appropriate simulating conditions aoadntrol dispersive, reflective
outer regionRF module of COMSOLsupported the model demonstrating WGM
inside the microsleeve, with governing equatiorggupgion (2.5) to (2.9)] from the
electromagnetic wave physics and frequency domadatys

VX(u L. VXE) — K2 (sr - Vi—‘g’o)E | SO 2.5)
VX (UL VXE) = K2 £,0E = 0 evveooeeeeeeeeesereeeseesesnees e e eeneennenn(2.6)
0

Wherem= angular frequency of the incident signal= conductivity [S/m].e; = (

n-ik) % is relative permittivity [F/m] (wherer is real part andK’ is complex part
of the refractive index of the materialp; is relative permeability [H/m] (botla,

and|l, are with respect to the permittivity and permegbdf free spacego andlg

respectively), Kg is the wave number of free space represented bfpllbe/ing:

Ky = w./ego = C% [rad m™Y] (2.7)

WhereC1 - Speed of Iight in Vacuum [3 X%/S-]: ------------------------------

Qoz% e (2.8)
Where Q, is quality factor,fo is resonance frequenci\f is 3-db bandwidth at
resonance.

Qo can be calculated from complex eigen-frequencyesdV, as

__ Re(W)
Qo = 2[lmWy)|

(2.9)
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RSoft simulation using fullwave analysis is impemied for design of figure
2.3 (c). The design ensures proper simulating ¢mmd with perfectly matched
layer and material conditions in this 2-D modekahge of frequencies falling in the

optical spectrum are utilized to observe signalptiog and WGM effect between
two waveguides bonded by an elliptical microsleeve.
2.7  Result and Analysis

2.7.1 Simulation resultshowing ring resonator, microsleeve coupling andMVG
in the frequency range of 1-5THz.
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Fig. 2.4 Simulation of (a) optical ring resonator f), (d) electric field and WGM
inside two models of elliptical microsleeve (c) si@l coupling and propagation.

2.7.2 Table 2.1 Calculations at WGM condition

Sr. Refractive Index Major | Frequency| Frequency|Q factor | Decay
No. axis | of WGM |of couplin time
© Input MS | Output multip- HPing !
waveguide wave | o [THZ] [THZ] T[ps]
guide
1 3 3 1.54 15 159.722 162.75 2576|12.567
2 1.46 1.671 1.67 15 458 458 1145 0.397

As shown in Table 1, the Q- factor and decay twmhgéhe WGM energy
stored inside the microsphere and waveguide asgemaling refractive indices 3-
3-1.54 for the input waveguide —microdroplet-outpudveguide respectively, are
comparable to that with R.I. of 1.46-1.67-1.67 ifailoptical fiber-SU8-SU8]. Inside
SU8 microdroplet the energy circulates for a shighdwer period during the WGM
condition of case 2 at frequency of resonance Holvcontrast].
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2.7.3 Graphs 2.1 [A & B] of total energy inside the dfigal microsleeve resonator
vs Frequency over full spectrum.
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microsleeve resonator [low index contrast] vs Fesgny, Over 2.061THz
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2.8 Future Scope

Once the concept of elliptical microsleeve coupland its feasibility is
verified using the simulation softwares, the caupican be experimentally verified
using elliptical microsleeves of different dimenssp sizes, materials. Future scope
is to use this device as an optical coupler as agedl sensor of biological entities.

2.9 Conclusion

Both RSoft and COMSOL Multiphysics software sugedrthe 2D —models
of elliptical microsleeve based coupling of optiibérs and waveguides. There was
high efficiency coupling and WGM phenomenon obseéria certain wavelengths.
The performance was checked interms of the sinomlagraphical results, Q-factor,
electro-magnetic fields, coupling efficiency. Resuh Table 1 show that in case 2,
WGM at 458THz, in the polymer waveguide and optidaér tagged by polymer
microdroplet assembly, Q-factor = 1145, decay tin878 ps. Thus it can be
concluded that polymeric waveguides and microslezare be used to couple two

optical waveguides.
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Chapter 3
Laser Heat Transmission for High Efficiency
Bonding of Two Optical Fibers Using SU8
Microdroplet

3.1 Introduction

Lasers are versatile in their applications inalgdiprecision optical test
setups, entertainment displays, micro- structubeidation, precision joining, device
fabrication, ablation, lithography, local heat gety, optical fiber splicing, etc. In
specific application areas like surface texturing &cal variation in microstructure
fabrication of standalone optical micro-deviceseliknicro-scale ring resonators,
microspheres, optical switches micro-prisms, egera are indispensable. These
standalone optical devices are widely utilized lremical/ biochemical diagnostics
systems, sensing systems and also in communicatigstems whereas printed and
patterned structures are not so well explored. @frtee reasons for this gap might
be, the issue of joining these structures withdadme single or multimode optical
fiores which otherwise provide total transmissipilof signals in opto-electronic
platforms. Diagnostics can become very easy, flexgdaptable to new situations if
chip based structures are explored more in congrari® standalone optical
components because of their high sensitivity, Btaland low intake volume of
analytes.

In this chapter we have explored and conceptuhlaestrategy of joining
optical fibres to microchip based printed opticeigsa SU8 micro-drop. The fibers
are placed straight in close proximity, with propssnsideration of gap and
alignment between the two. The adjoining fiber eadscovered with a small SU8
microdroplet which is carefully and precisely expbdo Laser beam for specified
period and with optimum power. The heat transfetedhe microdroplet locally
melts the SU8 and then solidifies again to formpkdsbond. Long monomers of
SU8 are cross linked and hardened, with the lagevure and subsequent chemical
reactions. SU8 has low absorbance in the mid IRizd [MIR] range. Hence laser
power control is the key to strong and perfect bdmenation. The technology
developed is presently analysed and evaluated ticabpiber to fiber bonds on
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glass or silicon wafer. It can be a directly impéted in an application where
coupling process between optical fibre and exterwbedact of SU8 thin film optical
waveguide, utilizes precise heat delivery of a,d43ing system on a SU8 micro-
droplet. Optimization of some physical/dimensioparameters of the bonded
assembly was possible with the control of lasequUency, speed, power, spot size
and cycle control. The optimization is performedhvbesign of experiments (DOE)
technique, in which Response surface methodologgMR based on central
composite design (CCD) is used to evaluate suitkperimental parameters for the
lasing system. Study of temperature distributiothatfiber joint, SU8 droplet and
SU8 structure end was possible with finite elemdmgat transfer model.
Consequently further optimization was carried opfdcussing the heating zone to
the joint area. Exclusive optical [RF] modellingpisrformed to estimate the optical
transmission property of the optical fibers bonde@ach other on a substrate with
SU8. Our studies indicate the possibility of formatof Whispering gallery modes
[WGM] at the inside surface of the micro-dropletdeng to very high transmissibility
of the optical signal. It also shows that, the kh&ss of the joint, on heating might
control the temperature at the spot. Thus throlnggh work we have been able to
develop a novel method for fiber stitching to eather and also to printed optical
structures on microchips with reduced power, smakefinement and lesser time

for forming these joints.

Various aspects of this work are discussed frogtimes 3.2 to 3.10, to
introduce different processes and concepts on #sis lof which this work is
developed.

3.2 Lab-on-Chip
Lab-on-a-chip [LOC] integrates one or many diagico®r laboratory

operations on a singlechip of compact, small slizdnandles smaller volumes of
samples and deals with its transport from one @edb other. Thus dispensing of
measured quantities of specific chemical, reaganspecific port, setting time,
stir/mixing the same and subjecting it to the ssmssection are some of the
operations LOC does as a regular feature. Thuthalrequired laboratory sample
handling equipments are scaled down and crampedargquare millimeter size
chip. Also it is important that the sequence ofréseand analysis is maintained. It
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finds applications in point-of-care diagnosticsy loost global health diagnostic kits,
diagnostic tools, immunoassays. Merits of LOC asmynincluding 1.Compact size,
fast response and smaller volumes of fluids, smh#at capacities, low cost 2.Fast
analysis and improved process control 3. Analysigh whigh throughput
4.Disposable, low cost chips, better quality colntexesignable platform.

A few demerits are 1. Cleaning, predicting effeatgrevious reactions on
the chip material is difficult 2. Precision engineg accuracy decides accuracies
and performance parameters of the device. 3. Stalen principle may not be
applicable to sensors, detectors and sources.

Lab-on-chip technology when used in diagnosticss designed to monitor
microorganisms in the environment, count cells atiter molecules in the sample,
separate required biological entity from sampleftdure investigations. Figure 3.1
(a) shows a typical microfluidic system on a paime €£hip. It conducts around 1000
reactions in this small area [Lab-On-Chip]. Normadl programmable microfluidic
chip mixes and stores samples, the LOC shown urdi@.1 (b) mixes, stores, heats
and senses the samples. This chip consists of emtraglic control region and
microfluidic section [Purdue University NewsJhus sensing is an important aspect
of LOC design which still relies on add-on instrurtagion like microscopes.

www.popsci.com Lab-on-chip: popular sgjence
1000reactionsin the palm of your hand

news.uns.purdue.edu Innovation could make
lab-on-chip

Fig. 3.1 Images of two categories of lab-on-chipa)( microfluific chip [Lab-
On-Chip] (b) Microfluidic system with multipurpose programmable
controller chip [Purdue University News].
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3.2.1 Merits of Miniaturization

A few of the benefits of micro-miniaturization aaecounted as 1.Reduced
overall power consumption, 2.Compact size, shapwallsr weight 3.Rapid
interaction between components 4.0ptimized maesalution, reagent usage

5.Specificity in operations and design.

3.2.2 Limitations of Miniaturization
1. Reduced reliability 2. Stability is compromisg&dPoor serviceability after
manufacturing 4. Increased design complexity mayl k& poor performance
5. Increased cost due to improved R and D engmgeri

3.3  Methods of Microfabrication

Microfabrication essentially means fabricating ides with one of the
feature sizes in micrometer range. Previously phsnomenon was dominated by Si
based systems. Current status is that a rangevwohragerials are being explored to
reduce the cost of material, process and complekitiye endeavour. Microfabrication
has a source from steady and compelling need oatanization in every field of
life, be it manufacturing, automotives and elecicogoods, defence and military,
medicine and diagnostics, communication systemseSof the microfabrication
technologies are employing laser machining, phibtodraphy, soft lithography

amongst many.

3.3.1 Laser Micromachining
Modern Laser machines have computer controlledamant of the beam. A

software defined pattern, along with pulse freqyerspeed, time and intensity of
beam control, can monitor the depth of exposurmatge due to polymerization or
nucleation of the material. The laser beam can fb€W or pulse type. It is the

wavelength and power of laser beam which decideusedf the machine. Based on
wavelengths there are three main types of lasersmter Laser [193nm, 248nm,
308nm, 351nm], Nd: YAG laser [1064 nm, 532nm, 47Bn@0, laser [10.6um].

The selection of wavelength depends on desirednmaim feature size, transparency
of the material to the wavelength and optical proge of the material. Smallest

feature size or resolution of the laser machingleslly double the wavelength in
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nm. For a C@minimum feature size is 21.2urBesides laser based 2-D, 3-D
microfabrication using a range of polymer materiéds materials like glass, wood,
some soft metals it can be utilized to make mowdslies for soft lithography,
masks for photo-lithography. Lasers find applicasian thermotherapy, medicines
[soft, micro surgery, cancer treatment], defencenufacturing [cut, drill, weld,

rapid prototyping].

3.3.2 Photolithography

Photolithography is selective exposure of a pleitesive/ resist material
coated on a substrate, to the Ultra Voilet [UV]htigsource, development of the
photo exposed material in a developing solutione@lize desired features on the
substrate. Resolution of the mask decides smddlasire size. Positive photoresist
delink and weaken when exposed to UV rays wheregative photoresist link and
harden when subjected to UV exposure. Prebaking mostbaking are essential
procedural steps to chemically control other ingrets of the photoresist. After
development in the developer solution the unbondederial is etched away.
Masking is done using hard [pattern printed on dpament sheet] or soft masks
[Computerized black and white pattern]. Two higlsalation image producing
lithography wavelengths are 365nm and 436nm.rtiastly recognized for its use in

fabrication of highly complex electronics integhtarcuits.

3.3.3 Soft Lithography
Soft lithography according to definition is theh@ology involving molds,

masks, stamps to replicate structures very ofteelastomeric materials. Feature
sizes of micro and nano are possible with thisri@pke. It has merits of lower cost,
suitability in 2D as well as 3D surfaces, can aehismaller feature sizes of 6-10nm
appropriate in biotechnology, more methods of patteansfers or replication are
available to suit specific applications. In reploalding, PMMA or PDMS is normally

used as replica mold or mask for the prepolymeterAhaking a bubblefree, clear
composition with the curing agent the polymer gepoured in a suitable container
along with the replica mold or mask. The assemblyhen cured by heating or

exposing it to UV rays.
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3.4  Types of Optical Signal Coupling

Optical fiber —fiber, fiber to waveguide, thinfilwwaveguide to waveguide
and fiber —to-thin film waveguide are four possibdgtical signal coupling
conditions. There is a large disparity between dismens of single mode fiber
[SMF-10um] and the silicon-on Insulator [SOI vemal cross-section] waveguide.
In-plane and out-of plane mode transformation cexgphre used to to match the
fiber and waveguide [1]. The coupling is very ingént if the two are not properly
matched. With gray scale technology the input waigsgcan be tapered. Grating
coupler and photonic crystal coupler are two otheupling methods. Signal
coupling using asymmetric GRIN lens was tested witlboupling loss of 0.3db.
Optical coupling loss can be affected by multimadeingle mode fiber coupling,
fiber mismatch, launch conditions while launchinght into the fiber, quality and
type of test, reference chords being used.

Loss due to fiber mismatch is caused by the fibracteristics and not due
to joining techniques used. Fiber mismatches aeetdua)difference in numerical
aperture [NA] (b) Core/cladding concentricity er(oy Core diameter mismatch [4]
(d) Linear gap between two fibers/ waveguides.

e £ 1S 3.1)
Coupling LoSS= ~10 [NAy/ NAG 2wt (3.2)
Coupling LOSS= ~10 [Dyf D]t (3.3)
lo=11 e Beer -LambertS IaW............ooveeeeeeeoeeeeeeeee e (3.4)
1,(A) = (1) e M Beer Lambert law as function &f..........cc.oo........... (3.5)

Where n is refractive index of second fiber core in thejpO, is the maximum
cone of light half angle for the amount of lightdnter or exit, NA NA, Numerical
apertures of first and second waveguide, D1, D2@ammeters of two fiber cores, |
is intensity of light at the input of first fibet, intensity of light at the output of
second fiber, d is the gap or thickness of materiaktween input and output fibers/
waveguidesA is the coefficient of linear attenuation [if scaitg is ignored, it can
be equated to absorption coefficient in gmi is wavelength in nmA(L) is
Coefficient of linear attenuation which is functiaf wavelength, A), 11(A) are
ouput and input light intensities which are funosof A, see figure 3.2 .
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Power in L 1—

L ¢ Loss=-10 Log [NA/NA,J
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- m@ [b) due to core concentricity.
Loss about 0.5db
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Fig. 3.2 Schematic diagrams of fiber coupling andatises of losses (a) Fibers
with different Numerical apertures (b) Core concenticity (c) Core
diameter mismatch (D>D;) (d) Linear gap between two fibers/
waveguides.

3.4.1 Tapered signal coupler

The inequality between single mode fiber and &ilion-insulator [SOI]
waveguides dimensions is prominent and cause gbliogulosses. Figure 3.3 (a)
Shows schematic diagram of a tapered coupler [8&Huo couple optical signal
from fiber to SOl waveguide with minimum couplirgskes. The light is confined to
the bottommost layer of the stacked tapered couplech had highest refractive
index. Linear taper confines and guides the lighthe narrow waveguide. Figure

3.3 (b) SEM image showing coupler stack layers wéahabolic index profile.
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Fig. 3.3 Techniques used to minimise coupling loss€a) schematic diagram of
a tapered coupler [ Ref. 2] used to couple opticaignal from fiber to
SOI (b) SEM image showing coupler stack layers witparabolic index
profile (c) SOI waveguide and mode converter crossection[ Ref. 3].

In Figure 3.3 (c) a 3-D adiabatic taper used topé® single vertical mode
from single mode fiber to SOI waveguide. It is edll[2] mode converter and for

achieving vertical taper grayscale photolithograpgghnique is employed.

3.4.2 Grating coupler

Another efficient optical coupling technique ohgie mode fiber coupling
with SOl waveguide is by using shallow etched ddfive waveguide grating
coupler [3]. The waveguide / grating [see figuré @&) and (b)] thickness, fill factor,
coupling strength are optimized to match the modesninimize the reflection,
minimize coupling loss, enhance efficiency of caugpl
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Fig. 3.4 Coupling between optical fiber and SOl waeguide (a) schematic of
waveguide diffractive grating coupler (b) SEM image of varied
coupling strength grating coupler [4].

3.4.3 Optical Fiber Splicing

One of the oldest methods of fiber coupling igfilsplicing. In this method
heat is used to join to ends of fiber. These flymils are preformed before aligning
and joining. The objective of this joint is to havenimum coupling loss, scattering
and reflection at the splice. Heat is given locallythe splice using gas flame,
electric arc or current carrying heat source and l@s2r [see Figure 3.5]. 1. Fibers
are preformed by first stripping the coating withfiber stripper or dipping in
sulfuric acid or flowing hot air over the fiber.Rlbers are cleaned with isopropyl
alcohol. 3.Fiber cleaving in which fiber endfaceig with mirror like finish [90° at
the face], is important to minimize losses at thies. 4. Fibers are aligned in x-y- z
in plane and then fused together. Sometimes aespliotector tube is provided

around the fiber to strengthen the joint and ptatec
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3.5 Epilog Laser machine

In this work, a mini laser machine is employed $mme unconventional
functions and operations. Epilog mini/ HELIX Las&tpdel 8000, Class 3R laser
product with International Standard IEC 60825-1 &@ laser source. It operates
with maximum 35W power and graphics software ComlD Raster engraving
operation is high resolution dot matrix printingthviaser beam. Vector cutting is

with hairline thickness outline, continuous pattofwing.

Fibers

Top Clamp

- Fiber Splice
y Tube

\— TUNGSTEN

ELECTRODES

- Epaxy Holes
< S -~ l
“— OPTICAL FIBER et Bottom Clamp

Fig. 3.5 Various optical fiber-to-fiber splicing techniques (a) Electric arc: Image
from en.wikipedia.org (b) Electric arc: Enlarged view, Image from
www.fiber-optic-tutorial.com (c) Schematic diagramof Arc fusion of two
optical fibers. Image from www.tpub.com. (d) Mechaical-fiber-to-fiber
splice, Image from www.Thorlabs. com

This machine was used for glass, PMMA, Si, SU8ic&imaterials for
cutting, drilling holes, making moulds, masks, meltoptical fiber tip to make
silica microspheres, strip cladding layer of ogtiiber, melt and crosslink SU8

material at microspots.

Laser exposure was carried out on a EPILOG WIN32r machine with 32

Watts power and total working platform of size 21ift. The path of the Laser head
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was pre-programmed using Corel draw (CorelDRAW GiegpSuite X5) which was
subsequently converted into a machine readableofilormat ‘.dwf or ‘.cdrand

imported into the EPILOG machine.

3.6  SUS8 as bonding material

In photolithography technology epoxy based SUS8tplesist is used to
selectively make structures out of a plain Silisufbstrate. It is also used to produce
structures of high aspect ratio. It is dissolved@ama Butyrolacton [GBL] an
organic solvent, quantity of which in SU8 decidascocity and feature thickness of
SU8 structure. Thus this negative photoresist isichdly a photopatternable,
microfabrication and micromachining material. lighHest absorbtion is at 365nm
near UV wavelength. Hence UV processing is obseme860 to 400nm near UV
range. It also has very high optical transmissioova this range. Once the SU8 film
is exposed to UV rays, the exposed portion has lmogecular chains of SU8
crosslinked causing hardening of the region. Orazddmedit is difficult to remove
this portion from substrate. The unexposed pottias no crosslinks, so it dissolves
easily in the developer solution. SU8 has very gowaljing characteristics and it is
a regular practice to image, cure and allow the Sts8ctures to remain on the
substrate. Thus the process steps involved in Rihotgraphy for making high
resolution SU8 structures are: 1.Substrate cleaamtfytreatment 2.SU8 spin coating
with speed in RPM and time controlled accordinglésired thickness of film 3.Soft
bake time set according to thickness of SU8 filnu\A.Exposure with 365nm
wavelength [long pass filter to eliminate waveldrsgtbelow 350nm]. 5.Post
exposure bake time set according to film thicknés®eveloping to etch away
unbounded SUS8, using SU8 developer 7.Wash with regnp alcohol and dry
8.Hard bake 150°-250°C for 5-30 min helps in maiita properties of SU8

9.Removal of structures from substrate is difficult

Fabrication of optical waveguides using SU8 matefor experimenting
optical fiber -to-wave-guide bond following proceduand optimized parameters

were used:
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Substrates (Glass, Si wafer) were spin coated $ilB-2025, maintaining
1000 rpm speed of rotation, for 30 sec. Pre-batémgperature was §5period 4-5
min. Then photo-lithography was used using M/S dn@ptics mask alignment
system. The spincoated SU8 surface was exposedVtaays for 80sec. Post
exposure baking at 98 for 5 min was carried out to harden the photstedihe
substrates were developed in a suitable develapeian (M/S Microchem Inc.) for

2-3mins.

Besides use of SU8 as a microfabrication materappossesses some
important properties which are found suitable feruse as a fiber bond material: It
has 1. High bond strength, 2. Post UV exposurematsd resistance due to
crosslinking, 3. Biocompatible nature, 4. Low baorglitemperature [90°], 5.

Excellent optical properties 6. Transparent appe&aan

3.7 Design of Experiments [DOE]
DOE is a statistical way of carrying out experiarstudies in number of

engineering processes. It helps in establishirgadion between process parameters
and output responses to optimize the system. Thuthe fields of science and
technology, DOE finds application of system optmticn, development, management
and validation. This is a systematic way of plagnexperiments, accessing and
predicting the data output. Amongst various anslyschniques, ANOVA, Taguchi's

methods are commonly used techniques [44].

3.8 COMSOL Simulation

Simulation softwares help plan the design parareeaiéa process, system,
device; allow to optimize them with frequent vainais and provide a data base to
predict output conditions. Thus they are softwaf@EDtechniques, which provide
knowledge of feasibility and performance beforeually embarking upon the
fabrication and experimentation. COMSOL Multiphysisoftware is one such
software. In this simulation different physics mduhandling physical parameters
like flow, heat, stress and radiation can be linkegkether in a multi disciplinary,
multiphysics environment. Effect of one physics gmdcess can be predicted on

other physics and process. It is graphical usenrfete software with illustrative
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design models, physics and studies. COMSOL Sinauatwere carried out using
an Intel (R) Core (TM) 2 Quad CPU, with 8.0 GB RAAMRd 64 bit operating
system. The research work, discussed in this chagit® involves interdisciplinary
studies, laser heat transmission and optical sigaakmission, behavior of optical

fiber and SU8 material under these conditions.

3.8.1 Laser Heat transmission Coupling

To synthesize a fiber-to-fiber bond using SU8, C&IDL Multiphysics solid
heat conduction model, as proposed in this chaistased. A moving laser source is
simulated to provide heat transmission at the jdinhelps design parameters to

achieve end temperature conditions at the microspotat the location of bond.

COMSOL heat transfer module supports laser heaster model with the
governing mathematical equation: It is for the wa&e symmetry, based on
simplified heat transfer equation.

pep = (L4 )T BT (25+25)+

T, a dry,  dz; dz; Ei*r'Lz =

dl

dzs

............. 3.6)

Where z = distance from irradiated SU8 film/contact in mn; distance from center
of laser beam in m, t = interaction time in sec,thermal conductivity [W.rt.c],
T= Temperature in K, | = radiation intensity in Wm

Refractive index of SUS8 is in the range of 1.66&%75 for wavelength range
365nm-1550nm respectively [R. Muller et.al. 43].

Table 3.1 enlists properties of SU8 relevant te thodel.
Table 3.1 Properties of SU8

Thermal conductivitk [W.m™ .c?] 0.2
Heat CapacityCp [ J .Kg*.c}] 1500
Densityp [Kg. m?] 1200
Absorption coefficient: [cm™] 40
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3.8.2 Effect of Heating on Optical property

Laser heat transmission affects at microlevektingctural properties of SU8
material joining the two fibers. The stress at jbiat is interpreted in terms of
change in optical properties at the joint.

3.8.3 Whispering gallery mode [WGM] based Optical gjnal coupling between

two fibers

The two fibers or planner waveguides are joinetigu$SU8 microdroplet
which possess excellent optical properties an@ectfre index as high as 1.67 at the
operating range of frequencies. Simulation resolis 2-D design show whispering
gallery modes phenomenon [see chapter 2. for defaithe elliptical microdroplet
with selective input wavelengths. RF model usedtliagg support the concept that
two fibers can have high efficiency coupling withGM effect in a semicircular or
elliptical joint.

3.9 Measurement of optical properties - SpectraSwetOcean Optics software

Ocean Optics Spectrometer [Model Name: USB 4000 Miniature
fiber optic Spectrometer, Spectra-Suite Softwar@d® No. USB4H02846 M/S
Ocean Optics, Inc. Dunedin, FL 34698 with Halogwgtl source (HL-2000-HP-
FHSA 034990459)] is used for optical signal measenats.

Important performance criterion of the laser he 8&)8 bond is transmission
efficiency of the two fibers joined together thrbuthe bond. The fiber alignment,
position, dropsize taken care of, the bonded askemmhrradiated with CQ@laser
source to strengthen the bond. The device is tlinamacterized with SpectraSuite
Optics mini spectrometer software and array deteckigure 3.6 shows the
schematic diagram of the SpectraSuite optical nreasent setup. Using a
broadband light source, optical signal was givennfuut fiber and corresponding
wavelength wise % transmittance was available erSgpectraSuite screen.
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Fig. 3.6: Schematic diagram of test setup for measement of % optical signal
transmittance.

3.10 Related Work - Literature Survey

The optical electronics, opto-medical and commation industries are fast
developing and transforming into planar integrapgdics systems [IOS] from the
individual structures like optical switches, migob&res, ring resonators, micro
prisms [5-8]. Among number of other performance saoeag criterion in 10S, the
transmittance is important parameter, which depamdslignment, linear gap and
joining of the various components of such systefjs IPS finds application in
effectively every field of science and technolodye it optical sensing and
diagnostics for chemical/ biochemical biologicabtes, optical communication,
medical therapeutics [10-14]. The complexity andele of engineering in
association of such systems have increased venafaskeeping with the Moore’s
law, in the field of communication and sensing [1B]communication systems and
sophisticated sensing systems multiple input/ dugignals are required in an
environment of miniaturized chip platforms. The iogl signals as outcome of a
reaction, intermediate signals, specific indicatoegd to be monitored using some
kind of optical probing. In micro/ miniaturized spal probing, use of standard
optical probes and connectors is difficult. Fibglisng is normally used for joining
two fibers, it is not explored much in other regiosf binding which involves chip
based structures. Once the optical signal is tratesihto the right spot on the chip

35



Chatper-3 Laser Heat Transmission for High EfficieBonding of Two Optical Fibers Using SU8 Microglet

and taken from other important test points on thr@ ohips, the signal can be taken
over by existing connectors, splicing connectorgdaders, recording systems, mini
spectrophotmeters and other such testing instriandius fiber bonding is an
important interface between the mini and mega warfdoptical technology.
Biomedical diagnostics as in the lab-on-chip tedbgy heavily depend on proper
input, output connecting probes for the largely dusgtically driven high speed
strategies of signal transmission from chip to ezaahd need further explorations
for a truly compact and independent LOC environmBn¢caution and care must be
taken while developing these interconnects, to mendhat a strong bond is
developed between the optical fibore and the padteratructure in micro-chip
architecture, so that they remain in position, @yaug much less space, provide

lossless transmission amongst various structures.

In this work we have conceptualized through liter@ survey, simulation
and implemented ,verified with Design of experinggrgxperimental work, data,
that optical fibres can be firmly bonded to sulisgalboth glass and silicon), to
extended contacts of patterned SU8 waveguides/r aibécal fiber with laser
processed SU8 micro-droplets. The droplets furtipeovide indication of
characteristic whispering galleries and resultaahdfer of energy modes from
signal input to output sides in such an unusudtaljpint. The parameters of Laser
welding process are decided by the material pragsetike absorption coefficient,
their behaviour under laser irradiation. Thus promse of laser machining
parameters is important to get a perfect, shinimgdbfor the fiber-to-fiber or fiber-
to-waveguide joint. To further elaborate the potuinsidering a transparent polymer
film coated over absorbent/ opaque substrates whidn exposed to a small laser
spot with high energy density enables a much fésat transfer to take place across
the film, eventhough the fiim material may havehhigflectivity, transmissibility
and probably less absorptivity. If the substratethisrmally insulating then the
absorbent substrate below the thin transparentléirar melts and transfers the heat
back to the transparent film layer. This meltinglidification and re-melting at the
film substrate interface create a well bonded megithe advantage offered by the
laser is its ability to machine and work in a smatea without affecting the

surrounding material, keeping it intact. [16-19].
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Literaure survey on laser assisted machining, hgatiovided, mathematical
modeling of stationary and moving laser beam [2)),2kperimental procedures
[22] and computer simulation of the moving and &#8er source [23, 25,28], helped
predict laser assisted bonding for various matesakculating different machining
conditions. A range of work is carried out for neidabrication of optical
waveguides using photoresist SU8 material spuntmrafilm on desired substrate
[24]. The major problem as discussed is access to the ogigal coming out of
these waveguides.

Alternate materials other than SU8 were ABS (Aamtidle Butadiene
Styrene)polymeric material[26], PC (poly carbonate) and PMNPoly methyl
methacrylate) have shown good quality joining regth when exposed to laser
source although their optical properties may nosuotable to apply them for wave-
guiding function as in case of ABS and PC matd@a&lk Optical waveguides are
subjected to various coupling strategies includuspge of hybridized rib-like
waveguides with polystyrene microsphere [29], gdlmd between the fiber and
waveguide using optical solder [30], to confinéatign both vertical and horizontal
directions, stepwise parabolic graded index profde used for a vertically
asymmetric design and combined it with a horizotaper [31], optical fiber end
with miniature waveguide grating structure [32].eTimethods described in all these
works are either complex in nature, accommodatésidrithe planar architecture of
the 1I0C or associated with self assembly/ difficoitcro-fabrication strategies,
requiring one or the other form of alignment.

3.11 Laser Heat transmission Based Bonding of Optt Fibers Using SU8

In this research work, SU8 photoresist with laseathtransmission
processing was used as a contact bond materiglsist @ high coupling efficiency
amid chip bonded optical fibers. Low power £@ser was used for stitching or
welding of two optical fibers using SU8 micro-dreplcting as a contact pad or
optical fiber solder bond for the coupling and dedpends of the optical transmitter
test set up. The coupling end of the optical trattiemwas an off-chip fiber and the
coupled end a well located fiber on a microchipstiaie. The fiber coupled end
indicates whispering gallery mode formation happgralong the SU8 microdroplet
ensuring good transmissibility of input signal beém the two coupled fibers. The
simulation models and experiments based on fibéib&y interconnects gave us
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clear idea of the physics of whispering gallery m®dccurring in the micro-droplet.
Silicon and glass, both substratres were usedvimluating the performance of these
contacts. C@laser based engraving system [EPILOG] was usddpécise control
on beam traversing pattern, power, exposure tipeed, frequency, resolution for
bonding optical fibers to the IOC or LOC with an &lhicro-droplet and %
transmittance as the experimentally measured oytpumameter of this coupler
presented the quality of the bond interms of trassimlity and strength. COMSOL
Multiphysics version 4.3 based Modeling of the heatsfer process was excercised
with initial scanning speed/ power, pattern andeothasing parameters estimated
before using them on the actual laser engravinghmac Design of experiments
(DOE) technology was implemented to plan numberegperiments, to further
optimize the heat transfer control of laser macignprocess. The SU8 micro-
droplet bond joining both the fibers exhibited wigsing gallery mode (WGM)
phenomenon along its circumference. With suitaldsitppning of fiber ends with
respect to the diameter of the microdroplet, ligbtild be transmitted between the
two fibers aligned or misaligned with high efficacihus we could provide with
simulations and experimentation a basis to enduoggetransmittance couplings in
this manner between the two bonded off chip fibers.

3.11.1 Experimental procedures
SU8 photoresist polymer (M/S Micro chem. Inc.)hnills inherent properties

[section 3.6] was utilized as a bonding materialdttching optical fiber to Si or
Glass substrate. Advantages of SU-8 over othempery are, its chemical resistance
after UV exposure due to cross linking, high botrdrgyth, transparent appearance,
suitability in bio-sensing applications due to bmmpatible nature, excellent optical
properties and low bonding temperature [90°C]. $EiBg an epoxy based negative
photo resist is also photo-patternable and is tsedeate waveguides on microchips
and thus it is possible to translate, the coupditrgtegy developed in this paper to
patterned optical devices on microchips. It offesistance to removal once coated
on the substrate and is otherwise a very good hgnehaterial sometimes used to
bond multiple layers of microchips [33, 34].
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3.11.1.1 SU8 microdrop dispensing on fibers set ftwond formation

The optical fibers are aligned using a fixing nefang and positioning
system over the substrate (Glass or Si) and al.06volume microdrop of SU8
2025, is dispensed over the prior set optical §lb@mn the substrate, which is heat
treated with laser to firmly glue the two optic#ders to the substrate. The exact
nature of the drop volume is set through an ofckyringe pump with a 1ml
syringe [pretreated if required] and a prior magdifion of the surface energy of the
substrate is performed if required to generate rdpiisite contact angle of the
dispensed SU8 fluid formulating

(c)

Fig. 3.7 Fibers set, aligned, spaced before and eftmocrodroplet dispensing
(a) Before dispensing of microdroplet at the circleposition on the
misaligned fibers (b) Before dispensing of microdrplet at the circle
position on the aligned fibers (c) After dispensingf the microdroplet
circling the fiber joint.

The droplet with the substrate surface. The satesis moved in z-direction
after adjusting the two fibers in the x or y ditens accordingly to set the proper
[linear and lateral] distance between them, be&pplying the SU8 micro-droplet
and the two different states that are achievedHigy pprocess are categorized as
misaligned and aligned fibers [Figure 3.7 (a) amyl (

In a two-stage X-Y-Z fiber alignment and microdietp dispensing,
following procedure was used .The first fiber waed on the substrate which was
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mounted and fixed on one of the XYZ stages. Theenoflver was mounted on a
holder near the X-Y-Z stage and carried near teeipusly mounted glass substrate.
Once the fibers are aligned and found satisfactergen observed under the
magnifying lens the second XYZ stage containingsyringe pump with a projected
syringe is aligned first in the X-Y platform witkespect to the coupling region. Then
the syringe pump is moved down in the - Z directem that the droplet starts
touching over the substrate at exact spot of tlsgetbbond. The droplet adheres to
the substrate and the syringe is pulled back in-Kelirection to break the contact
and release the droplet over the coupling regidms Tvay the small distances
between the fibers for both the aligned and misalj cases could be easily
maintained. The drop volume was recorded as 105Accurate laser beam

exposure of the precise location and spot-sizéenpblar zone of the droplet could
be obtained to ensure a perfect adherence at ttdshe substrate surface. SU8
grade 2025 was found to offer the right viscosity undertake these repeated
dispensing. The substrate plays a major role iarioify a relatively higher level of

adhesion to the SU-8 drop and the de-adherandeeadibp from the needle body.
Goniometric contact angle studies were conductedhen SU-8 droplet getting

formulated over the silicon substrate and over tttegmal grown oxide layer on

surface. The contact angle formed by the droplet approximately 101°C. This

fabrication technique ensured precision dispensih§U8-2025 without affecting

the surrounding miniaturized devices or structures.

3.11.2 Laser heat treatment

To provide laser heat with a preselected and ppesiéern for the laser head,
CorelDraw software was used. Laser exposure waedaut by 32 Watt powered
EPILOG WIN32 laser machine. The laser parametene vidly optimized using
DOE technigue in which a Central Composite Des@@D) was used to fit a model
by least square technique. The software tool Soévesign Expert 7.0, is used for
this purpose. After carrying out all experimentaages of the fabricated designs
were captured with top illuminated fluorescence rogcope (Nikon 80i) in the
bright-field mode. Transmittances of these weldadspwere measured using test
setup of Ocean Optics Spectra Suite includingatsaare, a broadband [Halogen]
light Source and array detector [UV-VIS miniatultgef optic spectrometer]. Figure

40



Chatper-3 Laser Heat Transmission for High EfficieBonding of Two Optical Fibers Using SU8 Microglet

3.8 shows the effect of optimization of laser magig parameters, on the quality
and appearance of the bond.

3.11.3 COMSOL Simulation for modeling Laser heat tansmission

The processing problem is multi disciplinary anmd/alves Multiphysics
considerations and studies. In process modelimgefelement solid heat transfer
model was used to get temperature distributiorhatAir-fiber-SU8 interfaces and
estimate the heat induced stress in the fiber.dJ8irs information as preset input
data in optical [RF] model, birefringence at the83ddnded fiber was obtained.

Fig. 3.8 (a) a visible spot on fiber covered with \$8 droplet after laser heat
transfers without optimization of machine parametes (b) a highly
optimized laser heat transmission procedure for boting two optical
fibers with SU8 microdroplet

Software COMSOL multiphysics was used to model teenperature
distribution on the irradiated SU8 contact surfa@d model and geometry was
designed to simulate laser heat transfer, on teatyrer at the bond, the fiber, SU8
interface and investigate effect of varying thickseof the SU8 film on the
temperature. Equation (3.7) was modified to suie thimulation conditions,
boundary conditions [19-20]. Mathematical modelsidared circular symmetry for
the simplified heat conduction equation

2
pCPﬂ_T:(E_I_ﬂ_R)a_T_I_ﬂ_R a_T_|_k( E:]' )_|__
dt L

dry/ 8ry, 0z, dz; ary, s dz
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Wherer, - distance frontenter of laser beam in rAg = distance from irradiated
Su8 film/contact in m,T= Temperature in Kt = interaction time in sec,

| = radiation intensity in WH. [Section 3.8.1] Table 1 enlists the properties 08S

which were used for thermal modeling of heat transtross SU8 film on glass or
silicon substrate.

Figure 3.9 shows temperature distribution caused bimulated 30W laser
beam traversing in circular path on the substraéz a SU8 micro-drop.

Some process constants are assumed while carmgutg simulation:
P,
A—AT

Reflection coefficient of SU8 = 0.3, Heat transterefficient [ | of contact:

10~260 [W/(nt .K)] depending on area of interaction, whereidlaser power, A is
area of interactiom\T is desired temperature difference on exposure.

Heat flux boundary condition with thermal heat fioeent = 260, initial
temp=293.1% K. Thermal insulation boundary condition, heatrseudomain, heat
transfer in solid domain, ks, C;from material.

Heat source equation for moving laser: GaussianabiRef: 17-34]
Q_inL=QO0L*(1-Raq)*Ac *(1/(pi*sigX*sigY))*an1L(x,X00,sigX,y, YOO,sigY)*exp
(-Ac_*abs(2))

Where X00=X0+rad*cos(omega*t) : YOO=YO+rad*sin(ona&g : Co-ordinates
anllL: exp(-((a-a0)"2/(2*siga”2))-((b-b0)"2/¢Bb"2))) analytic function
arguments: a, a0, siga, b, b0, sigb
sigX, sigY inum.

R¢ =0.3, Ag= 0.25[1/cm] Gaussian signal coefficients

The temperature scale shown on the right side@&imulation output varies
from 300~900 °K and the snapshot of simulation web¢ained at time instant
80.425 milli-seconds. If the laser heat is allowted continue flowing in, the
temperature of the spot may go sufficiently higldémage the SU8 film or material
of the micro-droplet or the optical fiber. The damdmtion temperature of SU8 is
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recorded as 380°C and should be reached for pfapen of the melt polymer and
fiber so that a firm bond can be obtained afteodls down.

3.11.4 COMSOL multiphysics simulation for modelingthe whispering gallery
mode (WGM):

RF module of COMSOL multi-physics tool was useddaalyzing the SU8
micro-drop bonding the optical fiber to a polymem@veguide. The governing
eguations in the Electro-magnetic wave frequenaypalo physics that was used to
model the whispering gallery modes are [equati@i83L2] as follows:

d(16)=8 Time=0,080425 Surface: Temperature (k)

Agsgilg

507 400
50

¥ 31962

Fig. 3.9 Simulation of laser heat transmission pragss for a moving laser
exposing along a circular path on a 10 microns thic patterned SU8
layer.

Whereg, =( n-ik) 2 is relative permittivity [F/m] (‘n’ being the regdart and ‘K’
being the complex part of the refractive indexhe material SU8 in our casg); is
relative permeability [H/m], both these quantiteae considered with respect to the
permittivity and permeability of free spacg énd |4 respectively)c = conductivity

[S/m], o= angular frequency of the incident signidly is the wave number of free
space represented by the following:
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WhereGy = Speed of light in vacuum Xa0°m/s]
_fo
Q — factor = S (3.12)

Where f0 is resonance frequency akidthe 3-db bandwidth at resonance. Q, the

guality factor when cacalculated from complex eii@guency value \\as

__ Re(W)
Qo = 2[lmWy)|

For WGM simulation, boundary conditions were skddcas perfect electric
conductor [PEC], perfect magnetic conductor, elecfreld and the domain
condition was perfectly matched layer [PML] to aohtlispersive outer region.

3.11.5 Fabrication of optical waveguides:

Fiber to fiber laser welding using SU8 was donthwvivo pairs of optical
fibers placed in close proximity on glass slidemw@fer or Si/SiQ substrate. The
distance between each individual pair and its alignt were adjusted using
microscope, X-Y-Z stage. The interfaces were cavewgh small drops of SU8-
2025. SU8 material was also used for fabricating dptical waveguides and
interconnects [detailed procedure is given in seacB.6]. These structures were
suitably aligned with the, off the chip optical éits using clamping or positioning
system and SU8 micro-droplet was dispensed overespective joints in volume of
about [ 2.42E° m*®] 0.242 micro-liter. One-by-one the SU8 micro-dropletere
then exposed to the GQaser beam of Epilog Laser Engraving Machine atiogr
to the pre-programmed pattern and select paramefetise machine. The beam
diameter of this machine is around 80um and thdesysemits at 10.6um
wavelength. The laser path was designed usingl@reav and is described to
move the laser head over the assembly, connettergdupling to coupled fibers in
a pre-designed layout. Each exposure of the laseoincided with the geometric
pole of the individual SU-8 micro-droplet and omlyery small zone of the droplet
was laser exposed. The laser power being highlysed in a small area guides the
light past the whole radius of the micro-dropldttae way to the substrate over
which the droplet is placed. The advantages ofetHaser welding processes are
1.They prepare the bonded fiber and waveguide ordéd fibers for external
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connections in a system, 2.By varying some of tlaghime parameters a wide range
of surface changes alongwith a bond and correspgn@ transmittance can be
availed.

Figure 3.10 shows (a) schematic of fiber to filmerupling and fiber-
waveguide fiber coupling on a Si substrate using $ticrodroplets (b) optical
micrographs of fiber-fiber bonded laser tagged oudcoplets at different stages of

optimization of Laser machining.

As the SU8 micro-droplet was top irradiated widlsdr the heat transfer
occurs across the surface of the droplet throwghutk to the substrate (Si or Glass)
along a small central zone of the droplet. As dised before depending on the heat
transfer coefficient of the substrate if the heatnot conducted away by the
substrates it can result in more localized heagiltigough there is a chance of the
droplet to totally melt and develop splashes.

Laser lagged
Microdroplets

31/ Glass
Substrate

SUS Microdroplet

SUS waveguide
structurs

Fig. 3.10 Fiber bonding (a) the schematic diagramof coupling between two
pairs of optical fibers using the SU8 microdrop alag with a SUS8-
waveguide-fibers coupling, (b) shows various stages optimization of
laser machining with the optical micrographs of thelaser tagged
micro-droplet surfaces (top view) for the fiber/ fber joints[Clockwise
from top left].
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The heat is also said to flow across the embedided thus melting and
partially dissolving the fiber in SU8 so that orsokdification there was strong
adherence between the substrate surface and #re Tibe softening temperature of
optical fiber is 1600-1710°C. Thus the localizedd afocussed laser beam is
completely controllable. Post the instant of lageam exposure, the center of the
SU8 drop is solidified very fast. CO2 laser beans loperating wavelength of
10.6um. With optimization of speed, pattern, porequency of the laser machine,
the controlled laser power is flown through theface and bulk of the droplet,
forming either a desired bond strength or makirgitimer curved surface area near
the substrate functionalized for the input opte@nal or by creating a sensitive
surface for registering the activities just beydhd dome like surface of the semi-
elliptical /semi-hemispherical surface of SU8 manaplet.

With DOE and number of other tests carried ouSoand glass surfaces for
laser heat transmission based bonding, led to m@@nvalues of laser machine
parameters. The strength of the fiber weld afteposyre to laser heat and
resolidifaction was evaluated qualitatively and ugred Very Good, Good, Not
Good and Bad. Optical fibre softening can be redobve Si or glass surface by
controlling laser machine parameters as shown lmeTa.2.

Table 3.2 Laser based bonding: % Transmittance obiaed with variation in

speed and power of laser beam.

S. | Corel Draw Pattern % Power Weld Optical
No. Speed Strength Transmittance
1. | Si+SuU8drop 100/1 Bad | = --—-

2. | 0000 60/1 Good 0.00209
3. 50/1 Very good 0.744

4. 40/1 Good 0.09495

5. | Direct Bonding of Fiber 100/ (40-80) Good | = -
on glass with no SUS8 (Fiber melt)
material
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Direct bonding of optical fiber on the glass soefavithout SU8 thin film or
drop was attempted to know % power/ speed. The Istrethgth was found to be
poor and there was spill over of the fiber meltflsie option was not investgated in
further studies. The fiber softening temperaturie e higher range [1600-17°1)
than SU8. So fiber material or SU8 do not expepedegradation [600~ 900 K

max] in this study.

3.11.6 Measurement of % Transmittance across the apling

Once the strategy of coupling of optical fiberseistablished, it can be
applied and extended to microchip based wavegulde dtructures using SU8
micro-drop. To evaluate performance and opticatattaristics of this bond, its use
as a tool or probe to access optical signal froorc® microchip and deliver it to
desired external setup; the bonded assembly muséedted for % transmittance
using an optical test setup. The laser bonded-fiber and fiber-waveguide-fiber
bond assemblies were optically characterized fofTfansmittance measurement
using Ocean Optics Spectra Suite Spectrometer intagrated test setup, see figure
3.6.

A halogen lamp [wavelength 300-1100 nm peak measwalue [R] of
60000 counts (this 60000 count is considered aereefe value for further
discussion)] was used as light source for the ifipat chord which fed the signal to
coupling fiber bonded on chip. The alignment preced the fiber and SUS8
microdroplet dispensing was done using two pregiX¥Z stages. The ouput signal
[So] is connected by optical fiber cable or chord he Ocean optics USB4000
which is a UV-VIS miniature Fiber optic spectronretdSB 4000 has 16-bit A/D
convertor, a set of CCD arrays, GPIOs, enhancedretecs with increased signal-
to-noise ratio. It is connected to a computer sysét the USB port and Spectra-
Suite spectroscopy software of Ocean Optics wittaaded data capture attributes,
was used to analyse signal from the array detecthe output spectra has
wavelength in ‘nm’ on X-axis and intensity (counts) Y-axis. It can be used to
measure wavelength dependent transmittance of aplsamr structure, its
absorbance, reflectance and relative irradiancdorBestarting with the actual
measurement, reference,;]Rdark [Dr] files referring to background subtraction
must be first stored, see equation (3.13).
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In order to find coupling efficiency of a samplhe transmittance of an
optical signal across such a sample, coupling waseamically determined by
percentage transmittance which represents the %ir@nod energy allowed to pass
through a sample medium relative to energy paghirmgigh the reference medium.

% Transmittance = % “2"2R 100 .....o.coooverereereeeeeeeeeeeeesseens (3.13)
Rx —Dpa

Where &, is signal output intensity level, & is dark reference signal level

(Intensity=1000 counts) and, & a reference signal (taken as 60000 counts &t mo
cases). % Transmittance is a unitless quantity r@presents ratio of two intensities.

After following required steps in a wizard for teanittance measurement, a graph
/spectra of wavelength dependent % transmittance @#ained on the active

window of the Spectra Suite. The spectra along With readings in notepad files

were saved. The % transmittance was further meddarehe cases of aligned and
mis-aligned fiber bonds.

3.11.7 Measurement of absorptivity of SU8

SU8 is an optically transparent material with maxim absorbance of light
at 365nm wavelength. Usually in an application d#8Sas a photoresist or
microfabrication material involving photolithographlaser beam of wavelength
closer to 365nm is selected. In this study baseldsar heat transmission using SU8
microdroplet, role of SU8 and its properties likbsarptivity at the operating
wavelength is vital. The laser engraving machinedufor laser based bonding
application had a C{aser source. It operated in the mid infra redyeafMIR] with
wavelength of 10.6pum. The purpose of determiniregghsorbance at the interface
of the SU8 and the substrate was to find out altbetrefluxing heat which is
reflected at the interface, not transmitting cortthety to the sides which would aid
in melting of the interface, promoting adherencethed SU8 micro-drop over Si/
glass substrate. [35] With its properties glasstake might offer higher reflectivity
and greater refluxing of the heat to the interfadth minimum conductive loss as
compared to Si substrate. Quantitatively the alzsmwb can be obtained from eq.
(3.14).

__ Nj.Absorption cross section

£ = H000Im (o) (3.14)

Where, N is Avogadro no. representing for a given matenamber of constituent
particles per mole. The absorption cross section cgasidered to be in terms of the
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laser beam spot-size on the exposed substratenadso be in cf So an exercise
was undertaken to find absorptivity of SU8 at tiiavelength. A comparison of
absorptivity with and without SU8 on glass/ Si waade where, Absorptivitye)
was measured at 10.6 pm. Number of substratesas$,g5i were prepared with
coating of Su8 in the form of small circles prephfer the Laser exposure. Half the
Si/ glass sample substrates were kept uncoateddaxposure. Then systematically
number of CQ@laser exposures were carried out on all the fotg &, Si+SUS,
Glass, Glass+SUS8] of substrates with varying poamd speed parameter of the
lasing machine. The spot-sizes thus obtained wmeegged and measured using
Nikon epifluorescence microscope. As the glass 8 $iterface is the most heated
up and high temperature zone in the whole crostieseaf the droplet owing to the
heat reflux back into the SU8 at the interface aught it important to observe the
absorption at this interface. Hence the absorpgtaitthe interface of the SU8 was
subsequently calculated by using the equation 3.15

Absorptivity of SU8=Absorptivity of Glass-Absorpiiy of (Glass+SU8) .......
(3.15)

Method of averaging was used to get the final valu8U8 absorptivity.

3.11.8 Calculating the SU8 droplet Volume

The cross-sectional area [for a, b] of the SU8rmdroplet was imaged
using the Nikon epifluorescence microscope using ltnight field option. Then
vertical cross-section plane of the droplet, pedpzrar to the plate (both major and
minor axes) was imaged and measured [for h]. Tlas achieved by aligning the
glass slide in the vertical direction perpendicular the sample stage of the
microscope. The volume of the droplet was calcdléte using the expression (3.16)
see Figure 3.10 (c):

3.10 (c) Volume Measurements of microdrop
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V=§*h*(3a2+3b2 O T (3.16)

Where a, b and h were the major radius, minor sdand height of the
hemispherical droplet, respectively. The first jalas to see the consistency in
dispensing identically sized volumes and then basedthis data the average
interface area of the glass SU8 interface was (bl

3.12 Result and Analysis
After considering methodologies of analysis, smtiohs, calculations,
measurements of various quantities, following suotises present results and

correlation between them.

3.12.1 Optimization of Machining Parameter

In the laser stitching experiments the lasing mpatars like span time,
power, pattern of lasing, speed, frequency weréeedaand optimization of these
parameters was carried out using design of expatifi#gOE) software. Table 3.2
shows the strength of the laser welding procesk vespect to the power/ speed
percentage of maximum values. The maximum poweheflaser source was 32
Watts and the maximum speed with which the beawertsas the X-Y stage of the
laser machine was 15.4 cm/sec. Desired strendteofiser welded fiber bond was
obtained with the parameters mentioned in row 2-Bable 2. Poor weld strength
was obtained at row no. 1. It is observed thatoiitecal transmittance values across
such joints as mentioned in the last column ofetablare also low in case the
strength of the fiber joint is poor indicating ththe coupling is inappropriate if the
fiber SU8 melt pool is not properly formed due tesufficient heating of the
microdroplet. It is further noticed that a powevdéequalizing the full power value
provided insufficient bond strength. The causehed tondition may be overheating
or burning of the SU8 material at the spot. Thishably can be accounted for by
looking into the thermal expansion coefficient bétGlass (1.1x1b/ K) and SU8
(5.2x10°/ K) respectively. In the direct bonding of fiber glass the coefficient of
expansion being more or less similar demonstratethter-layer shear between the
fiber and glass resulting in good bond strengthvbenh both. There was a spillover
of melted fiber when direct bond was formulatedt ©liall the combinations of
power / speed parameters, experiments showed dhiat af 50% power and 1%
speed correlated to the best bonding between bee, f5U8 photo-resist and the
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silicon substrate. It was also corresponding thidsg transmittance. We hypothesize
that if the fiber is very well bonded then the sarttance is also higher.

The DOE software tool Software Design Expert 78 wsed with ANOVA
mathematical model, Response Surface Methodolo@MRand Cental Composite
Design [CCD] fitted in the model by least squarehtéque [See functional
equations in Appendix]. Factors chosen for thisglsinobjective optimization
process are lasing speed and lasing power of tilegep machine. The DOE
module was operating between the optimum machioorglitions and resulting in
getting greatest % of transmittance. Contour pigpot from the DOE is provided
in figure 3.11. It predicts the maximum transmitarievel corresponding to 72%
obtained at Laser power of 52.90% of maximum poavet speed corresponding to
1% of maximum speed which is very close to theactalues at which the bond
strength of the joint is very good as illustrated Tiable 2 and reported earlier.
Therefore, it can be concluded that there is a tgglg level of correlation between
the % transmittance and good bonding strength.%heansmittance observed by
way of experiments is actually a 2% higher than EH@E predicted value which
may be further improved by taking more no. of oleggons in the model.

Transmission

©
Q
. --
031616 | /| : @
v 02791 &’ | Transmission
V| gora
.‘0.453131
s/ + §0.002
0.59012‘1

0720173 1= A: Power
T 2=B: Speed

Power

Fig. 3.11 The design of experiments [DOE] resultfdicating the transmission

as output with speed and power as input parameters.
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3.12.2 COMSOL simulations for Laser heat transfer

Simulation of the laser heat transmission procsesl for welding between
fibers by using SU8 micro-droplet had shown timepatalent variation in
temperature distribution of the laser exposed arba. heat was rapidly dissipated
across the micro-droplet as well as the surfacedétsiled previously the heated
substrate was responsible for refluxing and refigcback the heat to the SU8 layer
along the interface had it been a poor heat condutnt fact due to the rapid
temperature rise and a cross-over of the ‘Tg’ glkransition temperature] value of
uncross-linked SU8 2025 (50° - 65°C), it melted ameh got superheated near the
interface due to the heat refluxing action of thbsdrate [36]. This is clear in the
simulation output which is reported in Figure 3@l drigure 3.12.

SU8 Thickness dependent Laser heat transmission
based temperature variation

620]| % 1um
600 ]| —®—2um
580 -]
560 -
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520 -
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340 -
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300
280 -
260 ] 1 U I U I
0.00 0.05 0.10

Temperature distirbution °K
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Fig. 3.12 The simulation output of bulk temperatureof SU8-2025 vs. time in sec
of heat treatment. [Different plots show the tempeature behavior from
a surface 10 micron above the interface in the SURyer treated as
‘zero datum’ towards the interface]

The temperature started rising as the Laser dtageiating at time instant
‘0’ at the micro-droplet and simultaneously heaingfer processes occured so that
equilibrium was achieved in around 125 millisecand®se equilibrating temperature
is shown as 560°K (287°C) for 10 micron thicknessay from the interface [based
on sectional plot of figure 3.9] and the tempemturther decreased, away from the

52



Chatper-3 Laser Heat Transmission for High EfficieBonding of Two Optical Fibers Using SU8 Microglet

interface towards the bulk of the SU8 materialfdat at a distance 1 micron from
the interface the temperature is at a value of &Qf97°C]. Thus very near to the
Si surface, the temperature reached the meltingt @diSU8 but it did not go into
the degradation temperature for SU8 which is al380fC. [40] The glass being a
higher reflector of incident beam shooted up tovab@80°C which may degrade the
SU8 in actual practice, due to very less absorbahtiee substrate on beam incident
side. So, we can see that as the laser processinlyed similar conditions of the
laser frequency, scan rate, laser power and résoJuspeed as obtained in the
earlier section, the exposed zone always had aemdaitate which solidified on
removal of the Laser power. The interface therefamas found ideal for the
placement of input/ output fibers. A stronger jomas formed as the fibers were
aligned or misaligned as per figure 3.7 on theamarfof the substrate (interface of
SU8 and substratéJhe model accounted for the conductivity of theavaind if the
conductivity resulting in interfacial heat loss wasnsidered then the overall
maximum temperatures achieved at the interface Idhbae lower for Silicon
substrate as the thermal conductivity of silicotl e higher than that of glass.

The birefringence estimation was performed onraldoation of COMSOL
modules, including structural mechanics model gjvstress due to rise in laser
heated material temperature [Solid heat transfedlafioThis stress was monitored
over a short portion of the model to find birefemge or change in effective
refractive index and corresponding change in opiwaperties of the material.
Birefringence prediction if performed starting fraime interface to the bulk of the
droplet, then the superheated molten state of 8aiBwas formulated closer to the
interface will have more refractive index homogénéhus causing less amount of
birefringence. As the distance from surface waseiased then away from the hot
zone as the SU8 may still be semi solid there nmayalge variation of refractive
index causing an increase in the overall birefnmuge Simulated effective
birefringence data was plotted for Air/SU8/Si condiion. Figure 3.13 shows the
birefringence plot drawn using COMSOL multiphyssasiulation software.
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Relative birefringence at the bond due to Laser heat transfer
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Fig. 3.13 Simulated estimation of effective bi-refngence with respect to
distance from the surface for Air/SU8/Si combinatia.

3.12.3 Calculating microvolume and absorptivity ofSU8 microdroplet

Using recorded and measured optical micrograplrgpmam volume of the
SU8 micro-droplets were calculated as 1.05 * i [As per equation 16]. Further
the number of microscopic images of laser heatedsspn glass substrates, with or
without SU8 coating were used for calculating tip@tsarea of the microdroplet
based on which using equations(14) and (15) therpheity variation for SU8 on
glass and silicon was ascertained. It was obsetivatlthe absorptivity depends
heavily on overall spot size and a higher spot aheavs greater absorptivity. In any
event glass is opaque at 1 wavelength which is also the wavelength
corresponding to the GQaser [42]. On the other hand Si is normally opatpuUV-
Vis range and is transparent at 10.6 microns wagéte Figure 3.14 shows the
absorptivity plot for SU8 on glass and Silicon duwtes and it is observed that the
transmittance of ‘Si’ at 10.6um is about 40-50 %,campared to that of Glass
which has no absorbance at this wavelength. Th& 8iker Si reflected by the blue
trace in figure 3.14 show increase in absorptiatyincident laser light whereas
glass reflects everything back to the medium or @88llustrated in the red and
black traces respectively. This provides a basigaafd strength of direct bonded
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fibers over glass substrates,eventhough the reflebght would add much reflux
which may degrade the SU8 overshooting its ‘Tg’ ajud upto the degradation

temperature (380°C) value. Thus a preferable usb&e substrates is considered by
this analysis.

i—I—fSU—B over glass substrate

1.2 o |—#—Glass substrate
4 4— SU-8 over Si substrate 4.0 == SUB microdrop over glass substrate
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Fig.3.14 Comparison of absorptivity of SU-8 over Siand glass substrates
through experimental results.

3.12.4 Simulation of WGM using COMSOL modelling

Two different aspects were studied in this 2-D elpdorresponding to the
aligned and misaligned cases as detailed in figufesarlier. In the aligned case the
input and output fibers were aligned axially ané thistance between them was
varied from 1 ~5.5 microns. The geometry constdicmnile simulating in RF
module of COMSOL that demonstrated the WGM effeabstn prominently
happened for an ellipsoidal droplet [39] of ovedhiimeter of 6.0 microns along the
major axis and 4.0 microns along the minor axiseréfore it was used with a
refractive index =1.67 boundary of the SU8 and feactive index = 1.46 of the
optical fiber for carrying out the simulations.tlaily the fibers are at the two axial
ends of the microdroplet in the aligned case, sgimam distance between them is
5.5 microns, to capture the WGM based transmiseioaptical power inside the

droplet. This was followed by a gradual movementhef output fiber towards the
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input fiber (spatially fixed) upto an extent whéhe fiber almost touched each other.
The transmissibility of the input signal in all #eecases is simulated and figure 3.15
(@), (b) show output of such simulations.
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Figure 3.15 Simulation output of the aligned case i inter-fiber distance (a)
5.5um (b) 4.8 micron.

In case of misaligned fibers, they were separaegbendicularly to their
axes. The fibers were initially positioned tangeitito the ellipsoidal micro-droplet
on and later manoeuvred, with input fiber fixed ahd output fiber varying radially
inwards. The simulation results for the same wedyseoved and recorded. Figure
3.16 shows a bar graph with the simulation prediétetransmittances corresponding
to figure 3.15.

The simulation output in the aligned case showat #s the inter-fiber
distance approaches the diameter of the micro-erapplere was a tremendous
increase in % transmittance between the input aguo fibers almost to the extent
of 100%. At other distances of separation the dveensmittance was lower than
45 % owing to scattering effects of the microdropieaterial. Similarly, in the
misaligned case the maximum % transmittance of @&%ured at an inter-fiber
distance of 2.0 microns. This separation distancegb both the fibers close to the
circumference of the ellipse. Therefore, throughwation it can be predicted that
when the interfiber spacing was matched with the MV@ne in the ellipsoidal
droplet, there was a sudden increase in % trareamt even though the fibers are

misaligned and at a distance from each other.
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Fig. 3.16 Simulation results showing % Transmittane with respect to inter-

fiber distance for (a) Aligned fiber and (b) Misaligned fiber cases.

3.12.5 Measurement of optical transmittance in a & set up

We have used the Ocean Optics SpectraSuite tegt described previously
in figure 3.6 for measuring the % transmittancengishe mathematical relationship
of equation (13). The transmittance study was perédl for both the aligned and
misaligned cases, on the similar lines to that pfsbmulations. The micro-drop
diameter was more realistic in actual set up anthénrange of 1054 microns as
shown in the optical micrograph as shown in figdre (c). The inter-fiber distance
in the aligned fiber case was varied from ‘O’ tdO+fBicrons. The fiber diameter
itself was around 125 microns .When both fiber diters and the inter-fiber
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distance was added together to get the necessarin@ment distance. The
confinement distance for both the fibers in thgdat separation case comes out to
be similar to the drop diameter which illustratde tpossibility of coupling of
optical signal through WGM effect. The wavelengtbeviransmitted intensity was
acquired digitally and recorded with the ocean aptispectrophotometer.
Experimental results of this study, for both aligrend misaligned fiber cases is
shown in graphical form in figures 3.17 (a) and. (d) the graphs were recorded
using the spectrophotometer and acquired with spaciite software. From the two
graphs it can be seen that the highest transmétaiccured pertaining to either a
contact condition or if both fibers are near to dloger edge of the SU8 microdroplet
where the transmission utilizes the WGM effect. TH@0% transmission was
recorded in case of aligned fibers as they werenected end to end within the
microdroplet. Full 200% transmission does not happeing to polishing defects,
lack of cleaving or mirrorlike finish of the fibemt its ends. The transmission %
increased as soon as both fiber faces were brawgghitthe outer edge of the droplet
so that the WGM effect pre-dominated the transmissThe transmissibility started
increasing to almost 60 % corresponding to an-filver distance of 650 microns. A
similar observation was recorded in the misaligreade where the maximum
transmittance of 95 % was observed as the twodfilnere shifted along a direction
perpendicular to the axes of both fibers upto tadie of 700 microns. In the other
extremity as the fibers were laterally misaligngd1® microns the transmissibility
was 80%.
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Fig. 3.17 Acquired data through spectra suite softare using ocean optics
spectrophotometer for (a) Aligned fibers (b) Misalgned fibers.

58



Chatper-3 Laser Heat Transmission for High EfficieBonding of Two Optical Fibers Using SU8 Microglet

Therefore, in conculsion, the micro-droplet methmihg SU8 photo-resist
and aligned fibers, followed by laser machiningwhan the above work ideally
offers a good methodology for optical tagging andhipng of standalone optical
fibers to furnish high transmittance even if theefs were in misaligned orientation.

3.13 Future Scope

The methodology discussed above when supporteshialler (diameter <
350 microns) SU8 droplets over the two fibers drefiwaveguide-fiber, may
provide improved and optimized solutions for sigtrahsmission and sensing of
biological entities.

3.14 Conclusion

Through this work, we have attempted to explorel @evelop a new
technique to tag optical fibers on the surface cfubstrate with the aid of SU8
microdroplet and Cg® laser source. The exposure parameters of the hagehine
were optimized in such a way that the SU8 matensay close to the substrate
melted locally up to several layers due to healuxefrom the surface of the
substrate. This melt then resolidified to ensurgoad bond between the fibers,
droplet and the surface. It was further ensuredujin heat transfer simulations that
the fiber or SU8 are not degraded while gettingdabaThe DOE factors are lasing
speed and lasing power with single objective ofn§raittance. The optimization
process gives optimized values of these laser maclparameters with the
mathematical model set on least square technigdpsed /power = 52/1 was
obtained for transmittance of 0.792. The stitchedanded optical fiber was then
extensively evaluated for % transmittance or optbaracteristics when input light
was transmitted through the SU8 microdrolet to ¢higput fiber. It was observed
through simulations as well as experiments that fitbers demonstrated high
transmissibility in two circumstances. One is inieththe fiber is completely
connected end to end. In the other configuratianfibber ends were shifted away
from each other till they come very close to théeogurface of the drop where due
to the WGM effect the transmissibility was found itwrease. The method was
further evaluated for aligned and misaligned fibeard transmissibility was found to
have similar behaviour in both the cases. Thuswbik ascertains that optimized
laser beam exposed SU8 micro-droplet can be useduple two or more optical
fibers maintaining an overall high level of opticalupling efficiency.
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Chapter 4
Interaction of Biomolecules with Solid Polymeric
Surfaces of SU8 Microdroplet and Porous
Fluorescent PDMS: Its Utility in Optical Bio-sensirg

4.1 Introduction

It is vital to associate, incessant research igtiv the field of interaction of
biomolecules on solid surfaces and molecular satesty to the growth of industries
like clinical diagnostics, food, pharmaceutical,orbedical, biomaterials and
biotechnology. The applications and strategiesnmhobilisation of innumerable
small, intermediate and complex biomolecules onsttilel surfaces; is as diverse as
the two groups of reactants involved. The naturthefrequired bioactive or passive
surfaces may be ranging from antifouling, prote@sistant, highly resistive of
nonspecific adsorption of biomolecules, to extrgmsnsitive surface of protein
microarrays. Surface modification or functionalieatis required to condition the
desired substrate according to the nature of hama@ind application of the target

biomolecules.

A sensitive substrate deciphers reduced sample dasised due to non-
specific adsorption, increased performance anditsetys reduced possibility of
contamination in the re-run of the samples usingnesadevices, reduced
inflammation or contamination in the body implarfteyd products. Select strategies
of surface modification of hydrophobic and hydrdishsolid polymeric substrates
for attaching bioactive molecules with protein sémnt or protein specific
antifouling surfaces are discussed in this chafNeture has a way of providing
simple solutions to intricate problems. Researchavgays come across clean,
efficient and biomimmetic concepts to put forthlusions of which bring the nature
closer to our lives and also help provide stepsdtserve environment in general.
Over decades semiconductors have ruled the workcbwimunication, electronics
and sensing. Optical fibers made of SWkere the backbone of world wide network
for communication, called optical communicationwatk. Thus dielectric materials
have replaced the Cu and other metals due to gaddiwn technologies and need of

insulating materials with low-K [dielectric consthrvalues in ever decreasing
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feature sizes on microchips. Optical fibers madeSid,, offer high bandwidth,
independent of the cable size, low attenuation, é&ectromagnetic interference,
crosstalk; are light in weight, suitable for longstdnce communication at
comparatively lower cost. Optical fibers are nowitable with compositions of part
SiO, and Polymer or only polymer. Polymer optical fibog¢POF] provide higher
tensile strength, operate in visible range and tteey be produced at a lower cost.
They are widely used in industries and medicakumsents inspite of having higher
loss. Research is carried on, Cu wiring being wideplaced by POF. Polymers are
also slowly finding their ways in optical deviceskel waveguides, optical
components, sources and detectors. Research isdcaut on functionalizing or
modifying polymer surfaces to suit the conditions $ensing of biological entities.
Yet there is a need to study a solid state polymased sensor which is flexible and
adaptable to the application situation.

In this chapter we have elaborately discussedpaais of bio-sensing in
following materials:

A. The ongoing work on two optical sensors in biolag@&pplications, Optical
fiber and ring resonator or microspheres. In ourkwbscussed here, we are
presenting two types of SU8 microdroplets, with avithout bonded fibers,
being used as optical and biosensors. SU8 materiniocompatible, has
excellent optical characteristics and a proven afadrication material. The
farication method, functionalization and immobitibm methods are kept
simple to provide a clean, biomimmetic and effitisalution to the sensing
issues. Although very few characterization methads available for 3-D
structures, we have attempted to use Fluorimetrysémple solution based
sensing and Spectra Suite Ocean Optics spectroifetenip based sensing
using fiber bonded microdroplets. Further both sypemicrodroplets can be
extracted from substrate and used in most unusubhavel ways to suit the
application.

Fluorescence microscopy is used wherever possfiile.believe that the
whispering gallery mode [WGM] phenomenon is ocagrinside the elliptical or
circular shaped microdroplets, based on the exmgerisn and analysis of these
devices. The devices are not perfect spheres mseillls, so any mathematical,
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analytical or theoretical analysis will be highlpreplex which need involved

computing and simulating facilities.

Both labeled and labelfree sensing can be expeatede with suitable
pretreatment. Various experiments were carriedusing different concentrations of
ethanol, Bovine Serum Albumin [BSA] samples, Dy@el E-Coli and GFP tagged
E-Coli cell samples. This work reviews strategies surface modification,
previously used for epoxy based, negative photetr&i8 material and relates them
to the SU8 microdroplet surface modification forweguide bonding and optical
bio-sensing application. Surface modification footgin immobilisation is explored
for standalone SU8 microdroplets, which are detdched treated suitably for
biosensing in sample solution, microscopy detectcan be flown in opto-micro-
biofluidic channels, wells, for optical biosensimga microfluidic reaction chamber.
The surface immobilisation techniques are also i@pplon on- chip SU8
microdroplets used for bonding two optical wavegsiedn a microchip and sensing
the biomolecular activities on its domelike surface

B. In this work a novel bio-material is reported.dta micro-porous fluorescent
PDMS material with PDMS [Poly dimethyl siloxane]daAcridine Orange
[AQ] dye as its major constituents. PDMS is biocatitge with applications
in fabrication of lab-on-chips, in bioseparatiordan microfabrication. It is
an artificial polymer with methyl groups and repegtsilicon to oxygen
bonds. Properties of PDMS material are oxygen pahiligy, non-toxicity
and blood compatibility.

This new material is physically and characterglycdissimilar from the two
combining bio-materials mixed in soft-lithographyropess. A range of
characterization techniques, such as SEM, UV-VI8cpscopy, Fluorescence
microscopy, SpectraSuite optics signal setup, supip@ novel attributes of the
material. Although extensive literature survey vdase, it provided no references

for a similar microstructure.
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A Exploring use of Biocompatible photoresist SU8 ntarial as a
biosensor

4.2 Need to Study Interaction of Biomolecules on 8@ Surfaces

We are surrounded in nature by objects, materglsfaces, liquid bodies
which are susceptible to reactions with an assartroé bioactive molecules. The
behaviour of these entities, which are in abundawben they come in contact with
an internal body implant or above mentioned sutesras a reason why we need to
study their interaction with these surfaces. Thislg has been recognized and found
responsible for the steady development in the fefdsensors, detectors, food
packaging and processing industries, textile anarmphceutical units, biomedical
and biotechnology laboratories. Individual molesulgke antibodies, peptides,
enzymes, nucleic acids are included in the broad tBological entities along with
complex, independent, viable biological entitidee lviruses, cells, spores, bacteria.
Proteins and enzymes are known to have affinityatd& specific targets which
make it characteristic recognition behaviour. Ndlynariented and randomized
strategies of immobilisation are broadly considefétst is covalent strategy which
provides enhanced biological activity and reducgdas - to - noise ratio, whereas
second one is a covalent or other strategy whicdudsleto reduced protein
functionality and stability. The areas which arestnaffected due to non-specific
adsorption and binding of biomolecules or colonmatof microorganisms into
formation of bio-films are biological implants, fdgackaging and hospital supplies.
These are known to lose their sensitivity and peréonce resulting into
inflammation, infection or contamination. It is dfigh level of importance in
diagnostic devices, to know the adhesion or imnmaiibn behaviour of proteins
and DNA in varied system matrices.

Researchers need strong, robust, sensitive bi@rgaik early detection of
life threatening diseases. Biomarkers decipherarofseparation of cells, DNA,
proteins from samples, body fluids, blood. Othethods involve controller beads,
resins, filters to attract or process desired bieawdes. Surface functionalization or
modification; involve processing of the surfacestaoit chemical interaction with
specific biomolecules for its surface immobilizatiorhus it is vital to know, effect
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of micro-organisms, their types, behaviour in knowstandard environment;
specificity of the surfaces to these moleculesatio gontrol in their detection.

4.3 Solid Polymeric Surface modification for Biomtecule Interaction

Once it is established that biomolecules bind udages naturally or in
chemically induced situation and cause undesiragracedented nuisance, if their
properties are not known or behaviour not prediateativance. It becomes essential
to study them, analyse their adhesion chemistrypagedare surfaces accordingly to
capture them in unknown sample matrix. Surface imitization of specific
analytes on a solid surface need modification tibesits surface chemistry with
specific biomolecule. Four chemical binding or cling strategies in connection
with biomolecules are
1. Adsorption 2. Encapsulation
3. Entrapment 4. Covalent bonding

It is essential that biomedical polymers are bmpatible to have surface
interaction with biological systems. Polymer matsriare considered to be capable
of reducing nonspecific interactions and enhancapgcific adsorptions in a
biological complex. A polymer —organism is best m&stl by proteins which play
vital role in every biological entity. Protein isnatural biopolymer and it consists of
group of amino acids. Thus both protein, polymer @mplex and their interaction
is extremely complicated. Each amino acid or peptesidue has general backbone
structure of (-NH-@HR—-CO-) in which R denotes a specific side-groupcstre
enabling the chain to have specific functional ebteristics. The amino acids may
have side chains of phosphates and oligosacchaniddipids and formulate the
monomeric units of complex protein chain. Figurgé ghows the side chains of the
20 naturally occurring amino acids [1]. It can leers that, typically the ‘R’ group is
characterized into different categories such agalan, polar, negatively charged or
positively charged amino acids. These differentcfiomal groups make it highly
amphiphilic. Three main chemical strategies whicbvegn solid polymeric
hydrophobic or hydrophilic surface interaction witfoteins are adsorption, covalent
bonding and absorption. The small and rigid prateiike Lysozyme, j3-
Lactoglobulin are more immune to structural alteratafter adsorption and are
regarded as ‘hard’ proteins [2-4].
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Figure 4.1: Side chains of the twenty different natrally occurring amino acid
chains. [Ratner et. al. 1]

The albumin, immunoglobulins, transferrin are intediate size proteins,
more likely to undergo conformational reorientai@xpressing specific features of
amino chains like non-polar / polar, hydrophobigdfophilic or uncharged/charged
nature[5]. Larger size proteins like lipoproteimglaglycoproteins behave peculiarly
due to presence of lipids or glycans [6].

Proteinadsorption is a natural phenomenon with polymer surfacesyat
by hydrophobic-hydrophilic interactions, Van Der &Va forces, ionic interactions
and hydrogen bonding. It bioactivates the surfagghér, to allow in some
situations, coupling with bacteria, cells so thatpassibility of bio-fouling or
inflammation pathways is created [7-10]. Proteifseyved to be more absorbent
when the surface is hydrophobic than the hydraphkilirface [11-14]. The probable
reason is the former surface has strong hydrophpbatein interactions and
hydrophilic surface conveys strong repulsive sadvaforce. Polymer materials also
have additional components like photoacid genesatdy stabilizers, anti-toxitants,
plasticizers apart from main constituent bindeesins. As such when it interacts
with protein, additional binding sites are avai@bdausing an irrevocable change in
protein molecules [15] and further adsorption rewdlgicfunctionality in some
domains. Protein adsorption is governed by conagotr of dominant adsorbent in

solvent, surface morphology, energy, polarity, geartemperature, pH and

70



Chatper-4 Interaction of Biomolecules with Solidyeeric Surfaces of SU8 Microdroplet and Porous...

constituents of both reactants. Surface immobibzrais the adhesion or coupling of
biomolecules onto a surface resulting in partialtatal loss of their mobility.
Chemical and physical properties of both proteind asurfaces decide the
immobilization strategy. Three mechanisms viz. jtajls bio-affinity and covalent
immobilization broadly cover the phenomenon of &cef immobilization. As
discussed above random protein adsorption and gdnpsion occur on surfaces by
ionic bonds, intermolecular forces, hydrophobic gadar interactions based on
level of involvement of protein and surface. Protadsorption by amine (positively
charged) and carboxy groups (negatively chargedalied electrostatic interaction.
Randomness in orientation of these interactionls $aability, consequently causing
detachments when in contact with detergents oebuff

Covalent immobilization is comparatively much stable. Piotis known to
have many functional groups (-NH2, -OH, -COOH, -SHl)its amino acid side
chains. These are covalently coupled to requiredtianalities (epoxy, carboxylic
acid, amine epoxy, active ester (NHS), maleimidedyyl disulfide, vinyl sulfone,
aldehyde) of the surfaces by various interactionthmes in immobilization
processes [16]. This invokes heterogeneity in patmr of immobilized proteins.

The epoxy surface chemistry is most popularly uledits characteristic
stable reactions, even in severe humid and vargidgconditions. It reacts with
many nucleophilic groups and establishes strongdbdn qualify as a means to
perform nominal chemical processing of the protemieties. Covalent attachments
between epoxy supports and proteins is very slotthel proteins attachment on
sites nearby to the epoxy sites in the same suppovery fast [17] A 2-step
mechanism of rapid adsorption, then, intramolecutaemical attachment to
supports with higher “apparent” concentration obxgpfunctionalities is very often
used for immobilization of protein molecules. Epeagarose conjugates endorse
negligible immobilization of proteins at low andhagh ionic strengths owing to the
lack of hydrophobic core for adsorption processestart. Epoxy-amino group aided
ethylene-diamine layer promotes physical adsorptidnamine group and then
covalent linkages by epoxy groups.
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Another important group of surfaces is photoactiveurfaces.
Photolithography was applied in spatially-directdbrication of oligonucleotide
arrays on selective surfaces using photolabilesgtotg groups [18, 19]. This photo-
reaction strategy is a well-organized and quick -ste@ reaction with no
functionalization requirement of target moleculésan be utilized for biomolecules
which lacks sufficient active functional groups. eThlieaction needs moderate
surrounding conditions and is unaffected by tentpeeaand pH conditions.
Photoactive reactions confer biocompatible surfadé® common photo-reagents
such as diazirines, arylazides and benzophenomesdivated by photolysis via
incident light of wavelength&350 nm, but most of the other biomolecules are
transparent. Arylazides on photolysis are convertetb reactive nitrene
intermediates which can be inserted into C-H boimdorovides slow binding.
Diazirines upon photolysis creates reactive carbemkich act in response with
proteins within microsecondf®rming covalent chemical bonds. An irreversible
linkage between the proteins and surfaces is geternus enhancing the molecular
immobilization. Nitrobenzyl linker provides the athment of labile chemical
groups which on UV exposure generates CO2, freadtik@ groups, ketone and
CO..

Bio-affinity immobilization is creation of biochemical affinibonds of a
certain group of protein sequence (e.g. biotintidirse, carbohydrate residue etc.)
with the activated substrate (e.g. avidin, leatiretal chelates etc.). It has benefit of
having oriented and homogeneous immobilizationiomwolecules on the surfaces.
Proteins can be detached from the surface andatine surface can be reused for
other purposes. Clinical and biomedical microdevicare required to be
characterized to have chemically inert surfaceavimd non-specific adsorption of
proteins. Antifouling surfaces are highly protegsistant surfaces. Polymer surfaces
are passivated and made resistant to adsorptiprotéins or adhesion of cells with
the treatment of PEG Poly (ethylene glycol).

4.4  Surface Modification Techniques of Solid Polynrec Surfaces

Solid polymeric surfaces can be modified with plasor chemical treatment.
In plasma modification there are two categories:
1. Exposure to gas plasma for physical or chensigethce alteration
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2. Plasma deposition or polymerization to growilm on surface by plasma
phase reaction. Plasma treatment builds up an uagksshoxide thin layer on
poly(dimethyl) siloxane (PDMS) with active silangtoups changing the
hydrophobic surface to hydrophilic, when the precesaintains high
pressure, low RF power, short duration exposurg P@sma polymerization
is a process of deposition in an environment o$mla discharge. In this
process the vapour phase develops a thin polynfémc on surface of
microchannels fabricated using variety of materiélss is a solvent-free, one-
step method in which virtually any dry substrate ba coated with a thin film
[21-23]. Hexamethyldisiloxane (HMDSO) is used tatcopen microchannels

of glass for protein separation using iso-eledtrauissing [24].

Surface modification using chemical methods:
1. Polymer surface silanization for covalent linkages

2. Self assembled monolayer [SAM]

In silanization method the silanol groups are stied on the surface by
Oxygen —plasma [Silicon surface: Si-OH] method yRadric surfaces are silanized
with the following procedure: Polymeric coated sods to be silanized were kept
immersed in 2% (3-mercaptopropyl) trimethoxysildWE'S) in Toluene solution, in
nitrogen () atmosphere for 1-1.5 hours. They were cleanetbinene and dried
with N2 gas. After this MaleimidoButyryloxy-Succinimide tes in Ethanol was
poured on the sample. The samples were washedBEh(Phosphate buffer silane)
three times. GMBS was included to ethanol afterpending in 501 N, N-
Dimethylformamide. The last step ensures that gefit ethanol is present during
incubation [25]. The modified surfaces were weited for interactions with

proteins and antibodies. The reaction is shownraelieally in figure 4.2.
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OM= (GMEBS)
— =

Fig.4.2 Schematic of silanization reaction on polyer surfaces. [J-J Chen et.al.
(29)].

4.5.1 Need to Explore Polymeric Sensors

As per discussion in chapter 2 [Simulation of dmgp elliptical
microsleeve], chapter 3 [ binding and Couplinthvea microdroplet ], chapter 4 [
Interaction of solid polymeric surfaces ], on vasoaspects of polymers used as
biosensors; need of research and efforts in exjoraof possibility of role of
polymeric devices in the field of low cost, sengitbiosensing, seems evident. The
facts that polymers can be easily doped, polymssnators can lower losses, they
were realized in microlasers, chemical sensors. [Pilymer waveguide like
microstructures make integrate@vices highlyefficient, with its capacity to carry
light over a longer distance while enabling intéiat of better quality between
optical signal and the host materi@blymeric materials are available in wide range,
type, cost. Fabrication of these devices is easier optical properties are good.
They are mostly biocompatible and adapt well whta application situation. Simple
surface functionalization and immobilization methodire used for these
materials.Hence it is pertinent to study and exltiie biosensing feature of
polymeric materials; SU8, a negative photoresidend in particular.

4.5.2 Related Work

It is important for researchers looking for eadlgtection in life threatening
diseases, to identify biomarkers in sensitive amist way, for further investigations.
Biomarkers involve separating DNA, Cells and pma¢efrom blood, body fluid or
other samples. Conventional methods involve behltiers, resins amongst other
controllers. They have properties to attract ocpss specific biomolecules. Surface

immobilization of required analytes need surfacedification or functionalization
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to suite the chemical interaction. The chemicalpdimg is caused by covalent
bonding, adsorption, encapsulation or entrapmemtcdse of solid polymeric
surfaces, to be more precise, of epoxy based, megahotoresist SU8 material,
M.Joshi et.al. [76] used Sulfochromic solution smove C-O bonds and instill
hydroxyl groups on the UV exposed SU8 coated sarfa#mino groups were
created with silanization treatment for bondingnfibodies. Wang et. al [77 ] used
Cerium (IV) ammonium nitrate [CAN] with nitric acidr sulfuric acid on residual
epoxy groups of fabricated SU8 surface for graftaygroxyl groups by method of
oxidation. In a detailed study [78] reports of naietion of proteins with polymer
material surfaces were seen. Blagoi et.al. [79] gamad CAN treated surfaces with
bare fabricated SU8 surfaces for investigating ibigckinetics of proteins. Result
according to the report was, better performancbaré SU8 surfaces, making the
process of protein immobilization simpler. In aratipaper [80] it was reported that
silanization was necessary in case of positive griesist surfaces for desired protein
immobilization. Techniques of smart immobilizatiavere discussed in a review
paper [81]. After the immobilization step it wasacacterized by AFM , FTIR , FT-
VIS-IR spectroscopy, stain and dye tests [82,83] donfirmation. Label free
technique of detection of protein antigen-antibdoipding was preferred over
labeled technique due to sheer simplicity and ragsd of the assay. One of these
techniques was refractometric which was used iedafiein of proteolytic activity,
BSA antibody-antigen binding by noting the specstafts [84, 85] after each step.
BSA coating protects possible adherence betweerstrate and analyte, this
property was made use of in a novel microrobotsdtisator to prove [86] the
concept. Bare UV exposed SU8 microcubes were sadcicoated by fluorescence
tagged BSA layer to allow and observe attachmerspetific bacteria cells to only
uncoated cube surfaces. Fluorescence imaging veastassee the result. Figure 4.3
shows the resultant selective binding.

Some methods of isolation of protein, DNA for b@nkers of life
threatening diseases involved functionalized mgheses, instead of conventional
methodsto capture specific analyte from samples. Makingast effective, simple
to dope silica microsphere was the research toptbe interest of highly specific

target sensing [87].
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Fig. 4.3 BSA coated microrobots with bioactuatorsd] Extraction of selectively
BSA coated microcubes [b] Bacteria attached to batim uncoated side
[c] Fluorescent microscope images of bacteria atthed to uncoated,
selectively BSA coated, BSA whole coated microcuhdd] Comparison
between three configurations on the basis of numbeof attached
bacteria. (Park et. al. [86]).

to Micro cube

Number of Attached Bacteria

Additional features of the silica microspheresested: light in weight to
float in a sample solution, smoother, non-porousase for effective and specific
binding [See figure 4.4].

Fig. 4.4 Silica microsphere for isolating proteinga) unconjugated silica micro-
sphere (b) Protein A conjugated silica microspheravith bound mouse
IgG. For visualization of bound biotinylated goat ati-mouse IgG,
NeutrAvidin ™ conjugated to silica nano-particles doped with FAM
dye is used. [Stefansson et. al. (87)]

4.6  Steps involved in fabrication of an optical bisensor connector
4.6.1 SUS8 Microdroplet used as WGM Resonating senso

Optical biosensing is considered most versatil®ragst various techniques
of biosensing analytes [DNA, Bacteria and virusesi sample solutions. It is fast,
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accurate, clean, stable, contact less, operating\ihVIS-IR range. It can be
categorised on the basis of type of optical sigealsed, which property of signal
has changed in response to change in surroundnglsalabled or lablefree.

Fig. 4.5 (a) Micro-sphere developed on the tip ofraoptical fiber using low
power Laser processing (b) Ninhydrin treated biominetic SU8
microdroplet.

Various optical detection techniques are Fluoreseedetection, change in
refractive index detection, evanescent field sgnsensing surface Plasmon resonance.
Sensing or recognizing element has its materiéseproperties and functional groups
changed to facilitate its reaction with specifi@lgte. Optical fibers are most commonly
used waveguides for carrying signals into and déuhe microchips in Lab-on -chip
applications and communication applications. Th&neations of fibers to the
microchips, at specific locations is a crucial tas&nstruction of the silica microsphere
is a real problem and involves Laser irradiatioe(figure 4.5) of fiber tip followed
by chemical etching which is very low yield proceB&cro-spheres are not free
from vibrations and as the change of wavelengtm ifpm’ level it can be very
sensitive to thermal noise or any other noise. Wwhele body of the Micro-sphere
which is around 100-150 microns in radius needsetanmersed in the analyte thus

necessitating the analyte volume to be high whachlways very difficult to obtain.

In this section we propose simple SU8 microdropeth or without bonded
optical fibers] as a WGM resonating sensor. Phatepitware simulation supports
this concept [73]. Two optical fibers are joined @mard substrate [Silicon wafer /
Glass] by using a SU8 micro-droplet. When the wawvgih and launching is right
Whispering gallery modes start circulating contiosig, while sensing the
molecular activity at the equatorial periphery. Adtages of SU8 material besides
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being an excellent microstructurable material aranyn it is biocompatible,
transparent, relatively inert and has very goodicaptproperties. Radius of
microdroplet is 150~250um. Its smooth surface cafubctionalized and processed
to suite the signal coupling fiber bonding and bitsng requirements. It is very
important that the SU8 microdroplet is a perfecintsphere or hemi-ellipsoidal,
microsphere, smaller in diameter (100-150 um), t@vdmoother surface, to get
good sensing conditions. The optical fibers araired to be decladded or tapered
further to achieve this. Efforts are on and theureitgoal is to get all these three

conditions achieved to further improve its funcabty as an optical sensor.

(a) Binding (b)

Ethanol GFP Binding

tagged E-Cob, Antibody-

BEA Antigen

/-\FE‘F.-'IEwéII /eoms well
e
=
Optical Optical
SU8 Drop Eiber SU8 Drop Eimar

Fig. 4.6 (a) Analyte sensing using SU8 microdroplein a PDMS well (b)
Challenging goal to get a perfect SU8 microsphere.

As shown in Figure 4.6 the SU8 microdroplet canubed to find out the
binding kinetics of sample solution. With WGM resse sensitive to evanescent
field region, in terms of variation in effectivefractive index, it can be used as a

refractometer.

4.6.2 Fabrication of SU8 Microdroplet Sensors [Lageor UV]

Before embarking upon protein immobilization tests SU8 microdrop,
number of experiments were carried out on spinetb&U8 layers on Si, Glass,
plasma treated Si/ glass surfaces with or withoudtedposure and with CO2 Laser
exposureAfter the fabrication, various methods of immolation were used to find
a best suited method for our purpose. Some of thetheds of surface
functionalization and immobilization tested wele,H2SO4 [Dip test surface in
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95% Sulphuric acid for 10sec, coat entire surfath BSA to incubate for 90 min,
rinse with Deionised water [DIW] thrice and dry WwiN2 gas]2. MCPTS [Dip

surface in mixture of 2% MCPTS in Toluene for 60nmivash with Phosphate
Buffer Saline[PBS], dip in 0.005 NDMFM in ethanalrf60 min, wash thrice with
PBS, immobilize in PBS solution of BSA overnightasth with PBS buffer]

3. Get the SU8 surfaces UV exposed suitably.

According to the results of this exercise, it waserved that:

1.

Laser treated SU8 Micro-droplets were suitalole Signal coupling [Ref:
chapter 3], hence they can be easily adapted tactefmetric sensing of
solutions under test with varying refractive indice

UV exposed SU8 surfaces were functionalized ablyit for protein
immobilization, so protein assisted or repellemtifauling surfaces] analyte
sensing can be explored. Based on results of Sidditm coated surfaces,
immobilization techniques were implemented on SUS8cradroplets.
Fabrication, functionalization and immobilizatiomopedures for both types
of microdroplet were similar; it involved manuakgdension of drop using
2.5ul micropipette. In one of the methods of digiey X-Y-Z stage and
flow controlled dispensing pump for 1ml Syringe wased to carry out
precise and controlled dispensing. Glass slides Sindlafers were cut into
1cm size to dispense SU8 microdroplets. One sgkast slides was used for
UV exposure and treatment, other set for,C@ser exposure as methods of
surface functionalization .In UV exposure microdet® on glass/ Si
substrates were preheated at 95°C for 5min, expiose light for 80 sec,
then post exposure bake was another 5min heatiag’ &t The devices were
ready for post processing. Similarly laser exposprecedure involved
precise control on power /speed, center positione tto get perfect bond
[Ref.: Chapter 3] and sensing.

4.6.3 Extraction of SU8 microdroplets from Substrag¢

The work presents possibility of both stand al@amel chip based sensing

scheme. The microdroplet devices can be used osutbstrate or extracted to use as

independent sensing component. The extraction stey be before or after

immobilization, accordingly the substrates weretbaéat 80°C for 24 hrs [87]. Then
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carefully they were detached from substrate with ltkelp of a knife. Extracted or
attached micrdroplets with or without fiber bondiwgere then subjected to
refractometric test [COLaser treated] or protein immobilization test [@¥posed].

4.6.4 Surface Immobilization

UV exposed bare SU8 microdroplets [87] were usedurther processing.
Figure 4.20 shows BSA immobilisation, microdropietnoval and stain and dye
tests along with its applications. The microdrapl#tus detached were tested for
bonding of E-Coli cells on selectively coated amdaated surfaces. Microdroplets
in 3 groups were incubated with BSA for a period8ohours. First group had
droplets extracted from the substrate and compléteihersed in BSA solution for
full coating. Second group had droplets attachedl iatact on the substrate. Only
top dome like surface was subjected to BSA coatifxgraction step was after
immobilization. Third group was kept aside; it wast incubated in BSA solution.
Thus there were 06 groups; attached, extractely; dokted, partiatop coated and
not coated microdroplets. These microdroplets vetoeed separately and marked
for reference. Now they can be flown in a chanoeldbservation of fluorescence
effect under microscope. Figure 4.13 Shows imagesrous test results of these 3
groups. Some optical fiber bonded microdropletsewgetached and placed in a
lcn? PDMS [Polydimethylsilicone 10:1 curing agent aftisiccation, in plastic
mould for 45 min in oven at 95°] well for carryirmgut similar sensing experiment.
Thus the hemispherical microdroplets as showngaré 4.7, 4.10, 4.12 can be used
as standalone or chip-based sensing entities.

UV BSA Dye test & cell
attachment fest
SUS Microdroplet i
i
— ; - — ;ﬁ . j ’&,’_ =
. Heat

Fig. 4.7 Method of BSA immobilisation on microdropét [with and without
optical fiber] and its applications (a) Microdroplet dispensing (b) UV
exposed microdroplets (c) BSA immobilised on micrawplet surfaces
(d) Microdroplets detached from substrate with heattreatment and
then subjected to stain & dye test.
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Fiber bonded microdroplets were used to senseingaigoncentrations of
ethanol. In another set of experiments, BSA coattyge doped E-Coli binding,
ninyhydrin test, AOD tests were carried out to ¢h#we sensitivity of the sensing
device.

Further Green Fluorscence Protein [GFP] taggedkvias administered on
the UV exposed selectively BSA coated microdropletsconform the protein

immobilisation sensing.

4.6.5 Characterization of the Microdroplet Sensors

As mentioned previously because of the curvedreatfi surface, thickness
in sub mm range and 3-D appearance, none of the&entional imaging or
characterization schemes is suitable. Being a stditt device fluorimetry method is
difficult to incorporate. Best solution was to cheterize fiber bonded sensor
microdroplets with microscopy and Spectra-Suiteimpectrometer test setup for
measurement of light intensity with its array déte@nd supporting software. LED
sources of suitable excitation wavelengths can seluAs mentioned above only
elimentary results were obtained and spectromesarlts are possible subjected to
the perfect microdroplet shape, size and smoothiddéssfuture work entails this for
a perfect optical biosensor connector. The independmicrodroplets were
characterized for detecting fluorescence intensity attachment of GFP [Green
Fluorescence protein] tagged E.Coli on selectivBSA coated Microdroplet
surfaces [87]. Number of suitable arrangementshsas use of PDMS well,
Channels etc. can be thought of, for sensing p@rpos

4.7  Some Elementary Results and Analysis

In view of the objective of making an SU8 micropliet sensitive to thin
layers of sample solutions in its evanescent regarnface immobilization methods
were carefully selected as any chemical reactiogere Wkely to corrode the smooth
glistening surface of the SU8 microdroplet, loositsgtransparent appearance. The
immobilization procedures found suitable for thimg, were applied on fabricated
SU8 microdroplets. The tabulated results, whenyaed|, it was observed that UV
exposed bare microdroplets were suitable for pmotemmobilisation. Acridine
orange dye and Ninhydrin stain tests were carriatl for confirmation. Next
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mobility and accessibility was checked with detaehtmprocedure made applicable
to both, with and without fiber bonded, microdrapl¢Figure 4.12 & 4.13]. The
detached selectively BSA coated microdroplets vedicaved to separately interact
with small quantity of E-Coli cell solution. Thes@ts were tabulated, for ease of
understanding, the methods used for ensuring E-€&dlibinding on Microdroplet
surface. The procedure is to use one fiber bondetbdroplet to detect change in
concentration of Ethanol [0.025ml/ml to 0.825ml/milhe microdroplet acts as a
whispering gallery mode resonator with BLUE [446348)] wavelength source.
With change in concentration of sample solutionthe evanescent region of the
microdroplet, effective refractive index or effeetiradius of the device will change,
causing a Blue shift [towards left of Visual spaatr [300-1100nm] or Red shift
[towards right of visual spectrum] of the peak autwavelength. The equation (4.1)
defining this relation is

AAm ﬁRm_I_z’le
Am a Rm Nm

wherein, is resonant wavelength of microdroplBt, is radius of micro-dropletyn,

is refractive index of microdroplet under considiera Proportionality sign of

equation (1) signifies that the microdroplet is aoperfect sphere, it is deformed.
The output optical signal intensity can be detededUSB 4000 array photo
detector [Mini spectrometer] and supporting sofevaGraphical presentation of
change in concentration of Ethanol vs wavelengtmnm gives sensitivity of the

device. Further to check BSA immobilization, E-Caeil attachment, dye and stain
test, fiber bonded microdroplet as shown in figute&scan be kept in a PDMS well

for sensing spectral shift due to sample solutmiaistration.

a. Fabrication of SU8 microdroplets

Fabrication of Silica microspheres using gas flamred CQ Laser:
Initial efforts were concentrated on getting a eetfsilica microsphere .Glass
blowing section possessed a gas flame. Figure &).8(f) are images of silica
microspheres fabricated by melting an optical filtier in an extremely high
temperature gas flame. Resultant microspheres weremely round and small
[diameter~ 374um], very brittle. Using GQaser, the microspheres were fabricated.
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It required high level of optimization to get modely good, smaller [diameter

~60pum] microspheres. Fig. 4.8 (c), (d) show therosipheres.

Fig. 4.8 Silica microspheres using (a) and (b) gdtame, (c) CQ, Laser (Gold
Thin film coated) (d) CO, Laser.

The gold thin film coating on the microsphere wiaposited in a sputtering

machine. It strengthened the microsphere and reldihesbrittleness.

b. SU8 Microdroplet dispensed using micropipette andyginge:

SU8 is highly viscous in nature and 1pl drop vaduwas initially required to
be used. Using both X-Y-Z stage, dispensing pumyringe and manual
micropipette methods the droplets were dispenseel figure 4.9.

C. Fabrication of fiber bonded SU8 microdroplet [CQ2 Laser exposure]:

As shown in figure 4.10, it was difficult to form rounded SUS8 droplet
across the fiber pair because of surface energieo5U8 and very small volumes
involved. Subsequent coatings on the droplet amvehin the figure. The laser
tagging ensures a strong bond between SU8 and filir the substrate.

I300m

sUs
Microdroplets

450 un

aApm ‘/

Fig. 4.9 Microdroplets dispensed using micropipette
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™\

-
\ Thin film coated microdroplet

J

Fig. 4.10 CQ laser heat treated fiber bonded SU8 microdroplet.

d. Fabrication of fiber bonded SU8 microdroplet [UV exposure] :
The fiber pair shown in figure 4.11 is coveredhwéin SU8 droplet which
was then UV exposed.

\ 1300pm /

Fig. 4.11 UV exposed fiber bonded SU8 microdropletnset showing fiber gap

of 11um.
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e. Extraction of SU8 microdroplets
Figure 4.12 shows pretreated and extracted SU®uamgplets.

Fig. 4.12 SU8 microdroplets extracted from the sulbsate.

f. Surface immobilization

Figure 4.13 tabulates the results of BSA inculmaéiad E-Coli attachment to
the selectively coated microdroplets. A2 shows H-&titachment to the fully BSA
coated microdroplet surfaces. Its density is compagly less than the other two. B2
shows the cell attachment at the bottom surfaceniefodroplet. C2 has higher
density and more uniform cell attachment. This peowhe point that E-Coli can

attach to functionalized SU8 surfaces; BSA coveripgtecting SU8 acts as a

Al Completely BSA caated (ll'oplh

I.ess E-Cloli attachment

repellent for E-Coli.

[ Bare, UV )
exposed
Micro-
droplets al

B1 DBSA coated at the top only

B2 E-Coli attachment at bottom

C1 No BSA coaling

C2 Ewvcenly deposited Layer of E—Cili/

Fig. 4.13 UV functionalized bare SU8 microdroplets selectively immobilized
with BSA solution [A1,B1,C1] incubated with E-Colicells [A2,B2,C2]
observed under the microscope.
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(a)

Fig. 4.14 SU8 microdroplet sensing GFP tagged E-Caells (a) E-Coli cells

under Microscope.

See Figure 4.14. Refractive index of BSA in gehsrd.355 as against 1.67
of that of SU8. Due to overnight incubation change®ffective refractive index
may occur in BSA-SUS8 interface, leading to highalue of intensity and spectral

shift at the output.

B. Porous Polydimethyl Siloxane- Acridine Orange as

Biomaterial
4.8 Introduction

A biomaterial is a structure, material or surfgtat interacts, functions with
living organisms, biological systems. It possesses quintessential property of
biocompatibility to react with biomolecules. It about 50 year old science and it
covers disciplines, domains like medicine, tissumgireering, bio- technology,
material science, surgery, therapeutics, agriogltpharmaceuticals. Biomaterials
have become very much part of our lives and foresguart of body. They imitate in
a way natural functions with artificial bones, draglivery vehicles, tissues,
dentures, biosensors, organs, contact lensespaotierr lenses, vascular grafts, heart

valves, implants, pacemakers to improve life [Sgeré 4.15].
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Applications of Biomaterials
o

é
s METALS

NATURAL PLOYMERS

. CERAMICS

ARTIFICIAL POLYMERS

Fig.4.15 Application areas, products of biomateriad. [Ref: Dantenium.com,

Water Forest School of Medicine]

Ceramic materials, metals, polymers and their custies fall in the category
of biomaterials. Both [82, 88, 89], natural polys@nd artificial polymers can be
biomaterials. With higher proportions of carbon,ygen and nitrogen; starch,
proteins, DNA, genes, complex sugars, celluloseotmec natural polymers. Man
made or artificial polymers with higher proportion§ oxygen and nitrogen are
Poly(vinyl alcohol), poly(ethylene alcohol), PTHEVIMA, polycarbons polylactide
, polyglycolide, silicones, polyurethanes .Thereaigeason why these artificial
polymers are accepted by living organisms as biensdé. They possess some of
the following properties: 1. Biological inertness Qontrol in cell adhesion 3.
Interactive functionality or bioactive feature 4dellent mechanical strength 5. Bio-
degradable & Bio-recyclable nature 6. Bioresorbabégpabilities 7. Thermal
stability 8. Biodurability. Modern medical devicase produced with more than one
such biomaterials mentioned above. Integrated behial analysis of these
materials in various situations like, chemical, pibgl, environmental, inside or
outside of a body of an organism decides its biquatibility. Properties of these
materials are mostly application specific. Theygaut functions like replace, treat,
augment or evaluate a tissue or organ of a body.dbserved that third generation
biomaterials can provide stimulation for specifiellcresponse [101]Surface
functionalization [section 4.3] helps in transfongithese properties into desired
ones [98, 100]. Proteins are important ingredierdli biological molecules. It plays

primary mediating role in polymer- organism intéraegs. Their status on a material
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substrate is known to decide the ultimate biocoibjigt of the polymer device. It
is important to study methods of surface functi@maéibn of various polymer
materials, immobilization of proteins on these soes to know its behaviour and
characteristics in similar environmental situatioRslymer surfaces are passivated
to minimize protein interactions which are non-sfe¢specific protein repelling];

in turn specific protein adsorption and cell respem are induced by staining
polymer surfaces with biomolecules. “Plastic” likgolymers used in paints,
packaging, containers, pipes and other forms imreaare exposed to or are in
contact with biological systems. They have to fluwablems like recycling, disposal,
delivery of chemicals and pollutants, sustainahilRolycarbonate based materials
are oxidation resistant and biodurable as theyaopnssess ether linkages, which
are affected by macrophagic enzymes causing detgdn of the device. Study of
biomaterials, their properties, behavior in variaitation, surface modification
techniques to suite application needs, thus gikesirisight about a material in a
specific application.

In this work a novel bio-material is reported.idta nano-porous material
with PDMS [Poly dimethyl siloxane] and Acridine @ige [AO] dye as its major
constituents. PDMS is biocompatible and biodurabith applications in facial
prostheses [101], fabrication of lab-on-chips, mseparation. It is an artificial
polymer with methyl groups and repeating siliconawygen bonds. It is most
popularly used material for bioengineering, miclofeation and bio-medical
applications. Most commonly named as silicone, PDdd8 be processed to easily
acquire unique properties, when the methyl grouppdaced with vinyl, phenyl etc.
groups[102]. This will modify the organic linkag@go inorganic backbone of the
material. Properties of PDMS material like oxygesrpeable, non toxic and blood
compatible find applications [95-102] in shuntsplants, bladder stimulators, heart
valves, burn dressings. With the properties of PDiM&erial, its tunable elastic
nature and all the applications, features menticadeal/e, the references 95 to 102
more or less have it treated as one of the biomé&evith very bright future role to
play in bioengineering. Researchers [S.M. Khar@.et03] have tried to use images
of micropillars of dye doped PDMS to study locomgtdorces of genetically

modified organisms.
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This new material is physically and characterglycdissimilar from the two
combining bio-materials mixed in soft-lithographyropess. A range of
characterization techniques, such as SEM, UV-VI8cpscopy, Fluorescence
microscopy, SpectraSuite optics signal setup, stpip@ novel attributes of the
material. Although extensive literature survey wdase, it provided no references

for a similar microstructure.

4.9 Literature Survey

Way back in 1998 in a journal paper [82] interactbetween bovine serum
alumin [BSA] and acridine orange [AO] was investegh Using fluorescence
spectra method, binding reaction and energy trareffect between BSA and AO
was probed. Absorption curves [300-500 nm] wererpreted to know status of AO
as monomer, dimer or aggregation of AO inside d. dduorescence curves
[excitation 280nm emission 300-500nm] analysis Wwased on the forster energy
transference. With this analysis distance betwememor AO and BSA, energy
transfer efficiency was found. AO fluorescent dyasvintroduced as cationic basic.
It is a neutral, nucleophilic, proton acceptor arath penetrate into membranes of
cell organs to accept protons. ¢htionic molecules can not penetrate the membrane
and cause variation in concentration. Thus therghism and fluorescence maximas
shift accordingly, to Red or Blue wavelengths. Ageds normally used as a liquid
dye solution. Solid phase AO dye solution can baltrnative and it has additional
advantages such as better solubility. AO has itk @dsorbance and fluorescence
wavelengths blue shifted when in solid matrix [88pectral characteristics were
used to observe effect of solution concentratiod aontent on absorbance and
fluorescence peaks. Refractive index was measuwsed) uhe dye doped polymer
film and n-butyl acetate (nBA). AO was subjectedat&Z-scan technique which

deduced a negative non-linear refractive index.

MEMS [microelectromechanical systems] researchdaelopment activity
was increasing in biomedical, clinical and therdjsuapplication field. Its pace
was controlled by cost and limited access to silib@ased microfabrication which
mainly employed highly planner, expensive photolgtaphy process. Also it
invariably used a small set of materials. With coentialization and range of
applications in the fields of medicine and biomatjicesearch community was
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encouraged to find BIOMEMS applications, alternptecesses, materials. Thus
soft-lithography technique was developed for sahsf objective of mass
production, reduced cost and use of polymer mddgertdome of the prominent
members of this polymer group of materials are pathylsiloxane [PDMS],
polymethylmethacrylate [PMMA], polycarbonate [P@plyvinylchloride [PVC].
PDMS a silicon elastomer, is chemically inert, dienjo handle and manipulate, can
conform to submicron features in microfabricati@perates at lower cost and is
thermally stable. It is most suitable for soft diiraphy solvent based moulding.
PDMS formulations, fabricated using various proessand concentrations, were
analysed [90] with SEM, goniometry, tensile testifJ IR, chemical tests. In a
detailed review, on biocomptible polymer materiaisportance of protein- surface
interaction is highlighted [91]. Fernandez [92]aét.have discussed effect of
porosity on PDMS cell immobilization and formatioh bacterial biofilm. Further
applications of these biomaterials were surveythenfields of tissue engineering,
drug delivery, skin grafting, medical sensing, ncatiadhesives, textiles. Medical
applications of these polymer biomaterials cando@dbly classified as 1. Temperory
implants: arterial stents, implantable drug delvgystems, degradable sutures 2.

Bases of
denatured DINA

Acrigine Orange

Fig. 4.16 Acridine orange interacting differentially amongst base pairs of
double-stranded DNA [Green Fluorescence] and denated DNA
bases [Red Fluorescence]. [Huang et.al. [7]]
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Extra- corporeal uses: ocular devices, wound orgss catheters 3.
Permanent implants: dental, orthopedic devicess@gndevices. Hydrogels [93]
were prepared with biopolymers or with combinatefrsynthetic and biopolymers
for prospective biomedical applications like toolr ftransdermal drug delivery,
dressing material for burns or cut wounds. AO d#faially stain tests, double
stranded DNA and denatured DNA [figure 4.16]. Tlye fluoresces red (> 600 nm)
when it binds to single-stranded DNA section arsdbiinding to double-stranded
DNA sections leads to green fluorescene830 nm) [94].

4.10 Porous PDMS- AO as a Biomaterial in Opto-Bi@nsing

A breathing polymer material is very much desimredrecent biomedical
researchPDMS [(Polydimethylsiloxanejnolecular formula: (gHsOSi), ] is a good
mould material. Characteristaptically transparengtructures can be fabricated with
moulding and curing. It is known as a bio-compatibiaterial. In soft lithography
the bubbles formed when PDMS base is mixed witlinguagent are removed in
desiccator to get a clear, white, transparent éeWReferences, however show work
on getting porous polymer structures for immobiiza of cells and formation of
bio films. Another biomaterial Acridine orange [(A@olecular formula: &HioN3
] is a metachromatic dye useful in living cell deien. Its probing capability in dead
cell detection is yet to be proved. The motive #mdking behind this study was,
that PDMS is a biocompatible material. AO is a fesrent dye used in DNA, RNA
cell detection. When these two were mixed togesh®ore suitable biomaterial may
be produced. Thus experiments were carried ougusaft lithography technique,
which produced a reddish, spongy structure withemizes as low as 998.8nm. This
paper being first to report the material, there are references. Spectral
characteristics of waveguide like structure michboifzated with this porous PDMS—
AO [PPA] material when compared with similar PDM&usture, significant
variation was observed. PPA material when exposexkll detection test it glowed
under the near IR excitation signal. Varying prdjor, concentration in sensitive
structures of PPA may lead to a live torch effdetrther exploration of this
material, having properties like porous, spongxilile, puffed up structure and AO
content, was found to be easier to post-procesplidgpions in life sciences like
microfilters, in-vivo/vitro sensors, biosensor, centration detector, implants may
be investigated as a future scope. It can be batiglyzed as a dye doped material.
The composite of PDMS/AO was developed by mixind@1:1 ratio of [PDMS]
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primer to curing agent and AO solution [AO powdendIml in DI water to make
AO solution]. PDMS (Polydimethylsiloxane) [molecuarmula: (ZH°0Si)] is a
material often used in micro/nano fabrication, iegilon of microstructures and in
biosensing applications. Soft lithography providewiety of ways in handling
materials like PDMSPMMA in gel form with varying proportions of their cugn
agents. Brittle and soft are the two possible exéreend results. It uses moulding
masks on glass, Si wafer, PMMA substrate to bacapl into final structure. It is
the resolution of mask, which decides the resatutid structure. Negative mask
structures are made out of Si-wafer, PMMA and SW8So or glass using photo-
lithography and laser engraving on PMMA.

PDMS is spin coated on the mask substrate andispe are controlled for
desired thickness. The PDMS coated structure is &e®5°C on hot plate (7 min) or
in oven (45min). Further it is kept in oven at ZD0for 1 hour to get stick free
PDMS structure. Acridine orange [molecular formua;H19N3] is a metachromatic
fluorescence dye in powder form. It is mixed 1mgiwith DI water to make a
solution. It interacts with DNA, RNA and is cell ipeeable nucleic acid selective.
For excitation maximum 502nm (DNA) and 650nm (RNApectrally fluoresces

with emission maximum at 525nm and 650nm respdgtive

4.10.1 Experimental Procedure

Fabrication of device: Epilog Laser engraving maehwas used to get
negative microstructure masks on PMMA sheet. Theks)are complex optical
waveguide like structures with test sample chanfoglsthe biosensing application.
Two pairs of mask patterns were used. Followingitabion procedurealiscusses
steps of one of the pairs. Speed, Power of the tasehine were controlled to get
high resolution, mirror finish wall structures. koling all defined procedures of
soft- lithography, PDMS base was mixed with cu@ggnt in 10:1 proportion. Half
of the PDMS material was kept aside and in the robiadf AO was mixed with
10:1:1 proportion. After desiccation both PDMS aRDMS-AO mix were
separately spin coated on two similar PMMA masksr Rrger base PDMS /
PDMS-AO can be molded in a suitable plastic comtaiihe moulds were ready for
heating, so a preheated oven set at 95° C wasarstiee purpose for 45 min curing.

The devices were set and allowed to cool.
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4.10.2 Instruments and tests:
Characterization of PPA material involved followipgpcedures:

A.

W

4.11

Physical appearance of porous PDMS AO [PPA] ntevas compared
with the PDMS device.

SEM images of the device were to visualize stmecat micron level.

Ocean Optics Spectra suite software, photoaetelcEDs [Light emitting
diodes] broadband light source were used to testidvice for absorbance,
transmission.

Device was further analysed with UV-VIS spectasy to verify optical
characteristics.

NIKON microscope (540nm source) with CCD camaral NIKON still
camera were used to record images of a PPA deubgced to DNA
detection test.

Result and Analysis

The PDMS and dye doped PDMS/ fluorescent PDNPDMS-AO devices
when physically inspected, were found to be, ssimgly, totally dissimilar
to each other. Figure 4.17 shows a PDMS-AO comgakatiice. Mixing of
AO and PDMS also may have caused change in eféecfractive index.
PPA device was porous, reddish, spongy, flexiblecaspared to transparent,
white, set PDMS.

Figure 4.17 Microstructures (a) and (c) Porous PDM%Acridine Orange (b)

PDMS

93



Chatper-4 Interaction of Biomolecules with Solidyeeric Surfaces of SU8 Microdroplet and Porous...

B. Scanning Electron Microscope images of the dewstesv the micro- pores.
See figure 4.18. Other SEM images are shown inr€igul9 (a) , (b).

C. To characterize the device for optical propsrti®©cean Optics Spectra Suite
Mini Spectrometer experimental test set up was USgukctraSuite software,
Model no. USB 4H02846 M/S Ocean Optics, Inc, DunediL 34698.
Model name: USB 4000 UV-VIS miniature fiber optipestrometer, with
Halogen light source HL-2000-HP-FHSA 034990459yufFé 4.20 shows
optical properties of the device when subjectedRED light Source.%
transmittance was measured to a 58% at 628nm. %orBdmsce was

observed to 0.22 value at the same wavelength.

2m Mag= 7.00 KX EHT = 5.00 kv Date :29 Oct 2013
' |_| WD= 4mm Signal A = InLens Time :14:28:31

Fig. 4.18 SEM image of micropores in Porous PDMS/A@evice surface.
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Fig. 4.19 (a) and (b) SEM images of surfaces of PRAicrostructures.
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Fig. 4.20 Optical characteristics of PPA using [REDsource] Spectra Suite

optics test setup.

D. UV-VIS Spectometer characterization: Figure 4&iows the UV-VIS
spectral response of the device. Peak absorbance reeorded as
0.509 at 500nm wavelength;

0.497 at 325nm

% peak Transmittance was:
38.86% at 392nm;

39 % at 634nm
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Fig. 4.21 UV-VIS spectrophotometer spectral charaetristics of the PPA device
[TOP first].

E. NIKON fluorescence microscope (540nm sourcdeh \BCD camera was
used to record images of a PPA device subjecteDN@& detection test.
Acridine orange dye tagged DNA solution was adnemed in the PDMS
well of the PPA device. The device was placed untder540nm filtered
light source to observe fluorescence response.iflage shown in figure
4.22 is recorded with a still camera [NIKON]. Thevite glowed under the

green optical source.

Fig. 4.22 Photo image of PPA device administered thi AO tagged DNA

solution, taken with NIKON still camera.
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4.12 Conclusion

After extensive literature survey, on interactioh biomolecules on solid
polymeric surfaces; SU8 microdroplet surface imri&diion procedure was
explored with suitable, simpler and robust immahilion techniques. It was
observed that UV exposed SU8 microdroplet surfaeesbe prepared for protein

immobilization.

In an era dominated by silica microspheres andcapftibers, polymer
optical fibers and optical devices are creating s@mace. An attempt was made in
fabricating a SUS8 fiber coupler and biosensorslaibiocompatible material and
with proper functionalization it becomes suitabte the selected and specific
immobilization of biological entities. Thus SU8 madroplets with or without fiber
bonding were surface functionalized, BSA immobdizand tested for antifouling
property of BSA with GFP tagged E-Coli cell. Flunatry and SpectraSuite test
setup were used for characterization of these et®plt was observed that there is a
possibility that E-Coli attaches to SU8 surfacdwatlarge density.

In B-part of the discussion, it was observed thatmaterials are important
in our lives to produce a range of biomedical &tdike implants, dressings, drug
delivery systems, sensors which are temporary, geemt or extracorporeal in their
applications and provide immense relief, qualityifi® An all encompassing study
of these materials, their behaviour and propersasiace modification techniques
leads to original and application specific produditsthis work a novel biomaterial
is produced using soft-lithography and by combiniwg biomaterials PDMS, AO.
Its appearance (porous, reddish in colour, spoagy)properties are different from
the base materials. The spongy structure had paee of 998.8nm. Probable
applications of this material may be, as dressiragenal for wounds, adhesives,
filters, optical-biosensors, implants, detectionnaholevel locomotory motions of

organisms [88].

4.13 Future Scope

It was a plan to have SU8 microdroplet diametegsslimited to a range of ~
80-100um to get effective WGM inside the droplelsdAthe contact angle of the
droplet must be nearing 90° to get a near spheaticglet. After this both labled and
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lable free techniques will be further used on Lasgposed and UV exposed
microdroplets.

A range of porous PDMS - AO materials of differipgysical, chemical,
optical properties can be produced simply by vayyaoncentrations of curing agent
and AO in PDMS gel. With individual analysis of sumaterials a wide range of
applications are possible. Future work involvesezkpenting, usage of the Porous
PDMS —AO material as wound dressing strip, opteséitsor, filter or as an implant.
We wish to explore and want to change the imagdrasinby looking at the
fluorescent PDMS. Further with the fluorescent PDMISrostructures we want to
study nanolevel locomotory motions of the organisihss established that dye
doped PDMS has much lower stiffness and is muckessafian normal PDMS.
Varying proportion, concentration in sensitive staues of PPA may lead to a live
torch effect.
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APPENDI X:

Data on Design of Experiments [DOE]:

ANOVA mathematical model
RSM: Response Surface methodology

Factors and final equations of Laser heat trarisfading / fabrication:
Factors: Lasing speed, Lasing power
Objective: Single: Transmitance

Final Equation in terms of coded factors:
Sqrt (Transmission) =

+0.046

+0.27 * A

-0.085* B

-0.017*A*B

+0.21* A

+0.24* B

Final Equation in terms of Actual Factors:

t (Transmission) =
+11.12031
-0.48362 * Power
-0.90516 * Speed
-2.83637E-003 * Power * Speed
-5.80923E-003 * Powér
-0.23772 * Speed




